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Abstract
Mine tailings consist of fine-grained particles that are deposited into large impoundments. Seasonal temperature and
moisture fluctuations can result in dust emissions, an environmental hazard. Accordingly, there is a need for efficient
and economical means for controlling dust emissions. Biogeotechnics provides one innovative approach to
modifying soil properties. The application of this process to fine-grained materials, however, poses unique
challenges. The goal of this work was to demonstrate biocalcification in fine-grained mine tailings to promote the
formation of a crust that increased the surface strength of the tailings. Soil box experiments coupled with multiple
lines of evidence collected using novel analytical techniques were used to confirm (a) the successful formation of the
surface crust by way of ureolysis.
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Introduction
Mining operations result in the production of
massive volumes of waste materials, including the
mine tailings that result from the beneficiation of
the ore (US EPA, 2010). These fine-grained tailings,
with an average size range around 20 mm and a
significant portion in the 1–10 mm range, are
disposed of in slurry form into large-scale
permanent structures called mine tailings
impoundments (Vick, 1983). Impoundments can
cover several square kilometres and are largely
void of vegetation during active filling, which can
last many years. The coupling of cold and warm
weather temperature fluctuations, moisture
variations and wind-induced shear stresses can
result in dusting of the tailings particles into the
atmosphere. Such storms can have a number of
negative
consequences,
including
human
respiratory health problems, damage to local
ecosystems and vehicle accidents due to poor
visibility (Washington State Department of Ecology,
2016). Although many
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mining operations apply a number of dust
prevention controls, the treatments tend to be
expensive and difficult to apply due to the large size
of the impoundments and variable trafficability
conditions across the impoundment. In addition,
conventional approaches used for controlling dust,
including application of surface penetrants,
admixtures or surface blankets and the use of
agronomic techniques (US Army and Air Force,
1987), themselves have several limitations with
regard to mine tailings impoundments (Chen et al.,
2015). For example, common surface penetration
methods such as watering and salt solutions
provide only a temporary respite and are less
effective in warmer, drier climates. In addition,
surface blanket and agronomic approaches are
more feasible for an ‘end-of-life’ goal, where the
system is either in a restorative phase or is no
longer in use. However, active mine tailings
impoundments are dynamic systems because mine
tailings are discharged in the impoundment
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are dynamic systems because mine tailings are
discharged in the impoundment constantly until
the tailings impoundment use is complete, and so
approaches to controlling dust emissions during
the operation of the impoundment must also be
dynamic. Thus, there is a need for economical,
effective and sustainable techniques for controlling
dusting in mine tailings impoundments.
Materials and Methods
Tailings Iron mine tailings (henceforth referred to
as ‘tailings’) were obtained from OCL Iron & Steel
Limited [OISL] Rajgangpur, District Sundergarh,
Orissa. Samples were extracted using a shovel and
placed in 5 gallon (18·9 l) plastic buckets for
transport and storage. The pH of the tailings was
determined to be in the range 8·2–8·7, and using
calcium chloride solution and distilled water. This
alkaline nature of the tailings makes them an
excellent candidate for MICP.
To characterize the tailings particle size
distribution, the grain size distribution was
determined following the hydrometer analysis.
Based on the particle size distributions (Buikema,
2015), the tailings used in the tests reported here
consisted of 89% silt-sized particles (0·002–0·075
mm), 7% sand and 4% clay-sized particles
(uniformity coefficient Cu = 4·5; coefficient of
gradation Cc = 2). Environmental scanning electron
microscopy (ESEM) imaging was conducted and
confirmed the angular shape of the tailings
particles (Figure 1). In preparation for the
experiments described in the following, the tailings
were placed in storage containers open to the
atmosphere to air dry.

Soil box bioreactors
The experiments were performed in soil box
bioreactors (inside dimensions of 75 mm × 75 mm
× 75 mm) that were constructed using 6·35 mm
polycarbonate, adhered using acrylic cement
(Scigrip 16). Brass hose barbs (6·35 mm) were
threaded into the bottom of each soil box for
drainage. Before use, the soil boxes were
disinfected with 95% ethanol. Filter paper was cut
to size and placed in the bottom of the soil box and
then a thin layer of wellgraded sand was placed on
top to help facilitate capillary rise. Subsequently,
the soil boxes were packed with mine tailings.
Monitoring and analysis of the soil box
bioreactors
Several measurements were made twice daily
throughout the duration of the treatment phase,
including (a) the volume of medium added to each
bioreactor, (b) the volume of effluent collected from
each bioreactor, (c) the pH of the influent and (d)
the pH of the effluent. The trends in the measured
percolation rate based on the volume balance were
generally inconclusive and are not reported here
(Buikema, 2015).
