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ABSTRACT 

Geochemical characteristics of fluid fine tailings (FFT) were examined in Base Mine Lake 

(BML), which is the first full-scale demonstration oil sands end pit lake (EPL) in northern 

Alberta, Canada. Approximately 186 M m3 of FFT was deposited between 1994 and 2012, 

before BML was established on December 31, 2012. Bulk FFT samples (n = 588) were collected 

in July and August 2013 at various depths at 15 sampling sites. Temperature, solids content, 

electrical conductivity (EC), pH, Eh and alkalinity were measured for all samples. Detailed 

geochemical analyses were performed on a subset of samples (n = 284). Pore-water pH 

decreased with depth by approximately 0.5 within the upper 10 m of the FFT. Major pore-water 

constituents included Na (880 ± 96 mg L−1) and Cl (560 ± 95 mg L-1); Ca (19 ± 4.1 mg L-1), Mg 

(11 ± 2.0 mg L-1), K (16 ± 2.3 mg L-1) and NH3 (9.9 ± 4.7 mg L−1) were consistently observed. 

Iron and Mn concentrations were low within FFT pore water, whereas SO4 concentrations 

decreased sharply across the FFT-water interface. Geochemical modeling indicated that FeS(s) 

precipitation was favoured under SO4-reducing conditions. Pore water was also under-saturated 

with respect to gypsum [CaSO4·2H2O], and near saturation with respect to calcite [CaCO3], 

dolomite [CaMg(CO3)2] and siderite [FeCO3]. X-ray diffraction (XRD) suggested that carbonate-

mineral dissolution largely depleted calcite and dolomite. X-ray absorption near edge structure 

(XANES) spectroscopy revealed the presence of FeS(s), pyrite [FeS2], and siderite. Carbonate-

mineral dissolution and secondary mineral precipitation have likely contributed to FFT 

dewatering and settlement. However, the long-term importance of these processes within EPLs 

remains unknown. These results provide a reference for assessing the long-term geochemical 

evolution of oil sands EPLs, and offer insight into the chemistry of pore water released from FFT 

to the overlying water cover. 
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1. Introduction 

Oil sands mining operations in northern Alberta, Canada, develop large open pits to access 

bitumen hosted in Cretaceous sand and sandstone of the McMurray formation. Heated water and 

sodium hydroxide (NaOH) are added to extracted oil sand ore to produce a slurry from which 

bitumen is extracted by flotation (Masliyah et al., 2004). The residual tailings slurry contains 

solids and dissolved salts from the ore combined with oil sands process-affected water (OSPW). 

Differential settlement of tailings particles occurs following discharge of this slurry into tailings 

ponds. The sand-sized fraction, with particles larger than 44 µm in diameter, is dominated by 

quartz [SiO2] grains that settle rapidly. Particles measuring less than 44 µm in diameter settle 

much more slowly, with those smaller than 2 µm remaining suspended for extended times. This 

fraction is largely comprised of clay minerals, which form an aqueous matrix within tailings 

ponds referred to as Fluid Fine Tailings (FFT). This matrix initially contains 25 to 35 % (w/w) 

solids, of which at least 90 % (w/w) are typically less than 44 µm in diameter and 30 % (w/w) 

are less than 2 µm in diameter. The remaining FFT matrix is comprised of OSPW, which 

generally contains high concentrations of dissolved salts, naphthenic acids (NAs), petroleum 

hydrocarbons (PHCs), and unrecovered bitumen (Allen, 2008; Kavanagh et al., 2011). 

Suspended clay particles exhibit low settlement rates due to the relatively thick electrical double 

layer (EDL) that develops on the surfaces of clay minerals when they equilibrate with high Na 

concentrations in OSPW. Consequently, FFT is typically stored in tailings ponds for several 

years to facilitate dewatering, settlement and reuse of released water in the bitumen extraction 

process. Dewatering and associated settlement rates for FFT are typically greatest within the first 

year following deposition; however, low densities may persist for many years thereafter 

(Kasperski and Mikula, 2011). 
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 In early 2015, the Government of Alberta introduced a Tailings Management Framework 

(TMF) to provide guidance for managing FFT in the Athabasca Oil Sands Region (AOSR; 

Government of Alberta, 2015). The TMF includes site-specific thresholds for FFT volumes over 

the life of an oil sands mine, and requires that the entire FFT inventory of a project must reach an 

acceptable state within 10 years of the end of bitumen mining. Various strategies are under 

development to address these objectives and, more generally, to facilitate incorporation of FFT 

into oil sands mine closure landscapes. End pit lakes (EPLs) are referenced in the TMF as a 

potential technology for reducing FFT inventories within tailings ponds, and for facilitating FFT 

integration into mine closure landscapes.  

End pit lakes are comprised of thick FFT deposits stored below a water cover within 

decommissioned open pits. The initial chemical composition of the water cover is dominated by 

OSPW. However, fresh water inputs and in situ (bio)geochemical processes are expected to 

improve the quality of the water cover over time. The oil sands industry anticipates that fresh 

water inputs, including precipitation and runoff from adjacent reclaimed and undisturbed areas, 

and in situ biogeochemical process will support improvements in EPL water quality over time. 

These improvements – to meet yet-to-be defined criteria – will be essential before future 

discharge of EPL cover water to natural water bodies in the AOSR could be approved. However, 

long-term pore-water release during FFT dewatering and settlement will likely contribute 

OSPW-derived constituents to EPL water covers for many years. Consequently, a thorough 

understanding of FFT pore-water geochemistry and relationships between geochemical processes 

and FFT settlement are critical for anticipating the long-term evolution of this water quality. 

Methanogenesis is a principal mode of hydrocarbon degradation within FFT deposits 

(Fedorak et al., 2003; Siddique et al., 2006, 2007, 2011; Stasik et al., 2014; Stasik and Wendt-
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Potthoff, 2014) and has been linked to increased dewatering and settlement (Holowenko et al., 

2000; Bordenave et al., 2010; Siddique et al., 2014a). Anaerobic degradation of hydrocarbons 

including n-alkanes and monoaromatics (i.e., benezene, toluene, ethylbenzene, xylenes) under 

methanogenic conditions produces CH4 and CO2 (Siddique et al., 2006, 2007, 2011). Associated 

increase in dissolved CO2 promotes carbonate-mineral dissolution and releases divalent cations 

(i.e., Ca2+, Mg2+) to FFT pore water (Siddique et al., 2014a). Subsequent exchange for 

monovalent cations (i.e., Na+) at clay-mineral surfaces can enhance FFT dewatering and 

settlement by reducing the EDL thickness (Brown et al., 2013; Siddique et al., 2014a). 

