n["cE '[H Groveriy 0\4
Lilsrires
DI'.EG\.I'I'I.I:I'“ n

1ence & fechnolo Consarmurn (I

Subscriber access provided by ORTA DOGU TEKNIK UNIVERSITESI KUTUPHANESI

Microbially accelerated carbonate mineral precipitation as a strategy for

in situ carbon sequestration and rehabilitation of asbestos mine sites
Jenine McCutcheon, Siobhan Alexandra Wilson, and Gordon Southam

Environ. Sci. Technol., Just Accepted Manuscript « DOI: 10.1021/acs.est.5b04293 « Publication Date (Web): 31 Dec 2015

Downloaded from http://pubs.acs.org on January 5, 2016

Just Accepted

“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a free service to the research community to expedite the
dissemination of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts
appear in full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been
fully peer reviewed, but should not be considered the official version of record. They are accessible to all
readers and citable by the Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered
to authors. Therefore, the “Just Accepted” Web site may not include all articles that will be published
in the journal. After a manuscript is technically edited and formatted, it will be removed from the “Just
Accepted” Web site and published as an ASAP article. Note that technical editing may introduce minor
changes to the manuscript text and/or graphics which could affect content, and all legal disclaimers
and ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors
or conseqguences arising from the use of information contained in these “Just Accepted” manuscripts.

N4 ACS Publications

1155 Sixteenth Street N.W., Washington, DC 20036

Environmental Science & Technology is published by the American Chemical Society.

Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the course

of their duties.



Page 1 of 28 Environmental Science & Technology

3 Microbially accelerated carbonate mineral precipitation as a strategy for in situ carbon

4 sequestration and rehabilitation of asbestos mine sites

6 Jenine McCutcheon’ *, Siobhan A. Wilsonz, and Gordon Southam’

9  'School of Earth Sciences, The University of Queensland, St Lucia, QLD 4072, Australia
10 *School of Earth, Atmosphere and Environment, Monash University, Clayton, Melbourne, VIC
11 3800, Australia
12
13

14 *Corresponding author: School of Earth Sciences, The University of Queensland, St Lucia, QLD

15 4072, Australia; phone: +61 7 3365 1180, fax: +61 7 3365 1277; J.mccutcheon@ug.edu.au
16

17  Prepared for submission to: Environmental Science & Technology

18

19  Key words: carbon sequestration, asbestos, carbon dioxide, mine site rehabilitation

20  mine tailings, dypingite, carbonate precipitation, air capture

21

22

23

ACS Paragon Plus Environment



24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

Environmental Science & Technology

ABSTRACT

A microbially accelerated process for precipitation of carbonate minerals was implemented in a
sample of serpentinite mine tailings collected from the abandoned Woodsreef Asbestos Mine in
NSW, Australia as a strategy to sequester atmospheric CO, while also stabilizing the tailings.
Tailings were leached using sulfuric acid in reaction columns and subsequently inoculated with
an alkalinity-generating cyanobacteria dominated microbial consortium that was enriched from
pit waters at the Woodsreef Mine. Leaching conditions that dissolved 14% of the magnesium
from the serpentinite tailings while maintaining circumneutral pH (1800 ppm, pH 6.3) were
employed in the experiment. The mineralogy, water chemistry, and microbial colonization of the
columns were characterized following the experiment. Micro X-ray diffraction was used to
identify carbonate precipitates as dypingite [Mgs(CO3)4(OH),-5H,0], hydromagnesite
[Mgs(CO3)4(OH),-4H,0], with minor nesquehonite (MgCO;-3H,0). Scanning electron
microscopy revealed that carbonate mineral precipitates form directly on the filamentous
cyanobacteria. These findings demonstrate the ability of these organisms to generate localized
supersaturating microenvironments of high concentrations of adsorbed magnesium and
photosynthetically generated carbonate ions, while also acting as nucleation sites for carbonate
precipitation. This study is the first step towards implementing in sifu carbon sequestration in

serpentinite mine tailings via microbial carbonate precipitation reactions.

INTRODUCTION
Carbonate mineral precipitation in ultramafic mine tailings is being pursued as a strategy
to develop carbon neutral mines (/). Mine tailings provide an excellent substrate for carbonate

formation because the ore extraction process increases the surface area of the tailing grains,
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resulting in higher potential (engineered) weathering and carbonate precipitation rates than those
for natural bedrock (Reactions 1 and 2) (2-7). Seifritz (8) was the first to propose sequestering
CO; in carbonate minerals, followed by extensive research in passive and active methods for
trapping and storing CO, within this stable carbon sink (9-22).

