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ABSTRACT

Because of its rare occurrence in modern sediments, as well as the difficulty in
synthesizing it under low-temperature conditions in the laboratory, the origin of sedimentary
dolomite has remained a long-standing enigma, often referred to as the “dolomite problem”.
Recently, anaerobic microorganisms, such as sulfate-reducing bacteria and methanogens, have
been recognized for mediating dolomite precipitation. However, the exact role of
microorganisms in dolomite crystalization is still under debate and the possible involvement of
anaerobic fermenting bacteria has not been studied. In this study, we characterized the effect of
purified non-metabolizing biomass and bound extracellular polymeric substances (EPS) of a
natural consortium of anaerobic microorganisms dominated by fermenting bacteria and sulfate-
reducing bacteria on Ca-Mg carbonate precipitation. This natural consortium was enriched from
sediments of Deep Springs Lake, California, where dolomite is still precipitating. Our data show
that disordered dolomite, a precursor of some sedimentary stoichiometric ordered dolomite, can
be precipitated in cacite-seeded Ca-Mg carbonate solutions containing purified non-
metabolizing consortium biomass. Bound EPS extracted from the consortium culture were
shown to be the active component that triggered the crystalization of disordered dolomite.
Further experiments show that purified non-metabolizing biomass from pure cultures of both
anaerobic fermenting and sulfate-reducing bacteria closely related to those organisms present in
the consortium could also catalyze the precipitation of disordered dolomite. This study
contributes to the understanding of the “dolomite problem” by revealing (1) the catalytic effect
of bound EPS on Ca-Mg carbonate crystallization and (2) the possible involvement of anaerobic

fermenting bacteriain sedimentary dolomite formation, which has not been reported previously.
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INTRODUCTION

The formation mechanism of dolomite has long been a controversy, commonly referred
to as the “dolomite problem” (Hardie 1987; Machel and Mountjoy 1986; Mazzullo 2000; Warren
2000; Zenger et a. 1980). Dolomite is rare in Holocene and modern sediments, yet abundant in
older rocks. According to thermodynamics, agqueous solutions supersaturated with respect to
dolomite, such as seawater, certain lake waters, many groundwaters, and hypersaline waters are
theoretically capable of precipitating dolomite as cement or dolomitizing limestone; however,
such cases are rare in modern carbonate environments (Hardie 1987). Moreover, extensive
attempts to synthesize dolomite inorganically under Earth-surface conditions have been
unsuccessful (Land 1998).

The observation of dolomite occurrence within some anoxic, organic-rich sediments as a
result of anaerobic microorganisms has provided a new biogeochemical approach to solving the
“dolomite problem” (Baker and Burns 1985; Bontognali et al. 2010; Compton 1988; Deng et a.
2010; Mazzullo 2000; Roberts et al. 2004; Vasconcelos and McKenzie 1997; Wright 1999).
Following this observation, laboratory syntheses of Ca-Mg carbonates in live cultures of sulfate-
reducing bacteria (SRB) or methanogens have been conducted to study the effect of
microorganisms on carbonate precipitation (Deng et al. 2010; Kenward et al. 2009; Van Lith et
a. 2003b; Vasconcelos et a. 1995; Warthmann et al. 2000; Wright and Wacey 2005). However,

the possible involvement of anaerobic fermenting bacteria in sedimentary dolomite formation
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has been largely ignored. Fermenting bacteria play a critical role in the cycling of some organic
compounds in an ecosystem or a biofilm. For example, SRB depend on some products of
fermenting bacteria which they can respire to CO, (Jergensen 2000). Considering the importance
of fermenting bacteria in anoxic environments, the role of fermenting bacteria in dolomite
formation warrants more attention.

In addition, despite a number of studies on microbe-related dolomite precipitation, the
exact role of microbes is still not clear. The involvement of EPS in carbonate precipitation has
been reported. For example, since EPS carries negative charges that are able to bind and
accumulate metal cations, EPS has been frequently considered as providing sites for carbonate
nucleation (Alois et a. 2006; Benzerara et al. 2006; Bosak and Newman 2005; Braissant et al.
2007; Gautret et al. 2004; Kawaguchi and Decho 2002). Previous laboratory dolomite
precipitation experiments within live cultures of SRB and methanogen have also suggested the
involvement of EPS in promoting dolomite nucleation and growth (Bontognali et al. 2014,
Bontognali et a. 2008; Goldsmith and Graf 1958; Kenward et al. 2009; Roberts et al. 2004; Van
Lith et al. 2003a; Van Lith et a. 2003b). However, within live cultures, it is difficult to define
the components that actually mediate dolomite crystallization, as microbes, microbial metabolic
products, and the complex ingredients of typical culture media may all affect carbonate
precipitation. For example, phosphate in culture media can lead to the precipitation of Ca/Mg-
phosphate minerals. It also has a pronounced impact on carbonate precipitation and can
potentially obscure or alter more subtle effects on mineral precipitation, which might lead to
misinterpretation of culture studies meant to simulate natural systems (Gallagher et al. 2013).

In this paper, we cultured a natural consortium of anaerobic microorganisms in the

laboratory and investigated the effect of their non-metabolizing biomass and bound EPS on
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dolomite crystallization. By definition, bound EPS is associated with the cell surface and
includes sheaths, capsular polymers, condensed gel, loosely bound polymers, and attached
organic materials, while soluble EPS, including soluble macromolecules, colloids, and slimes, is
loosely associated with the cells and predominantly generated by sloughing off from bound EPS
(Hsieh et al. 1994; Laspidou and Rittmann 2002; Nielsen et al. 1997). The consortium was
enriched from pore fluids of Deep Springs Lake, a highly alkaline playalake in California where
dolomite is still precipitating (Jones 1965; Meister et a. 2011). To avoid the possible influence
of the components of cultures, an experimental procedure which used purified non-metabolizing
consortium biomass and bound EPS-bearing solutions was employed. To determine the
microorganisms in the consortium whose bound EPS was likely to have promoted the
precipitation of disordered dolomite, biomass from pure cultures obtained from culture collection
was evauated in a similar manner. These included anaerobic fermenting bacteria
(Halanaerobium saccharolyticum subsp. saccharolyticum corrig. strain DSM 6643) and SRB
(Desulfohalobium retbaense strain DSM 5692), which are closely related to those organisms

present in the consortium.

MATERIALSAND METHODS
Microor ganisms and culture medium

Pore fluids were collected from Deep Springs Lake, California and an anaerobic
microbia consortium were enriched from pore fluids. Deep Springs Lake is a highly alkaline
playa lake in eastern California showing ongoing dolomite authigenesis. The lake water

chemistry is characterized by high salinity, pH (9.1-9.6), and dissolved inorganic carbon (DIC),
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although the solute concentrations strongly vary between the dry and wet seasons and also
throughout the years (Jones 1965: Meister et a. 2011). Reported concentrations of Na" vary from
930 to 6000 mM, CI” 460 to 4000 mM, DIC 50 to 600 mM, SO,* 130 to 1600 mM, Ca’* 0 to
0.45 mM, Mg® 0to 2.2 mM, Mg/Caratio 0.8 to 8 (Jones 1965: Meister et al. 2011). To match
the lake water chemistry, we used a modified selective akaline medium (Zhilina et al. 1997) to
culture the consortium. This medium contained ~ 2123 mM Na’, ~ 1731 mM CI', ~ 273 mM
DIC, and ~ 21 mM SO.*. Measured pH of the medium was 9.4-9.5. Overall, the medium
chemistry was similar to that of lake water, although the SO,* concentration was lower. The
consortium has been growing well in this medium. Detailed components of this medium were:
NaHCO; 15 g/L, Na&COs 10 g/L, NaCl 100 g/L, NH4Cl 1 g/L, KCl 0.2 g/L, K-:HPO, 0.2 g/L,
NaSO, 3 g/, NaS 0.25 g/L, yeast extract 0.5 g/L, 10 ml/L of a vitamin solution (Wolin et al.
1963), 1 mi/L of atrace element solution (Whitman et al. 1982) and H; as electron donor. Na,S
was added separately from a sterile stock solution after the medium was autoclaved.