Microbial SO4 and Fe reduction are important anaerobic respiration processes in oil sands 

FFT deposits (Chen et al., 2013; Stasik et al., 2014; Stasik and Wendt-Potthoff, 2014). Reduction 

of SO4 and Fe3+ coupled with organic carbon oxidation generates H2S and Fe2+, and can promote 

the precipitation of secondary Fe2+ sulfides (Chi Fru et al., 2013; Chen et al., 2013; Siddique et 

al., 2014b; Stasik et al., 2014). Increases in dissolved Fe2+ concentrations may also promote 

siderite [FeCO3] precipitation within FFT deposits. Siddique et al. (2014b) proposed that 

formation of these secondary phases at clay particle surfaces will mask surface charge and 

promote aggregation. 

This study examines the initial geochemical characteristics of FFT stored in the first of 

more than 30 EPLs proposed for the AOSR (Prakash et al., 2011). A detailed sampling program 

was conducted during the summer of 2013 to examine the physical properties, pore-water 

geochemistry, mineralogy, and solid-phase geochemistry of FFT stored in this EPL. Results help 

to constrain initial controls on FFT pore-water geochemistry and to assess the potential 

geochemical influence of FFT pore water on the water cover. These data also serve as a 

reference for assessing the long-term geochemical evolution of FFT pore water, which is critical 
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for assessing the performance of EPLs as an oil sands mine closure strategy. Consequently, this 

research contributes to the ongoing assessment of this approach to oil sands mine closure. 

2. Site Description 

The Mildred Lake Mine is located approximately 35 km north of Fort McMurray, Alberta, 

Canada. The mine lease covers an area of approximately 1000 km2 and is among the largest 

mining operations worldwide. The regional climate is considered to be sub-humid continental 

with short summers and long cold winters (Carey, 2008). Minimum and maximum mean daily 

temperatures of -39.8°C (January 18, 1996) and 26.3°C (August 1, 2003), respectively, have been 

measured at the Mildred Lake weather station adjacent to the mine site (Environment Canada, 

2015). Mean annual precipitation is approximately 400 mm with 30% falling as snow between 

September and May. A majority of rainfall occurs during May, June, July, and August when 

average monthly rainfall is approximately 50 mm (Environment Canada, 2015). 

Surface mining at the Mildred Lake Mine began in 1978 and a total of 2.4 × 109 barrels of 

synthetic crude oil were produced by the end of 2013. Ore contains an average of 12 % (w/w) 

bitumen, 3 to 6 % (w/w) water, and 84 to 86 % (w/w) solids, which are comprised principally of 

quartz sand with a small clay fraction (Chalaturnyk et al., 2002). Bitumen is separated from these 

solids with the introduction of heated water to reduce viscosity, and NaOH to disperse clay 

particles (Caughill et al., 1993; Masliyah et al., 2004; Han et al., 2009). The resulting bitumen 

froth is recovered for upgrading, while the residual sand-clay slurry is pumped to various tailings 

impoundments, including the Mildred Lake Settling Basin, for storage.  

From 1994 until 2012, a portion of FFT and recycled OSPW generated at the Mildred Lake 

Mine were placed in West In-Pit (WIP), which was the precursor to BML. This depleted open pit 

received approximately 186 M m3 of FFT, some coarse tailings along the east wall of the pit, and 
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minor amounts of petroleum coke over this time. As of October 2012, the FFT deposit had 

reached a maximum thickness of 48 m and was submerged under a 52 M m3 water cover, with a 

surface area of approximately 8 km2 and average depth of 6.5 m. The FFT-water interface 

exhibited an average elevation of 302.5 m above sea level (masl) as of October 2012 when FFT 

placement ceased (Fig. 1). 

 

Fig. 1. Contour maps of BML showing pit bottom (left) and FFT surface (right) elevations as of 

June 2013, and sample locations. 

Following establishment of BML in January 2013, freshwater was pumped from the 

adjacent Beaver Creek Reservoir (BCR) to achieve a water cover surface elevation of 308.7 

masl. Yearly freshwater addition – ranging from 5 to 10 Mm3 – to BML is planned to simulate 

future water inflow from adjacent reclaimed landforms. Consequently, water is currently pumped 

from the BML water cover to maintain a lake surface elevation of 308.7 ± 0.5 masl. Water 

discharge from BML is not currently approved; therefore, all water removed is currently reused 

for bitumen extraction. Initial fresh water runoff contributions to BML were low due to the small 
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initial catchment area (< 4 km3). As additional landforms are reclaimed and integrated into the 

BML catchment, the volume of BCR fresh water required to maintain the surface elevation will 

decline. Annual precipitation and snowfall inputs are similar in magnitude to evaporation (~3 

Mm3). Groundwater seepage is estimated to be inconsequential relative to other inputs (i.e., 

pumping, precipitation, runoff) and outputs (i.e., pumping, evaporation). Consequently, chemical 

fluxes – both in and out – associated with groundwater are expected to be negligible. 

3. Materials and Methods 

3.1 Sample Collection and Analysis 

Samples for geochemical and mineralogical analysis were collected in July and August of 

2013 at 15 sampling sites (Fig. 1). A non-commercial pneumatic piston sampling device 

deployed from a specialized sampling boat was used to obtain bulk FFT samples (Fig. S1). 

Depth to the FFT-water interface was determined by echo sounding and the sampler was 

deployed to the desired depth using a calibrated winch system (see Supplementary Content). 

Samples at depth were drawn into the sampler cylinder by opening a cable-actuated ball valve 

and slowly retracting the pneumatic piston. Once the piston was fully retracted, the ball valve 

was closed and the sampler was retrieved. Samples were immediately transferred to high-density 

polyethylene bottles by opening the ball valve and slowly displacing the sample with the piston. 

The bottles were sealed and stored at 4°C in the dark until laboratory processing and analysis. At 

the time of sampling, the water surface elevation was 307.4 m above sea level (masl) and the 

elevation of the FFT-water interface at the sample locations ranged from 300.0 to 302.5 masl 

(average 301.1 ± 0.6 masl). Bulk FFT samples (n = 588) were collected at 1 m depth intervals 

beginning at the FFT-water interface and extending to the lower margin of the FFT deposit. 



