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ABSTRACT

Bitumen extraction from oil sands reserves in northern Alberta, Canada, has already
disturbed large expanse of land and created huge volume of tailings as wastes. The pore water of
a tailing contains high concentrations of dissolved organic and inorganic compounds that adversely
affect living organisms because of their toxicity upon exposure. Tailings comprises sand, silt, clay,
unrecovered bitumen, and oil sands process-affected water (OSPW) and are temporarily being
stored in settling basins known as tailing ponds in compliance with the zero-effluent discharge
policy in Alberta. To this end, Permanent Aquatic Storage Structure (PASS) technology has been
deployed to enhance the dewatering of tailings in demonstration pit lakes (DPL) by adding a
coagulant (alum) and a flocculant (polyacrylamide, PAM). It is yet to be understood, however, how
these additions would impact the capping water quality and whether their dissociation could affect
nutrient biogeochemical cycling leading to unwanted emissions of gases. Therefore, changes in
water quality with regards to dissolved organics and polymer additives were investigated along
with biogeochemical processes and the likely genes.

DPL models (75.4L) containing 22.6L of tailings and capped with 45.2L of lake water were
established to investigate the fate of dissolved organics and polymer additives during long term
storage of tailings in DPL under different oxygen conditions (oxic vs anoxic). Tailings settling
resulted in 13.8 + 0.14 cm of consolidation under oxic condition compared to 16.4 +0.71 cm under
anoxic condition. Considerable flux of dissolved organics from the underlying tailings into the
capping water was observed, resulting in an increase in the concentration of dissolved organic
carbon, DOC in oxic and anoxic conditions by 5 —37% and 19 — 72% respectively. Advective flux
of DOC decreased gradually, ranging from 0.52 g/m?/d to 0.11 g/m?/d under oxic condition and

from 0.65 g/m?/d to 0.13 g/m?/d under anoxic condition. Residual polymer additives present in the
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PASS-treated tailings were initially released into the capping water, with concentrations ranging
from 1.13 mg/L in oxic conditions and 0.845 mg/L in anoxic conditions, before being slowly
biodegraded over time to 0.123 mg/L in oxic conditions and 0.085 mg/L in anoxic conditions.

To study if the addition of alum and PAM as PASS tailings treatment strategy affects
microbial community structures and natural biogeochemical cycles leading to unwanted changes
in water quality over time, smaller systems (20.4L) containing 6.7L of tailings and capped with
13.4L of lake water were established. One set of columns, termed treatment groups, were subjected
to different temperature regimes of 5 °C, 20 °C, 25 °C, and 8 °C each lasting 2 months. The other
set of columns, termed control groups, were operated at constant temperature of 22 °C. Tailings
settling resulted in the release of porewater followed by increased DOC, chemical oxygen demand,
and naphthenic acids and a decrease in turbidity. Temperature variations significantly affected
dissolved oxygen and conductivity but did not alter microbial communities significantly, which
were dominated by organisms involved in sulfur, carbon, nitrogen, and iron cycling. Analysis of
biogas in headspace revealed that methane was not produced, but production of hydrogen sulfide
was evident. Likely, sulfate reduction inhibited methanogenesis in model pit lakes.

Finally, metagenomic analyses were conducted to investigate the microbial
biogeochemical cycling in the 20.4L DPL models. Results revealed that bacterial communities
dominated the model pit lake columns, with significant variations in abundance and composition
between tailings and capping water. Biogeochemical cycling of carbon, sulfur, and nitrogen was
prominent in both tailings and capping water. Carbon cycling accounted for 52-60%, sulfur cycling
for 16-19%, and nitrogen cycling for 24-28% across all columns. Functional gene analysis further
predicted genes for essential processes of nutrient cycling. The most prevalent processes were

Wood-Ljungdahl Pathway and methanotrophy for carbon cycling, sulfite reduction and thiosulfate
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oxidation for sulfur cycling and, denitrification and dissimilatory nitrate reduction to ammonium
for nitrogen cycling. Temperature variations did not affect nutrient cycling in tailings and capping
water and there were no significant differences observed in the overall processes between the
tailings and capping water indicating microbial resilience.

In summary, this dissertation demonstrates that PASS treatment technology has the
potential to promote the development of DPL into a self-sustaining ecosystem with resilient
microbial communities and functional biogeochemical cycling while minimizing unwanted gas

production.
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CHAPTER 1 INTRODUCTION AND RESEARCH OBJECTIVES

1.1 Background

1.1.1 Alberta Oil sands

The Alberta oil sands, located in the northeastern part of the Canadian province of Alberta,
contain one of the largest reserves of bitumen in the world. Bitumen, a highly viscous form of
petroleum, is extracted through surface mining and in-situ techniques (Natural Resources Canada,
2022). As of 2020, Alberta's oil sands production had reached 3 million barrels per day, with
projections to potentially double within the next decade (Alberta Energy Regulator, 2020). This
industry has driven significant industrial growth and job creation, contributing substantially to the
local and national economy. However, the environmental and health implications of bitumen
extraction are a growing concern. The process consumes substantial water resources, with
estimates indicating that up to 4.4 barrels of water are required to produce a single barrel of oil.
Additionally, the industry generates large volumes of tailings, a byproduct of bitumen extraction
that includes toxic substances like naphthenic acids and petroleum hydrocarbons. The release of
pollutants during extraction can have toxic impacts on local ecosystems and human populations.
For instance, elevated levels of heavy metals and hydrocarbons have been detected in nearby water
bodies, posing risks to aquatic life, and potentially affecting human health (The Royal Society of
Canada, 2010).

Balancing the economic benefits of bitumen extraction with the need for environmental
protection and sustainability is essential for the future of Alberta's oil sands industry. In this regard,
tailings management is crucial and challenging as they retain a high-water content and exhibit low

shear strength, complicating their stabilization and reclamation. As of recent reports, Alberta's oil



sands industry has accumulated over 1.3 billion cubic meters of FFT, stored in expansive tailings
ponds that cover approximately 220 square kilometers (Kuznetsov et al., 2023). These ponds pose
significant environmental risks, including the potential for contamination of surface and
groundwater with toxic substances such as naphthenic acids, heavy metals, and hydrocarbons
(Allen, 2008). Alberta's oil sands industry is actively pursuing various tailings management and
reclamation strategies to address the environmental challenges posed by tailings. Two prominent
approaches are end pit lakes (EPLs) and capped soft deposits. EPLs are engineered water bodies
formed by placing tailings in open pits, which are then covered with a layer of water. This method
aims to create stable aquatic ecosystems over time. The primary objective of EPLs is to evolve
into self-sustaining aquatic ecosystems that integrate with the surrounding landscape, receiving
surface and groundwater inputs while discharging water downstream. Currently, there are plans
for 23 EPLs in northern Alberta, with the aim of these becoming permanent fixtures in reclaimed-
mine landscapes (Syncrude, 2019). A notable example is Base Mine Lake (BML), a full-scale
demonstration EPL developed by Syncrude in 2012, which includes approximately 45 meters of
FFT covered by 9 meters of water. The long-term geochemical stability and ecological viability of

EPLs however remain under investigation (Siddique et al., 2012; Yu, 2019).
1.1.2 Permanent Aquatic Storage Structure (PASS) Treatment

The Permanent Aquatic Storage Structure (PASS) pretreatment of tailings is an innovative
approach in Alberta's oil sands industry that aims to enhance the stability and environmental
sustainability of tailings deposits. PASS involves treating tailings with coagulants, such as alum,
and flocculants, like polyacrylamide (PAM), through in-line flocculation. This process enhances
the settling and consolidation of fine tailings, resulting in a denser and more stable material suitable

for deposition in decommissioned pits, facilitating long-term aquatic closure. The primary



objective of PASS is to create stable aquatic environments capable of supporting diverse
ecosystems. By enhancing the physical properties of tailings, PASS reduces risks associated with
traditional storage methods, such as fluid fine tailings (FFT) that have low shear strength and high
water content, thereby minimizing the likelihood of resuspension (Alberta Energy Regulator,
2022).

Suncor Energy is leading the implementation of PASS, with notable projects including the
commercial-scale Upper Pit Lake (UPL) and the Demonstration Pit Lake scale (DPL) also known
as Lake Miwasin. These initiatives aim to showcase the feasibility and effectiveness of PASS in
managing tailings while reducing environmental impacts (Environmental Defence, 2022).
Suncor's PASS method involves treating tailings with potash alum and PAM to facilitate quicker
dewatering and consolidation, which allows for the creation of more stable deposits. This not only
aids in environmental management but also helps in reducing the area needed for tailings storage,
thus mitigating land disturbance (Government of Alberta, 2024). For PASS treatment, 1200 ppm
of alum (KAI(SO4)2 - 12H,0) was added alongside 1500 g/tonne clay of anionic PAM. Alum
dissociates in water into into aluminum ions (Al**) and sulfate ions (SO4+*") as follows:

KAI(SOs) - 12H,0 —> K"+ AP"+2S04* + 12H,0
A" forms a series of polyvalent hydroxide complexes such as:

AP+ OH —  AloH®*

TJAPT+170H Al7(OH)7+

13APF*+340H < Ali3(OH)34°"

These aluminum species adsorb to the surfaces of the suspended negative colloids, thereby

destabilizing the colloidal particles and allowing them to aggregate together. Subsequently, PAM



forms bridges with the larger aggregates known as "flocs" until they become heavy enough to settle
out of the water under the influence of gravity (Crittenden et al., 2012).

The implementation of PASS also addresses the long-term ecological impact by potentially
transforming reclaimed tailings ponds into functional aquatic ecosystems. However, the Alberta
Energy Regulator has emphasized the need for further research and demonstration projects to fully
understand the long-term stability and ecological effects of PASS before it can be widely approved
and implemented (Alberta Energy Regulator, 2022). The large-scale demonstration at Base Mine
Lake (BML), established by Syncrude in 2013, serves as a crucial case study. BML covers
approximately 800 hectares and includes around 45 meters of FFT topped with 9 meters of water,
demonstrating the practical application of PASS on a large scale (Environmental Defence, 2022).

Despite its promise, PASS technology faces challenges and requires continuous monitoring
and validation. Ensuring the safety and stability of these aquatic systems is paramount, especially
considering concerns about their potential impact on local vegetation, fish, and wildlife.
Additionally, gaining the acceptance of Indigenous communities, who rely on traditional land use,
remains a significant consideration. The successful implementation of PASS as a standard tailing’s

management strategy will depend on addressing these ecological and social factors effectively.

1.1.3 Biogeochemical Processes During Long-Term Tailings Management and PASS-

Treated Tailings

Long-term management of oil sands tailings involves complex biogeochemical processes
that significantly impact their stability and environmental sustainability, with carbon and sulfur
cycling playing critical roles. In the context of PASS-treated tailings, which use coagulants like

alum and flocculants such as polyacrylamide (PAM), these cycles are particularly influential.



Sulfur cycling is a critical biogeochemical process in tailings management, especially in
environments treated with alum. In the anoxic zones of tailings ponds, sulfate-reducing bacteria
(SRB) utilize sulfate as an electron acceptor, producing hydrogen sulfide (H2S) in the process
(Warren et al., 2016). This HoS can then react with ferrous iron to form insoluble iron sulfides
(FeS), effectively immobilizing heavy metals and reducing their mobility in the environment
(Siddique et al., 2019). However, the production of H>S can pose long-term challenges for water
quality and sustainability. H>S can oxidize to form sulfuric acid (H2SOs), leading to acidification
of the water, which can have detrimental effects on aquatic ecosystems and complicate tailings
reclamation efforts (Siddique et al., 2014). The presence of alum in PASS-treated tailings
influences sulfur cycling by modifying the chemical environment, thus promoting conditions
favorable for SRB activity (Foght et al., 2017). While the precipitation of FeS aids in stabilizing
tailings and reducing sulfate concentrations, which mitigates some environmental concerns, the
potential for acid generation through H2SO4 formation must be carefully managed. Sulfuric acid
production can lower the pH of water bodies, increasing the solubility of heavy metals and
potentially leading to the release of toxic elements into the environment. This acidification process
can impair water quality and pose significant risks to achieving long-term sustainability of
reclaimed tailings ponds (Bordenave et al., 2010).

These biogeochemical processes underscore the importance of microbial activity in
transforming and stabilizing tailings. The use of PASS technology may help improve the
environmental performance of tailings deposits. However, continuous monitoring and research are
essential to fully understand the long-term impacts of these processes and to optimize tailings

management strategies for sustainability and ecological compatibility.



1.1.4 Laboratory-scale EPLs

EPLs are engineered water bodies formed in the pits left after mining and extraction activities and
are often used as a permanent disposal method for tailings and other mine wastes. The effectiveness
and sustainability of EPLs are typically assessed through laboratory-scale experiments (laboratory
EPLs) and field studies (field EPLs) (COSIA, 2020). The differences between these two
approaches can significantly impact the observed results and their implications for large-scale
implementation. If planned properly, laboratory EPLs can provide empirical data to validate
predictions made from numerical models and can refine models for future validation of field EPLs
(McCullough and Vandenberg, 2020). Laboratory EPLs are usually limited by factors such as scale
and complexity, environmental conditions, hydrological dynamics, ecological interactions, and
time frame (COSIA, 2020; McCullough and Vandenberg, 2020; Syncrude, 2021). Laboratory
EPLs provide a controlled environment for studying specific processes, offering insights that can
inform the management and design of field EPLs. However, field EPLs, with their larger scale and
environmental complexity, present a more accurate representation of real-world conditions. The
differences between the two highlight the importance of using both approaches to understand and
manage EPLs effectively. Laboratory studies help in hypothesis testing and mechanistic
understanding, while field studies validate these findings in natural settings, ensuring the
ecological sustainability and success of EPLs in long-term mine reclamation efforts (McCullough

and Vandenberg, 2020).
1.2 Research Scope and Objectives

The overall objective of this research was to evaluate the effect of PASS technology on

reclamation of oil sands tailings. To achieve this, two different sets of laboratory-based DPL



columns were established to answer specific questions related to tailings long-term reclamation

efforts. These specific questions are presented below as three main objectives:

Objective 1: Assessment of the long-time impacts of PASS technology on the transport of dissolved

organics and polymer additives under different oxygen conditions (oxic vs anoxic conditions),

achieved by

Characterizing the settling and consolidation of PASS-treated tailings over time.
Monitoring capping water quality including the effect of dissolved oxygen differences on
spatial and temporal variations and trajectories of dissolved organics and polymer additives
over a two-year period.

Characterizing the geochemical properties of PASS-treated tailings and assess the long-
term impacts of PASS-treatment on the development of the lake ecosystem.

Assessing the effect of PASS-treatment technology on the release of greenhouse gases such
as carbon dioxide and methane and the possibility of generating other unwanted gases such

as hydrogen sulfide.

Objective 2: Investigation of the effects of temperature on water quality parameters and underlying

biogeochemical processes in PASS-treated DPL, achieved by

Assessing the biogeochemical processes occurring in PASS-treated tailings and capping
water in the presence of alum and PAM.

Investigating the microbial communities involved in the biogeochemical cycling.
Analyzing the effects of temperature changes on biogeochemical processes in tailing

deposits and water column during long-term storage.

Objective 3: Metagenomic analysis of microbial biogeochemical cycling of PASS-treated DPL,

achieved by:



1.3

Recovering metagenome-assembled genomes (MAGs) from PASS-treated capping water
and tailings.

Predicting the functional genes and assessing the metabolic processes involved in
biogeochemical cycling found in PASS-treated capping water and tailings.

Estimating the effect of temperature variations on the predicted functional genes and

metabolic processes.

Hypotheses

PASS technology was developed to enhance the dewatering of tailings. However, the addition

of alum and PAM could create unique conditions within the pit lake ecosystem. Furthermore,

temperature changes during seasonal transitions might also influence the behavior of alum and

PAM. Understanding how PASS technology impacts the lake ecosystem is crucial for achieving a

self-sustaining ecosystem. Therefore, this research focused on studying various aspects of PASS

technology's effects on the pit lake ecosystem. The following hypotheses were tested against the

research’s objectives:

Assessment of the long-time impacts of PASS technology on the transport of dissolved
organics and polymer additives under different oxygen conditions

Hypothesis: Dissolved oxygen levels significantly affect the spatial and temporal variations
and trajectories of dissolved organics and polymer additives in the capping water.
Investigation of the effects of temperature on water quality parameters and underlying
biogeochemical processes in PASS-treated DPL

Hypothesis 1: The addition of alum and PAM in PASS technology significantly influences

the biogeochemical processes occurring within the ecosystem.



Hypothesis 2: Temperature changes affect the biogeochemical processes in PASS-treated
tailings and capping water.
Hypothesis 3: There will be significant differences in microbial community compositions
of PASS-treated tailings and capping water caused by temperature variations.

e Objective 3: Metagenomic analyses of microbial biogeochemical cycling of PASS-treated
DPL
Hypothesis 1: MAGs recovered from PASS-treated capping water and tailings will reveal
distinct microbial communities.
Hypothesis 2: The functional genes and metabolic processes will be reflective of their
specific microenvironment.
Hypothesis 3: Temperature variations will impact the abundance and activity of functional

genes and metabolic processes.
1.4  Thesis organization

This thesis consists of five chapters, starting with introduction and ending with conclusion.
Chapter 1 provides a general introduction including the research background, objectives,
hypotheses, and research significance. Chapter 1 covers a brief review of Alberta oil sands, PASS
technology and biogeochemical processes.

Chapter 2 focuses on the establishment of DPL models with initial characterizations of lake
water and tailings. This was done to establish the baseline concentrations of selected water quality
parameters before the lake water was used to cap the tailings. The settling behavior of tailings
without capping water was then assessed for 3 months while tailings with capping water was
assessed for 24 months. The gas production potential was later evaluated using 120-mL air-tight

serum bottles.



Chapter 3 investigates the effects of seasonality and changes in temperature on lake water
chemistry and microbial community structure using a 20.4L columns containing 6.7L of tailings
and capped with 13.4L of lake water. The treatment groups were subjected to different temperature
regimes representing winter (5 °C), spring (20 °C), summer (25 °C) and fall (8 °C) with each
lasting a period of 2 months. The control groups were set up at laboratory temperature of 22 °C.
The physicochemical parameters of both treatment and control groups were measured at the
beginning of the experiment and at the end of each temperature regime. Furthermore, bacterial
communities were analyzed in both tailings and lake water for treatment and control groups.
Chapter 4 focuses on the metagenomic analysis of the tailings and capping water samples
previously obtained from Chapter 3. Libraries were prepared for paired-end sequencing on an
[llumina NexSeq 550. Raw sequence data obtained were quality-checked and low-quality reads
and adaptor sequences removed before they were co-assembled into contigs. The contigs were
later reconstructed into MAGs before being analyzed for biogeochemical cycling.

Chapter 5 summarizes the major findings and conclusions of the thesis. Furthermore,

recommendations for future work that arise from this thesis are also outlined in this chapter.
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CHAPTER 2 EMPLOYING PERMANENT AQUATIC STORAGE
STRUCTURE TECHNOLOGY TO REDUCE DISSOLVED ORGANICS
TRANSPORT FROM TAILINGS DEPOSITS TO CAP WATER:

DEMONSTRATION PIT LAKE

2.1 Introduction

Extracting bitumen from naturally occurring oil sands by open-pit oil sands mining
generates tailings wastes. The volume of tailings generated varies depending on a number of
factors such as the quality of the oil sands, and the processes and technologies used during bitumen
extraction (Alberta Energy Regulator, 2022). More than 1.3 billion cubic meters of tailings have
been stored in temporary storage known as tailings ponds (Cossey et al., 2021; White and Liber,
2020). One method of permanent reclamation of tailings that has been proposed by oil sands
operators is the creation of end-pit lakes (EPL), which are projected to develop into self-sustaining
aquatic ecosystems (White and Liber, 2020).

EPL is formed by placing untreated or treated tailings in a mined-out pit, which is then
covered with a mixture of oil sands process water (OSPW) and freshwater (Syncrude, 2019). EPL
has been used globally by mining industries. However, the first full-scale EPL for oil sands
industry was base mine lake (BML), which was established in December 2012. BML contained
1.16 billion barrels of untreated tailings covered with 365 million barrels of freshwater and OSPW
covering a total area of 8 km? (COSIA, 2021; Syncrude Canada Ltd., 2019; White and Liber, 2020).
Several studies have been carried out to assess the performance of BML. The results of these
studies showed that the capping water quality improved over time, however, movement of organic

and inorganic constituents from tailings into the capping water also occurred (Cossey et al., 2021;
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Syncrude, 2019). Furthermore, methane cycling was prominent, increasing rapidly with depth over
the upper 1 m to 3 m of tailings (Albakistani et al., 2022; Syncrude, 2019). In Canada, Alberta and
Saskatchewan provinces account for about 70% of methane emissions from the oil and gas sector,
primarily from the production and processing of crude oil and natural gas. Recently, Government
of Canada has established the national regulations to reduce methane emissions from the oil and
gas sector by 40-45% by 2025 (Government of Canada, 2018). Therefore, efforts to reduce
methane production from EPL is of paramount importance.

Lake Miwasin is a demonstration pit lake (DPL) that was established in 2016 and uses the
new Permanent Aquatic Storage Structure (PASS) treatment technology for tailings. PASS
technology uses an inline treatment process where coagulant (alum) and flocculant
(polyacrylamide, PAM) are added to accelerate the natural attenuation of pollutants over time
(COSIA, 2021). The addition of alum and PAM is expected to help the settling of suspended fine
particles, thereby enhancing consolidation (Alberta Energy Regulator, 2022). However, the effect
of PASS-treatment on transport of dissolved organics from the underlying tailings as well as the
effect on the overall capping water quality requires further investigation.

In this research therefore, a laboratory DPL was established to:
e Characterize the geochemical properties of PASS-treated tailings and assess the long-term

impacts of PASS-treatment on the development of the lake ecosystem.

e Monitor capping water quality including spatial and temporal variations and trajectories of

dissolved organics and polymer additives over a two-year period.

e Assess the effect of PASS-treatment technology on the release of greenhouse gases such as
carbon dioxide and methane and the possibility of generating other unwanted gases such

as hydrogen sulfide.
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2.2 Materials and Methods

2.2.1 Characterization of capping water samples and oil sands tailings

The capping water and oil sands tailings used in this study were obtained from Lake
Miwasin pit lake operated by Suncor Energy Ltd., Alberta, Canada (coordinates: 476543 E,
6304902 N) (Figure 2.1) and shipped to University of Alberta using separate 275-gallon IBC totes
for capping water and tailings. The samples were later transferred to the laboratory, where they

were used to set up laboratory-based pit lake models.

Figure 2.1: Aerial view of ke.LMwasin showing DPL location

The capping water was made up of 43% lake water and 57% oil sands process water
(OSPW). Initial characterizations of lake water were carried out to establish the baseline of
selected water quality parameters and monitor changes in water chemistry over time.
Concentration of dissolved organics was determined by measuring chemical oxygen demand
(COD), dissolved organic carbon (DOC), acid extractable fractions (AEF), and naphthenic acids

(NAs), while polymer additives were measured through polyacrylamide (PAM), acrylamide
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(ADM), ammonia, and total Kjeldahl nitrogen (TKN). The pH and conductivity of the capping
water were also recorded. Additionally, the initial characterization of PASS-treated tailings was

conducted by determining its composition, mineral content, organic matter, and organic carbon

content (Table 2.1).

