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SO4
2− production rates and weathering depths were con-

sistent with numerical simulations of the diffusion and sub-
sequent consumption of atmospheric O2 in the overburden. 
The rate of SO4

2− production during the 6 year weathering 
period estimated from direct measurements of solids chem-
istry ranged from 0.70 to 8.3 g m−2 day−1. The rates cal-
culated from the oxygen diffusion models were within that 
same range, between 1.6 and 4.1 g m−2 day−1.

Keywords  Pyrite oxidation · Oxygen diffusion · 
Overburden dump · Oil sands · Reclamation

Introduction

Surface mining generates large volumes of overburden 
waste (Amos et al. 2015). In the Athabasca oil sands region 
of northern Alberta, about 4800 km2 of oil sands reserves 
are potentially extractable by surface mining of bitumen 
(Government of Alberta 2016). The oil sand deposits are 
covered by Holocene organic material (peat), Quaternary 
glacial deposits, and up to 75 m of Cretaceous Clearwater 
formation that is dominated by uncemented clay-shales, 
clay-silts, fine-grained sands, and several thin indurated 
sandstone layers. The Clearwater shale deposits in the 
Athabasca oil sands region are of marine origin and con-
tain substantial amounts of pyrite (Gautier 1986; Haug 
et al. 2014; Mermut and Arshad 1987). The excavation and 
placement of these deposits into large overburden dumps 
exposes these deposits to oxygen and induces subsequent 
weathering of the pyrite. In conventional mine waste rock 
piles, oxidation of sulphide minerals such as pyrite gen-
erates acid mine drainage (AMD; e.g. Emrich and Mer-
ritt 1969; Lefebvre et al. 2001a; Lottermoser 2010; Nord-
strom 2011; Sracek et  al. 2004). However, in the case of 

Abstract  Saline-sodic shale overburden associated with 
oil sand mining is a potential source of salt release to sur-
face water and groundwater and can lead to salinization 
and/or sodification of reclamation covers. Weathering 
of shale overburden due to oxidation of sulphide miner-
als within the shale leads to sulphate (SO4

2−) production 
and increased salinity. The controls on the rates of weath-
ering of a shale overburden dump in the oil sands region 
of northern Alberta were determined from soil chemistry 
sampling and in  situ monitoring of pore gases (O2, CO2, 
CH4) in three shallow profiles (1.9–4.45  m deep) and 
one deep (25 m deep) profile under reclamation covers of 
varying thickness. Oxidation, defined by the depth over 
which O2 concentrations were depleted, reached depths 
of approximately 1.1 m under the reclamation soil covers 
over a 6 year period after dump placement. Calculations of 
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oil sands overburden shales, carbonate minerals (e.g. cal-
cite, dolomite, and siderite) are present, which can buffer 
the acidity (Haug et  al. 2014). The resultant H2CO3 can 
further dissociate to bicarbonate (HCO3

−) or water (H2O) 
and carbon dioxide (CO2). The release of Ca2+ can result 
in ion exchange at the exchange sites of clay minerals with 
a concomitant increase in Na+ in the pore water (Hendry 
et al. 1986). Ca2+ can also react with the SO4

2− and water 
to form gypsum (CaSO4⋅2H2O).

In the case of the oil sands’ saline-sodic overburden 
mine waste, the primary risk associated with pyrite oxida-
tion is the generation of high concentrations of dissolved 
ions such as Na+ and SO4

2−, which can be transported 
into reclamation cover soils and cause salinization and/
or sodification of reclamation soil profiles or adjacent 
wetlands (Kessler et  al. 2010; Olatuyi and Leskiw 2014). 
Field studies at a reclaimed shale overburden dump in the 
Athabasca oil sands region north of Fort McMurray, AB, 
Canada showed that salts had migrated upward into the soil 
reclamation covers (Hilderman 2011; Huang et al. 2015b; 
Kessler et  al. 2010). There is evidence that the mobilized 
salts in the upper overburden are flushed by net percola-
tion into the dump and subsurface flow along the interface 
between the soil and overburden (Kelln et al. 2007, 2008, 
2009); however, the rates and duration of oxidation in the 
reclaimed dumps that contribute to this salinization of the 
overlying soil remain poorly quantified.

The present study focused on a large reclaimed overbur-
den shale dump at an oil sands mine in northern Alberta, 
Canada. The objectives were twofold: first, to define the 
characteristic depths and rates of the dominant weather-
ing mechanisms in the shale overburden dump and second, 
to quantify how these vary as a function of location on the 
dump and depth of the reclamation cover. These objectives 
were attained by collecting profiles of soil geochemistry 
and in  situ pore gas composition within the overburden 
shale deposit, and by modeling the rates of O2 diffusion and 
consumption in the overburden shale.

Study Site

This study was conducted at a reclaimed overburden dump 
at the Mildred Lake mine operated by Syncrude Canada 
Ltd., 40  km north of Fort McMurray, Alberta, Canada 
(Fig.  1). The climate of the region is sub-humid, conti-
nental with cold winters and warm summers. The aver-
age yearly precipitation is 417 mm (1952–2011), of which 
106  mm occurs as snow (Huang et  al. 2015a, b). Poten-
tial evapotranspiration is 517  mm per year (1999–2009) 
(Huang et al. 2015a, b). The oil sand deposits at this mine 
are overlain by 50–75 m of saline-sodic Cretaceous shale of 
the Clearwater formation. The Clearwater formation has an 

average grain size distribution of 6.5% sand, 53.0% silt, and 
40.5% clay (Chapman 2008) and is characterized as glauco-
nitic silty sands with light to dark gray clay silts dominated 
by smectite clays (Chapman 2008; Spiers et al. 1984).

The study site, referred to as South Bison Hill (SBH; 
Fig. 1), was constructed by a combination of end or push 
dumping into a mined out pit followed by free dumping 
in approximately 5 m lifts over the top 40 m of the dump 
(Boese 2003; Chapman 2008). The dump was constructed 
between 1980 and 1996 with approximately 100  Mm3 of 
overburden placed over approximately 2 km2 (depth range 
50–90  m). The dump is dominated by saline-sodic shale, 
with traces of low-grade lean oil sands and small amounts 
of glacial till, as well as unevenly distributed cobblestones 
and boulders (Chapman 2008). The dump was contoured 
into several discrete watersheds in 1998 and 1999 and 
capped with two-layer reclamation soil covers consisting 
of salvaged glacial till topped with a mixture of peat and 
glacial till. Geotechnical characteristics and soil hydrau-
lic properties of these materials are presented in Table  1. 
Three 200 × 50  m research watersheds were constructed 
along the north-facing slope using three different soil cover 
alternatives of the aforementioned materials (Fig. 1b). The 
D1 cover was 30  cm of till covered by 20  cm of a peat-
mineral mixture; the D2 cover was 20 cm of till covered 
by 15 cm of peat-mineral mixture; while the D3 cover was 
80 cm of till covered by 20 cm of the peat-mineral mixture. 
On the plateau of the dump, the soil cover is nominally 
120 cm thick with 100 cm of till overlain by 20 cm of the 
peat-mineral mixture (Fig. 1b). The study area on the north 
slope of the dump was designed with a relatively uniform 
5:1 incline (Fig. 1c). The toe of the hillslope is separated 
from a dirt road by a shallow swale constructed in glacial 
till. After capping the overburden, a mix of aspen and white 
spruce were planted on the slopes and plateau of the dump.