ACCEPTED MANUSCRIPT 

https://doi.org/10.1016/j.scitotenv.2016.03.002  9 

3.2 Aqueous geochemistry 

Field measurements of pH, redox potential (Eh), electrical conductivity (EC), and 

temperature were performed immediately on bulk FFT samples. These measurements were 

performed at 1 m depth intervals in the FFT at all 15 sampling sites and at the same interval in 

the water column at 11 of these sites. The pH, Eh and EC probes were cleaned regularly and 

calibrated using NIST traceable buffer solutions. Pore-water was separated from FFT solids in 

the laboratory by centrifugation at 10,000 × g for 30 minutes. Dissolved constituents were 

quantified at 1 m depth intervals from 0 to 10 m relative to the FFT-water interface, and at 3 m 

depth intervals from 10 m to the base of the FFT deposit. Consequently, a total of 284 unique 

pore-water samples were obtained from the 15 sampling sites. Concentrations of Cl, NO3-N, 

NO2-N and SO4 were quantified by ion chromatography (IC; EPA Method 300.0) on samples 

passed through 0.45 μm polyethersulfone (PES) membranes. Total dissolved concentrations of 

Na, Ca, Mg, K and P were determined by inductively coupled plasma-optical emission 

spectroscopy (ICP-OES; EPA Method 200.7), whereas total dissolved concentrations of Fe and 

Mn were determined by inductively coupled plasma-mass spectrometry (ICP-MS; EPA Method 

200.8). Samples for ICP-OES and ICP-MS analyses were filtered using 0.1 μm PES membranes 

and acidified to pH less than 2 using trace-metal grade HNO3. Ammonia was measured by 

colorimetry (EPA Method 350.1) on samples passed through 0.45 μm PES membranes and 

acidified to pH less than 2 using ACS reagent grade H2SO4. 

3.3 X-ray diffraction 

X-ray diffraction (XRD) was performed using a Cu Kα source and a 32-element silicon 

strip detector (Empyrean XRD, X’Celerator detector; PANalytical, The Netherlands) operated at 

44 mA and 40 kV. The step size and counting time used to collect these XRD patterns was 0.02° 
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2θ and 30 ms, respectively. Powder diffraction patterns were obtained for randomly oriented 

bulk samples and preferentially oriented clay samples prepared using distinct methods. The bulk 

FFT samples were transferred to 50 mL polyethylene conical tubes and centrifuged at 10,000 x g 

for 30 min. Supernatant was decanted and two sub-samples of FFT solids were collected into 

clean 50 mL conical polyethylene tubes. The first sub-sample (randomly oriented) was 

immediately flash frozen in liquid N2 and freeze-dried at −45°C for 48 hours. The freeze-dried 

samples were then ground to a fine powder in an agate mortar and pestle and mounted on a glass 

slide. The second sub-sample (preferentially oriented) was rinsed three times in deionized (DI) 

water to exclude water-soluble salts and to limit formation of evaporite phases during sample 

drying. The FFT was then re-suspended in DI water and larger particles were allowed to settle. 

After approximately 10 minutes, a 2 mL aliquot of the residual particle suspension was pipetted 

onto a glass slide and allowed to air dry for 24 hours. Phase identification was performed with 

Match! (v. 2.3.3), using the Crystallography Open Database (COD; Gražulis et al., 2009). 

3.4 X-ray absorption spectroscopy 

Bulk X-ray absorption near edge structure (XANES) spectra were collected at the S K-

edge and Fe K-edge on the SXRMB beamline (06B1-1) at the Canadian Light Source. Samples 

were flash frozen, freeze-dried, powdered with an agate mortar and pestle before being mounted 

with carbon tape to a copper plate and transferred to a vacuum chamber. The storage ring was 

operated at 2.9 GeV in decay mode with an initial current of 250 mA. The monochrometer used 

a Si(111) crystal to scan the incident photon energy from -50 to +100 eV relative to the 

theoretical K-edges for elemental S (2472 eV) and Fe (7112 eV). Duplicate spectra were 

obtained using total electron yield (TEY) to measure absorbance. Data reduction and analysis 

was performed using the ATHENA component of the IFEFFIT software package (Ravel and 
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Newville, 2005). Replicate scans (n = 3) obtained for samples and reference materials were 

averaged and E0 values were calibrated to theoretical S and Fe K-edge energies. Linear 

combination fitting (LCF) of sample spectra was constrained to a maximum of four reference 

materials and E0 values were invariant.  

Sulfur reference materials included FeS(s), pyrite [FeS2], elemental S [S8], gypsum 

[CaSO4·2H2O], L-cysteine [HO2CCH(NH2)CH2SH], L-methionine 

[HO2CCH(NH2)CH2CH2SCH3], dibenzothiophene [C12H8S], and poly(phenylene) sulfide 

[(C6H4S)n]. Iron reference materials included FeS(s), pyrite, siderite, vivianite [Fe3(PO4)2·8H2O], 

ripidolite (chlorite group) [Ca0.05(Mg4.44Al0.60Fe3+3.47Fe2+3.02Mn0.01Ti0.06)(Si4.51Al13.49)O20(OH)16], 

illite [(Mg0.09Ca0.06K1.37)(Al2.69Fe3+0.76Fe2+0.06Mg0.43Ti0.06)(Si6.77Al1.23)O20(OH)4], 2-line 

ferrihydrite [Fe(OH)3], goethite [α-FeO(OH)], Fe2+ sulfate heptahydrate [FeSO4·7H2O], and Fe3+ 

sulfate [Fe2(SO4)3·xH2O]. Reference materials were purchased as ACS grade reagents, 

synthesized (ferrihydrite, goethite), or obtained from the University of Saskatchewan mineral 

collection (pyrite, siderite) or the Clay Minerals Society (illite IMt-1, ripidolite). Synthesis of 

ferrihydrite and goethite followed previously described methods (Schwertmann and Cornell, 

2000). The purity of synthesized and mineral reference materials was confirmed by powder XRD 

prior to analysis. 

3.5 Geochemical modeling 

The geochemical code PHREEQCi (Version 3.1.1.8288; Parkhurst and Appelo, 2013) was 

used to examine controls on FFT pore-water chemistry. Mineral saturation indices (SIs) were 

calculated using the WATEQ4F (Ball and Nordstrom, 1991) thermodynamic database. Total 

dissolved Fe concentrations were input as Fe2+ to reflect anaerobic conditions in the FFT pore 

water. Dissolved hydrogen sulfide (H2S/HS-) concentrations were not measured during sampling; 
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however, trace concentrations are expected within submerged FFT deposits (Stasik et al., 2014; 

Stasik and Wendt-Potthoff, 2014). Additional simulations were, therefore, performed for a range 

of dissolved H2S (0.1, 0.5, 1.0, 5.0 and 10 μM) to assess the influence of SO4 reduction on pore-

water chemistry. Dissolved P concentrations were below the 0.1 mg L-1 method detection for 

91 % of the 284 FFT pore water samples. Non-detectable concentrations were, therefore, input as 

one half of this value (i.e., 0.05 mg L-1). Additional simulations evaluated dissolved PO4 

concentrations required to achieve saturation of pore water with respect to vivianite 

[Fe3(PO4)2·8H2O]. 