Microbial photosynthesis is known to accelerate carbonate mineral precipitation by
generating an alkaline aqueous environment in which bicarbonate and hydroxyl ions react to
produce carbonate ions (Reactions 3 and 4), thereby inducing mineralization (Reaction 2) (23,
24). Microbially enabled carbonate formation has been documented for more than a century in
many natural and engineered environments (/6, 24-39). In addition to inducing the necessary
chemical setting, microbes also provide nucleation sites for carbonate mineral precipitation (36,
40, 41). Previous laboratory experiments have demonstrated the ability of cyanobacteria to
utilize atmospheric CO, for the precipitation of hydromagnesite [Mgs(CO3)4(OH),-4H,0] from
magnesium-rich solutions similar to those likely to be derived from acid leaching of mine

tailings (24).

Mg3Si,Os(OH), + 3 H,SO4 — 3 Mg?" + 2 Si(OH),4 + H,0 + 3 SO4* (1)
5Mg*" +4 COs* +2 OH + 5 H,0 — Mgs(CO3)4(OH),-5H,0 (2)
HCO; + H,0 — CH,0 + O, + OH (3)
HCO; + OH” — CO;” + H,0 4)

The tailings produced by ultramafic-hosted mines react naturally with the atmosphere to
produce magnesium carbonate minerals; however, there is potential to enhance the rate and scale

of this carbonation reaction using stronger acids, such as H,SO4, and microbially catalyzed
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reactions (/, 42). Oskierski, et al. (43) identified and characterized naturally occurring carbonate
precipitation at the Woodsreef Asbestos Mine, located near Barraba, NSW, Australia. Carbon
storage in chrysotile mine tailings such as those found at Woodsreef is desirable because the
carbonate precipitation process remediates the hazardous asbestos fibers remaining after the
cessation of mining activity (44) and assists in establishing slope stability (/4). The purpose of
this investigation is to characterize the ability of a consortium of cyanobacteria naturally present
at the Woodsreef Mine to induce precipitation of magnesium carbonate minerals in samples of

Woodsreef tailings.

EXPERIMENTAL SECTON

Regional geology and characterization of untreated mine tailings. The Woodsreef Mine is
situated in the Great Serpentine Belt (GSB) (267.2 = 1.4 Ma), which is comprised of partially
serpentinized harzburgite, massive serpentinite, and schistose serpentinite (See Supporting
Information, SI, for details) (43, 45, 46). Mining activity (1971-1983) produced 550 000 t of
chrysotile, with the derelict mine site occupying 400 hectares and hosting 75 million t of waste
rock, 24.2 million t of tailings, and four ‘lakes’ in the open pits (pH 8.6-9.0) (Figure 1) (47, 48).
The Woodsreef tailings are composed of serpentine-group minerals (lizardite and chrysotile)
[Mg;Si,05(OH)4] with minor magnetite (Fe;O4), chromite (FeCr,O4), enstatite (MgSiOs),
forsterite (Mg,Si10,), calcite (CaCOs), quartz (Si0,) and brucite [Mg(OH),] with hydromagnesite
[Mgs(CO3)4(OH),-4H,0] and pyroaurite [MgeFe,(CO3)(OH);6-4H,0] forming as alteration
products (43, 49). A Woodsreef tailings sample was examined using scanning electron
microscopy (SEM) and analyzed using energy dispersive spectroscopy (EDS), providing a ‘time

zero’ example of the tailings (see SI for details). A sample of the carbonate crusts
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(hydromagnesite with minor calcite and dolomite) that are found on vertical surfaces on the
tailings pile (43) was characterized using SEM-EDS.

Mine tailing leaching trial. A leaching experiment was completed to resolve the ability of the
Woodsreef tailings to act as a soluble magnesium source for carbonate precipitation (Equation
1)(5, 6). Five leaching experiments were conducted, each containing 5 g of the Woodsreef
tailings in 100 mL of dilute sulfuric acid (0.04, 0.08, 0.15, and 0.30 M), with the control
experiment containing deionized water. Hereafter, the leaching systems are identified by the
molar concentration of sulfuric acid. The flasks were placed on a shaker table operating at 100
rpm. The pH of each flask was measured at time zero, followed by measurements at 4 h, 8 h, 24
h, and then daily for 44 days until the flasks reached steady state, as indicated by a constant pH.
Major cation concentrations were measured in a 0.45 pm-filtered sample of water from each
system using inductively coupled plasma optical emission spectroscopy (ICP-OES; see SI for
details). The remaining tailings were washed with deionized water, dried, and examined using
SEM-EDS.