After the 23 d treatment phase, a well-defined
surface crust was observable in each of the
bioreactors. Subsequently, the soil boxes were
allowed to air dry in the laboratory for 22 d before
analysing the treatments. After drying, each soil box
was cored using a sterile 60 ml syringe barrel with
the tip cut off. The soil core was split into five
layers: the top white crust, three 1 cm deep layers
and a 3 cm deep layer. Based on previous
experiments, it was determined that most of the
biological activity occurred in the upper half of the
soil horizon, and additional soil layers below 3 cm
deep could be characterised into a single soil layer
of 3 cm depth. The soil in each layer was pushed
out of the syringe barrel by using the plunger and
placed into pre-sterilised soil tins to allow analysis
for cell numbers, specific gravity, calcium
carbonate,
ESEM
and
energy-dispersive
spectroscopy (EDS), as described in the following.
Analytical methods
pH
Influent and effluent samples from the soil boxes
were analysed for pH using a Thermo Scientific
Orion Dual Star pH meter.The meter and probe
were calibrated using three-point calibration.
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Specific gravity
To provide a measure of the amount of calcium
carbonate produced in the tailings, the specific
gravity of the treated soil layers was measured
using a Micromeritics AccuPyc 1330 helium
pycnometer. Because the specific gravity of calcium
carbonate (e.g. 2·54 for vaterite, 2·71 for calcite
(Anthony et al., 2003)) is lower than that of the iron
mine tailings (2·9–3·1 measured in this study), the
biologically treated tailings were expected to have a
lower specific gravity than the untreated tailings.
This method provides a novel approach to
characterising an increase in the amount of calcium
carbonate due to biological activity. Before
performing the test, soil samples were dried at
40°C for 3 d. After drying, 10 g of soil was placed
into the pycnometer cup. The helium pycnometer
measured the specific gravity of the soil sample five
times, with the final value measured used for
further analysis. A sixpoint relationship between
specific gravity and per cent by weight calcium
carbonate was linear (R2 = 1·0).
ESEM and EDS analysis
Treated and untreated samples were analysed
using ESEM and EDS. All samples were first ovendried at 40°C for 3 d. Subsequently, samples were
prepared for ESEM analysis in two ways. The first
sample type involved extracting a solid piece of
white surface precipitate and placing it on the
sample button. Carbon tape was used to secure the
soil specimen onto the sample. The second sample
involved extracting a piece of tailings directly from
under the white surface crust to observe the
tailings better. Samples were placed on the sample
button and had a light dusting with an air canister
to remove any loose sample particles. The prepared
samples were then coated with a 10 µm thick
carbon coating and placed in a sample holder. The
samples were next wrapped in Parafilm and stored
in a desiccator until ESEM analysis. EDS analysis
was conducted simultaneously with the ESEM
imaging to assess the relative ratio of calcium in the
samples.
Results and discussion
At the conclusion of the treatment phase, each of
the soil boxes, with the exception of R2*, exhibited
a significant white surface crust. As demonstrated
by the top and sides of the crust formed in R1, the
crust was clearly adhered to the underlying tailings.
The thickness of the crust was approximately 0·75
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mm, similar to the 1 mm crust developed by
Stabnikov et al. (2011) in their study using sand.
The development of the calcium carbonate crust by
way of stimulation of MICP was expected to also
result in an increase in the system pH and
increased numbers of ureadegrading bacteria.
These trends, as well as the measurements made
after the treatment phase to quantify the microbial
numbers (plate counts, urea agar slants), extent of
calcium carbonate precipitation (specific gravity,
carbon dioxide pressure measurements, ESEM,
EDS) and strength of the surface.
Conclusions
A key environmental hazard associated with finegrained iron mine tailings is the potential for the
generation of dust storms due to the shear stresses
introduced from wind. One potentially innovative
approach to modifying the surface properties of
mine tailings, and thereby providing dust
mitigation, is to apply biomediated methods such as
biocementation. In this study, inoculated S.
pasteurii was demonstrated to be able to stimulate
MICP by way of ureolysis, producing a surface crust
on the tailings surface, as demonstrated through a
variety of analyses, including changes in pH,
microbiological measurements (i.e. by way of cell
plate counts and urea degrader slants), calcium
carbonate measurements (i.e. by way of specific
gravity, pressure calcimeter) and ESEM and EDS.
Importantly, native urea degraders were
discovered to be present in the tailings during the
treatment phase of the experiment. Ureolysis by the
native microbes also resulted in measurable
changes in the composition and properties of the
surface crust on the tailings that were similar in
magnitude to the changes observed in the S.
pasteuriibioaugmented reactors. This discovery
opens the possibility that MICP could potentially be
applied to iron tailings by biostimulating native
microorganisms, rather than by bioaugmentation
with non-native urea-degrading microbes.
The native and inoculated microorganisms were
also able to produce effectively a surface crust that
contributed to a measurable surface strength
increase. These results indicate that naturally
present urea degraders could effectively achieve
similar surface strength increases as S. pasteurii,
which would reduce the potential costs and
environmental impact of inoculating a large surface
area. The ball bearing drop test proved useful in
preliminary strength testing of the surface crusts
and, with further development, may be a useful tool
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for assessing surface crust strength of biologically
mediated crust formation. These preliminary
results provide a foundation for further research to
advance the application of MICP in fine-grained
materials for geotechnical purposes such as dust
mitigation
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