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ABSTRACT

Large inventories of tailings in the Alberta Oil Sands have created the need for technologies
that can accelerate dewatering of fluid tailings; however, knowledge of long-term implications
from these technologies is limited. This research was split into two studies, examining: 1) temporal
changes in porewater chemistry and gas production in gypsum-amended Fluid Fine Tailings (FFT),
and 2) temporal and spatial changes in porewater chemistry in Centrifuged Fine Tailings (CFT)
during successive freeze-thaw-evaporation cycles. An anoxic laboratory batch experiment was
conducted, where differing gypsum amendments were added to FFT, and destructively sampled
over 64 weeks. Methane measured in the headspace showed inconclusive results for the effect of
gypsum on methanogenesis. Gypsum-amended FFT showed an increase in dissolved salts, with
Na increasing up to 1.3 times (820-1,100 mg L) and Mg increasing up to 4.2 times (9.55—
39.9 mg L) compared to the control. In the second experiment, six columns filled with CFT were
subjected to three consecutive freeze-thaw-evaporation cycles, and sacrificially sampled before
each thaw and evaporative period. Column mass decreased an average total of 28.5 kg with 72%
of this attributed to runoff following the first thaw period. After this time, dissolved salts began
accumulating in near the CFT surface, with Cl increasing up to 5.8 times (379-2,200 mg L), Na
increasing up to 6.9 times (772-5,353 mg L), K increasing up to 15.6 times (16.1-251 mg L™?),
and Mg increasing up to 94 times (22.0-2,069 mg L) compared to the initial CFT. Both studies
revealed elevated porewater salt concentrations in gypsum-amended tailings, which could pose

challenges for long-term reclamation of the oil sands tailings.
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CHAPTER 1: INTRODUCTION

The Alberta Oil Sand Region (AOSR) in northeastern Alberta, Canada, is over 140,000 km?
in area, making it the third largest oil sands deposit in the world following Saudi Arabia and
Venezuela (Allen, 2008; Small et al., 2015). The AOSR is divided into three deposits: the
Athabasca deposit, the Cold Lake deposit, and the Peace River deposit. These deposits host proven
reserves totalling 174 billion barrels of oil (approximately 27.7 trillion m?; Allen, 2008; Small et
al., 2015).

Three main geologic formations make up the AOSR: the Waterways Formation, the
Wabiskaw-McMurray Formation, and the Clearwater Formation (Hein and Cotterill, 2006; Gibson
et al., 2013). Most of the bituminous ore (~80%) occurs in the Cretaceous sand in the Wabiskaw-
McMurray Formation, and is interbedded with shales, sands, and silts (Hein and Cotterill, 2006;
Gibson et al., 2013; Small et al., 2015). The deeper Devonian Waterways Formation contains
evaporate deposits within carbonate rock (Gibson et al., 2013). The Cretaceous Clearwater
Formation is a shale unit that overlies the Wabiskaw-McMurray Formation, which is overlaid by
Quaternary glacial till (Gibson et al., 2013).

The oil sand ore is loosely consolidated material, composed of approximately 12 wt. %
bitumen, 84 wt. % mineral solids, and 4 wt. % water (Liu et al., 2005). Lower bitumen content
does occur; however, it is not economical in Canadian standards to extract and upgrade the
material, so the cut-off grade for processing is set at 7 wt. % bitumen (AER, 2016). A mixture of
quartz sand, clay, and silt make up the solids, and water, bitumen, and trace gases fill the pore
spaces (Lo et al., 2006). Bitumen is a heavy, unconventional oil with a viscosity greater than

1 kg m st and a density greater than 1,000 kg m™3 (Banerjee, 2012). Once bitumen is extracted



from the mineral solids, it is combined with diluent hydrocarbons to produce diluted bitumen or
upgraded to synthetic crude oil and transported offsite for processing.

Two main approaches are used to extract bitumen from Alberta’s oil sands deposits: in situ
or by surface mining, with the latter being only feasible when the deposit is within approximately
80 m of original ground surface (Natural Resources Canada, 2016). Surface mining processes start
with deforestation and removing the surface soil and overburden, which is stockpiled for later use
in reclamation (Bergerson et al., 2012). When the oil sand deposit is exposed, the material is
extracted and sent for further processing. There are two methods of in situ extraction that use steam
injection to lower the viscosity of the bitumen and pumping it to the surface: cyclic steam
simulation, and steam-assisted gravity drainage (Bergerson et al., 2012). Cyclic steam simulation
uses one hole drilled vertically into the deposit, to inject steam and later remove bitumen (Alvarez
and Han, 2013). Steam-assisted gravity drainage uses a pair of horizontal wells drilled under the
deposit — one well is used to inject steam, and the second, lower well is used to remove the bitumen
after it (Bolea et al., 2014). Although surface mining has higher recovery rates than in situ, surface
mining can only be used for approximately 20% of the deposit area (4,800 km?; Allen, 2008; Small
et al., 2015). Because the Wabiskaw-McMurray formation dips to the southwest and sub-crops
near the Athabasca River valley (north of Fort McMurray, Alberta), extraction in this region occurs
via surface mining (Conly et al., 2002).

The extent of technical challenges and financial commitment for land reclamation is
substantial. Extraction and upgrading of the oil sands produces large quantities of tailings that are
temporarily stored in large tailings ponds to facilitate settlement and dewatering prior to permanent

reclamation. The stricter timelines for mine closure plans (Government of Alberta, 2015),



generates the need for research focused on accelerating reclamation to minimize the tailings

inventory.

1.1. BITUMEN EXTRACTION AND UPGRADING

Production of commercial petroleum products from mineable oil sands involves three key
steps: (i) surface mining of bituminous ore, (ii) bitumen extraction from mined ore, and
(iii) upgrading and offsite refining of extracted bitumen (Masliyah et al., 2004; Figure 1-1). In
order to access the bituminous ore, the overlying trees and vegetation, muskeg, wetlands, topsoil,
and overburden are removed to expose the bitumen-rich Lower Cretaceous strata (Gibson
et al., 2013). The overburden is made up of sand, shale, silt, clay, and residual bitumen, which is
at non-economic grades (Gray, 2015).

Oil sand ore is mined using truck and shovel methods that create large open pits that can
reach several square kilometers in area (Masliyah et al., 2004; Liu et al., 2005). Ore is passed
through crushers, breakers, and screens, then mixed with hot water, air, and process aids
(e.g., sodium hydroxide, sodium citrate) to form a slurry (approximately 40% water, 6% bitumen,
and more than 50% solids by weight; modified Clark Hot Water Extraction process; Clark, 1944;
Daie and Chung, 1996; Gray, 2015). At specific concentrations, the addition of sodium hydroxide
(NaOH) liberates the bitumen from the sand by producing surfactants from organic acids (Dai and
Chung, 1996; Masliyah et al., 2004). Porewater from the McMurray Formation has naturally
higher TDS (ranging up to 280 000 mgL’), dominated by sodium and chloride
(Gibson et al., 2013). Albertan oil sand has naturally higher concentrations of sodium (Na). The
Na concentration is increased (up to an average of 880 mg L™!; Dompierre et al., 2016) in oil sand
process water (OSPW), as the water is recycled to limit net tailings volumes and to minimize water

draw from natural surface water sources (e.g., the Athabasca River) (Masliyah et al., 2004;



Abolfazlzadehdoshanbehabazari et al., 2013; Foght et al., 2017; Figure 1-1). Large volumes of
water are needed for the extraction of bitumen — in 2019, approximately 1.6 m? of water was used
per barrel of oil equivalent (AER, 2019). Recycled water made up 78%, and nonsaline sources
made up the rest (AER, 2019).

The slurry is transported via large-diameter hydrotransport pipelines to the extraction facility
where material undergoes a water-based gravity separation process (primary separation) (Masliyah
et al., 2004; Figure 1-1). The slurry is aerated by air bubbles, which attaches to bitumen in the
pipelines (Gray, 2015). During primary separation, bitumen attaches to air bubbles which rise and
form a froth (approximately 60% bitumen, 30% water, and 10% other solids) (Masliyah
etal., 2004; Gray, 2015). At this stage, about 88—95% of bitumen is recovered (Masliyah
et al., 2004). Coarser material sinks with gravity to the bottom of the vessel, producing primary
separation tailings, also known as bulk tailings, which is hydrotransported to tailings facilities.

The recovered bitumen froth undergoes a hydrocarbon-based gravity separation process
(froth treatment). The froth is de-aerated and diluent hydrocarbons are added to decrease viscosity
(Masliyah et al., 2004; Gray, 2015). Two different diluents are used: a naphtha-based hydrocarbon
or a paraffinic solvent (Masliyah et al., 2004; Gray, 2015). The decreased viscosity facilitates
additional gravity separation of bitumen from water and fines, producing froth tailings which are
hydrotransported to tailings facilities (Masliyah et al., 2004). Diluted bitumen may be upgraded

on site to synthetic oil or sold directly to refineries off site (Syncrude, 2017).
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Figure 1-1: Simplified flow diagram of the oil sands mining and bitumen extraction process
showing the two principal tailings streams produced during this process (modified from
Mikula, 2012).

1.2. TAILINGS PRODUCTION

There are two main tailings streams at oil sands mines: (i) primary tailings, and (iii) froth
treatment tailings (FTT) (Kasperski and Mikula, 2011). Primary tailings separate into coarse
(sand) tailings and fluid fine tailings (FFT) during post-discharge segregation within tailings
ponds. Coarse (sand) tailings are dominated by sand-sized particles that settle out immediately
after discharge and form beach deposits (Kasperski and Mikula, 2011). FFT exhibits diluent
hydrocarbons, and is dominated by clay- to silt-sized particles, which settle and dewater slowly in
the tailings pond (Kasperski and Mikula, 2011; Dompierre et al., 2016). FTT is comprised of clay
to sand-sized particles and generally exhibit low to moderate residual bitumen content (Kasperski
and Mikula, 2011). These deposits exhibit potential for acid rock drainage and metal release due
to an elevated sulfide-mineral content and potential for biogenic gas (e.g., methane, carbon
dioxide) production due to the presence of residual diluent hydrocarbons (COSIA, 2012; KasperskKi

and Mikula, 2011; Lindsay et al., 2019).



1.2.1 Tailings Ponds and Fluid Fine Tailings

Tailings ponds, also referred to as settling basins, are temporary storage facilities for tailings
until permanent reclamation occurs. These ponds currently cover an area of over 180 km? in the
AOSR, and as of 2019, hold about 1,303 x 106 m? of fluid tailings (AER, 2020). Fluid tailings is
any fluid from extraction with more than 5 wt. % suspended solids and an undrained shear strength
of less than 5 kPa (AER, 2017). Tailings ponds often include four distinct zones: beach deposits
near discharge points, the water cap layer, the tailings-water interface, and fine tailings solids that
become thicker and coarser with depth (Small et al., 2015). These zones develop over time, through
settlement and dewatering based on tailings material composition. Tailings ponds may be used for
temporary storage of various tailings streams including FFT, coarse sand tailings and FTT, plus
bitumen upgrading byproducts like petroleum coke.

Fluid fine tailings are primarily made up of clay-sized particles, with a particle size of less
than 44 pm, and a mean of 5—10 um (Kasperski and Mikula, 2011). The solids content in FFT is
anywhere between 20—80 wt. % clays and silts, becoming denser with depth (Small et al., 2015);
however, FFT is commonly reported at approximately 20—30 wt. % solids, 70—80 wt. % water,
and 1-3 wt. % residual bitumen (Allen, 2008). High concentrations of total dissolved solids (TDS;
2000-2500 mgL") are present in the porewater (OSPW), dominated by sodium (Na;
500-840 mg L"), bicarbonate (HCOs3), chloride (Cl; 75-700mgL’), and sulfate (SOg;
0-530 mg L") (Allen, 2008; Heaton, 2015).

Fluid fine tailings have an initial minimum solids content of 2 wt. % (COSIA, 2012). It can
take 3-5 years to reach 30 wt. % solids in FFT through natural consolidation (BGC
Engineering, 2010; Siddique et al., 2014; Heaton, 2015). Futher dewatering can take decades or

more, due to the negative repulsive charge of clay particles which prevent aggregation (BGC



Engineering, 2010; Heaton, 2015). Clay mineralogy dictates how the FFT will settle in the water
column. Once FFT exceeds 30 wt. % solids, and has settled for several years, it is sometimes
referred to as mature fine tailings (Allen, 2008; COSIA, 2012).
1.2.2 Clay Mineralogy

The predominant clay minerals found in FFT are kaolinite [Al2Si2Os(0OH)4], illite
[Ko.65Al2.0[Alo.65Siz35010](OH)2], and chlorite (As.sTaZ1s, where A = Al, Fe?*, Fe**, Li, Mg, Mn,
or Ni; T = Al, Fe**, Si, or a combination; Z = O and/or OH), with the first two composing the
majority of clay in FFT (Hooshiar et al., 2012; Heaton, 2015; Dompierre et al., 2016; Cilia, 2017).

Clay minerals are composed of different layering patterns of tetrahedral (SiOs) and
octahedral sheets (Barber, 1984; Barton and Karathanasis, 2002). Octahedrons are made up of a
central cation (divalent or trivalent), surrounded by six oxygen or hydroxyl groups (Sposito et
al., 1999; Barton and Karathanasis, 2002). When the central cation is divalent (e.g., Mg?*, Fe?"),
the cation-site occupancy (3 total) is full, and is referred to as trioctahedral (Sposito et al., 1999;
Barton and Karathanasis, 2002; Bleam, 2017). When the central cation is trivalent (e.g., A",
Fe3"), one third of the cation sites are left empty, and this is referred to as dioctahedral (Sposito et
al., 1999; Barton and Karathanasis, 2002; Bleam, 2017). Distinct clay minerals are created by
differing sheet arrangements and substitutions. Clays with 1:1 layer type have one tetrahedral sheet
and one octahedral sheet (e.g., kaolinite); clays with 2:1 layer type have one octahedral sheet
between two tetrahedral sheets (e.g., illite); and clays with 2:1:1 layer type have the same structure
as 2:1 clays, with an interlayer brucite or gibbsite sheet (e.g., chlorite; Barber, 1984; Sposito et
al., 1999; Barton and Karathanasis, 2002).