Microbial carbon mineralization experiment. The leaching trial results were used to determine
which conditions balanced (1) a high, but not toxic, concentration of soluble magnesium with (2)
a pH suitable for the survival and growth of photosynthetic microorganisms. These conditions
were used to design the carbon mineralization experiment. Five reaction columns were
constructed in syringes (60 cc), each containing 90 g of unconsolidated Woodsreef tailings
containing no visible evidence of mineral carbonation. The tailings were leached for 6 weeks
with 23 mL of 0.022 M sulfuric acid (pH 1.4), targeting a concentration of 2000 ppm Mg*" in
solution. After leaching, one column was air dried and sampled for examination using SEM-

EDS. Three columns were inoculated with 2.3 mL of the consortium grown from Lake 4 at the
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Woodsreef Mine. The final column was not inoculated to act as a ‘tailings control’. These four
columns were wrapped with aluminum foil to simulate natural surface light conditions for the
microbial phototrophs.

Additional 5 mL (pH 1.8) aliquots of 0.022 M sulfuric acid containing 10% BG-11
growth medium(50) were added weekly to the bottom of each of the four columns. After 4
weeks, the top surfaces of the columns and the tailings 2 cm below the surface were sampled for
SEM-EDS. Surface samples of all the columns were also collected and air-dried at room
temperature for micro X-ray diffraction (WXRD; see SI for details).

Residual pore solution samples could not be directly collected from the columns to
examine pore water chemistry following experimentation. A volume of dH,O equal to 2x the
pore volume was added to one of the inoculated columns and to the tailings control to recover
readily soluble materials. One pore volume of water was drained from each column for analysis

using ICP-OES.

RESULTS

Characterization of untreated mine tailings. Examination of the Woodsreef tailings using
SEM-EDS produced results consistent with the mineralogical characterization of Oskierski, et al.
(43). The tailings consist of aggregates of disseminated chrysotile fibers (~100 nm-scale in
diameter, hundreds of um long) (Figure 2A), and grains of massive serpentinite. The carbonate
crusts consist of chrysotile fibers and platy crystals (< 6 pm) of magnesium carbonate minerals
that are morphologically similar to those produced in comparable magnesium carbonate

precipitation studies (Figure 2B) (24). Examination of polished sections of the carbonate crusts
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shows serpentinite fragments encased in magnesium carbonate cement (Figure 2C). The crusts
contain filamentous microorganisms in close spatial association with the carbonate precipitates.
Mine tailing leaching trial. The buffering capacity of the tailings caused an increase in pH and
generation of a high concentration of soluble magnesium (Table 1, SI Figure S1). The control
system had a starting pH of 6.9 that increased to between 8.3 and 8.9 for the duration of the
experiment, releasing 30 ppm (Mg>") into solution. Leaching with acid concentrations of 0.04,
0.08, 0.15, and 0.30 M released 1786 ppm, 3407 ppm, 6848 ppm, and 9525 ppm (Mg”") into
solution, respectively (Table 1). Only the 0.04 M system reached a circumneutral pH (final pH of
6.3) suitable for survival of the cyanobacteria, and was therefore used as a guide for the column
experiment. Characterization of the leached tailings using SEM-EDS demonstrated that all of the
reaction systems contained intact fibers at the conclusion of the leaching experiment (SI Figure
S2).

