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mature fine tailings (MFTs). Hydrogen sulfide (H2S) is produced during the biological sulfate
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reduction process. The production of toxic H2S is one of the concerns because it may hinder
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the landscape remediation efficiency of oil sands tailing ponds. In present study, the in situ
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activity and the community structure of SRB in MFT and gypsum amended MFT in two

Keywords:

dissimilatory sulfite reductase β-subunit (dsrB) genes-based real time quantitative

settling columns were investigated. Combined techniques of H2S microsensor and
Sulfate reducing bacteria

polymerase chain reaction (qPCR) were applied to detect the in situ H2S and the abundance

Hydrogen sulfide

of SRB. A higher diversity of SRB and more H2S were observed in gypsum amended MFT

Oil sands tailing

than that in MFT, indicating a higher sulfate reduction activity in gypsum amended MFT; in

Molecular biology

addition, the activity of SRB varied as depth in both MFT and gypsum amended MFT: the

Microsensor

deeper the more H2S produced. Long-term plans for tailings management can be assessed
more wisely with the information provided in this study.
© 2016 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
Published by Elsevier B.V.

Introduction
Oil sands tailing ponds in Northern Alberta that receive and
store wastes from the bitumen extraction process contain
large amounts of recalcitrant and toxic organics. The current
total volume of the fine tailings has exceeded 700 m3, and this
volume keeps increasing as mining operations proceeded
because each cubic meter of mined oil sands uses 3 m3 of
water. One of the problems of oil sands tailing ponds is the very
slow settlement of fine clay particles. The fine clay particles that
stay in suspension in tailing ponds are called mature fine
tailings (MFTs). It has been estimated that the densification of
the fine clay would need over a hundred years (Eckert et al.,
1996). Technologies being applied to solve the tailings densification problem include physical mechanical processes,

chemical amendments, natural processes such as freeze–
thaw, and in situ biological treatments (Powter et al., 2010).
Over past years, there have been big changes subject to the
presence of microorganisms and their activities in tailing
ponds. It has been indicated that the tailings are not just
sitting in tailing ponds but are microbiologically active.
Management of MFT has lately turned toward biological
treatment technology. Researchers are interested to find
whether microorganisms endogenous in MFT can be utilized
to aid tailings densification. Foght et al. (1985) detected both
aerobic and anaerobic microbes present in Syncrude Canada's
Mildred Lake Settling Basin (MLSB) (Foght et al., 1985; Li, 2010).
However, the activities of the existing microorganisms were
very slow and had not been seriously noticed until the early
1990s when gas bubbles were observed at the surface of
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1. Material and methods
1.1. Experimental setup
Two columns (column A and column B) were constructed for
the settling and the development of microbial stratified MFT.
A schematic drawing of the column is shown in Fig. 1.
The columns were made from acrylic material. The cylinder
column was 10 cm in diameter and 25 cm in height, had a total
volume of around 2 L, and contained nine sampling ports on its
wall. The sampling ports were constructed with luer locks
connected with stainless steel tubing extended into the center
of column. At sampling time, the valve will be turned on, and a
5 mL syringe is connected to the luer lock to take samples. The
columns were filled with a mixture of 1300 mL MFT and 200 mL
oil sands process-affected water (OSPW), and one of the columns

