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ABSTRACT: A cyanobacteria dominated consortium collected
from an alkaline wetland located near Atlin, British Columbia,
Canada accelerated the precipitation of platy hydromagnesite
[Mg5(CO3)4(OH)2·4H2O] in a linear flow-through experimen-
tal model wetland. The concentration of magnesium decreased
rapidly within 2 m of the inflow point of the 10-m-long (∼1.5
m2) bioreactor. The change in water chemistry was monitored
over two months along the length of the channel. Carbonate
mineralization was associated with extra-cellular polymeric
substances in the nutrient-rich upstream portion of the
bioreactor, while the lower part of the system, which lacked
essential nutrients, did not exhibit any hydromagnesite
precipitation. A mass balance calculation using the water
chemistry data produced a carbon sequestration rate of 33.34 t of C/ha per year. Amendment of the nutrient deficiency
would intuitively allow for increased carbonation activity. Optimization of this process will have application as a sustainable
mining practice by mediating magnesium carbonate precipitation in ultramafic mine tailings storage facilities.

■ INTRODUCTION

Since the industrial revolution, the atmospheric concentration
of carbon dioxide (CO2) has increased from 280 to 390 ppm, a
change that is primarily due to fossil fuel combustion, although
land use change and deforestation are also factors.1,2 The
resulting environmental problems have led to extensive
research in the field of carbon storage. Sequestering CO2 in
carbonate minerals was first proposed by Seifritz in 1990.3

Carbonate minerals offer a stable medium for storing CO2 over
geological time scales and require limited monitoring. These
advantages have resulted in extensive research of both industrial
and passive carbonate mineralization methods.4−22 Passive
processes, promoting enhanced weathering and subsequent
carbonate precipitation at low temperatures and pressures,
require less energy than highly engineered industrial carbo-
nation.5,23 Biological processes that accelerate carbonate
mineralization under ambient conditions may offer a method
of storing significant quantities of CO2 and reducing net
greenhouse gas emissions.10,24

The involvement of microorganisms in carbonate mineral
precipitation has been acknowledged for a century.25 Micro-
bially mediated carbonation is evident in many parts of the
geologic record, with Late Archean (2.8−1.0 Ga) limestone and
dolostone hosted stromatolites providing the first evidence of
significant microbial activity in association with carbonate
formation.26−29 Calcium carbonate mineral precipitation is the

most studied microbially mediated carbonation reaction and
has been documented in oceans, lakes, soils, caves, deserts, and
groundwater.26,30−36 These reactions are primarily enabled by
phototrophic microbes, including cyanobacteria such as
Synechococcus and Trichodesmium, which induce carbonate
precipitation by altering the water chemistry.28,37,38 Dolomite
[CaMg(CO3)2] precipitation can be mediated by the metabolic
activity of iron-reducing, sulfate-reducing, and methanogenic
bacteria in anoxic environments, with microbial cell walls and
extracellular polysaccharides providing crystal nucleation
sites.39−44 Cyanobacteria and diatom associated magnesium
carbonate precipitation has been documented in several alkaline
aquatic environments.45−50 Magnesium carbonate precipitation,
like calcium carbonate formation, is strongly affected by pH and
alkalinity; however, the biogeochemical conditions required for
magnesium carbonate precipitation are not fully under-
stood.28,48,49

This study examined the ability of a natural cyanobacteria-
dominated consortium collected from a wetland located near
Atlin, British Columbia, Canada, to facilitate magnesium
carbonate precipitation from solution in a flow-through
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bioreactor. This was completed by simulating the geochemical
and microbial growth conditions of their natural environment.
Abundant magnesium carbonate mineral precipitation has been
documented at Atlin, including the hydrated magnesium
carbonate minerals, hydromagnesite [Mg5(CO3)4(OH)2·
4H2O], nesquehonite [MgCO3·3H2O], and dypingite
[Mg5(CO3)4(OH)2·5H2O].

47,51,52 In contrast to previous
studies, we are applying this biogeochemical process on a

larger scale as a flow-through bioreactor, making it more
representative of the reactions occurring in natural systems.
The linear bioreactor design used in this study allowed for
temporal and spatial examination of magnesium carbonate
precipitation and provides insight into the processes taking
place at Atlin. The results of this study have applications in the
potential of ultramafic mine tailings to act as a magnesium
source for atmospheric CO2 storage in carbonate miner-

Figure 1. (A) Aerial photograph of the Atlin playa composed of unconsolidated hydromagnesite (B) and wetland containing phototrophic microbial
mats (C). (D) The bioreactor inoculated with the Atlin microbial mats. The feedstock solution was added to one end of the system and flowed
passively through the bioreactor (arrows) and out a valve in the other end. Sampling points are marked in meters from the start of the channel.
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als.4,8,16,20,53−55 Artificial wetlands situated downstream of
ultramafic tailings piles could facilitate carbonate precipitation
if this process were coupled with accelerated dissolution of
silicate minerals.