Microbial carbon mineralization experiment. The tailings in the columns contained intact
fibres after 6 weeks of leaching with sulfuric acid (SI Figure S3A). After 4 weeks of microbial
growth in the inoculated columns, a solid crust, plus mm-scale white mineral grains, formed on
the surface of the tailings (Figure 3A). Examination of this crust using SEM-EDS revealed
extensive magnesium carbonate precipitation in association with filamentous cyanobacteria
(Figure 3B). Rosettes of magnesium carbonate crystals can be observed filling voids within the
biofilm (Figure 3C). A ‘mesh’ of extra-cellular polymeric substances (EPS) coats the microbial
cells (Figure 3D) and can be seen on and within many of the rosettes (Figure 3E). The white
grains visible in Figure 3A appear to be composed of elongated crystals of nesquehonite (Figure
3F). Hollow casts of cells that had become encrusted with magnesium carbonate can be seen

throughout the samples (SI Figure S3B).
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The complexity of the crusts in the inoculated columns became apparent when viewed in
cross-section using backscattered electron imaging (Figures 4 and 5). A microbial biofilm up to
100 um thick was visible at the interface between the atmosphere and the mineral grains at the
surface of the columns (Figure 4A). Magnesium carbonate precipitates were observed nucleating
from the surfaces of serpentine grains, cementing them into the crust that was visible
macroscopically on the surface of each column inoculated with the mine site microbial
consortium (Figure 4B). This magnesium carbonate cement commonly exhibited evidence of
microbial casts or ‘fossils’ (Figure 5A); however, these were not ubiquitous throughout the
samples (Figure 5B).

In contrast, the control column did not produce a consolidated crust, and therefore was
not embedded for thin section preparation. When viewed as a whole mount using SEM-EDS,
samples from the control column exhibited some magnesium carbonate precipitates; however,
they were far less abundant than those in the inoculated columns (SI Figure S3C). Chrysotile,
pyroaurite, and dypingite that had dehydrated partly to hydromagnesite were identified using
uXRD (SI Figure S4A). uXRD of the surfaces of the inoculated columns identified chrysotile,
dypingite, and partially dehydrated hydromagnesite (SI Figure S4B), and confirmed that the
crystals shown in Figure 3E are composed of nesquehonite (SI Figure S4C). ICP-OES analysis
of the water washed through the inoculated and tailings control columns revealed a decrease in
the soluble Mg concentration from an initial high of ~1786 ppm to post-experiment values of
397 ppm and 449 ppm, respectively, suggesting that much of the Mg leached from the tailings

was consumed by magnesium carbonate precipitation (Table 2).

DISCUSSION
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Chrysotile dissolution. A stoichiometric calculation of the theoretical amount of magnesium
that should be produced by each of these acid concentrations indicates that slightly more
magnesium was leached than expected (SI Figure S5), a phenomenon observed by McCutcheon,
et al. (57). The observed non-stoichiometric dissolution is likely due to preferential dissolution of
the brucite (Mg-rich) layers over the siloxane (Si-rich) layers in serpentine minerals (5).
Dissolution of the brucite-like layers is more favorable because the energy required to remove
silica from the crystal structures of serpentine minerals is higher than that needed for magnesium
(52-55). This characteristic of serpentine dissolution also explains why less than 1% of the silica
in the tailings was dissolved, and all of leaching systems had Si concentrations at least two
orders of magnitude lower than those of Mg (Table 1).

Biologically-mediated versus abiotic carbonate mineral nucleation. The inoculated columns
produced hydrated magnesium carbonate precipitates (dypingite, hydromagnesite, and
nesquehonite) in close association with extensive growth of filamentous cyanobacteria (Figure
3). The combination of microbial biofilm and mineral precipitate generated a consolidated crust,
effectively demonstrating the ability these organisms to generate microenvironments of
carbonate supersaturation (24). In contrast, the dypingite precipitation observed in the control
column was not sufficient to generate a laterally extensive crust, failing to consolidate the
tailings. This difference highlights the important role cyanobacteria can play in carbonate
mineral nucleation through the attraction of soluble magnesium to the negatively charged cell
exteriors and extracellular polymeric substances (EPS) produced by cyanobacteria (56).
Adsorption of magnesium to microbial surfaces and EPS disrupts the strong hydration shell of
six octahedrally coordinated water molecules that typically surrounds each magnesium ion in

solution, initiating magnesium carbonate mineral nucleation and growth by increasing the
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203  interaction between magnesium and carbonate ions (57, 58). The challenge of completely
204  stripping magnesium ions of water represents a considerable kinetic hurdle to carbonate mineral
205  precipitation, demonstrated by the difficulty of forming magnesite (MgCO;) at Earth surface
206  conditions (59). The hydrated magnesium carbonate phases formed in the present study are a
207  product of this kinetic inhibition.

