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ABSTRACT 

Vanadium has previously been linked to elevated toxicity of leachates derived from oil sands 

petroleum coke. However, geochemical controls on V mobility within coke deposits remain 

poorly constrained. Detailed examinations of pore-water and solid-phase V geochemistry were, 

therefore, performed on oil sands fluid petroleum coke deposits in Alberta, Canada. Sample 

collection focused on both active and reclaimed deposits, which contained more than 3 × 107 m3 

of fluid petroleum coke. Dissolved V concentrations were highest (up to 3.0 mg L-1) immediately 

below the water table, but decreased rapidly with increasing depth. This trend corresponded to a 

transition from mildly acidic (pH 6 – 7) and oxic conditions to mildly alkaline (pH 7 – 8.5) and 

anoxic conditions. Scanning electron microscopy (SEM), electron microprobe analysis (EMPA) 

and micro-X-ray fluorescence (µXRF) mapping revealed coke particles exhibited an internal 

structure characterized by successive concentric layers. The outer margins of these layers were 

characterized by elevated V, Fe, Si, and Al concentrations, indicating the presence of inorganic 

phases. Micro-X-ray absorption near-edge structure (μXANES) spectroscopy revealed that V 

speciation was dominated by V(IV) porphyrins except at outer margins of layers, where 

octahedrally-coordinated V(III) was a major component. Minor to trace V(V) was also detected 

within fluid petroleum coke particles. 

INTRODUCTION 

Large quantities of petroleum coke are generated during upgrading of oil sands bitumen 

to synthetic crude oil. This carbonaceous material exhibits elevated S and trace element 

contents,1 making it largely unsuitable for combustion or industrial applications. Consequently, 

greater than 108 t of petroleum coke is currently stockpiled in the Athabasca Oil Sands Region 
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(AOSR) of northern Alberta, Canada.2 Mine closure landscapes could contain more than ten 

times this amount upon conclusion of mining.3 Although petroleum coke offers utility as a 

construction material for mine closure landscapes, previous studies have reported toxic effects on 

invertebrates4-6 and plants.7 Baker et al.8 observed increased V uptake by a macrophytic green 

alga and benthic invertebrates in coke-amended sediment from a reclamation wetland. 

Puttaswamy et al.5 found that coke leachates were toxic to an aquatic invertebrate, and identified 

dissolved V as a principal source of this toxicity. Aeolian transport of fine particles from sub-

aerial stockpiles has led to more widespread distribution in the AOSR.9 Additionally, large 

stockpiles of oil sands petroleum coke have also been reported in urban industrial areas in major 

U.S. cities.10 Consequently, a detailed understanding of V sources and mobility is critical for 

assessing and mitigating long-term environmental risk associated with this oil sands bitumen 

upgrading byproduct. 

Vanadium occurs naturally at elevated concentration in oil sands bitumen and other 

heavy oil deposits.11,12 Petroleum coke, generated during thermal conversion of the non-

distillable bitumen fraction into volatile compounds, becomes enriched in trace elements present 

in heavy oils. Fluid petroleum coke from the AOSR typically exhibits total V concentrations of 

1000 to 2000 mg kg-1.1,12-16 The V speciation of petroleum coke is dominated by V(IV) as the 

vanadyl ion (VO2+) in porphyrin-like atomic coordination environments within asphaltenic 

micelles.17,18 These stable metalloporphyrin complexes are generally resistant to both weathering 

and thermal decomposition.12 Substantial V(IV) porphyrin breakdown during natural weathering 

has, however, been observed in Early Toarcian Age (183 Ma) black shales.19 Additionally, 

thermal decomposition of these stable complexes has been reported at temperatures exceeding 

400°C, 12 which is consistent with fluid coking temperatures of 480 to 565°C used during oil 
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sands bitumen upgrading.20 Thermal decomposition of V porphyrins was previously inferred 

based on crystalline V-bearing nanocluster occurrence in AOSR fluid petroleum coke.12 

Vanadium was associated with Si, O, S and Fe within these nanoclusters; however, V speciation 

within this phase remains unknown.  