16S rRNA gene amplicon sequencing was used to identify dominant microorganisms in
the consortium culture. Culture DNA was isolated using the UltraClean Soil DNA Isolation Kit
(MoBio Laboratories Inc, 2746 Loker Ave West, Carlsbad, CA, 92010). Total DNA from the
enrichment culture was polymerase chain reaction-amplified using primers targeting variable
regions 1 through 2 of the bacterial 16S rRNA gene (V1-2), gel purified, and sequenced using
454/Roche GS FL X technology (Liu et a. 2007). Raw sequence data was analyzed using QIIME
(Caporaso et al. 2010) with default settings. Classification was performed within QIIME using
the Ribosomal Database Pipeline (RDP) (Wang et al. 2007), and BLAST (Altschul et al. 1990)

was used to further classify the abundant sequences.
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Halanaerobium saccharolyticum subsp. saccharolyticum corrig. strain DSM 6643 is a
gram-negative, anaerobic, fermentative, and halophilic bacterium (Rainey et a. 1995; Zhilina et
al. 1992). The medium used for culturing this strain was a modified Medium 591 (German
Collection of Microorganisms and Cell cultures), containing: NH4Cl 0.33 g/L, CaCl; 0.33 g/L,
MgCl,0.33 g/L, KCl 0.33 g/L, KH,PO,4 0.33 g/L, NaCl 100 g/L, NaHCO; 1.50 g/L, NaxS*9H,0
0.50 g/L, glucose 5.00 g/L, peptone 5.00 g/L, 10 ml/L of a vitamin solution (Wolin et al. 1963),
and 1 ml/L of atrace element solution (Whitman et a. 1982). The medium was prepared under a
N2:CO, (80:20 v/v) atmosphere. The pH of the medium was adjusted to 7.5 with a NaOH
solution. NaHCO3;, N&S, glucose, and peptone were added separately from sterile stock
solutions after the medium was autoclaved. The stock solution of NaHCO; was prepared under a
N>:CO, (80:20 v/v) atmosphere, while those of N&S, glucose, and peptone were under 100% N..

Desulfohalobium retbaense strain DSM 5692 is a gram-negative, sulfate-reducing
bacterium isolated from sediments of a hypersaline lake in Senegal, with the optimum
temperature for growth of 37 to 40 °C (Ollivier et al. 1991). The medium used for culturing this
strain was a modified Medium 499, containing: NH4Cl 1 g/L, K;HPO, 0.3 g/L, KH,PO, 0.3 g/L,
MgCl,*6H,0 20.0 g/L, NaCl 100 g/L, CaCl»*2H,0 2.7 g/L, KCl 4.0 g/L, Na&SOs 3 g/L, Na-
acetate 1.0 g/L, trypticase 1.0 g/L, yeast extract 1.0 g/L, Na-(L)-lactate 2.5 g/L, N&oS 0.3 g/L, 10
ml/L of avitamin solution (Wolin et al. 1963), and 1 ml/L of a trace element solution (Whitman
et a. 1982). The medium was prepared under 100% N,. The pH of the medium was adjusted to
7.0 with a NaOH solution. K,HPO,4, KH,PO,4, Na-acetate, trypticase, yeast extract, Na-(L)-
lactate, and Na,S were added separately from sterile stock solutions prepared under 100% N

after the medium was autoclaved.
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Biomass collection

Since the consortium enrichment culture was enriched from the lake pore fluids which
may contain small amounts of dolomite from lake sediments, the consortium culture was
transferred for 8 generations before biomass collection so that precipitates from carbonate
precipitation experiments with consortium biomass will not be contaminated by dolomite from
lake sediments.

All the cultures were incubated at 37 °C and growth of cultures was monitored from time
to time by measuring optical density. The consortium culture reached the stationary phase
between 5-7 days after inoculation. For H. saccharolyticum and D. retbaense cultures, it was 3-5
days. In the early stationary growth phase, biomass from the consortium culture and both model
cultures was collected. The pH of the cultures at collection was 8.9-9.0, 5.4-5.5, and 7.0 for the
consortium, H. saccharolyticum and D. retbaense, respectively. No precipitates were observed in
either live cultures or cell-free medium. Cultures were first centrifuged at 20,000 G for 20 min
with a Beckman-Coulter Avanti® J-E centrifuge to concentrate the biomass. Subsequently, the
biomass was washed with a N,-sparged washing buffer containing all the inorganic ingredients
in the medium but not the organic ingredients to remove the possible residue organics from the
medium and other soluble microbial metabolites. The reason to use such a washing buffer was
that it carried an ionic strength and composition similar to that of the medium; otherwise some
bound EPS components might desorb and thus be washed away from the EPS matrix (Nielsen
and Jahn 1999). The washing buffer with the biomass was centrifuged at 20,000 G for 20 min
and the supernatant was discarded. After that, 60 ml of washing buffer was added to the washed
biomass, which was then dialyzed against ~ 6 L of distilled de-ionized (DI) water before used for

further carbonate precipitation experiments. During the dialysis, the DI water was changed for 3

Always consult and cite the final, published document. See http://www.minsocam.org or GeoscienceWorld



181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2015-4999 9/10

times. Due to the diffusion of water into the dialysis bag, the volume of the biomass solution
expanded significantly. The volume of the biomass solution stopped increasing ~ 16 h after
dialysis started, indicating that 16 h was long enough for the dialysis. To make sure that the
dialysis was complete, al the biomass solution was dialyzed for 24 h. The biomass was
metabolically non-metabolizing after dialysis since it was exposed to air during dialysis. After
dialysis, we usually collected ~ 120 ml of biomass solution out of ~ 3 L of culture. To obtain the
concentration of biomass in solution, a portion of biomass solution was freeze-dried at -50 °C for

48 h for measuring the dry weight.

Extraction and Characterization of bound EPS of the anaer obic microbial consortium

The bound EPS of the anaerobic microbial consortium was extracted in the early
stationary growth phase. Biomass of the anaerobic microbial consortium was concentrated and
washed following the aforementioned procedure. Subsequently, a certain volume of washing
buffer was added to the washed biomass to obtain a biomass concentration of 2 mg/mL and
bound EPS was extracted from this biomass solution following a previously established
procedure using formaldehyde with NaOH developed for anaerobic sludges (Liu and Fang
2002). After dialysis, we can usually collect ~ 90 ml bound EPS solution out of ~ 3 L of
consortium culture. To determine the concentration of bound EPS in solution, a portion of bound
EPS solution was freeze-dried at -50 °C for 48 h for measuring the dry weight of bound EPS.
The residue dead cell pellets (DCP) after bound EPS extraction were also collected by adding a
certain amount of washing buffer to the residue pellets and dialysis against DI water for 24 h.