4. Results 

4.1 Temperature, solids content and conductivity 

Temperature profiles obtained for all 15 sampling sites exhibited spatial variability both 

among sampling locations and within deep FFT profiles (Fig. 2). The highest temperatures were 

generally observed within the water cover, whereas the lowest temperatures commonly occurred 

near the base of the submerged FFT deposit. Temperatures within the water cover and below the 

FFT-water interface averaged 19.3 ± 1.0°C and 12.9 ± 1.2°C, respectively, for all sites. 

Temperature variations across the FFT-water interface ranged from 3 to 8°C at individual sites, 

indicating the presence of substantial vertical heat transport across this interface. The observed 

temperature gradients, with relatively high temperatures present in the water column, are likely 

limited to late summer months (i.e., July through September). This trend is expected to reverse 

during winter months (i.e., December through March), when mean monthly air temperatures in 

Fort McMurray are −13.0 ± 4.5°C (Environment Canada, 2015). 
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Fig. 2. Depth profiles of temperature, solids content and electrical conductivity for 2013 FFT 

samples. Box plots show interquartile range (i.e., 25th to 75th percentile) and median values 

(black vertical lines) for all 15 sampling sites. Whisker caps display the 10th and 90th percentile 

values and outliers are plotted as open circles. Shaded region indicates depth of FFT-water 

interface (301.3 ± 0.6 masl at sample locations) and horizontal dashed line denotes water surface 

elevation (307.4 masl). 

Temperatures below the FFT-water interface fluctuated by less than 5°C for a single 

location. Maximum FFT temperatures were generally observed between an elevation of 275 and 

285 masl. Temperatures gradually decreased with distance from this zone, both toward the FFT-

water interface and toward the base of the FFT deposit. These trends indicate potential heat 

transport from the FFT deposit into the overlying water column and underlying Devonian 

limestone unit. Temperature variation from one sample station to another was apparent, with 

higher site-averaged temperatures observed within the eastern portion of BML (S08, S09, S12 



ACCEPTED MANUSCRIPT 

https://doi.org/10.1016/j.scitotenv.2016.03.002  14 

and S14). Until December 2012, relatively warm, low-density solids were discharged to this area 

of BML, as well as some warm coarse tailings buttressing the eastern dyke.  

Solids contents generally increased from less than 20 to greater than 50 % (w/w) with 

depth below the FFT-water interface. The mean solids content increased by close to 20 % (w/w) 

over a 5 m interval spanning the FFT-water interface (i.e., 296 to 301 masl). The solids content 

exhibited a more gradual increase with depth below this zone, suggesting a slower rate of 

ongoing dewatering or densification occurring at depth. Although site-dependent variations in 

depth profiles of solids content were observed, the majority of sites exhibited similar trends. 

Sites in the eastern portion of BML (S08, S09, S12, and S14) exhibited maximum solids contents 

exceeding 70 % (w/w) near the base of the deposit. Much of this increase in density is attributed 

to higher sand contents due to coarse tailings discharged along the eastern margin of BML. 

Corresponding values for the remaining sites were typically between 50 and 60 % (w/w).  

 The conductivity of bulk FFT samples consistently ranged from 3100 to 5400 μS cm-1 

(average 4000 ± 400 μS cm-1) and exhibited limited variation with depth and among sites. These 

values are attributed to high concentrations of Na, Cl and HCO3 along with other dissolved 

constituents (e.g., Ca, Mg, K, NH4, SO4) typically present in OSPW. Relative increases and 

decreases in conductivity were observed over discrete depth intervals at several sites (e.g., S04, 

S10, S13, S15). However, the apparent absence of distinct spatial trends in conductivity suggests 

these observations reflect geochemical variability rather than in situ biogeochemical processes. 

4.2 Aqueous geochemistry 

4.2.1 pH, alkalinity, Eh 

Sodium hydroxide addition during the bitumen extraction process increases pH to greater 

than 10; however, the final pH of FFT discharged into tailings ponds is typically around 8.5. 
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Observed pH values for FFT pore water were consistently near neutral at all 15 sample locations 

(Fig. 3), ranging from 6.6 to 8.3 (average 7.4 ± 0.34). Average pH values varied slightly among 

sites, with the highest value observed for S09 (7.7 ± 0.10) and the lowest value observed for S03 

(7.0 ± 0.23). Median pH values decreased by approximately 0.5 pH units with depth from the 

FFT-water interface to a relative depth of 10 m. This decrease in pH with depth is attributed to 

increasing pCO2 derived from anaerobic respiration processes. Similar trends have been linked to 

hydrocarbon degradation under methanogenic conditions within FFT (Siddique et al., 2014a). 

The magnitude of this pH decrease varied among sites; for example, values were relatively 

consistent at S09, but decreased by 0.9 pH units with depth at S03. These spatial variations may 

result from differences in physicochemical characteristics (e.g., solids content, temperature, 

organic carbon distribution, etc.) among sites. Reactions that consume CO2 (e.g., CO2 reduction, 

carbonate mineral precipitation) may also contribute to observed pH variability. 

Redox potentials (Eh) within the FFT were generally indicative of anoxic conditions, with 

average values ranging from less than -250 to approximately -100 mV among the 15 sites (Fig. 

3). Although distinct spatial trends were not apparent, the site-averaged Eh values were lowest at 

S14 (-270 ± 47 mV), S13 (-220 ± 68 mV) and S15 (-210 ± 37 mV). The lowest median Eh 

values among all sites (i.e., < -200 mV), were observed over a 2 m interval positioned 

immediately below the FFT-water interface. This observation is likely indicative of active 

biogeochemical redox processes within this zone. Although Eh values generally exhibited slight 

increases with depth, this apparent trend is not necessarily indicative of a change in the redox 

state of the FFT pore water. Lindberg and Runnels (1984) reported that although theoretical Eh 

value for the CH4/CO2 redox couple is approximately -300 mV, measured values of 

approximately -100 mV are common. These higher values can result from a general lack of 
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active redox couples (e.g., Fe2+/Fe3+) within the FFT pore water (Ramesh Kumar and 

Riyazuddin, 2012). Relatively high average Eh values observed at S06 and S11 were attributed 

to poor electrode performance rather than a change in redox conditions. 