Cations with comparable ionic radii can replace each other in an octahedral and tetrahedral

sheets in clay minerals (Barber, 1984; Barton and Karathanasis, 2002). This permanent



replacement is called isomorphic substitution, and can create either positive or negative charge
imbalances; however, a net negative charge is more common (Barton and Karathanasis, 2002).
This charge is structural and is continuous regardless of any changes in the surrounding solution’s
pH and chemistry (Sollins et al., 1988).

Variable charges can occur at the edge of broken clay minerals in octahedral layers, which
are exposed to bulk solution in 1:1 clays and at the edges of 2:1 clays (Barber, 1984; Shainberg
and Levy, 2005). These charges are based on the pH of the surrounding solution, where a negative
charge occurs with a higher pH and a positive charge occurs with a lower pH, with the point of
zero net proton charge typically being at a pH of 3-4 (Barber, 1984; Sollins et al., 1988;
Langmuir, 1997; Shainberg and Levy, 2005). Because OSPW has an average pH of 8.0-8.4, these
sites in FFT clays are negatively charged (Heaton, 2015). Although clays have both structural and
variable charges, structural charges are dominant in systems with neutral to alkaline pH and
relatively stable conditions (Sollins et al., 1988). In OSPW, only structural charges play a
significant role.

1.2.3 Cation Exchange Capacity and Electrical Double Layer

Cation exchange capacity (CEC) refers to the net number of charges on negatively charged
clay minerals that attract hydrated cations to achieve a neutral charge (Osacky et al., 2014). It is
important to note that a single charge on a clay mineral is not necessarily occupied by one cation.
Monovalent cations (e.g., Na*) can only occupy one charge per cation; meanwhile, one multivalent
cation can occupy the same number of charges on a clay mineral as the charge of the cation. CEC
can vary with structure of the clay mineral, interlayering scenarios, surface area, and particle size

(Osacky et al., 2014).



The electrical double layer (EDL) describes the distribution of cations and anions on or in
close proximity of a mineral’s surface in a solution (Konhauser, 2007). There are multiple models
describing the distribution of ions within the EDL. One of these theories splits the ions into two
layers: the Stern layer and the Gouy layer (Figure 1-2) (Konhauser, 2007). The Stern layer
encompasses ions fixed on the mineral surface, and is dominated by hydrated ions exhibiting
opposite charge to the net structural charge of the mineral surface (Konhauser, 2007). The next
outer layer away from the mineral’s surface is the Gouy layer, which has both anions and cations
that are attracted to the surface via electrostatic forces (Konhauser, 2007). Oppositely charged ions
still dominate in the Gouy layer, though they are blocked from the surface of the clay mineral by
the hydrated ions in the Stern layer (Konhauser, 2007). The bulk solution refers to any other ions

in the surrounding solution, where there is an approximate even charge distribution between anions

and cations.
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Figure 1-2: The Stern layer and Gouy layer describes the distribution of anions and cations on or
close to a negatively charged clay mineral. The surrounding bulk solution continues away from
the mineral (after Konhauser, 2007).



The EDL thickness decreases when an excess of multivalent ions compared to monovalent
ions are present in solution, requiring less multivalent ions to acquire a net neutral charge
(Ugochukwu, 2019). When the bulk solution is dominated by Na, the EDL can be as large as
50 nm, while divalent cation saturated solutions can have EDL thicknesses of 0.5-1.0 nm
(Barber, 1984). Monovalent cations will be more dispersive to individual clay minerals, reducing
clay coagulation and inhibiting settlement and dewatering of the clay matrix. As long as a net

neutral charge is achieved, divalent cations allow for a closer packing of clay minerals.

1.3. TAILINGS RECLAMATION

The Alberta Energy Regulator (AER) created Directive 074 in 2009, to help curb the
growing FFT inventories, and set standards for all projects to help slow the rate of FFT production
(AER, 2017). Due to inconsistencies in methods to measure FFT volumes and reporting between
sites, the AER then used the Tailings Management Framework for the Mineable Athabasca Oil
Sands to implement Directive 085, which replaced Directive 074 (2017). Improved standards in
Directive 085 created consistency and considered both current and future fluid tailings inventories,
with specific requirements for inspections and evaluations, planning requirements, and reporting
(Government of Alberta, 2015; AER, 2017). These requirements are enforced, and failure to
follow them may result in shut down of operations, financial penalties, and/or prosecution
(Government of Alberta, 2015). Together, Directive 085 and the Tailings Management Framework
ensures that all tailings will be treated and reclaimed during mine operations and will be in a ready-
to-reclaim state 10 years after the mine has closed (Government of Alberta, 2015; AER, 2017). In
order to meet this requirement, operators are developing various technologies to manage FFT
throughout the lifetime of mines (new and existing), and creating transparency with continuous

reporting (Government of Alberta, 2015; AER, 2017).
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Tailings treatment technologies include (alone or in combinations): the addition of
flocculants (e.g., polyacrylamide) and/or coagulants (e.g., alum, gypsum), centrifugation,
co-mixing (e.g., composite tailings), water-capped tailings, and thin lift dewatering (Masliyah et
al., 2004; BGC Engineering, 2010; Kasperski and Mikula, 2011; COSIA, 2012). These
technologies support progressive reclamation in aquatic and terrestrial landforms, thereby
minimizing growth of fluid tailings inventories as outlined in Directive 085 (Kasperski and
Mikula, 2011; COSIA, 2012; Foght et al., 2017).

Aguatic reclamation involves the creation of water bodies (i.e., end pit lakes), including
wetlands (COSIA, 2012; Foght et al., 2017). End pit lakes are permanent reclamation landforms
created from inactive open mine pits, with a long-term goal to become self-sustaining and
integrating with the regions hydrologic system (COSIA, 2012; Dompierre et al., 2017; Foght et
al., 2017; Kabwe et al., 2019). Up to 32 end pit lakes have been proposed in mine closure plans in
the AOSR, with 8 of them containing both water-capped FFT and treated FFT (Kabwe et al., 2019).

Terrestrial reclamation involves the removal of water to create stability and strength in the
tailings material to achieve trafficable surfaces on landforms (BGC Engineering, 2010;
COSIA, 2012; Foght et al., 2017). The tailings are dewatered through mechanical processes and
freeze-thaw cycles in disposal cells, where further dewatering occurs (BGC Engineering, 2010;
COSIA, 2012). After sufficient water is removed, the material can be used as a landscape builder
and capped with a sand and soil mixture to limit erosion and support plant growth (COSIA, 2012).
1.3.1 Gypsum

Gypsum [CaSO4-2H0] addition to fluid tailings is currently being explored as an aid to
increase dewatering. Gypsum, a hydrated calcium sulfate, will dissociate into calcium (Ca®*) and

sulfate (SO4%) when added to water (Equation 1.1; Small et al., 2015). Calcium is a divalent cation
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and can replace two monovalent sodium (Na*) ions (Equation 1.2), decreasing the EDL thickness
and allowing for a closer packing of clay minerals (Figure 1-3; Holden et al., 2011). The hydrated
radius of Ca and Na are pretty similar (0.41 nm and 0.36 nm, respectively), even though the Ca
has double the charge (Israelachvili, 2011). With the replacement of Na*, the water in the hydrated

radius of individual Na* cations is also removed.

CaS04-2H,0 = Ca?* + SO+ + 2H,0 Equation 1.1
Ca’** + 2Na-X =Ca-X + 2Na* Equation 1.2
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Figure 1-3: The Electrical Double Layer for a negatively charged clay mineral is larger in
A) where Na* is the dominant cation compared to B) where Ca?" is also abundant.
1.3.1.1 Biogeochemical Implications
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Past studies have shown the presence of methanogens in oil sand tailings, which can enhance
consolidation in tailings (Fedorak et al., 2003; Siddique et al., 2012; Foght et al., 2017). Increasing
methane concentrations can lead to exsolution (bubble formation) and ebullition (bubble
transport)), which can create channels through the fine material and allow the release of porewater
(BGC Engineering, 2010; Siddique et al., 2014). Methanogens also produce carbon dioxide (COy),

which decreases pH (Siddique et al., 2014). With this decrease, dissolution of carbonate minerals
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occurs and divalent cations are released (i.e., Ca**, Mg?*), which can exchange for Na* on clay
minerals and promote exchange and dewatering (Siddique et al., 2014).

Methanogenesis within oil sand tailings ponds can also have negative implications (Foght et
al., 2017). Degradation of residual diluent hydrocarbons (including n-alkanes, iso-alkanes, and
monoaromatics) are broken down by methanogens (Siddique et al., 2012; Foght et al., 2017; Kong
et al., 2019). This biodegradation produces two greenhouse gases: carbon dioxide (CO) and
methane (CHa) (Brown et al., 2013; Stasik and Wednt-Potthoff, 2016; Foght et al., 2017; Kong et
al., 2019). Methane ebullition can occur when dissolved CH4 concentrations reach solubility limits
and form bubbles (i.e., exsolution). If these bubbles grow sufficiently large and buoyant enough
to overcome the FFT shear strength, they may be transported upward through the FFT, across the
FFT-water interface, and through the water cover before being released to the atmosphere
(Holowenko et al., 2000; Foght et al., 2017; Kong et al., 2019). Methane can also be trapped in the
tailings, creating voids and increasing the volume of tailings (Holowenko et al., 2000; Foght et
al., 2017). In the water, dissolved CH4 and O can be consumed by methanotrophs, leading to
decreased oxygen concentrations in the environment, thereby inhibiting the growth and survival
of plants and animals (Holowenko et al., 2000; Foght et al., 2017). Carbon dioxide generated
during methanogenesis and methanotrophy can increase dissolved CO, and decrease pH, as
described above (Siddique et al., 2014).

The presence of sulfur reducing bacteria (SRB) in tailings ponds has been confirmed,
through previous research in microbial analysis and analysis of sulfate and sulfide in tailings
(Foght et al., 2017). SRB play key roles in sulfur and carbon cycling within these systems (Stasik
and Wednt-Potthoff, 2016; Foght et al., 2017). The addition of gypsum to tailings increases

dissolved sulfate concentrations, which acts as an electron acceptor for SRB (Foght et al., 2017).
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SRB catalyzes sulfate reduction, and coupled with organic carbon (CH20) oxidation, produces
bicarbonate (HCOz"), bisulfide (HS"), and protons (H*) (Equation 1.3; Bethke et al., 2008). If
porewater pH is less than 7, the bisulfide and protons can further react to form hydrogen sulfide
(H2S) (Equation 1.4) (Ong, 2007; Bethke et al., 2008). However, FFT porewater is rarely below
pH 7, and the potential emission of H.S would only occur in the presence of high pCO2 from
microbial respiration processes (Ong, 2007; Bethke et al., 2008; Foght et al., 2017). Any H.S
emissions could be minimized in the presence of iron, with the formation of iron sulfide
precipitates (Heaton, 2015; Foght et al., 2017).
SO4% +2CH20 =2HCO3 + HS + H* Equation 1.3
HS + H" =HaS (aq) Equation 1.4
Methanogens and SRB can utilize the same electron donors (hydrogen, acetate), creating
competition between microbes (Bethke et al., 2008; Ramos-Padron et al., 2011; Stasik and
Wednt-Potthoff, 2016). Methanogenesis may be suppressed when SO, derived from gypsum or
other sources, is added and the useable energy available to SRB exceeds that of methanogens
(Bethke etal., 2008; Ramos-Padron et al., 2011; Brown et al,2013; Stasik and
Wednt-Potthoff, 2016). However, if there is an abundance of electron donors in the system through
hydrocarbon degradation, methanogens and SRB can co-exist, perhaps in close proximity
(Holowenko et al., 2000; Stasik and Wednt-Potthoff, 2016). Understanding the dynamics of HsS,
CHys, and CO2 production following gypsum addition is critical for assessing potential implications
of this tailings technology for aquatic and terrestrial reclamation landscapes.
1.3.2 Treated Tailings
Syncrude Canada Ltd. use a method to treat tailings through decanter centrifugation. After a

few years of consolidation within tailings ponds (achieving a maximum of 30 wt. % solids), FFT
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is dredged, combined with gypsum and anionic polyacrylamide to aid in coagulation and
flocculation, and decanter-centrifuged to promote dewatering (BGC Engineering, 2010; COSIA,
2012; Heaton, 2015). A portion of divalent Ca?* from gypsum exchanges for monovalent Na* on
clay minerals, decreases EDL thickness and allows for closer packing of clay minerals
(Heaton, 2015). Polyacrylamide creates bridges between clay minerals, forming larger and heavier
particles that will naturally settle faster in the water column (BGC Engineering, 2010). The
mixture is subjected to acceleration many times that of gravity, creating centrifuged fine
tailings (CFT) (Rima and Azam, 2015). The resultant material has a water content of 50 — 58 wt. %
and is deposited in thin layers (<2 m) by truck end dumping (Heaton, 2015). For ongoing
dewatering, each layer is subjected to one seasonal freeze-thaw cycle, reducing the water content
in the CFT to less than 30 wt. %, before another layer is deposited (Heaton, 2015). It is currently
unknown how the freeze-thaw process affects chemistry and distribution of released porewater in
CFT. The movement of salt through CFT and potential for evaporative salt at the surface may lead
to problems in future solid landscape reclamation efforts (Fedorak et al., 2003). Even with a
reclamation soil cover, salts can still persist and create challenges for revegetation and water

quality (Vessey et al., 2019).
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CHAPTER 2: RESEARCH SCOPE

Various technologies are being developed and implemented to accelerate dewatering of fluid
tailings. Research is continuing to understand the biogeochemical implications of adopting these
technologies. Field studies which focus on CFT treated with gypsum and polyacrylamide suggest
an increase in both microbial sulfate reduction and dissolved salt concentrations, which strongly
affect water chemistry and, therefore, reclamation capability. This thesis integrates two laboratory
experiments to further explore these issues: (i) batch experiment to assess temporal changes in
porewater chemistry and gas production in gypsum-amended FFT; and (ii) column experiment to
examine temporal and spatial changes in porewater chemistry in CFT during successive freeze-
thaw-evaporation cycles. These experiments will test two key research hypotheses:

e gypsum addition stimulates sulfate reduction and inhibits methanogenesis; and

o freeze-thaw-evaporation cycles concentrate salts near the tailings surface.
Specific research objectives related to the batch and/or column experiments are to:

e examine temporal and spatial changes in porewater chemistry;

e assess temporal changes in carbon dioxide and methane production;

e determine temporal changes in salt distribution; and

e identify potential implications for mine closure.
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CHAPTER 3: BATCH EXPERIMENTS
The implications of gypsum addition for water chemistry and gas (i.e., CO2, CHa, H2S)
production within FFT deposits are not fully understood. Therefore, laboratory batch experiments
were conducted to examine the temporal changes in gas production and porewater chemistry
associated with different gypsum amendment rates. These findings will help inform ongoing
development of tailings technologies, while minimizing secondary effects from a gypsum

amendment.