The total carbohydrate content of bound EPS was measured using a modified phenol-

sulfuric acid method with glucose standards (Dubois et al. 1956). Polysaccharides (or other
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monomeric sugars in EPS) were first hydrolyzed to individual monosaccharides with H,SO4
(Pakulski and Benner 1992). To do this, 1 mg of dry EPS was added into 1 mL of 12 M H,SO, at
room temperature for 2 h. Then 9 mL DI water was added into the slurry. Samples were briefly
(3-5 ) ultrasonicated to promote the dissolution of the residue. A 5 mL aliquot of the solution
was pipetted into a 50 mL serum vial, crimp-sealed with Teflon liners and hydrolyzed at 100 °C
for 3 h. Then 1 mL aliquot was added into a test tube followed by 1 mL of phenol solution (5%)
and 5 mL of 98% sulfuric acid. The tube was shaken vigorously on a shaker. After 10 min, it was
placed in awater bath at 30 °C for 20 min. The mixture was cooled and measured for absorbance
at 490 nm using an UV-Vis spectrophotometer (UV-mini 1240, Shimadzu Corp, Kyoto, Japan).
The final results were normalized by the dry weight of bound EPS. Bound EPS collected from
three batches of the culture was analyzed and duplicate aliquots were analyzed for each bound
EPS sample. All experimental glassware used in these analyses was acid washed, rinsed with DI
water, and combusted at 550 °C for 6 h to prevent the possible organic contamination.

The sugar monomer composition of intact bound EPS was measured through glycosyl
analyses using gas chromatography combined mass spectrometry (GC/MS) of the per-O-
trimethylsilyl (TMS) derivatives of the monosaccharide methyl glycosides produced from the
sample by acidic methanolysis. 400 ug of the sample was used for the analysis. 20 ug of inositol
was added to the sample as an internal standard. Methyl glycosides were then prepared from the
dry sample by methanolysis in 1 M HCI in methanol at 80 °C (18 h), followed by re-N-
acetylation with pyridine and acetic anhydride in methanol (for detection of amino sugars). The
sample was then per-O-trimethylsilylated by treatment with Tri-Sil (Pierce) at 80 °C (0.5 h).
These procedures were carried out as previously described (Merkle and Poppe 1994; York et al.

1986). GC/MS analysis of the TMS methyl glycosides was performed on an Agilent 6890N GC
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interfaced to a 5975B MSD, using an Agilent DB-1 fused silica capillary column (30 m x 0.25

mm ID).

Carbonate precipitation experiments with the non-metabolizing consortium biomass,
bound EPS of consortium, DCP with bound EPS removed

All carbonate precipitation experiments were carried out at room temperature and at |east
in duplicates. Solutions containing non-metabolizing consortium biomass/bound EPS/DCP were
diluted with DI water to obtain the desired concentration (Table 1 and 2). Then reagent grade
CaCl*2H,0 and MgCl,*6H,O and calcite seeds (0.2 g/L) were added into solution. The
concentration of CaCl, in solution was fixed at 10 mM with variable MgCl, concentration (30,
50, and 80 mM) to produce different Mg:Ca ratios (3:1, 5:1, and 8:1). Calcite crystals prepared
by grinding a chunk of chalk sample were used as seeds for heterogeneous nucleation (Zhang et
al. 2012a; Zhang et al. 2012b). The specific surface area of the resulting chalk seeds, as
determined by the multipoint No-BET method, is 2.8 m/g.

Experimental solutions were ultrasonicated for 5 min to suspend chalk seeds and then | eft
still for overnight so that solutions could be equilibrated with atmospheric CO, and chalk seeds.
After that, the pH of experimental solutions was measured as the initial pH. A geochemical
program (PHREEQC) was used to calculate the starting chemical compositions of the control
solutions (Parkhurst and Appelo 1999). The starting pH of the control solutions and PHREEQC
calculations suggests that approximately 0.035 g/L out of the 0.2 g/L chalk seeds were dissolved
and control solutions were equilibrated with atmospheric CO,. Carbonate precipitation
experiments were conducted with a NH4HCO;3 free-drift method. To do that, experimental

solutions were distributed into glass Petri dishes which were placed in a desiccation cabinet
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(dimensions 36 x 36 x 41 cm) containing NH4HCO3 powders (5 g for a total experimental
solution volume of 500 mL). The decomposition of NH4HCO3 produces NH3, CO,, and H,0.
The dissolution of NHj3 into experimental solutions increased the solution pH and CO,
dissolution provided COs* source, which can thereby induce carbonate precipitation. In most
experiments, precipitates were sampled after 14 days. In some experiments, to study the
precipitation process, precipitates were collected after 3, 7, 10, and 14 days. When sampling,
precipitates were spun down at 20,000 G for 15 min. The supernatant was discarded and ~5 ml
of DI water was added to wash precipitates followed by centrifugation for another 10 min and
removal of the DI water. Precipitates were then washed with DI water for several times and then
air-dried. The concentrations of Ca®* and Mg in solutions both before and after experiments
were measured with inductively coupled plasma atomic emission spectroscopy (ICP-AES,
Varian Vista-MPX, Australia). Measurements were conducted in duplicates or triplicates for
each experimental condition. Parallel control experiments were carried out with organic-free
solutions containing only CaCl,, MgCl,, and chalk seeds. Detailed chemical conditions

employed in carbonate precipitation experiments are listed in Table 1.

Carbonate precipitation experiments with non-metabolizing biomass of H. saccharolyticum
and D. retbaense

Carbonate synthesis experiments were also conducted with H. saccharolyticum and D.
retbaense biomass at room temperature. The experimental procedure was the same as that with
consortium biomass except that the concentration of CaCl, in solutions was fixed at 5 mM,
instead of 10 mM, to assure that the catalytic effect of the non-metabolizing biomass was not tied

to one condition. Theinitial Mg:Caratios in solution were 2:1, 3:1, 5:1, and 8:1, respectively. In
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addition, a synthetic calcite seed (0.2 g/L) was used instead of chalk. The reason to use a
synthetic seed was that miniscule amounts of organic materials were found to remain associated
with the chalk surface and act as an inhibitor for chalk recrystallization (Belova et al. 2012).
Therefore by using synthetic seeds, the possibility can be excluded that the Ca-Mg carbonate
precipitation was catalyzed by the organic materials on chalk surface. The synthetic seeds were
synthesized by mixing equal volume amounts of 500 mM CaCl, and 500 mM NaHCOs;. X-ray
diffraction (XRD) analyses show that calcite was the only phase in the synthetic seeds. SEM
studies show that the size of synthetic seeds was usually several microns. The specific surface
area of the seed crystals was 0.2 m?g. Detailed chemical conditions employed in carbonate

precipitation experiments are listed in Table 2.

Char acterization of synthetic carbonates

XRD, transmission electron microscopy (TEM), and selected-area electron diffraction
(SAED) were utilized to characterize synthetic carbonates. Detailed procedures can be found in
(Zhang et a. 2012a; Zhang et al. 2012b). SEM samples were prepared by dispersing powders on
carbon tapes. SEM observations were performed using a Hitachi S3400 SEM and a LEO 1530
SEM. Both were equipped with energy dispersive spectroscopy (EDS) capabilities to
characterize the solid-phase composition. Samples analyzed with Hitachi S3400 were not
carbon-coated and observations were conducted under environmental SEM mode (20 Pa).
Samples analyzed with LEO 1530 were lightly carbon coated (50-100 A coating). Accelerating

voltages from 5 to15 kV were used.