The dump was instrumented as part of a larger ecohy-
drological study to investigate the long-term evolution of 
the hydrological system and evaluate the success of the rec-
lamation ecosystem. The covers were designed to provide 
sufficient available water-holding capacity and nutrients 
to support final revegetation targets (Huang et  al. 2015a) 
and were not designed to limit pyrite oxidation. The covers 
were instrumented with climate monitoring stations; soil 
monitoring stations to measure water content, matric poten-
tial, and temperature; as well as subsurface flow trenches to 
capture interflow from the cover/shale interface and a set of 
weirs in the swale (Huang et al. 2015a; Kelln et al. 2007).

The soil water dynamics of the covers and shallow 
overburden are largely determined by the yearly cycle of 
recharge by snow melt infiltration and depletion by root 
water extraction. The covers freeze completely during 
winter (Meiers et  al. 2011). When the snow pack melts, 
it either runs off or infiltrates into air-filled macropores 
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(Kelln et  al. 2007). Subsurface flow is generated along 
the soil-overburden interface over the lower half of the 
hillslope following ground thaw (Kelln et al. 2007). Dur-
ing the growing season, the vegetation extracts water 
from the entire cover depth. Huang et  al. (2015a) dem-
onstrated that in covers less than 75  cm thick, limita-
tions in water storage capacity can restrict transpiration 
during drier growing seasons. An analysis of pore water 
salt concentrations 3  years after placement found that 
salts were transported into the covers via diffusion (Kes-
sler et al. 2010). While the diffusion profiles were similar 
between cover thickness and slope position, a follow-up 
study performed 10  years after placement showed that 
downward net percolation can offset the upward diffusion 
of salts (Huang et al. 2015b). The amount of net percola-
tion varied with topography; percolation rates on the pla-
teau (42–76 mm year−1) were greater than on the slopes 
(8–34 mm year−1) (Huang et al. 2015b).

Methods

Four locations within the SBH dump were sampled for 
chemical analysis and monitored for pore-gas concentra-
tions (Fig. 1b). This included a mid-slope location on the 
D2 (0.35 m cover) watershed (site A′) and mid- and upper 
slope locations on the D3 (1.0  m soil cover) watershed 
(sites A and B), as well as one on the 1.2 m soil cover pla-
teau (site C). A control site was selected in an undisturbed 
forested area 7 km southwest of the dump.

Solids Chemistry

Core samples were collected between Feb 2001 and Aug 
2002 at each site using a split-spoon sampler (Table 2). The 
samples were split and placed in Ziploc bags. Preliminary 
chemical analyses of the 2001 samples indicated high con-
centrations of soluble sulphur at all depths indicating that 
oxidation likely occurred during storage of the samples. 

Fig. 1   a Site location in Canada. b Location of sites in the con-
structed watersheds on the north slope of South Bison Hill. The red 
triangles indicate the location of gas measurements and the yellow 
circles the permanent soil monitoring stations. The depths of the soil 
reclamation covers are from left to right: 0.55 m (D1), 0.35 m (D2), 
1.0 m (D3). The undisturbed control site is located 7 km to the south-

west of cover D1. c South–North cross-section of the dump (Chap-
man 2008). S1–S4 represent different dump phases of the overburden 
shale. S1: 1980–1982; S2: 1986–1990; S3: 1992–1994; S4: 1995–
1996. BML Base Mine Lake. The grey line labelled “P” indicates the 
extent of the plateau, the grey line labelled “S” indicates the slope 
along which the constructed watersheds D1, D2, D3 are located
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To quantify the in  situ soil chemistry, samples collected 
the following year (2002) were immediately placed in a 
portable anaerobic chamber (Difco Laboratories, Detroit, 
USA) and flushed with nitrogen to minimize oxidation. 
Anaerobic reaction packets were placed in each container 
to remove any O2 present after flushing. The samples were 
then freeze-dried and ground under a nitrogen head space 
using a centrifuge soil grinder fitted with a 1.0 mm screen 
(Retsch GmbH, Haan, Germany). The samples were trans-
ferred to an anaerobic chamber (Coy Labs, Grass Lake, 
USA) for storage and saturated paste preparation.

The soluble salts were measured from saturated paste 
extracts of the soil samples (Rhoades 1982). The saturated 
paste extracts were prepared by mixing 100 g of each soil 
sample with deionized water to create a saturated paste that 
was then sealed in a container and allowed to equilibrate 
for 12 h. Leachates from the samples were filtered (0.45 μm 

Whatman Nuclepore filters) and diluted 100 times before 
analysis. One-half of each sample was acidified with a sin-
gle drop of concentrated HNO3 and analyzed for Na+, Ca2+, 
Mg2+, and K+ using a Dionex 2000 ion chromatograph 
(Thermo Scientific, Sunnyvale, USA). The non-acidified 
half was analyzed for pH, EC, and SO4

2−, and Cl− using the 
same ion chromatograph. The chemistry of the saturated 
paste extracts was interpreted using the equilibrium geo-
chemical speciation program PHREEQC Interactive (Ver-
sion 3.3.3; USGS 2016). All of the samples were found to 
be undersaturated with respect to gypsum, confirming that 
all of the readily soluble sulphur salts had dissolved during 
extract preparation.

Total S concentrations of the soil samples were meas-
ured with a LECO CNS-2000 elemental analyzer (Leco 
Corporation, Saint Joseph, USA). Total inorganic and total 
organic carbon contents of the soil samples were measured 

Table 1   Geotechnical and soil 
hydraulic parameters of cover 
and shale overburden materials

a Meiers et al. 2011: ASTM D422-63 method (ASTM 1996)
b Boese 2003: 32 samples analyzed in summer of 2000
c Lower value determined with optimizing of hydrological model (Huang et al. 2015b). Higher values cal-
culated from dry density measurements (Boese 2003)
d Measured in saturated paste extracts (Kessler et al. 2010)

Property Peat-mineral mix Glacial Shale

Grain size distributiona

Gravel (%) 2 2 0.5
Sand (%) 38 38 14.5
Silt and Clay (%) 60 60 85
Specific gravityb 2.62 2.61 2.73
Average dry bulk den-

sity (SD)b (g cm−3)
0.92 (0.31) 1.28 (0.21) 1.47 (0.20)

Atterberg limitsb

Plastic limit (%) n/a 20.3 27.4
Liquid limit (%) n/a n/a 44.4
Porosityc (%) 0.56–0.59 0.44–0.55 0.44–0.57
Field saturated 

hydraulic conductiv-
ity (SD)a (m s−1)