3.1. FLUID FINE TAILINGS

FFT used in the batch experiments were collected from Base Mine Lake, located at the
Syncrude Canada Ltd. Mildred Lake Mine (also known as Base Mine) about 35 km north of
Fort McMurray, Alberta, Canada. Base Mine Lake was the first oil sands end pit lake and
commercial-scale demonstration of water capped tailings technology in the AOSR. This end pit
lake was officially commissioned in December 2012, after approximately 186M m? of FFT had
been pumped into the former West-In-Pit over the preceding 18 years. Base Mine Lake covers a
7.8 km? area and, as of October 2012, contained up to 48 m of FFT submerged under a water cap
that averaged 6.5 m deep. The water cap depth increased to between 8 and 12 m by 2018 due to in
situ FFT settlement and dewatering (Dompierre et al., 2017). These tailings increase in solids
content with depth, ranging from approximately 20 % (w/w) near the tailings-water interface to
over 50 % (w/w) deeper in the FFT profile (Dompierre et al., 2016). FFT porewater has high
concentrations of Ca, Na, Mg, K, and ClI, and low Fe concentrations (Dompierre et al., 2016).

Porewater pH is circumneutral (i.e., 6.6 to 8.3) and anoxic conditions extend from immediately
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below the tailings-water interface through the FFT profile (Dompierre et al., 2016;
Rudderham, 2019; Francis, 2020).

FFT was collected for this experiment in October, 2016, at sampling Platform 1, located near
the center of Base Mine Lake. The material was taken at 14.6 m below the water surface
(approximately 5.5 m below the tailings-water interface), using a purpose-built sampling boat with
a pneumatic fluid sampler (see Dompierre et al., 2016 for details). Subsequent sampling was
conducted in 2016 and 2017 at or near Platform 1 by Rudderham (2019) and Francis (2020). At
Platform 1, FFT porewater EC was approximately 3.9 mS cm™ at 5.5 m, and had an overall
increase with depth, correlating to an increase in Na*, Cl', and HCOg3 concentrations (Dompierre et
al., 2016; Rudderham, 2019). Methane production (average = 45 mg L at Platform 1, between
2.5and 7.5 m below the tailings-water interface) and evidence of anaerobic microbial communities
(e.g. methanogens and SRB) have been found at this location, proving it is naturally an anaerobic

environment (Rudderham, 2019; Francis, 2020).

3.2. EXPERIMENTAL SETUP

The FFT was homogenized using a paint mixer and 100 g + 0.05 g of FFT was added to
120 mL amber glass serum bottles (Wheaton) in a fume hood. The gravimetric moisture content
of the FFT was on average 20.5%, resulting in an equivalent dry weight of 79.5 g dry FFT added
per bottle. The bottles were immediately transferred into an anoxic chamber and allowed to
equilibrate with the atmosphere (<5 vol% Hz(g), balance N2(g) for 24 h. The anoxic atmosphere
represented the environment the FFT was sampled from, and allow for anaerobic microbial
activity.

Gypsum [CaS0O4-2H20] (98 % purity, Sigma-Aldrich) was then added to the bottles to

achieve a range of amendment rates based on preliminary experiments (mg g™ dry FFT):
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0.00 (control), 0.25, 0.50, 1.00, 2.00 (Table 2-1). These rates are based on a target rate of 1.5 kg
t* dry FTT reported by Heaton (2015) for the Syncrude centrifugation process. Triplicates were
prepared to assess the reproducibility of experimental results, for a total of 105 individual batches
(Table 2-1). The bottles were capped with grey bromobutyl rubber stoppers (VWR, 89236-132),
crimp sealed with aluminum caps (VWR, 16171-896), and thoroughly mixed by swirling the
bottle. Triplicate samples were destructively sampled seven times over 64 weeks (Table 2-1).

Table 2-1: Gypsum amendment rate and sampling schedule for batch experiment, using triplicate

samples. Sampling was performed on three consecutive days, where (a) was sampled on Monday, (b)
was sampled on Tuesday, and (c) was sampled on Wednesday.

Gypsum Elapsed Time (weeks)
Sample 1D | (mg g1 dry FFT) 0 2 4 8 16 32 64
MC-0.00 0.00 a,b,c abc abc abc abc abc ab,c
MC-0.25 0.25 a,b,c ab,c abc abc abc abc abc
MC-0.50 0.50 a,b,c abc abc abc abc abc abc
MC-1.00 1.00 a,b,c abc ab,c abc abc abc abc
MC-2.00 2.00 a,b,c abc ab,c abc abc abc abc

3.3. GAS SAMPLING AND ANALYSIS

Headspace gases within the serum bottles were collected and analyzed at pre-determined
time intervals based on preliminary experiments (Table 2-1). Gas-tight glass syringes (5 mL; Vici,
A-2 series, Vici, USA) were flushed three times with ultrapure He(g) (99.999 %, Praxair, Canada)
and then filled with He(g) (5.5 cc, 1 atm) and transferred into the anaerobic chamber. The He(g) was
injected into the headspace (46.2 cc) and allowed to mix before the same volume of sample (5.5 cc)
was drawn back into the syringe. The syringe was removed from the anaerobic chamber for
quantification of CHa(g) and CO»() by gas chromatography (Model 490, Agilent Technologies,

USA).
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The gas chromatograph used helium gas as a carrier gas, because of its high thermal
conductivity, and a 10 m PortPLOT U column (Agilent Technologies, USA). The column and
injection temperature were set at 50.0 °C, the column pressure was set at 150.0 kPa, and the
injection time was 40 ms. Calibration curves were generated by analyzing certified gas standards
(Praxair, USA) and ambient air samples before each group of 10 samples. Based on availability,
the gas standards included combinations of: (1) 10% CO,, 10% CHs, He balanced (Praxair,
990787, USA), (2) 5,000 ppm CO2, N2 balanced (Praxair, 973272, USA), (3) 100 ppm CHa, N2
balanced (Praxair, 979937, USA), and (4) 20% CO», 20% CHs4, N2 (Praxair, 990725, USA).
Dissolved gases were calculated using Henry’s constants, based on values reported by Benson and

Krause (1976) and Wilhelm et al. (1977) (Jones et al., 2014).

3.4. POREWATER SAMPLING AND ANALYSIS

Following headspace gas sampling, the serum bottles were vigorously mixed by hand for
10 s to mix FFT and released water. The bottles were then opened and FFT was transferred into
two separate sterile 50 mL polypropylene conical centrifuge tubes (VWR, USA). These tubes were
capped, removed from the anaerobic chamber, and centrifuged at 13,800 x g (10,000 rpm) for
20 min (Eppendorf, model 5804 R, Germany).

The following tests were completed on the bench, outside of the anaerobic chamber.
Reduction-oxidation (redox) potential (Eh), pH, hydrogen sulfide (XH2S), and alkalinity were
measured immediately after centrifugation. Prior to performing these measurements, the
supernatant was passed through 0.45 um polyesthersulfone (PES) syringe filter membranes
(Pall Corporation, USA) using sterile syringes (HSW GmbH, Germany). The pH electrode
(Thermo Orion, model 8156BNUWP, USA) was calibrated to NIST traceable pH 4, 7, and 10

buffer solutions, and the calibration was rechecked between each measurement. The Eh electrode
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(Thermo Orion, model 9678BNWP, USA) performance was confirmed using Zobell’s
(Nordstrom, 1977) and Light’s (Light, 1972) solutions. Dissolved H2S concentrations were
determined by spectrophotometry (Hach, model DR 2800, USA) using a modified Hach Method
8131 (Hach Chemical Co., 2018). This method was adapted for 1 mL cuvettes, using a single
wavelength with an absorbance of 665 nm. Absorbance was compared to standard curves created
using a methylene blue calibration standard for H>S (RAD 171, Sigma Aldrich, USA). Alkalinity
was determined by titration (Hach, Method 8203, USA) with normalized sulfuric acid
(H2S04; 1.600 + 0.008 N) to the bromocresol green methyl red (Ricca Chemical Company, USA)
end point.

Additional supernatant samples were collected and preserved for quantification of inorganic
anions, major elements, and trace elements. Inorganic anion samples were first passed through
0.45um PES syringe filter membranes and analyzed by ion chromatography
(IC; EPA Method 300.0). Major element and trace element samples were passed through 0.1 pum
PES syringe filter membranes, acidified to pH <2 with trace element grade nitric acid
(HNOs3; Omnitrace, EMD Millipore, USA), and analyzed by inductively coupled plasma—optical
emission spectroscopy (ICP-OES; EPA Method 200.7) and inductively coupled plasma—mass
spectrometry (ICP-MS; EPA Method 200.8), respectively. All water samples were stored in clean

high-density polyethylene bottles and refrigerated (4°C) between collection and analysis.

3.5. RESULTS
3.5.1 Dissolved Methane and Carbon Dioxide

Dissolved CO2 concentrations ranged from 4.82 mg L™ (MC-0.25, week 0) to 129 mg L
(MC-2.00, week 64) over the course of the experiment (Figure 3-1). CO concentrations increased

sharply from <10 mg L™ at week O to between 51.8 mg L (MC-0.25) and 105.7 mg L™
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(MC-2.00) at week 2. Concentrations were relatively stable from week 8 to week 64 sampling
times, ranging from 48.6 mg L™* (MC-0.00) to 129.3 mg L™ (MC-2.00). In general, both the
gypsum amendment rate and dissolved CO> concentrations increased over the same time period,
with observed increases principally observed between 0 and 2 weeks.

Dissolved CH4 concentrations ranged from 0.62 g L™* (MC-0.25, week 0) to 25.1 mg Lt
(MC-0.50, week 8) over the course of the experiment (Figure 3-1). CH4 concentrations increased
sharply from <2 mg L™* at week O to between 5.8 mg L™* (MC-0.00) and 13.5 mg L™* (MC-0.50)
at week 2. Concentrations continued to increase to between 15.9mgL™! (MC-0.00) and
25.0mg Lt (MC-0.50) at week 8. During week 32, a slight decrease occurred in CHa
concentrations for MC-2.00, with concentrations being lower than the other amendments. The
remainder of the experiment showed a positive trend between gypsum amendment rate and CO4

concentrations.
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Figure 3-1: Dissolved carbon dioxide and methane concentrations in the water. Error bars are one
standard deviation.
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3.5.2 Porewater Chemistry
3.5.2.1 pH, Eh, and Alkalinity

Porewater pH ranged from 7.56 (MC-2.00, week 64) to 8.12 (MC-0.00, week 0) during the
experiment (Figure 3-2). At week 0, pH ranged between 7.86 (MC-2.00) to 8.12 (MC-0.00), and
gradually decreased to week 64, where pH was between 7.56 (MC-2.00) and 7.92 (MC-0.00). A
slight increase at week 32 was observed in all gypsum treatments and the control. Overall, with
increasing concentrations of gypsum there is a decrease in pH. This is consistent with the increase
of CO; concentrations, as dissolved CO> will increase the hydrogen ions in water and decrease pH.

Redox potential (Eh) in porewater ranged from 210 mV (MC-0.50, week 64) to 430 mV
(MC-0.00, week 8) over the course of the experiment (Figure 3-2). Eh values were relatively stable
between week 0 and week 4, ranging between 268 mV (MC-1.00, week 2) and 327 mV (MC-0.00,
week 2). Week 8 saw Eh values increase, ranging from 350 mV (MC-1.00) to 430 mV (MC-0.00),
then gradually decrease to week 64. Throughout the experiment the Eh values remained positive
and there was no obvious trend between differing gypsum amendments.

Alkalinity in porewater (reported as CaCOs) ranged from 699 mg L™ (MC-1.00, week 4) to
1,250 mg L™t (MC-0.00, week 64) over the course of the experiment (Figure 3-2). These
concentrations are consistent with reported values of alkalinity in FFT, ranging from 650 mg L™
to 1,400 mg Lt (Allen, 2008; Fedorak et al., 2003; Holowenko et al., 2000; Siddique et al., 2014).
Week 0 had alkalinity concentrations that ranged from 947 mg L™ (MC-1.00) to 1,100 mg L
(MC-0.25), then decreased to week 4 where alkalinity was between 700 mg L™ (MC-1.00) and
1,014 mg L' (MC-0.00). Alkalinity concentrations then increased to week 64, ranging from
893 mg L (MC-2.00) and 1,253 mg L (MC-0.00). An overall inverse trend between gypsum

addition and alkalinity concentrations was observed.
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Figure 3-2: Porewater pH, reduction-oxidation potential (Eh), and alkalinity (mg L™ as CaCO3)
for the batch experiment. Error bars are one standard deviation.

3.5.2.2 Major Cations

Porewater Ca concentrations ranged from 17.0 mg L™t (MC-0.00, week 64) to 149 mg Lt
(MC-2.00, week 16) over the course of the experiment (Figure 3-3). In both MC-1.00 and
MC-2.00, Ca concentrations exhibited an initial increase from week 0 (43.4mgL! and
111 mg L%, respectively) to week 2 (61.7 mg L™* and 147 mg L%, respectively), then remained

relatively consistent to week 64. This plateau possibly indicates the maximum exchange capacity



on the clays had been reached. The concentrations from week 0 onwards in MC-0.00, MC-0.25,
and MC-0.50 were stable throughout the experiment, ranging from 17.0 mg L™* (MC-0.00) and
35.7mg L™t (MC-0.50). An overall positive trend between Ca concentrations and increasing
gypsum amendment rates was observed.

Sodium concentrations in porewater ranged from 820 mg L' (MC-0.00, week 8) to
1,100 mg L™t (MC-2.00, week 32) over the course of the experiment (Figure 3-3). At week 0 Na
concentrations ranged between 824 mg L™ (MC-0.00) to 1,050 mg L™* (MC-2.00), and gradually
increased to week 32, where concentrations were between 864 mgL? (MC-0.00) and
1,136 mg Lt (MC-2.00). Na concentrations decreased slightly between week 32 and week 64,
ending between 862 mg L (MC-0.00) and 1,111 mg L™ (MC-2.00). An overall positive trend
occurred between Na concentrations and increasing gypsum amendment rates.