Despite the apparent stability of V(IV) porphyrins, total dissolved V concentrations 

exceeding 2 mg L-1 for coke pore water and leachate have been reported.4 Vanadium mobility 

within surface water and groundwater is strongly influenced by reduction-oxidation (redox), 

precipitation-dissolution, and sorption-desorption reactions.21-24 Enhanced V leaching has been 

observed under oxic conditions at neutral to alkaline pH.5,25 This transition metal exhibits six 

possible oxidation states, but V(III), V(IV) and V(V) dominate in the environment.24,26 Although 

both V(IV) and V(V) can occur in petroleum coke leachates, V(IV) is rapidly oxidized to V(V) 

under oxic conditions.27 Microbial reduction of dissolved V(V) to V(IV) and V(III) under anoxic 

conditions is also possible.28 Aqueous V(V) speciation is generally dominated by H2VO4
- and 

HVO4
2- oxyanions at pH 4 to 10. Cationic V(III) and V(IV) species can occur under these 

conditions; however, precipitation of V (hydr)oxide phases can occur at elevated V(III) and 

V(IV) concentrations.24 Redox processes, therefore, influence pH-dependent sorption-desorption 

and precipitation-dissolution reactions that control V mobility.21 Consequently, complex 

interactions between (bio)geochemical processes likely control the occurrence and distribution of 

dissolved V within coke deposits. 

 This study focused on improving understanding of V geochemistry in oil sands fluid 

petroleum coke deposits. Detailed groundwater sampling was performed to constrain 

geochemical controls on V concentrations and distribution in active and reclaimed fluid coke 

deposits in the AOSR. Solid-phase analyses were performed to examine micro-scale V 
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speciation variability and potential pore-water V sources. Results improve capacity for predicting 

V mobility in oil sands mine closure landscapes and, more generally, provide new insight into 

environmental V geochemistry. 

MATERIALS AND METHODS 

Study Site. Field sampling was focused on fluid petroleum coke deposits at the Mildred 

Lake oil sands mine, which is located approximately 35 km north of Fort McMurray, Alberta, 

Canada (Figure 1). The two deposits examined during this study, Coke Beach (CB) and Coke 

Watershed (CW), are located within the containment dam for the Mildred Lake Settling Basin 

(MLSB). This active tailings pond contains fluid fine tailings (FFT), produced during bitumen 

extraction and upgrading, stored under a shallow water cover comprised of oil sands process 

water (OSPW).29 The CB and CW deposits contain approximately 3 × 107 m3 of fluid petroleum 

coke that was hydraulically deposited at the western margin of MLSB beginning in 2000. Coke 

Beach is a 1.5 km2 sub-aerial deposit (i.e., coke is directly exposed to the atmosphere) where 

freshly-produced coke has been deposited since 2000. Coke Watershed  is an inactive 0.28 km2 

deposit that received fresh coke from 2000 to 2003, when deposition ceased and an experimental 

reclamation soil cover was applied. The CB and CW deposits are hydraulically connected to FFT 

and the overlying OSPW water cover within MLSB. 

Well Installations. Multi-level groundwater wells were installed at several locations in 

the CB (n = 5) and CW (n = 3) deposits (Figure 1) to assess spatial variability of V 

geochemistry. These wells were constructed from 0.3 cm inner diameter (ID) polyethylene (PE) 

tubes, which were perforated and screened over the bottom 10 cm with 125 µm Nitex mesh. 

Nine tubes were then fastened to a central 1.9 cm ID PE with screens spaced on center at 0.25 to 
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1.00 m intervals. The bundles were installed using a sonic drilling rig (ML SRS, Fraste S.p.A., 

Italy) by advancing 7.6 cm diameter steel casing fitted with an aluminum knock-out tip to 6.0 or 

8.0 m below surface. Bundles were then lowered into the casing, which was then retrieved 

leaving the multi-level well and knock-out tip in place. Water was added to minimize the 

buoyancy of the well bundle during well installation. The water table was positioned 0.6 to 1.6 m 

below ground surface at CB well locations and 2.9 to 4.5 m below ground surface at CW well 

locations. 