■ EXPERIMENTAL SECTION

Site Description and Sampling. Grab samples of benthic
microbial mats (20 dm3) and the underlying carbonaceous
sediments (20 dm3) were collected from a wetland that is part
of a natural hydromagnesite playa found near Atlin, British
Columbia (59°34′30″ N, 133°41′60″ W; Supporting Informa-
tion (SI) Figure S1). The playa consists of hummocky
hydromagnesite mounds and is surrounded by ophiolitic
country rock composed primarily of serpentinized harzburgite
(Figure 1).7 Minor carbonitized harzburgite, dunite lenses, and
pyroxenite veins are also present in the local bedrock.
Weathering of the country rock produces the magnesium-rich
groundwater that feeds the wetland, which has an average water
depth of 30 cm and an area of approximately 0.5 ha.47 The

wetland water had a pH of 8.6, conductivity of 5.0 mS/cm, and
dissolved oxygen (DO) concentration of 9.3 mg/L at the time
of sampling (August 2011).

Bioreactor Construction and Preparation. After trans-
port from the field, the carbonaceous sediment slurry sample
had pH, conductivity, and DO values of 8.7, 2.5 mS/cm, and
2.5 mg/L, respectively. The sediments were placed in the
bottom of the bioreactor constructed from 15 cm diameter
polyvinyl chloride pipe (Figure 1D). The gravity driven flow-
through channel had a volume, length, and surface area of 155
L, 10 m, and 1.5 m2, respectively. The bioreactor was located in
a greenhouse which maintained a minimum air temperature of
18 °C and received at least 14 h of light/day through combined
natural and artificial lighting. The microbial mat sample was
layered onto the sediments, all of which was then submerged
below 100 L of growth medium (5 cm depth). The microbial
mats were given 8 weeks to re-establish, hereafter called the
“growth phase,” in 100 L of 3.4 times phosphorus-enriched BG-
11 medium (see SI) prior to starting experimentation.56 At the

Figure 2. Changes in pH (A and B), dissolved oxygen (mg/L; C and D), and conductivity (mS/cm; E and F). A, C, and E show the change over
time as averages of the seven measurements taken in the bioreactor at each time point. B, D, and F show change over space as averages of all of the
measurements taken at each sample location during each the growth phase and the carbonation phase.
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start of the carbon mineralization experiment, hereafter called
the “carbonation phase,” the spent BG-11 medium was replaced
by a feedstock containing 10.12 g/L MgSO4·7H2O (41.07 mM
magnesium) and 6.92 g/L NaHCO3 (82.4 mM bicarbonate),
comparable to the Atlin wetland waters.47 Using dypingite as
the target mineral product (reaction 1), six “cycles” of carbon
fixation (reaction 2) were required to produce the requisite
hydroxyl and carbonate anions (reaction 3) for each molecule
of dypingite precipitated.47 With this information, the amount
of carbon being stored in biomass was calculated, after which
the Redfie ld r a t i o fo r phy top l ank ton b iomas s
[(CH2O)106(NH4)16(H3PO4)] was used as a general guideline
to estimate how much nitrogen and phosphorus was needed to
match the amount of organic carbon.57 This was determined to
be 42% of the concentration of the standard BG-11 medium
recipe, assuming 100% efficiency of photosynthetically driven
dypingite formation. This feedstock solution containing
magnesium and modified BG-11 medium was added at the 0
m position of the channel at a rate of 5 L/day for 7 weeks using
a Masterflex peristaltic pump. The solution was able to
passively flow out a drain at the other end of the bioreactor.
Outflow volume was tracked to quantify evaporative losses.