208 Although the casts (Figure 3E, SI Figure S3B) and ‘fossils’ (Figure 5A) of filamentous
209  cyanobacteria in the carbonate minerals demonstrate the close relationship between the microbial
210  cells and the mineral precipitates, some regions of the crust were devoid of these features (Figure
211  5B). The lack of microbial casts in some regions may result from the destruction of cell remnants
212 and associated casts during growth of carbonate crystals, or they may suggest a combination of
213 biological and abiotic carbonate mineral precipitation. For instance, once the hurdle of mineral
214  nucleation has been overcome, either on microbial cells or on serpentinite grains (Figure 5B),
215  abiotic processes may then be sufficient to continue carbonate crystal growth. Alternatively,
216  these carbonate precipitates may have nucleated on the extensive EPS generated by the
217  cyanobacteria, rather than on the cells. In this case, the fluid, labile nature of EPS would prevent
218 its preservation during crystal growth, resulting in what appears to be abiotic carbonate
219  precipitation.

220 The precipitation of nesquehonite in the inoculated columns, and the dypingite in both the
221  inoculated and control columns, is likely the result of dissolution of atmospheric CO, combined
222 with evapoconcentration of magnesium within the air—water boundary at the surface of the
223 columns (60, 61). The carbonate precipitation observed in the inoculated columns was more
224  extensive than that in the control column, indicating that evapoconcentration combined with the

225  photosynthetic activity of cyanobacteria is more effective than evapoconcentration alone. The

10
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pyroaurite identified in the control column may have been present in the tailings prior to the
experiment, as pyroaurite can account for up to 5 wt% of the surface tailings at Woodsreef.
Alternatively, the pyroaurite may have formed during the carbonation experiment, a possibility
supported by the fact that any pre-existing pyroaurite would have dissolved during the leaching
step. In this case, some of the soluble magnesium produced in the tailings control column would
have been consumed by pyroaurite precipitation, decreasing the amount of CO, storage in the
tailings control. The lack of pyroaurite and the formation of only carbonate mineral phases in the
inoculated columns suggest that the microbial biofilm on the surface of the columns provided
ideal geochemical conditions, specifically enhanced carbon availability, for carbonate mineral
precipitation.

Mine site rehabilitation. Consolidation of the surface of the Woodsreef Mine tailings pile by
with a magnesium carbonate crust, or ‘magcrete’, would reduce the environmental and human
health hazard posed by the asbestos tailings (44). In situ cementation of the tailings would limit
transport of the fibrous asbestos offsite by wind and water. In addition to containing the tailings
within the pile, the microbial activity associated with magcrete formation would introduce
organic carbon into the tailings, a critical step in rudimentary soil development (62, 63). Growth
of a mature microbial community in the surficial tailings would initiate the nutrient (N and P)
cycling processes necessary prior to the introduction of vegetation and other complex organisms.
The microbial biomass would also increase the ability of the tailings to retain water, an important
ecological benefit in the arid setting of the Woodsreef Mine.

Mine-scale carbon sequestration. In addition to facilitating mine site rehabilitation, magnesium
carbonate formation at the Woodsreef Mine would sequester atmospheric CO,. Using the

targeted magnesium concentration for the 0.04 M leaching system (Table 1) and the post-

11
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249  carbonate precipitation concentration measured from the columns (Table 2), the amount of CO,
250  stored in each of the columns was estimated (Table 3). The inoculated columns saw a decrease in
251  magnesium concentration from the leached value of 1786 ppm to 397 ppm, whereas the
252  magnesium concentration in the tailings control declined to 449 ppm. The values given in Table
253 3 reflect a simplified scenario, which provides an estimate of the proportion of CO, stored per
254  unit area for the inoculated column (dypingite only), the inoculated column (dypingite and
255  biomass), and the tailings control column (pyroaurite) were 137, 478, and 27 g/m?, respectively.
256  If this proportion of serpentine leaching and carbonate precipitation were implemented on the
257  scale of the Woodsreef tailings pile (0.5 km? in area) (43) the total mass of CO, sequestered
258  would be 69, 239, and 13.5 t for each of these respective scenarios. These biogenic CO, storage
259  quantities, achieved in only 4 weeks, are far greater than the background rate of 47 t/year of
260  natural storage occurring in surface hydromagnesite crusts estimated by Oskierski, et al. (43).