Magnesium concentrations had a range of 9.55 mg L! (MC-0.00, week 64) to 39.9 mg L™
(MC-2.00, week 16) over the course of the experiment (Figure 3-3). Mg concentrations exhibited
an initial increase in both MC-1.00 and MC-2.00 between week 0 (16.9 mg L™t and 31.4 mg L},
respectively) and week 2 (22.6 mg L™! and 38.2 mg L%, respectively), then remained relatively
consistent to week 64. Mg concentrations from week 0 onwards in MC-0.00, MC-0.25, and MC-
0.50 were stable throughout the experiment, ranging from 9.55 mg L™* (MC-0.00) and 15.7 mg L
(MC-0.50). A positive trend between Mg concentrations and gypsum amendment rate was
observed, with a similar graph profile as Ca.

Potassium concentrations in porewater ranged from 18.8 mg L™ (MC-0.25, week 2) to
208 mg L™ (MC-0.00, week 8) over the course of the experiment (Figure 3-3). K concentrations
decreased slightly from week 0, which ranged between 23.9 mg L™ (MC-0.50) and 62.8 mg L™

(MC-0.25), to week 2, which ranged between 18.3 mg L™ (MC-0.25) and 36.8 mg L™ (MC-0.00).
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After remaining relatively stable for week 4, K concentrations increased for week 8, ranging from
58.6 mg L™t (MC-2.00) to 209 mg L™* (MC-0.00). Concentrations then steadily decreased to
week 64, ending with a range between 39.5 mg L™ (MC-1.00) and 64.9 mg L™ (MC-0.00). The
control batch had the highest K concentration, while the other batches had no obvious trends

between differing gypsum amendments.
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Figure 3-3: Porewater sodium (mg L), calcium (mg L), magnesium (mg L%), and
potassium (mg L™?) for the batch experiment. Error bars are one standard deviation.
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3.5.2.3 Total Sulfide, Sulfate, Sulfur, and Iron

Dissolved ZH,S concentrations ranged from 26.8 pug L™ (MC-2.00, week 4) to 235 ug L™
(MC-0.00, week 64) over the course of the experiment (Figure 3-4). Week 0 XH>S concentrations
ranged between 30.1 pg L™ (MC-2.00) and 86.0 pug L™ (MC-0.50), and generally increased to
week 32, ranging from 42.9 pug L' (MC-1.00) to 109.2 pg L™* (MC-0.00). Concentrations
increased higher for week 64, ending between 141 ug L™ (MC-2.00) and 235 pg L™ (MC-0.00).
In general, there was an inverse trend between the concentration of XH>S and increasing gypsum
amendment rates, especially from week 16 to the end of the experiment.

Total SO4 concentrations in porewater ranged from 44.9 mg L™ (MC-0.00, week 64) to 1440
mg L™ (MC-2.00, week 8) during the experiment (Figure 3-4). SO4 concentrations exhibited an
initial increase from week 0, which ranged from 100 mg L™* (MC-0.00) to 1040 mg L™t (MC-2.00),
to week 2, which ranged from 141 mg L™ (MC-0.00) to 1430 mg L™t (MC-2.00), with the largest
increases corresponding to larger gypsum amendments (MC-1.00 and MC-2.00). Concentrations
decreased between weeks 2 and 64, with final concentrations ranging from 44.9 mg L™ (MC-0.00)
to 1343 mg Lt (MC-2.00). There was a positive trend between the gypsum amendment rates and
the concentration of porewater SOa.

Total S concentrations in porewater ranged from 25.3 mg L™! (MC-0.00, week 64) to
559 mg L (MC-2.00, week 32) over the course of the experiment (Figure 3-4). Total S
concentrations exhibited an initial increase from week 0, which ranged from 35.8 mg L%
(MC-0.00) to 351 mg L™ (MC-2.00), to week 2, which ranged from 51.5 mg L™ (MC-0.00) to
482 mg L™ (MC-2.00), with the largest increases corresponding to larger gypsum amendments

(MC-1.00 and MC-2.00). Total S concentrations remained steady between weeks 2 and 64 for all
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amendments, except for MC-2.00, which increased in week 32. A positive trend between total S

concentrations and gypsum amendment rates was observed.
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Figure 3-4: Porewater sulfide (ug L ™), sulfate (mg L), sulfur (mg L %), and iron (mg L™?) for
the batch experiment. Error bars are one standard deviation.

Iron concentrations in porewater ranged from 6.53 x10° mg L™ (MC-1.00, week 0) to
0.30 mg L™ (MC-2.00, week 2) over the course of the experiment (Figure 3-4). Concentrations
were relatively stable for all concentrations, except for MC-2.00, which increased from week 0

(0.016 mg L™) to week 2 (0.30 mg L 1), decreased for week 4 (0.013 mg L), and increased for
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week 8 (0.14 mg L 1) to 64 (0.25 mg L™1). Overall, the highest porewater Fe concentrations were

observed in the highest gypsum amendment rate.

3.6. DISCUSSION

Hydrocarbon degradation by anaerobic microbes can produce CO, and CHs; (Das and
Chandran, 2011; Siddique et al., 2014; Dompierre et al., 2016). Although CH4 production was
observed in all batches, distinct difference between treatments and the control were not apparent.
Increased CH4 concentrations from the gypsum amendments were not observed, and therefore |
am unable to determine whether the gypsum addition influenced methane production. Other
studies have shown that SRB and methanogens can co-exist, however the presence of excess
sulfate inhibits methanogenesis (Ramos-Padrén et al., 2011; Heaton, 2015; Rudderham, 2019).
Although not a principal goal for gypsum amendment in FFT, if sulfate addition could supress
methanogenesis, that would be a positive outcome. It is still unknown how differing concentrations
of gypsum impacts methane production.

Dissolved CO2 concentrations remained relatively constant after week 8, which may indicate
a decline of labile organic carbon compounds or similar rates of gas production and consumption.
Hydration of CO, forms carbonic acid (H.COs; Equation 3.1), which releases H* when it

dissociates (pKa = ~6.35) (Equation 3.2; Siddique et al., 2014).

CO2 + H2O0 —H2CO3 Equation 3.1

H.CO; =& HCOs "+ H" Equation 3.2
Following the initial decrease of porewater pH, which is attributed to increased dissolved CO>
concentrations, values were relatively stable. The pH remained mildly alkaline between 7.6 and

8.1 throughout the batch experiments.
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The alkalinity decrease observed between week 0 and 4 likely results from a pH decrease
associated with CO, generation and hydration followed by H>COs° dissociation (Equations 3.1
and 3.2). Although HCOs contributes to alkalinity, dissociation of H.COs3° (Equation 3.2)
generates protons and does not directly increase alkalinity; these protons promote the dissolution
of carbonates (calcite, dolomite, etc.). The COs* produced by this reaction subsequently
protonates to form HCOs™ (Equation 3.3). This process is likely responsible for observed alkalinity

increases after week 4.

CaCOz+ H" 2HCO; "+ Ca* Equation 3.3
Carbonate dissolution with decreasing pH creates an increase in cations (e.g., Ca and Mg) in
the porewater (Siddique et al., 2014; Dompierre et al., 2016). Magnesium is less likely to be
exchanged in reactions compared to Ca, and Mg sulfates (e.g., dolomite; Dompierre et al., 2016)
exhibit greater solubility than Ca sulfates (e.g., gypsum). The dissolution of Ca and Mg-bearing
carbonates would lead to a relative increase in Mg compared to Ca; however, the Ca concentration
in FFT porewater is bolstered by gypsum amendment. With increasing divalent cation
concentrations in the porewater, the EDL thickness decreases from cation exchange of dissolved
Ca?* for sorbed Na*, leading to increased Na concentrations in FFT porewater. This exchange
reaction has reached an apparent steady state within the first two weeks of the experiment, as
concentrations of Ca and Na are relatively stable after week 2, once a maximum cation exchange
on the clay minerals in the FFT has been reached. There was a slight increase in K concentrations,
most likely due to exchange reactions.
Measured Eh values were not representative of the anoxic environment in the batches. Eh
values ranged from 210 to 430 mV (average = 315 mV), which is higher than theoretical anoxic

Eh values (+40 < Eh < -350 mV; Markelova et al., 2017). Inconsistencies could be due to the
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presence of microbial exudates produced under reducing conditions (Markelova et al., 2017). In
other anoxic lab-based studies Eh values were approximately —200 mV in FFT porewater
(Chen et al., 2013). Other parameters indicate the batches were anoxic, including the presence of
CHys in the headspace from methanogenesis and H2S in solution from SO4 reduction.

With the increasing addition and dissolution of gypsum in the FFT, the concentrations of
S04 and total S increased. Once the gypsum was dissolved after week 2, the total S concentrations
exhibited little variation. Mass balance for total S often did not equal to SO4 and H>S, with most
cases having a higher total S concentration. This suggests the presence of intermediate or
secondary sulfur species that were not analyzed, such as iron sulfides or thiosulfate
(Stasik et al., 2014). The overall decrease of SO4 concentration between weeks 2 to 64 among all
treatments suggests sulfate reduction was occurring, with possible formation of intermediate sulfur
species. With increasing gypsum amendment, the total S concentration increases, while the
concentration of XH>S was lower. The lack of £H>S in the porewater may be due to metal sulfide
precipitation, which may also serve as a control for Fe concentrations in the porewater
(Ramos-Padron et al., 2011). Although Fe concentrations are generally low, the batches with the
two highest gypsum amendments exhibited a slight increase in Fe concentrations after week 4
(MC-2.00) and week 32 (MC-1.00), which is likely dominated by Fe? due to the
thermodynamically favored reduction dissolution of Fe®* (Dompierre et al., 2016). An excess of
Fe?* limits XH>S accumulation, and vice versa, through the precipitation of Fe(ll) sulfides
(Heaton, 2015; Foght et al., 2017).
Results were inconclusive on whether the gypsum addition influenced methane production.
However, gypsum addition was shown to increase the concentration of dissolved Na* in the

porewater, due to the excess Ca®* in the system. This increase in dissolved salt in FFT may pose
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challenges during reclamation. There needs to be a balance between beneficial gypsum addition
to FFT in terms of consolidation, but not in excess to reduce salinization of porewater and surface

reclamation water during closure.
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CHAPTER 4: COLUMN EXPERIMENT

The impacts of successive freeze-thaw-evaporation cycles on porewater chemistry within
CFT deposits are not fully understood. Therefore, laboratory column experiments were conducted
to examine how such cycles alter the porewater chemistry with particular focus on the
redistribution of dissolved salts. Column experiment results contribute new information on the
magnitude of change in dissolved salt concentrations within CFT pore water, and offer insight into
the potential for salt migration into overlying reclamation soil covers placed on CFT deposits
previously subjected to freeze-thaw-evaporation cycles. These findings will help inform ongoing
development of mine closure strategies for CFT and other treated tailings materials generated at

oil sands mining operations.

4.1. EXPERIMENTAL SETUP

Six columns were constructed for this experiment from non-corrugated polyvinyl chloride
(PVC) pipe with custom PVC caps (Figure 4-1). The pipes had an inner diameter of 36.5 cm and
internal length of 90 cm. At this width, wall effects from the side of the columns would be
minimized and top to bottom freezing and thawing would be promoted. The height was at least
double the width, allowing for movement of salts within the columns. The bottoms were capped,
and the column walls and bottom were insulated to promote top-down freezing and thawing. The
column outer walls were wrapped with fiberglass insulation (R20) and sealed with aluminized
non-stretch polyester film. Two-inch thick rigid foam (R10) was placed at the inner base of each

column, and reported dimensions were measured from the top of the foam layer.

33



Top of CFT
PVC pipe
Fiberglass
Top temperature insulation
probe (21 cm) Rigid
insulation
Middle temperature .
probe (42 cm) a
Lower temperature _— i Data logger
probe (63 cm)
<

_—_—

Load cell

Steel plate ! !

Figure 4-1: Individual column set-up showing placement of insulation, temperature probes, and
load cells.

Columns were centered on triangular 1.6 cm (5/8 in) steel plates with one load cell (Model
127, S-type, Hoskin Scientific) positioned at each corner (Figure 4-1, Figure 4-2). The load cells
had a capacity of 100 kg, with a precision of + 0.03%, and were utilized to monitor changes in
column mass during the experiment. Calibration curves were developed for each cell by applying
increasing loads (n = 6) with a high-precision load frame (HM-5030 Master Loader, Humboldt
Mfg. Co.). Temperature sensors (109 AM-L, Campbell Scientific) were used to monitor in situ
temperatures at three positions within each column. These sensors were installed during filling at
distances of 21, 42 and 63 cm below the initial CFT surface. The load cells and temperature probes
were connected to a data logger (CR1000X, Campbell Scientific) with two channel-relay

multiplexers (AM16/32B, Campbell Scientific), and 24.9 kQ 0.1% resistors. Power was supplied
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by a 12 V battery (Campbell Scientific, PS150, USA) that remained connected to a power source
throughout the experiment. The data logger was programmed to record measurements at 30-min

intervals. Air temperature in the chamber was recorded with an external temperature sensor.

4.2. CENTRIFUGED FINE TAILINGS

Freshly prepared CFT samples, treated with gypsum and anionic polyacrylamide, were
collected in October, 2017, from a commercial-scale centrifuge plant located at the Mildred Lake
mine operated by Syncrude Canada Ltd. The FFT used to produce this CFT was collected from
South West Sand Storage, a 25 km? tailings ponds located about 35 km northwest of Fort
McMurray, Alberta (Booterbaugh et al., 2015). In total, 627 L was collected into 33 pails that were
immediately sealed and shipped to the University of Saskatchewan, where they were stored at

ambient laboratory temperature (~22 °C) until the experiment was initiated.

Figure 4-2: A) A bottom (63 cm) temperature probe in the middle of a column, on top of levelled
CFT. B) A load cell attached to the bottom of a triangular steel plate.
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Initial release water was decanted from the CFT surface, and initial samples of both CFT
and release water from each pail were retained for analysis. These water samples are referred to as
“initial porewater”. The CFT within each pail was homogenized by inverting each pail a minimum
of ten times, and individual pails were randomly selected to fill the columns. The CFT was
transferred into the columns using a small shovel with care taken to ensure even distribution over
the column area to avoid creating entrained air pockets. At predetermined positions above the
column bottom (i.e., 21, 42, and 63 cm), the CFT was levelled and a temperature probe was
installed (Figure 4-2). These probes were positioned in the middle of the columns and the wire
was taped with slack to the inside column wall to allow wire movement during CFT settlement

and dewatering. The columns were filled to a final height of 84 cm above the column base.