Table 2.1: Initial concentrations of capping water and tailings (mean + standard deviation)

Parameter Value
Capping water

COD (mg/L) 98.05+0.35

DOC (mg/L) 38.305+0.219

AEF (mg/L) 23.135 +1.843

NAs (mg/L) 2.71 £0.04

PAM (mg/L) <0.1

Acrylamide (mg/L) 0.14 +0.01

Ammonia (mg/L) <0.1

TKN (mg/L) 2.785 +0.417

pH 8.12+£0.05

Tailings

Tailings composition (Wt%):

Fine solids 47.32+0.24

Water 52.21+0.28

Bitumen 0.47+0.16

Mineral composition (wt%) + 2.6:

Quartz 47.7
Kaolinite 29.9
Muscovite 15.6
Microcline 5.7

Natural mineral form of TiO: 1.2

Organic matter (wt%) 12.66 +0.78
Organic carbon (Wt%):

Total organic carbon 81+04
Dissolved organic carbon 1.15£0.20
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2.2.2 Set up of laboratory DPL

Pit lake models were established to mimic the conditions of Lake Miwasin and were
operated for a period of two years to investigate the performance of PASS treatment technology.
To this end, eight vertical columns of 2.4 m height, 0.2 m in diameter, and having sample ports at
0.2 m intervals were filled with one-part tailings and two-part capping water to form tailings to
capping water of ratio 1:2 (Figure 2.2A). Efforts were made to establish oxygen gradient
representing oxic and anoxic conditions in each column, however, the DO profile reported for Lake
Miwasin ranged between 10 mg/L to 0 mg/L (Figure 2.2B), which was difficult to be generated
within the columns. Hence, six columns were operated under oxic conditions ranging from 9 mg/L
to 6 mg/L (Figure 2.2C) while the remaining two columns were maintained under anoxic
conditions ranging from 1 mg/L to 0 mg/L (Figure 2.2D). For oxic columns, pure oxygen was
added at the top of the capping water using a stone aerator to establish the DO gradient (top: 10
mg/L, middle: 8mg/L, bottom: 6 mg/L); while for anoxic columns, nitrogen gas was added at the
bottom of the water section using similar stone aerator to keep the DO of the whole water below
1.0 mg/L. Apart from DO measurement and optimization, conductivity and ORP were measured
on a weekly basis. Water samples were taken from the top, middle, and bottom of the oxic columns,
and from the middle of the anoxic columns at regular intervals for analysis of physicochemical
parameters such as chemical oxygen demand (COD), dissolved organic carbon (DOC), acid
extractable fractions (AEF), naphthenic acids (NAs), polyacrylamide, acrylamide, TKN, ammonia,

and toxicity.

17



b
p
|
' .
]
Ll
i
|

0
= 17
E
£
=%
a
34
4 I T 1
0o 5 10
DO (mglL)

Capping water

1.44m

0.72m

Date
2020-03-09

= 2020-05-05
= 2020-06-02
— 2020-07-08

2020-08-06

0
3
L
=
&
8 724
144 -4 ' ,
6 7 9
DO (mg/L)

0
E
)
£
o
a 724
144 = ' )
o 0 1
DO (mg/L)

Figure 2.2: (A) Pit lake model (B) Lake Miwasin DO profile 2020 (C) DO profile under oxic
condition (D) DO profile under anoxic condition

18




2.2.3 Assessment of dewatering and consolidation behavior of PASS-treated tailings

The settling behavior of tailings was assessed for 3 months using batch experiment with
columns having internal diameters of 3.5 inches and 7.0 inches. Briefly, graduated cylinders were
filled with tailings, covered up and allowed to naturally settle. The position of the consolidated
tailings on the graduated cylinders was then measured and recorded at different time intervals to
determine the settling rate (Figure 2.3). At the end of the batch settling experiment, pore water was
expressed out of the PASS-treated tailings due to tailings self-weight consolidation. This pore
water was collected and analyzed for selected parameters. Furthermore, the settling behavior of

the laboratory DPL under the influence of capping water was observed and recorded over time for

comparison.
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Figure 2.3: Batch Settling test of tailings showing consolidation of tailings over 3 months
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2.2.4 Assessment of gas production potential

The gas production of the laboratory columns was initially assessed using air bags attached
to the topmost sample ports of the columns. However, due to the likelihood of the gas production
being affected by the weekly optimization and sampling, the gas production potential was further
evaluated using air-tight serum bottles. In each bottle, 30 mL of tailings and 60 mL of capping
water were combined, maintaining a 1:2 ratio, and leaving adequate headspace for gas collection.
The bottles were left untouched and incubated at 25°C over a period of 10 weeks (Figure 2.4). The
bottles were divided into two groups, one group representing oxic condition (without nitrogen gas
added) and the other group simulating anoxic conditions (with nitrogen gas added). Gas was
collected from the headspace in the serum bottles using a 0.5 mL syringe and manually introduced
into Agilent 7890B Gas Chromatography-Thermal Conductivity Detector (GC-TCD) instrument.
The samples were re-analyzed with the GC after 2 months to confirm if there was any change in
gas production. The hydrogen sulfide production was measured using The Acrulog™ H.S Gas

Monitor data-logger.

Figure 2.4: Serum bottle experiment showing tailings and capping water incubated at 25°C
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2.2.5 Physicochemical analysis

Dissolved oxygen (DO) concentration and conductivity were monitored by using a YSI
Professional Plus handheld multi-parameter water quality meter (Yellow Springs Instrument
Company, USA). pH was measured by using Accumet Research AR20 pH/conductivity meter
(Fisher-Scientific). COD, Ammonia, TKN, nitrite (NO2"), and nitrate (NO3") were analyzed using
Hach® Water Quality Test Kits and their concentrations were determined by using DR 3900
spectrophotometer (HACH, Germany). The concentrations of AEF, DOC, NAs, PAM (and
acrylamide), and microtoxicity were determined using Fourier transform infrared (FT-IR)
spectroscopy (Spectrum 100, PerkinElmer Ltd, Bucks, UK), TOC analyzer (Shimadzu),
ultraperformance liquid chromatography time-of-flight mass spectrometry (UPLC-TOF-MS), high
performance liquid chromatography (HPLC) with UV multiple wavelength detector (Agilent

1100), and Microtox 500 Analyzer (AZUR Environmental, Carlsbad, CA, USA) respectively.
2.2.6 Mass flux calculation

The fluxes of dissolved organics from the tailings into the capping water can be understood
as chemical mass transfer driven by (i) vertical one-dimensional advection-dispersion due to
tailings settlement and dewatering advection and (ii) diffusion due to concentration gradients
between the tailings and capping water (Crittenden et al., 2012; Dompierre et al., 2017). Thus, the
mass flux can be described by the following equation:

Ja=v*C (2.1)
Ja=-D,*dC/dz (2.2)
Where /.= mass flux of dissolved organics due to advection, g/m?/d
v= fluid velocity in direction of concentration gradient, where v = Q/A, m*/m?/d (m/d)
C'= average concentration of dissolved organics, mg/L
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Ja=mass flux of dissolved organics due to diffusion, g/m*/d
D, = diffusion coefficient of dissolved organics, m*/d
z = distance in direction of concentration gradient, m
The negative sign in Eq. 2.2 arises because the flux was from regions of high concentration to low
concentration. thus, positive flux is in the direction of a negative concentration gradient (dC/dz).
The combination of Eq. 2.1 and Eq. 2.2 gives the overall mass flux due to both advection and
diffusion (Eq. 2.3).

J=Ja+]Jag=v*xC— D,*dC/dz (2.3)
The diffusion coefficient of solutes in liquid typically ranges between ~107° to 10° m?/s
(Crittenden et al., 2012) and for BML, it ranged from 7.8 x 107 to 6.6 x 107! m?/s (Dompierre et
al., 2017). Thus, some values within this range were chosen for D, diffusion coefficient.
Furthermore, the porewater velocity for BML was found to be in the range of 0 to 1.4 x 10”7 m/s
(Dompierre et al., 2017). Therefore, some values within this range were selected for v, fluid
velocity. Using Eq. 2.3 with the selected values for vand Do, the overall flux for selected dissolved

organics was calculated (Table 2.2 and Table 2.3).
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Table 2.2: Mass Flux calculations of DOC in oxic condition

Day Depth Ja (v*C) Jd (-Do*dC/dz) Ja(g/m?/d) Jd(g/m?/d)
Week #1 144 5.98652E-06 -2.48253E-07 0.517235 -0.02145
Month #1 1454  4.58708E-06 -3.19293E-07 0.396324  -0.02759
Month #2 146.15 3.82133E-06 5.76191E-07 0.330163 0.049783
Month #3 146.6  3.40647E-06 -1.2166E-08 0.294319  -0.00105
Month #4 147.35 2.85314E-06 8.16987E-08 0.246511 0.007059
Month #5 149 3.14555E-06 -1.41944E-06 0.271776  -0.12264
Month #6 149.6  2.28225E-06 2.16987E-07 0.197186  0.018748
Month #7 151.85 1.8502E-06  -2.79419E-08 0.159857  -0.00241
Month #8 153.4 1.5086E-06  -4.70362E-07 0.130343 -0.04064
Month #9 154 9.996E-07 2.11602E-08 0.086365 0.001828
Month #10 155 491792E-07 3.63043E-07 0.042491 0.031367
Month #11  155.15 2.16792E-06 5.57138E-07 0.187308 0.048137
Month #12  155.85 1.68213E-06 6.09E-08 0.145336  0.005262
Month #15 157.35 1.3066E-06  -2.3E-07 0.11289 -0.01987
Table 2.3: Mass Flux calculations of DOC in anoxic condition
Day Depth Ja (v¥C) Jd (-Do*dC/dz) Ja(g/m?/d) Jd(g/m?/d)
Week #1 144 7.5467E-06  -6.95314E-07 0.652035 -0.060075
Month #1 145.75 5.50125E-06 -5.68517E-08 0.475308  -0.004912
Month #2 147.25 4.8591E-06  8.63444E-08 0.419826  0.00746
Month #3 148.15 4.3118E-06 3.22674E-09 0.37254 0.000279
Month #4 150.3  3.53465E-06 1.19898E-07 0.305394  0.010359
Month #5 152.4 3.7695E-06 -6.42921E-07 0.325685 -0.055548
Month #6 153.8 0.000002811 9.5112E-07 0.24287 0.082177
Month #7 154.3 2.6388E-06 -1.53833E-06 0.227992  -0.132912
Month #8 154.75 1.79085E-06 4.18333E-07 0.154729  0.036144
Month #9 155.8 0.000001108 1.91197E-07 0.095731 0.016519
Month #10  157.35 5.263E-07 6.27867E-07 0.045472  0.054248
Month #11 157.65 0.00000258 9.85857E-08 0.222912  0.008518
Month #12  158.35 1.9632E-06  3.92E-07 0.16962 0.033869
Month #15 158.8 1.4775E-06 -7.33125E-09 0.127656  -0.000633
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2.3 Results and discussion

2.3.1 Settling and consolidation behavior of PASS-treated tailings

The settling of the treated tailings which was initially at 72cm mark (interface height) of the DPL
columns (Figure 2.2A) was observed over time. There was a gradual consolidation of the water-
capped treated tailings over time in both oxic and anoxic columns. Specifically, the interface height
in oxic columns was reduced by 13.8 cm % 0.14 (Figure 2.5A) whereas it was reduced by 16.4
cm = 0.71 in anoxic columns (Figure 2.5B). This indicated higher dewatering in anoxic columns
which might further be reflected in the concentration of contaminants found in the capping water
of oxic and anoxic columns. The slight difference in settling rate between the oxic and anoxic
columns might be due to differences in solid contents of the tailings. When compared over a three
month-period with batch columns that were not water-capped, the ratio of the interface height
(interface ratio) was 0.959 + 0.017, 0.964 £+ 0.0059, 0.942 + 0.0088 for batch columns, oxic
columns and anoxic columns respectively (Figure 2.5C). Further, ANOVA (Analysis of Variance)
revealed that the there was no significant difference between the settling rate in oxic, anoxic and
batch columns (p-value = 0.508613). This suggested that water capping did not significantly affect
the rate of consolidation of PASS-treated tailings. It has been demonstrated that the addition of
alum and PAM in PASS treatment enhanced dewatering of tailings (Cossey et al., 2022; Liu et al.,
2018). Additionally, the mineral composition of PASS-treated tailings (Table 2.1) suggested a
combination of improved hydraulic conductivity due to high quartz content and decrease hydraulic

conductivity due to clay minerals (Liu et al., 2018).

24



- 8L# UJUOW
- GL# UIUoW
- ClL# UIuoW
- L1# UUoW
- OL# Uluow
- 6# Wuoin
- 8# UIUOW
- L# Wuoiy
- 9# UIUON
- G# UIUOW
- ¥# WUo
- €4 UWUON
- C# WO
- v# 99 M
- E# 199M
- C# 199 M
- L# 99 M

70

T
o

T
8 8
(wo) yybleH soepsyu|

T
[Te}
wn

o
w

- 81L# LU
-G L# Uuol
Lz 1# uuop
- LL# Uuol
O L# Uuop
- 6# WO
- 8# WUOW
- L# O
- o# WU
- G# Lo
- p# GIUoN
- £# WO
- Z# WU
- p# Yoo M
- £# M99 M
L 2# a9 M
- L# YoM

70

T
o
©

(wo) yybiay soeyB)u|

65

T
0
[fo]

o
w

—a— Oxic columns

—o— Anoxic columns
—4— Batch Columns

- €# YIUoW

- ¢# Yuop

- p# NoaM

- €# 199M

- C# H29M

- b H29M

1.01

e @ ® ~ @ w
o Lol & @ = o
- o o o o o
(woswo) Jybiay aoepiaju] jo oney

0.94 -

Figure 2.5: (A) Settling rate in oxic columns (B) Settling rate in anoxic columns (C) comparison
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2.3.2 Fate of dissolved organics

The fate of dissolved organics was determined by measuring the concentrations of
surrogate parameters including COD, DOC, AEF, and NAs in the capping water of both oxic and
anoxic columns and comparing them to the background concentrations. Specifically, the
concentration of COD increased by approximately 150% in oxic columns and 173% in anoxic
columns during the first week. This later decreased by about 111% under oxic condition and 59%
under anoxic condition by the end of one month. Subsequently, there was an increase of about 13%
- 25% in COD concentrations in oxic columns and about 40% - 61% in anoxic columns over the
experimental period (Figure 2.6A). The very high increase in COD concentration during the first
week was likely due to initial mixing of tailings with the capping water during the establishment
of the experimental columns. Measurement of filtered samples showed a relatively low
concentration increase. For example, DOC showed an increase in concentration in the range of
approximately 5% - 37% in oxic columns as against an increase of approximately 19% - 72% in
anoxic columns (Figure 2.6B). Similarly, AEF measurement, revealed a concentration range
covering a decrease of 14% to an increase of 7.5% in oxic condition as against an increase of about
4% - 31% in anoxic condition (Figure 2.6C). Additionally, NAs revealed an initial increase in
concentration up to about 63% before a gradual decrease of about 18% in oxic columns as
compared to an increase between the range of 38% - 110% in anoxic columns (Figure 2.6D).
Overall, an initial increase to the background concentrations of dissolved organics was observed
in the capping water of both oxic and anoxic columns (with anoxic columns having higher
increases), which then stabilized over time before decreasing towards the end of the experimental

period.
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The analysis of the porewater released after tailings settling revealed significantly higher
concentrations of dissolved organics compared to background concentrations in the capping water
(Table 2.4). This suggested that dissolved organics in tailings porewater was likely being released
into the capping water during tailings consolidation through advection-diffusion processes
(COSIA, 2021; Dompierre et al., 2017). Furthermore, the concentrations of dissolved organics
were higher in anoxic columns (Figure 2.7B) than in oxic conditions (Figure 2.7A), which was in
line with the higher settling rates observed in anoxic columns.

Table 2.4: concentrations of selected parameters in the porewater of PASS-treated tailings

Parameter Value
COD (mg/L) 618 +42.42
DOC (mg/L) 86.7+0.42
NAs (mg/L) 21.23+0.1
Ammonia (mg/L) 335+0.1
TKN (mg/L) 7.99+0.41
NOs;+NO2-N 7.75 £ 0.47
Total-N 15.7£0.87
pH 8.38 £ 0.04

The mass flux plots of advection and diffusion fluxes further revealed high advective flux
of dissolved organics which reduced gradually overtime whereas diffusive flux was consistently
low. For instance, the advective flux for DOC decreased from 0.52 g/m?/d to 0.11 g/m?/d in oxic
columns (Figure 2.8A) and from 0.65 g/m*d to 0.13 g/m?%d in anoxic columns (Figure 2.8B). On
the other hand, the advective flux for NAs decreased from 0.038 g/m?%d to 0.009 g/m*d in oxic

columns (Figure 2.8C) and from 0.045 g/m?/d to 0.013 g/m?/d in anoxic columns (Figure 2.8D).
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This further showed that advective flux was the dominant mass transport process with diffusion
likely playing a role as settling reduced drastically towards the later months (Cossey et al., 2021).
It could then be inferred that the observed decrease in concentrations of dissolved organics during
the later months was likely due to consumption of less toxic and easily degradable organics such

as short chain hydrocarbons and carboxylic acids, by the indigenous microbial communities

(Syncrude, 2021).
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2.3.3 Fate of polymer additives

The fate of polymer additives was assessed by measuring the concentrations of PAM,
ADM, TKN and NH3 in the capping water of oxic and anoxic columns and comparing the
concentrations to the background concentrations of the capping water. The average background
concentration of PAM in the capping water was initially below the detection limit of 0.1 mg/L, but
later increased to an average of 1.13 mg/L in oxic columns and 0.845 mg/L in anoxic columns after
a week of column establishment. Thereafter, there was a significant decrease in PAM concentration
over time in both columns. Specifically, the average PAM concentration was in the range 1.13
mg/L to 0.123 mg/L in oxic columns and 0.845 mg/L to 0.085 mg/L in anoxic columns (Figure
2.9A). This suggested that residual PAM present in the PASS-treated tailings was initially released
into the water cap during the first week before being biodegraded slowly over time. Previous
studies have reported the ability of bacteria to utilize PAM as nitrogen and carbon sources
(Guezennec et al., 2015).

On the other hand, the average background concentration of AMD in the capping water
was 0.14 mg/L but later increased after addition to the columns before decreasing overtime in both
oxic and anoxic columns. Specifically, the average AMD concentrations ranged between 0.95
mg/L to 0.18 mg/L in oxic columns and between 1.75 mg/L to 0.22 mg/L in anoxic columns (Figure
2.9B). Additionally, average AMD concentrations were lower than those of PAM in oxic columns
but higher in the anoxic columns suggesting that PAM and AMD behaved differently under these
conditions. The results of TKN revealed an average background concentration of 2.79 mg/L which
increased to 3.9 mg/L after a week of column establishment in oxic columns before decreasing

significantly to 0.7 mg/L. Then, the concentration increased significantly before stabilizing until
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Figure 2.9: Changes in concentrations of (A) PAM over a 2-year period in, (B) AMD over an 18-month period, (C) TKN over a 2-year
period, and (D) Ammonia over a 2-year period in oxic and anoxic columns. Different letters indicate “significant difference” while
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the last month when it significantly reduced. In anoxic columns, the average background concentration
(2.79 mg/L) did not change significantly after a week of column establishment (2.74 mg/L) but later
decreased significantly to 0.74 mg/L before demonstrating an upward trend in concentration increase
(Figure 2.9C). The results of NH3 revealed an upward trend in average concentrations in oxic columns
(ranging from 0.0 mg/L to 0.85 mg/L) and anoxic columns (ranging from 0.0 mg/L to 1.36 mg/L) for a
period of 8 months before significantly decreasing until no NH3 was detectable towards the end of the
experimental period (Figure 2.9D). This suggested that there was an initial increase in NHj3 production
over a period of 8 months likely due PAM and AMD biodegradation. It has been previously reported that
the biodegradation of PAM and ADM by bacteria through the hydrolysis of amide group produces NH3
(Guezennec et al., 2015; Joshi and Abed, 2017).

Overall, the addition of PAM, which was produced through polymerization of AMD, during PASS
treatment resulted in the presence of residual AMD in the tailings due to incomplete polymerization
(Guezennec et al., 2015). These results suggested that there was a flux of PAM and residual AMD into the
capping water, and this was later degraded into organic nitrogen and ammonia nitrogen as indicated by an
increase in PAM and AMD concentrations as compared to their background concentrations (Figure A1).
After the release into the capping water, PAM decreased by about 89% and 90% in oxic and anoxic

columns respectively whereas AMD decreased by approximately 51% and 70% under the same condition.
2.3.4 Gas production

The analysis of gases focused on the presence and detection of greenhouse gases (CH4 and CO>) and H»S.
The results of gas analysis using GC-TCD with capacity to detect CHs, CO> and H; revealed the presence
of only CO; at 100% while CH4 and H> were undetected in all the samples. CO> concentration in the
headspace was in the range of 1.02 to 2.15 mole% in oxic condition whereas it was in the range of 5.28 to

6.50 mole% in anoxic condition after 10 weeks of incubation. These results suggested that CO2, was the
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prominent gas produced by PASS treatment technology and at a low rate. Contrary to BML where CH4
and CO; were actively being produced at high rate from the untreated underlying tailings (Kuznetsov et

al., 2023), PASS treatment resulted in low production of CO; and no detection of CHa.

2.4 Conclusion

The EPL is still being evaluated for permanent reclamation of oil sands tailings and PASS treatment
technology is the recent attempt at demonstrating the effectively of EPL for sustainable tailings
reclamation. PASS treatment technology, developed by Suncor Energy, has demonstrated the ability to
enhance dewatering and consolidation of tailings. Despite the high concentration of dissolved organics
measured in the pore water of tailings, there were relatively low increases in concentrations of the
measured dissolved organic constituents in capping water when compared to the initial background
concentrations. A detailed analysis of mass flux demonstrated the ability of PASS treatment technology to
limit the fluxes of dissolved organics into the overlying capping water over time. Furthermore, there was
also low fluxes of the added PAM and residual AMD from the tailings into the capping water. Additionally,
there was low production of CO,, while CH4 was not detected. The results of this laboratory study show
that PASS treatment technology has the capacity to create a self-sustaining EPL system for tailings

reclamation.
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CHAPTER 3 BIOGEOCHEMICAL PROCESSES IN OIL SANDS

TAILINGS AND CAPPING WATER AT DEMONSTRATION PIT LAKE

3.1 Introduction

Alberta's oil sands in Canada are the 4" largest proven crude oil reserves in the world (165.4
billion barrels) after Venezuela, Saudi Arabia, and Iran, with crude bitumen production estimated
at around 2.8 million barrels per day in 2017 (Alberta Government, 2022). Bitumen production is
achieved either via surface mining (20%) or in situ extraction (80%) (Alberta Government, 2022).
Surface mining of bitumen leads to the generation of large volumes of waste known as oil sands
tailings. These tailings comprise sand, silt, clay, unrecovered bitumen, water, and organics and
inorganics (Alberta Energy Regulator, 2022). More than 1.3 billion cubic meters of tailings have
been stored in tailings ponds, covering over 88 square kilometers of land (Cossey et al., 2021;

White and Liber, 2020).

Pit lakes has been proposed as a sustainable solution for the permanent reclamation of
tailings (White and Liber, 2020). It is formed by placing tailings in an open pit covered with a
mixture of OSPW and freshwater, termed capping water (Syncrude, 2019). Hence, using pit lakes
could be used to manage tailings, trap sediments, and provide water treatment thereby improving
capping water quality over time (COSIA, 2021). Base Mine Lake (BML) was the first full-scale
pit lake established in 2012 to test its effectiveness for Canadian oil sands mines reclamation. In
BML, methane production from underlying untreated tailings was high (Syncrude, 2019) coupled
with the release of porewater having high concentrations of contaminants of potential concerns
(COPCs) into the capping water (Dompierre and Barbour, 2016). In 2016, Suncor Energy used a

new tailings treatment technology known as Permanent Aquatic Storage Structure (PASS) and
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established a demonstration pit lake (DPL) which was later named Lake Miwasin. PASS
technology uses an inline treatment process where flocculant (polyacrylamide, PAM) is added to
improve tailings dewatering at accelerated rates, and coagulant (alum) is added to improve tailings
expressed water quality. It is also expected that the treatment would immobilize the contaminants
in tailings which could, because of PASS treatment, further improve the quality of capping water

during long-term storage as a PL function (COSIA, 2021).