Analyses of Mg compositions of synthetic Ca-M g car bonates
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Bulk average MgCO; content of Ca-Mg carbonates was measured based on the empirical
curve (Zhang et a. 2010) correlating MgCOj3; contents and the shift of calcite (104) peak toward
dolomite. TEM-based EDS was also used to measure MgCOs contents of typical samples (see

Zhang et a. (2010) for method details).

Terminology of Ca-Mg carbonates

Ideal dolomite (CaMg(COs),, space group: R3) has a crystal lattice consisting of
aternating layers of Ca and Mg, separated by layers of CO3, where Ca and Mg are present in
equal proportions. However, very few, if any, sedimentary dolomites are truly stoichiometric
CaMg(COs), and are better represented as: Cag+Mg1-x(COs)2 since most ancient dolomites are
cacium-rich (Warren 2000).

Mg®" incorporation into calcitic structure results in the formation of various phases,
including: low-Mg calcite (space group: R3c) with less than 4 mol% of MgCOs, high Mg-calcite
(space group: R3c) with more than 4 mol% and up to 35 mol% of MgCOs; according to the
proposed solvus between calcite and dolomite (Anovitz and Essene 1987), disordered dolomite
(with more than 35 mol% of MgCOs and typically Ca-rich with disordered cations, i.e., instead
of occurring in alternating cation layers, Ca?* and Mg?* ions are randomly distributed; therefore,
it has the same space group with calcite: R3c), and dolomite (space group: R3) (Zhang et al.
2012a). Dolomite with weak or partial cation ordering is often referred to as proto-dolomite,
which has the same space group (R3) with ideal dolomite (Goldsmith and Graf 1958; Graf and

Goldsmith 1956). Proto-dolomiteis generally Ca-rich (Xu, 2010).
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RESULTS

During experiments with the non-metabolizing consortium biomass, shortly after
NH4HCO; powder and the petri dishes containing experimental solutions were put in the sealed
desiccator, the decomposition of NH;HCO; started and carbonate precipitation was observed
between 6-8 hours as indicated by the visua cloudiness in the solution. In control solutions,
precipitates also appeared between 6-8 hours. Added NH4sHCO; powders were completely
decomposed after ~12 hours. After 14 days, the pH of the experimental solutions containing non-
metabolizing consortium biomass increased from i 7.1-74 to 85-89 (Table 1).
Characterizations of carbonate precipitates sampled after 14 days clearly demonstrate that the
non-metabolizing consortium biomass can catalyze the precipitation of Ca-Mg carbonates close
to dolomite composition. For example, as determined by d-spacings of the (104) peak (dio4) Of
Ca-Mg carbonates on XRD patterns (Zhang et al. 2010), Ca-Mg carbonates with ~42 mol% of
MgCO3; and small amounts of aragonite were precipitated in solutions with an initial Mg:Caratio
of 5:1 and ~820 mg/L of non-metabolizing consortium biomass (Fig. 1b and Table 1). In
contrast, aragonite and high-Mg calcite with only ~14 mol% of MgCO; were formed in control
solutions without biomass (Table 1 and Fig. 2b). When the initial Mg:Ca ratio was 8:1, a
mixture of carbonates including Ca-Mg carbonates close to dolomite composition (~48 mol%
MgCQOs), and a small amount of aragonite, monohydrocalcite (CaCO3¢H,0), and nesguehonite
(MgCO3¢3H0) crystallized in solutions with consortium biomass (Fig. 1c), while aragonite and
high-Mg calcite with ~23 mol% of MgCOs; produced in control solutions (Fig. 2c). When the
initial Mg:Ca ratio was 3:1, precipitates induced by non-metabolizing consortium biomass were
more complicated. The major phase in the precipitates was a high-Mg calcite with ~17 mol% of

MgCOs, which was ~9 mol% higher than that of precipitates in control solutions (Fig. 1a, 2a).

15

Always consult and cite the final, published document. See http://www.minsocam.org or GeoscienceWorld



342

343

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2015-4999 9/10

However, careful examination of the XRD pattern reveals the presence of an Mg-rich carbonate
phase as indicated by the shoulder on right of the high-Mg calcite (104) peak (Fig. 1a and Table
1).

Experiments revea that bound EPS was the active component in the non-metabolizing
biomass that promoted the precipitation of Ca-Mg carbonates close to dolomite composition. Ca-
Mg carbonates similar to those precipitated in solutions containing non-metabolizing consortium
biomass crystallized in the presence of ~177 mg/L of bound EPS extracted from ~820 mg/L of
biomass (Fig. 1). Furthermore, the MgCOs contents in synthetic carbonates increased with bound
EPS concentration (Fig. 3). It is also interesting to notice the products precipitated in solutions
containing dead cell pellets with bound EPS removed (Fig. 4). For example, while high-Mg
calcite with ~9 mol% of MgCO; crystallized in solutions with bound EPS-removed DCP and an
initial Mg:Ca ratio of 3:1, the calcite precipitated at Mg:Ca ratios of 5:1 and 8:1 contained
negligible amounts of MgCQO;3, even less than those from corresponding control experiments.
Bound EPS-removed DCP also induced the precipitation of nesquehonite and giorgiosite
(Mgs(COz3)4(OH)2*5H,0) (Fig. 4), while the precipitates induced by bound EPS were dominated
by Ca-Mg carbonates close to dolomite composition, along with a small amount of
monohydrocalcite at high initial Mg:Ca ratios (Fig. 4). Therefore, it is apparent that bound EPS
catalyzed the crystallization of Ca-Mg carbonates and inhibited aragonite precipitation, whereas
bound EPS-removed DCP induced the precipitation of hydrous Mg-carbonates.

To characterize the carbonate precipitation process, precipitates produced in consortium
bound EPS-bearing solutions were sampled at different time. Fig. 5 shows typical XRD patterns
of precipitated carbonates sampled at different time intervals from bound EPS-bearing solutions

(277 mg/L bound EPS; Mg:Ca = 5:1). A comparison between Fig. 1e and 5c shows that
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precipitates sampled after 10 days were similar to those after 14 days, which were both Ca-Mg
carbonates with 44-45 mol% of MgCQOs. However, the peak position of precipitated carbonates
sampled earlier is not shifted as much to the high 26 angle as carbonates sampled later (compare
Fig. 5a and 5b, Fig. 5b and 5c). This indicates that earlier precipitates have less Mg
incorporation and will evolve to Ca-Mg carbonates with higher MgCO; contents with time in the
presence of the EPS.

The abundant OTUs, as identified by 454 16S rRNA amplicon sequencing, were
classified as Halanaer obium (fermenting bacteria, comprising 47% of the total reads), Clostridia
(fermenting bacteria, comprising 25% of the total reads), Desulfohal obiaceae (SRB, comprising
13% of the total reads), and Bacillales (fermenting bacteria, comprising 13% of the total reads),
while the remaining 2% of reads were classified only as “bacteria’ by RDP. The OTUs classified
as Halanaerobium were found to be a 96% match to Halanaerobium praevalens via BLAST.
OTUs classified as Clostridia and Desulfohal obiaceae were found to be 93% and 99% matches
to Clostridium sp. Gecl-52-ana4-2 and Desulfonatronovibrio sp.AHT21 with further BLAST
searching. The Bacillales OTUs were 99% matches to Bacillus sp. CG7, and the 2% of reads
classified only as “bacteria’ via RDP were found to be a 90% match to Clostridium sp. Gecl-52-
ana4-2, indicating the possible presence of another group of Clostridia.