 

Fig. 3. Pore-water pH, Eh, alkalinity (Alk.), Cl, SO4, Fe, Mn, NH3-N, Na, K, Ca and Mg over 

10 m depth interval immediately below the FFT-water interface. Box plots show interquartile 

range (i.e., 25th to 75th percentile) and median values (black vertical lines) for all 15 sampling 

sites. Whisker caps display the 10th and 90thpercentile values and outliers are plotted as open 

circles. Shaded region indicates depth of FFT-water interface (301.3 ± 0.6 masl at sample 

locations). 
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4.2.2 Sulfur 

Dissolved SO4 concentrations exhibited large variations both with depth through the FFT 

profile and among sampling locations (Fig. 3). The average dissolved SO4 concentration was 

92 ± 120 mg L−1 for all sites; however, zones of low dissolved SO4 concentrations were observed 

below the FFT-water interface at most sites. These zones were generally 3 to 5 m in thickness 

and were commonly positioned immediately below the interface (e.g., S06, S08, S11). This 

observation is consistent with previous findings from FFT deposits in a tailings pond (Stasik et 

al., 2014). The depth of this low-SO4 zone was more than 10 m below the interface at one 

location (i.e., S03). Significant variability in dissolved SO4 concentrations was observed at 

greater depth for several sites (e.g., S01, S08, S13). Moreover, pore-water SO4 concentrations 

increased from less than 1 mg L-1 at the FFT-water interface to greater than 400 mg L-1 over a 

2 m depth interval at S09 and persisted with increasing depth. These higher concentrations with 

depth at S09 may be associated with the input of process-affected waters in the south-eastern 

portion of BML prior to December 2012.  

Geochemical modeling results indicated that FFT pore water was under-saturated with 

respect to all sulfate minerals including gypsum [CaSO4·2H2O]. These results suggest that 

precipitation or dissolution of SO4 does not control dissolved SO4 concentrations within FFT 

pore water. Saturation with respect to the Fe sulfide minerals pyrite [FeS2] and FeS(s) was 

achieved at very low H2S concentrations of 0.05 to 0.3 mg L-1. These concentrations are 10 to 

100 times lower than those reported for microcosm experiments that examined FFT from BML 

(Chen et al., 2013; Chi Fru et al., 2013). Removal of SO4 via sulfate reduction and metal-sulfide 

precipitation has previously been observed in oil sands tailings ponds (Stasik et al., 2014) and in 

laboratory experiments (Chen et al., 2013; Siddique et al., 2014b). These processes are typically 
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constrained to a relatively narrow depth range below the FFT-water interface (Stasik et al., 2014; 

Chen et al., 2013), which is consistent with the observed low-SO4 zone positioned immediately 

below the FFT-water interface in BML.  

4.2.3 Iron and manganese 

Total dissolved Fe concentrations ranged from less than 0.1 to 0.6 mg L−1 and exhibited 

substantial variability, both among sites and with depth (Fig. 3). Despite this variability, average 

concentrations exhibited a slight increase with depth over the 2 m interval immediately below the 

FFT-water interface. At pH greater than 5, Fe3+ is typically insoluble due to rapid hydrolysis and 

the subsequent precipitation of (hydr)oxide phases. Moreover, reductive dissolution of Fe3+ 

(hydr)oxides is thermodynamically favoured under anoxic conditions in the presence of organic 

matter (Amos et al., 2012). Dissolved Fe concentrations in FFT pore water were therefore 

attributed to Fe2+, which is soluble under anoxic conditions at the measured pH values.  

Geochemical modeling indicated that FFT pore water was generally at or near saturation 

with respect to siderite. This carbonate mineral is present in oil sands ore (Osacky et al., 2013a, 

2013b), but may also form in situ under methanogenic conditions in FFT (Siddique et al., 

2014b). Inclusion of H2S in the geochemical simulations revealed that SO4 reduction would 

likely promote saturation of pore water with respect to both pyrite and FeS(s). These results are 

consistent with previous field (Stasik et al., 2014) and laboratory (Chen et al., 2013; Siddique et 

al., 2014b) studies suggesting that sulfide-mineral precipitation may serve as an additional 

control on Fe concentrations in FFT pore water. Geochemical modeling also indicated that 

vivianite [Fe3(PO4)2·8H2O] precipitation is not likely an important control on dissolved Fe 

concentrations. 



ACCEPTED MANUSCRIPT 

https://doi.org/10.1016/j.scitotenv.2016.03.002  19 

Dissolved Mn concentrations were also low in FFT pore water (Fig. 3). These 

concentrations ranged from less than 0.004 to 0.16 mg L−1 (average 0.05 ± 0.02 mg L−1) and 

maximum concentrations commonly occurred within 10 m of the FFT-water interface. The depth 

of these maxima relative to the interface is attributed to an increase in Mn2+ (hydr)oxide 

solubility under anoxic conditions. Pore water was at or near saturation with respect to 

rhodochrosite [MnCO3], suggesting this carbonate mineral serves as a control on dissolved Mn 

concentrations. In contrast to Fe, pore water was unsaturated with respect to MnS(s), indicating 

that the formation of Mn2+-sulfides was thermodynamically unfavourable. 

4.2.4 Sodium, potassium and chloride 

Pore water Na concentrations ranged from 690 to 1300 mg L-1 (average 880 ± 96 mg L−1), 

whereas K concentrations were between 10 and 100 times lower, ranging from 9.8 to 23 mg L-1 

(average 16 ± 2.3 mg L-1). These high Na concentrations are attributed to the addition of NaOH 

during bitumen extraction (Kasperski and Mikula, 2011). In general, dissolved concentrations of 

both elements exhibited increased variability with depth at individual sampling sites (Fig. 3). 

Maximum and minimum Na concentrations were observed at different depths among sampling 

sites. Dissolved K concentrations at S06 and S03 exhibited a distinct peak approximately 4 to 5 

m below the FFT-water interface. This peak corresponds to a slight decrease in pore-water pH 

coupled with increasing alkalinity and solids content. However, depth-dependent trends in pore-

water K concentrations were not apparent at the remaining sites.  

Similar to Na and K, pore water Cl concentrations exhibited increasing variability with 

depth. Concentrations within 5 to 10 m of the FFT-water interface commonly ranged from 500 

and 600 mg L-1 (Fig. 3). Exceptions included S03, which exhibited a small increase in dissolved 

Cl concentrations approximately 5 m below the interface, and S05, S06 and S08, where distinct 
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decreases were observed at a similar elevation. The average dissolved Cl concentration among 

all sites was 560 ± 95 mg L-1; however, concentrations as low and high as 340 and 960 mg L-1, 

respectively, were observed.  

These dissolved Na, K and Cl concentrations generally reflect the composition of OSPW 

previously reported for tailings ponds (Allen et al., 2008; Stasik and Wendt-Potthoff, 2014). 

Dissolved Na and Cl concentrations exhibited a strong positive correlation (r = 0.65; p < 0.001). 

Since Cl is assumed conservative within FFT pore water, this result suggests that in situ reactions 

have a limited impact on dissolved Na concentrations. In contrast to Na, dissolved K 

concentrations exhibited a weak positive correlation (r = 0.13, p < 0.005) with Cl concentrations. 

These observations indicate that in situ reactions (e.g., ion exchange) have a greater impact on 

pore-water K concentrations than on Na. 