7.0 × 10−5 (0.5 × 10−7) 0.4 × 10−5 (0.68 × 10−7) 0.3 × 10−7 (0.78 × 10−7)

pHd 5.9 7.7 7.5
ECd (dS m−1) 0.5 0.8 8.2
SARd (−) 1.0 2.0 20.6

Table 2   Soil sampling details Site Date # samples Storage Analyses

Site A June 2001 n = 8 Aerobic Total S, TIC, TOC, d13 of soil carbon
Site A′ June 2001 n = 12 Aerobic Total S, TIC, TOC, d13 of soil carbon
Site B June 2001 n = 7 Aerobic Total S, TIC, TOC, d13 of soil carbon
Site C Feb 2001 n = 13 Aerobic Total S, SO4

2−, TIC, TOC, d13 of soil carbon
Site C Aug 2002 n = 30 Anaerobic Total S, pH, EC, major ions/soluble salts Na+, Ca2+, Mg2+, 

K+, SO4
2−, Cl−, exchangeable cations, cation exchange 

capacity
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with the LECO CR-12 carbonator carbon system (Leco 
Corporation, Saint Joseph, USA). The furnace temperature 
was set at 1100 °C for total carbon (TC) combustion and 
840 °C for total organic carbon (TOC) combustion. Con-
centrations of total inorganic carbon (TIC) were calculated 
by subtracting TOC from TC concentrations. Stable carbon 
isotopes (δ13C) of TOC in solid samples were measured 
with a Tracer/20 mass spectrometer coupled to an ANCA 
g/s/l sample preparation unit (Sercon Limited, Crewe, UK). 
For the δ13C analysis of TIC, samples were dissolved using 
acid-digestion to convert all of the TIC to CO2. Samples 
were soaked in an excess of 3 M HCl at room temperature 
overnight and then rinsed with deionized water through a 
45 μm filter under vacuum to remove all chloride from the 
samples. The samples were then dried and weighed in tin 
cups for mass spectrometer analysis.

The acid-generating potential of the shale overbur-
den was quantified using an acid-base accounting (ABA) 
method (Morin 1990) to calculate the net neutraliza-
tion potential (NNP) and the neutralization potential ratio 
(NPR) of the dump materials:

where AP is the acid generation potential (kg CaCO3/
tonne (t) of soil) and NP is the neutralization potential (kg 
CaCO3/t of soil). AP was calculated from the reduced S 
concentrations in the soil samples, expressed as weight per-
centages. Assuming that all of the reduced S in the soil is 
available to contribute to acidification, this concentration of 
reduced S can be converted to kg CaCO3, with the stand-
ard equations for pyrite oxidation and a conversion factor 
of 31.25. We assumed that all inorganic carbon (TIC) was 
available for acid neutralization and converted the TIC of 
the soil samples to kg of CaCO3, with a conversion factor 
of 8.34.

Soil Gas Probe Installation

Total of 35 gas probes were installed in four profiles at 
SBH (Fig. 1b) and in one profile at the undisturbed forested 
site. The sites were chosen to represent different slope posi-
tions (site A vs. site B), cover thicknesses (site A vs. site 
A′), and conditions on the plateau (site C). At site A (mid-
slope, 1.0  m cover), 6 gas probes were installed between 
the soil surface and a depth of 4.05  m; at site A′, 7 gas 
probes were installed between the soil surface and 1.90 m 
depth; at site B, 7 gas probes were installed between the 
soil surface and 4.45 m depth; at site C, 12 gas probes were 
installed between the soil surface and 25  m depth; at the 
control site, 3 gas probes were installed between the soil 
surface and 2.5 m depth.

(1)NNP = AP − NP,

(2)NPR = NP∕AP,

The probes were constructed of 6.4 mm O.D. high-den-
sity polyethylene (PE) tubing with screened filters fitted on 
the down-hole end. The screened filters were constructed 
using chain-saw oil filters pushed into the tube end and cov-
ered with window screen. Holes less than 5 m deep (sites 
A, A′, B, and control) were hand-augered using a 50 mm 
diameter auger head. Each hole was filled with 5  cm of 
coarse sand (clean drilling sand) onto which the screened 
end of the probe was placed. The hole was then backfilled 
with another 5 cm of sand, followed by bentonite pellets to 
the surface. The 25 m deep hole on the plateau (site C) was 
augered with a truck-mounted auger drill rig (Layne Chris-
tenson Canada Ltd.) using a 100 mm diameter auger stem 
(200  mm outer diameter). Sand was poured in the open 
hole below and above each sensor with 1 m thick benton-
ite plugs between each pair of probes. Above ground, the 
PE tubing from each hole was fitted with plastic three-way 
valves and placed in a PVC pipe for protection.

Pore Gas Chemistry

Samples were taken from the gas-probe installations to 
measure pore gas concentrations of O2, CO2, and CH4. The 
gas probes were operational from Nov 2000 (sites A, B, 
control) or June 2001 (site A′, C) through Oct 2003. Sam-
ples were collected from each probe monthly (2001–2002) 
or every other month (2003), excluding the winter season. 
It took approximately 6 months after installation for the 
probes to equilibrate with the overburden pore gas. There-
fore, only data obtained after the 2001–2002 winter were 
interpreted in this study.

Pore gas concentrations of O2 and CO2 in the pore gas 
were measured in the field with a portable gas analyzer 
(GasTech Australia, Wangara, Australia) while in the sec-
ond half of the sampling period, pore gas concentrations of 
O2, CO2, CH4, and N2 were measured with an M200 port-
able micro gas chromatograph (Agilent Technologies Inc., 
Santa Clara, USA). The GasTech analyzer was calibrated in 
the lab with natural air (O2 sensor) and a gas standard (CO2 
sensor) before deployment in the field. The performance of 
this analyzer was checked before and after every sampling 
period using a gas standard containing 11.6% CO2 (±5% of 
concentration) and 3.05% O2 (±5% of concentration). Stag-
nant gas in the tubing of each gas probe was purged using a 
50 mL plastic syringe prior to analysis.

The Agilent GC was calibrated in the lab before deploy-
ment in the field with standards of air (20.9% O2, 78.1% 
N2), and two ultra-high purity gas mixtures (UHP 1: 11.6% 
CO2, 3.05% O2, 85.35% N2; UHP 2: 0.52% CH4, 1.58% 
CO2, 10% O2, 88.42% N2). Each gas port was purged using 
a 140 mL syringe and the final sample immediately injected 
into the GC for analysis. Additional gas samples were col-
lected from the probes after each in situ pore gas analysis. 
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Gas samples were collected in 250  mL evacuated glass 
serum bottles, crimp sealed with a butyl blue septum and 
transported to Saskatoon for further analysis. Pore gas sam-
ples were analyzed for δ13CCO2 with a Micromass Optima 
isotope ratio mass spectrometer (Waters Corporation, Mil-
ford, USA). Between Feb 2001 and Oct 2002 (when field 
measurements were made with the GasTech analyzer), the 
bottled samples were also analyzed with a Carle Special 
Series S311 gas chromatograph (Chandler Engineering, 
Broken Arrow, USA) for their concentrations of O2, CO2, 
CH4, and N2.