Valve Sampling port
connect to syringe
2 cm

Syncrude's MLSB tailing ponds. Holowenko et al. (2000) reported
that 60%–80% of the observed gas flux to the atmosphere across
the surface area of MLSB was methane. It has been estimated that
a daily flux of 12 g CH4/m2 was produced in a single pond,
evidence of a very active methanogenesis in the pond. Several
studies investigated the relationship between methanogenesis
and MFT densification. Fedorak et al. (2003) demonstrated that
the MFT densification rate can be significantly accelerated due to
the produced CH4 gas by microbial activity of methane-producing
archae, known as methanogens. Guo (2009) studied the influence
of microbial activity on rapid MFT densification. It was found that
water drainage volumes from MFT was improved due to the
increase of microbial activity and the accordingly gas generation.
In some experiments, coarse sand tailings were mixed with
fluid fine tailings and gypsum (CaSO4·2H2O) to yield composite
tailings. Gypsum is used by oil sands companied as coagulants to
accelerate particle precipitation and to enhance dewatering
process of the mixture (List and Lord, 1997). As a result, the
continuous accumulation of SO2−
4 would facilitate the growth of
sulfate reducing bacteria (SRB) and sulfate reduction process in
MFT. During the biological sulfate reduction process, H2S could be
generated. The produced toxic H2S itself is one of the concerns
(Barton and Fauque, 2009); in addition, the H2S promotes
corrosion of facilities (Pol et al., 1998), and the produced H2S
might transport toxic organics such as NAs from MFT to cap
water. All of these concerns will hinder the efficiency of landscape
remediation of oil sands tailing ponds.
Up to now, most studies have focused on the sulfate inhibition
of methanogenesis (Holowenko et al., 2000; Salloum et al., 2002;
Ramos-Padron et al., 2011). To our best knowledge, there is little
information regarding the effect of gypsum on the community
characteristics and the in situ activity of SRB in MFT. And the in
situ H2S data is missing in oil sands tailing ponds. Microsensors
allow for the measurements of chemical variables with high
spatial resolution in microbial environment (Revsbech and
Jorgensen, 1986), while molecular techniques provide a way to
investigate the presence and functional diversity of specific
populations without isolation (Sanz and Kochling, 2007). It was
the first try in this study to apply combined technologies in MFT
microbial environment in order to investigate the effects of
gypsum on the in situ microbial activity and functional diversity
of SRB.

Luerlock

Stainless
tublings
20 cm
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Fig. 1 – Schematic drawing of settling column.

was amended with 1.5 g gypsum in order to facilitate the growth
of SRB. MFT and OSPW samples were provided by an oil sands
company in Fort McMurray, Alberta, Canada. The mixture in the
column was settling for eight months. After eight months'
settling, six samples were taken from sampling ports #1, #2, #3,
#4, #5, #6 (shown in Fig. 2) from column A and column B,
respectively.

1.2. H2S and O2 microsensor measurements
Combined amperometric H2S microsensor (H2S-100) with a tip
diameter of 100 μm and combined amperometric O2 microsensor (OX-100) with a tip diameter of 100 μm were purchased
from Unisense (http://www.unisense.com), Denmark. Before
measurement, the H2S microsensor was evaluated by creating
a five-point calibration curve using a dilution series (0, 100,
400, 2500, and 10,000 μmol) of Na2S. The calibration curve is
shown in supplementary materials (S1); while the O2 microsensor was polarized and calibrated according to the method
mentioned by Tan (2012). The calibration was conducted with
nitrogen gas (0% oxygen, DO: 0 mg/L) and compressed air (21%
oxygen, DO: 8.36 mg/L). During measurements, the microsensor was mounted on a micromanipulator (Model M3301R,
World Precision Instruments, Inc., Sarasota FL, USA) so that
the tip of the microsensor was positioned at the interface of
the released water and MFT (Fig. S2 in supplementary
materials showed an illustration of the microsensor setup).
The tip of the H2S microsensor was advanced into the MFT
through 1 mm movements, while the O2 microsensor was
advanced into the MFT through 50 to 100 μm movements of
the micromanipulator.

1.3. DsrB genes based denaturing gradient gel electrophoresis
(DGGE)
Following microsensor measurement, the MFT samples taken
from the sampling ports were subjected to DNA extraction
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Fig. 2 – Photos of settling columns after eight months. Left
side: Column A_ MFT; right side: Column B_ MFT + Gypsum.
MFT: mature fine tailing.