 

Figure 1. Plan view image of field site showing location in Alberta, Canada, aerial photo of the 

Mildred Lake Settling Basin, and plan view map of well installation and associated coring 

locations in the Coke Beach (CB) and Coke Watershed (CW) deposits. 

Water Sampling and Analyses. Water samples were collected a minimum of 30 days 

after well installations. Static water table elevations were measured and three well volumes then 

were purged before sampling. A peristaltic pump (Geopump Series II, Geotech Environmental 
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Equipment Inc.) was connected with Pt-cured silicone pump tubing directly to the screened 0.3 

cm ID tubing. The opposite end of the pump tubing was connected to an in-line flow-through 

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

temperature were performed. The pH electrode (Orion 8156BNUWP ROSS Ultra, Thermo 

Scientific, USA) was calibrated to NIST-traceable pH 7, 4 and 10 buffer solutions. The 

calibration was checked before each measurement and recalibration was completed as required. 

ZoBell’s solution30 and Light’s solution31 were used to verify Eh electrode (Orion 9678BNWP, 

Thermo Scientific, USA) performance. The conductivity cell (Orion 013010MD, Thermo 

Scientific, USA) was calibrated to NIST-traceable conductivity standards. Additional field 

measurements were performed, following removal of the flow-through cell, on water passed 

through inline 0.45 μm surfactant free cellulose acetate (SFCA) filters. Alkalinity was quantified 

by titration with H2SO4 to the bromocresol green methyl red endpoint (i.e., 4.5). 

Spectrophotometric NH3-N and H2S(aq) determinations were performed using salicylate (HACH 

Method 10031) and methylene blue (HACH Method 8131) methods, respectively.  

Water samples for inorganic anion, dissolved organic carbon (DOC), and stable isotopes 

of water analyses were passed through 0.45 μm SFCA filters into PE bottles and stored at 4°C 

until analysis. Inorganic anions (Br, Cl, F, NO3, NO2, PO4, SO4) were quantified by ion 

chromatography (IC), while δ18O and δ2H vales were determined by cavity ring-down 

spectroscopy (L2120-i Isotopic Water Analyzer, Picarro, USA).32 Samples for DOC analysis 

were transferred into amber borosilicate vials and acidified with 5% (v/v) H3PO4 remove 

inorganic carbon. Quantification was performed by wet UV/persulfate oxidation of DOC and 

thermal conductivity detection of evolved CO2 (Model 1010 TOC Analyzer, OI Analytical, 

USA). Water samples for trace element and major cation analyses were passed through 0.1 µm 
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polyethersulfone membranes, acidified to < pH 2 using concentrated trace metals grade nitric 

acid (OmniTrace, EMD Millipore, USA), and stored in PE bottles at 4°C until analysis. Trace 

elements were quantified using inductively-coupled plasma mass spectrometry (ICP-MS; 

NexION 300D, Perkin Elmer, USA) and major cation concentrations were determined by 

inductively-coupled plasma optical emission spectrometry (ICP-OES; Varian Vista RL, Agilent 

Technologies, USA). Thermodynamic modelling of pore-water geochemistry was performed 

using PHREEQCi (Version 3.1.5)33 with the MINTEQA2 V4 database. 

Core Sampling and Analyses. Continuous core sampling was at locations in the CB (n = 

5) and CW (n = 3) deposits corresponding to multi-level well installations (Figure 1). Core 

tubing was advanced in 2.0 m depth intervals using a sonic drilling rig (ML SRS, Fraste S.p.A., 

Italy) to between 6.0 and 8.0 m below ground surface. Sub-samples collected at 0.5 m depth 

intervals from each location were immediately transferred to PE bottles and frozen until analysis. 