Currently, research is being carried out to investigate the impact of PASS treatment
technology for biomonitoring, ecotoxicological, and reclamation of oil sands tailings. For example,
Lillico et al. (2022) successfully established sensitive biomarkers for toxicity studies at pilot-scale
DPL models. Accordingly, Choo-yin, (2021) examined the bioactivity of two OSPW sources
collected from Lake Miwasin and concluded that each OSPW sample contained bioactive
constituents. However, outcomes related to reclamation and biogeochemical cycling of nutrients
and transport of dissolved organics in Lake Miwasin are largely unknown and are being
investigated by Lake Miwasin monitoring programs. Particularly, it is crucial to investigate the
effect of alum and PAM on biogeochemical processes in tailings as well as in the capping water.
This is because alum and PAM can influence microbial sulfur and nitrogen cycling respectively,
by affecting the composition and activities of various microbial populations thereby creating a
system that may negatively affect other forms of life and causing microbial imbalance (Robinson
et al., 2018). Also, it is previously established that in a water-capped tailings technology, tailings
will continue to dewater overtime due to self-weight consolidation, thereby releasing contaminants
through advective and diffusive transport of porewater constituents into the overlying water
(Dompierre and Barbour, 2016; Syncrude, 2019). This has also been observed for PASS-treated

tailings. Nevertheless, how the advective and diffusive transport of contaminants is regulated by
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seasonal temperature variations has yet to be established for Lake Miwasin. Alberta's continental
climate not only contributes to significant seasonal fluctuations in pit lake temperatures, leading
to stratification and turnover, but also influences biotic activity, including the distribution and
metabolic functions of a diverse array of microbes across varying redox conditions within tailings
ponds, which are integral to the biogeochemical cycling of organics and nutrients (Foght et al.,

2017; Chen et al., 2013; Siddique et al., 2020).

Many forms of tailings (e.g., diluent affected tailings) are known as significant sources of
methane (CH4) and volatile organic compounds (VOCs), contributing to the overall budget of
greenhouse gases. This investigation delineates the mechanisms through which the incorporation
of alum into tailings, facilitated by the PASS treatment, enhances sulfate reduction which may
inhibit methanogenesis and fosters the microbial oxidation of any resultant CHa, thus reducing its
atmospheric release. Additionally, this study also investigates the potential for sulfate introduction
via alum leading to the formation of hydrogen sulfide (H>S)-emitting aquatic systems. To this end,
our research comprehensively examines: (i) the biogeochemical processes occurring in PASS-
treated tailings and capping water in the presence of alum and PAM, (ii) the shift in microbial
community compositions over the experimental period (iii) the effects of temperature changes on
biogeochemical processes in tailing deposits and water column during long-term storage. We
postulated that PASS treatment could influence the biogeochemical cycles and subsequently

impact the gases production at DPL.
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3.2 Materials and Methods

3.2.1 Bench-scale column setup and operation

To investigate the effects of seasonality and changes in temperature on lake water
chemistry and microbial community structure, a bench-scale column (height: 48 inches, internal
diameter: 5.75 inches) was established (Figure 3.1). These columns were then filled with tailings
and lake water in ratio 1:2, with sampling ports established at different locations for lake water
and tailings sample collections. The top of the column was sealed but connected with an airbag for
gases collection. The column setup was in duplicates for treatment and control columns. The
treatment columns were subjected to different temperature regimes representing winter (5 °C),
spring (20 °C), summer (25 °C) and fall (8 °C) as reported in prior Lake Miwasin’s water column

temperature profiles (Figure 3.2).
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Figure 3.1: Laboratory experimental set up showing the column dimension and arrangement of
sampling ports
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Figure 3.2: Lake Miwasin Temperature Profiles: 2019 & 2020 indicating different temperatures
observed at certain depths and months

Each treatment regime (winter, spring, summer, and fall) lasted for a period of 2 months
and samples were collected at the beginning and end of each treatment regime. The control column
was set up at laboratory temperature of 22 °C. The tailings samples were stored at -80 °C until
analysis while the lake water samples were filtered using 0.45micron filter papers which were then

stored at -80 °C until analysis.

3.2.2 Physicochemical parameters

The physicochemical parameters of both treatment and control columns were measured at
the beginning of the experiment and at the end of each temperature regime using standard
analytical techniques and protocols. Water quality parameters such as pH, conductivity, and
dissolved oxygen (DO) were measured using Y SI Pro Plus multi-parameter instrument. Parameters
such as total kjeldahl nitrogen (TKN), nitrite-nitrogen and nitrate-nitrogen (NO>-N+NOs-N), and
chemical oxygen demand (COD) were measured using Hach® Water Quality Test Kits. Turbidity,

dissolved organic carbon (DOC), and naphthenic acids (NAs) were measured using T-100
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handheld Oakton Turbidimeter, Shimadzu TOC analyzer and ultraperformance liquid
chromatography time-of-flight mass spectrometry (UPLC-TOF-MS) respectively. Dissolved
metals, sulfur (S), and phosphorus (P) were measured at the end of the experiment using Thermo
1CAP6300 Duo (N. America) inductively coupled plasma-optical emission spectrometer (ICP-

OES).

3.2.3 Biogenic gas analyses

Gas production was assessed using gas chromatography (Agilent 7890A, Agilent
Technologies, USA). However, due to the likelihood of the gas production being affected by
sample collection, the gas production potential of the model pit lake system was further evaluated
using air-tight serum bottles. In each bottle, 30 mL of tailings and 60 mL of capping water were
combined, maintaining a 1:2 ratio, and leaving adequate headspace for gas collection. The bottles
were left untouched and incubated at 25°C and 37°C over a period of 10 weeks. Gas was collected
from the headspace in the serum bottles using a 0.5 mL syringe and manually introduced into Gas
Chromatography-Thermal Conductivity Detector (GC-TCD) instrument for detection of methane,
carbon dioxide, nitrogen and hydrogen gas. The samples were re-analyzed with the GC after 2
months to confirm if there was any change in gas production. Hydrogen sulfide production was

measured using The Acrulog™ H>S Gas Monitor data-logger (Sapkota, 2022).
3.2.4 Microbial Community Analyses

Total and active bacterial communities were analyzed in both tailings and lake water. To
this end, samples were taken from the top and bottom of tailings and lake water samples. For the

analysis of total bacterial communities, DNA was extracted using DNeasy PowerSoil Kits (Qiagen

Inc., USA) for tailings, and DNeasy Blood & Tissue Kits (Qiagen Inc., USA) for lake water
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following manufactural instructions. For active communities, RNA was extracted from tailings
samples using RNeasy Extraction Kits (Qiagen Inc., USA), followed by reverse transcription and
cDNA synthesis using Reverse Transcription Kits (Qiagen Inc., USA). Thereafter, 16S rRNA
amplicon sequencing was carried out to investigate the microbial communities. The sequencing
was performed with an [llumina MiSeq instrument by targeting the V3-V4 hypervariable region at
Applied Genomics Core facility, University of Alberta, Canada. For library preparation, 341F and
785R primers were used as standard primers (Thijs et al., 2017). QIIME2 microbiome analysis
pipeline (Core 2020.2 distribution) was then used to process the raw reads (Bolyen et al., 2019).
To this end, DADA2 was used for quality control (Callahan et al., 2016) and identical reads were
clustered together as operational taxonomic units (OTUs) and alpha and beta diversity analyses
were carried out. For alpha diversity, Shannon diversity index (H) and Chaol richness estimator
indices were computed to study the overall diversity and richness within each temperature regime.
For beta diversity analysis, principal coordinate analysis (PCoA) was performed to compare the
composition of bacterial communities (diversity patterns) between treatment and control columns.
Following diversity analysis, Naive Bayes classifier, which was already trained on SILVA rRNA
database (v 138), was used for taxonomic assignments (Arslan and Gamal EI-Din, 2021). Profiles
were then collapsed to the different taxonomic levels such as phylum, class, order, family, genus,
and species. For visualization purpose, taxonomy-assigned OTU table was imported into the R
computational language where ‘Ampvis2’ and ‘Krona’ web browsers were used to make plots and

perform diversity analyses (Ondov et al., 2011; Arslan et al., 2022).
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3.3 Results

3.3.1 Physicochemical characteristics and measurement of biogenic gases

The mean conductivity in treatment columns ranged from 1436.75 uS/cm to 2336.75
uS/cm over the experimental periods. In control columns, the average conductivity was between
2002.25 uS/cm to 2364 uS/cm over the course of the experimental. Notably, there were significant
differences in mean conductivity between treatment and control on days 60 and 240, aligning with
periods of substantial temperature variation (Two-way ANOVA, F-value = 325.95, p-value =
4.79E-28) (Table 3.1 and Table 3.2). Likewise, the average DO concentrations ranged between 4.0
mg/L to 9.35 mg/L in treatment columns whereas the mean DO concentrations in control columns
were between 2.75 mg/L and 6.05 mg/L over the experimental periods. Consequently, significant
differences in mean DO levels between the treatment and control groups were observed on days
60 and 240, coinciding with periods of notable temperature differences (p-value = 3.05E-14)
(Table 3.1 and Table 3.2). Similarly, the average sulfate concentrations ranged between 112.30
mg/L to 136.82 mg/L in treatment columns whereas the mean sulfate concentrations in control
columns were between 112.29 mg/L and 126.29 mg/L over the experimental periods. As a result,
there were significant differences in mean sulfate levels between the treatment and control groups
on days 60 and 240, corresponding to periods of huge temperature differences (p-value = 0.00143)

(Table 3.1 and Table 3.2).

On the other hand, the average concentrations of DOC in treatment columns were between
42.24 mg/L and 60.92 mg/L which were not significantly different from the mean DOC
concentrations ranging between 42.43 mg/L and 56.75 mg/L in control columns (F-value =0.99,

p-value =0.32) (Table 3.1 and Table 3.2). Similarly, there were no significant differences in mean
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values of COD (p-value = 0.39), turbidity (p-value = 0.41), TKN (p-value = 0.68), NO>+NO3-N
(p-value = 0.82), pH (p-value = 0.60), and NAs (p-value = 0.45) between the treatment and control
columns (Table 3.1 and Table 3.2). While the mean COD, DOC, turbidity, TKN, NO>»+NOs-N, pH
and NAs of treatment columns were not significantly different from those of the control columns
(Table 3.1), they were significantly different overtime. COD (p-value = 4.16E-18), DOC (p-value
= 7.22E-15), TKN (p-value = 3.55E-12) and NAs (p-value = 1.48E-10) increased over time
whereas turbidity (p-value = 0.00133), NO,+NO3-N (p-value = 3.22E-25), and pH (p-value =

3.65E-13) decreased over time (Table 3.2).

Production of biogenic gases (methane, carbon dioxide, nitrogen, oxygen, hydrogen, and
hydrogen sulfide) was further examined to elucidate methanogenic and sulfidogenic metabolism
of hydrocarbons and alum within tailings.

Table 3.1: Summary statistics and Mann-Whitney U test results for physicochemical parameters
of treatment and control columns (means =+ standard deviation)

Parameters Treatment® Control® U-value p-value
Day 1 Conductivity (uS/cm) 1489.75+ 11.89 2002.25+9.15 0 0.00094
DO (mg/L) 7.78 £0.29 6.05+0.22 0 0.00094
DOC (mg/L) 43.23 £3.87 45.56 £4.51 12 0.38
COD (mg/L) 209.17 + 8.64 204.33 +£3.88 9.5 0.2
Turbidity (NTU) 34.74 + 18.56 18.65+0.91 10 0.23
TKN (mg/L) 1.21 +£0.37 1.15+0.55 17 0.94
NO»+NO;3-N (mg/L) 0.56 £ 0.06 0.56 +£0.03 17 0.94
pH 8.34+0.01 8.29+0.04 3 0.02
NAs (mg/L) 2.95+0.23 2.95+0.23 18 0.94
SO4* (mg/L) 112.30 £ 3.41 112.29 +£3.40 18 0.94
Day 60 Conductivity (uS/cm) 1436.75 £ 90.36 227825+ 218 0 0.00094
DO (mg/L) 9.35+1.24 2.75+1.82 0 0.00094
DOC (mg/L) 42.24 £1.53 42.45+£1.32 16 0.81
COD (mg/L) 147.17+£3.19 147.83 £ 10.65 18 0.94
Turbidity (NTU) 4.55+4.39 2.59 + 3.37 11 0.3
TKN (mg/L) 0.02 £ 0.06 0.1+0.12 11.5 0.34
NO;+NO3-N (mg/L) 0.43 +0.02 0.44 +0.02 13 0.47
pH 8.12+0.07 7.98 +0.11 5.5 0.055
NAs (mg/L) 3.55+0.27 3.58+0.27 16 0.81
SO4* (mg/L) 123.37 £ 1.71 120.0 £ 0.38 0 0.0051
Day 120 Conductivity (uS/cm) 2215.5+100.61 2364 + 153.92 16 0.1
DO (mg/L) 4.18 +1.31 2.93 +£1.86 16 0.1
DOC (mg/L) 4472 £2.63 42.43 £2.96 9 0.17
COD (mg/L) 283.17 +£62.42 278.17 £70.88 16 0.81

45




Turbidity (NTU) 12.49 + 8.69 18.3 +24.65 12 0.38
TKN (mg/L) 0.96 + 1.4 1.37+0.8 13 0.47
NO,*+NOs-N (mg/L) 0.38 +0.03 0.4 +0.02 10.5 0.26
pH 7.67+027 7.65+0.24 15 0.69
NAs (mg/L) 375+ 034 377404 18 0.94
SO4* (mg/L) 137.38 + 15.92 130.0 + 9.45 9 0.17
Day 180  Conductivity (uS/cm) 2336.75+22.19 2303.75+119.28 32 0.96
DO (mg/L) 4.0+043 4.03+123 32 0.96
DOC (mg/L) 4631+ 1.57 45.46+2.53 10.5 0.26
COD (mg/L) 359.5 + 45.25 353.5+42.94 17 0.94
Turbidity (NTU) 14.63 £9.75 17.35 +20.99 15 0.69
TKN (mg/L) 2.55+0.58 2.44 +0.78 14 0.58
NO,*+NOs-N (mg/L) 0.34 +0.01 0.34+0.01 10.5 0.3
pH 778+0.16 7.81+0.21 13 0.47
NAs (mg/L) 4.15+0.38 3.96+0.4 13.5 0.52
SO (mg/L) 131.49 + 4.84 124.02 + 4.24 9 0.17
Day240  Conductivity (uS/cm) 1579.25 +21.18 2193 + 40.29 0 0.00094
DO (mg/L) 6.75+0.12 4.35+0.86 0 0.00094
DOC (mg/L) 60.92 + 7.22 56.75 + 4.73 8 0.13
COD (mg/L) 290.17 + 4.45 300.5+24.15 18 0.94
Turbidity (NTU) 12.52 4 3.63 8.33+6.42 8 0.13
TKN (mg/L) 2.3+0.07 2.32 +£0.47 12 0.38
NO»+NO3-N (mg/L) 0.37+0.01 0.36 % 0.01 45 0.04
pH 7.78 +0.03 7.84+0.18 12 0.38
NAs (mg/L) 4.49 +0.56 424404 10 0.23
SO4* (mg/L) 136.82 + 4.91 126.29 + 0.61 0 0.0051

a. The treatment columns were at 10°C on day 1; 5°C between days 1-60; 20°C between days 61-120; 25°C between
days 121-180; and 8°C between days 181-240.
b. The control columns were operated at 22°C throughout the experimental period.
The mean values were compared by nonparametric Mann—Whitney U-tests with two-tailed hypothesis at a = 0.05.

Significant differences are highlighted in bold. DOC: dissolved organic carbon, COD: chemical oxygen demand,
TKN: total Kjeldahl nitrogen, DO: dissolved oxygen, NTU: Nephelometric Turbidity Units, NO>+NOs-N: nitrite and
nitrate-nitrogen, NAs: naphthenic acids.

Table 3.2: Two-way ANOVA summary of selected parameters

Parameters Source of variation df Sum of Squares | Mean Square | F Value P Value

DOC Temperature 1 13.68993 13.68993 0.98898 0.32478
Days 4 2177.67697 544.41924 39.32961 7.2226E-15
Interaction 4 72.90291 18.22573 1.31665 0.27663
Model 9 2264.26981 251.58553 18.17489 6.3871E-13
Error 50 692.12387 13.84248
Corrected Total 59 2956.39367

COD Temperature 1 1152.81667 1152.81667 0.73635 0.39493
Days 4 360473.26667 | 90118.31667 | 57.56189 4.15856E-18
Interaction 4 9544.6 2386.15 1.52412 0.20943
Model 9 371170.68333 | 41241.18704 | 26.34227 5.04495E-16
Error 50 78279.5 1565.59
Corrected Total 59 449450.18333

Turbidity Temperature 1 112.83331 112.83331 0.68417 0.41208
Days 4 3453.80969 863.45242 5.23561 0.00133
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Interaction 4 851.06438 212.76609 1.29012 0.28651
Model 9 4417.70737 490.85637 2.97635 0.00649
Error 50 8245.9511 164.91902
Corrected Total 59 12663.65847

TKN Temperature 1 0.07073 0.07073 0.16744 0.68415
Days 4 46.98002 11.745 27.8048 3.54823E-12
Interaction 4 0.48564 0.12141 0.28742 0.88478
Model 9 47.53638 5.28182 12.50404 4.21817E-10
Error 50 21.12046 0.42241
Corrected Total 59 68.65684

NO»+NOs3-N | Temperature 1 4.00167E-5 4.00167E-5 0.05498 0.81558
Days 4 0.35774 0.08944 122.87193 3.22945E-25
Interaction 4 0.0026 6.48975E-4 0.8916 0.47594
Model 9 0.36038 0.04004 55.01212 7.56873E-23
Error 50 0.03639 7.27877E-4
Corrected Total 59 0.39677

NAs Temperature 1 0.09224 0.09224 0.58983 0.4461
Days 4 13.8363 3.45908 22.1202 1.47666E-10
Interaction 4 0.19828 0.04957 0.31699 0.86528
Model 9 14.12682 1.56965 10.03762 1.30386E-8
Error 50 7.81882 0.15638
Corrected Total 59 21.94563

pH Temperature 1 0.00704 0.00704 0.27433 0.60276
Days 4 3.25588 0.81397 31.71027 3.64634E-13
Interaction 4 0.06788 0.01697 0.66114 0.6219
Model 9 3.33081 0.37009 14.41777 3.90313E-11
Error 50 1.28345 0.02567
Corrected Total 59 4.61426

Conductivity | Temperature 1 3471944 .45 3471944 .45 325.94799 4.78515E-28
Days 4 4517117.8 1129279.45 106.01736 6.13466E-29
Interaction 4 2010490.8 502622.7 47.18649 3.56135E-19
Model 9 9999553.05 1111061.45 104.30704 5.92143E-37
Error 50 745628.5 10651.83571
Corrected Total 59 1.07452E7

DO Temperature 1 114.242 114.242 90.50407 3.04873E-14
Days 4 126.547 31.63675 25.06307 6.68077E-13
Interaction 4 101.193 25.29825 20.04162 4.92614E-11
Model 9 341.982 37.998 30.10254 1.07122E-20
Error 50 88.36 1.26229
Corrected Total 59 430.342

SO4* Temperature 1 496.08437 496.08437 11.3992 0.00143
Days 4 3570.92336 892.73084 20.51347 <0.0001
Interaction 4 201.77326 50.44332 1.1591 0.34006
Model 9 4268.781 474.309 10.89883 <0.0001
Error 50 2175.9621 43.51924
Corrected Total 59 6444.7431

Significant p-value is in Bold letter.
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The findings revealed that, in both the control and treatment groups, the headspace gases
composition included carbon dioxide (0.43% for the control versus 0.30% for the treatment),
nitrogen (76.2% for the control versus 75.2% for the treatment), and oxygen (20.6% for the control
versus 20.7% for the treatment) (Figure 3.3). Notably, methane and hydrogen sulfide were not
detected (below detection limit) in either the control or treatment groups of the 20.4L columns,

however hydrogen sulfide was detected in the serum bottles.

100 -

Concentration (%)

Treatment Control

Figure 3.3: Off-gas production during the experimental period. Methane was not detected

3.3.2 Background bacterial community composition

Capping Water: Proteobacteria made up more than 50% of the bacterial community, followed by
Actinobacteriota, Verrucomicrobiota, Bacteriodota and Cyanobacteria. At genus level, the bacteria
communities were made up of mostly aerobes and facultative anaerobes. The most abundant genus

was the sulfur oxidizing Sulfuritalea, followed by Sporichthya. Photosynthetic cyanobacteria were
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represented by the abundance of Cyanobium gracile PCC 6307. We also noted the abundance of
genera involved in hydrocarbon degradation, represented by Sphingobium, Oceanibaculum,
Caulobacter, Brevundimonas and Xanthobacter. There was also an abundance of members of
[lumatobacteraceae represented by CL500-29 marine group; Luteolibacter; Prosthecobacter,
Sporichthyaceae hgcl-clade and many genera of Candidate Phyla Radiation (CPR) such as

Candidatus Aquirestis (Figure 3.4A and Figure 3.4B).

Tailings: The taxonomic composition and abundance of bacteria did not vary significantly between
the top and bottom of the tailings. At phylum level, Proteobacteria was the most abundant,
followed by Chloroflexi, Bacteriodota, Desulfobacterota, Patescibacteria and Firmicutes. At genus
level, the most abundant OTU was uncultured Anaerolineaceae, followed by sulfur-oxidizing
bacteria (such as Sulfuritalea, Thiobacillus, and Sulfuricurvum), and sulfate-reducing bacteria
(such as Desulfurivibrio, Desulfatirhabdium and many unassigned members of
Desulfobacteraceae, Desulfosarcinaceae, Desulfobulbaceae, Desulfocapsaceae and
Desulfuromonadaceae). In addition, many genera belonging to the CPR such as Ca.

Moranbacteria and Ca. Dojkabacteria were also found (Figure 3.4C and Figure 3.4D).
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Figure 3.4: Krona plot for taxonomic abundance of (A) top of capping water, (B) bottom of
capping water, (C) top of tailings, and (D) bottom of tailings
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3.3.3 Bacterial diversity of PASS-treated pit lake

Alpha and beta diversity analyses were carried out to compare the diversity between
capping water and tailings, as well as between treatment and control groups of capping water and
tailings. The Shannon diversity index indicated a significant difference in bacterial communities
between tailings and capping water (Mann-Whitney, p-value = 3.89E-17), but no significant
differences between treatment and control groups in either capping water (p-value = 1.0) or tailings
(p-value = 0.22) (Figure 3.5 A-C). For beta diversity, the Bray-Curtis Index revealed significant
dissimilarity between tailings and capping water communities (PERMANOVA, p-value = 0.001),
while treatment and control groups showed no significant differences in either capping water (p-
value = 0.21) or tailings (p = 0.45) (Figure 3.5 D-F). Species richness ranged between 100 and 620
in tailings whereas it ranged between 80 and 400 in capping water (Figure A2). On the other hand,
species richness ranged between 80 and 620 in control whereas it ranged between 80 and 580 in

treatment (Figure A3).