To determine the microorganisms in the consortium whose bound EPS was likely to have
promoted disordered dolomite precipitation, non-metabolizing biomass from pure cultures of
fermenting bacteria H. saccharolyticum and SRB D. retbaense closely related to organisms
present in the consortium was collected for carbonate precipitation experiments. As shown

above, fermenting bacteria classified as Clostridium and Bacillales were aso abundant in the
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consortium, but we focused on H. saccharolyticum as models. It is possible that Clostridium may
also play an important role in dolomite formation.

Remarkably, both the non-metabolizing biomass from H. saccharolyticum and D.
retbaense cultures greatly enhanced Mg®* incorporation into precipitating carbonates and
catalyzed the crystallization of Ca-Mg carbonates close to dolomite composition (Fig. 6-9;
Table 2). For instance, Ca-Mg carbonates with ~50 mol% of MgCO; crystallized in solutions
with an initial Mg:Ca ratio of 5:1 and ~737 mg/L of non-metabolizing biomass of H.
saccharolyticum (Fig. 6¢). In contrast, paralel controls only precipitated Ca-Mg carbonates with
12 mol% of MgCOs; (Table 2 and Fig. 8d). When the initial Mg:Ca ratio was 8:1, Ca-Mg
carbonates induced by the non-metabolizing biomass of H. saccharolyticum contained as much
as ~56 mol% of MgCOs; (Fig. 6d). Ca-Mg carbonates close to dolomite composition were also
precipitated in solutions containing non-metabolizing biomass of D. retbaense (Fig. 7 and 9).
Therefore, it is likely that both the fermenting bacteria and SRB in the natural anaerobic
consortium could excrete bound EPS to induce the crystallization of Ca-Mg carbonates close to
dolomite composition.

SEM imaging of synthetic carbonates show that Ca-Mg carbonates close to dolomite
composition grew on chalk seed crystals forming clusters with different shapes and sizes (Fig.
10a). In the presence of synthetic seeds, Ca-Mg carbonates close to dolomite composition also
overgrew synthetic seeds, but the rhombohedral shape of synthetic seeds was overall preserved
(Fig. 11). Careful observations show that Ca-Mg carbonates close to dolomite composition
actually occurred as nano-crystals (~10-20 nm) (Fig. 10b and 11d). TEM-based EDS confirms
that the composition of Ca-Mg carbonates induced by bound EPS was close to dolomite

composition (Fig. 10b inset). SAED analyses show that carbonate nano-crystals were not
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randomly oriented, but rather followed the orientation of seed crystals and displayed low-angle
grain boundaries between neighboring nano-crystals (Fig. 10c). We characterized 7 [010]-zone
axis SAED and multiple fast Fourier transform patterns, none of which shows supper-lattice
reflections such as (003) and (105) that would indicate Ca-Mg cation order in the dolomite
structure (see for example, Fig. 10c, d); thus our synthetic carbonates were fully Ca-Mg
disordered.

The total polysaccharide content of the consortium bound EPS was analyzed to be
12.4+0.7 wt%, that is, ~22 mg/L out of ~177 mg/L of bound EPS. The saccharide monomer
analyses show that glucose (~47 mol%), xylose (~29 mol%), and mannose (~24 mol%) are the

dominant saccharide monomers of the polysaccharides in consortium bound EPS.

DISCUSSION

The mechanism by which consortium bound EPS promotes disordered dolomite
precipitation deserves further discussion. The bound EPS in this study was extracted with a
procedure utilizing formaldehyde and NaOH. This procedure can minimize the contamination by
intracellular substances since formaldehyde could fix the cell, and thus prevent cell lysis, by
reacting with the amino, hydroxyl, carboxyl and sulfhydryl function groups on the cell
membrane (Liu and Fang 2002; Wingender et al. 1999). One question, however, is whether the
possible reaction between bound EPS and formaldehyde played a critical role in Ca-Mg
carbonate precipitation. Considering that non-metabolizing consortium biomass which was not
processed with formaldehyde also catalyzed disordered dolomite precipitation, the contribution

from formal dehyde should not be significant.
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According to our data, a higher initial Mg:Ca ratio in solution results in higher MgCOs
contents in synthetic Ca-Mg carbonates (Fig. 3, and 9), which is consistent with previous
observations (Hardie 1987; Zhang et al. 2012b). Therefore, we may speculate that the catalytic
effect of bound EPS on dolomite formation was resulted from increased Mg:Caratio in solution
due to preferential binding of Ca®* to bound EPS: if fewer Mg®* was bound to bound EPS than
Ca’*, the Mg:Ca ratio in solution would have sharply increased. Previous studies of the cation
binding capacity of soluble EPS extracted from SRB cultures yielded a Ca®* binding capacity of
0.12-0.15 gca/Qeps (Braissant et al. 2007). Although not directly comparable, if we assume
preferential bound EPS binding of Ca?* with 0.2 gcd/geps and O Omg/Qeps, the ~177 mg/L of
bound EPS will bind 0.885 mM Ca*, resulting in an increase in Mg:Ca ratio from 3:1, 5:1, and
8:1t03.3:1, 5.5:1, and 8.8:1, respectively. Such a small increase, which would be even smaller if
bound EPS also hinds Mg?*, obviously cannot account for the huge enhancement of Mg**
incorporation by bound EPS.

Previous studies have shown that polysaccharides can mediate calcite and disordered
dolomite precipitation (Bosak and Newman 2005; Braissant et a. 2003; Kawano and Hwang
2011; Zhang et al. 2012b). For example, Zhang et al. (2012) synthesized Mg-rich disordered
dolomite in solutions with ~200 mg/L of agar and an initial Mg:Ca ratio of 8:1. Kawano and
Hwang (2011) showed that polysaccharides can promote the precipitation of calcite while
inhibiting aragonite crystallization. Braissant et al. (2003) found that purified exopolysaccharides
(xanthan EPS) exerted a strong influence on the morphology of precipitated calcite. Based on
these studies, we propose polysaccharides in the bound EPS as one of the catalytic components.
The total polysaccharide content of the bound EPS was analyzed to be 12.4 wt%. Since as low as

118 mg/L of bound EPS can induce the precipitation of disordered dolomite when the initial
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Mg:Caratio was 5:1 (Table 1, Fig. 3), this suggests that as low as ~15 mg/L of polysaccharides
in bound EPS may be sufficient to catalyze disordered dolomite formation. Compared to the
amount of agar (200 mg/L) required to catalyze disordered dolomite crystallization, 15 mg/L of
polysaccharides seems to be relatively low. However, it is noteworthy that the Mg-incorporation
capacities can vary significantly among different polysaccharides. For example, disordered
dolomite containing ~52 mol% of MgCOs crystallized in solutions with ~200 mg/L of agar and
an initial Mg:Ca ratio of 8:1, whereas ~5 g/L of carboxymethyl cellulose was required to
precipitate disordered dolomite (Zhang et a. 2012b). Another example is that several mg/L of
additives such as phosphate and certain polycarboxylic acid can greatly influence the nucleation
of calcium carbonate (Gallagher et al. 2013; He et al. 1999). Therefore, it is possible that as low
as 15 mg/L of polysaccharides in the consortium bound EPS can catalyze disordered dolomite
precipitation.