Elemental and mineralogical analyses were previously conducted on bulk coke core samples to 

delineate bulk elemental relationships.16 Thin sections were prepared for select coke samples to 

facilitate spectroscopic analyses. These samples were freeze-dried, vacuum-embedded in 

medical-grade epoxy, and mounted on 27 by 47 mm quartz-glass slides using cyanoacrylate 

adhesive. The sections were then ground and polished to 30 μm thick using 0.5 µm diamond and 

synthetic kerosene to avoid dissolution of water-soluble phases.  

Electron Micro-Analyses. Samples were examined using an electron microprobe 

analyzer (EMPA; JXA-8600 Superprobe, JEOL, Japan) fitted with an electron dispersive X-ray 

(EDX) detector. A 20 nm thick C coating was applied to thin sections before EMPA examination 

using a 15 kV acceleration voltage.  
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Synchrotron Micro-Analyses. Thin sections were examined by µXRF and µXANES 

spectroscopy on beamline 13-ID-E at the Advanced Photon Source, Argonne National 

Laboratory. The storage ring was operated at 102 mA current in continuous top-up mode during 

data collection. Incident beam energy was selected using a cryo-cooled double crystal 

monochromator fitted with Si(111) crystals. The incident beam was focused to a 2 by 2 µm spot 

size on mounted thin sections.  

Two-dimensional µXRF mapping of the V Kα emission line was performed at incident 

energies of 5486 eV, 5492 eV, and 5600 eV to examine V distribution and speciation within 

coke particles. These energies were selected based upon preliminary V K-edge µXANES 

measurements.  Fluorescence data was collected with a four-element Si drift detector (Vortex 

ME4, Hitachi, Japan) in continuous scanning mode using a 25 ms practical pixel time. Beamline 

software (GSECARS X-ray Microprobe Map Viewer, Version 8) and custom matrix 

manipulation code (MATLAB 2010a, MathWorks, USA) were used for XRF data processing, 

which included subtraction of the Ti Kβ signal from V Kα maps.  

Subsequent locations for V K-edge µXANES measurements were identified from the 

µXRF maps. These measurements involved scanning the incident energy from -100 to +644 eV 

relative to the theoretical V (5465 eV) K-edge. The energy resolution was 0.1 eV across the 

absorption edge. Sample spectra were collected in fluorescence mode using the same Si drift 

detector, while reference spectra were collected in transmission mode. Reference materials were 

prepared by grinding, diluting in BN, and packing into 0.5 mm thick polytetrafluoroethylene 

holders between two layers of polyimide adhesive tape. The Athena module of the Demeter 

software package (Version 0.9.21)34 was used for data reduction and analysis. Linear 

combination fitting (LCF) was performed from −30 to +65 eV relative to the theoretical V 
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(5465 eV) K-edge. Reference spectra for V(V) oxide [V2O5], V(IV) octaethyl porphyrin 

(VOOEP), V(IV) tetraphenyl porphyrin (VOTPP), V(IV) bis-phenyl butane dionate (VOPBD), 

and roscoelite [K(Al,V)3Si3O10(OH)2]
35 , and vanadium carbide [VC] were measured and 

considered during LCF analysis. 

The V Kα µXRF mapping at 5486 and 5492 eV was performed to further assess the 

spatial distribution of V(IV) and V(III) within coke particles. These energies were selected 

because they corresponded to maximum absorbance of the roscoelite white line (5486 eV) – 

surrogate for octahedrally-coordinated V(III) – and the maximum absorbance of the VOOEP 

edge (5492 eV). Additionally, these energies avoided issues with potential contributions from 

V(V) to the V(IV) pre-edge peak. Speciation maps were generated by dividing the Ti Kβ-

subtracted and I0-normalized V Kα µXRF map obtained at an incident energy of 5486 eV, by 

those obtained at an incident energy of 5492 eV. The resulting quotient maps provide spatial 

information on the relative distribution of V(IV) porphyrin complexes and octahedrally-

coordinated V(III) as V Kα counts per second ratios. 