4.2.5 Calcium and magnesium 

Pore-water concentrations of Ca and Mg averaged 19 ± 4.1 mg L-1 and 11 ± 2.0 mg L-1, 

respectively, among all sites (Fig. 3). Slight increases in dissolved Ca and Mg concentrations 

were observed with increasing depth over a 4 m interval beginning at the FFT-water interface 

(Fig. 3). This increase generally corresponded to a slight decrease in pore-water pH and increase 

in alkalinity. Average dissolved Ca concentrations were highest at S11 (23 ± 4.4 mg L-1) and 

lowest at S05 (16 ± 2.6 mg L-1). Similarly, average pore-water Mg concentrations were highest at 

S11 (13 ± 2.2 mg L-1) and lowest at S05 (9.7 ± 1.5 mg L-1). Spatial trends between these divalent 

cations and other major ions (i.e., Na, K, Cl) were not apparent. However, a strong correlation 

between Ca and Mg (r = 0.84; p < 0.001) suggested that geochemical controls on dissolved 

concentrations of these elements were linked. 
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Geochemical modeling indicated that pore water was consistently at or near saturation with 

respect to both calcite and dolomite. Additionally, molar ratios of Ca to Mg averaged 1.0 ± 0.12 

among all sampling sites and linear regression of these data revealed a slope of 1.05. These 

results suggest that dolomite dissolution is the principal source of Ca and Mg to FFT pore water. 

However, previous studies by Osacky et al. (2013a, 2013b) indicate that calcite typically occurs 

at higher proportions than dolomite. Therefore, the observed 1:1 molar ratio of Ca to Mg 

suggests that secondary geochemical processes (e.g., ion exchange, precipitation) also influence 

dissolved Ca concentrations. 

4.2.6 Nitrogen and phosphorus 

Total NH3-N concentrations averaged 9.9 ± 4.7 mg L−1 and generally exhibited a distinct 

peak between 2 and 10 m below the FFT-water interface (Fig. 3). Individual sampling sites 

exhibited maximum NH3-N concentrations ranging from 13 to 29 mg L−1. With the exception of 

S06, NH3-N concentrations subsequently declined to less than 10 mg L−1 with depth. 

Concentrations in excess of 10 mg L−1 are commonly observed for oil sands process affected 

water (Allen, 2008). The ammonium cation (NH4+) is expected to dominate aqueous NH3 

speciation under the near-neutral pH values measured for FFT pore water. Substitution of NH4+ 

for K+ within clay minerals (e.g., illite) has previously been reported for Cretaceous formations 

(i.e., Mannville Group) of the Western Canada Sedimentary Basin (Manning and Hutcheon, 

2004). A weak positive correlation (r = 0.39; p < 0.001) between NH3-N and K suggests that a 

similar process may contribute NH3-N to FFT pore water in BML. However, elevated NH3-N 

concentrations may also be derived from mineralization of organic-bound N via ammonification. 

Dissolved NO2-N + NO3-N concentrations were consistently less than 0.5 mg L−1 below the 
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FFT-water interface and commonly below the 0.03 mg L−1 method detection limit (data not 

shown). 

Total dissolved P concentrations were below the method detection limit (0.1 mg L-1) for 

242 of the 294 samples (data not shown). Despite these relatively low concentrations, microbial 

growth is not generally limited by P availability in oil sands tailings ponds (e.g., Stasik et al., 

2014; Stasik and Wendt-Potthoff, 2014). These low concentrations are attributed to a lack of P-

bearing minerals in oil sands ore and correspondingly low concentrations in process-affected 

waters.  

4.3 Mineralogy 

The mineralogical assemblage was generally consistent among sampling locations. Powder 

XRD analysis of randomly oriented bulk FFT samples revealed the common presence of quartz 

and several clay minerals including kaolinite [Al2Si2O5(OH)4], illite 

[(K,H3O)(Al,Mg,Fe)2(Si,Al)4O10{(OH)2,(H2O)}], and chlorite 

[(Mg,Fe)3(Si,Al)4O10(OH)2·(Mg,Fe)3(OH)6] (Fig. 4). A lower-intensity peak positioned at 

approximately 32° 2θ was also observed; this peak was assigned to the Fe(II) carbonate mineral 

siderite. Peaks corresponding to these phases were observed for all FFT samples; however, peak 

intensities varied among samples. Minor peaks positioned at approximately 30 and 33° 2θ were 

attributed to calcite and pyrite, respectively. Although these calcite peaks were observed in all 

samples, peaks for pyrite were only apparent in samples from S08 and S10. Dolomite, which has 

previously been observed in oil sands ore (Osacky et al., 2013a), was not detected in the XRD 

patterns.  
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Fig. 4. Powder X-ray diffraction (XRD) patterns for (a) random and (b) oriented sample 

preparations Peak positions identified for calcite (Cal), chlorite (Chl), illite (Ilt), inter-layered 

illite-smectite (Ilt-Sme), kaolinite (Kln), pyrite (Py), quartz (Qz), and siderite (Sd). 

Analysis of preferentially oriented clay samples revealed similar results. Quartz, illite, 

kaolinite, and chlorite were the dominant phases identified in these XRD patterns (Fig. 4). 

However, the relative intensity of quartz to clay mineral peaks was consistently smaller for the 

oriented samples. This observation suggests that quartz preferentially settled out during sample 

preparation. Peaks associated with siderite and calcite were minor to absent, while pyrite was not 

detected. Asymmetry of the illite peak at approximately 9° 2θ may also be indicative of the 

presence of interstratified illite-smectite, which has previously been identified in oil sands ore 

(Osacky et al., 2013a, 2013b). These results are generally consistent with previous mineralogical 

analysis of end-member samples of oil sands ore from the McMurray formation (Osacky et al., 

2013a, 2013b).  
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4.4 Solid-phase geochemistry 

4.4.1 Sulfur 

Sulfur K-edge XANES spectra were characterized by a dominant peak positioned at 

approximately 2474.3 eV (Fig. 5). This peak generally exhibited a shoulder at 2472.2 eV and a 

minor pre-edge feature at approximately 2470.9 eV. The relative magnitude of the shoulder 

varied among samples and was most prominent for samples obtained at S03. The dominant peak 

at 2474.3 eV is characteristic of organic S compounds with oxidation states of +0.5 or +1 (Zeng 

et al., 2013).  

Results of the LCF analysis suggest that this feature was comprised of a combination of 

reference spectra for thiol (L-cysteine) and thiophene (dibenzothiophene) compounds (Table S1). 

These reference spectra were found to comprise approximately 40 to 70 % (w/w) of the S K-edge 

XANES spectra. Consequently, the LCF analysis indicated that inorganic S phases comprised the 

remaining 30 to 60 % (w/w) of the S K-edge XANES spectra. The shoulder positioned at 

2472.2 eV is characteristic of pyrite (Zeng et al., 2013), which commonly occurs in low 

abundance in oil sands FFT (Sidiqque et al., 2014b) and ore (Osacky et al., 2013a, 2013b). 