The possible existence of other catalytic components in bound EPS other than
polysaccharides is also noteworthy (Braissant et al. 2003; Gautret and Trichet 2005; Raz et al.
2000; Stephenson et al. 2008; Wang et al. 2009). For example, polyacrylic and polyaspartic acids
were found to be able to catalyze the crystallization of Ca-Mg carbonate with up to 34 mol% of
MQgCO; (Raz et a. 2000). Stephenson et al. (2008) showed that a small amount of peptides in
solution can enhance the step velocity on the Ca-Mg carbonate growth hillock and dlightly
enhance Mg incorporation. Along analogous lines, carboxylated organic acids with a strong
affinity for binding Ca?* compared to Mg** were shown to promote the formation of Mg-
enriched amorphous calcium carbonates (Wang et a. 2009). These possible catalytic
components, together with polysaccharides, may exert synergistic catalysis effect on the

nucleation and growth of disordered dolomite.
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Mg”" incorporation into the calcitic structure has been considered as one of the most
critical barrier to (disordered) dolomite crystallization (Baker and Burns 1985; de Leeuw and
Parker 2001; Higgins and Hu 2005; Lippmann 1973; Raz et al. 2000; Xu et a. 2013). Mg®,
which forms one of the strongest bonds with water molecules among the divalent ions (Jiao et al.
2006; Lippmann 1973; Noyes 1962; Raz et a. 2000; Richens 1997; Stephenson et al. 2008), may
only be partially dehydrated when incorporated into growing Ca-Mg carbonates. The residual
hydration sphere of the incorporated Mg would then inhibit the further segregation of surface
Mg ions into the bulk crystal, and thereby hinder the growth of Ca-Mg carbonates (Astilleros et
al. 2010; Davis et a. 2000; de Leeuw and Parker 2001; Higgins and Hu 2005; Lippmann 1973;
Mucci and Morse 1983; Raz et al. 2000; Stephenson et a. 2008). Similar to what we have
suggested in previous studies (Zhang et a. 2012a; Zhang et al. 2012b; Zhang et al. 2013), we
propose that the adsorption of bound EPS onto growing Ca-Mg carbonate surfaces through
hydrogen bonding is the key to catalyzing Mg®" incorporation. The hydrogen bonding between
the H in the OH group of bound EPS and the O in the COs* on carbonate surfaces may displace
surface water molecules which would otherwise be associated with the hydration shell of Mg?*,
thereby facilitating Mg®" incorporation and disordered dolomite crystallization. This hypothesis
is supported by the saccharide monomer analyses of the polysaccharides in bound EPS. Our data
show that glucose, xylose, and mannose were the dominant saccharide monomers of the
polysaccharides in bound EPS. While there is no data for glucose, molecular dynamic
simulations show that xylose and mannose have a stronger adsorption onto calcite (104) surfaces
than water (Y ang et al. 2008).

Our experiments with non-metabolizing biomass also succeeded in precipitating

disordered dolomite. We suggest that bound EPS of the non-metabolizing biomass may have
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been sloughed off from the cell surface into the solution during the dialysis and precipitation
experiments due to the possible lysis of cells. For example, ultrasonication, which is also a
common procedure used for EPS extraction (Nielsen and Jahn 1999), was used to suspend added
calcite seed crystals in experimental solutions. The released bound EPS then can be adsorbed

onto carbonate surfaces to promote the dehydration of surface Mg?*.

IMPLICATIONS

Our synthetic dolomite is fine crystalline, Carich, and cation-disordered. Similar
disordered dolomite has been precipitated in laboratory experimentsin SRB cultures (Bontognali
et al. 2014). Interestingly, modern dolomites similar to our synthetic ones have also been widely
found in natural environments where SRB are active (Bontognali et al. 2010; Van Lith et al.
2003a; Vasconcelos and McKenzie 1997; Wright 1999; Wright and Wacey 2005). For instance,
fine crystalline Ca-rich disordered dolomite with a digs value of 2.934 A and high-Mg calcite
with variable MgCOj; contents have been found in sediments from a coastal lagoon where sulfate
reduction is active (Vasconcelos and McKenzie 1997). Moreover, modern dolomites found
within the zone of SRB in organic-rich continental margin sediments are also generally fine
crystalline, Carich and poorly ordered (Baker and Burns 1985; Compton and Siever 1984;
Pisciotto and Mahoney 1981; Thornburg and Suess 1990). Ca-Mg-carbonates associated with
modern deep sea methane seeps are high-magnesian calcite and poorly ordered proto-dolomite
(Xu, 2010). In fact, Holocene sedimentary dolomites are commonly found to be Carich and
poorly cation-ordered (Bathurst 1975; Lippmann 1973). All these observations suggest that

disordered dolomite may be the initially precipitated phase in these cases. With deposition,
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poorly crystallized disordered dolomite may undergo maturation and recrystallization
accompanied by increased cation ordering and crystallinity, which can produce partialy ordered
proto-dolomite and eventualy, fully ordered dolomite (Gregg et al. 1992; Hardie 1987,
Lippmann 1973; Vasconcelos and McKenzie 1997; Warren 2000). The cation ordering in
dolomite is spontaneous according to thermodynamics, however, it is sluggish at low
temperatures during sediment digenesis (Carpenter 1980; Helgeson et al. 1978). For example,
dolomites from the Miocene Monterey Formation are still weakly ordered, finely crystalline and
Carich (Compton and Siever 1984). Partial cation order has even been found in Cambrian
dolomite (Wright 1997). Therefore, time can be an important factor for the formation of
sedimentary ordered dolomite (Hardie 1987). In other words, disordered dolomite induced by
fermenting bacteria and SRB can be considered as a precursor to some sedimentary ordered
dolomite.

In contrast, Meister et al. (2011) found that dolomite in sediments of Deep Springs Lake
is ordered. It is possible that fast precipitation in our experiments resulted in the disordered
structure, while the cation order in natural dolomite was caused by the slow crystallization
limited by the low supersaturation level in Deeps Springs Lake (Meister et al. 2011).

This study defines a plausible role of anaerobic fermenting bacteria in sedimentary
dolomite formation, which to our best knowledge has not been reported previously. Unlike SRB,
which are limited to environments with high concentrations of dissolved sulfate, the ubiquitous
distribution of anaerobic fermenting bacteria in both freshwater and marine environments
(Jargensen 2000) may extend the range of natural environments where microbial-induced

dolomite precipitation could take place.
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Table 1. Chemical conditions employed in carbonate precipitation experiments with non-metabolizing consortium biomass, bound

EPS of consortium, and DCP with bound EPS removed and compositions of synthetic carbonates. Errors represent standard deviation.