RESULTS AND DISCUSSION 

Pore-water geochemistry. Geochemical conditions within the CB and CW deposits 

were characterized by a shallow mixing zone between meteoric water and OSPW isotopic 

signatures. This mixing zone was delineated from pore-water δ18O values and Cl concentrations, 

which were strongly correlated (R = 0.77) and exhibited distinct depth-dependent trends 

(Figure 2). More depleted δ18O values characteristic of meteoric water36 were generally observed 

in shallow wells. Pore-water Cl concentrations ranged from 0 to 200 mg L−1 in these shallow 

wells and increased to greater than 400 mg L−1 with depth. Less depleted δ18O and higher Cl 
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concentrations are consistent with OSPW36, which was predominant in deeper wells at most 

locations. Similar to Cl, DOC concentrations generally increased with depth below the water 

table; however, with the exception of samples from location C, concentrations were consistently 

below 8 mg L-1. This mixing zone was, however, less pronounced at location CB where Cl 

concentrations remained low to 8 m depth. Although the mixing zone depth varied among the 

remaining locations, the transition from low to elevated Cl concentrations was typically 

positioned between 2 and 4 m below the water table. 

Pore-water pH ranged from 6.2 to 8.4 and generally increased with depth below the water 

table. Redox potential (Eh) decreased concomitantly with depth from between 300 and 550 mV 

to less than 100 mV at several locations (i.e., AB, AM, AX). The largest pH and Eh variations 

were observed within 2 m of the water table, which ranged from 0.6 to 4.5 m below ground 

surface among all locations. These variations, therefore, occurred above the upper boundary of 

the mixing zone between mildly acidic meteoric water with underlying OSPW, which is 

characterized by alkaline pH and anoxic conditions.29 

Pore-water vanadium. Dissolved V concentrations were commonly elevated 

immediately below the water table and decreased rapidly with depth at all locations (Figures 2, 

3). Vanadium concentrations ranged from less than 0.01 to 3.0 mg L−1; however, values were 

consistently less than 0.5 mg L−1 at depths greater than 1.5 m below the water table. These rapid 

declines in pore-water V generally correspond to the zone of increasing pH and decreasing Eh. 
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Figure 2. Depth profiles of pore-water V, pH, Eh, δ18O and Cl for all sites relative to water table 

elevation. 

Vanadium concentrations were significantly (p < 0.05) correlated with Eh values (R = 

0.65) and thermodynamic modelling indicated H2VO4
- was consistently the dominant aqueous 

species. These findings are consistent with previous research21 that showed V(V) oxyanions 

exhibit greater mobility in natural waters. Although dissolved V(IV) and V(V) species have been 

detected in pore water of a covered oil sands petroleum coke deposit,26 subsequent oxidation of 

V(IV) to V(V) is likely under oxic conditions.27 Oxygen ingress into the uncovered CB deposit 

was expected given the high permeability of coke deposits.37 Therefore, oxidation is likely to 

occur during V release and transport as infiltrating meteoric water migrates downward through 

the vadose zone. Elevated Eh values and V concentrations near the water table, therefore, 

suggest oxic conditions dominated within the vadose zone of the CB and CW deposits. 

Depth profiles of Fe, Mn, SO4 and H2S were generally consistent among Sites A and AM 

(Figure 3), which exhibited distinct differences in dissolved V concentrations. Dissolved Fe and 

Mn concentrations exhibited maximum concentrations of 0.2 and 0.6 mg L-1 near the upper 

boundary of the mixing zone between meteoric water and OSPW. Elevated V concentrations 

typically corresponded to low Fe concentrations observed above this zone (Figures S1, S1). 