Although not a major component of the bulk FFT mineralogy, these data suggest that pyrite 

comprise 20 to 40 % of the S K-edge XANES spectra. Additionally, LCF results suggest that S 

associated with FeS(s) accounted for up to 20 % of the S K-edge spectra.  

4.4.2 Iron 

The Fe K-edge XANES spectra exhibited white line maxima at 7124.4 eV and a secondary 

hump at approximately 7135 eV (Fig. 5). The relative magnitude of these features varied among 

samples; however, secondary humps were consistently smaller than the white line maxima peaks. 

These spectra also exhibited a small pre-edge feature centered at approximately 7113 eV. 
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Positioning of the white line and secondary hump are characteristic of siderite (Siddique et al., 

2014b), while the pre-edge feature is generally consistent with Fe(II)-bearing compounds 

(Prietzel et al., 2007). Results of the LCF analysis indicated that all Fe K-edge spectra were 

dominated by siderite, which accounted for 60 to 80 % (w/w) of Fe present in the samples (Table 

S2). Pyrite accounted for < 10 % (w/w) of the Fe K-edge XANES spectra, while the chlorite and 

illite reference spectra comprised the remaining 10 to 30 % (w/w). Inclusion of these clay 

minerals in the LCF analysis was based upon XRD results and on previous studies of oil sands 

ore (Osacky et al., 2013b). Reference Fe K-edge XANES spectra obtained for FeS(s), vivianite, 2-

line ferrihydrite and goethite provided poor fits to the sample spectra.  

 

Fig. 5. Sulfur and iron K-edge XANES spectra for 2013 FFT samples (solid lines) and results of 

linear combination fitting (circles). Vertical dotted lines represent photon energy of white line 

maxima for select reference materials including FeS(s), pyrite (Py), L-cysteine (Cys), 

dibenzothiophene (DBT), gypsum (Gp), siderite (Sd), chlorite (Chl), and illite (Ilt).  
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5. Discussion 

Concomitant trends in physical and geochemical characteristics observed in BML suggest 

that biogeochemical processes contribute to FFT dewatering and settlement. Large increases in 

solids content observed immediately below the FFT-water interface generally correspond to a 

slight decrease in pH and increases in pore-water alkalinity and dissolved concentrations of Ca, 

Mg and NH4. Sharp decreases in pore-water SO4 concentrations and slight increases in dissolved 

Fe were also observed below the interface. Mineralogical and solid-phase geochemical analyses 

revealed the presence of siderite, FeS(s) and pyrite, a general absence of dolomite and Fe3+ 

(hydr)oxides, and minor amounts of calcite below the FFT-water interface. These observations 

are generally consistent with two proposed pathways for microbially accelerated FFT dewatering 

and settlement described by Siddique et al. (2014a, 2014b).  

5.1 Carbonate-mineral dissolution 

Increasing dissolved CO2 concentrations derived from methanogenesis and other anaerobic 

respiration processes drives proposed Pathway I (Siddique et al., 2014a). The resulting decrease 

in pore-water pH likely promotes dissolution of carbonate minerals including calcite and 

dolomite: 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶3(𝑠𝑠) + 𝐻𝐻+ ↔ 𝐶𝐶𝐶𝐶2+ + 𝐻𝐻𝐶𝐶𝐶𝐶3− (1) 

𝐶𝐶𝐶𝐶𝑀𝑀𝑀𝑀(𝐶𝐶𝐶𝐶3)2(𝑠𝑠) + 2𝐻𝐻+ ↔ 𝐶𝐶𝐶𝐶2+ + 𝑀𝑀𝑀𝑀2+ + 2𝐻𝐻𝐶𝐶𝐶𝐶3− (2) 

Divalent cations released via these dissolution reactions (i.e., Ca2+, Mg2+) can enhance FFT 

settlement (Brown et al., 2013) by exchanging for Na+ at clay mineral surfaces. This exchange 

reaction reduces the thickness of the EDL and, therefore, facilitates closer packing of clay 

particles and concomitant FFT dewatering (Siddique et al., 2014a). 
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Observed trends in FFT pore-water chemistry in BML are generally consistent with 

Pathway I. A slight decrease in pH coupled with increases in alkalinity, Ca and Mg, as observed 

in the current study, suggest a zone of increased pCO2 developed approximately 3 to 6 m below 

the FFT-water interface. A strong positive correlation between dissolved Ca and Mg 

concentrations is also indicative of dolomite dissolution. The apparent absence of dolomite, 

which occurs in oil sands ore (Osacky et al. 2013a, 2013b), within XRD patterns suggests that 

dissolution has depleted this carbonate mineral. Minor peaks observed in the powder XRD 

patterns suggest that calcite had not yet been depleted by ongoing dissolution. Alternately, 

microbial-mediated precipitation under methanogenic conditions could also account for minor 

calcite observed in the FFT samples (Bennet et al., 2001). These results indicate that changes in 

pore-water chemistry associated with carbonate-mineral dissolution have likely contributed to 

FFT dewatering and settlement within BML. 

5.2 Secondary-mineral precipitation 

In addition to carbonate dissolution, the zone immediately below the FFT-water interface 

was also characterized by a slight increase in dissolved Fe concentrations and a sharp decrease in 

pore-water SO4 concentrations. This trend is attributed to microbial Fe and SO4 reduction, which 

are commonly observed in oil sands FFT deposits (Ramos-Padrón et al., 2011; Siddique et al. 

2012; Chen et al., 2013; Stasik et al., 2014; Stasik and Wendt-Pothoff, 2014). Stasik et al. (2014) 

observed a zone of C, S and Fe cycling positioned 1–4 m below the FFT-water interface within 

an active tailings deposit. Current results suggest that a zone of Fe and SO4 reduction extends 2 

to 3 m below the FFT-water interface in BML. Low molecular weight organic carbon 

compounds (e.g, organic acids, naphtha) may be utilized as electron donors for anaerobic 

respiration by Fe-reducing bacteria (FeRB) and SO4-reducing bacteria (SRB). Potential terminal 
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electron acceptors for Fe reduction include secondary Fe3+ (hydr)oxides (Kasperski and Mikula, 

2011; Siddique et al., 2014b) or structural Fe3+ within chlorite or other clay minerals (Dong et 

al., 2003; Zhang et al., 2012). The apparent absence of Fe3+ (hydr)oxides in the current study is 

consistent with thermodynamic instability of these phases in methanogenic environments (Amos 

et al., 2012). The products of SO4 and Fe reduction can combine to form Fe2+ sulfides including 

pyrite and FeS(s) within FFT deposits (Chen et al., 2013; Chi Fru et al., 2013; Siddique et al., 

2014b; Stasik et al., 2014; Boudins et al., 2016). Siderite precipitation may also be promoted 

below the FFT-water interface where Fe concentrations and alkalinity exhibited slight increases. 