4.3. EXPERIMENTAL CONDITIONS

The column experiments were conducted in an environmental chamber located at the
Controlled Environment Facility in the Department of Agriculture and Bioresources at the
University of Saskatchewan. The chamber (Conviron PGV36, Controlled Environments Ltd.) is
2.44 m (96 in) tall, 3.34 m? (36 ft?), and has a controlled temperature range of —10 to 45 °C
(20.5 °C) with a maximum relative humidity (RH) of 95 % at 30 °C. Columns were positioned
around the data logger and other instrumentation within the chamber (Figure 4-3).

Following column setup, the chamber air temperature was maintained at +25 °C for 24 hours
before starting the first freeze-thaw-evaporation cycle. Freezing was initiated by linearly
decreasing the chamber air temperature from +25 to —2 °C over 72 h and subsequently maintaining
this temperature for 14 d. Cilia (2017) reported that the eutectic point for pore water within CFT
deposits is likely between —1 and —2 °C. Therefore, the initial 14 d freezing period at —2 °C was

selected to facilitate slow freezing and promote salt exclusion. After this period, the air temperature
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was decreased linearly from —2 to —10 °C over 48 h and maintained at this temperature until all in
situ sensors recorded temperatures below —8 °C for at least 72 h. The air temperature was then
linearly increased from —10 to +25 °C over 72 h to initiate thawing. Released porewater was
drained during CFT thawing to mimic runoff that occurs in field deposits. The chamber was then
maintained at a temperature of +25 °C for 30 to 53 d to promote and maximize evaporation. This
temperature cycle was repeated three times. Throughout the experiment RH within the chamber
was set to 40%, the lowest average in situ RH to allow for a higher evaporation rate. Lights in the
chamber were turned off during the freeze and thaw cycles to limit additional heat that would

promote evaporation; the lights were turned on during evaporation cycles.

Figure 4-3: Six columns positioned around the data logger within the environmental chamber, at
the beginning of the experiment.

4.4. COLUMN SAMPLING
All six columns were subjected to the first freeze period, and one column was sacrificially

sampled at the end of each subsequent thaw period and evaporation period (Table 4-1). In total,
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three freeze-thaw-evaporation cycles were performed with the sixth column sampled following the
evaporation period of the third cycle. The second freeze period was extended due to battery failure
in the data logger. Subsequent thawing and evaporation periods were shorter, due to the loss of

water (and therefore quicker thawing), and increased efficiency during sampling.

Table 4-1: Gantt chart showing experimental duration for each column and timing of sacrificial
sampling (v) during sequential freeze (F), thaw (T) and evaporation (E) cycles (1, 2, 3).

Cycle ID (cycle duration)
R [T, B |F T, |E. |F Ts |E
Colmn#| 5s |18 |@s |04 |(ad) |@od)|Ged) |(120)| @1d)
d) d) d) d)
1 v
2 v
3 v
2 v
5 v
6 v

During sacrificial sampling, each column was sectioned into six discrete depth intervals and
samples positioned within 5 cm of the inner column wall was discarded (Figure 4-4). The CFT
was collected using clean wooden spoons, with the following partitions from the CFT surface,
down: three 5cm sections, two 10 cm sections, and one section with the remaining CFT
(Figure 4-4). The first 5 cm section included any salt from the top; the thickness of the bottom
interval varied among all columns to accommodate settlement (ranging from 23.0-26.5 cm)
(Figure 4-4). Smaller sections at the top of the columns were used to capture more detail in

potential changes in salt distribution due to water release and evaporation.
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Figure 4-4: Individual columns were sectioned into six intervals during sampling.

CFT from a given interval was collected into a single container and mixed by hand, and
subdivided into 250 mL centrifuge bottles (Thermo Scientific, 3141-0250). The samples were
centrifuged (Beckman Coulter, Avanti J-E) at 10,000 rpm (15,800 g) for 45-60 min, with longer
centrifuge times required for samples with lower water content. Extracted porewater was decanted
into sterile polypropylene conical centrifuge tubes (50 mL; VWR, USA).

Porewater pH, redox potential (Eh), electrical conductivity (EC), hydrogen sulfide (XH>S),
ammonia (NHs-N), and alkalinity were measured immediately after centrifugation. EC was
measured on unfiltered porewater using conductivity cell (Thermo Orion, model 011050MD, USA)
that was first calibrated to a 1,413 puS cm™! standard. Additional measurements were performed on
porewater that was first passed through 0.45 um PES syringe filter membranes (Pall Corporation,
USA) using sterile syringes (HSW GmbH, Germany). The pH electrode (Thermo Orion, model,
8156BNUWP, USA) was calibrated to NIST traceable pH 4, 7, and 10 buffer solutions.
Performance of the Eh electrode (Thermo Orion, model 9678BNWP, USA) was checked against

Zobell’s (Nordstrom, 1977) and Light’s (Light, 1972) solutions. Electrode performance was
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rechecked between each measurement and recalibration was carried out as required. Dissolved
YH,S and NHs-N concentrations using the methylene blue (Method 8131, Hach, USA) and
salicylate (Method 10205, Hach, USA) spectrophotometric methods (DR 2800, Hach, USA).
Alkalinity was determined by titration with a normalized sulfuric acid solution (Method 8203,
Hach, USA) to the bromocresol green methyl red endpoint.

Porewater samples for inorganic anion (i.e., SO4>", CI") and major element (i.e., Na, Ca, Mg,
K, S, Fe) quantification were passed through 0.45 um or 0.2 um filters, respectively, and stored in
high density polyethylene (HDPE) bottles. The major element samples were acidified to pH < 2
with concentrated high-purity nitric acid (HNOs; OmniTrace, EMD Millipore, USA). All samples
were stored in the dark at 4 °C until analysis. Major element concentration were determined by
inductively coupled plasma—optical emission spectroscopy (ICP-OES; EPA Method 200.7).

Inorganic anion concentrations were determined by ion chromatography (IC; EPA Method 300.0).

4.5. RESULTS
45.1 Observations

Ice crystals formed on the top of each column during the first freezing cycle. After the first
freeze-thaw process, the CFT surface elevation settled 23 cm in Column 1 and 22.5cm in
Column 2 due to settlement and dewatering. Precipitates were observed on the surface of the
columns near the edges during the first thawing period, and extended to the center of the columns
during the first evaporation period. These precipitates remained in all columns until sampling. CFT
surfaces exhibited less ice crystal formation during the second freezing cycle, and CFT settled a
cumulative 26 cm in Column 3 and 25 cm in Column 4. During the second freezing period, CFT
at the top of all remaining columns exhibited desiccation cracks up to a depth of 8 cm. During the

third freezing period, CFT began to pull away from the edges of the columns. Ice crystals were
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only visible down the sides and did not form on the top of Columns 5 and 6. Following the final
thawing period, CFT in Columns 5 and 6 settled a cumulative 26.5 cm and 27 cm, respectively.
4.5.2 Temperature and Load Cells

Temperatures within the columns ranged from —9.3 °C (Columns 3 and 6) to 25.0 °C (all
columns) over the course of the experiment. Vertical temperature profiles within individual
columns confirmed that freezing and thawing proceeded from top to bottom (Figure 4-5). During
the first freezing period, the chamber reached —2 °C on day 4; the lag times between the air
temperature and the in-situ temperature sensors averaged 27 d (upper), 36 d (middle), and 37 d
(lower). For the second freeze period, the chamber reached —2 °C on day 115; the lag times
between the air temperature and the temperature sensors averaged 23 d (upper) and 26 d (middle
and lower). The third freeze period at the chamber reaching —2 °C on day 262; the lag times
between the air temperature and the temperature sensors averaged 22 d (upper), 25 d (middle), and
26 d (lower).

During the first thaw process, the chamber reached 0 °C after 56 d. The lag times between
the air temperature and temperature sensors was 6 d (upper), 9 d (middle), 10 d (lower). Although
the upper temperature probes were the first to record a temperature increase, all temperature probes
reached 20 °C after 70 to 71 d. This top to bottom thawing pattern continued in the second thaw
cycle; however, exact days of thawing was not recorded due to battery failure in the data logger.
The third cycle had the chamber set temperature at 0 °C after 315 d, and the lag times between the

air temperature and the temperature sensors was 5 d (upper and middle), and 6 d (lower).
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Figure 4-5: Temperature probes (upper, middle, and lower) in Columns 2 and 6 going through 1
and 3 freeze-thaw-evaporative cycles, respectively. Orange line is set temperature in the chamber.

Load cell measured masses were summed for each column for the entirety of the experiment,
then all columns are shown in Figure 4-6. At the beginning of the experiment, the average weight
of the six columns was 185.6 kg, which includes the column, cap, insulation, steel plate, CFT, and
temperature probes. Column masses remained relatively constant during the first freeze period
(56 d). During the first thaw period (18 d), the mass loss attributed to release water drainage

averaged 20.5 kg among all columns (1.1 kg d%). During the first evaporation period (38 days),
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an average mass loss of 6.4 kg was observed in the remaining columns (0.2 kg d?). Weight of
each column remained relatively stable during the second freeze period (104 d). The second thaw
period (14 d) showed consistent mass, and the second evaporative period (29 d) showed an average
weight loss of 1.5 kg (27.7 g d™1). The third and final freeze period (56 d) saw relatively stable
weights in the remaining columns. The third thaw period (12 d) showed an average weight loss of
0.05kg (4.2 gd™). Data was not collected during the final evaporative period (21 d), due to
inadequate power supply. Evaporative water loss decreased during subsequent
freeze-thaw-evaporative cycles. An additional evaporation experiment was conducted in the
chamber, and determined that the rate of evaporation for free-standing OSPW from Syncrude

Canada Ltd at 25 °C was 0.2 kg d 2.
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Figure 4-6: Mass of six columns plus steel plates, over the three Freeze (F), Thaw (T), and
Evaporative (E) periods.
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4.5.3 Porewater Chemistry

Porewater extraction was limited in samples collected from the uppermost depth interval(s)
because of lower water content attributed to evaporative loss, and therefore not all columns have
data for the samples at the top of the column. Porewater collected during the initial filling of the
columns with CFT is referred to as “initial porewater,” and porewater collected during each
columns sampling time is referred to as “final porewater.” Final porewater data was compared to
averaged results from initial porewater.
45.3.1 pH, EC, Alkalinity, and Ammonia

The average pH was 7.6 (n = 21) for initial CFT porewater samples. (Figure 4-7). Final
porewater pH remained lower than initial porewater for all columns, except the lowest section in
Column 6. pH did not vary systematically during successive freeze-thaw-evaporative cycles.
Lowest pH values were observed at a depth of 7.5 cm, with the lowest pH in Column 2 at 6.6. The
lowest section typically exhibited the highest pH values, which ranged from 7.5 (Columns 2 and 3)
to 7.9 (Column 6).

Initial porewater samples had an average electrical conductivity (EC) of 3.53 mS cm™
(n =21; Figure 4-7). Final porewater EC remained higher than initial porewater for all columns,
except for the lowest section in Column 2 where EC was 3.33 mS cm ™. The highest porewater EC
values after sampling were consistently observed in the uppermost sampling interval and increases
were observed between columns sampled before and after a given evaporation period. Highest EC
values were observed in the top sections of Columns 1 to 4, ranging from 12.83 mScm™
(Column 3) to 15.99 mS cm™ (Column 4). With underlying sampling intervals, EC remained
consistently lower in all the columns, ranging from an average of 4.93 mS cm™ (lowest sections)

to 7.98 mS cm™ (12.5 cm depth). EC values increased from before to after evaporation periods;
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Column 1 had an EC of 13.2mScm™ at a depth of 2.5 cm, while Column 2 had an EC of
15.97 mS cm™! at the same depth; Column 3 had an EC of 12.83 mS cm™ at a depth of 7.3 cm,

while EC was 15.99 mS cm™* at the same depth in Column 4.
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Figure 4-7: Depth profiles of porewater pH, electrical conductivity (mScm™), alkalinity
(mg Lt as CaCOs), and ammonia (mg L™1). All depths normalized to CFT surface at time of
sampling.

Initial porewater alkalinity (reported as CaCOs equivalents) averaged 1,270 mg L™* (n = 21;

Figure 4-7). Final porewater alkalinity values remained lower than initial porewater for all
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columns. With successive freeze-thaw-evaporative cycles, porewater alkalinity generally
decreased. The lowest alkalinity concentrations were observed in the uppermost sections of each
column; at 12.5cm depth, alkalinity concentrations were clustered with an average of
158.1 mg Lt (Columns 1, 2, 3, and 4). The highest alkalinity concentrations were observed in the
lowermost sections, ranging from 185.7 mg L™* (Column 5) to 1,040 mg L™* (Column 2).

Dissolved NHs-N concentrations averaged 15.3 mg L™! among initial CFT samples (n = 21;
Figure 4-7). Final NH3-N concentrations exhibited no consistent depth trends among columns, and
there was no apparent distinction between freeze-thaw-evaporative cycles. Final porewater NHz-N
concentrations ranged from 0.017 mg L™ (Column 1) to 22.2 mg L™t (Column 5).
4.5.3.2 Major Cations and Chloride

Initial porewater had an average Ca concentration of 40.5 mg L™ (n = 21; Figure 4-8). Final
porewater Ca concentrations remained higher than initial porewater for all columns, except for the
lowest section in Column 2 with a concentration of 40.1 mg L. Ca concentrations did not vary
systematically during successive freeze-thaw-evaporative cycles. Lowest concentrations were
observed in the lowermost section of the columns, with an average of 152 mg L.