261 Although carbon storage in biomass lacks the longevity of storage within minerals, it is
262  still worthy of consideration due to its ability to draw down atmospheric CO,, promote mineral
263  carbonation (17), and begin the generation of organic carbon necessary for soil development, as
264  previously discussed. Storage in biomass was incorporated into the calculation using the ten
265  cycles of carbon fixation (cyanobacterial photosynthesis) required to produce the four carbonate
266 anions from atmospheric carbon dioxide and two hydroxyls per molecule of dypingite, see
267  McCutcheon, et al. (24). The benefit provided by the microbial inoculum is especially evident
268  when the possibility of abiotic pyroaurite production is considered because the higher molar
269  proportion of Mg to CO, within this phase limits the amount of CO, that can be stored in the

270  tailings.

12
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The present study provides a successful first step towards the in situ stabilization of
chrysotile mine waste by employing a microbial carbon sequestration strategy that uses
atmospheric CO; as a carbon source. Scaling up to field-based implementation of this process by
leaching the top 1 m of the tailings pile and achieving the same proportion of carbonate
precipitation as in the column experiment would result in over 2600 t of CO, being sequestered
in a surface crust within a few weeks. Leaching and reacting this volume of tailings will be
challenging considering the arid environment in which Woodsreef is found. Harrison, et al. (64)
demonstrated that a lack of water inhibited the precipitation of hydrated magnesium carbonate
minerals, which may make microbially mediated carbonate precipitation more difficult at the
mine site, as aridity would impede both carbonation and microbial activity. The presence of
minor dypingite formation in the tailings control column suggests that some CO, sequestration
will likely occur abiotically following leaching with sulfuric acid. In this case, carbonation
would be driven primarily by evapoconcentration of magnesium at the surface of the tailings
pile. Assuming that the abiotic rate of carbonate precipitation at Woodsreef would be comparable
to that observed in the tailings control columns it could be enhanced by injection of CO; into the
tailings pile, enabling carbonate precipitation at depth (/5). The lack of a local point source of
CO; and the financial and carbon cost associated with transporting CO, makes this strategy
impracticable for Woodsreef, though this could be a viable option for similar mines located
closer to industrial and population centers.

The ideal strategy for implementing extensive microbially mediated carbonate
precipitation at the Woodsreef Mine would involve directing leached magnesium into a large-
scale bioreactor similar to the one utilized in McCutcheon, et al. (24). Such a strategy would be

applicable to mining operations for which containment of hazardous tailings is not a concern,

13
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294  such as nickel and diamond mines (65-67). These ‘carbonation ponds’ would provide all of the
295  components necessary for successful microbially mediated carbonate precipitation reactions:
296  soluble magnesium leached from the tailings; an environment suitable for the growth of
297  cyanobacteria mats that generate alkalinity and provide carbonate mineral nucleation sites;
298  availability of water for hydrated carbonate mineral formation; and a large ‘air-water contact
299  surface area’ to ‘water volume’ ratio to aid atmospheric CO, dissolution. Designs for such
300  bioreactors have been proposed previously, such as the ‘enhanced passive carbonation plus
301  bioreactor’ concept presented by Power, et al. (/) for the Mount Keith Nickel Mine. This design
302  utilizes all of the benefits of microbially accelerated carbonate precipitation outlined in the
303  present study, with the added value of biofuel production from biomass harvested from microbial
304  mats(68). Ideally, this strategy of carbon storage would employ cyanobacteria found naturally at
305 the site, as these organisms can be found in most circumneutral to alkaline environments (26-31,
306  37). Using the mineral carbonation rate achieved by McCutcheon, et al. (24) for largest lake at
307  Woodsreef (Lake 1; ~12 ha; Figure 1A), the carbon sequestration potential of this lake is ca.
308 1470 t COy/year. While this absolute value is substantially smaller than that of a large mine such
309  as Mount Keith (39,800 t CO, per year over ~1590 ha) (I, 42, 61), the potential rate of CO,
310  sequestration per unit area is approximately 5 x greater than Mount Keith, and therefore worthy
311  of further study as an integrated small footprint mineral carbonation — biodiesel production
312 process.

313
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Figure 1. A) Aerial view of the Woodsreef Mine tailings pile and pit ‘lakes’ (labeled) near
Barraba, NSW(69). B) The tailings primarily consist of unconsolidated, fine-grained serpentine
fibers below a layer of pebble-sized serpentine clasts (C). D) Carbonate crusts cover many of the
vertical faces on the tailings pile, and help to cement and retain chrysotile fibers. E) The

oligotrophic pit waters host microbial communities dominated by phototrophic bacteria.