3.3.4 Temporal/temperature changes on biogeochemical cycles of pit lakes containing

PASS-treated tailings

3.3.4.1 Sulfur cycling

In this study, high sulfur concentration (103.5 mg/L in treatment and 112.5 mg/L in control)
could effectively drive the sulfur cycle in the capping water. Specifically, water of both treatment
and control columns were dominated by the sulfur-oxidizing bacteria (SOB), Sulfuritalea. The
abundance of Sulfuritalea in the treatment columns initially increased from an average of 13.1%
on day 1 to 35.5% on day 120, subsequently declining to 18.2% by day 240. In addition, there

were very low abundances of other SOBs (including Immundisolibacter, Thiobacillus and
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Figure 3.5: Alpha diversity between (A) tailings and capping water (B) treatment and control
groups of capping water (C) treatment and control groups of tailings and Principal coordinate
analysis (PCoA) illustrating similarities between (D) tailings and capping water (E) treatment
and control groups of capping water (F) treatment and control groups of tailings
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Sulfuricurvum) and sulfate-reducing bacteria (SRB) (including Desulfovirga and Desulfovibrio)
ranging from 0% to 2.1% over the course of the experiment (Figure 3.6A). Conversely, in the
control columns, the abundance of Sulfuritalea initially rose from an average of 18.3% on day 1
to 37.9% on day 60, before gradually dropping to 3.2% by the end of the experiment. Additionally,
there were low abundance of other SOBs, for example Chlorobium which increased from 0% on
day 120 to 2.4% on day 240 and Immundisolibacter which increased 0.1% to 1.2% over the
experimental period. Furthermore, the abundances of SRBs such as Desulfurivibrio,

Desulfatiglans, Desulfovirga were in the range of 0% and 0.7% over the course of the experiment

(Figure 3.6B).

The microbial community structures in the tailings exhibited significant differences from
those in the capping water. The tailings of treatment columns were dominated by both SOBs (such
as Sulfuritalea ranging from 5.3% to 5.8% and Thiobacillus ranging from 2.4% to 1.7%) and SRBs
(such as Desulfatiglans ranging from 0.7% to 8.1% and Desulfurivibrio ranging from 1.6% to
3.3%) over the experimental period (Figure 3.6C). In contrast, the microbial community in the
tailings of control columns exhibited a different compositional abundance as revealed by the SOBs
Chlorobium ranging from 0.0% to 18.6% on day 180 before dropping to 7.7% on day 240;
Sulfuritalea ranging from 6.9% to 2.5%; and Thiobacillus ranging from an average of 2.1% to
1.1% over the experimental period. Furthermore, there was considerable abundance of SRBs such
as Desulfatiglans which increased from 0.4% to 14.4%, and Desulfurivibrio which increased from

1.3% to 4.5% (Figure 3.6D).

Overall, SOBs and SRBs constituted averages of about 98% and 1% respectively of the
total sulfur cycling communities in treatment columns of capping water whereas SOBs and SRBs

made up averages of about 94% and 5% respectively in the control columns over the experimental
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Figure 3.6: Top 10 microbial communities involved in sulfur cycling in (A) Capping water of

treatment groups (B) Capping water of control groups (C) Tailings of treatment groups (D)

Tailings of control groups

period. In contrast, SOBs and SRBs constituted approximately 33% and 43% respectively of the
total assigned sulfur cycling communities in tailings of treatment columns, whereas SOBs and

SRBs accounted for roughly 43% and 38% respectively in the control columns (Table A1).

3.3.4.2 Carbon cycling

Total carbon concentration was found to be 141.7 mg/L for control and 153.7 mg/L for

treatment groups. Hence, capping water of treatment columns was dominated by organic
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compound-degrading bacteria, some of which increased in abundance over the experimental
period whereas others decreased in abundance over the same period. Specifically, there was an
increase in abundance of Brevundimonas (from 0.9% to 6.2%), Xanthobacter (from 0.8% to 9.0%)
and Magnetospirillum (from 0% to 2.5%) whereas there was a decrease in abundance of
Sphingobium (from 0.95% to 0.92%), Oceanibaculum (from 1.5% to 0.08%) and Pseudomonas
(from 1.2% to 0.02%). Furthermore, carbon-fixing Cyanobacteria, Cyanobium gracile PCC 6307
was abundant initially but decreased overtime (from 4.6% to 0.07%). In addition, there was an
increase in abundance of methanotrophs such as Methylovulum (from 0% to 4.6%) and
Methyloversatilis (from 0.3% to 0.9%) (Figure 3.7A). In contrast, the control columns of the
capping water displayed different abundances for these bacteria over the same period. Specifically,
there was an increase in Brevundimonas (from 1.0% to 5.4%), Xanthobacter (from 0.9% to 6.8%),
and Magnetospirillum (from 0.06% to 0.9%) whereas there was a decrease in Sphingobium (from
2.9% to 1.7%), Oceanibaculum (2.2% to 0.01%), and Pseudomonas (from 0.8% to 0.1%).
Meanwhile, Cyanobium gracile PCC 6307 decreased from 4.6% to 0%, whereas Methyloversatilis

and Methylovulum increased from 0.3% to 1.5%, and from 0% to 1.1% respectively (Figure 3.7B).

For tailings, total carbon content was 7.9 mg/kg for control and 7.81 mg/kg for treatment
columns. Hence, tailings of treatment columns were abundantly enriched with syntrophic bacteria
Syntrophus, increasing from 1.5% to 3.0% over the experimental period. Furthermore, there was
an abundance of Pseudomonas (from 1.9% to 1.3%) and methanotrophs such as Methylotenera
(from 0.29% to 0.27%), Methyloversatilis (from 0.2% to 0.4%). There was low abundance of
organic compound-degrading bacteria, however, a huge spike in the abundance of
Magnetospirillum was observed on day 60 followed by a sharp decrease by day 180. In the tailings

of control columns, Syntrophus was equally enriched (from 1.3% to 3.1%). Additionally, there was

55



A B

e
Brevundimonas 10 i Brevundimonas
| ~@— CyanobiumPCC_6307) I-@— CyanoblumPCC_6307
(i Magnetospirillum e Magnetospirillum
{=— Methyloversatilis = Methyloversatilis
— B84 (@~ Methylovulum 8 [~ Methylovulum
L 2 |~ Novosphingobium - —4— Novosphingobium
i = 4 |+— Pseudomonas S P~ Pseudomonas
= 8 {—@— Oceanibaculum o —§— Oceanibaculum
B c 64 |—¥r— Sphingobium g =ie— Sphingobium
[ % [~ Xanthobacter m 6 [~ Xanthobacter
= c °
= > g
= Tl =
= «Q ]
= g 44 o 4
o 2 2
= =
@
4
2 o
0 0
0 60 120 180 240 o 60 120 180 240
Days Days
s, C s- D :
Acinetobacter il Acinetobacter
CyanobiumPCC_6307 —.—Cyanobll._lmPCC_SEW?
7 Desulfovirga 74 —d— Desulfovi rga
Magnetospirillum —¥—Magnetospirillum
—_— —— Methylotenera — —@— Methylotenera
2 6- —&— Methyloversatilis =6 e Methyloversatilis
- Pseudomonas — —p—Pseudomonas
& 8 Syntrophus 8 —@—Syntrophus
Eﬂ c 5+ Brevundimonas c 5+ {=e— Brevundimonas
— g ~@— Novosphingobium g {~@—Novosphingobium
‘= = c
o 3 4 _g 45
© ©
23 &£
s k=
g 22
14 14
0 0
0 60 120 180 240 0 60 120 180 240
Days Days

Figure 3.7: Top 10 microbial communities involved in carbon cycling in (A) Capping water of
treatment groups (B) Capping water of control groups (C) Tailings of treatment groups (D)
Tailings of control groups

abundance of Pseudomonas (from 2.0% to 1.0%), methanotrophs including Methylotenera (from
0.6% to 0.1%) and Methyloversatilis (from 0.2% to 0.1%), and Magnetospirillum (from 0.3% to
0.1%) (Figure 3.7C and Figure 3.7D). Notably, both tailings of treatment and control columns
showed a very low abundance (0.1%) of methane-producing archaea, Methanolobus (Table A2).
This observation aligns with the biogenic gas data, which indicated an absence of methane
production in the columns. Collectively over the experimental period, approximately 76% and

80% of the assigned carbon cycling communities in capping water were organic compound
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degraders in treatment columns and control columns respectively. Additionally, about 13% and
10% of the assigned carbon cycling communities in treatment columns were carbon fixers and
methanotrophs respectively while approximately 5% and 15% of the assigned carbon communities
in control columns were carbon fixers and methanotrophs respectively. Conversely, in tailings of
treatment columns, about 79%, 9% and 2% of the assigned carbon cycling communities were
organic compound degraders, methanotrophs and carbon fixers respectively whereas
approximately 69%, 17% and 1% of the assigned carbon cycling communities in control columns
were organic compound degraders, methanotrophs and carbon fixers respectively. In addition,
approximately 0.2% and 1.6% of the assigned carbon cycling communities were methanogens in

treatment and control columns respectively (Table A2).

3.3.4.3 Iron cycling

Throughout the experimental period from day 1 to day 240 in capping water, the abundance
of Iron II oxidizing bacteria (Fe(Il) oxidizers) and Iron III reducing bacteria (Fe(Ill) reducers)
exhibited significant variations between the treatment and control columns. Specifically, in the
treatment columns, considerable changes were observed in the abundance of Fe(Il) oxidizers,
including Ferritrophicum (from 0.0% to an average of 4.0%), Sediminibacterium (from 0.5% to
0.6%), Acidovorax (from 1.2% to 0.7%), Pseudomonas (from 1.2% to 0.02%), Magnetospirillum
(from 0.0% to 2.5%), and Hydrogenophaga (from 0.31% to 0.29%). Additionally, Fe(III) reducers
in the treatment columns included Rhodoferax (from 0.24% to 0.27%) and Geobacter (from 0.0%
to 0.2%) (Figure 3.8A). These results contrasted with the abundances in the control columns,
having Ferritrophicum (from 0.0% to 0.4%), Sediminibacterium (from 0.3% to 1.9%), Acidovorax

(from 1.2% to 0.1%), Pseudomonas (from 0.8% to 0.1%), Magnetospirillum (from 0.1% to 0.9%),
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Hydrogenophaga (from 0.4% to 0.1%), Rhodoferax (from 0.2% to 0.04%), and Geobacter (from

0.02% to 0.1%) (Figure 3.8B).

In tailings, high iron concentration was recorded, i.e. 32.2 mg/kg in treatment and 34.1
mg/kg in the control. As such, the treatment columns revealed the presence of Fe(Il) oxidizers
including, Acidovorax (from 1.3% to 0.4%), Pseudomonas (from 1.9% to 1.3%), Thiobacillus
(from 2.4% to 1.7%), Ferritrophicum (from 0.06% to 1.2%), Hydrogenophaga (from 0.8% to
0.4%), and Magnetospirillum (from 0.0% to 0.1%, but with high abundance of 6.0% on day60).
Additionally, there were Fe(Ill) reducers such as Geothermobacter (from 1.5% to 1.6%), and
Rhodoferax (from 1.0% to 1.0%) (Figure 3.8C). Conversely, the control columns of tailings
revealed the presence of Acidovorax (from 1.5% to 0.3%), Pseudomonas (from 2.0% to 1.0%),
Thiobacillus (from 2.1% to 1.1%), Ferritrophicum (from 0.02% to 0.06%, with abundance of 1.0%
on dayl180), Hydrogenophaga (from 0.5% to 0.2%), Magnetospirillum (from 0.3% to 0.1%),

Geothermobacter (from 1.1% to 1.1%), and Rhodoferax (from 0.5% to 0.5%) (Figure 3.8D).

Overall, approximately 94% and 4% of the assigned iron cycling communities in treatment
columns of capping water were Fe-oxidizers and Fe-reducers respectively over the experimental
periods whereas about 94% and 6% of the assigned iron cycling communities in control columns
were Fe-oxidizers and Fe-reducers respectively. Conversely, 65% and 28% of the assigned iron
cycling communities in treatment columns of tailings were Fe-oxidizers and Fe-reducers
respectively while about 59% and 34% of the assigned iron cycling communities in control

columns were Fe-oxidizers and Fe-reducers respectively (Table A3).
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Figure 3.8: Top 10 microbial communities involved in iron cycling in (A) Capping water of
treatment groups (B) Capping water of control groups (C) Tailings of treatment groups (D)

Tailings of control groups

3.3.4.4 Nitrogen cycling

Total nitrogen (TN) concentration in capping water was recorded to be 0.98 mg/L in control

and 2.76 mg/L in treatment columns. Nitrogen-fixing bacterial genera exhibited notable abundance

in early days of column’s operation, both in the treatment and control columns of the capping

water. Specifically, the treatment columns featured copious amounts of cyanobacteria up to day

120 but decreased later. This included Cyanobium gracile PCC 6307 (from 4.6% to 0.07%),

members of the family Obscuribacteraceae (from 0.4% to 0.3%), members of the order

Vampirovibrionales (0.02% to 0.1%), Azospirillum (from 0.6% to 0.01%) and Novispirillum (from
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0.4% to 0.01%). In contrast, the control columns had Cyanobium gracile PCC 6307 (decreasing
from 4.6% to 0.0%), members of the family Obscuribacteraceae (increasing from 0.12% to 0.13%),
members of the order Vampirovibrionales (increasing from 0.005% to 0.1%), Azospirillum
(decreasing from 0.9% to 0.1%), Niveispirillum (increasing from 0.4% to 0.2%), Magnetospirillum
(increasing from 0.06% to 0.9%), and Pseudomonas (decreasing from 0.8% to 0.1%) as the most
abundant phylotypes (Figure 3.9A and Figure 3.9B). Furthermore, there was the presence of

Acinetobacter, known for nitrification-denitrification in control columns (Table A4).

In tailings, TN concentration was recorded to be 11 mg/kg for control and 10 mg/kg for the
treatment group. As such, treatment and control columns harbored a significant proportion of
nitrogen-associated bacteria. Notably, the treatment columns revealed high abundance of
Pseudomonas (from 1.9% to 1.3%), Thauera (from 1.6% to 1.7%), and Thiobacillus (from 2.4%
to 1.7%) as well as a low abundance of Magnetospirillum (from 0.0% to 0.1%, though there was
arelatively high abundance of 6.0% on day60). Furthermore, there was a relatively low abundance
Cyanobium gracile PCC 6307 (from 0.5% to 0.05%) and Rhizobium (from 0.4% to 0.2%) as well
as the nitrifying-denitrifying Acinetobacter (from 0.4% to 0.2%) (Figure 3.9C). In contrast, the
control columns revealed abundant presence of Thiobacillus (from 2.1% to 1.1%), Pseudomonas
(from 2.0% to 1.0%), and Thauera (from 1.0% to 1.2%). Additionally, there was relatively low
abundance of Magnetospirillum (from 0.3% to 0.1%), Acinetobacter (from 0.3% to 0.2%),
Cyanobium gracile PCC 6307 (from 0.3% to 0.05%), and Rhizobium (from 0.5% to 0.04%) (Figure

3.9D)

The overall average abundances of the assigned nitrogen cycling communities in the
capping water of treatment columns over the experimental period were approximately 61%, 29%

and 0.3% respectively for nitrogen fixers, denitrifying bacteria, and nitrifying bacteria whereas the
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Figure 3.9: Top 10 microbial communities involved in nitrogen cycling in (A) Capping water of

treatment groups (B) Capping water of control groups (C) Tailings of treatment groups (D)
Tailings of control groups

average abundances were respectively about 64%, 27% and 3% in control columns. In contrast,
the average abundances in tailings were approximately 4%, 67%, and 4% respectively for nitrogen
fixers, denitrifying bacteria, and nitrifying bacteria in treatment columns while the average
abundances were approximately 2%, 66%, and 4% respectively for nitrogen fixers, denitrifying

bacteria, and nitrifying bacteria in treatment columns (Table A4).
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3.3.5 Patterns of temporal changes in bacterial community structures

The Pearson r correlation analysis revealed temporal shifts in the abundance of genera involved in
sulfur, carbon, iron, and nitrogen cycling throughout the experimental period. For sulfur cycling,
there were 20 genera with positive correlations with time and 5 genera with negative correlations
in capping water, while tailings had 8 genera with positive correlations and 17 genera with negative
correlations (Figure 3.10). For carbon cycling, capping water showed 10 positive and 14 negative
correlations, whereas tailings presented 11 positive and 14 negative correlations (Figure 3.11). In
iron cycling, there were equal numbers of positive and negative correlations (10 each) in capping
water, compared to 15 positive and 10 negative correlations in tailings (Figure 3.12). For nitrogen
cycling, 12 positive and 10 negative correlations were found in capping water, in contrast to 17

positive and 8 negative correlations in tailings (Figure 3.13).
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Figure 3.10: Top sulfur-cycling genera with distinct correlation in capping water and tailings
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Figure 3.11: Top carbon-cycling genera with distinct correlation in capping water and tailings
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Figure 3.12: Top iron-cycling genera with distinct correlation in capping water and tailings
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Figure 3.13: Top nitrogen-cycling genera with distinct correlation in capping water and tailings




3.3.6 Active bacterial communities

To identify the actively transcribing bacteria, c-DNA from extracted RNA where sequenced. The
results showed that key sulfur genera such as Desulfatiglans, Sulfuritalea, Thiobacillus,
Synthrophus, Desulfatirhabdium, Desulfurivibrio and Chlorobium were likely responsible for the
observed sulfur cycling processes. Similarly, genera that were actively responsible for the cycling
of carbon, iron and nitrogen were abundant (Figure 3.14). The active bacterial communities were
different in abundance between treatment and control groups, however no specific pattern could
be discerned. For example, the abundance of Desulfatiglans in bottom tailings of control column
was reduced from 50.8% to 0%, then was enriched to 32.4% before being reduced to 0% at the
end. Meanwhile in bottom tailings of treatment column, it was reduced from 43.2% to 3.8%, then
enriched to 15.7% before being reduced to 2% at the end of the end. The other genera showed a

similar pattern in abundance distribution.
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3.4 Discussion

3.4.1 Changes in physicochemical properties of capping water

Evaluation of the physicochemical characteristics of capping water (Table 3.1) revealed
notable increments in the concentrations of dissolved organics. Specifically, there were elevations
in the concentrations of DOC, COD and NAs when compared to background water concentration
(Table 2.1). This increase in concentrations indicated that there was transfer of porewater
containing dissolved organics from the underlying tailings into the capping water due to advective
chemical fluxes driven by tailings consolidation (Cossey et al., 2021; Dompierre et al., 2017).
Furthermore, the results of DO, conductivity, and sulfate concentrations (Table 3.1) showed
significant differences between treatment and control columns. Specifically, the DO had an inverse
relationship with temperature due to poor oxygen solubility. It has been established that DO in a
pit lake directly influences biogeochemical processes and fate of organics in the system by
dictating the nature of microbial communities and the processes they favor (Chen et al., 2013;
Vandenberg et al., 2011). For example, aerobic microbial communities dominate oxygen-rich
environments, facilitating processes like nitrification and organic matter decomposition. Whereas
in oxygen-poor environments, anaerobic microbial communities thrive, leading to processes like
sulfate reduction, denitrification and methanogenesis (Albakistani et al., 2022; Alewell et al.,
2006). In this study, due to low mixing, both oxic and anoxic conditions were developed in the
capping water, thus supporting the development of both aerobic bacteria and facultative anaerobic
bacteria. In contrast, conductivity exhibited a positive correlation with temperature, diminishing
during periods of lower temperatures in treatment columns and subsequently rising as temperatures
increased. Traditionally, conductivity has served as a broad indicator of water quality, reflecting

the concentration of ionic species in water (Hayashi, 2004). High conductivity often indicates
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elevated levels of salts and nutrients, which can influence microbial community composition by
favoring halotolerant or halophilic microorganisms (Ayayee et al., 2024). Specific ions
contributing to conductivity, such as sulfate, chloride, and metals, can have distinct effects on
microbial communities which could potentially influence nutrient cycling (Muyzer and Stams,
2008). The combined effect of DO and conductivity can create complex habitats where different
microbial communities coexist. For instance, highly conductive and anoxic environments, could
create specific niches for sulfate-reducing and methanogenic microbial communities, contributing
to unique biogeochemical cycles (Bell et al., 2022; Wolfe and Wilkin, 2017). In our system, both
oxic and anoxic microenvironments co-existed, thus supporting different microbial communities.
PASS technology involved the addition of alum, which on dissociation, would release sulfate ions
into the water column. At lower temperatures, the dissociation of alum and the solubility of sulfate
in water are generally reduced resulting in fewer sulfate ions being released from the alum into the
water column (Stumm and Morgan, 1996). Furthermore, the activity of SRB decreases at lower
temperatures, reducing the rate of sulfate reduction to hydrogen sulfide thereby leading to an
accumulation of sulfate in the water column (Muyzer and Stams, 2008). Conversely, higher
temperatures increase the dissociation rate of alum, leading to more sulfate ions being released
into the water column (Stumm and Morgan, 1996). Also, the metabolic rates of microorganisms,
including SRBs increase at higher temperature, leading to more rapid sulfate reduction and
potentially lower sulfate concentrations in the water column if conditions favor microbial sulfate

reduction (Muyzer and Stams, 2008).