Soil Water Content and Soil Temperature

The gravimetric water content of soil samples taken from 
different depths during installation of the gas probes were 
measured in the laboratory. The volumetric water content 
(VWC) of these samples was then calculated using meas-
ured bulk density values for the various materials in the 
dump (Boese 2003). At sites A and A′, shallow access 
tubes were installed near the gas probe nest. Neutron 
counts were measured using a 503 DR Hydroprobe (CPN 
Inc., Concorde, USA) from Sept. 2001 through Aug. 2003. 
At site C, three shallow (<1.6 m) access tubes for a Diviner 
2000 volumetric soil moisture profiler (Sentek Sensor 
Technologies, Stepney, Australia) were installed within 3 m 
of the gas probe nest. VWC in these profiles was obtained 
one to four times per month from June to Nov 2002 and 
from May to Aug 2003. In addition, a 20 m deep neutron 
access tube was installed in Aug 2002 on the plateau, 5 m 
from the gas probe nest. Neutron counts were measured 
using a 503 DR Hydroprobe (CPN Inc., Concorde, USA) 
from Oct 2002 through Aug 2003. Soil temperatures were 
measured in this access tube with a 20  m long thermis-
tor string from May 2002 through June 2003. Additional 
VWC and soil temperature data was available from the soil 
water content and temperature monitoring stations installed 
as part of the larger hydrology study (Huang et al. 2015a; 
Kelln et  al. 2007). These stations have been operational 
from June 1999 to present and report data twice per day. 
Soil temperature data from these stations were used to con-
struct the temperature profiles of sites A and A′ on the gas 
sampling dates.

Quantifying Salt Release Rates and Weathering Depth

Three different methods were used to estimate the rate of 
SO4

2− production in the field as well as the rate of propaga-
tion of the weathering front with depth as a result of oxy-
gen ingress and consumption. In Method 1, the average 
SO4

2− production rate was calculated based on the meas-
urements of solid chemistry correlated to the depths of O2 
ingress observed in the field. The maximum amount of S 

that could be oxidized was calculated from the difference in 
reduced S concentrations in the soil samples in the upper, 
fully oxidized shale and the deeper, non-oxidized shale. It 
was assumed that this was all due to pyrite oxidation. It was 
also assumed that the initial reduced S content (prior to oxi-
dation) was the same across the entire overburden deposit.

Method 2 calculated the SO4
2− production rate from 

rates of oxygen diffusion into the shale. Assuming that O2 
gradients were fairly constant (quasi-steady state) and that 
all of the O2 was used to oxidize reduced S, the mass of 
SO4

2−can be calculated based on the stoichiometric rela-
tionships of pyrite oxidation, ignoring the oxidation of Fe2+ 
to Fe3+ and subsequent pyrite oxidation. The average O2 
mass flux into the shale overburden was calculated using 
the observed O2 gradients and Fick’s First Law (Eq. 5):

where J is the molar flux of a gaseous species (M m2 day−1), 
θeq is the equivalent (diffusion) porosity of the porous 
medium (m3 m−3), D* and De are the bulk and effective dif-
fusion coefficients of O2, respectively (m2 day−1) and �C∕�z 
is the concentration gradient with depth (M  m−3  m−1). 
The equivalent porosity was calculated from the air-filled 
and water-filled porosity θa and θw (m3 m−3), and Henry’s 
dimensionless equilibrium constant, H, according to:

The value of De was estimated using the methods of 
Mbonimpa et al. (2003), which was adapted from Milling-
ton and Quirk (1961):

where n is the porosity of the medium (m3 m−3), D0

a
 and D0

w
 

are the free oxygen diffusion coefficients in air and water 
respectively (m2  s−1), and pa and pw are tortuosity expo-
nents for air and water (−) related to the basic properties of 
the porous medium. While methods exist to determine pa 
and pw from θa and θw, we follow Mbonimpa et al. (2003) 
in assuming that pa = pw = 3.3. D0

a
, D0

w
, and H are tempera-

ture dependent, so the values used in the flux calculations 
were based on average soil temperature (Table  3). From 
Eq.  5, it follows that De decreases strongly with increas-
ing saturation of the pore space, with a distinct breakpoint 
around 80–85% saturation (Aachib et al. 2004; Mbonimpa 
et al. 2003).

Method 3 calculated the rate of SO4
2− production with a 

transient analytical equation for transient gas diffusion. We 
assumed that the O2 concentrations at placement were atmos-
pheric across the cover and zero within the unoxidized shale. 
Following placement, near-atmospheric conditions remain at 
the shale surface due to the relatively higher oxygen diffusion 

(3)J = −�eqD
∗�C∕�x = −De

�C∕�z,

(4)�e = �a + H�w.

(5)De =
1

n2

(

D0

a
�
pa
a
+ HD0

w
�
pw
w

)

,
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within the cover relative to the shale. Under these conditions, 
the rate at which the oxidation front advances is controlled 
by the coefficient of oxygen diffusion in the shale and the 
mass of oxidizable S within the shale. This form of concep-
tual model was originally developed Hendry et al. (1986) to 
explain the depth of weathering within glacial till in southern 
Alberta. This analytical solution is based on the assumption 
that oxygen concentrations would decrease linearly from the 
atmospheric boundary to zero at the depth of oxygen con-
sumption. Under these conditions, the instantaneous oxygen 
mass flux (J) can be related to the mass of oxygen that will 
be consumed per unit soil volume (m; with units of M m−3), 
based on the following relationship:

where t is time (day) and z (m) is depth. Substituting the 
gas flux J in this equation leads to:

which can be solved analytically as follows:

Equation 8 was solved for a range of parameters based 
on observed ranges of θ, reduced S content, porosity, and 
soil temperature (Table 3).

Results and Discussion

Solid Chemistry

The solid and soluble chemistry in the deep overbur-
den profile (site C, plateau) is presented in Fig.  2. The 

(6)Jdt = mdz,

(7)−De

ΔC

z
dt = mdz,

(8)z(t) =

√

2Det

m

average total S concentrations of the profile in 2001 and 
2002 were statistically the same, with means of 7.7 ± 2. and 
6.8 ± 2.3 g kg−1, respectively (Student’s t test at p < 0.05). 
The average soluble S concentrations in the profile were 
determined on cores collected in 2001 and 2002 from 
saturated paste extracts, but only the 2002 samples were 
stored and handled under anaerobic conditions and there-
fore were considered representative of in  situ conditions. 
On average, the profile contained 0.37 ± 0.38  g  kg−1 of 
soluble S, suggesting that 95% of the total S in the pro-
file (6.43 ± 1.8 g kg−1) was present in a reduced form. The 
decrease in pH caused by pyrite oxidation is buffered by 
the dissolution of carbonates, releasing Mg2+ and Ca2+. 
Because these cations preferentially adsorb to clay parti-
cles, additional Na+ is released into the pore water. Indeed, 
Na+ was the most abundant cation in the deep profile, with 
values comparable to reported ranges for unsaturated shale 
in northern Alberta (Miller et  al. 1993). By comparison, 
K+, Mg2+, and Ca2+ from saturated paste extracts displayed 
similar dynamics throughout the profile, but at concentra-
tions 10–100 times lower than Na+ (Fig. 2b). The elevated 
concentrations of soluble S, Na+, K+, Mg2+, and Ca2+ at a 
depth of 1.4 m (just below the cover/shale interface) indi-
cated oxidation at this position in the profile. The forma-
tion of a saturated paste dissolves readily soluble minerals 
and causes ion exchange. As such, the actual pore water 
at depth would have different proportions of cations than 
those measured in the saturated paste extracts. For example, 
the concentration of dissolved Ca2+ released by carbonate 
dissolution is limited by gypsum (CaSO4

2) saturation and 
some of the SO4

2− created by oxidation can be stored in the 
profile as gypsum. All but one of the saturated paste solu-
tions were found to be undersaturated with respect to gyp-
sum, indicating that all stored gypsum had been dissolved 
during testing (results not presented).