Thermodynamic modelling indicated that Mn(II) dominated Mn speciation and predicted the 
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presence of both Fe(II) and Fe(III). However, poor agreement between measured and theoretical 

Eh values is well established38 and slight decreases (i.e., -50 mV) in input Eh values shifted 

model predictions to Fe(II) as the dominant Fe oxidation state. Dissolved H2S concentrations 

approached 10 μg L-1 proximal to maximum Fe and Mn concentrations, suggesting a sharp 

transition from oxic to anoxic conditions at the upper boundary of the mixing zone between 

meteoric water and OSPW. The concentration of DOC increased downward slightly, 

corresponding to a transition to OSPW and anoxic conditions, but exceeded 8 mg L-1 only at 

location C in the CW deposit. Reduction of V(V) can be coupled with microbial oxidation of 

organic matter;39 however, rates generally decrease with increasing pH and are slowest above pH 

6.24 Reduction of V(IV) to V(III) coupled with H2S oxidation is possible; however, reduction 

rates are slow even at H2S concentrations much higher than those measured.40 Therefore, the 

occurrence of elevated V concentrations under anoxic conditions suggests that V(V) reduction 

was inhibited. Complexation of V(IV) or V(III) with organic and inorganic ligands has potential 

to inhibit redox transformations and enhance solubility.24,27,40 Nevertheless, V concentrations 

within and below the mixing zone consistently decreased to less than 0.2 mg L-1 with depth at all 

locations including Sites A and AM. 
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Figure 3. Depth profiles of pore-water V, pH, Eh, alkalinity (Alk.; as CaCO3), Cl, Fe, Mn, SO4, 

and H2S at Sites A and AM. Horizontal dashed line represents the water table elevation at the 

time of sampling. 

Previous laboratory studies have reported V concentrations in coke leachates generally 

increase with pH.5,21,25,41 Although site-dependent variations in redox conditions were not 

apparent, shallow wells at Sites A and AM exhibited substantial differences in pH and alkalinity. 

Dissolved V concentrations ranged from 1.0 to 3.0 mg L-1 within the upper 2 m of the saturated 

zone at Site A (Figure 3). Pore-water pH at this site was consistently greater than 7.4 which is 

higher than the point of zero charge (pHPZC) of 6.5 ± 0.3 of oil sands fluid petroleum coke.41 In 

contrast, pore-water pH increased from 6.1 to 8.1 with depth at Site AM, where the maximum V 

concentration was 0.6 mg L-1. Thermodynamic modelling indicated that pore-water was 

consistently undersaturated with respect to calcium vanadates and other V(V) phases. These site-

dependent differences in V concentrations could, therefore, result from pH-dependent sorption of 

V(V) oxyanions onto coke particle surfaces. Coke particles would exhibit net positive surface 
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charge within the upper 2 m of the saturated zone at Site AM. Sorption of H2VO4
- onto coke 

particle surfaces would limit dissolved V concentrations at this site. Less extensive 

H2VO4
- sorption at higher pH could explain higher V concentrations observed at Site A. 

Previously-reported positive relationship between dissolved V and HCO3
- concentrations in coke 

leachates6 may result from formation of neutral or negatively-charged aqueous V(IV) carbonate 

complexes (e.g., VOCO3
0, VO(OH)CO3

−).24,40 Although alkalinity was greater than 100 mg L-1 

(as CaCO3) for Site A samples that exhibited V concentrations above 1 mg L-1, modelling 

suggests that formation of aqueous V(IV) species was thermodynamically unfavorable. 

Solid-Phase Geochemistry. Fluid petroleum coke particles were composed of a sub-

spherical core bounded by several successive concentric layers (Figure S3). These concentric 

layers were comprised of two zones: (1) an inner region measuring 5 to 10 µm thick; and (2) an 

outer margin measuring 1 to 5 µm thick. The inner region of individual layers was comprised 

mostly of C and S and generally consistent with bulk coke composition.15 In contrast, the outer 

margins contained elevated K, Al, Si, Ca and Mg contents relative to C and S, and both Fe and 

Ti were commonly detected (Figure S4). Previous TEM-EDX analysis of oil sands fluid 

petroleum coke identified V-bearing nanocrystalline mineral clusters containing Si, O, S and Fe. 