Meanwhile, there were no significant changes between treatment and control columns for
DOC, COD, TKN, NO>+NOs-N, pH, NAs, and turbidity (Table 3.1), suggesting that temperature

variations did not exert a pronounced effect on the advective movement of dissolved organics and
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suspended particles. This could be attributed to the nature of the experimental columns which
permitted little turbulence and no flow, thus resulting in limited temperature effect on settling (Lau,
1994). The short timeline of two months for each temperature period might also play a role, thus
future research might need to consider longer timeline. Interestingly, there were temporal changes
in these parameters in both treatment and control columns, indicating a shift over time.
Specifically, there was an upward trend in COD, DOC, NAs, and TKN over time, while turbidity,
NO2+NOs3-N, and pH exhibited a declining pattern (Figure 3.15). This suggested a continual
release of dissolved organics into the capping water from the underlying tailings (Dompierre et al.,
2017). Moreover, TKN results revealed an initial concentration decrease followed by an increase,
indicating the utilization of residual organic nitrogen and ammonia nitrogen by microbial
communities before the degradation of PAM to nitrogenous compounds, likely in this scenario,
through hydrolysis of amide groups by amidase enzymes (Li et al., 2023; Nyyssold and Ahlgren,
2019). Conversely, the decline in turbidity was likely a result of the agglomeration of suspended
particles in the capping water caused by alum and PAM (Gongalves et al., 2019). Meanwhile,
reduction in NO2+NO;3-N was probably attributable to denitrification, leading to the production of
nitrogen gas (Seitzinger et al., 2006). The observed pH decrease could be attributed to the
transformation of dissolved organics into organic acids (e.g., acetate) via fermentation or microbial
oxidation of sulfur compounds resulting in acidification (Arslan and Gamal El-Din, 2021;
Vigneron et al., 2021). Additionally, it could be linked to the reaction of carbon dioxide, produced
during the biodegradation of dissolved organics, with water, forming carbonic acid (Cossey et al.,

2021; West et al., 2001).
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Figure 3.15: Temporal changes in physico-chemical parameters in (A) treatment, and (B) control.
DOC: dissolved organic carbon, COD: chemical oxygen demand, TKN: total Kjeldahl nitrogen,
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3.4.2 Diversity of bacterial communities in PASS-treated pit lakes

The examination of the diversity of bacteria community structures within PASS-treated pit

lakes has revealed distinct differences between the capping water and tailings. This could be

attributed to the inherent differences in physical and chemical properties between capping water

and tailings microenvironment of pit lakes. Previous studies have shown that different habitats
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exhibit different levels of alpha, beta, and gamma diversity of bacteria (Walters and Martiny,
2020). Interestingly, temperature changes in both the capping water and tailings did not
significantly affect bacterial diversity, suggesting that these microenvironments harbor stable and
resilient bacterial communities capable of withstanding temperature fluctuations between the
treatment and control groups (Shade et al., 2012). Additionally, the diversity analysis indicated a
high diversity index in PASS-treated pit lakes. For instance, the Shannon diversity index (H)
typically ranges between 1.5 and 3.5 for most ecological settings, with higher H values indicating
a higher degree of biogeochemical cycling (Arslan and Gamal El-Din, 2021). In this study, H was
>3.5 in both capping water and tailings, aligning with the observed high levels of biogeochemical
cycles (see Chapter 3.4.3). While there were differences in species richness between capping water
and tailings (Figure A2) and between treatment and control groups (Figure A3), not all samples
reached a plateau. This suggested that there was an under-sampling of some samples however, this
was likely due to the nature of tailings. Environmental structures are known to affect species
richness (Junkins et al., 2022), and DNA extraction for oil sands tailings has been very challenging

(Foght, 2015).
3.4.3 Temporal changes on biogeochemical cycles of PASS-treated pit lakes
3.4.3.1 Sulfur cycling

Alum, which was added during PASS treatment as coagulant, is subject to dissociation
upon contact with water, thereby forming aluminium hydroxide flocs which enhance tailings
settling (Jessen et al., 2022). This would also introduce sulfate into the system which could alter

microbial community structure, function, and thus ecological outcomes by enhancing sulfur

cycling (Jessen et al., 2022). The analysis of phylotypes known for sulfur cycling in treatment
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columns and control columns (Figure 3.6A-D) revealed the presence of varying abundances of
SOB and SRB in both treatment and control columns. Specifically, the capping water of both
treatment and control columns was dominated by SOB, Sulfuritalea, the abundance of which
decreased overtime in both columns at different rate. Furthermore, other SOBs such as
Immundisolibacter, Thiobacillus, and Sulfuricurvum in treatment columns and, Chlorobium and
Immundisolibacter in control columns were present at different low abundances, suggesting the
influence of temperature. Moreover, SRBs such as Desulfovirga and Desulfovibrio, were observed
in both treatment and control columns, indicating that high sulfur oxidation and low sulfate
reduction were occurring concurrently. Although differences in microbial abundances were noted
between treatment and control columns, no discernible pattern of temperature effects on bacterial
community structures could be discerned. Comparatively, the microbial community structures in
the tailings exhibited significant differences from those in the capping water. In treatment columns,
Sulfuritalea, Desulfatiglans, and Desulfurivibrio dominated, with varying abundances over the
experimental period. Conversely, control columns had a different composition, featuring the
abundance of Desulfatiglans, Chlorobium, Sulfuritalea, and Desulfurivibrio. The observed
variations in microbial composition underscored the influence of temperature on tailings microbial
communities, however no apparent temperature-related patterns were evident in the bacterial
community structures. The sulfur cycling was likely initiated by abundant SRBs such as
Desulfatiglans, Desulfurivibrio, and Desulfuromonas found in tailings which utilized sulfate as
terminal electron acceptor and dissolved organics as electron donor to produce sulfide or sulfur
(Holmer and Storkholm, 2001; Liamleam and Annachhatre, 2007). The sulfide might then be
oxidized by facultative anaerobes such as Thiobacillus, Sulfuricurvum, and Sulfurimonas, while

sulfur might be oxidized by Sulfuritalea and Immundisolibacter to produce sulfate. Some
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facultative autotrophic denitrifying bacteria such as Pseudomonas had also been reported to utilize
sulfide as electron donors for denitrification (Guo et al., 2013). This shows that a complete sulfur
cycling involving reductive and oxidative processes was occurring within PASS treated tailings

(Figure 3.16A and Figure 3.16B).
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Figure 3.16: Schematic diagram of biogeochemical cycles in pit lake containing PASS-treated
tailings showing (A) Sulfur cycling in treatment columns (B) Sulfur cycling in control columns

3.4.3.2 Carbon cycling

Elevated concentrations of dissolved organics were observed in the capping water of both
treatment and control columns, which indicated the availability of organic compounds through
advective transfer from the underlying tailings. Analysis of phylotypes involved in carbon cycling
revealed varying abundances of organic compound-degrading bacteria such as Xanthobacter,
Brevundimonas, Magnetospirillum, Oceanibaculum, and Sphingobium in capping water of both
treatment (Figure 3.7A) and control columns (Figure 3.7B) suggesting that their abundances were

affected by temperature variations. In addition, methanotrophs such as Methyloversatilis,
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Methylovulum, and Methylotenera equally had varied abundances in capping water. They were
probably selected due to availability of carbon-1 compounds such as methane, originally produced
in the tailings but which later bubbled up in water column (Arslan et al., 2021). The metabolic
action of organic compounds-degrading bacteria and methanotrophs would likely produce CO»
which could be fixed by Cyanobium PCC 6307 and other cyanobacteria in the capping water
(Allaf and Peerhossaini, 2022). Furthermore, SRBs which were abundant in tailings, are known to
use sulfate as electron acceptor for the degradation of organic compounds (Li et al., 2018) into
organic intermediates which could then the utilized by the abundant Syntrophus. Though gas
analysis revealed the absence of methane gas (Figure 3.3), methanogens represented by
Methanolobus, and methanotrophs were present at comparatively low abundance in tailings. This
indicated that high sulfate reduction and low methanogenesis were likely co-existing (Sela-Adler
et al., 2017). It is possible that anaerobic oxidation of methane was likely being carried out by
methanotrophs, which is important for carbon cycling (Cabrol et al., 2020) (Figure 3.17A and
Figure 3.17B). Interestingly, sulfur cycling, nitrogen cycling, and iron cycling have steps that
require the oxidation of organics to intermediate compounds or CO> and therefore play important

roles in carbon cycling (Li et al., 2012).
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Figure 3.17: Schematic diagram of biogeochemical cycles in pit lake containing PASS-treated
tailings showing (A) Carbon cycling in treatment columns (B) Carbon cycling in control
columns

3.4.3.3 Iron cycling

The process of iron cycling involves the reduction of Fe(IIl) to Fe(Il) and the subsequent
re-oxidation of Fe(Il) to Fe(Ill) (Siddique et al., 2019). Analysis of phylotypes related to iron
cycling revealed significant differences in abundances between the treatment and control columns
(Figure 3.8A-D). In capping water, there was a notable prevalence of Fe(II) oxidizers such as
Ferritrophicum, Sediminibacterium, Acidovorax, Pseudomonas, Magnetospirillum, and
Hydrogenophaga, compared to Fe(Ill) reducers like Geobacter and Rhodoferax. Conversely, the
tailings exhibited high abundances of both Fe(II) oxidizers and Fe(III) reducers, with presence of
Geothermobacter and Deferrisoma in addition to Geobacter and Rhodoferax found in the capping
water. This discrepancy in the abundance patterns of Fe(II) oxidizers and Fe(IIl) reducers suggests
active iron cycling, involving both oxidation and reduction of iron, in capping water and tailings
(Figure 3.18A and Figure 3.18B). The elemental analysis results further support these
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observations, indicating Fe deposits of 32.18 mg/kg and 34.06 mg/kg in the tailings from the
treatment and control columns, respectively (Table AS). Interestingly, previous research has
highlighted the interconnectedness of the biogeochemical cycle, specifically linking the iron cycle
to sulfur, carbon, and nitrogen cycles through the processes of Fe(Il) oxidation and Fe(III)

reduction (Otte et al., 2018).
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Figure 3.18: Schematic diagram of biogeochemical cycles in pit lake containing PASS-treated
tailings showing (A) Iron cycling in treatment columns (B) [ron cycling in control columns

3.4.3.4 Nitrogen cycling

PAM is known to degrade gradually over time, with minimal likelithood of causing
environmental issues beyond the lake's confines (Xiong et al., 2018). Acrylamide, a monomer of
PAM, is readily biodegradable, ensuring low concentrations within the lake ecosystem, as
observed in the previous chapter (Figure 2.9). PAM addition during PASS treatment could produce
nitrogenous intermediates upon degradation which would promote nitrogen cycling (Intrinsik

Corp., 2022). The introduction of PAM may have further promoted the biodegradation of other
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organic compounds through a process that transitions from ammonification to nitrification in the
oxygen-rich capping water, and ultimately to denitrification within the tailings, involving
microorganisms such as Thauera and Magnetospirillum. This finding corroborates with the

abundance of Thauera and Magnetospirillum in the system.

Phylotypes known for nitrogen fixation, nitrification and denitrification were found in the capping
water and tailings of treatment and control columns. The capping water of both treatment and
control columns were dominated by nitrogen-fixing bacterial genera but with distinct abundances
for each experimental column (Figure 3.9A-B). Given that ample fixed nitrogen was present, the
nitrogen fixing bacteria were observed to rapidly decline over time, suggesting that further
nitrogen fixation was unlikely to be taking place (Vitousek and Howarth, 1991). Furthermore,
Magnetospirillum which has been reported to be capable of both nitrogen fixation due to the
presence of nitrogenase enzyme (Bazylinski et al., 2000) and denitrification by using dissolved
organics as electron donor and nitrate as electron acceptor (Shinoda et al., 2005) was of higher

abundance in the treatment column of capping water.

In tailings, Thauera, Thiobacillus and Pseudomonas were the dominant phylotypes, but
with distinct abundances in treatment and control columns (Figure 3.9C-D). These phylotypes
have been reported to carry out denitrification under both oxic and anoxic conditions (Li et al.,
2022; Takaya et al., 2003). Additionally, Acinetobacter known to be capable of both nitrification
and denitrification (Zhao et al., 2021) was equally abundant in treatment and control columns.
Interestingly, Acinetobacter and Pseudomonas species isolated from soil and dewatered sludge
have been reported to be capable of degrading PAM through deamination of the amide group (Joshi

and Abed, 2017). These results collectively suggest that the addition of PAM during PASS
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treatment likely promoted nitrogen cycling through nitrification, denitrification, and nitrogen

fixation (Figure 3.19A and Figure 3.19B).
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Figure 3.19: Schematic diagram of biogeochemical cycles in pit lake containing PASS-treated
tailings showing (A) Nitrogen cycling in treatment columns (B) Nitrogen cycling in control

columns

3.4.4 Patterns of temporal changes in bacterial community structures

The bacterial communities in capping water and tailings changed overtime with some

genera increasing in abundance while some decreased in abundance. In capping water, the number

of sulfur-cycling genera with increased abundance overtime was considerably higher than the

number of genera that decreased (20 positive correlations vs 5 negative correlations) suggesting

stable or cooperative interactions among SOBs and SRBs. In contrast, the abundance of greater

number of sulfur-cycling genera decreased overtime compared to the number that were enriched

(17 negative correlations vs 8 positive correlations) indicating competition or environmental stress

affecting sulfur cycling processes (Li et al., 2021). On the other hand, the number of carbon-

cycling bacteria that were enriched and the number that decreased overtime were nearly equal in

both capping water and tailing, indication a balance in the interactions of the carbon-cycling
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bacteria (Ren et al., 2022). The number of iron-cycling bacteria that were enriched was equal to
the number that decreased overtime in capping water, however, higher number were enriched in
tailings. This suggested that iron oxidation and reduction occurred at similar rate and competed
against each other (Ionescu et al., 2015). Almost equal number of nitrogen-cycling bacteria were
enriched and reduced overtime in capping water, however, higher number were enriched in
tailings. This indicated that denitrification and nitrification likely occurred at similar rate but with

limited nitrogen fixation (Vitousek and Howarth, 1991).
3.4.5 Implications for Pit Lake Ecosystem Stability and Sustainability

Understanding the biogeochemical processes occurring in model pit lakes provide crucial
insights into the stability and sustainability of pit lake systems. In pit lakes having tailings treated
with sulfate-containing coagulants such as gypsum and alum, sulfur cycling is promoted.
Principally, the sulfur cycle involves complex biochemical processes where sulfur species are
transformed through oxidation, reduction, disproportionation or putative comproportionating by
taxonomically diverse microorganisms (Vigneron et al., 2021). Interestingly, the sulfur cycle is
associated with other cycles such as carbon and nitrogen cycles. For instance, SRBs typically
outcompete methanogenic microorganisms such as primary and secondary fermenters,
homoacetogens, and methanogens for substrates, thus diverting anaerobic carbon mineralization
away from methanogenesis to carbon dioxide production (Holowenko et al., 2000). Additionally,
SRBs are also known to grow in syntrophic association with hydrogen-scavenging methanogens
or can themselves constitute the hydrogen-scavenging partner in syntrophic associations (Pester et
al., 2012). On the other hand, the sulfur and nitrogen cycles could interact with one another through

competition for labile organic carbon between nitrate-reducing bacteria and SRBs, or through
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nitrate reduction coupled to sulfur oxidation thereby consuming nitrate and producing sulfate (Gu
etal., 2012).

Overall, the actions of SRBs could lead to high production of toxic H>S, and acidification
of upper water layers during sulfide oxidation (Koizumi et al., 2005; Siddique et al., 2019). This
may turn the entire water layer into an extreme environment where only SRBs and other anaerobes
could survive but the overall system could not support other forms of life such as
chemolithoautotrophs or organisms involve in primary production (Meier et al., 2012). In this
study, while sulfur cycling was prominent, carbon, nitrogen and iron cycling were equally
developed suggesting the co-occurrence of different microbial communities in PASS-treated
tailings. Furthermore, the transport of dissolved organics from the underlying tailings into the
capping water due to advective chemical fluxes highlights the importance of understanding
subsurface chemical interactions.

Temperature is considered as one of the most important factors affecting microbial
communities and variations in temperature can affect community-level dynamics (Lin et al., 2017;
Zander et al., 2017). Additionally, temperature variations are known to affect the physicochemical
properties of aquatic systems (De Stasio et al., 2009; Li et al., 2013). Hence, understanding the
response of pit lakes to seasonal temperature changes is important towards proper management of
pit lake ecosystems. Our findings showed that temperature changes did not significantly impact
the pit lake parameters other than dissolved oxygen and conductivity, indicating stability in the
chemical environment of the model pit lake. Furthermore, the microbial communities in both
tailings and capping water showed resistance to temperature variations, suggesting robust
microbial populations capable of maintaining ecological functions across a range of temperatures

(Zhu et al., 2019).
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The findings in this dissertation also revealed temporal changes in physicochemical parameters of
capping water, highlighting the dynamic nature of the pit lake environment. These changes could
be driven by a combination of seasonal variations, biological activity, and ongoing chemical
reactions in the system (Espaia et al., 2005). Understanding these temporal dynamics is important
for predicting long-term changes in pit lake chemistry and implementing effective management
strategies. The synergized development of sulfur, carbon, nitrogen, and iron cycling indicates a
complex and interconnected microbial ecosystem. Efficient cycling of these elements is essential
for nutrient availability, primary productivity, and overall ecosystem stability (Falkowski et al.,

2008).

3.5 Conclusion

The concentration of dissolved organics in the capping water of DPL increased due to
advective chemical fluxes from the underlying PASS-treated tailings. Notably, temperature
variations did not impact these fluxes or the concentration of other measured parameters in the
capping water, except for dissolved oxygen, conductivity, and sulfate concentrations. However,
there was a temporal change in the physicochemical parameters of capping water. The examination
of bacterial community structures revealed distinct compositions in tailings and capping water that
are resistant to temperature variations within the system. The addition of alum and PAM during
PASS treatment likely played a role in shaping the bacterial community structures of tailings and
capping water. Furthermore, biogeochemical analysis revealed that the abundances of these
communities changed with temperature variation, though without a discernible pattern.
Furthermore, a synergized development of sulfur, carbon, nitrogen, and iron biogeochemical

cycling was observed. Interestingly, there was limited gas production. This study highlights the
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dynamic nature of microbial communities in engineered ecosystems, offering valuable insights for

the design and optimization of such systems for environmental management of oil sands tailings.
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CHAPTER 4 METAGENOMIC ELUCIDATION OF MICROBIAL
BIOGEOCHEMICAL CYCLING IN A MODEL OIL SANDS TAILINGS PIT

LAKE SYSTEM

4.1 Introduction

Microorganisms are integral to the biogeochemical cycling of nutrients, significantly
influencing the flow of energy and matter within ecosystems. Through their interactions with the
environment and their role in the mineralization of organic matter, these microorganisms facilitate
the circulation of essential nutrients, thereby maintaining ecosystem stability and productivity
(Shang et al., 2022). The biochemical transformations of key nutrients such as carbon, nitrogen,
and sulfur are governed by a myriad of factors including redox conditions, pH levels, energy
availability, nutrient concentrations, and the presence of specific substrates (Paerl and Pinckney,
1996). Variations in any of these environmental parameters can lead to shifts in microbial
community structures and functions, potentially enhancing the production of undesirable gaseous
by-products such as methane and carbon dioxide from carbon cycling, ammonia from nitrogen
cycling, and hydrogen sulfide from sulfur cycling (Herman and Maier, 2009; Shang et al., 2022).

The oil sands industry has recently adopted the use of pit lakes as a sustainable method for
managing tailings wastes produced during bitumen extraction (White and Liber, 2020). These pit
lakes serve as repositories for tailings and provide a unique environment for studying
biogeochemical processes. Research into the biogeochemical cycling within oil sands pit lakes has
focused on elucidating the patterns and structures of microbial communities and observing
biogeochemical changes over time (Kuznetsov et al., 2023; Siddique et al., 2019). Notably, studies

have also aimed to understand the biogeochemical development of sulfur through techniques such
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as 16S rRNA amplicon sequencing (Chen et al., 2013; Warren et al., 2016). While this molecular
approach offers valuable insights into the composition of microbial communities, it falls short of
providing detailed information about their metabolic capabilities and specific roles in nutrient
cycling (Li and Li, 2021). To bridge this gap, recent research has turned to metagenomic analysis,
a powerful tool that allows for the comprehensive identification of microbial communities and the
prediction of their biogeochemical functions (Zhang et al., 2016). Metagenomics involves
sequencing the collective genomes of microbial communities, thereby enabling the detection of
functional genes involved in various biogeochemical cycles such as carbon, sulfur, nitrogen, and
iron cycling (Alfreider et al., 2017; Ayala-Muioz et al., 2022; Garber et al., 2021; Mosley et al.,
2022). This approach not only enhances our understanding of microbial diversity but also provides
insights into the metabolic pathways and ecological roles of these microorganisms. The application
of metagenomics in studying pit lakes has yielded significant findings. For instance, Ayala-Mufioz
et al, (2022) employed a combination of amplicon sequencing, metagenomics and
metatranscriptomics to taxonomically resolve the contributions of microbial communities to
carbon, sulfur, iron, and nitrogen cycling. Furthermore, the integration of metagenomic data with
other omics approaches, such as metatranscriptomics and metaproteomics, has the potential to
provide a more holistic view of microbial activities and their contributions to biogeochemical
cycles. By examining gene expression and protein production in conjunction with genetic
potential, researchers can gain deeper insights into the dynamic processes governing nutrient
cycling in complex ecosystems like oil sands pit lakes (Ayala-Mufioz et al., 2020).

In this chapter, a metagenomic approach was utilized to investigate the microbial
biogeochemical cycling within a newly established demonstration pit lake (DPL) using laboratory-

based pit lake models. These models involved the strategic capping of tailings with water and the
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creation of separate columns subjected to modified seasonal temperature variations, alongside
other columns maintained at a constant temperature. We hypothesized that altering the temperature
would exert a selection pressure, thereby inducing changes in microbial community structures and
their functional gene predictions. By examining these controlled environmental conditions, we
aimed to elucidate the adaptive responses and functional capabilities of the microbial communities

involved in nutrient cycling within the DPL.

4.2 Materials and Methods

4.2.1 OQOil sands model pit lake samples

The oil sands pit lake samples used in this chapter comprised of tailings and capping water
that were collected from a laboratory pit lake model which was established using tailings and
capping water collected from a DPL in Canada. The tailings samples were stored at -20 °C while
the water samples were filtered using a 0.45 um filter before the filter papers were stored at -20
°C. The frozen samples were then shipped to Department of Microbial Genetics and Biotechnology
(IBG-5), Karlsruhe Institute of Technology (KIT), Germany, where they were stored at -20 °C
upon arrival. There were 40 samples in total, separated into four categories of 10 samples each,
collected from a laboratory pit lake system under two different temperature conditions. These
categories were: (i) tailings-control (TC, which were samples from tailings of temperature-
constant columns), (ii) tailings-treatment (TT, which were samples from tailings of temperature-
modified columns), (iii) water-control (WC, which were samples from capping water of
temperature-constant columns) and (iv) water-treatment (WT, which were samples from capping

water of temperature-modified columns).
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4.2.2 DNA extraction and Library preparation

DNA was extracted using DNeasy PowerSoil Kits (Qiagen Inc., USA) for tailings samples,

and DNeasy Blood & Tissue Kits (Qiagen Inc., USA) for water samples following manufactural

instructions. Libraries were prepared using the NEBNext UltraTM II FS DNA Library Prep Kit

(New England BioLabs) following the manufacturer’s protocols. Briefly, the library preparation

was divided into 6 steps namely:

(@)

(i)

(iii)

(iv)

v)
(vi)

DNA fragmentation and end repair: Input DNA was enzymatically fragmented, and the
ends were repaired to create blunt or 3'-A overhangs.

Adaptor Ligation: Pre-prepared adaptors were ligated to the DNA fragments. This step
prepared the DNA for amplification and sequencing.

Clean-up of adaptor-ligated DNA: Post-ligation clean-up was carried out to remove
non-ligated adaptors and excess enzymes using AMPure XP beads.

PCR Enrichment: The adaptor-ligated DNA was amplified using PCR to increase the
quantity of DNA suitable for sequencing. NEBNext Ultra II Q5 Master Mix and
Universal primer were employed.

Clean-up of PCR reaction: PCR product was cleaned up using AMPure XP beads.
Assessment of library quality: Library qualities were evaluated using the Agilent High
Sensitivity DNA Kit on the Agilent 2100 Bioanalyzer instrument (Agilent

Technologies).

4.2.3 Metagenome analysis

Prepared libraries were pooled for paired-end sequencing on an Illumina NexSeq 550. Raw

sequence data quality was checked using FastQC v0.12.1 (Andrews, 2010) and MultiQC v1.14

(Ewels et al., 2016) before low-quality reads and adaptor sequences were removed using a

98



combination of Trimmomatic v.0.39 (Bolger et al., 2014) and fastp v0.23.2 (Chen et al., 2018).
Two approaches were employed for the assembly of the trimmed samples. The first approach
involved the co-assembly of all samples whereas the second approach involved dividing the
trimmed short reads into the four categories of TC, TT, WC and WT. The sample reads were then
co-assembled into contigs accordingly using MegaHit v1.2.9 (Li et al., 2015) followed by
subsequent mapping of short reads from individual samples back to the contigs they belonged
using Bowtie2 v2.3.5 (Langmead and Salzberg, 2012) and SAMtools v1.9 (Danecek et al., 2021).
The metagenome assemblies and reads were then reconstructed into metagenome bins using
MetaBAT?2 (Kang et al., 2019), CONCOCT (Alneberg et al., 2014) and MaxBin2 (Wu et al., 2016)
in MetaWRAP v1.3.2 (Uritskiy et al., 2018). The generated bins were refined using MetaWRAP
bin-refinement module, then dereplicated and cleaned of contamination using dRep v3.4.3 (Olm
et al., 2017) and MDMcleaner v0.8.3 (Vollmers et al., 2022) respectively before being quality-
checked by CheckM2 (Chklovski et al., 2023). The cleaned bins were then imported into Anvi’o
v7.1 (Eren et al., 2015) for metagenomic workflow where identification of open reading frames
(ORFs) was done using Prodigal (Hyatt et al., 2010). Furthermore, processing of functional and
taxonomic annotations for ORFs, searching contigs for hidden Markov model (HMM) profiles,
and gene annotations from NCBI’s Clusters of Orthologous Groups and Kyoto Encyclopedia of

Genes and Genomes (KEGG) were carried out on Anvi’o v7.1.