143

EvaGreen Supermix (Bio-Rad Laboratories, Inc.), 10 pmol of
each forward and reverse primer, and 2 μL of DNA template.
Amplification consisted of 35 cycles, with 1 cycle consisting of
denaturation (45 sec at 94°C), annealing (45 sec at 55°C), and
elongation (1 min at 72°C). Following the thermal cycling
amplification, a melting curve was constructed from 65°C to
95°C with a gradient of 0.5°C. A single predominant observed
peak indicated the specificity of the PCR product.
Standard curves were constructed with serial dilutions
of known amounts of dsrB gene, which was amplified with
dsr4R/dsr2060F primers from a pure culture of Desulfovibrio
desulfuricans. The amplification products were purified with a
QIAquick PCR purification kit (Qiagen) according to the of the
manufacturer's instruction. The purified products were then
quantified with a NanoDrop spectrophotometer. Serial dilutions covered a range of 7 orders of magnitude (102 to 109) of
template copies per assay. The r2 range of the standard curves
obtained by real-time PCR measurements was 0.992. The
amplification efficiency (E) was 110.97%, which was calculated
from the slope of the standard curve using the following
equation:
E ¼ 10−1=slope  100:

and molecular biology analysis to investigate the functional
diversity of SRB in the MFT microbial environments. For each
sample, DNA was extracted using the Power Soil Kit (Mo-Bio,
Carlsbad, CA) following the protocol provided by the manufacture. A set of primers (dsr4R: 5′-GTGTAGCAGTTACCGCA-3′
and dsr2060F: 5′-CAACATCGTYCACCAGGG-3′) targeting the
dsrB genes was used to amplify gene fragments of SRB.
Amplifications were performed in a total 50 μL volume
reaction mixture that consisted of 2 μL DNA template (approximately 35 ng), 1× PCR buffer, 1.5 mmol MgCl2, 1 μL of each
primer at 25 μmol, 0.2 mmol dNTP mix, and 1.25 U Taq
polymerase (Invitrogen, Carlsbad, CA). DsrB gene fragments
were amplified using the following PCR program: initial denature
of the DNA at 94°C for 5 min, followed by 10 cycles of 45 sec at
94°C, 45 sec at 65°C and 1 min at 72°C. The annealing temperature was decreased by 1°C every cycle from 65°C to 55°C, then
35 cycles of 45 sec at 94°C, 45 sec at 55°C, and 1 min at 72°C. The
final extension was 7 min at 72°C.
DGGE was performed in a Bio-Rad D-code system. The
amplified products were separated with DGGE on a
16 cm × 16 cm, and 1 mm thick gel in TAE (20 mmol Tris,
10 mmol acetate, 0.5 mmol EDTA, pH 7.4) buffer at 60°C. To
separate dsrB gene amplicons, 7.5% (w/v) polyacrylamide gel
with denaturing gradient from 0% to 80% was run at 200 V for
6 hr. Gels were visualized with SYBR Green I and captured
with a UV transilluminator imaging system (Viber Lourmat,
France). The DGGE electrophoresis was performed in TAE
(20 mmol Tris, 10 mmol acetate, 0.5 mmol EDTA, pH 7.4) at
60°C.

1.4. Real-time qPCR of dsrB gene
Real-time qPCR amplification and detection of the dsrB gene
were performed following all MIQE guidelines in a CFX 96-well
PCR System with a C1000 Thermal Cycler (Bio-Rad Laboratories, Inc.). The 20 μL qPCR mixtures contained 10 μL of SsoFast

The qPCR measurements were carried out in triplicate.
Using the standard curve, we determined the dsrB gene copy
numbers in MFT samples and normalized by gram of MFT
processed (0.25 g).