+ + +

→ ·

+ − −5Mg 4CO 2OH 5H O
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2
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2
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Water Chemistry Analyses. Water chemistry was
monitored at 0, 2, 4, 6, and 8 m down the length the
bioreactor, and in the system outflow solution (Figure 1D).
Weekly pH, conductivity, and DO measurements were
conducted at each location. A hydrochloric acid titration was
used to calculate alkalinity as millimoles of HCO3

−58 (refer to
SI for detailed methods).
Major ion concentrations were determined weekly for each

sample location from 15 mL of 0.45 μm-filtered water samples
(SI Table S3). Inductively coupled plasma-atomic emission
spectroscopy (ICP-AES) and ion chromatography (IC) were
used for cation and anion analyses, respectively. Ion
concentrations were also determined for filter-sterilized water
samples collected from the microbial mat sampling location at
the field site (refer to SI for detailed methods).

Figure 3. Change in alkalinity (mM HCO3
−; A,B) and magnesium concentration (mM; C,D) during the carbonation phase of the experiment over

time (A and C) as an average of the seven samples measured at each time point and space (B and D) as an average of all measurements taken at each
sample location.
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Water sample pH and ion concentrations were used with the
llnl.dat database for thermodynamic constants in PHREEQC
Interactive version 3.0.2.7614 to determine mineral saturation
indices (SI Tables S4−S13).59 This information was used to
characterize how changes in pH and the availability of Mg2+ and
dissolved inorganic carbon species affect carbonate precip-
itation.
Microbe and Mineral Characterization. Microbial mat

samples were collected after the carbonation phase from 0.5, 4,
and 8 m along the bioreactor as representatives of upstream,
midstream, and downstream mats. The samples were
characterized using scanning electron microscopy (SEM) and
energy dispersive spectroscopy (EDS). A microbial mat sample
(dry weight = 2 g) collected from 0.5 m was dried at 60 °C and
powdered with a mortar and pestle for analysis with micro-X-
ray diffraction (μXRD; refer to SI for detailed methods).

■ RESULTS

Water Chemistry. Following the growth phase, the average
pH in the bioreactor was 9.7 (Figure 2A). The pH declined
during the carbonation phase with the addition of the pH 8.3
feedstock solution, stabilizing at approximately 9.2. The
decrease in pH was more dramatic at the start of the channel,
with the water becoming increasingly basic down the length of
the bioreactor (Figure 2B). The DO increased from 2.5 mg/L
to 20.6 mg/L during the growth phase (Figure 2C). During the
first week of the carbonation phase, the DO concentration
decreased to a system average of 9.8 mg/L. The average DO
concentration in the feedstock solution was 6.9 mg/L,
increasing to 11.7 mg/L when added to the bioreactor, and
continuing to rise to 19.6 mg/L by 6 m along the channel. It
decreased over the last 4 m, dropping to 10.8 mg/L at the
system outflow (Figure 2D). The bioreactor conductivity was
constant (3.3 mS/cm) during the growth phase (Figure 2E).
During the carbonation phase, the average conductivity in the
inflow solution was 10.0 mS/cm, which dropped to 5.0 mS/cm
when added to the bioreactor and continued to decrease with
distance down the channel to 4.0 mS/cm in the outflow
solution (Figure 2F). The magnitude of the drop in
conductivity decreased over the carbonation phase, with the 0
m location and the bioreactor outflow water having average
conductivity values of 8.4 mS/cm and 7.7 mS/cm, respectively.
Alkalinity decreased by 34% along the length of the

bioreactor during the carbonation phase as a whole, with
two-thirds of this decrease occurring in the first 2 m (Figure
3A,B). Similar to conductivity, alkalinity exhibited the greatest
decrease during the first week of the carbonation phase, during
which the alkalinity dropped from the inflow average of 69.4
mM as HCO3

− to 43.5 mM at 0 m, and to 32.5 mM by the end
of the channel. This rate of alkalinity consumption decreased
down the length of the bioreactor and with time.
Tracking the volume of solution inflow (260 L) and outflow

during the carbonation phase indicated that 102 L, or 39%, of
the water added to the system evaporated during the
experiment. This water loss was taken into account for the
ICP and IC results. Ion concentration analyses indicated
changes in water chemistry along the length of the bioreactor,
including nutrient limitation in the lower 4 m of the bioreactor
throughout the carbonation phase (SI Table S3). Phosphate
and nitrate concentrations decreased to below the detection
limits in the outflow water from respective inflow values of 0.30
and 0.46 mM.