However, these samples were crushed prior to analysis and the location of these clusters within 

coke particles was not reported.12 The chemical and mineralogical composition of coke is 

derived from the bitumen source; therefore, spatial variations are attributed to the fluid coking 

process. Coke particles are continuously circulated between burner vessel – operated at 480 to 

565°C – and coker vessel (i.e., fluidized bed reactor).42 Bitumen is sprayed onto hot coke 

particles within the coker vessel to facilitate thermal decomposition of the non-distillable 
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bitumen fraction. Volatile compounds are recovered and residual hydrocarbons form a new layer 

at particle surfaces. 

Vanadium Speciation in Coke Particles. Coke particles exhibited heterogeneous V 

distribution with concentrations typically highest at the outer margins of concentric layers 

(Figure 4). Additionally, V K-edge µXANES spectra commonly differed between the inner 

region and outer margin of individual concentric layers (Figure 4, Table S1). Spectra obtained 

from layer inner regions were generally consistent with bulk V K-edge spectra for oil sands fluid 

petroleum coke.16 These spectra exhibited a distinct pre-edge peak positioned at 5469 eV, which 

may be associated with the V(IV) or V(V) oxidation state. However, LCF analysis of these 

µXANES spectra and previous finite difference modelling of the near-edge structure 

(FDMNES)16,43 indicated that V(IV) in porphyrin-like square-pyramidal N and O coordination 

dominated V speciation (Table S1). Nevertheless, V(V) likely constituted minor to trace 

component of these V K-edge µXANES spectra that was not associated with V(IV) porphyrin 

complexes. 

Corresponding µXANES spectra obtained from outer margins of individual concentric 

layers exhibited a lower magnitude pre-edge peak at 5469 eV. Additionally, these spectra 

exhibited a doublet feature between 5484 and 5499 eV that was inconsistent with V K-edge 

spectra for V(IV) porphyrins.44 These spectral features were, however, generally consistent with 

V(III) substituted into distorted octahedral O-coordinated sites in (phyllo)silicate minerals.35,45 

The phyllosilicate roscoelite [KAlV2Si3O10(OH)2], which contains this manner of V(III) 

coordination, exhibited V K-edge XANES spectra35 similar to those obtained from outer 

margins. Similar distorted octahedrally-coordinated V(III) has previously been reported for 
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coals.45  Similar to the layer inner regions, V(V) likely represented a minor to trace component of 

sample spectra from the our margins of concentric layers. 

 

Figure 4. Vanadium Kα µXRF maps obtained at 5600 eV for samples from depths of 0 m (a), 

2 m (b) and 7 m (c) for location AB in the CB deposit. (d) Measured (solid lines) and fitted (open 

circles) V K-edge µXANES spectra for multiple spots from V Kα maps. Scale bars on µXRF 

maps represent 20 µm and units are counts per second (CPS). 

Linear combination fitting was performed for V K-edge µXANES spectra (n = 34) from 

selected spots on multiple V Kα µXRF maps (n = 8) for various sampling locations. The LCF 

results revealed that relative proportions of V(IV) porphyrins compared to octahedrally-
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coordinated V(III) ranged from 5.8 to 0.8 (Table S1). Fitted spectra for particle cores and layer 

inner regions comprised up to 86% V(IV) porphyrin reference spectra (i.e., VOOEP, VOPBD) 

(Figure S5). In contrast, fitted spectra for outer layer margins included up to 50% octahedrally-

coordinated V(III) standard (i.e., roscoelite). For example, LCF results for a sample obtained 

2.0 m below surface at site AB (AB-2m) displayed substantial spatial differences (Figure 4). 