4.2.4 Biogeochemical cycling analysis

Analysis of biogeochemical cycling was done for each of the categories using Metascan
(Cremers et al., 2022). Metascan was set up as per the author’s github instruction
(https://github.com/gcremers/metascan) and run on co-assembled contigs (unbinned core

assemblies) of TC, TT, WC, and WT to generate biogeochemical cycling genes for each category.
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Briefly, the Metascan analysis was initiated with gene calling using Prodigal and the recovered
rRNA gene sequences were compared against a local NCBI non-redundant database using
BLASTN. Subsequent gene annotation is performed using hmmsearch against each of the seven
subsets of the key genes representing important nutrient cycles of Nitrogen, Methane, Carbon
fixation, Hydrogenases, C1 (methylotrophy) molecules, Sulfur, and Oxidative phosphorylation;

and one miscellaneous subset of metal cycling (Cremers et al., 2022).

4.3 Results

4.3.1 Sequencing, de novo assembly, and bins generation

Following DNA extraction and library preparation, metagenomic DNA was subjected to
[llumina NextSeq sequencing. Short DNA sequences ranging between 2.1 million and 9.7 million
were obtained, but with more than 97% adapter contamination. After trimming with Trimmomatic
and fastp, high-quality sequence reads, between 1.9 million and 9.0 million with zero percent
adapter contamination, were obtained (Figure Al and Figure A2). After bin refinement with
MetaWRAP, a total of 113 bins accounting for 367,636,671 nucleotides were generated. These
bins had completeness within 60% - 100%, contamination within 0% - 13%, N50 in the range of
2,124 — 911,438, genome size between 598.67Kb - 7.95Mb, and GC content within 31% - 71%

(Table A6).
4.3.2 Taxonomic estimation of metagenome-assembled genomes in model pit lakes

The results of principal coordinate analysis (PCoA) revealed two distinct clusters
representing microbial communities in capping water and tailings (Figure 4.1A). A deeper look
into these clusters revealed similarities and differences between WC and WT of capping water as

well as TC and TT of tailings (Figure 4.1B). Exploring the clusters further showed that top and
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bottom samples of capping water were dispersed whereas the top and bottom samples of tailings
were aggregated separately (Figure 4.1C and Figure 4.1D).

Taxonomy estimation following The Genome Taxonomy Database (GTDB;
https://gtdb.ecogenomic.org) revealed the dominance of bacteria in both tailings and capping water
of temperature-constant and temperature-modified columns. In tailings, TC was comprised of 93%
bacteria and 7% unknown domain whereas TT was 100% bacteria. In capping water, WC was
made up of 97% bacteria and 3% unknown domain while WT was comprised of 89% bacteria and
11% unknown domain (Figure 4.2A). The bacterial phyla were distinctively different between the
columns in terms of abundance and composition. The most abundant phyla in TC were
Proteobacteria (34%), Patescibacteria (18), Chloroflexota (14%), Bacteroidota (11%), and

Desulfobacterota (13%) whereas the abundant phyla in TT were Proteobacteria (48%),
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Bdellovibrionota (18%), Patescibacteria (13), Chloroflexota (10%), and Desulfobacterota (8%).
On the other hand, the most abundant phyla in WC were Proteobacteria (75%), Planctomycetota
(9%), Patescibacteria (4%), Acidobacteriota (4%) and Actinomycetota (3%) while the most
abundant phyla in WT were Proteobacteria (80%), Actinomycetota (8%), Acidobacteriota (6%),
and Chlamydiota (2%) (Figure 4.2B). At genus level, the bacterial communities were significantly
different between the tailings and capping water (Figure 4.3). The most abundant bacterial genera
in TC were members of Uncultivated Bacteria and Archaea (UBA) including UBA2259 (7%);
UBA5623 (6%); UBA4096 (5%); UBA12087 (4%); UBA6170 (4%). Additionally, important genera
known for nutrient cycling such as Rugosibacter, Chlorobium, Immundisolibacter,
Brevundimonas, and Acidovorax, were relatively abundant. Conversely, the five most abundant
bacterial genera in TT were UBA4096 (18%); Stutzerimonas (15%); Rugosibacter (12%);
UBA2259 (10%); and UBA6170 (10%). On the other hand, the five most abundant bacterial genera
in WC were Rugosibacter (22%); Brevundimonas (11%); CAIJLX01 (8%); Hyphomonas (4%);
and Immundisolibacter (4%). Meanwhile, the most abundant bacterial genera in WT were
Rugosibacter (21%); Brevundimonas (11%); JAGXQVO01 (10%); UBA2020 (10%); Planktophila

(6%).
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4.3.3 Processes/mechanisms of biogeochemical cycling in model pit lakes

As explained in section 4.2.4, the nutrient cycling analysis was separately carried out for
each of TC, TT, WC, and WT using Metascan. The results of the analyses revealed the occurrence
of carbon, sulfur, and nitrogen cycling in the model pit lakes. In TC, carbon cycling accounted for
60%, with sulfur cycling accounting for 16.5%, while nitrogen cycling accounted for 23.5%
(Figure 4.4). Meanwhile, in TT carbon cycling, sulfur cycling, and nitrogen cycling accounted for
52.4%, 19.3%, and 28.3% respectively (Figure 4.5). On the other hand, in WC carbon cycling,
sulfur cycling, and nitrogen cycling accounted for 58%, 17%, and 25% respectively (Figure 4.6).
Comparatively, in WT carbon cycling, sulfur cycling, and nitrogen cycling accounted for 59%,
16% and 25% respectively (Figure 4.7). Each of these nutrient cycles was differently influenced
by specific processes. For example, the most prominent carbon cycling processes in model pit
lakes were Methanotrophy, Formaldehyde assimilation via serine pathway, Wood-Ljungdahl
pathway, Citric Acid cycle, and Oxidative phosphorylation. For sulfur cycling, the most prominent
processes include Sulfite reduction and Thiosulfate oxidation whereas the most prominent nitrogen
cycling processes include Nitrite oxidation, Denitrification and Dissimilatory nitrate reduction to
ammonium (DNRA). Table 4.1 summarizes the processes found in model pit lakes along with their

percentages.
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Figure 4.6: Krona plot of nutrient cycling processes in WC
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Table 4.1: Nutrient cycling processes predicted in model pit lakes

Processes TC (%) TT (%) WC (%) WT (%) **
Carbon cycling

Methanotrophy 11.7 11.0 13.0 14.0 ok
Formaldehyde assimilation - serine 5.0 5.0 6.0 7.0 *k
Wood-Ljungdahl pathway 13.0 11.0 15.0 14.0 ok
Calvin cycle 1.0 1.0 0.7 0.7

Citric Acid cycle 14.0 10.0 4.0 4.0 ok
Methanogenesis 1.0 0.5 2.0 0.6 *k
Oxidative phosphorylation 10.0 10.0 15.0 17.0 ok
Sulfur cycling

Sulfide oxidation 1.0 1.0 2.0 2.0 ok
Sulfate reduction 1.0 2.0 3.0 2.0 *k
Sulfite reduction 6.0 6.0 6.0 6.0
Thiosulfate oxidation 3.0 4.0 4.0 4.0 *k
Sulfite oxidation 0.9 1.0 0.8 0.5 ok
Sulfur reduction 2.0 3.0 1.0 2.0 *k
Thiosulfate reduction 3.0 2.0 0.4 0.5 *k
Nitrogen cycling

Nitrogen fixation 1.0 2.0 0.6 0.07 *k
Ammonium oxidation 0.1 0.4 0.0 0.07 ok
Nitrite oxidation 3.0 3.0 3.0 3.0

Anammox 0.7 0.8 1.0 2.0 ok
Assimilatory nitrate reduction 0.7 0.8 1.0 2.0 *k
Dentitrification 3.9 6.5 3.0 2.0 ok
Dissimilatory nitrate reduction to ammonium 6.0 7.0 6.0 7.0 ok
N-compounds 0.9 1.0 3.0 2.0 i

** Significant difference based on statistical tests (ANOVA, post-hoc tests), indicating differences
between conditions (TC, TT, WC, WT)

4.3.4 Functional genes for biogeochemical cycling in model pit lakes

The functional genes for biogeochemical cycling for tailings (TC and TT) and capping
water (WC and WT) were analyzed based on the prevailing processes/mechanisms for each of the
three nutrient cycles observed in the model pit lake columns. For carbon cycle, the prevailing
processes were Methanotrophy, Formaldehyde assimilation via the serine pathway, Wood-
Ljungdahl pathway, Calvin cycle, Citric acid cycle (TCA cycle), Methanogenesis, and Oxidative
phosphorylation. Meanwhile, the prevailing mechanisms for sulfur cycle were Sulfide oxidation,

Sulfate reduction, Sulfite reduction, Thiosulfate oxidation, Sulfite oxidation, Sulfur reduction, and
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Thiosulfate reduction. Finally, the prevailing processes for nitrogen cycles were Nitrogen fixation,
Ammonium oxidation, Nitrite oxidation, Anammox, Assimilatory nitrate reduction (ANR),

Denitrification, Dissimilatory nitrate reduction to ammonium (DNRA), and N-compounds.
4.3.4.1 Carbon cycle

The analysis of functional genes for carbon cycling across TC, TT, WC, and WT conditions
revealed the expression levels for various processes (Table 4.2). Methanotrophy showed the
highest expression with formate dehydrogenase major subunit (fdoG, fdhF, fdwA), formate
dehydrogenase subunit gamma (fdol, fdsG), formate dehydrogenase iron-sulfur subunit (fdoH,
fdsB) and S-[hydroxymethyl]glutathione dehydrogenase/alcohol dehydrogenase (frmA, ADHS,
adh(C) at 3% while the least expressed was formate dehydrogenase (FDH) at 0.04%. One-way
ANOVA indicated no significant difference in expression levels among TC, TT, WC, and WT (F-
value = 0.048, p-value = 0.99).

For formaldehyde assimilation via the serine pathway, glycine hydroxymethyltransferase
(glyA, SHMT), malate-CoA ligase subunit beta (mtk4) and malate-CoA ligase subunit alpha (mtkB)
were the most expressed at 2%, with malyl-CoA/(S)-citramalyl-CoA lyase (mcl) being the least
expressed at 0.04%. ANOVA showed no significant variation among conditions (F-value = 0.19,
p-value = 0.90). In the Wood-Ljungdahl pathway, the most expressed genes were aerobic carbon-
monoxide dehydrogenase large subunit (coxL, cutL) and small subunit (coxS) at 5%, while acetyl-
CoA decarbonylase/synthase complex subunits delta (cdhD, acsD) and gamma (cdhE, acsC) were
the least expressed at 0.1%. ANOVA results showed no significant difference (F-value = 0.098, p-
value = 0.96).

For the Calvin cycle, ribulose-bisphosphate carboxylase large chain (rbcL) was the most

expressed at 0.6%, and the small chain (#bcS) was the least at 0.07%. ANOVA revealed no
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significant differences (F-value = 0.70, p-value = 0.58). In TCA cycle, the most expressed genes
were 2-oxoglutarate/2-oxoacid ferredoxin oxidoreductase subunit alpha (korA, oorA, ofor4) and
delta (korD, oorD) at 3%, while pyruvate ferredoxin oxidoreductase alpha subunit (por4), gamma
subunit (porG), and malyl-CoA/(S)-citramalyl-CoA lyase (mc/) were the least at 0.04%. ANOVA
showed significant differences (F-value = 4.20, p-value = 0.011).

For methanogenesis, the most expressed gene was 5,6,7,8-tetrahydromethanopterin
hydrolyase (fae) at 1%, and the least expressed were formylmethanofuran-
tetrahydromethanopterin N-formyltransferase (fir) and [methyl-Co(Ill) methanol-specific
corrinoid protein]M methyltransferase (mtad) at 0.04%. ANOVA indicated no significant
difference (F-value = 1.70, p-value = 0.20).

Lastly, for oxidative phosphorylation, cytochrome ¢ oxidase subunit I (cox4, ctaD) and
subunit II (coxB, ctaC) were the most expressed at 3%, while cytochrome o ubiquinol oxidase
subunit II (cyod), cytochrome c oxidase subunit I+III (coxAC), and cytochrome aa3-600
menaquinol oxidase subunit I (goxB) were the least at 0.1%. ANOVA revealed no significant

variation (F-value = 1.97, p-value = 0.13).

113



Table 4.2: Functional genes for carbon cycling and their percent expression in model pit lakes

Processes/mechanisms Functional genes Expression (%)
TC TT WC WT
fdoG, fdhE, fdwA (formate dehydrogenase major subunit) 3.0 2.0 2.0 2.0
fdol, fdsG (formate dehydrogenase subunit gamma) 3.0 3.0 2.0 2.0
fdoH, fdsB (formate dehydrogenase iron-sulfur subunit) 2.0 2.0 2.0 3.0
fdwB (formate dehydrogenase beta subunit) 1.0 2.0 0.4 0.5
firmA, ADHS, adhC (S-[hydroxymethyl]glutathione dehydrogenase / alcohol dehydrogenase) 1.0 1.0 3.0 3.0
frmB, ESD, fghA (S-formylglutathione hydrolase) 0.6 0.6 0.5 0.5
mdhl, mxaF (methanol dehydrogenase [cytochrome c¢] subunit 1) 0.6 0.8 1.0 0.9
Methanotrophy fdsD (formate dehydrogenase subunit delta) 0.2 0.2 0.4 0.5
fdhA (formate dehydrogenase [coenzyme F420] alpha subunit) 0.09 0.1 0.2 0.4
FDH (formate dehydrogenase) 0.04 0.1 0.08 0.07
mauB (methylamine dehydrogenase heavy chain) - - 1.0 0.2
mauA (methylamine dehydrogenase light chain) - - 0.08 0.2
glyA, SHMT (glycine hydroxymethyltransferase) 2.0 2.0 2.0 2.0
Formaldehyde mtkA (malate-CoA ligase subunit beta) 1.4 1.0 2.0 2.0
assimilation -serine mtkB (malate-CoA ligase subunit alpha) 1.3 20 1.0 20
mcl (malyl-CoA/(S)-citramalyl-CoA lyase) 0.04 0.1 0.5 0.4
cooF (anaerobic carbon-monoxide dehydrogenase iron sulfur subunit) 4.0 4.0 3.0 4.0
fdhA (formate dehydrogenase (NADP+) alpha subunit) 2.0 1.0 0.3 0.6
coxL, cutL (aerobic carbon-monoxide dehydrogenase large subunit) 2.0 2.0 5.0 3.0
Wood-Ljungdahl coxS (aerobic carbon-monoxide dehydrogenase small subunit) 20 20 50 50
pathway c00S, acsA (anaerobic carbon-monoxide dehydrogenase catalytic subunit) 0.8 0.3 - -
fdhB (formate dehydrogenase (NADP+) beta subunit) 0.7 0.3 0.2 0.2
cdhD, acsD (acetyl-CoA decarbonylase/synthase complex subunit delta) 0.5 0.1 - -
acsB (acetyl-CoA synthase) 0.4 0.2 - -
coxM, cutM (aerobic carbon-monoxide dehydrogenase medium subunit) 0.3 0.6 1.0 0.6
cdhE, acsC (acetyl-CoA decarbonylase/synthase complex subunit gamma) 0.3 0.1 - -
rbcL (ribulose-bisphosphate carboxylase large chain) 0.6 0.5 0.3 0.3
Calvin cycle rbcS (ribulose-bisphosphate carboxylase small chain) 0.3 0.2 0.2 0.07
PRK, prkB (phosphoribulokinase) 0.2 0.3 0.2 0.3
korD, oorD (2-oxoglutarate ferredoxin oxidoreductase subunit delta) 3.0 2.0 0.5 0.5
korA, oorA, oforA (2-oxoglutarate/2-oxoacid ferredoxin oxidoreductase subunit alpha) 3.0 2.0 0.9 0.7
korB, oorB, oforB (2-oxoglutarate/2-oxoacid ferredoxin oxidoreductase subunit beta) 2.0 1.0 0.7 0.5
korC, oorC (2-oxoglutarate ferredoxin oxidoreductase subunit gamma) 2.0 1.0 0.2 0.07
por, nifJ (pyruvate-ferredoxin/flavodoxin oxidoreductase) 1.0 1.0 0.2 0.1

114



porD (pyruvate ferredoxin oxidoreductase delta subunit) 1.0 1.0 0.5 0.9

Citric Acid cycle (TCA porG (pyruvate ferredoxin oxidoreductase gamma subunit) 0.6 0.2 0.04 0.2
cycle) porB (pyruvate ferredoxin oxidoreductase beta subunit) 0.5 0.2 0.08 0.2
porA (pyruvate ferredoxin oxidoreductase alpha subunit) 0.4 0.2 0.04 0.2
mcl (malyl-CoA/(S)-citramalyl-CoA lyase) 0.04 0.1 0.5 0.4
aclA (ATP-citrate lyase alpha subunit) - - 0.08 -
cdhD, acsD (acetyl-CoA decarbonylase/synthase complex subunit delta) 0.5 0.1 - -
cdhE, acsC (acetyl-CoA decarbonylase/synthase complex subunit gamma) 0.3 0.1 - -
fae (5,6,7,8-tetrahydromethanopterin hydrolyase) 0.09 0.1 1.0 0.3
Methanogenesis mch (methenyltetrahydromethanopterin cyclohydrolase) 0.09 0.1 0.5 0.1
ftr (formylmethanofuran-tetrahydromethanopterin N-formyltransferase) 0.04 0.1 0.7 0.2
mtaA ([methyl-Co(III) methanol-specific corrinoid protein]:coenzyme M methyltransferase) 0.04 - - -
cydA (cytochrome bd ubiquinol oxidase subunit I) 2.0 2.0 2.0 2.0
ccoP (cytochrome ¢ oxidase cbb3-type subunit I11) 2.0 1.0 1.0 2.0
coxA, ctaD (cytochrome c oxidase subunit I) 1.0 1.0 3.0 3.0
ccoO (cytochrome ¢ oxidase cbb3-type subunit II) 1.0 0.9 0.9 1.0
Oxidative cydB (cytochrome bd ubiquinol oxidase subunit 1) 1.0 1.0 2.0 2.0
phosphorylation coxB, ctaC (cytochrome c oxidase subunit II) 1.0 1.0 3.0 3.0
ccoN (cytochrome c oxidase cbb3-type subunit I) 0.9 1.0 1.0 1.0
COX10, ctaB, cyoE (heme o synthase) 0.9 0.8 1.0 2.0
cyoD (cytochrome o ubiquinol oxidase subunit IV) 0.2 0.3 0.6 0.7
cyoA (cytochrome o ubiquinol oxidase subunit II) 0.1 0.1 0.6 0.5
qoxB (cytochrome aa3-600 menaquinol oxidase subunit I) 0.1 0.2 0.5 0.8
coxAC (cytochrome ¢ oxidase subunit I+I1II) 0.1 1.0 0.1 -
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4.3.4.2 Sulfur cycle

The analysis of functional genes for sulfur cycling across TC, TT, WC, and WT conditions
revealed the expression levels for various mechanisms (Table 4.3). Sulfide oxidation was observed
with sulfide:quinone oxidoreductase (sqr), showing 2% expression in WC and WT, and 1% in TC
and TT. Sulfate reduction revealed sulfite reductase (NADPH) hemoprotein beta component (cys/)
and sulfite reductase (NADPH) flavoprotein alpha component (cysJ) expressed at 1% while
dissimilatory sulfite reductase alpha subunit (dsr4) and dissimilatory sulfite reductase beta subunit
(dsrB) were least expressed at 0.04%. ANOVA indicated no significant variation (F-value = 0.30,
p-value = 0.83). For sulfite reduction, adenylylsulfate kinase (cysC) was the most expressed gene
at 2%, and adenylylsulfate reductase subunit A (apr4) was the least expressed at 0.07%. ANOVA
showed no significant variation (F-value = 0.33, p-value = 0.80). In thiosulfate oxidation, sulfur-
oxidizing protein SoxX (soxX) was the most expressed gene at 1%, while sulfite dehydrogenase
subunit SoxC (soxC) and sulfur-oxidizing protein SoxA (soxA) were the least expressed at 0.2%.
ANOVA revealed no significant variation (F-value = 0.85, p-value = 0.48). For sulfite oxidation,
the highest gene expression was sulfite dehydrogenase (£/7.8.2.1) at 0.4%, and the lowest was
sulfite oxidase (SUOX) at 0.04%. ANOVA indicated no significant variation (F-value = 1.16, p-
value = 0.36). In sulfur reduction, cytochrome subunit of sulfide dehydrogenase (fcc4) was the
most expressed gene at 2%, while sulfide dehydrogenase [flavocytochrome c] flavoprotein chain
(fccB) was the least expressed at 0.1%. ANOVA showed no significant variation (F-value = 0.094,
p-value = 0.96). For thiosulfate reduction, thiosulfate reductase/polysulfide reductase chain A
(phsA, psrA) was the most expressed gene at 2%, and thiosulfate reductase electron transport
protein (phsB) was the least expressed at 0.08%. ANOVA revealed no significant variation (F-

value = 1.29, p-value = 0.39).
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Table 4.3: Functional genes for sulfur cycling and their percent expression in model pit lakes

Processes/mechanisms Functional genes Expression (%)
TC TT WC WT
Sulfide oxidation sqr (sulfide:quinone oxidoreductase) 1.0 1.0 2.0 2.0
cysl (sulfite reductase (NADPH) hemoprotein beta component) 0.6 0.8 1.0 1.0
Sulfate reduction dsrA (dissimilatory sulfite reductase alpha subunit) 0.3 0.5 0.04 0.1
dsrB (dissimilatory sulfite reductase beta subunit) 0.2 0.3 0.04 0.07
cysJ (sulfite reductase (NADPH) flavoprotein alpha component) 0.2 0.3 1.0 0.9
sir (sulfite reductase [ferredoxin]) 0.1 0.2 0.4 0.07
cysC (adenylylsulfate kinase) 1.0 2.0 1.0 1.0
cysD (sulfate adenylyltransferase subunit 2) 0.9 0.9 1.0 1.0
aprB (adenylylsulfate reductase, subunit B) 0.7 0.7 0.8 0.3
cysNC (bifunctional enzyme CysN/CysC) 0.7 0.8 1.0 1.0
Sulfite reduction cysH (phosphoadenosine phosphosulfate reductase) 0.6 0.8 1.0 0.9
cysN (sulfate adenylyltransferase subunit 1) 0.5 0.5 0.3 0.5
sat, met3 (sulfate adenylyltransferase) 0.4 0.4 0.2 0.1
aprA (adenylylsulfate reductase subunit A) 0.3 0.3 - 0.07
soxY (sulfur-oxidizing protein SoxY) 0.6 0.9 0.7 0.7
soxX (sulfur-oxidizing protein SoxX) 0.6 0.7 1.0 1.0
soxB (sulfur-oxidizing protein SoxB) 0.5 0.4 0.4 0.4
Thiosulfate oxidation  5oxC (sulfite dehydrogenase subunit SoxC) 0.3 0.2 0.3 0.3
soxD (S-disulfanyl-L-cysteine oxidoreductase SoxD) 0.3 0.5 0.5 0.5
soxZ (sulfur-oxidizing protein SoxZ) 0.3 0.5 0.5 0.6
soxA (sulfur-oxidizing protein SoxA) 0.2 0.4 0.4 0.5
E1.8.2.1 (sulfite dehydrogenase) 0.4 0.3 0.2 0.1
soeA (sulfite dehydrogenase [quinone] subunit SoeA) 0.2 0.3 0.2 0.1
Sulfite oxidation soeB (sulfite dehydrogenase [quinone] subunit SoeB) 0.1 0.2 0.2 0.07
soeC (sulfite dehydrogenase [quinone] subunit SoeC) 0.1 0.2 0.2 0.07
SUOX (sulfite oxidase) - - 0.04 0.07
Sulfur reduction fceA (cytochrome subunit of sulfide dehydrogenase) 2.0 2.0 0.9 2.0
fceB (sulfide dehydrogenase [flavocytochrome c] flavoprotein chain) 0.1 0.3 0.4 0.3
Thiosulfate reduction  phsA, psrA (thiosulfate reductase / polysulfide reductase chain A) 2.0 2.0 0.4 0.4
phsB (thiosulfate reductase electron transport protein) 0.9 0.2 0.08 0.1
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4.3.4.3 Nitrogen cycle

The analysis of functional genes for nitrogen cycling across TC, TT, WC, and WT
conditions revealed the expression levels for various processes (Table 4.4). For nitrogen fixation,
the highest expression was observed with nitrogenase molybdenum-iron protein alpha chain (nifD)
at 0.9%, and the lowest expression was with nitrogenase delta subunit (anfG) at 0.04%. ANOVA
indicated significant variations among the conditions (F-value = 5.02, p-value = 0.033).