2. Results and discussion
2.1. MFT settlement
At the start point of the settling, the interface of the overlying
water and sediment for the two columns were at the same level.
After eight months' settling, it can be seen from Fig. 2 that the
interface of the overlying water and sediment for the gypsum
amended MFT column was lower than that of MFT column.
Moreover, much more gas-generated void space marked with
yellow circles shown in Fig. 3 can be observed in the gypsum
amended MFT column than in the MFT column.
Although the mechanisms of the settlement of tailings are
not thoroughly understood due to the comprehensive physical, chemical, and microbial activities involved in the settling
process, several settling phenomena comparable to previous
research findings were also observed in this research. First of
all, the lowered interface of overlying water and sediment in
the gypsum amended MFT column indicated that the addition
of gypsum to the MFT would accelerate the densification rate
of tailings and release more water. In industry, gypsum as a
coagulant was mixed with MFT and coarse sands to generate
composite/consolidated tailings (CT) ponds, where, over time
it will become more non-segregating and water will be
released (Caughill et al., 1993); furthermore, the observed gas
bubbles trapped in the gypsum amended MFT were considered as products by microbial activities. Previous studies have
already demonstrated that microbial activity would accelerate
the sedimentation rate by producing gas which create gas
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A: MFT

B: MFT + Gypsum

Gas-generated void space

Fig. 3 – Observed gas-generated void space.

channels and allowing water release through pore pressures
in deeper tailings (Fedorak et al., 2003; Guo, 2009); in addition
to these observed results, microbes could absorb on the
surface of fine clays, resulting in solid aggregation and
subsequent enhanced sedimentation.

2.2. Microbial activity of SRB
The profiles of O2 and H2S as a function of depth were plotted
in Figs. 4 and 5. The DO concentration in bulk water in both
columns were around 4.7 mg/L, and was gradually consumed
and then depleted from the surface to the deeper sediment.
The O2 concentration profile in Fig. 4 reveals that O2 in MFT
without adding gypsum was depleted at 1700 μm from the
interface of bulk water and MFT sediment; while the O2 in
MFT with adding gypsum was depleted at 3200 μm from the
interface of bulk water and MFT sediment. The O2 profiles
indicated the oxic and anoxic zones in these two column
samples, and the oxic zone is a very shallow layer near the
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interface of released water and settled sediment. In the
meantime, the O2 profile in gypsum amended MFT was lifted
in the upper side compared to the O2 profile in MFT, indicating
that more of the O2 in gypsum amended MFT was consumed
than that in MFT without gypsum. This might be due to the
fact that more O2 would be consumed during the re-oxidation
of produced H2S in gypsum amended MFT.
The measured H2S gradients along the depth of the two
samples were used to indicate the in situ sulfate reduction
activity. As displayed in Fig. 5, the H2S concentration profiles
showed that the H2S concentration gradually increased along
the depth of the column samples. The increased concentration of H2S in the deeper zones of the two samples indicated a
higher sulfate reduction activity occurred there. And apparently, much more of H2S was detected in the gypsum
amended MFT sample than that in the MFT sample. As
expected, the addition of gypsum stimulated the in situ
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Fig. 4 – Microsensor profiles of O2 in MFT and in
gypsum-amended MFT. MFT: mature fine tailing.
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Fig. 5 – Profile of H2S in MFT and in gypsum amended MFT.
0 mm indicated the interface between settled MFT and
released water. MFT: mature fine tailing.
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A: MFT
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B: Gypsum amended MFT
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Fig. 6 – DsrB genes-based DGGE analysis of functional diversity of SRB in MFT and gypsum amended MFT. MFT: mature fine
tailing.