Approximately 50% of a µXANES spectrum from the outer layer margin of this sample (AB-

2m-M3-S1) was attributed to distorted octahedrally-coordinated V(III). Vanadium(IV) porphyrin 

reference spectra accounted for greater than 60% of spectra obtained for other spots (AB-2m-

M3-S2, AB-2m-M3-S3) on this sample, which were located within a layer inner region and 

particle core, respectively. These results revealed that V(IV) porphyrins dominated V speciation 

within coke particles; however, octahedrally-coordinated V(III) was prevalent at the outer 

margins of concentric rings. Vanadium(V) phases exhibit a high-intensity pre-edge peak shifted 

to slightly higher energy compared to V(IV) porphyrins (Figure S5). The V(V) spectrum slightly 

improved fits over the pre-edge peak region (5465 to 5473 eV), suggesting the presence of a 

minor to trace V(V) component. 

Similar spatial variations in the relative proportion of V(IV)-porphyrin complexes and 

octahedrally-coordinated V(III) were revealed by speciation mapping (Figure 5). These maps 

showed that V(IV)-porphyrin complexes generally dominated solid-phase V speciation. 

However, octahedrally-coordinated V(III) was commonly more abundant in outer margins of 

layers (i.e., AB-7m-M4-S3), where total V Kα counts were generally highest, compared to inner 

regions of layers (i.e., AB-7m-M4-S1, AB-7m-M4-S2). These maps provided speciation 

information at a much higher spatial coverage compared to V K-edge µXANES point 
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measurements. Nevertheless, interpretations based on these speciation maps were consistent with 

the µXANES data. 

 

Figure 5. (a) Vanadium Kα µXRF map obtained at incident energy of 5600 eV for sample from 

depth of 7 m at location AB in the CB deposit. (b) Corresponding oxidation state map calculated 

from the pixel-wise quotient of V Kα µXRF maps obtained at incident energies of 5486 and 

5492 eV. (c) Measured (solid lines) and fitted (open circles) V K-edge µXANES spectra for 

selected spots on this sample. Scale bars on µXRF maps represent 20 µm and units are counts 

per second (CPS) and CPS quotient. 

Conceptual Model of V Mobility. Oil sands fluid petroleum coke particles exhibit 

systematic zonation of V species, which is attributed to the coking process. Although bulk V 

speciation is dominated by V(IV) porphyrin complexes,16 octahedrally-coordinated V(III) was 

abundant at outer margins of concentric layers. The prevalence of V(III) at coke-particle surfaces 

– the outer margin of outer-most concentric layer – and expected stability of V(IV) porphyrin 

complexes suggest V(III) is a potential dissolved V source. However, the minor to trace V(V) 

component represents another possible contributor to dissolved V in fluid petroleum coke 

deposits.  

Thermodynamic modeling indicated that the V(V) oxyanion H2VO4
- dominated aqueous 

speciation and consistent undersaturation of pore-water with respect to V(V) phases (e.g., Ca-

vanadates). Extensive V leaching in the presence of deionized water and exchangeable ions has 
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previously been reported for fluid petroleum coke.16 Therefore, extensive V(V) accumulation 

within coke particles is unlikely. These results suggest that oxidative V(III) weathering at coke 

particle surfaces may produce a pool of soluble V(V) within the vadose zone, which could be 

transported downward to the saturated zone with infiltrating meteoric water. However, the 

presence of an initial V(V) pool produced during coking cannot be ruled out. 

Dissolved V concentrations within the saturated zone were strongly controlled by pH and 

redox conditions. The highest V concentrations were generally observed under oxic conditions 

and neutral to alkaline pH. Substantial decreases in dissolved V concentrations were, however, 

observed for the same pH conditions under anoxic conditions. Since precipitation of V(V) phases 

was thermodynamically unfavorable, these observations suggest that V(V) reduction to V(IV) or 

V(III) may lead to sorption of cationic species at alkaline pH or to precipitation of secondary 

(hydr)oxide phases. Overall, these results indicate that V leaching and mobility are enhanced 

when fluid petroleum coke is exposed to oxygen in the presence of meteoric waters. 
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