For ammonium oxidation, the most expressed gene was methane/ammonia
monooxygenase subunit A (pmoAd-amoA) at 0.2%, while the least expressed was
methane/ammonia monooxygenase subunit B (pmoB-amoB) at 0.07%. Significant differences
among conditions were found (ANOVA, F-value =4.07, p-value = 0.030).

In nitrite oxidation, the highest expression was for assimilatory nitrate reductase catalytic
subunit (nas4) at 2%, and the lowest was for cytochrome c-type protein NapB (napB) and
ferredoxin-nitrate reductase (narB) at 0.04%. No significant variation was detected (ANOVA, F-
value = 0.091, p-value = 0.96). For anammox, the most expressed gene was nasA at 2%, and the
least was nasB at 0.08%. ANOVA revealed no significant differences (F-value = 0.29, p-value =
0.83). For assimilatory nitrate reduction (ANR), nas4 was again the most expressed at 2%, while
narB was the least at 0.04%. There was no significant variation (ANOVA, F-value = 0.27, p-value
=0.84).

In denitrification, the highest expression was for nitric oxide reductase subunit B (norB) at
1%, and the lowest was for NapB at 0.04%. Significant differences were observed (ANOVA, F-
value = 4.9, p-value = 0.0059). For dissimilatory nitrate reduction to ammonium (DNRA), nitrite
reductase [NADH] small subunit (nirD) had the highest expression at 4%, while NapB had the

lowest at 0.04%. ANOVA showed no significant variation (F-value = 0.039, p-value = 0.99).
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Table 4.4: Functional genes for nitrogen cycling and their percent expression in model pit lakes

Processes/mechanisms Functional genes Expression (%)
TC TT WC WT
nifK (nitrogenase molybdenum-iron protein beta chain) 0.5 0.7 0.2 -
Nitrogen fixation nifD (nitrogenase molybdenum-iron protein alpha chain) 0.4 0.9 0.2 -
nifH (nitrogenase iron protein NifH) 0.2 0.6 0.2 0.07
anfG (nitrogenase delta subunit) 0.04 - - -
pmoA-amoA (methane/ammonia monooxygenase subunit B) - 0.2 - -
Ammonium oxidation pmoB-amoB (methane/ammonia monooxygenase subunit B) 0.1 0.1 - 0.07
pmoC-amoC (methane/ammonia monooxygenase subunit C) - 0.1 - -
narG, narZ, nxrA (nitrate reductase / nitrite oxidoreductase alpha subunit) 0.8 0.8 0.6 0.5
nasA (assimilatory nitrate reductase catalytic subunit) 0.7 0.8 1.0 2.0
narl, narV (nitrate reductase gamma subunit) 0.6 0.6 0.4 0.3
Nitrite oxidation narH, narY, nxrB (nitrate reductase / nitrite oxidoreductase beta subunit) 0.3 0.8 0.6 0.2
napA (periplasmic nitrate reductase NapA) 0.09 0.2 0.08 0.07
napB (cytochrome c-type protein NapB) 0.04 0.2 - 0.07
narB (ferredoxin-nitrate reductase) 0.04 - 0.04 -
nasB (assimilatory nitrate reductase electron transfer subunit) - - 0.08 0.1
Anammox nasA (assimilatory nitrate reductase catalytic subunit) 0.7 0.8 1.0 2.0
nasB (assimilatory nitrate reductase electron transfer subunit) - - 0.08 0.1
nasA (assimilatory nitrate reductase catalytic subunit) 0.7 0.8 1.0 2.0
Assimilatory nitrate narB (ferredoxin-nitrate reductase) 0.04 - 0.04 -
reduction nasB (assimilatory nitrate reductase electron transfer subunit) - - 0.08 0.1
narG, narZ, nxrA (nitrate reductase / nitrite oxidoreductase alpha subunit) 0.8 0.8 0.6 0.5
norB (nitric oxide reductase subunit B) 0.8 1.0 0.4 0.2
norC (nitric oxide reductase subunit C) 0.6 0.9 0.3 0.4
narl, narV (nitrate reductase gamma subunit) 0.6 0.6 0.4 0.3
Denitrification nosZ (nitrous-oxide reductase) 0.5 0.9 0.2 0.3
narH, narY, nxrB (nitrate reductase / nitrite oxidoreductase beta subunit) 0.3 0.8 0.6 0.2
nirK (nitrite reductase [NO-forming]) 0.2 0.3 0.08 0.07
nirS (nitrite reductase (NO-forming) / hydroxylamine reductase) 0.2 0.4 - 0.07
napA (periplasmic nitrate reductase NapA) 0.09 0.2 0.08 0.07
napB (cytochrome c-type protein NapB) 0.04 0.2 - 0.07
nirD (nitrite reductase [NADH] small subunit) 2.0 2.0 3.0 4.0
nirB (nitrite reductase (NADH) large subunit) 0.8 0.8 0.8 1.0
narG, narZ, nxrA (nitrate reductase / nitrite oxidoreductase alpha subunit) 0.8 0.8 0.6 0.5
nrfA (nitrite reductase [cytochrome c-552]) 0.7 0.6 0.2 0.07
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Dissimilatory nitrate nrfH (cytochrome c nitrite reductase small subunit) 0.6 0.9 0.2 0.2
reduction to ammonium  narl, narV (nitrate reductase gamma subunit) 0.6 0.6 0.4 0.3
(DNRA) narH, narY, nxrB (nitrate reductase / nitrite oxidoreductase beta subunit) 0.3 0.8 0.6 0.2
napA (periplasmic nitrate reductase NapA) 0.09 0.2 0.08 0.07
napB (cytochrome c-type protein NapB) 0.04 0.2 - 0.07
ureC (urease subunit alpha) 0.3 0.3 0.9 0.7
ureB (urease subunit beta) 0.3 0.4 0.3 0.4
N-compounds ureA (urease subunit gamma) 0.2 0.3 0.4 0.4
cynS (cyanate lyase) 0.09 0.2 0.7 0.3
ureAB (urease subunit gamma/beta) 0.04 - 0.4 0.3
nthA (nitrile hydratase subunit alpha) 0.04 - 0.4 0.07
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For N-compounds, urease subunit alpha (ureC) was the most expressed at 0.9%, whereas urease
subunit gamma/beta (ure4B) and nitrile hydratase subunit alpha (nthA) were the least at 0.04%.

Significant differences among conditions were found (ANOVA, F-value = 4.59, p-value = 0.013).

4.4 Discussion

4.4.1 Microbial diversity in model pit lakes

The microbial communities in the model pit lakes were distinctively unique between
capping water and tailings. Within the tailings (TC and TT) and capping water (WC and WT),
there were similarity and differences between the microbial compositions. For the capping water,
the top (surface water) and bottom (deeper water) samples are dispersed, indicating that they have
a more varied microbial community. For the tailings, the top and bottom samples were aggregated
separately, indicating that the microbial communities at different depths in the tailings are more
distinct from each other and form separate subclusters. Overall, model pit lakes were dominated
by bacteria which vary significantly in abundance and composition between tailings and capping
water. The observed differences in abundance and composition are likely driven by a combination
of environmental conditions, nutrient availability, microbial interactions, hydrodynamic factors,
and microbial physiological adaptations. Specifically, the temperature differences between the
temperature-constant (TC, WC) and temperature-modified (TT, WT) columns could influence
microbial growth and metabolism as temperature is a critical factor that affects enzyme activity,
metabolic rates, and the overall physiological state of microorganisms (Pietikdinen et al., 2005).
Furthermore, the physical and chemical properties of tailings and capping water are inherently
different. Tailings tends to have lower oxygen levels and higher concentrations of organic matter
and nutrients compared to capping water. These differences could lead to variation in microbial

composition and abundance and can therefore select distinct microbial communities adapted to
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specific conditions (Borer et al., 2018; Grettenberger et al., 2020; Leff et al., 2015). Also, the
interface between tailings and capping water can create unique microenvironments that affect
microbial communities. The transport of nutrients, oxygen, and other chemicals across this
interface can create gradients that favor different microbial taxa (Ki et al., 2018). Additionally,
microbial communities are influenced by interactions between different species, including
competition for resources and synergistic relationships. The composition and abundance of
bacteria can be shaped by these interactions, which may differ between the tailings and capping
water due to the distinct environmental pressures and resource availability (Little et al., 2008).
In the model pit lakes, the most abundant phylum in all conditions was Proteobacteria, with 34%,
48%, 75%, and 80% respectively in TC, TT, WC, and WT. The higher relative abundance of
Proteobacteria in capping water (WC and WT) suggests that this phylum may thrive better in the
more oxygenated and nutrient-diluted environment of the water column. Furthermore, the higher
percentage of Proteobacteria in the temperature-modified columns (TT and WT) suggests that
these bacteria may be more adaptable or resilient to temperature changes compared to other phyla.
Proteobacteria are known for their metabolic versatility and ability to adapt to various
environmental conditions. This phylum includes many species that can utilize a wide range of
substrates, possess diverse metabolic pathways, and play key roles in the carbon, sulfur, and
nitrogen cycle (Kersters et al., 2006). This might explain their dominance across all conditions in
the model pit lakes.

While members of Uncultivated Bacteria and Archaeca (UBA) dominated the tailings in
model pit lake columns at genus level, TT differed from TC by having a very high abundance of
Stutzerimonas (15%) and Rugosibacter (12%). It has been revealed that many bacterial phyla

contain abundant UBA genomes. Recently, Parks et al., (2017) recovered about 8,000 UBA
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genomes distributed across 76 bacterial phyla and 21 archaeal phyla. Stutzerimonas is a new genus
recently proposed by Lalucat et al., (2022). Stutzerimonas species are chemoorganotroph with
aerobic, strictly oxidative, and non-fermentative metabolism. Most species are capable of starch
hydrolysis, nitrate reduction and nitrogen fixation (Lalucat et al., 2022). Rugosibacter species can
use aromatic compounds as sole carbon and energy sources and are closely related to Sulfuritalea
hydrogenivorans strain sk43H', Denitratisoma sp. TSA61, Georgfuchsia toluolica G5G67,
Sulfurisoma sediminicola BSN1", Denitratisoma oestradiolicum AcBE2-1T and Sterolibacterium
denitrificans Chol-1ST suggesting likelyhood of denitrification and sulfur oxidation (Corteselli et
al., 2017; Kojima et al., 2022). Meanwhile, the capping water was dominated by Rugosibacter
(22% in WC and 21% in WT) and Brevundimonas (11% in both WC and WT). Brevundimonas
species have been implicated in hydrocarbon degradation (Ganiyu et al., 2022) and nitrogen
cycling (Sun et al., 2019). Additionally, both tailings and capping water featured abundant genera

capable of carbon, sulfur, and nitrogen cycling.
4.4.2 Biogeochemical cycling in model pit lakes: processes and functional genes

The biogeochemical cycling of carbon, sulfur and nitrogen was prominent in both tailings and
capping water, with carbon cycling accounting for 52 to 60%, sulfur cycling accounting for 16 to
19% and nitrogen cycling accounting for 24 to 28% across all columns. This suggested that there
was little difference between tailings and capping water with regards to individual cycling,
however carbon cycling was more prominent than the other cycling in the model pit lakes.
Likewise, there was no difference in nutrient cycling between temperature-constant and
temperature-varied columns of the model pit lakes. While the microbial community structures
were significantly different in abundance and composition in model pit lakes, the lack of

significant functional differences in biogeochemical cycling could be attributed to a couple of
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factors including functional redundancy, horizontal gene transfer (HGT), core microbiomes, and
microbial ecosystem stability and resilience. Microbial communities often exhibit functional
redundancy, whereby different microbial species carry out the same biogeochemical functions
using similar or identical functional genes. Even though the community composition varies, the
functional potential remains similar because multiple taxa possess the necessary genes for nutrient
cycling (Allison and Martiny, 2008; Louca et al., 2016). In some cases, HGT could spread
functional genes across different microbial species, leading to a situation where diverse
communities possess a similar suite of genes with similar functional capacities (Frost et al., 2005).
Additionally, there could be a core set of microbial taxa present in both tailings and capping water
which might not dominate numerically but contribute significantly to the functional gene pool
(Shade and Handelsman, 2012). Finally, the pit lake ecosystem might be relatively stable, with
biogeochemical processes buffered against community composition changes and could lead to
consistent nutrient cycling functions despite microbial diversity variations (Shade et al., 2012).
Analysis of functional genes revealed important processes for nutrient cycling across all
model pit lake columns. For carbon cycling, the model pit lake columns displayed two autotrophic
pathways (Calvin Cycle and Wood-Ljungdahl Pathway), four heterotrophic pathways
(Methanotrophy, Citric Acid Cycle/TCA Cycle, Methanogenesis, and Oxidative phosphorylation),
and one mixed-pathway that could involve both autotrophic and heterotrophic processes especially
in methylotrophic organisms (Formaldehyde assimilation - Serine pathway, FASP) (Srivastava et
al., 2023). These pathways showed the carbon metabolism and the functional genes involved in
model pit lakes (Figure 4.8 A). Processes involving methanotrophy, Wood-Ljungdahl Pathway, and
Oxidative phosphorylation were relatively very high whereas processes involving Calvin Cycle

and methanogenesis were relatively very low. Meanwhile, processes involving FASP were
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moderately high and processes involving TCA cycle were relatively very high in tailings and
moderately high in capping water. Some important pathways such as pentose phosphate pathway
(PPP) that have been shown to be present in acidic pit lake (Ayala-Mufoz et al., 2022) were
missing likely because of the differences between the two lakes. Overall, the functional gene
analysis provides insight into carbon metabolism of pit lakes and how differences in microbial
community structures affect carbon cycling.

For Sulfur cycling, sulfite reduction and thiosulfate oxidation were the processes with
highest presence in the model pit lakes and they also had the highest number of expressed
functional genes indicating that sulfite and thiosulfate were readily available in model pit lake
columns. Sulfite and thiosulfate are important sulfur intermediates that may be reduced to sulfide,
oxidized further to sulfate, or disproportionated to form both sulfide and sulfate (Jorgensen et al.,
2019). While the other sulfur cycling processes including sulfide oxidation, sulfate reduction,
sulfite oxidation, sulfur reduction, and thiosulfate reduction were comparatively low, their
presence suggested that complete sulfur cycling was occurring in both tailings and capping water
(Figure 4.8B). These processes were equally observed in acidic pit lake though there were some
differences in the reported functional genes (Ayala-Muioz et al., 2022). Most microorganisms
found in acidic pit lakes are adapted to extreme acidity, salinity and metal concentrations and this
reflects on the functional genes expressed in such pit lakes (Ayala-Muiioz et al., 2020; Sanchez-
Espana, 2024). For nitrogen cycling, denitrification, and dissimilatory nitrate reduction to
ammonium (DNRA) were the processes with highest expression in the model pit lakes. Other
processes including nitrogen fixation, nitrite oxidation, anammox, assimilatory nitrate reduction,
and N-compound were comparatively low (Figure 4.8C). However, expression of nitrogen

fixation, ammonium oxidation and denitrification were significantly higher in tailings than capping

126



water. This was likely due to differences in nitrogen content and redox conditions between tailings
and capping water (Feng et al., 2023). Despite this, the overall nitrogen cycling was not
significantly different between tailings and capping water. In acidic lakes, dissimilatory nitrate
reduction, denitrification, and nitrogen fixation were key processes that contribute to nitrogen

cycling (Ayala-Muiioz et al., 2022).
4.5 Corroborating 16S rRNA amplicon sequencing with metagenomics

The 16S rRNA amplicon sequencing conducted in Chapter 3 provided critical insights into the
microbial community composition within PASS-treated DPL. This approach allowed for the
identification of key taxa present in the system. Comparatively, the metagenome sequencing
performed in Chapter 4 yielded a similar microbial profile, with some notable differences. For
instance, Sulfuritalea was detected in the 16S dataset but not in the metagenomic data, while
Rugosibacter was identified in the metagenome but absent from the 16S results. These
discrepancies could be due to the limitations of each method, such as primer bias in 16S sequencing
or lower detection sensitivity in metagenomics for certain low-abundance taxa (Peterson et al.,
2021).

Using 16S amplicon sequencing, potential biogeochemical cycles based on the taxonomic
composition were inferred, particularly focusing on processes like carbon, sulfur, and nitrogen
cycling. However, metagenome sequencing provided deeper insights by directly identifying the
functional genes associated with these processes, confirming the involvement of specific microbial
taxa in driving these biogeochemical cycles. This allowed for a more detailed understanding of the
functional roles played by microbial communities, validating, and expanding on the inferences

made from the 16S analysis.
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By integrating amplicon sequencing and metagenomics, microbial communities were not only
taxonomically resolved but also linked to specific functional pathways, offering a comprehensive
picture of their contributions to carbon, sulfur, and nitrogen cycling in the environment. This
combined approach enabled a more robust and precise characterization of the microbial ecology

and biogeochemical dynamics within the PASS-treated DPL system.

4.6 Conclusions

The metagenomic analysis of nutrient cycling within model pit lake columns has shed light on the
taxonomic variations and functional gene differences between tailings and capping water, as well
as between columns with constant temperatures and those subjected to seasonal temperature
variations. The results reveal notable differences in microbial composition and abundance,
alongside variations in the nutrient cycling processes of carbon, sulfur, and nitrogen. While each
biogeochemical cycle comprised numerous processes and abundant functional genes, no
significant differences were observed in the overall processes between the tailings and capping
water thereby indicating a resilient system. This dissertation makes a valuable contribution to our
understanding of metagenomic biogeochemical cycling in oil sands pit lakes, highlighting the

complex interactions between microbial communities and their environmental conditions.
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CHAPTER 5 GENERAL CONCLUSIONS AND RECOMMENDATIONS

5.1 Thesis overview

The mining and extraction of bitumen generate large volumes of waste known as tailings,
which consist of sand, silt, clay, oil sands process-affected water (OSPW), and unrecovered
bitumen. In Alberta, Canada, bitumen is extracted from oil sands reservoirs through surface
mining, which has already disturbed approximately 895 km? of land and has created over 1.3
billion m® of tailings. The pore water of a tailing contains high concentrations of dissolved organic
and inorganic compounds that adversely affect living organisms. Therefore, reclamation and
management of tailings are urgently needed. Yet the overall size of the tailings creates enormous
geotechnical and environmental challenges. Currently, tailings are temporarily stored in settling
basins known as tailing ponds in compliance with the zero-effluent discharge policy in Alberta.

The use of end pit lakes (EPL) has been suggested as one of the methods for permanent
reclamation of tailings. However, it is yet to be fully approved for oil sands mining because very
little is known about the geochemical stability of these artificial ecosystems. To test the
effectiveness of EPL within the Canadian oil sands, Base Mine Lake was established in December
2012 as the first full scale pit lake in the oil sands industry. Lake Miwasin, a recently established
demonstrated pit lake (DPL), uses the new Permanent Aquatic Storage Structure (PASS) treatment
technology for tailings’ treatment. PASS technology uses an inline treatment process where
coagulant (alum) and flocculant (polyacrylamide) are added to accelerate the natural dewatering
of tailings.

In a bid to assess the effectively of PASS treatment technology on the development of a

self-sustaining ecosystem, a laboratory DPL was established. As PASS technology was meant to
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enhance tailings dewatering, Chapter 2 of the research first evaluated the settling behavior of
PASS-treated tailings. Since the dewatering of tailings would result in the release of dissolved
organics present in the tailings into the water cap of DPL, the changes in the water quality of the
water cap over time was also evaluated. The effect of different oxygen conditions, oxic vs anoxic,
on the water quality was also evaluated. Additionally, the potential of the laboratory DPL to
produce gases was evaluated.

The use of alum during PASS treatment could influence microbial sulfur cycle as its
dissociation produces electron acceptor for sulfate reducing bacteria (SRBs). The sulfur cycle is
connected with other cycles such as carbon, nitrogen and metal cycles, and is tied to both cellular
and ecosystem-level processes. Chapter 3 evaluated the microbial community structures of PASS-
treated DPL using 16S rDNA sequencing. During the laboratory DPL’s operation, bacterial
communities involved in the sulfur cycle, carbon cycle and nitrogen cycle were highly abundant.
Furthermore, the effect of seasonal temperature changes on the microbial community structures as
well as their effects on dissolved organics in the water cap was also investigated.

Chapter 4 further evaluated the microbial community structures and their response to
temperature variations using metagenomic approach. In addition, the functional genes analysis was
carried out to evaluate the nutrient cycling in PASS-treated DPL and the mechanisms involved in
such cycling with a view to constructing metabolic pathways that might explain the processes
occuring in Lake Miwasin.

This research provided a comprehensive understanding on PASS-treated DPL and would serve a

point of reference for further studies evaluating PASS technology.

138



5.2

Conclusions

The research presented in this thesis focused on evaluating the effectiveness of PASS technology

on oil sands tailings reclamation. The following main conclusions were made based on

experimental results and analysis:

Chapter 2: Employing Permanent Aquatic Storage Structure Technology to Reduce Dissolved

Organics Transport from Tailings Deposits to Cap Water: Demonstration Pit Lake

PASS-treated tailings underwent settling overtime with 13.8 + 0.14 cm of consolidation
observed under oxic condition compared to 16.4 + 0.71 cm under anoxic condition.

There was considerable flux of dissolved organics, namely COD, DOC, AEF and NA:s,
from the underlying tailings into the capping.

There was higher concentration of dissolved organics overtime in capping water under
anoxic condition than oxic condition.

The mass flux calculations of advection and diffusion fluxes revealed high advective flux
of dissolved organics which reduced gradually overtime whereas diffusive flux was
consistently low.

The advective flux of DOC decreased from 0.52 g/m?/d to 0.11 g/m?/d in oxic condition
and from 0.65 g/m?/d to 0.13 g/m*/d in anoxic condition.

The advective flux of NAs decreased from 0.038 g/m?/d to 0.009 g/m*/d in oxic condition
and from 0.045 g/m?/d to 0.013 g/m*/d in anoxic condition.

Residual polymer additive present in the PASS-treated tailings was initially released into
the capping water during the early period before being biodegraded slowly over time.
PASS treatment resulted in production of CO> at low concentration while CH4 was not

detected.
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Chapter 3: Biogeochemical Processes in Oil Sands Tailings and Capping Water at Demonstration
Pit Lake
e Temperature variations did not exert a pronounced effect on the advective movement of
dissolved organics and suspended particles from tailings to capping water.
e Temperature variations significantly affected dissolved oxygen and conductivity.
e The concentrations of COD, DOC, TKN, and NAs increased over time whereas turbidity
and pH decreased over time.
e The taxonomic composition and abundance of bacteria varied significantly between
tailings and capping water.
e The taxonomic composition and abundance of bacteria did not vary significantly between
the top and bottom layers.
e Seasonal temperature variations did not significantly affect microbial diversity in both
tailings and capping water.
e Microbial communities were dominated by organisms involved in sulfur, carbon, nitrogen,
and iron cycling.
e Biogas analyses revealed that methane was not produced at high rates, but production of
hydrogen sulfide was evident.
e Sulfate reduction likely inhibited methanogenesis in model pit lakes.
Chapter 4: Metagenomic elucidation of microbial biogeochemical cycling in a model oil sands
tailings pit lake system
e Bacterial communities dominated the model pit lake columns, with significant variations
in abundance and composition between tailings and capping water.

e Proteobacteria was the most abundant phylum.
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Biogeochemical cycling of carbon, sulfur, and nitrogen was prominent in both tailings and
capping water.