Experiments Initial I'\r;ll ;‘;‘1‘ Initial  Fina  Final C&*  Fina Mg®  MgCO; content based
ca®t (mM) (mM) pH  pH* (mM)* (mM)* on di, (MoI%)t
10.1+0.2 30.3+0.2 7.7 9.0 0.28+0.05 29.6+0.2 7.4+0.8
Control 10.1+0.2 53.9+0.6 7.8 8.9 0.23+0.06 53.0+0.4 13.8+0.9
10.1+0.2 79.3x0.5 7.8 9.0 0.54+0.05 77.7+0.4 231
Non-Metabolizing 10.2+0.2 31.1+0.9 7.1 8.9 0.21+0.01 24.6x0.7 1743 and 52+3
Consortium Biomass 10.2+0.2 51.320.7 7.3 8.7 0.21+0.02 44.7+0.5 4241
(820£8 mg/L) 10.2+0.2 80+1.1 7.4 8.5 0.29+0.03 71.4£0.6 47.5£0.9
Bound EPS of Consortium (mg/L)
177+2 10.2+0.4 30.1+0.3 7.2 9.0 0.17+0.06 23.3+0.6 23+3 and 54+2
58.9+0.7 10.2+0.4 53.620.5 7.7 9.0 0.15+0.05 50.7£0.5 19+3
118+1 10.2+0.4 53.5£0.5 7.5 9.0 0.17+£0.06 47.2+0.4 42.8+0.4
177+2 10.2+0.4 54.2+0.9 7.4 8.8 0.14+0.05 45,5+0.2 45.0+0.4
58.9+0.7 10.2+0.4 78.9+0.5 7.8 9.0 0.32+0.06 73.8+0.2 37+2
118+1 10.2+0.4 80.9+0.8 7.6 9.0 0.34+0.06 73.2£0.6 4442
1772 10.2+0.4 81+1.2 7.4 8.8 0.24+0.06 73.2+0.4 47.7+0.6
DCP of Consortium with 9.9+0.2 30.6x0.6 7.6 9.0 0.13+£0.02 28.2+0.7 o+1
Bound EPS Removed 9.9+0.2 54+1 7.8 8.7 0.16+£0.02 48.3+1.4 <1t
(660+5 mg/L) 9.9+0.2 81.9+0.8 7.9 8.7 0.44+0.05 75.8+£0.4 <1t

*pH, Ca™* and Mg®* concentrations measured 14 days after carbonate precipitation experiments started.

tMolar content of MgCOs in synthetic Ca-Mg carbonates based on the empirical curve (Zhang et a., 2010) correlating the
MgCO; content and the shift of carbonate (104) peak toward dolomite.
$The (104) peaks in these products almost overlap with that of chalk seeds, indicating very small amounts of Mg*

incorporation.
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Table 2. Chemical conditions employed in carbonate precipitation experiments with the H. saccharolyticum and D. retbaense non-

metabolizing biomass and compositions of synthetic carbonates. Errors represent standard deviation.

_ Initial Ca®  Initid Mg® Initial  Fina  Fina Ca  Fina Mg®* MgCO; content based
Experiments

(mM) (mM) pH pH* (mM)* (mM)* on dyo, (MO1%)
5.2+0.2 9.7+0.2 7.8 9.3 0.05+0.02  9.41+0.08 5.0+0.8
5.2+0.2 15.0+0.2 7.8 9.3 0.05+0.01 14.6+0.2 7£1

Control 5.2+0.2 20.6+0.3 7.8 9.2 0.09+0.03 20.1+0.3 9.1+0.8
5.2+0.2 24.8+0.1 7.8 9.2 0.14+0.01 24.2+0.2 11.9+0.7
5.2+0.2 40.5+0.3 7.9 9.2 0.19+0.01 39.5+0.3 18+1

H. saccharolyticum 4.9+0.2 9.6+0.1 7.0 9.1 0.09+0.03 8.1+0.2 22.8+0.8

Bi.omass 4.9+0.2 14.7+0.1 6.9 9.0 0.20+0.05 12.8+0.3 32.0£0.1

(737+14 mg/L) 4.9+0.2 25.2+0.3 6.9 9.0 0.33£0.07 20.9+£0.2 50+1
4.9+0.2 41.1+0.4 7.0 9.0 0.71+0.02 36.6+0.2 56.3+0.9
5.1+0.1 15.2+0.1 7.3 9.2 0.34+£0.02 13.9+0.2 24.3+t0.4

D. retbaense Biomass 5.1+0.1 21.0+0.4 7.3 9.1 0.42+0.02 18.9+0.3 33+4

(667+20 mg/L) 5.1+0.1 26.2+0.5 7.3 9.0 0.47+0.01 23.1+0.3 40.9+0.5
5.1+0.1 42.0£0.5 7.4 9.0 0.51+0.03 38.6+0.5 46+1

*pH, Ca’* and Mg®* concentrations measured 14 day's after carbonate precipitation experiments started.
tMolar content of MgCOsin synthetic Ca-Mg carbonates based on the empirical curve (Zhang et al., 2010) correlating the
MgCOs content and the shift of carbonate (104) peak toward dolomite.
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FIGURE 1. Typical XRD patterns of synthetic carbonates induced by non-metabolizing
consortium biomass and bound EPS. Peaks correspond to: A: aragonite; C: chalk seeds; D: Ca-
Mg carbonates close to dolomite composition; M: monohydrocalcite; N: nesquehonite.

(8: With an initial Mg:Ca ration of 3:1 in experimental solutions containing non-metabolizing
consortium biomass, high-Mg calcite with 17.5 mol% MgCOs (dios = 2.9851 A) was the major
phase in the precipitates, but the shoulder (pointed by the red arrow) on the calcite (104) peak
indicates that a Ca-Mg carbonate phase close to dolomite composition also precipitated.

(b): Ca-Mg carbonates close to dolomite composition (dys = 2.9379 A, 42.3 mol% of MgCOs)
precipitated in consortium biomass-bearing solutions (Mg:Ca = 5:1). Aragonite was also present
in the precipitates.

(c): Ca-Mg carbonates close to dolomite composition (dios = 2.9283 A, 48.0 mol% of MgCOs)
precipitated in non-metabolizing consortium biomass-bearing solutions (Mg:Ca = 8:1).
Aragonite, monohydrocal cite and nesquehonite were aso present in the precipitates.

(d): With an initial Mg:Caration of 3:1 in experimental solutions containing bound EPS (177+6
mg/L), high-Mg calcite with 20.4 mol% MgCO; (dios = 2.9783 A) was the major phase in the
precipitates, but the shoulder (pointed by the red arrow) indicates a Mg-rich carbonate phase as
in (a).

(e): Ca-Mg carbonates close to dolomite composition (dhgs = 2.9326 A, 45.3 mol% of MgCOs)
precipitated in bound EPS-bearing solutions (177 mg/L, Mg:Ca = 5:1). Monohydrocalcite was
also present in the precipitates.

(f): Ca-Mg carbonates close to dolomite composition (dios = 2.9291 A, 47.2 mol% of MgCOs)
precipitated in bound EPS-bearing solutions (177 mg/L, Mg:Ca = 8:1). Monohydrocalcite was

also present in the precipitates.

Always consult and cite the final, published document. See http://www.minsocam.org or GeoscienceWorld



This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2015-4999 9/10

821

Intensi

i i i i i

12 14 16 18 20 22 24

6 8 10
822 20 (°)

Always consult and cite the final, published document. See http://www.minsocam.org or GeoscienceWorld

35



823

824

825

826

827

828

829

830
831

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2015-4999 9/10

FIGURE 2. Typical XRD patterns of synthetic carbonates from control experiments with chalk
seeds. The initial Mg:Caratio of the solutions in which carbonates precipitated was 3:1 (a), 5:1
(b), and 8:1 (c), respectively. Peaks correspond to: A: aragonite; C: chalk seeds; H: high-Mg
calcite.

(a): High-Mg calcite (dios = 3.0125 A, 8.5 mol% MgCOs).

(b): Aragonite and high-Mg calcite (dys = 2.9962 A, 13.7 mol% MgCOs).