The magnesium concentration decreased in a similar manner
to the alkalinity, from the inflow value of 38.3 mM to 10.6 mM,
which is a drop of 72.4% for the duration of the carbonation
phase (Figure 3; SI Table S3). During the first week of the
carbonation phase, the concentration of magnesium decreased
from the average inflow value of 38.3 mM to 16.3 mM
immediately upon addition to the bioreactor, and to 3.7 mM by
the outflow, which is a decrease of 90.4% (Figure 3C,D; SI
Table S3). The magnesium concentrations for 0−2 m of the
first week of the carbonation phase were used to calculate the
optimum magnesium mineral precipitation and carbon storage
rate values (below). The silicon (likely orthosilicic acid)
concentration, critical to the formation of silica-based diatom
frustules, decreased along the length of the system from the
inflow concentration (1.872 mM) to 0.169 mM in the outflow
solution (SI Table S3).
Using the water chemistry data, saturation indices were

determined for potential mineral precipitates using PHREEQC.
Although dypingite was the target mineral product, the
saturation index for hydromagnesite was used as a guide for
carbonation potential because thermodynamic data are not
available for dypingite. A saturation index (SI) value greater
than zero indicates mineral saturation; however, for many
minerals including hydromagnesite, mineral formation is
kinetically inhibited without the addition of heat or pressure
beyond ambient conditions, or a biological process. This is
demonstrated by the feedstock solution, which had an SI value
of 2.16 but did not precipitate hydromagnesite. The hydro-
magnesite SI value in the bioreactor changed over space and
time (Figure 4, SI Table S4−13). At each sampling point, the SI

value increased over the first 4 weeks of the carbonation phase,
followed by a decrease at the end of the experiment. In general,
the hydromagnesite SI values decreased after the 0−2 m
biogeochemically active zone, down the length of the
bioreactor. The highest hydromagnesite SI value identified
was 6.14 at the 2 m sampling location 4 weeks into the
carbonation phase (day 84).

Microbe and Mineral Characterization. SEM of the
microbial mats indicated variations in microbial and mineral

Figure 4. Saturation index values generated using PHREEQC for
hydromagnesite by sampling point for four sets of chemistry data
collected during the carbonation phase.
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content along the length of the bioreactor. Filamentous
cyanobacteria and diatoms dominated all of the microbial
communities sampled, with some heterotrophic bacteria also
present. The 0.5 m sample contained abundant platy crystals of
hydromagnesite (<7 μm diameter) associated with large
quantities of extra-cellular polymeric substances (EPS; Figure
5). The hydromagnesite was identified using μXRD and SEM-

EDS (SI Figure S2). Hydromagnesite is a slightly less hydrated
magnesium carbonate mineral than the target mineral,
dypingite. The aragonite identified using μXRD was likely
derived from the underlying carbonaceous sediments adhered
as a clotted texture to the bottom of the microbial mat. No
aragonite was observed using SEM as only the top, “growing”
surface of the mat possessing new material was examined. The
cyanobacteria were characterized as straight, cylindrical
filaments (<300 μm in length) lacking constrictions at the
cross-walls; such attributes were comparable to those of
Lyngbya spp. observed in samples collected from the Atlin
wetland.47

The 4 and 8 m samples did not contain any evidence of
hydromagnesite mineralization and showed less EPS than the
0.5 m sample (SI Figure S3). Note, although a decrease in
magnesium is observed everywhere in the bioreactor, the drop
in soluble magnesium was much greater in the first 4 m of the
bioreactor than the lower 6 m. It is possible that a small amount
of magnesium carbonate precipitated in the lower 6 m;
however, since none was observed using SEM and the amount

of magnesium depletion measured with ICP-AES was relatively
small, we cannot with certainty say that any carbonate
precipitation took place in this part of the bioreactor. The 4
m microbial mat sample was dominated by filamentous
cyanobacteria with the same morphology as the 0.5 m sample,
while filamentous cyanobacteria with cylindrical, helically coiled
trichomes (cf. Spirulina) reaching 100 μm in length dominated
the 8 m sample. These helical microbes were present in minor
amounts in the upstream and midstream cultures. The 8 m mat
contained much less EPS and fewer diatoms than the other two
samples (SI Figure S3).