Carbon cycling accounted for 52-60%, sulfur cycling for 16-19%, and nitrogen cycling for
24-28%.

The most prominent carbon cycling processes in model pit lakes were Methanotrophy,
Formaldehyde assimilation via serine pathway, Wood-Ljungdahl pathway, Citric Acid
cycle, and Oxidative phosphorylation.

The most prominent processes for sulfur cycling include Sulfite reduction and Thiosulfate
oxidation.

The most prominent nitrogen cycling processes include Nitrite oxidation, Denitrification
and Dissimilatory nitrate reduction to ammonium.

Temperature variations did not affect nutrient cycling in tailings and capping water.

No significant differences were observed in the overall processes between the tailings and

capping water.

5.3 Recommendations

Based on the results obtained from this research, the following are the recommendations for future

works:

In this research, the temperature regimes of 5 °C, 20 °C, 25 °C, and 8 °C each lasting 2
months were used, and the results showed that these temperature variations did not have
effect in the model pit lake systems. It would be interesting to see if using longer
temperature regimes of at least 4 months yield the same or different results. Future research

should also consider if using different transition periods, for example, using 20 °C, 25 °C,
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8 °C, and 5 °C or 25 °C, 8 °C, 5 °C and 20 °C, or any other combination, would show
different results.

16S rDNA amplicon sequencing and shotgun metagenomic sequencing have been used to
evaluate the performance of PASS technology. Future work should consider
metatranscriptomics to further shed light on the activity of environmental populations.
DNA and RNA extractions were challenging to carry out for tailings owing to its nature,
which caused DNA and RNA yield to be very low. Optimizing the currently available
extraction methods would go a long way towards helping develop a better extraction
protocol.

Attempts were made to carry out single cell genomics of PASS treated tailings to
specifically target microbial dark matters (MDM), however no single cell was detected
using an established method for soil and sediment (In-Solution Fluorescence In Situ
Hybridization and Fluorescence-Activated Cell Sorting for Single Cell and Population
Genome Recovery). It is therefore recommended to develop a working single cell
extraction method for tailings.

The results of sequencing have revealed that microbial communities are capable of
successfully proliferate in PASS treated tailings. Targeted repetitive culturing using PASS
treated tailings and model NAs should be able to produce culturable microbial communities
with capacity to degrade recalcitrant NAs. This would be a worthwhile future endeavor.
Water quality parameters that are easily tested on the field are recommended to be
incorporated into future analysis. An example is Specific Ultraviolet Absorbance (SUVA),
which is used to predict how easily organic matter can be removed by coagulation and how

likely it is to form disinfection by-products (DBPs) during chlorination.
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APPENDIX

Table Al: Average of microbial abundance for sulfur biogeochemical cycling over the experimental period

Capping water
Treatment Control
Taxa Abundance Percentage Taxa Abundance Percentage
Sulfuritalea 367409 89.51 Sulfuritalea 340942 82.35
Ferritrophicum 30723 748 Chlorobium 28639 6.92
Immundisolibacter 3536 0.86 Immundisolibacter 17342 4.19
Pseudomonas 3203  0.78 Desulfurivibrio 6298 1.52
uncultured 1320  0.32 Pseudomonas 3379 0.82
Not Assigned 1200  0.29 Pseudoxanthobacter 2839 0.69
Geobacter 751 0.18 Geobacter 2660 0.64
Thiobacillus 572 0.14 uncultured 2222 0.54
Pseudoxanthobacter 490 0.12 Acinetobacter 1585 0.38
Sulfuricurvum 486  0.12 Not_Assigned 1543 0.37
Desulfuromonas 309 0.08 Syntrophus 1320 0.32
Desulfatirhabdium 167 0.04 Desulfovirga 1233 0.3
Acinetobacter 156 0.04 Desulfovibrio 941 0.23
Desulfovirga 92 0.02 Desulfatiglans 859 0.21
Syntrophus 63 0.02 Desulfobacca 740 0.18
Desulfatirhabdium 674 0.16
Desulfomonile 452 0.11
Sulfuricurvum 213 0.05
Desulfuromonas 150 0.04
Tailings
Treatment Control
Taxa Abundance Percentage Taxa Abundance Percentage
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uncultured 78996 18.61 Chlorobium 138420 22.72
Desulfatiglans 64664 15.24 Desulfatiglans 112373 18.44
Sulfuritalea 53264 12.55 uncultured 85372 14.01
Not_Assigned 29347  6.92 Sulfuritalea 47846 7.85
Syntrophus 29074  6.85 Desulfurivibrio 41693 6.84
Desulfurivibrio 25640 6.04 Syntrophus 34332 5.63
Thiobacillus 17179  4.05 Not Assigned 27917 4.58
Geothermobacter 16205 3.82 Thiobacillus 16433 2.7
Pseudomonas 15925 3.75 Pseudomonas 14270 2.34
Ferritrophicum 14479 341 Geothermobacter 13833 2.27
Sulfuricurvum 10834  2.55 LCP 80 12545 2.06
Desulfuromonas 8281 1.95 Immundisolibacter 8637 1.42
Desulfuromonadaceae 7145  1.68 Desulfuromonas 6527 1.07
Immundisolibacter 6588  1.55 Desulfatirhabdium 5885 0.97
LCP 80 5801  1.37 Desulfuromonadaceae 5628 0.92
Sulfurimonas 5617  1.32 Desulfobacca 5179 0.85
Desulfatirhabdium 5063 1.19 Sulfuricurvum 4197 0.69
Geobacter 5059  1.19 Sulfurimonas 4064 0.67
Sulfuricella 4468 1.05 Desulfobacteraceae 4026 0.66
Acinetobacter 3571 0.84 Acinetobacter 3445 0.57
Desulfobacteriumcatecholicumgroup 3069 0.72 Desulfovirga 3324 0.55
Desulfobacca 2756  0.65 Geobacter 3105 0.51
Desulfobacteraceae 2449  0.58 Desulfobacteriumcatecholicumgroup 2275 0.37
IncertaeSedis 2269  0.53 IncertaeSedis 1478 0.24
Desulfobulbus 890 0.21 CandidatusDeferrimonas 917 0.15
Desulfomicrobium 863 0.2 Smithella 848 0.14
Desulfovirga 677 0.16 SEEP_SRBI 766 0.13
SEEP SRBI 670 0.16 Syntrophorhabdus 603 0.1
CandidatusDeferrimonas 668 0.16 Desulfomicrobium 482 0.08
Desulfovibrio 622  0.15 KCM B 112 352 0.06
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Caldimicrobium 544 0.13 Desulfobulbus 292 0.05
KCM B 112 504 0.12 Desulfopila 253 0.04
Sval033 372 0.09 Sval033 250 0.04
Desulfopila 285  0.07 Syntrophobacter 250 0.04
Dethiosulfatibacter 148  0.03 Desulfovibrio 232 0.04
Geobacteraceae 126  0.03 Geobacteraceae 213 0.03
Desulfitibacter 121 0.03 Dethiobacter 207 0.03
Smithella 116  0.03 Caldimicrobium 206 0.03
Desulfobacula 25 0.01 Sulfuricella 197 0.03
Desulfurispora 145 0.02
Desulfatitalea 134 0.02
Cavicella 112 0.02
Desulfitibacter 39 0.01
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Table A2: Average of microbial abundance for carbon biogeochemical cycling over the experimental period

Capping water

Treatment Control

Taxa Abundance Percentage Taxa Abundance Percentage
Brevundimonas 46104  24.8 Xanthobacter 97599 36
Xanthobacter 45227 24.33 Brevundimonas 73350 27.06
Sphingobium 24942 1342 Methyloversatilis 31486 11.61
CyanobiumPCC 6307 24840 13.36 Sphingobium 24633 9.09
Magnetospirillum 11458  6.16 CyanobiumPCC_6307 13102 4.83
Methylovulum 8194 4.4l Methylovulum 7977 2.94
Oceanibaculum 7428 4 Oceanibaculum 6005 2.22
Methyloversatilis 5262 2.83 Magnetospirillum 4738 1.75
Methylobacterium_Methylorubrum 3299  1.77 Pseudomonas 3345 1.23
Pseudomonas 2809  1.51 Pseudoxanthobacter 2839 1.05
Methylotenera 2464 133 Novosphingobium 1456 0.54
Novosphingobium 2163  1.16 Acinetobacter 1382 0.51
uncultured 487  0.26 Desulfovirga 1292 0.48
Syntrophus 329 0.18 Syntrophus 1200 0.44
Not_Assigned 305 0.16 Methylobacterium Methylorubrum 326 0.12
Pseudoxanthobacter 205  0.11 Ancylobacter 258 0.1
Ancylobacter 204 0.11 Methylobacillus 112 0.04
Acinetobacter 156  0.08

Tailings

Treatment Control

Taxa Abundance Percentage Taxa Abundance Percentage
Syntrophus 28593 34.12 Syntrophus 34279 40.24
Pseudomonas 16059 19.16 Pseudomonas 14896 17.48
Magnetospirillum 14993 17.89 Methyloversatilis 9801 11.5
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Not_Assigned 4042 4.82 Not_Assigned 3823 4.49
Acinetobacter 3852 4.6 Acinetobacter 3445 4.04
uncultured 3533 4.22 Desulfovirga 3238 3.8
Methyloversatilis 3117 3.72 Methylotenera 2627 3.08
Methylotenera 2954  3.52 uncultured 2508 2.94
CyanobiumPCC 6307 1961 2.34 Methylovulum 2167 2.54
Methylobacter 1133 1.35 Magnetospirillum 2000 2.35
Desulfovirga 832  0.99 Methanolobus 1337 1.57
Brevundimonas 680  0.81 Smithella 848 1
Novosphingobium 621  0.74 Novosphingobium 692 0.81
Sphingobium 335 0.4 CyanobiumPCC 6307 679 0.8
Oceanibaculum 327  0.39 Brevundimonas 669 0.79
Methanolobus 173 0.21 Sphingobium 455 0.53
Xanthobacter 158 0.19 Xanthobacter 447 0.52
Methyloparacoccus 153 0.18 Methylophilaceae 302 0.35
Clostridiumsensustrictol3 106 0.13 Syntrophorhabdus 291 0.34
Pseudothermotoga 98 0.12 Syntrophobacter 250 0.29
Methylovulum 90  0.11 Cavicella 181 0.21

Sh765B TzT 35 146 0.17

Clostridiumsensustrictol3 113 0.13
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Table A3: Average of microbial abundance for iron biogeochemical cycling over the experimental period

Capping water

Treatment Control

Taxa Abundance Percentage Taxa Abundance Percentage
Ferritrophicum 30723 43.93 Sediminibacterium 21032 4231
Magnetospirillum 11458 16.38 Acidovorax 5017 10.09
Sediminibacterium 9023 12.9 Magnetospirillum 4738 9.53
Acidovorax 7951 11.37 Ferrovibrio 4097 8.24
Pseudomonas 2752 3.93 Pseudomonas 3401 6.84
Rhodoferax 2285 3.27 Pseudoxanthobacter 3400 6.84
Hydrogenophaga 2073 2.96 Geobacter 2597 5.22
Ferrovibrio 1511 2.16 Hydrogenophaga 2397 4.82
uncultured 1113 1.59 Acinetobacter 1585 3.19
Pseudoxanthobacter 490 0.7 Sideroxydans 598 1.2
Geobacter 213 0.3 Aquabacterium 582 1.17
Thiobacillus 192 0.27 Rhodoferax 268 0.54
Acinetobacter 156 0.22

Tailings

Treatment Control

Taxa Abundance Percentage Taxa Abundance Percentage
Thiobacillus 17360 14.61 Thiobacillus 16872 21.28
Geothermobacter 16205 13.63 Pseudomonas 14726 18.57
Pseudomonas 15925 13.4 Geothermobacter 13833 17.45
Ferritrophicum 14479 12.18 Rhodoferax 7075 8.92
Magnetospirillum 9918 8.34 Acidovorax 5671 7.15
Rhodoferax 9713 8.17 Acinetobacter 3445 4.35
Acidovorax 8083 6.8 Geobacter 2977 3.75
Hydrogenophaga 5097 4.29 Hydrogenophaga 2975 3.75
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Geobacter 4916 4.14 uncultured 2939 3.71
Not Assigned 4815 4.05 Not Assigned 2076 2.62
Acinetobacter 3571 3 Deferrisoma 2009 2.53
uncultured 2611 2.2 Magnetospirillum 2000 2.52
Sideroxydans 2203 1.85 CandidatusDeferrimonas 704 0.89
Deferrisoma 1808 1.52 Hydrogenophilus 555 0.7
CandidatusDeferrimonas 668 0.56 Sideroxydans 398 0.5
Hydrogenophilus 495 0.42 KCM B 112 352 0.44
KCM B 112 360 0.3 Hydrogenobacter 222 0.28
Geobacteraceae 229 0.19 Dethiobacter 207 0.26
Hydrogenobacter 169 0.14 Cavicella 112 0.14
Clostridiumsensustrictol3 106 0.09 CandidatusNitrotoga 93 0.12
Aquabacterium 65 0.05 Geobacteraceae 45 0.06
CandidatusNitrotoga 60 0.05
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Table A4: Average of microbial abundance for nitrogen biogeochemical cycling over the experimental period

Capping water
Treatment Control
Taxa Abundance Percentage Taxa Abundance Percentage
CyanobiumPCC 6307 24840 48.96 CyanobiumPCC 6307 12722 26.78
Magnetospirillum 11458 22.59 Magnetospirillum 5779 12.16
Not_Assigned 4204 8.29 Obscuribacteraceae 5513 11.6
Pseudomonas 3072 6.06 Azospirillum 4812 10.13
Azospirillum 2126 4.19 Vampirovibrionales 3614 7.61
Novispirillum 1699 3.35 Pseudoxanthobacter 3400 7.16
Obscuribacteraceae 1146 2.26 Pseudomonas 3387 7.13
Niveispirillum 669 1.32 Niveispirillum 2738 5.76
Vampirovibrionales 480 0.95 Not Assigned 1773 3.73
Pseudoxanthobacter 415 0.82 Acinetobacter 1382 291
DSSD61 270 0.53 DSSD61 1257 2.65
uncultured 196 0.39 Novispirillum 469 0.99
Acinetobacter 156 0.31 Bradyrhizobium 382 0.8
CandidatusOmnitrophus 168 0.35
Methylobacillus 112 0.24
Tailings
Treatment Control
Taxa Abundance Percentage Taxa Abundance Percentage
Thauera 19313 21.06 uncultured 19686 24.8
uncultured 18274 19.93 Thauera 17937 22.59
Thiobacillus 17360 18.93 Thiobacillus 16872 21.25
Pseudomonas 15925 17.37 Pseudomonas 15136 19.06
Magnetospirillum 9126 9.95 Acinetobacter 3445 4.34
Acinetobacter 3571 3.89 Magnetospirillum 2000 2.52
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Rhizobium 2013 2.2 Rhizobium 963 1.21
Not Assigned 1996 2.18 CyanobiumPCC 6307 801 1.01
CyanobiumPCC 6307 1658 1.81 CandidatusOmnitrophus 761 0.96
Ellin6067 976 1.06 GOUTA6 755 0.95
GOUTA6 824 0.9 Ellin6067 402 0.51
Aquaspirillumarcticumgroup 326 0.36 Not_Assigned 381 0.48
429 1 160 0.17 Cavicella 112 0.14
Clostridiumsensustrictol3 106 0.12 CandidatusNitrotoga 93 0.12
CandidatusNitrotoga 60 0.07 Nitrosomonas 50 0.06
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Table AS5: Concentrations of elements in capping water and tailings

Capping water (mg/L) Tailings (mg/Kg)
Elements Treatment Control Treatment Control
Al 0.002 0.001 118.8 85.17
B 2.253 2.341 0.177 0.166
Ca 31.34 27.8 4.176 4.5
Cu 0.415 0.249 0.198 1.524
Fe 0.006 0.001 32.18 34.06
K 11.95 11.57 16.19 13.72
Mg 12.79 11.8 6.747 6.438
Mo 0.055 0.062 0.503 0.541
Mn 0.049 0.06 0.003 0.003
Na 511.5 535.9 4.331 4.985
Ni 0.044 0.024 0.327 0.483
P 0.032 0.027 0.345 0.361
S 103.5 112.5 12.82 14.08
Zn 0.988 0.321 0.68 1.561
Total C 153.7 141.7 7.81 7.90
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Table A6: CheckM2 bin quality report

Bins Completeness Contamination NS0 Genome size GC content
bin_1 88.52 1.02 21361 6259106 0.57
bin_10  96.63 3.67 21625 3800770 0.55
bin_100 76.24 2.06 18304 1691150 0.41
bin_101 99.91 1.17 20930 3162328 0.6
bin_102 99.84 1.64 34326 7190928 0.59
bin_103 78.75 8.92 6834 2804357 0.53
bin_104 98.38 2.1 23067 2782183 0.65
bin_105 83.02 3.15 3162 2875134 0.4
bin_106 81.56 0.87 28222 3038824 0.64
bin_107 74.94 1.25 3666 2714037 0.71
bin_108 78.98 1.2 10376 1471807 0.65
bin_109 84.25 2.12 4034 3935458 0.43
bin_11 95.64 6.74 21400 3796874 0.62
bin_110 96.55 7.92 36719 735050 0.31
bin_111  79.09 9.1 4879 2127888 0.54
bin_112 74.29 2.19 2124 1885738 0.42
bin_113 81.5 9.49 3933 5549853 0.66
bin_12  99.93 2.27 50571 3499225 0.61
bin 13  91.25 9.11 3285 3480638 0.7
bin_14  84.21 1.86 5057 2261608 0.44
bin_15  88.49 3.83 19852 2691227 0.67
bin_16  68.35 0.44 59154 1224046 0.43
bin_17  96.59 3.37 9840 4321095 0.54
bin_18  88.75 7.98 20112 3660598 0.65
bin_19  91.25 1.66 3355 2891962 0.46
bin_2 91.77 10.22 8264 1982275 0.36
bin 20 974 1.26 22066 1079734 0.36
bin_21 79.48 2.61 4405 2972776 0.63
bin_22  97.61 6.6 17096 2666554 0.55
bin_23  96.72 1.32 21076 4787596 0.62
bin_24  97.92 0.03 132899 3687821 0.4
bin_25  92.26 5.12 8968 3300008 0.64
bin_26 100 4.27 292227 3128948 0.55
bin_27  92.77 4.87 12815 5758229 0.68
bin_28  83.36 7.26 8360 3253928 0.64
bin_29  95.8 1.67 8622 3957255 0.42
bin_3 91.94 7.23 31738 3546103 0.42
bin_30  80.82 2.8 5016 2320211 0.6
bin_31 86.75 0.03 173009 598672 0.34
bin_32 72 5.73 3682 2978954 0.6
bin_33 999 0.06 45572 6162505 0.61
bin_34  94.54 0.91 57367 3759179 0.5
bin 35  78.66 4.73 6919 3072796 0.68
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bin_36
bin_37
bin_38
bin_39
bin_4

bin_40
bin_41
bin_42
bin_43
bin_44
bin_45
bin_46
bin_47
bin_48
bin_49
bin_5

bin_50
bin_51
bin_52
bin_53
bin_54
bin_55
bin_56
bin_57
bin_58
bin_59
bin_6

bin_60
bin_61
bin_62
bin_63
bin_64
bin_65
bin_66
bin_67
bin_68
bin_69
bin_7

bin_70
bin_71
bin_72
bin_73
bin_74
bin_75
bin_76
bin_77

79.55
71.42
94.26
87.51
92.19
74.8
84.3
100
97.01
98.26
98.74
70.08
86.62
88.31
99.21
95
99.32
100
99.97
86.54
88.78
87.37
85.09
99.96
76.14
77.33
100
100
99.95
98.52
83.46
75.18
100
100
94.58
99.94
89.41
96.11
85.68
92.01
99.97
96.36
60.86
98.82
88.77
98.98

1.4
4.84
11.91
4.61
0.07
4.77
0.92
1.04
0.46
4.54
3.54
9.02
1.14
1.69
0.97

0.39
1.17
0.19
4.98
4.14
1.87
2.08
2.8

6.6

4.22
3.62
0.88
1.1

6.48
2.98
7.15
7.03
4.4

4.42
1.07
3.49
5.24
5.12
3.34
3.93
1.34
1.48
7.8

0.17
0.29

10814
5170
11751
8866
142537
6363
7260
28274
43828
14550
16247
4001
416241
12509
95227
64520
98621
23637
153508
5387
4379
7217
3750
73233
5582
4001
20574
129893
16930
38378
3679
4931
10270
105124
244221
38899
7032
14296
5859
6570
15820
47849
10205
45864
54606
70179

1298958
4007034
3022727
5468431
916798

3541549
3687183
2374873
5916574
3204399
1241803
2790951
769474

5926142
1124301
1324419
2068656
7949933
2500532
4859748
1601199
2258114
1333349
2852136
2738999
3696302
4406543
4566015
4235876
763352

1757232
2484360
3081351
3596690
1892709
7118858
2664394
3429466
4339163
2316257
5645079
2541116
4049740
5633528
1435254
718724

0.34
0.7

0.69
0.69
0.41
0.64
0.5

0.42
0.6

0.67
0.4

0.36
0.32
0.6

0.43
0.39
0.32
0.65
0.55
0.61
0.54
0.39
0.44
0.54
0.64
0.65
0.65
0.64
0.66
0.34
0.43
0.64
0.64
0.51
0.6

0.58
0.65
0.39
0.69
0.67
0.65
0.62
0.59
0.67
0.48
0.34
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bin_78
bin_79
bin_8

bin_80
bin_81
bin_82
bin_83
bin_84
bin_85
bin_86
bin_87
bin_88
bin_89
bin_9

bin_90
bin_91
bin_92
bin_93
bin_94
bin_95
bin_96
bin_97
bin_98
bin 99

89.54
93.11
97.98
89.51
85.48
99.7
100
90.16
86.47
99.98
97.86
100
90.87
93.45
90.07
99.67
83.11
79.41
97.52
84.38
92.06
93.15
98.18
97.78

5.51
5.32
5.03
9.09
4.31
1.12
5.07
6.95
3.13
0.62
0.15
5.12
13.11
24
2.09
1.05
5.98
1.5
2.68
1.68
0.61
3.57
5.93
0.06

20184
24690
181184
8434
28812
47735
26804
5763
4765
911438
373043
27233
11102
9393
24848
40406
12710
9826
25212
4530
68483
8053
7561
58742

5172080
3804089
6273195
2497332
1620737
3098365
3459433
3845102
2219724
2607029
998445

1100176
4586924
1804414
2628723
2454411
2982878
2370078
2987972
2225503
6716421
3647332
2814012
957850

0.67
0.41
0.47
0.45
0.63
0.62
0.67
0.65
0.67
0.56
0.45
0.42
0.63
0.54
0.57
0.65
0.67
0.57
0.68
0.6

0.63
0.67
0.41
0.37
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Figure A2: Rarefraction curve comparing species richness in tailings against capping water
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FastQC: Adapter Content
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Figure A4: FastQC plot showing adapter content before trimming with Trimmomatic and fastp

181



FastQC: Adapter Content
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Figure AS: FastQC plot showing adapter content after trimming with Trimmomatic and fastp

182

140