Table 3   Parameter values and 
ranges for calculations of O2 
flux and SO4

2− production rates

a Calculations showed that 0.57 porosity was very unrealistic, considering the average VWC. We used only 
0.44 porosity for calculations
b Volumetric water content (VWC) range (min–max) was based on variability in the shale of site C (min) 
and A′ (max). The average value was determined from all VWC observations in the shale of sites A, A′, 
and C

Parameter Min Mean Max Methods 
using param-
eters

Shale bulk density (kg m−3) 1270 1470 1670 1, 2, 3
Reduced S content shale at placement (g S kg−1) 4.63 6.43 8.23 1, 2, 3
Reduced S content shale after 6 years (g S kg−1) 2.8 4.2 5.6 1
Depth of oxidized zone (m) 0.55 0.85 1.1 1, 2
O2 concentration gradient (M m−3 m−1) 4.4 8.9 13.8 2
Soil temperature (°C) 8 2, 3
Porositya (−) 0.44 0.57 2, 3
VWCb (−) 0.22 0.24 0.28 2, 3



486	 Mine Water Environ (2017) 36:479–494

1 3

The total S values were consistent with reported val-
ues for undisturbed Cretaceous marine shale in North and 
South Dakota ,which ranged from 1.0 to 13.6 g kg−1 (Gau-
tier 1986) and at the lower end of those found in these 
deposits in central Saskatchewan, which ranged from 10.4 
to 13.3 g kg−1 (Nichol et al. 2016). The soluble S values in 
the dump profile were slightly less than the reported val-
ues for undisturbed shale in southern Saskatchewan, which 
ranged from 0.13 to 4.8 g kg−1 with an average soluble S 
concentration of 1.3  g  kg−1 (Mermut and Arshad 1987). 
In undisturbed shale deposits, concentrations of oxidation 
products exhibit the greatest variability close to the land 
surface (Mermut and Arshad 1987). In the dump profile, 
concentration variability was observed not only at the sur-
face, but also at depths of approximately 15–20 m (Fig. 2). 
The combination of elevated soluble S, Na+, Ca2+, and 
Mg2+ concentrations and the average total S concentration 
suggests oxidation may have occurred along a previous lift 
surface prior to continued construction of the dump. The 
construction history of the dump is consistent with this 
observation as there were periods during which the over-
burden was exposed to the atmosphere before being cov-
ered by a new lift (Chapman 2008).

Assuming all of the reduced S in the profile (Fig.  2a) 
was available for oxidation to SO4

2− and estimating the 

kg CaCO3 per tonne of soil from the TIC concentrations 
in the same profile (as addressed below), an average net 
neutralizing potential (NNP) of −6.3 ± 1.8 kg CaCO3/t soil 
was determined for the shale soil samples. The negative 
NNP reflects the limited potential for the creation of acid 
drainage although predictions of acid generating poten-
tial are difficult for NNP values between −20 and +20 kg 
CaCO3/t soil (Morin 1990; Steffen Robertson and Kristen 
Inc. 1989). However, when combined with a neutralizing 
potential ratio (NPR) value of 59.9 ± 120, the AMD leach-
ing potential from this overburden dump is considered to be 
low (Price et al. 1997).

The total S concentrations in the shale were also deter-
mined mid-slope on the hillslopes, under the 1 and 0.35 m 
soil cover (site A and site A′, respectively). The aver-
age values of 4.40 ± 1.8 and 5.50 ± 1.5  g  kg−1 total S at 
these sites was lower than, but not statistically different 
from, the concentrations in the deep profile (Student’s t 
test at p < 0.05). The samples from the glacial layer of the 
soil covers at these locations featured higher total S con-
centrations than natural weathered glacial till deposits 
(1.30 ± 1.2 g kg−1 S), compared to 0–1 g kg−1 in southern 
Saskatchewan and Alberta (van Stempvoort et  al. 1994). 
These elevated S concentrations may be attributed to dif-
fusion of soluble S from the overburden into the covers 

Fig. 2   Soil chemistry in the 
deep profile at location C 
(plateau): a total and soluble 
sulphur (g S kg−1 soil) and b 
soluble ion concentrations of 
saturated paste extracts as a 
function of depth below the 
soil surface. The bar on the 
right of the graphs indicates the 
distribution of peat-mineral mix 
(P), glacial soil (G), and shale 
overburden (S) in the profile
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(Hilderman 2011; Kessler et al. 2010). Unfortunately, solu-
ble S concentrations were not determined on these samples.

Pore Gas Chemistry

Concentration Profiles

Consistent with observations from other weathered till soils 
(Keller and Bacon 1998), the concentrations of O2 and CO2 
at the control site were constant to a depth of 2.5 m over the 

measurement period (Fig.  3g), averaging 19.9 ± 1.0% O2 
(interquartile range IQR 1.5) and 0.74 ± 0.64% CO2 (IQR 
1.26). No CH4 was detected at the control site. The pore 
gas concentrations within the overburden differed mark-
edly from those of the natural profile. Sharp decreases in 
the O2 concentrations and corresponding increases in the 
CO2 concentrations were observed between 1.0 and 1.7 m 
below the soil surface at the three hillslope sites (Fig. 3a, 
d, h). Hillslope position (sites A vs. B) and soil cover thick-
ness (sites A vs. A′) did not appear to influence the depth 