Figure 2. SEM micrographs of A) fibrous chrysotile in the Woodsreef tailings; B) platelets of a

magnesium carbonate mineral among the chrysotile fibers in the tailings; and C) a polished
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section of a carbonate crust showing the formation of a carbonate cement between the tailings

minerals.

Figure 3. A) Subaerial surface of one of the low acid, inoculated columns containing
cyanobacteria (green) and visible grains of magnesium carbonate (white grains). Scanning
electron micrographs of: B) filamentous cyanobacteria cells on the surface of the inoculated
columns covered in carbonate precipitates; C) the magnesium carbonate crust found coating the
cyanobacterial mat in the inoculated columns with a spectrum produced by EDS analysis of the
crust (overlay); D) filamentous cyanobacteria connected with a ‘mesh’ of EPS, all of which is
coated in a fine-grained magnesium carbonate precipitate; E) a rosette of magnesium carbonate,
likely hydromagnesite or dypingite encrusting a cyanobacterium and minor EPS; and F) acicular
crystals within one of the macroscopic magnesium carbonate grains, morphologically and

chemically consistent with being nesquehonite, found on the surface of the microbial mats.

Figure 4. Back-scattered electron micrographs of polished thin sections of the surface of the
inoculated columns in cross-section, showing A) a 100 pm thick biofilm of filamentous
cyanobacteria (outlined by dotted lines) covering partially cemented serpentine grains; and B)

extensive precipitation of magnesium carbonate, which can be seen cementing serpentine grains.

Figure 5. Back-scattered electron micrographs of polished thin sections of the surface of the
inoculated columns in cross-section, showing A) magnesium carbonate cement containing casts
of filamentous cyanobacteria; and B) magnesium carbonate cement nucleating from serpentine

grains lacking biological features.
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362  Table 1. Concentrations (ppm) of major cations in solution for the five systems in the leaching experiment.

Ion concentration (ppm)

H,SO4 Initial Final

concentration (M) pH pH Al As Ba Ca Cd Co Cr Cu Fe K Mg

0 (H,0) 6.92 8.29 <DL <DL <DL 572 <DL <DL <DL <DL <DL <DL 303

0.04 1.58 6.27 <DL <DL <DL 139 <DL <DL <DL <DL <DL <DL 1786

0.08 1.30 5.40 <DL <DL <DL 210 <DL <DL <DL <DL <DL <DL 3407

0.15 0.00 341 <DL <DL <DL 158 <DL <DL 243 <DL 345 <DL 6848

0.30 0.00 1.72 94.1 <DL <DL 149 <DL <DL 0.500 <DL 10.6 <DL 9525
Ion concentration (ppm)

Leaching System  Mn Na Ni P Pb S Se Si Sr Ti \Y Zn

0 (H,0) <DL <DL <DL <DL <DL 667 <DL <DL <DL <DL <DL <DL

0.04 832 <DL 223 <DL <DL 1760 <DL <DL <DL <DL <DL <DL

0.08 22.5 <DL 837 <DL <DL 3402 0.082 0.608 <DL <DL <DL <DL

0.15 3.9 <DL 110 <DL <DL 6697 13.2 67.3 <DL <DL  &.13 <DL

0.30 310 <DL 956 <DL <DL 10638 16.7 63.1 <DL <DL 109 <DL

363 <DL: below detection limit
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Table 2. Concentrations (ppm) of major cations in solution for the pore waters washed from the
columns.

Ion concentration (ppm)
Samples Al Ca Fe K Mg Mn Na P Si Ti

Inoculated column <DL 27.0 <DL 7.5 397.0 0.0 30.0 <DL 41.3 <DL
Tailings control column <DL 31.3 <DL 29 449.0 0.0 269 <DL 44.6 <DL

Table 3. Quantification of CO, storage in the experimental columns and potential for storage at
Woodsreef Asbestos Mine.

Columns Woodsreef Mine
Sample Mass of CO, Total CO; storage at  Potential CO, storage at
stored/area (g/mz) experimental rate (t) leaching depth of 1 m (t)

Inoculated column:

dypingite 137 68 759
Inoculated column:

dypingite + biomass 478 239 2656
Tailings control

column: pyroaurite 27 13.5 149
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