Consequently, microbial Fe and SO4 reduction are likely to have an important influence on pore-

water chemistry below the FFT-water interface. 

According to Pathway II proposed by Siddique et al. (2014b), the formation of secondary 

Fe2+ phases (i.e., sulfides, carbonates, phosphates) at clay-mineral surfaces reduces surface 

charge potential, facilitates aggregation, and enhances FFT settlement. Results of the current 

study indicate that FeS(s) precipitation likely occurs within the zone of Fe and SO4 reduction 

below the FFT-water interface. However, transformation of siderite under SO4-reducing 

conditions may also account for the presence of FeS(s) within the FFT samples (McAnena and 

Poulton, 2013). It also remains unclear whether siderite within this zone was derived from the 

original FFT source or formed in situ. Precipitation of the Fe(II)-phosphate mineral vivianite has 

been reported in laboratory experiments designed to assess relationships between FFT 

biogeochemistry and settlement (Siddique et al., 2014a). However, geochemical modeling of 

current data indicated that saturation of pore water with respect to vivianite would require a 10- 

to 100-fold increase in total dissolved P concentrations  – assuming all P is present as PO4 – and 

a slight decrease in pore-water pH (Postma, 1981). Siddique et al. (2014b) observed mineral 
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coatings on FFT clay particles, which is indicative of in situ precipitation reactions. Geochemical 

modeling suggests that in situ precipitation of FeS(s) and siderite could contribute to FFT 

dewatering and settlement within BML; however, other in situ mineral precipitation-dissolution 

reactions may also occur. 

5.3 Long-term geochemical evolution 

Although data indicate that both pathways proposed by Siddique et al. (2014a, 2014b) have 

likely occurred within BML, their long-term contribution to FFT dewatering and settlement 

remains unclear. Deposition of FFT began in 1994 when BML, then referred to as WIP, was 

used as a tailings storage facility, with FFT added each year. This deposition ceased in 2012 

prior to establishment of BML as an EPL. Consequently, biogeochemical processes related to the 

two proposed pathways for microbially accelerated FFT dewatering and settlement have 

progressed for several years. The uppermost 10 m of FFT present at the time of sampling was 

likely deposited over a seven-year period preceding the establishment of BML. This timeline 

provides a constraint on the potential duration of the biogeochemical processes observed or 

inferred in this study. The initial stages of these processes would have occurred within the newly 

placed FFT each year, while such processes may have been interrupted or altered with 

subsequent FFT addition. 

Dolomite and calcite were largely depleted at the time of sampling. Despite ongoing 

methanogenesis, contributions of Ca and Mg to FFT pore water are therefore expected to 

diminish with time. The future potential for enhanced FFT dewatering and settlement via 

methanogenesis and carbonate-mineral dissolution is therefore expected to be limited. The 

apparent absence of ferrihydrite and goethite also suggests that reductive dissolution of Fe3+ 

(hydr)oxides is unlikely to provide a long-term source of dissolved Fe. Moreover, siderite 



ACCEPTED MANUSCRIPT 

https://doi.org/10.1016/j.scitotenv.2016.03.002  30 

dissolution is unlikely an important pore-water Fe2+ source at observed pH values (Silva et al., 

2002). Sulfate reduction is expected to continue while dissolved SO4 concentrations remain 

elevated within the water cover relative to FFT pore water. However, freshening of this water 

cover over time due to fresh water inputs could deplete this SO4 pool. The capacity to precipitate 

new Fe2+-bearing phases (i.e., FeS(s), siderite) at clay mineral surfaces is also expected to 

decrease over time. 

5.4 Contribution of dissolved constituents to water cover 

Both advection, associated with FFT settlement and dewatering, and diffusion could 

contribute dissolved constituents (e.g., Na, Cl, HCO3, NH4) to the BML water cover. However, 

advection is expected to be the dominant mass transport process in the early stages of an EPL 

(CEMA, 2007). Consequently, advective transport of dissolved constituents across the FFT-

water interface during settlement and dewatering could retard expected water quality 

improvements. This contribution is expected to decrease with time as FFT settlement and 

dewatering rates decline (Jeeravipoolvarn et al., 2009). Quantifying these fluxes over time will, 

therefore, require additional investigations of physical and biogeochemical processes at high 

spatial resolution across the FFT-water interface. Although this research is outside the scope of 

the current study, it will be critical for predicting long-term contributions of dissolved 

constituents from FFT to the overlying water column. This study provides the baseline data for 

these future investigations at BML. 

6. Conclusions 

This study provides the first comprehensive investigation of initial FFT geochemistry in a 

full-scale oil sands end pit lake (EPL). Results indicated that previously proposed pathways of 

microbially enhanced FFT dewatering and settlement have likely functioned within Base Mine 
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Lake (BML). Results suggest that a slight decrease in pH has promoted carbonate-mineral 

dissolution and the release of divalent cations (i.e., Ca2+, Mg2+). Exchange of these divalent 

cations for Na+ at clay mineral surfaces will reduce the thickness of the electrical double layer 

(EDL) and facilitate closer packing of FFT solids. Results are also indicative of in situ 

precipitation of secondary Fe2+ sulfide and Fe2+ carbonate phases. Formation of these phases at 

clay mineral surfaces could reduce surface charge potential, thereby facilitating closer packing of 

FFT solids. Although these pathways of microbially enhanced FFT dewatering and settlement 

have likely operated in BML, their long-term contributions to the geochemical and mineralogical 

evolution of FFT within remain unknown.  

End pit lakes (EPLs) represent a key closure strategy for oil sands mines in northern 

Alberta, Canada. These closure landforms may contain thick deposits of fluid fine tailings (FFT) 

under a water cover. Initial water quality within the water cover is largely controlled by OSPW 

associated with FFT. In situ biogeochemical processes and fresh water inputs are expected to 

support improvement in the quality of the water cover over time. However, FFT pore water was 

found to contain high Na, Cl and HCO3 concentrations along with other dissolved constituents 

including Ca, Mg, K, NH3, and SO4. Consequently, FFT pore water release rates will likely have 

a strong influence on water quality in BML and other oil sands EPLs. Results of this study 

indicated that FFT dewatering and settlement rates are likely linked to in situ biogeochemical 

processes within BML. Therefore, understanding FFT geochemistry is critical for evaluating 

long-term geochemical controls on FFT settlement and dewatering rates, and for assessing long-

term fluxes of dissolved constituents across the FFT-water interface.  
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