Fig. 3   Pore gas concentrations, 
volumetric soil water content 
(VWC), and soil temperature 
collected from June 2001 to 
Oct 2003. The bars on the right 
of the pore gas concentration 
panels show the distribution of 
peat-mineral mix (P), glacial 
soil (G), and shale overburden 
(S) in the profiles. The points 
indicate mean values, the 
whiskers extend to ±1 SD. At 
the control site and upslope site 
B, VWC and soil temperature 
were not available, therefore 
only pore gas concentrations are 
shown for these locations
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of the gas concentration transition zones relative to the 
ground surface. Consequently, deeper ingress of O2 into the 
shale overburden occurred at site A′ (1.4  m) than at sites 
A and B (0.75 and 0.90 m, respectively), as a result of the 
differences in cover thickness at these sites. O2 concentra-
tion fluctuations (quantified by width of horizontal lines 
through the symbols in Fig. 3) were greater at the 0.35 m 
soil cover site A′ than at the 1 m soil cover sites A and B. 
Under the 0.35 m cover (site A′) however, elevated O2 lev-
els continued unabated within the upper meter of overbur-
den. Plotted as a function of depth below the soil surface, 
the concentration profile was consistent with those from the 
other sites. Below 1.7  m, O2 concentrations decreased to 
3.4% (site B), 6.9% (site A′), and 8.8% (site A). In contrast, 
CO2 concentrations below 1.5 m fluctuated most at site A. 
Average CO2 concentrations below 1.7 m depth were 9.9% 
(site B), 11.0% (site A′), and 12.6% (site A). The gas con-
centration profiles at site C exhibited a sharp decrease in 
O2 and increase in CO2 near the ground surface, similar to 
that of the other sites (Fig. 4). The measurement resolution 
in the deep profile (site C) was not sufficient to locate the 
steepest part of the weathering front other than that it was 
shallower than 3.5 m (Fig. 4). O2 concentrations decreased 
to 0.5% below 5  m, while CO2 concentrations fluctuated 
around 4% from 5 to 20 m of depth and decreased slightly 
below that. Methane was present in the profiles of site B 
and site C (Figs. 3h, 4c respectively). At site B, CH4 was 
detected at depths below 1 m, reaching a steady and uni-
form concentration of 0.01 ± 0.012% (IQR 0.017%). At 
site C, greater than atmospheric CH4 concentrations were 

observed in the profile at depths ≥3.5 m at an average con-
centration of 1.1 ± 0.13% (IQR 0.29%). CH4 concentrations 
increased with depth from 5 to 15 m and varied with time. 
Below 15  m, CH4 concentrations fluctuated around 1.4%. 
In general, the shapes of the O2 profiles at sites A and B 
(Fig. 3a, h) were consistent with relatively unrestricted dif-
fusion across the cover layer and diffusion and consump-
tion within the upper meter of the shale. Profiles with such 
sharp transitions have also been observed in highly reactive 
coarse textured mine waste rock dumps (e.g. Gelinas et al. 
1992; Lefebvre et al. 2001b; Sracek et al. 2004).

Temporal dynamics in gas concentrations would be 
expected as a result of progression of the weathering front 
into the overburden (time scale: years) and as a function of 
biological activity or soil moisture variability (time scale: 
months) (Hendry et  al. 1999; Keller and Bacon 1998). 
Changes in the O2 and CO2 gradients were observed in the 
individual profiles (Fig. 5). The concentration gradient was 
greatest in May and decreased during the growing season, 
to increase again in late fall and the next winter. This would 
be consistent with a conceptual model in which higher 
water contents within the cover soils in the spring and fall 
restrict oxygen diffusion into the shale. As the water con-
tent within the covers decreases over the summer months, 
the oxygen gradients within the cover soils decrease, even 
though the oxygen diffusion rates through the covers likely 
increase. Such a seasonal dynamic was small in our pro-
files, contrary to a fine tailings sand site on the same 
mine property where cyclical O2 patterns were observed 
to 3  m below the soil surface (Birkham et  al. 2007). The 
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monitoring period was, however, too short to observe a 
downward migration of the weathering front based on pore 
gas concentrations. For example, the O2 concentrations in 
Oct 2003 (last measurement of this study) were not con-
sistently greater than those in May 2002, nor were the CO2 
concentrations in Oct 2003 consistently less than those in 
May 2002.

It is likely that gas transport rates would also be affected 
by snow on the ground and frozen soil conditions. Thick, 
wet snow packs can reduce O2 ingress into the soil as well 
as CO2 release to the atmosphere (Sommerfeld et al. 1996), 
whereas frozen soil layers enhance the trapping of pore-
gas, increasing the seasonal and spatial variability of CO2 
concentrations (Winston et  al. 1995). Low soil tempera-
tures slow down oxidation reaction rates, but when a steady 
oxygen supply is maintained, pyrite oxidation will continue 
at temperatures below freezing (Elberling 2005). The maxi-
mum snow depth at the sites during the 2002–2003 winter 
was 27 cm (equivalent water volume of 20 mm), which is 
unlikely to have greatly hampered gas exchange between 
the soil and the atmosphere (Sommerfeld et al. 1996). The 
profiles of pore-gas concentration were, however, more var-
iable during winter than summer (Fig. 5). With an average 
frost depth between 1.75 and 2.3 m below the surface dur-
ing the 2002–2003 winter, soil frost may have affected the 
diffusion process.

Origin of Gases

The presence of pore-gas CH4 in the profile can either be 
evidence of production at depth or of degassing and diffu-
sion of CH4 that was present in the shale prior to placement 
in the dump. Hendry et  al. (2016) have documented con-
centrations within undisturbed Cretaceous shale pore-fluids 

increasing from 40 mg L−1 near the top of the formation to 
120 mg L−1 at depths of 100 m in the shale. Excavation and 
placement of the overburden shale into unsaturated dumps 
would consequently be expected to result in degassing of 
this CH4 and its subsequent upward diffusion. The over-
burden dump at our site also contains lean oil sands, which 
could result in CH4 generation.

The δ13C of the pore CO2 in the profiles was determined 
during five sampling events (Fig.  6a, c). The effects of 
multiple isotopic fractionation processes during reaction 
and during transport by diffusion may complicate isotopic 
signatures in soils beyond simple mixing models (Sihota 
and Mayer 2012), but an initial assessment can be made. 
Atmospheric CO2 has an average δ13C signature of ≈−8‰, 
which is seen in the surface sample from site C. In soils, 
CO2 is produced from organic carbon through heterotrophic 
microbial production/respiration of soil organic matter with 
an average δ13C of ≈−25‰, and released via autotrophic 
root respiration with more depleted δ13CCO2 values of the 
released pore gas CO2 (≈−28‰ for C3 plants) (e.g. Mil-
lard et  al. 2010). The organic carbon had an average 
δ13CTOC of −26.25 ± 1.3‰, ranging from −25 to −29‰. 
By contrast, the average δ13CTIC determined from soil sam-
ples of the plateau profile was −5.20 ± 9.7‰, with a range 
of −20 to +14‰. In the presence of biogenic (δ13C −40 
to −80‰) or thermogenic (δ13C −20 to −40‰) CH4, oxi-
dation can produce pore-gas CO2 with a similarly depleted 
δ13C signature.

At sites A′, B, and in the upper 17  m of site C, the 
δ13CCO2 values showed that inorganically produced CO2 
dominated the total gas concentration. At site A and below 
17 m in the profile of site C, the signature indicated non-
negligible contributions of organic carbon from respiration 
or methane oxidation. These fluctuations and differences 
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could not be related to variability of TIC and TOC con-
centrations in the profiles (Fig.  6b, d). Respiration seems 
unlikely at depths ≥5 m; therefore, the declining CO2 con-
centrations below 17  m in the profile may indicate that 
some CH4 was oxidized to CO2 in the lower portion of the 
profile.