Porewater Na concentrations averaged 772 mg L™ for initial CFT samples (n = 21;
Figure 4-8). Final porewater Na concentrations remained higher than initial porewater for all
columns. The highest porewater Na concentrations after sampling were consistently observed in
the uppermost sampling interval and increases were observed between columns sampled before
and after a given evaporation period (Column 1 and 2). After a subsequent freeze-thaw-evaporative
cycle, the porewater Na concentration in Column 3 peaked at a lower height compared to the first
cycle. The highest Na concentrations were observed in the uppermost sampled sections in Columns

1, 2, and 3, ranging from 2,884 mg L! (Column 1) to 5,353 mg L™* (Column 2). With underlying
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sampling intervals, Na remained consistently lower in all the columns, ranging from an average of
1,006 mg L (lowest sections) to 1,413 mg L™ (12.5 cm depth). All columns decreased from the
top to the bottom, with the biggest changes occurring near the top.

Initial porewater had an average Mg concentration of 22.0 mg L™* (n = 21; Figure 4-8). Final
porewater Mg concentrations remained higher than initial porewater for all columns, except for
the lowest section in Column 2 with a concentration of 20.6 mg L™ The highest Mg
concentrations were observed in the uppermost sampled section of each column, and there was no
observed systematic change with successive freeze-thaw-evaporative cycles. Column 3 exhibited
the highest porewater Mg concentration of 2,069 mg L™* in the uppermost sampled section, and
Mg concentrations within the upper 20 cm were elevated compared to the other columns.
Excluding Column 3, the uppermost section in Columns 1 and 2 had an average Mg concentration
of 446 mg L. With underlying sampling intervals, Mg remained relatively consistent in all the
columns, ranging from an average of 83.3 mg L™* (lowest sections) to 236 mg L™* (20 cm depth).

Initial porewater had an average K concentration of 16.1 mg L™ (n = 21; Figure 4-8). Final
porewater K concentrations remained higher than initial porewater for all columns, except for the
lowest section in Column2 with a concentration of 155 mgL™t With successive
freeze-thaw-evaporative cycles, K concentration increases were observed between columns
sampled before and after a given evaporation period (Column 1 and 2), and the concentrations
peaked at a lower height. The highest K concentrations were observed in the uppermost sampled
sections of Columns 2, 3, and 6, ranging from 179 mg L™* (Column 3) to 251 mg L™ (Column 6).
Starting from 20 cm depth, underlying sampling intervals had relatively consistent K
concentrations, with the lowest average K concentration (43.2 mg L™1) occurring in the lowermost

section of all columns. The uppermost section of Column 1 had a K concentration of 81.2 mg L™,
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and after the first evaporation period Column 2 had a concentration of 180 mg L at the same

depth. The lowermost samples also increased in average concentrations after successive

freeze-thaw-evaporative cycles (Columns 1 and 2 average = 17.7 mg L%; Columns 3 and 4

average = 28.8 mg L™*; Columns 5 and 6 average = 83.0 mg L ™%).
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Figure 4-8: Depth profiles of porewater calcium (mg L™1), sodium (mg L™1), magnesium (mg L™%),
potassium (mg L), and chloride (mg L) concentrations for the column experiment. All depths
normalized to CFT surface at time of sampling.

Initial porewater had an average Cl concentration of 379 mg L™ (n = 21; Figure 4-9). Final

ClI concentrations remained higher than initial porewater for all columns, except for the majority

of Column 5. The highest porewater Cl concentrations after sampling were consistently observed
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in the uppermost sampling interval and increases were observed between columns sampled before
and after a given evaporation period. After a subsequent freeze-thaw-evaporative cycles, the Cl
concentrations in Column 3 and 4 peaked at lower depths compared to the first cycle. The highest
Cl concentration was observed in the uppermost sampled sections of Column 1, 2, 3, and 4, ranging
from 1,100 mg L™ (Column 1) to 2,200 mg L™ (Column 2). With underlying sampling intervals,
Cl remained consistently lower in all the columns, ranging from an average of 415 mg L% (30 cm
depth) to 558 mg L™* (12.5 cm depth). All columns decreased from the top to the bottom, with the
biggest changes occurring near the top.
4.5.3.3 Total Sulfide, Sulfate, and Iron

Initial porewater had an average dissolved H.S concentration of 9.2 gL (n = 21;
Figure 4-7). Final porewater XH>S concentrations remained lower than initial porewater for all
columns, except for Column 5 at 30 cm depth, where XH>S was 10.6 pug L. During individual
freeze-thaw-evaporative cycles, the lowest column-averaged £H>S concentrations followed the
evaporation period. Dissolved XH>S concentrations were generally lower during the second
freeze-thaw-evaporation cycle relative to the first cycle. However, dissolved XH>S concentrations
measured during the third cycle were higher than those measured during both the first and second
cycles. Highest ZH.S concentrations were observed at 20 cm depth (average = 7.4 pg L™?); lowest
concentrations were observed at 12.5 cm depth (Columns 1, 2, 3, 4 average = 2.3 ug L) and in
the lowest section (average = 3.2 ug L™).

Initial porewater had an average SO concentration of 135 mg L™t (n = 21; Figure 4-9). Final
porewater SO4 concentrations remained higher than initial porewater for all columns. The highest
porewater SO4 concentrations after sampling were consistently observed in the uppermost

sampling interval. After a subsequent freeze-thaw-evaporative cycle, the SO4 concentrations in
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Columns 3 and 4 peaked at greater depths compared to the first cycle. The highest SO4
concentrations were observed in the uppermost sampled sections of Columns 1, 2, 3, and 4, ranging
from 7,200 mg L™* (Column 1) to 1,4000 mg L™* (Column 3). With underlying sampling intervals,
S04 concentrations generally increased from before to after evaporation periods, and with
subsequent freeze-thaw-evaporative cycles. In the lowermost sampling section, the average

concentration increased from the previous cycle (Columns 1 and 2 average = 935 mg L%;

Columns 3 and 4 average = 1,400 mg L™*; Columns 5 and 6 average = 2,830 mg L %).
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Figure 4-9: Depth profiles of porewater total sulfide (ug L™), sulfate (mg L™), and iron (mg L™1)
concentrations for the column experiment. All depths normalized to CFT surface at time of
sampling.

Initial porewater had an average total Fe concentration of 0.037 mg L™ (n = 21; Figure 4-8).
Although concentrations are low, it appears that subsequent freeze-thaw-evaporative cycles
reduces the concentration of total Fe in the columns. Only two samples had concentrations higher
than the initial average: Column 1 at 30 cm depth (0.130 mg L) and Column 2 in the lowermost

section (0.063 mg L™1). Columns 3 and 4 remained below the initial concentration averages. The
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upper two to three samples in Columns 1, 2, 3, and 4, as well as all of Columns 5 and 6 had total

Fe concentrations under detection limits.

4.6. DISCUSSION

Distinct temperature differences for the three temperature probes in all columns were
observed following temperature changes in the chamber. The upper temperature probe (21 cm)
responded quicker to set chamber temperature changes compared to the middle temperature probe
(42 cm), which in turn responded quicker than the bottom probe (63 cm). This pattern confirms
the freezing and thawing processes occurred from the top down, which is consistent with CFT
deposits (Heaton, 2015).

The lag times in the CFT freezing and thawing periods decreased with subsequent
freeze-thaw-evaporative cycles. In addition to the natural thermal gradient in the CFT from
convection and conduction, the temperature lag between the lower and upper probes is due to
variability in CFT thermal properties and a decrease in spacing between the temperature probes.
CFT at shallower depths was exposed to the chamber temperature changes first, due to the open
tops of the insulated columns, and allowed for a greater extent of evaporation at the top of the
columns. During the first freeze and thaw periods, CFT at the bottom of the columns was water-
saturated, and therefore less susceptible to temperature changes due to the high specific heat
capacity of water (Cilia, 2017). Water content is the most influential factor in the CFT temperature,
both in the column experiment and in the field (Heaton, 2015; Cilia, 2017). After subsequent
freeze-thaw-evaporative cycles, a combination of decreased pore space due to the loss of water,
and a decreasing distance between temperature sensors as the CFT dewaters and settles results in

a smaller temperature lag between the lower temperature probes and the upper probes (Figure 4-5).
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Differences between the initial average weights of the columns is attributed to slight
differences in column, plate, and CFT masses. Column masses remained constant during the first
freezing period because the lack of liquid water prevented evaporation and drainage. Following a
rapid initial rate of mass loss associated with release water drainage during the first thawing period
(2.2 kg d ™), the mass loss rate declined approximately one-tenth (0.2 kg d 1) during the subsequent
evaporation period. The mass loss rate during the first evaporation period (0.2 kg d™) was
consistent with results from a standing water evaporation experiment conducted in parallel with
the column experiments. Declining rates of mass loss during the second and third thaw and
evaporation periods are attributed to lower water content in the upper CFT. Rapid decreases in
column masses during the first thaw period correspond to rapid release water drainage. In CFT
deposits, each layer is subjected to one freeze-thaw-evaporation cycle before additional layers are
deposited, promoting water loss via surface drainage and consolidation (Heaton, 2015). The design
of the deposits is critical to facilitate proper surface drainage, as release water needs to flow away
from the deposits.

After the first thaw period, evaporation is the major driver of mass loss. An average 6.4 kg
of water was removed from the columns during the first evaporation period, and mass loss
averaged 1.4 kg during the second evaporation period. The magnitude of evaporative water loss
decreased due to the drying of the columns after additional cycles.

Evaporation concentrated dissolved salts in the CFT porewater and promoted precipitation
of efflorescent salts at the surface. This evapoconcentration is apparent from depth profiles of
dissolved Cl. Assuming Cl behaves conservatively in CFT porewater, the increased concentrations
at the top of the columns represents the influence of evaporation. Similar CI profiles were reported

by Heaton (2015) in the study of experimental CFT deposits. Other major salts (Na, K, and SO4)
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exhibited similar concentration decreases, with the greatest change observed over the upper 20 cm
of CFT within each columns. Concentration depth profiles for these major ions exhibit positive
correlations, suggesting precipitation-dissolution and ion exchange reactions had limited influence
on the major ion chemistry of CFT porewater. Consistent with Na, K, Cl and SO4, porewater EC
exhibited maximum values near the CFT surface and increased over successive freeze-thaw-
evaporation cycles. High concentrations of dissolved salt poses challenges to reclamation and the
ability to successfully grow flora (Carey, 2008; Li et al., 2014; Cilia, 2017; Simhayov et al., 2017;
Lindsay et al., 2019; Vessey et al., 2019).

In contrast to Cl, dissolved Ca and Mg concentrations exhibited a gradual decreasing trend
with depth below CFT surface. These differing trends are attributed to mass transfer reactions that
influence dissolved Ca and Mg concentrations but not ClI or other more conservative constituents.
For example, dissolved Ca?* and Mg?* can exchange for Na* at clay-mineral surfaces with oil
sands FFT and CFT deposits (Brown et al., 2013; Siddique et al., 2014; Heaton, 2015; Dompierre
et al., 2016). Near the top of the columns, porewater Mg concentrations were elevated compared
to Ca concentrations. This difference may result from multiple processes: (i) Ca sulfates are
generally less soluble than Mg sulfates and may precipitate first during evapoconcentration; and
(i) Ca®* more readily exchanges for Na* at clay mineral surfaces than Mg?* (Henry, 2010;
Israelachvili, 2011). Evaporative precipitates on the surface of the columns likely contain Ca and
Mg sulfates, thereby reducing the dissolved concentrations in porewater.

The pH remains circumneutral throughout the columns, ranging from a minimum of 6.59
near the top to a maximum of 7.91 in the lowest sections. The slight change in pH is attributed to
anaerobic processes that produce CO- including Fe reduction, SO4 reduction, and methanogenesis,

which Heaton (2015) previously observed in CFT deposits. Alkalinity is consistent with pH,
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generally increasing with depth in the columns. The dominant species in NH3-N was NH4* over
the pH range observed in the experiment. Although the processes controlling NH3z-N
concentrations are unclear, the variability with depth over time could be related to ion exchange
reactions or the oxidation of NHs-N, which may be enhanced near the top of the columns due to
increased oxygen availability (Dompierre et al., 2016; Cilia, 2017).

During individual freeze-thaw-evaporative cycles, the lowest column-averaged XH>S
concentrations followed the evaporation period, likely due to an increase in microbial sulfate
reduction during the warmer temperatures. Sampling of CFT in the field by Heaton (2015) found
the highest ¥H»S concentrations were reached at approximately 0.5 m below the surface. Sulfide
concentrations in the columns had a similar profile, reaching maximum concentrations at 20 cm
below the surface. Although dissolved Fe concentrations were generally below method detection
limits, or near 0 mg L%, there were slight increases at depth in columns 1 and 2. This may be due
to relative availability of Fe and XH>S, where Fe only occurs with lower XH>S, or due to carbonate
dissolution.

Results show that the first thaw period accounts for the majority of water loss, and an average
loss of 50 % of Na and Ca in the porewater, leading to potential for salt loading after the first
freeze-thaw-evaporative cycle. After the first cycle, a decrease in rate of settlement and water
content may lead to diffusion dominated salt migration. Salt release from CFT has the potential to
migrate and accumulate in a reclamation setting, which can impact receptors such as vegetation
and wetland water quality. This will potentially create issues during mine closure and reclamation.
Including a capillary break to help prevent salt migration into overly reclamation covers, will help
minimize the effect of salt at the surface (Cilia, 2017). Closure landscape design is important in

terrestrial reclamation plans using CFT, in order to mitigate salt migration risks.
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CHAPTER 5: Conclusions

The overall goal of this research was to assess the long-term effects of gypsum amendment
to oil sands tailings (FFT and CFT), in preparation for mine closure. The laboratory batch
experiment was conducted to understand the effect of gypsum-amended FFT, with two objectives:
1) examine temporal and spatial changes in porewater chemistry, and 2) assess temporal changes
in carbon dioxide and methane production. Differing gypsum amendments were added to FFT,
and destructively sampled over 64 weeks. Samples of the headspace gas were analyzed on a gas
chromatograph, and water samples were analyzed for basic water chemistry, major anions, and
major cations. Over the experimental duration, extensive methane production was not observed in
the control, therefore, results were inconclusive on the effect gypsum addition had on
methanogenesis. However, the experimental results showed an increase in salt (Na*) in FFT
porewater after gypsum-amendment, compared to the control. This will affect long-term water
quality in aquatic technologies, and porewater and soil quality in terrestrial technologies using
FFT. The rate of gypsum amendment needs to balance the benefit of consolidation without
releasing excess salt.