■ DISCUSSION
Water Chemistry As an Indicator of Carbonate

Mineral Precipitation. The observed increase in pH and
DO during the growth phase corresponds to an increase in
photosynthetic activity in the system as the microbial
community established itself in the bioreactor. The pH and
DO trends indicate that mineral precipitation occurred at the
inflow to the bioreactor. This observation is strongly
complemented by the large decrease in conductivity, alkalinity,
and dissolved magnesium concentration during the carbonation
phase. The drop in DO during the first week of the carbonation
phase may be due to the onset of carbonate mineral
precipitation slowing photosynthesis by shielding the mats
from sunlight. The concomitant increase in DO along the first 6
m of the bioreactor during the experiment likely corresponds to
a decrease in the amount of carbonation taking place, reducing
the amount of shielding. This increase in photosynthetic
activity is intuitively responsible for driving the pH up along the
length of the bioreactor. Beyond 6 m, the observed decrease in
DO is likely due to a drop in photosynthetic activity. This drop
likely corresponds to the microbes entering the stationary phase
of their growth cycle as a result of the lack of phosphorus and
nitrogen in the lower portion of the system. The decrease in
alkalinity observed at the end of the experiment is also likely
due to a decrease in photosynthesis activity in the bioreactor.
Note, bacterial storage of phosphate (such as in polyphos-
phate)60 in the upper reaches of the bioreactor would have
reduced the number of photosynthetic cycles, which would
have subsequently reduced the amount of magnesium
carbonate precipitated in the bioreactor.
The rate at which conductivity, alkalinity, and the

concentrations of magnesium, phosphate, and nitrate declined
decreased with distance down the bioreactor. SEM observations
explain the similar manner in which these parameters changed,
by demonstrating that they are closely linked to biomass
formation and mineral precipitation. The first 2 m of the
bioreactor were exposed to the highest nutrient concentrations,
allowing the most photosynthesis and growth. This microbial
growth was accompanied by extensive EPS production.
Previous studies have demonstrated that EPS is important for
both the chemical and physical conditions required for
cyanobacterium accelerated carbonate mineralization, a process
which may be a factor in the present study.10,61−64 Excess EPS,
found in the upstream microbial mat sample, forms under
nutrient-rich conditions and can generate microenvironments
of mineral supersaturation around cyanobacteria cells.61,62,65

Photosynthetically generated OH− anions increase the pH
value of the water directly around the cells, causing the
concentration of [CO3

2−], and therefore carbonate mineral
saturation indices, to increase (reactions 2 and 3).10,62,64 This
localized pH increase in the water surrounding the cell can be

Figure 5. Scanning electron micrographs of microbial mat samples
collected from 0.5 m showing (A) hydromagnesite crystals and
cyanobacteria (arrows) and (B) platy hydromagnesite crystals and
diatoms (arrow) coated in extracellular polymeric substances.
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one pH unit greater than the system pH.63 In addition, cations
such as magnesium are attracted to the negatively charged
surface of the microbial cells.66 Magnesium adsorption to
microbial cell walls is important for dehydrating the magnesium
ions, which are typically surrounded by a stable shell of six
octahedrally coordinated water molecules.67,68 Binding to the
EPS disrupts this shell, making the magnesium ions accessible
to carbonate ions for the precipitation of magnesium carbonate
minerals. Hydrated magnesium carbonates form more readily
than magnesite because it is difficult to completely dehydrate
the magnesium ions.69 This role of EPS in carbonate
mineralization complements the findings of studies which
have demonstrated that carbonate precipitation is found only in
cyanobacteria cultures in the growth phase of their life cycle,
while no mineralization takes place in stationary or dying
cultures.37,64 The rate of magnesium addition to the system
appears to have exceeded the rate of removal through mineral
precipitation, evident by the continuous, linear increase in
average magnesium concentration in the bioreactor (Figure
3C). A potential reason for this is the production of EPS-hosted
nucleation sites.61,64 Excess EPS produced during the growth
phase likely allowed for hydromagnesite precipitation upon
addition of the Mg2+-HCO3

− solution at the start of the
carbonation phase. Once these biogenic nucleation sites
became occupied by mineral crystals, the rate of further
carbonate precipitation would likely have become dependent
on the generation of new EPS. This close relationship between
microbial activity and mineral precipitation as well as the
buffering capacity of these systems are factors that are not taken
into account in studies that suggest carbonate precipitation
contributes to atmospheric CO2.

70,71 Many studies have
demonstrated that CO2 is stored rather than generated by
microbial carbonate precipitation.47,72−74

Saturation Index Interpretation. Saturation index is a
direct product of the activity of the species required to
precipitate a given mineral (reaction 4), where {A} is the
activity of each species, and K is the equilibrium constant for
hydromagnesite precipitation and dissolution (1030.8539 in the
case of the lln.l PHREEQC database).