Soil Water Content and Temperature

The statistics of VWC in the profiles of sites A, A′, and C, 
measured during the gas sampling period, are presented in 
Figs. 3b, e, 4d. At sites A and A′, a clear increase in VWC 
can be observed at 1 m (site A) and 0.5 m and 1.7 m (site 
A′) from the surface. At site A, this increase corresponded 
to the interface between the soil cover and the shale over-
burden, whereas at site A′, this increase occurred at the 
interface and deeper into the shale. At both sites, the VWC 
was high and constant over the course of the observation 
period at depths below 2  m. At site C, the variability of 
VWC was large over the entire profile, though not at all 
depths (Fig. 4d). This site was characterized by a dry upper 
3 m of cover and overburden, increased wetness to a depth 
of 5 m, followed by a relatively constant VWC (≈22%).

The soil temperatures in the soil covers and shallow 
overburden (<5  m) during the growing season fluctuated 
between −5 and +20 °C (Figs. 3c, f, 4e), with an average of 
8.8 ± 4.7 °C. On the hillslopes, soil temperatures fluctuated 
with the seasonal air temperature and soil covers freeze to 
their full depth during the winter (long-term data not pre-
sented here, partially available in Meiers et al. 2011). The 
average temperature deeper in the overburden was calcu-
lated from seven thermistor measurements at site C during 
the summer of 2002 (Fig. 4e) and found to be 3.0 ± 4.7 °C. 
At such temperatures, biological oxidation rates will be 
reduced (Elberling 2005).

Pyrite Oxidation: Salt Release Rates and Propagation 
of the Weathering Front

Method 1: Solids Analysis

The simplest estimate of pyrite oxidation rate was obtained 
from the difference in concentrations of reduced S in the 
shallow and deep overburden. The O2 concentrations in the 
shallow profiles suggest that oxidation had taken place to 
depths of 0.55–1.1 m into the overburden shale (Table 3). 
The solid samples in this depth range in the deep profile 
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had a reduced S concentration of 4.2 g kg−1, whereas those 
in the lower part of the profile (where no oxidation had 
taken place) had an average concentration of 6.7  g  kg−1 
(Fig. 2). Assuming all overburden had the same initial con-
centration of reduced S, the average SO4

2− production rate 
over the 6 years since dump construction was 3.4 × 10−3 g 
SO4

2−  kg−1  day−1. This corresponds to a production rate 
range of 1.98 to 7.22  g SO4

2−  m−2  day−1 (equivalent to 
3.6 × 10−2 − 1.3 × 10−1 M O2 m−2  day−1) for the range of 
observed oxidation depth and dry bulk density of the shale 
(Table 3). The analysis is unable to estimate changes in oxi-
dation rates with time and may under-estimate the produc-
tion rates since it does not account for any SO4

2− that has 
been removed from the shale by upward diffusion into the 
cover.

Method 2: Oxygen Diffusion Analysis

The second estimate of the SO4
2− production rate was 

made by calculating the O2 mass flux into the overburden 
at the time of the measurement campaign from the O2 con-
centration gradient in the profiles (Fick’s first law, Eq.  3) 
and by assuming that all of the O2 was consumed by pyrite 
oxidation. Equation 3 requires measured values for the O2 
concentration gradient, as well as the volumetric water con-
tent, porosity, and soil temperatures, from which θe and De 
can be calculated (Eqs.  2 and 3, respectively). While the 
overall shape of the O2 concentration profiles at the loca-
tions were similar Fig. 3, a range of O2 concentration gra-
dients from 4.4 to 13.8 M m−3 m−1 was calculated from the 
individual profiles (Fig. 5). VWC and soil temperature val-
ues (Table 3) were chosen from the observations during the 
field campaign (Figs. 3, 4). Only one average temperature 
value was used since depth or temporal variations in VWC 
tend to dominate the value of De. The average VWC was 
determined from all observations in the shale at sites A, A′, 
and C. The minimum and maximum values were calculated 
from the deeper measurements at the individual sites: the 
VWC at depths of 3–4  m at sites A and A′ being wetter 
(average 28%) than the VWC below 3 m at site C (average 
22%).

Even when considering that the greatest concentration 
gradients occurred when air-filled porosity was lowest (i.e. 
in fall and spring), the resulting range of O2 fluxes and 
associated SO4

2− production rates were large, exceeding 
those estimated from the geochemistry of the solid sam-
ples, ranging from 7.4 × 10−2 to 6.6 × 10−1 M O2 m−2 day−1 
(equivalent to 4.1 to 36.3  g SO4

2−m−2  day−1). For the 
ranges of oxidation zone thickness and reduced overburden 
S content (Table 3), these rates translated to an SO4

2− pro-
duction rate of 2.9 × 10−3 to 4.0 × 10−2 g SO4 2− kg−1 day−1, 
with a value of 1.4 × 10−2 g SO4

2− kg−1 day−1 under aver-
age conditions. This method may overestimate actual 

SO4
2− production rates when VWC and O2 gradients are 

predominantly determined in warm, dry periods of the year.

Method 3: Analytical Model

The average values of VWC and soil temperature discussed 
in the previous section were also used as input to De in this 
third method (Table 3). The main assumption is that all of 
the O2 diffusing into the overburden is consumed by pyrite 
oxidation, i.e. all reduced S present to a certain depth needs 
to be oxidized before the weathering front can progress 
downward. Following the general stoichiometry of pyrite 
oxidation, every mole of reduced S requires 1.75  mol O2 
to oxidize. The range of O2 consumption per m3 of soil 
was calculated from the reduced S concentration meas-
ured in the soil samples and the bulk density of the shale 
(Table  3). As noted before, this is a simplification of the 
oxidation process, because pyrite oxidation by Fe2(SO4)3 is 
not considered.

The range of SO4
2− production rates simulated with this 

model fell between those calculated from the soil samples 
and from the O2 gradient at the time of the field campaign 
(Fig. 7a). The simulated rate of propagation of the oxida-
tion front for average field conditions overestimated the 
oxidation depth, compared to the observed oxidation depths 
from soil sampling and gas monitoring (Fig.  7b). As in 
Method 2, the SO4

2− production rates calculated with this 
procedure may overestimate actual production rates when 
the average VWC from the measurements is biased towards 
dry periods of the year.

Synthesis

The overestimation of SO4
2− production and oxidation 

depth by the analytical solution can be explained by con-
sidering the two distinct hydrological seasons that occur 
on site. With the exception of Feb 2003, our sampling was 
performed during the growing season when the soil was not 
frozen and root water uptake was occurring. Saturation of 
the lower parts of the covers is common in May or June, 
after soil thaw, but rare during most other months (Huang 
et  al. 2015a; Kelln et  al. 2007), While soil freezing may 
leave macro-pores open all the way into the overburden, 
freeze up of the covers after a wet fall and snow pack devel-
opment may effectively limit the oxidation process during 
winter. Our sampling pattern will thus have overestimated 
the effective porosity for diffusion. This preferential sam-
pling would have also affected the quasi-steady state calcu-
lation of the rate of SO4

2− production from the O2 concen-
tration gradients.