The column experiment was conducted to determine the temporal changes in salt distribution
in CFT during freeze-thaw-evaporative cycles. Six columns were constructed, filled with CFT,
and put through three consecutive freeze-thaw-evaporative cycles in a controlled environment
chamber. Columns were sacrificially sampled before each thaw and evaporative period, where
samples were collected from the top to the bottom for porewater analysis. Experimental results
showed elevated salts (i.e. Na*, K*, CI7, SO4) near the top of the columns after the first thaw and

evaporative period. The first thaw period also had maximum water loss, leading to consolidation
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of the tailings. An additional capillary break between the CFT and the cover material is necessary
to capture the salts, as well as appropriate drainage away from the deposits to limit erosion of the
cover material.

Both experiments provided important insights into the long-lasting effect of using oil sands
tailings in reclamation technologies. Elevated salt concentrations found in FFT and CFT porewater
will be an ongoing issue. Water and soil quality is affected by excess salt, leading to limited plant
growth and solidification of cover material. With this knowledge, operators in individual oil sands
mines can make changes in reclamation plans for closure landscapes. Sustainable reclamation of
the mines can be achieved with this and further research, to ensure vegetation growth and the return

of wildlife.

5.1. FUTURE WORK

With the increasing interest in treated tailings and the evaluation of different flocculants and
coagulants, there is a need to conduct more research to determine any long-term impacts for FFT
reclamation technologies. These additives should be tested at differing amendment rates,
individually and combined. Analysis of microbial response to amendments, combined with the
headspace gas analysis, can aid in the identification of the microbial presence in the FFT. FFT
samples from various locations should be used, to ensure a more complete understanding of the
impact.

Further research on CFT geochemistry should examine the salt distribution in CFT during
freeze-thaw-evaporative cycles with additional layers — a capillary layer, and cover material —and
their impact on salt distribution. The capillary layer should be a higher permeable material to limit

interaction between the CFT and the cover material, such as sand or petroleum coke. Testing of
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the layers can include the use of saline-tolerant plants to test the sustainable growing ability of the

cover material.
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APPENDIX A: BATCH EXPERIMENTAL DATA

Table A-1: Carbon dioxide (CO.) for the batch experiment, with one standard deviation.

MC-0.00 MC-0.25 MC-0.50 MC-1.00 MC-2.00
Week . . . . .
(mg L) (mg L) (mg L) (mg L) (mg L)
0 8.33+9.73 4.82 +3.58 7.61+7.17 6.53 + 5.07 6.74 + 4.98
2 51.95 + 38.75 51.78 +38.21 46.19 +53.34 73.07 £53.15 105.72 + 86.08
4 43.18 +31.53 23.08 + 30.49 61.90 + 48.09 72.13 +53.37 75.39 + 92.75
8 48.59 + 35.14 63.73 + 47.53 68.66 + 50.94 76.70 +56.99 110.78 + 83.97
16 53.50 + 42.24 61.50 + 47.34 56.00 + 39.82 71.15 + 55.74 103.08 + 79.28
32 56.45 + 43.45 57.97 + 49.15 70.68 + 51.64 103.34+85.39  98.36 + 76.46
64 64.26 + 47.46 80.24 + 62.33 80.47 + 59.78 93.43+73.15 129.29 + 97.23
Table A-2: Methane (CHa) for the batch experiment, with one standard deviation.
Week MC-0.00 MC-0.25 MC-0.50 MC-1.00 MC-2.00
* (mg L") (mg L") (mg LY (mg L") (mg L")
0 0.86 + 1.10 0.62+0.25 0.95 + 0.55 1.64 +0.41 1.10 £ 0.61
2 5.81+1.80 7.35+ 4.44 13.47 £ 3.49 11.83+5.93 1321+ 7.11
4 12.75+7.21 14.15+7.70 15.16 + 2.78 15.08 + 4.11 18.54 + 4.54
8 15.95 + 7.65 23.86 +3.12 25.05 + 4.65 21.43+4.78 23.89+7.19
16 18.75 + 8.76 22.36 +8.31 22.44 +10.59 23.27 + 12.04 24.56 + 9.55
32 20.26 + 12.87 18.97 +8.23 2259+ 8.18 22.13+7.90 16.31 + 10.36
64 16.10 + 8.41 22.72+9.16 22.48 +9.54 17.86 + 10.18 24.01+11.31
Table A-3: pH for the batch experiment, with one standard deviation.
Week MC-0.00 MC-0.25 MC-0.50 MC-1.00 MC-2.00
0 8.12+0.07 8.11 +0.04 8.07 £ 0.07 8.03+0.02 7.86 + 0.06
2 8.05 + 0.05 8.04 +0.09 7.92 £0.04 7.90 £0.19 7.68 £0.10
4 8.01+0.05 7.95+0.07 7.93 £ 0.06 7.77 £0.05 7.69+0.13
8 8.00 + 0.04 7.91+0.05 7.84 +0.03 7.70 £ 0.03 7.62 £0.08
16 8.00 + 0.06 7.93+0.04 7.83+0.04 7.77+0.05 7.58 £ 0.03
32 8.09+0.13 8.04 +0.15 7.96+0.11 7.79+0.24 7.68+0.17
64 7.92 +0.04 7.87+0.03 7.79 £ 0.04 7.69 +0.05 7.56 + 0.05
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Table A-4: Reduction Potential (Eh) for the batch experiment, with one standard deviation.

Week MC-0.00 MC-0.25 MC-0.50 MC-1.00 MC-2.00
mV mV mV mV mV
0 299.53 + 37.99 322.81 +45.23 306.40 £ 40.39 313.36 + 35.66 322.07 £ 33.04
2 326.93 + 10.62 316.61+16.22  323.92+9.24 267.57+26.20  317.88 +29.38
4 269.25 £ 13.77 306.64 + 21.06 307.10 £ 20.95 297.37 £8.70 305.26 + 3.26
8 430.09 £ 22.21 389.90 + 23.59 384.63 £ 26.92 349.73 £6.31 355.40 + 32.31
16 383.46 + 56.30 347.96 + 56.57 328.29 £ 42.92 328.38 + 32.58 331.36 + 26.33
32 310.42 + 44.82 308.74+37.44  307.85+19.62  330.78+13.07  315.05+19.42
64 235.44 + 53.62 238.14+14.11  210.37+5263  238.00+39.26  287.01+72.09
Table A-4: Alkalinity for the batch experiment, with one standard deviation.
MC-0.00 MC-0.25 MC-0.50 MC-1.00 MC-2.00
Week (mg Ltas (mg Ltas (mg Ltas (mg L1as (mg L?as
CaCOs) CaCOs) CaCOs) CaCOs) CaCOs)
0 1067.41 + 1099.92 +32.86  1005.35 + 947.33+76.43  1040.65 + 59.02
129.05 133.17
2 952.19 £ 53.35 999.32 + 18.99 1006.04 + 32.77  893.42 + 62.88 847.19 + 40.33
4 1014.06 £59.01 907.35+179.91 873.97+117.90 699.61 +159.18 793.81 +80.18
8 1050.49 +69.04 92535+38.81  837.81+123.63 772.96+137.25 794.02 + 100.42
16 984.05 £ 50.37 965.93 +£121.00 932.18 +£121.43  838.92 +53.83 825.05 + 50.86
32 1054.00 £ 979.27 £102.67  985.35 + 70.01 699.10 £ 206.30  799.22 + 29.39
128.11
64 1253.31+82.66 1173.13+ 113248 +67.89  977.37+52.05  892.77 +76.31
106.69

Table A-5: Calcium (Ca) for the batch experiment, with one standard deviation.

MC-0.00 MC-0.25 MC-0.50 MC-1.00 MC-2.00
Week ) i ) ) ]
(mg LY (mg LY (mg L) (mg LY (mg L)
0 19.24+1.31 32.12 + 10.83 35.69 +1.28 43.42 + 18.92 111.27 £11.62
2 19.34 £ 0.99 26.97 +1.53 35.59+0.19 61.65+0.51 146.88 +£ 2.53
4 18.88 + 0.85 25.95+0.44 34.20 + 1.67 60.32 £+ 2.01 147.78 £1.05
8 18.76 £ 0.27 25.84 +0.71 34.73+1.18 60.09 +1.82 14551 +1.84
16 19.67 +1.24 25.73+1.72 35.64 + 0.93 61.21 +1.03 148.73 £+ 1.57
32 17.89+1.79 25.34 +1.57 34.09 +1.27 58.67 + 1.67 141.94 +2.82
64 17.01 +1.04 24.01 +1.87 32.47 +0.81 57.48 + 1.62 139.26 £1.20
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Table A-6: Sodium (Na) for the batch experiment, with one standard deviation.

Week MC-0.00 MC-0.25 MC-0.50 MC-1.00 MC-2.00
(mg L) (mg L) (mg L) (mg L) (mg L)
0 823.80+26.13  879.70 +41.65  893.47 +9.83 910.24 +67.85  1050.25 + 33.72
2 825.76 + 9.24 876.56 +21.22  905.82 +6.89 1034.15+87.36  1073.50 + 7.21
4 830.94 + 8.45 867.11 +0.88 903.86 + 3.19 971.42 £ 7.45 1073.55 + 14.78
8 821.54 +8.27 864.25 + 6.51 892.62 +9.42 978.60 + 14.84  1082.53 + 4.07
16 860.34 + 6.66 875.92 +9.06 928.08 + 5.42 991.43+10.26  1106.74 +5.32
32 864.01 £26.40  903.43+24.18  949.08 +2547  1033.15+40.09 1136.39 +51.14
64 862.28 £21.09  898.06 £12.35  934.51+11.65  1039.92+49.13 111119+ 26.25
Table A-7: Magnesium (Mg) for the batch experiment, with one standard deviation.
Week MC-0.00 MC-0.25 MC-0.50 MC-1.00 MC-2.00
(mg L) (mg L) (mg L) (mg L) (mg L™
0 9.93+0.64 13.83 £2.92 15.17 £ 0.79 16.93 +5.44 31.35+2.39
2 10.18 £ 0.15 12.89 + 0.47 15.73+0.21 22.64+0.18 38.20 +0.49
4 9.98+0.32 12.53+0.20 15.07 £ 0.35 21.93+0.68 37.43+0.58
8 10.01 £ 0.43 12.52 + 0.50 15.17+0.14 21.91+0.36 37.91+0.84
16 10.47 £ 0.45 12.47 +0.58 15.66 + 0.36 22.46+0.35 39.94+0.18
32 9.93+0.80 12.72+0.68 15.28 + 0.42 21.91+0.47 39.32 +1.49
64 9.55 +0.48 12.17+0.81 14.82+0.21 23.84 £ 6.52 39.07+0.78
Table A-8: Potassium (K) for the batch experiment, with one standard deviation.
Week MC-0.00 MC-0.25 MC-0.50 MC-1.00 MC-2.00
(mg LY (mg LY (mg L) (mg L™ (mg L)
0 2458 +7.02 62.82 + 64.28 23.86 + 0.82 26.74 + 4.56 35.58 + 12.22
2 36.81+9.13 18.3 £ 0.45 20.13+0.78 25.11+0.48 28.71+1.40
4 30.07 + 5.80 43.11 + 29.28 20.19+0.33 23.54 + 1.64 31.72+7.71
8 208.48 + 14537  82.86 + 40.81 61.77 + 6.84 99.77 + 34.38 58.62 + 28.60
16 16479 +78.89  51.99 +18.09 68.37 + 27.68 37.85+5.22 40.81+17.94
32 124.37 £ 4566  48.44 +15.59 52.33 +25.71 56.97 + 23.13 74,01 + 15.46
64 64.91 + 33.62 49.13 + 14.52 52.02 + 11.67 39.46 + 10.71 58.37 + 11.51

Table A-9: Hydrogen sulfide (XH>S) for the batch experiment, with one standard deviation.

MC-0.00 MC-0.25 MC-0.50 MC-1.00 MC-2.00
Week -1 -1 -1 -1 -1
(gL (ugL™) (gL (g L™ (g L™
0 53.86 + 36.31 77.02 +17.57 86.05 +49.10 33.50+9.45 30.12 + 11.08
2 58.23 + 18.57 63.78 £ 15.93 66.28 £+ 11.54 35.86 +17.08 40.63 + 29.52
4 70.75 + 32.41 74.75 £ 33.12 57.25 + 10.48 43.25 + 19.00 26.75 +11.98
8 72.04 + 23.07 84.93 + 28.40 60.21 +£10.72 58.79 + 18.39 29.96 £ 6.14
16 109.86 + 51.02 92.29 + 23.79 71.32 £ 26.85 53.43+£21.32 33.53 + 16.65
32 109.20 + 45.26 98.74 £ 19.39 72.47 £ 28.59 42.86 + 24.36 45.68 + 40.31
64 235.13 + 60.88 199.38 + 84.58 202.81 +15.82 218.75 + 56.51 140.63 + 35.59
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Table A-10: Sulfate (SOa4) for the batch experiment, with one standard deviation.