2.3. Functional diversity and vertical distribution of SRB

activity of SRB. Moreover, it should be noticed that no H2S was
detected in the surface zone of the tailings (from the interface
between settled tailings and released water at 0 mm in the Y
axis to around 20 mm below the interface). H2S was not
detected although the sediment appears in anoxic condition
based on O2 concentration profile. Firstly, it should be
considered that the oil sands mining tailing waste contain a
variety of organics and heavy metals; there is a substantial
opportunity of sulfur oxidative and reductive reactions in
the tailing samples. Reacting with metals could deplete the
produced H2S and form precipitates as metal sulfides. In
addition, based on previous report that some SRB species such
as Desulfobulbus spp. can oxidize reduced sulfur compounds to
sulfate using O2 or NO−3 as the electron acceptor (Dilling and
Cypionka, 1990; Dannenberg et al., 1992), it is also thinkable that
the produced H2S might be re-oxidized, converted to sulfate and
other intermediates with the availability of oxygen or nitrate
near the interface of overlying water and sediment.
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DGGE fingerprints of PCR-amplified dsrB genes in MFT and
gypsum amended MFT are shown in Fig. 6. The multiple
bands indicated that diverse SRB were present in both MFT
and gypsum amended MFT. As shown in the left side of Fig. 7,
for MFT column, the DGGE bands showed differences in terms
of band number and intensity for samples from the six
sampling ports; moreover, sample from port #1 has the lowest
band number and intensity, suggesting a lower SRB activity
there as compared to the deeper zone within the sediment of
the tailings. Similar trends can be observed for gypsum
amended MFT column. In addition, the intensity of the
bands can be used to estimate the amount of the bacteria:
the more intense the band, the more bacteria are estimated to
be present. Comparing the band intensity for MFT and
gypsum amended MFT, it can be estimated that more SRB
existed in the gypsum amended MFT.
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Fig. 7 – Quantitative polymerase chain reaction (qPCR) of dissimilatory sulfite reductase β-subunit (dsrB) genes in MFT and
gypsum amended MFT. MFT: mature fine tailing.
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The dsrB gene was then detected and quantified by
quantitative real-time PCR for samples at different depths
from both columns. The qPCR results are shown in Fig. 7. As
expected, the SRB abundance indicated clear differences in
terms of dsrB gene copies between samples in MFT and
gypsum amended MFT, and also between samples at
different depths for each column. The results indicated that
the amendment of gypsum stimulated the growth of SRB;
furthermore, the deeper the more abundance of SRB except
for samples from port #2 and port #3 in MFT column and
sample from port #2 in gypsum amended MFT column. One
of the reasons to elucidate the detection of high abundance
of dsrB gene copies than it was expected from these
sampling ports might due to more sulfate available there.
The sulfate concentration in the MFT should be depth
dependent based on previous researches although sulfate
concentration at different depths was not measured in
this study; for example, Ramos-Padron et al. (2011) has
profiled sulfate as a function of depth in tailing ponds. It was
mentioned in both studies that the sulfate concentration
was highest at the pond surface near interface of surface
water and tailing sediment, and then dropped with increasing depth. This relatively higher sulfate-containing zone
presumably would provide more sources for SRB growth
there. Moreover, the more abundance of SRB near or within
the oxic–anoxic interface has also been observed in previous
studies (Sass et al., 1997; Sass et al., 2002). It was suggested in
these studies that different SRB populations could exist in
this interface zone compared to those SRB populations
present in deeper zone. The SRB populations in the interface
zone might have a capacity of aerobic respirations and grow
against or even by utilizing oxygen.
In both column samples, the results of metabolic functional diversity and vertical distribution of SRB appear to
relate to their microbial activity as shown through microsensor measurement.

3. Conclusions
The overall agreement in the vertical distribution and
microbial in situ activity of SRB supported the validity of
the combined microsensor measurement and molecular
biology approaches in complex MFT microbial environments. Results in this study demonstrated that the amendment of gypsum in mature fine tailings stimulated the
activity of SRB; more H2S was produced in gypsum amended
MFT than that in MFT. In addition, it was observed that the
deeper the more active of SRB and the more H2S produced.
Furthermore, diversity of SRB was present in both columns:
higher diversity of SRB exists in gypsum amended MFT. The
study provided first evidence of the in situ H2S production in
mature fine tailings, which expanded the fundamental knowledge on the community functions and microbial activities of
SRB in MFT. The results presented in this study suggest that the
amendment of gypsum into the oil sand tailings could result in
odor problems that need to be considered before further
considerations on site reclamation plans of MFT.
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