The SO4
2− production rates calculated with these 

three methods are all at the higher end of a range of esti-
mates obtained from optimization of hydrological models 
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for the sites by Huang et  al. (2015b), who found aver-
age rates of 1.89 and 0.30  g SO4

2−  m−2  day−1 for vari-
ous locations on the 1 m cover catchment (where sites A 
and B were located) and a min–max range of 0.7–3.32 g 
SO4

2− m−2  day−1 for the plateau (where site C was 
located). In the Huang et  al. (2015b) study, oxidation 
depths were optimized concurrently, resulting in average 
depths of 0.36, 0.29, and 0.79  m, for locations close to 
sites A, B, and C, respectively. These depths (represent-
ing a period of 10 years after placement) were low com-
pared to the O2 ingress observed 6 years after placement 
in the current study.

From an ecohydrological perspective, shale oxida-
tion rates should vary between sites with different cover 

thicknesses, such as between sites A and A′. The pres-
ence of a wetter layer would typically be expected at the 
glacial-shale interface due to the low saturated hydraulic 
conductivity (Ks) of the shale (2 × 10− 9 m  s−1) relative 
to that of the glacial till in the covers (2 × 10−6  m  s−1; 
Meiers et al. 2011). This hydraulic conductivity contrast 
is a key control on the available water storage capacity of 
the cover as well as the generation of lateral subsurface 
flow in spring (Kelln et al. 2007, 2008, 2009). The forma-
tion of such a saturated layer is the basis used to design 
covers to limit oxygen ingress (Yanful et al. 1993). When 
the soil cover is thin (on this particular site, thinner than 
0.75 m), vegetative water demand results in low seasonal 
VWC across the entire cover depth (Huang et al. 2015a) 
and sometimes extending into the upper shale surface. 
This allows faster O2 diffusion rates into the overburden. 
Indeed, our observations show that at site A′, O2 pene-
trated deeper into the shale than at site A (Fig. 3). How-
ever, the VWC profiles of site A′ suggest that the poros-
ity and Ks of the upper shale at this site may have been 
compromised relative to that of site A, mostly likely due 
to freezing extending deeper into the shale at this loca-
tion, due to the thinner cover. As a result, the VWC in the 
upper shale was less at site A′ than at site A, enhancing 
the local oxidation rate.

While hydrological processes typically vary as a func-
tion of hillslope position, we did not find differences in 
pore gas concentration profiles between our midslope and 
upslope sites (site A and B, Fig. 3). We do not have full 
hydrological data for site B, but it seems plausible that 
differences would be observed when looking at sites fur-
ther downhill. After snowmelt and soil thaw, a perched 
saturated zone can develop in the covers, which would 
affect O2 penetration. However, this zone does not extend 
beyond 20 m from the toe of the hillslopes (Kelln et  al. 
2008). Larger hydrological differences, especially in 
terms of net percolation, have been observed between the 
midslope sites and the flat plateau (Huang et al. 2015b). 
Unfortunately, gas sampling at the plateau (site C) was 
not performed at small enough intervals in the shallow 
soils for a detailed comparison with sites A and B.

In relatively wet soils, like those present in this dump 
(Figs.  3, 5), the advance of the weathering front is so 
slow that the increases of O2 concentrations at depth over 
the period of a year were likely overshadowed by hetero-
geneity in the profiles and were not detectable with the 
techniques used in this study (Fig. 6). It is apparent from 
the observations and calculations (Fig. 7b) that monitor-
ing over a period of at least 5–10 years would be required 
to define the advance of the oxidation front using pore-
gas monitoring.
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Fig. 7   a Sulphate production rate in the overburden dump as a func-
tion of time estimated from the solid samples, gas concentration pro-
files, and analytical model. The shaded polygons indicate the range of 
rates for the parameter combinations presented in Table 3. b Propa-
gation of the oxidation front into the shale overburden as a function 
of time estimated from the gas concentration profiles and analyti-
cal model. The shaded polygons indicate the range of depths for the 
parameter combinations presented in Table 3
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Conclusions

This study presented results of a geochemical survey and 
analytical investigation of the weathering processes at a 
shale overburden dump in the oil sands region of northern 
Alberta. Sulphide mineral oxidation, carbonate mineral 
dissolution, and ion exchange were the primary geochemi-
cal reactions occurring in the 25  m thick profile of the 
unsaturated, saline-sodic waste pile. The chemistry of soil 
samples from the unoxidized 5–25 m depth portion of the 
dump showed total (6.7 g total S kg−1 soil) and reduced S 
(6.51 g S kg−1 soil) concentrations, which were similar to 
those observed in natural shale deposits. Increased masses 
of soluble sulphur near the ground surface provided evi-
dence of pyrite oxidation. Indications of oxidation were 
also observed at a depth of about 17 m and were attributed 
to exposure of the shale overburden to the atmosphere dur-
ing dump construction. Based on acid base accounting, the 
overburden waste pile is not at risk for acidification.

Gas concentration profiles for locations with differ-
ent cover thicknesses and slope positions were similar. At 
the time of the study, the depth that O2 penetrated into the 
overburden was between 1.35 and 2.75  m below the soil 
surface and 0.55 to 1.1  m into the overburden. The δ13C 
analysis of the CO2-carbon confirmed the mineral origin of 
most of the CO2 in the profile. At shallow depths, the CO2 
concentrations mirrored those of O2, with increasing CO2 
with decreasing O2. In the deep profile, CO2 concentrations 
were high and O2 was absent. Methane was present in two 
of the five profiles. The source of the CH4 was not defined 
but was likely due to either degassing of CH4 present in the 
pore-fluid of the shale prior to mining or CH4 generation 
associated with the presence of hydrocarbons within the 
dump. Calculations based on the solid chemistry, O2 pore 
gas observations, and analytical simulations yielded a range 
of SO4

2− production rates of 4.2 to 17.1 g SO4
2− m−2 day−1 

6  years after dump construction, which for the observed 
O2 penetration depths, corresponds to 3.4 × 10−3 to 
13.7 × 10−3  g SO4

2− kg−1  day−1. The SO4
2− production 

rates and progression of the weathering front obtained from 
observations and simulations agreed reasonably well.

To better account for the observed variability, the 
degree of coupling and rigor used to characterize cover 
hydrology, gas transport, and pyrite oxidation will need 
to be improved. In particular, it is important to quantify 
the impact of seasonality and cover thickness on oxida-
tion rates as a function of cover thickness. Such a cou-
pling may be able to verify the hypothesis that wetness 
differences between thick and thin soil covers control the 
penetration of freeze–thaw and wetting–drying cycles, 
and consequently the oxidation processes, into the shale. 
Any further modeling efforts would also need to account 
for the presence of macro-pores such as cracks, which 

may be an exacerbating factor. These analytical efforts 
would need support from further observations of the gas 
profiles over the winter season to observe how seasonal 
soil moisture dynamics and the winter period (in which 
soil is frozen, but macropores remain air-filled) affect the 
variability of oxidation rates and O2 ingress.
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