Week MC-0.00 MC-0.25 MC-0.50 MC-1.00 MC-2.00
(mg L) (mg L) (mg L) (mg L) (mg L)
0 100.10 +36.44  208.00+39.23  384.00+20.30  604.00+97.78  1040.00 + 30.00
2 141.25+ 1457  298.00+20.42  44200+22.11  802.00+2527  1430.00 + 36.74
4 125.67 +46.92  280.86 +45.15 445,69 +23.43  768.94+12.06  1432.32+20.58
8 117.78 +34.45  248.80+29.15  372.38+10.17  726.60+38.12  1437.78+12.56
16 77.52 + 39.62 239.01 +41.23  361.70+32.68  713.98+48.48  1417.37+18.63
32 107.87 21026 £19.87  350.13+19.92  694.58 + 1404.93 +
1096.49 461.74
64 44.87 + 14.05 211.07+19.89  377.55+2091  653.81+17.17 134326+ 17.66
Table A-11: Sulfur (S) for the batch experiment, with one standard deviation.
Week MC-0.00 MC-0.25 MC-0.50 MC-1.00 MC-2.00
(mg L% (mg L) (mg L% (mg L) (mg L%
0 35.80 + 13.50 111.24+5251  130.19+5.09 160.27 +87.82  351.24 +13.28
2 51.48 +6.35 102.97 +4.13 149.24 +5.73 264.59 +13.34  482.03 +13.84
4 45,50 + 16.83 98.83 + 15.82 153.10 +5.82 262.35 £ 6.31 483.35 + 10.54
8 46.21 +15.04 91.29+9.86 146.07 + 3.86 251.68 £11.17  474.52 £6.27
16 36.82 + 16.34 95.66 + 13.70 149.59 + 8.76 267.45+14.18  498.83 +12.77
32 30.54 + 17.77 94.37+7.81 14457 +7.02 269.37 +£6.30 559.44 + 28.94
64 25.34 +4.85 82.33+8.11 139.04 +7.00 262.71+9.55 512.21 +9.07
Table A-11: Iron (Fe) for the batch experiment, with one standard deviation.
Week MC-0.00 MC-0.25 MC-0.50 MC-1.00 MC-2.00
(mg LY (mg LY (mg L™ (mg LY (mg L)
0 0.012 + 0.004 0.012 + 0.005 0.017 + 0.005 0.007 + 0.003 0.016 + 0.011
2 0.010 + 0.003 0.008 + 0.002 0.007 + 0.002 0.009 + 0.003 0.302 + 0.504
4 0.016 + 0.002 0.012 + 0.006 0.024 + 0.020 0.008 + 0.004 0.013 £ 0.017
8 0.008 + 0.002 0.008 + 0.004 0.008 + 0.005 0.017 +0.016 0.140 £ 0.222
16
32 0.015 + 0.007 0.010 + 0.003 0.009 + 0.003 0.012 + 0.005 0.296 + 0.293
64 0.017 +0.005 0.017 + 0.007 0.020 + 0.011 0.078 + 0.084 0.252 + 0.207
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COLUMN EXPERIMENTAL DATA

APPENDIX B

Figure B-1: Load cells (A) and temperature probes (B) connected to the CR1000X data logger for

six columns.
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Figure B-2: Temperature probes (upper, middle, and lower) in Columns 1, 3, 4, and 5 over the
course of the experiment. Orange line is set temperature in the chamber.
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Table B-1: pH for the column experiment. Initial refers to porewater collected during filling of the
columns; final refers to porewater collected during that columns deconstructive sampling.

iah Column1 Column 2 Column 3 Column 4 Columnb5 Column 6
Height < T < = s T s = < T ® IS
—1 B c = c = c = c = c = c
(cm) 5 i £ I 5 [ 5 [ £ [ £ [
73.5 7.69 7.62 7.70
63 7.42
60 7.78
52.5 7.71 7.77 7.70 7.68 7.61 7.75
31.5 7.28 7.50 7.60 7.92 7.74
10.5 7.64 7.56 7.44 7.71 7.67
48.25-46 7.52 7.48 7.48 7.56 7.54 7.91
30 7.50 6.96 7.31 7.40 6.96 7.27
20 7.47 7.28 6.96 7.47 7.00 6.82
12.5 7.15 7.33 6.59 7.05 6.98 7.01
75 7.08 6.59 6.62 7.09
25 7.21 7.07

Table B-2: Electrical conductivity (EC) for the column experiment. Initial refers to porewater

collected during filling of the columns; final refers to porewater collected during that columns
deconstructive sampling.

Column 1 Column 2 Column 3 Column 4 Column 5 Column 6 \
Height | 8 T S T S T S T S T < T
b= = s | £ = c | E = s | g | B =
= LL = LL = LL = LL = LL = LL
(cm) (mS cm?) (mS cm?) (mS cm?) (mS cm?) (mS cm?) (mS cm?)
73.5 3.52 3.47 3.22
63 3.87
60 3.20
52.5 3.19 3.55 3.50 3.16 3.63 3.17
315 4.26 4.04 3.55 3.38 3.47
10.5 3.52 3.63 4.05 3.61 3.24
48.25-46 5.10 3.33 4.13 4.49 7.42 5.08
30 4.23 8.50 4.70 6.18 7.36 8.11
20 4.69 5.20 6.46 7.63 8.82 7.50
125 8.30 5.18 9.34 7.61 5.94 9.08
7.5 8.83 8.00 12.83 15.99
2.5 13.30 15.97

71



Table B-3: Alkalinity for the column experiment. Initial refers to porewater collected during filling
of the columns; final refers to porewater collected during that columns deconstructive sampling.

Column 1 Column 2 Column 3 Column 4 Column 5 Column 6 \
Height | 8 IS < IS I S < S < T < S
= c = c = c = c = c = c
= [ = o = [ S [ S [ S o
(cm) (mg Ltas (mg Ltas (mg Ltas (mg Ltas (mg Ltas (mg Ltas
CaCQOs) CaCOs3) CaCQ0s) CaCOs) CaCO0s) CaCQOs)
73.5 1550. 1438. 1254,
70 52 98
63 1018.
92
60 1175.
30
52.5 1160. 1404. 1428. 1220. 1260. 1095.
00 37 31 00 00 62
315 849.0 1025. 1360. 1297. 1300.
1 88 00 41 00
105 1458. 1445. 1335. 1460. 1195.
54 65 97 00 22
48.25-46 460. 1040. 738. 600. 185. 240.
92 00 52 00 71 00
30 658. 410.4 820. 580. 439. 80.1
68 2 00 00 12 6
20 578. 558.8 280. 319. 122. 112.
84 8 56 36 40 00
12.5 400. 223.5 220. 200. 87.4 114.
00 4 00 00 1 29
75 186. 250.8 119. 75.4
79 4 21 7
25 211.
00

Table B-4: Ammonia for the column experiment. Initial refers to porewater collected during filling
of the columns; final refers to porewater collected during that columns deconstructive sampling.

Column 1 Column 2 Column 3 Column 4 Column 5 Column 6 \
Height | .S T S T S T S T S T S T
= c = c = c = c = c = c
c iL c L c L c L c L c L
(cm) (mg L) (mg L) (mg L) (mg LY (mg LY (mg L)
73.5 17.8 11.8 10.2
63 20.8
60 13.0
525 11.7 16.7 17.3 115 13.3 115
315 24.4 18.5 17.7 11.2 17.9
10.5 18.4 19.7 10.3 15.6 111
48.25-46 0.0 9.1 20.3 19.1 22.2 17.4
30 7.3 125 16.1 21.4 2.3 2.3
20 9.4 9.4 1.2 10.9
125 14.1 10.0
75 18.4 0.1
25 12.7 4.4
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Table B-5: Calcium (Ca) for the column experiment. Initial refers to porewater collected during
filling of the columns; final refers to porewater collected during that columns deconstructive
sampling.

Column 1 Column 2 Column3 | Column4 | Column5 | Columné |
Height | & T S T s T o T S T s T
o c = c h = c =4 c o c o c
= L c L = L c [T £ [T = (I
(cm) (mg L™ (mg L™ (mg L) (mg L™ (mg LY (mg L™
735 39.61 41.65 21.03
63 54.67
60 29.7
6
525 24.1 20.7 455
2 42.28 37.81 7 0 19.70
315 100.3 41.3 40.7
2 67.75 2 0 36.94
105 38.8 42.12 46.1 20.9
9 38.67 5 4
48.25-46 1430 40.13 63.45 92.98 416.8 155.1
6 4 3
30 59.05 646.9 1229 179.3 486.3 612.6
1 9 7 9 9
20 76.55 194.8 424.0 4377 443.7 510.4
3 7 3 6 1
125 537.1 194.6 375.8 4735 521.6
5 0 0 0 0
75 554.4 4453 375.3
5 3 1
25 553.3 428.9
4 9
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Table B-6: Sodium (Na) for the column experiment. Initial refers to porewater collected during
filling of the columns; final refers to porewater collected during that columns deconstructive

sampling.
Column1l | Column2 | Column3 | Column4 | Column5 | Columné |
Height | 8 T S T s T o T o T S T
= c = c = c = c = c = c
£ iC £ iC = iC IS iC IS iC = i
(cm) (mg LY (mg L™ (mg L™ (mg LY (mg L™ (mg L™
735 777. 746. 721.
17 71 35
63 787.
18
60 717.
36
52.5 725. 808. 762. 757. 815. 704.
21 67 68 18 32 46
315 850. 820. 857. 738. 7609.
26 07 18 46 18
10.5 814. 795. 758. 772. 721.
71 62 80 23 08
48.25-46 982.3 802.0 960.1 990.7 1317. 985.8
3 2 1 9 07 0
30 909.4 1559. 1090. 1292, 1226. 1447.
7 81 30 99 04 15
20 1019. 1083. 1088. 1437. 1304. 1394,
96 6 71 82 53 09
125 1495. 1136. 1319. 1561. 1549.
06 88 65 25 76
75 1614. 1513. 2957.
55 06 22
25 2884. 5353.
29 12
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Table B-7: Magnesium (Mg) for the column experiment. Initial refers to porewater collected

during filling of the columns; final
deconstructive sampling.

refers to porewater collected during that columns

Column 1 Column 2 Column3 | Column4 | Column5 | Column6 |
Height | S T I T S T o T S T S T
= o = c = c =4 c h= c h=4 c
= [T c L c [T c L £ [T £ [T
(cm) (mgL™) (mg L™ (mg L™ (mg L™ (mg L™ (mg LY
735 18.64 274 14.4
9 3
63 2851
60 17.25
525 148 19.31 19.2 138 135
8 9 6 23.07 1
315 44.25 327 20.1 26.50 19.3
6 1 8
105 183 21.12 25.0 30.1 14.63
0 7 9
48.25-46 85.22 20.65 40.79 62.99 2151
3 74.84
30 35.09 251.7 63.81 101.9 293.8 285.4
1 5 3 4
20 44.80 85.86 253.14 198.8 584.4 249.7
6 6 0
125 231.0 87.77 980.35 355.9 504.8
2 9 0
75 2427 3475 2069.2
8 7 9
25 318.3 574.4
2 5

Table B-8: Potassium (K) for the column experiment. Initial refers to porewater collected during
filling of the columns; final refers to porewater collected during that columns deconstructive

sampling.
Column1 | Column?2 Column3 | Column4 | Column5 | Columné6 |
Height | S T S T S T S T S T S T
E=) c B c =] c =] c =] c E=) c
= [ c i c [ c [ c [ c [
(cm) (mg LY (mg LY (mg L™ (mg LY (mg LY (mg L)
735 16.60 15.74 13.90
63 19.17
60 14.38
52.5 15.89 16.58 16.51 12.90 17.84 13.61
315 19.71 17.60 15.76 15.01 16.75
10.5 16.60 17.93 14.48 16.87 14.33
48.25-46 19.96 15.48 25.13 32.43 72.32 93.70
30 24.36 55.96 32.49 40.93 63.02 103.20
20 46.45 102.27 40.65 52.45 62.72 90.42
125 55.98 63.95 64.32 53.10 251.27
75 59.04 70.84 179.34
25 81.21 179.72
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Table B-9: Chloride (CI) for the column experiment. Initial refers to porewater collected during

filling of the columns; final refers to porewater collected during that columns deconstructive
sampling.

Column1 | Column2 | Column3 | Column4 | Column5 | Columné |
Height | S | S 8 T 8 T 8 T S || 8 |
= c = c = c = c = c = <
IS I £ o £ iC £ o £ iC £ o
(cm) (mg L™ (mg L) (mg L) (mg L™ (mg L) (mg L)
735 363.70 384.46 395.73
63 382.54
60 394.81
52.5 385.9 364.48 370.67 392.33 373.25 391.33
7
315 383.58 380.18 370.63 368.98 363.12
105 364.6 363.54 383.79 381.77 397.29
0
48.25-46 420 470 460 450 380 495
30 460 400 440 460 320 410
20 450 490 450 470 290 430
125 460 470 440 620 800
7.5 470 450 1300 1400
25 1100 2200

Table B-10: Hydrogen sulfide (XH2S) for the column experiment. Initial refers to porewater

collected during filling of the columns; final refers to porewater collected during that columns
deconstructive sampling.

Column 1 Column2 | Column3 | Column4 | Column5 | Columné |
Height S T S T S T S T S T < T
R~ = = = = = = = = c x c
c T c T c T c T c T c T
(cm) (Mg L™h (Mg L™ (Mg L™ (MgL™h (Mg L™ (Mg L™h

735 4.72 4.72 10.63

63 17.72

60 10.63

52.5 2.36 3.54 5.91 17.72 4.72 3.54

31.5 2.13 16.54 2.13 10.63

10.5 9.45 23.62 14.17 25.98 4.72

48.25-46 0.00 4.25 7.44 1.06 3.19 3.19

30 6.38 5.31 5.31 3.19 10.63 7.44

20 8.50 7.44 7.44 4.25 9.57

125 5.31 2.13 3.19 1.06

75 1.06

25 1.06
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Table B-11: Sulfate (SO4) for the column experiment. Initial refers to porewater collected during
filling of the columns; final refers to porewater collected during that columns deconstructive

sampling.
Column1 | Column 2 Column3 | Column4 | Column5 | Columné |
Height | 8 T S T s T S T S T s T
= c = c = c = c = c = c
£ i £ iC = iC = iC = iC = [
(cm) (mg LY (mg LY (mg LY (mg LY (mg LY (mg LY
735 51.34 18.77 20.56
63 628.57
60 23.60
52.5 31.81 59.45 58.94 3.79 135.53 14.43
315 891.93 56.36 38.25 22.03 87.56
10.5 42.65 38.07 565.78 23.80 16.52
48.25-46 1700 170 1100 1700 4100 1550
30 810 5400 1600 2700 4300 4900
20 1200 2100 3800 4300 6000 4300
125 4900 2000 7000 5000 5700
75 5100 5400 14000 12000
25 7200 10000

Table B-12: Iron (Fe) for the column experiment. Initial refers to porewater collected during filling

of the columns; final refers to porewater collected durin

g that columns deconstructive sampling.

Column 1 Column 2 Column 3 Column 4 Column5 | Column 6 ‘
Height I = © = © = k] = k] = ® =
= c = c = c = c = c = c
= iC = [ = [ = [ = T = T
(cm) (mg L) (mg L) (mg L) (mg L) (mg L) (mg L)
73.5 0.053 0.021 0.040
63 0.038
60 0.017
52.5 0.065 0.016 0.021 0.148 0.028 0.037
315 0.014 0.011 0.028 0.029 0.021
105 0.045 0.036 0.024 0.012 0.068
48.25-46 0.006 0.063 0.009 0.004 ud ud
30 0.132 ud 0.009 0.006 ud ud
20 0.006 0.002 ud ud ud ud
12.5 ud 0.002 ud ud ud
7.5 ud ud ud
2.5 ud ud
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