=
− +

+ K
SI log

{HCO } {Mg }

{H }
3

4 2 5

6 (4)

The lack of precipitation in the inflow solution indicates that an
SI value greater than 2.16 is required for abiotic hydro-
magnesite formation. On the basis of the measured magnesium
concentrations, hydromagnesite formation occurred at the very
start of the carbonation phase in the upstream portion of the
bioreactor. At this time, the SI values for hydromagnesite were
4.6 and 4.23 for the 0 and 2 m sampling points, respectively
(Figure 4). This demonstrates that an SI value of ∼4.2 is
sufficient to induce hydromagnesite precipitation. It appears,
however, that the conditions needed for mineral formation are
far from straightforward. If an SI value of 4.2 was all that was
needed for hydromagnesite precipitation, mineralization would
have been observed everywhere in the bioreactor, as all
sampling locations exhibited an SI value greater than 4.2 at
some point during the experiment (Figure 4). However, since
hydromagnesite was not observed in all samples along the
length of the bioreactor using SEM, other factors beyond water
chemistry might play a role, one of which would be the
availability of EPS-hosted nucleation sites outlined above. In
the presence of abundant EPS, hydromagnesite was able to

form at an SI value of ∼4.2 in the bulk solution. This value,
though much lower than the maximum calculated SI value of
6.14, was sufficient for mineralization. In contrast, on day 84,
the 8 m sampling point had a SI value of 5.52, and yet no
hydromagnesite was observed in that location. On the basis of
water chemistry alone, the conditions at that site should have
been conducive to mineral precipitation, but the lack of
nucleation sites resulting from nutrient limiting conditions
prevented hydromagnesite formation. The increase in SI from
day 63 to days 70 and 84 is likely a result of magnesium
accumulation in the bioreactor. The drop on day 98 is possibly
due to the decrease in alkalinity observed near the end of the
experiment, which likely corresponded to a decline in
photosynthesis. Another factor that may have influenced
carbonate mineral precipitation is complexation of [Mg2+]
with anionic ligands in solution, such as the sulfate derived from
the [MgSO4·7H2O] used as the magnesium source for the
experiment. Previous studies have generated conflicting results
regarding whether the formation of complexes with sulfate and
organic ligands interferes with carbonate precipitation.75−78

Quantifying Carbonate Mineral Precipitation Rate.
The mineralization values were used to determine the rate of
carbon storage in the precipitated hydromagnesite (see SI for
details of calculation). The maximum rate of hydromagnesite
precipitation achieved within the upper 2 m of the bioreactor
during the first week (13.2 g/day) translates to a carbon storage
rate of 33 t of C/ha/year in combined mineral and biological
storage (SI reactions S1−S11). The average rate for the first 2
m of the bioreactor (8.0 g/day) over the course of the
experiment was 20 t of C/ha/year. On the basis of the
nutritional analysis, the bioreactor has potential for greater
carbon storage if the biogeochemical conditions in the system
are modified to encourage continued growth of cyanobacteria
to enable magnesium carbonation throughout the entire
reaction system. Improving nutrient availability in the system
would increase photosynthesis, EPS production, and alkalinity
and would intuitively result in a greater carbonation rate.

Applications to Carbon Sequestration. Similar to other
studies of microbially generated carbonates, the potential for
stable carbon storage observed in this study may have
applications in mining operations that produce ultramafic
tailings. The presence of diatoms in the system to act as a
silicon sink is important because many carbon sequestration
strategies that involve accelerated weathering of ultramafic rock
result in the generation of silicon rich fluids.22 It has been
proposed that without a silicon sink, silicic acid buildup would
slow the ultramafic mineral dissolution rate and, therefore, the
carbonate mineral precipitation rate. Diatoms, which form a
mineralized cell wall (frustule) from [SiO2·nH2O], were likely
the primary silicon sink in the bioreactor. Approximately 87%
of the silicon added to the bioreactor was removed from
solution, which is equivalent to 16 g of [SiO2]. Although
hydromagnesite is only considered to be a metastable mineral,
it is capable of storing carbon for thousands of years52 and
changes to the much more stable mineral magnesite when
buried to provide long-term carbon storage.79,80 Large-scale
storage of CO2 in carbonate minerals could be achieved if
magnesium leached from the tailings was made accessible to a
microbial consortium similar to that used in this study.5 This
could be achieved by developing a “carbonation pond”
containing these microbes, which would, in turn, facilitate
carbonate mineralization using atmospheric CO2 and magne-
sium leached from the tailings. This method of carbon
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sequestration is of particular interest because it represents an
inexpensive, low risk, long-term storage strategy and would
provide mining operations with a method for reducing their net
greenhouse gas emissions.
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