(c): Aragonite and high-Mg calcite (dio4 = 2.9720 A, 22.5 mol% MgCOs).
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FIGURE 3. The variation of MgCOs content in synthetic Ca-Mg carbonates as a function of
consortium bound EPS concentration and initial Mg:Ca ratio in the solution. MgCOs content in
synthetic carbonates was determined based on the empirica curve (Zhang et a., 2010)
correlating the MgCO;3 content and the shift of carbonate (104) peak toward dolomite (see Table

1). Error bars represent standard deviation of at least duplicate samples.
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FIGURE 4. Typical XRD patterns of synthetic carbonates induced by DCP with bound EPS
removed. Peaks correspond to: A: aragonite, C: chalk seeds or low-Mg calcite, G: giorgiosite, N:
nesquehonite. The initial Mg:Ca ratio was 3:1 (a), 5:1 (b), and 8:1 (c), respectively. Aragonite,
giorgiosite, and nesquehonite are the major phases in the precipitates. The calcite (104) peak in
(a) is at 3.010 A, indicating the precipitation of a Mg-calcite phase (8.9 mol% MgCQs). The
(104) peaks in (b) and (c) almost overlap with that of chalk seeds, indicating very small amounts

of Mg incorporation.
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FIGURE 5. XRD patterns of synthetic carbonates sampled at different time from consortium
bound EPS-bearing solutions (177 mg/L bound EPS; Mg:Ca = 5:1). Peaks correspond to: C:
chalk seeds; D: Ca-Mg carbonate close to dolomite composition.

(& and (b): Precipitates sampled 3 and 7 days after experiment started, respectively. The
shoulder (pointed by the red arrow) on the chalk seed (104) peak indicates the (104) peak of
precipitated Ca-Mg carbonates. The shift of (104) peak to high 26 angleis morein (b) thanin (a)
indicating higher MgCOs3 content in the precipitates sampled after 7 days compared to those
sampled after 3 days.

(c): Precipitates sampled 10 days after experiment started. The shift of (104) peak to high
26 angleismore in (c) than in (b), indicating more Mg®" incorporation into precipitates from day
7 to 10. Ca-Mg carbonates sampled after 10 days contained 44.1 mol% of MgCOs, which was

quite closeto the final products sampled after 14 days (Fig. 1e).
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859 FIGURE 6. Typical XRD patterns of synthetic Ca-Mg carbonates induced by non-metabolizing
860 H. saccharolyticum biomass (737+14 mg/L). The initial Mg:Ca ratio of the solutions in which
861 carbonates precipitated was 2:1 (@), 3:1 (b), 5:1 (c), and 8:1 (d), respectively. Peaks correspond
862 to: A: aragonite; C: synthetic seeds, D: Ca-Mg carbonates close to dolomite composition; H:
863  high-Mg calcite; M: monohydrocalcite.

864 (a): High-Mg calcite (dios = 2.9703 A, 23.4 mol% of MgCOs) and aragonite.

865 (b): High-Mg calcite (dios = 2.9532 A, 32.0 mol% of MgCQs) and aragonite.

866 (c): Ca-Mg carbonate close to dolomite composition (dios = 2.9245 A, 50.1 mol% of MgCOs)
867  and monohydrocalcite.

868  (d): Mg-rich carbonate (dios = 2.9108 A, 56.9 mol% of MgCOs).
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FIGURE 7. Typical XRD patterns of synthetic Ca-Mg carbonates induced by non-metabolizing
D. retbaense biomass (667+21 mg/L). The initial Mg:Ca ratio of the solutions in which
carbonates precipitated was 3:1 (a), 4:1 (b), 5:1 (c), and 8:1 (d), respectively. Peaks correspond
to: A: aragonite; C: synthetic seeds; D: Ca-Mg carbonates close to dolomite composition; H:
high-Mg calcite; M: monohydrocalcite.

(a): High-Mg calcite (dios = 2.9677 A, 24.5 mol% of MgCOs) and aragonite.

(b): High-Mg calcite (digs = 2.9561 A, 30.4 mol% of MgCQs) and aragonite.

(c): Ca-Mg carbonate close to dolomite composition (dys = 2.9420 A, 40.5 mol% of MgCOs)
and monohydrocalcite.

(d): Ca-Mg carbonate close to dolomite composition (dios = 2.9320 A, 45.5 mol% of MgCOs)

and monohydrocalcite.
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883 FIGURE 8. XRD patterns of synthetic high-Mg calcite from control experiments with synthetic
884 calcite seeds. The initial Mg:Ca ratio of the solutions in which carbonates precipitated was 2:1
885 (@), 3:1 (b), 41 (c), 5:1 (d), and 8:1 (e), respectively. Peaks correspond to: A: aragonite; C:
886  synthetic calcite seeds; H: high-Mg calcite.

887  (a): Aragonite and high-Mg calcite (digs = 3.0202 A, 5.4 mol% MgCOs).

888  (b): Aragonite and high-Mg calcite (dios = 3.0128 A, 8.4 mol% MgCOs).

889  (c): Aragonite and high-Mg calcite (digs = 3.0078 A, 9.5 mol% MgCOs).

890 (d): Aragonite and high-Mg calcite (dios = 3.0027 A, 11.5 mol% MgCOs).

891  (e): Aragonite and high-Mg calcite (dios = 2.9831 A, 18.5 mol% MgCOs).
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FIGURE 9. Comparison of the MgCO;3; contents of synthetic carbonates precipitated in control,
non-metabolizing H. saccharolyticum or D. retbaense biomass-bearing solutions at different
initial Mg:Ca ratios. MgCOs content in synthetic carbonates was determined based on the
empirical curve (Zhang et a., 2010) correlating the MgCOj; content and the shift of carbonate
(104) peak toward dolomite (see Table 2). Error bars represent standard deviation of at least

duplicate samples.
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FIGURE 10. SEM and TEM examinations of synthetic carbonates.

(a): SEM image of Ca-Mg carbonate close to dolomite composition synthesized in consortium
bound EPS-bearing solutions.

(b): TEM image of Ca-Mg carbonate close to dolomite composition synthesized in bound EPS-
bearing solutions (initial Mg:Ca = 3:1) overgrowing a chalk seed. The “C” and “D” stand for the
chalk seed and Ca-Mg carbonates close to dolomite composition, respectively. Inset is an EDS
spectrum of the synthetic dolomite that contained ~52 mol% MgCOs, which is consistent with
the high angle shoulder on high-Mg calcite (104) peak on the XRD pattern (Fig. 2d). CaMg
carbonates close to dolomite composition occur as nano-crystals (~10-20 nm)

(c): SAED pattern of the chalk seed and Ca-Mg carbonate close to dolomite composition in (b).
The sharp spots are from the chalk seed since the d-spacing of the sharp (104) diffraction spot is
3.03 A, which matches that of calcite. The diffraction arcs are from Ca-Mg carbonate close to
dolomite composition, since the d-spacing of the (104) diffraction arc is~2.92 A, which matches
that of Ca-Mg carbonate close to dolomite composition. The diffraction arcs suggest low-angle
grain boundaries among nano-crystals of Ca-Mg carbonates. However, the position of the
diffraction arcs followed that of the chalk seed, indicating that Ca-Mg carbonate close to
dolomite composition overgrew the chalk seed.

(d): High-resolution TEM image and a [010]-zone axis Fourier transform pattern (inset) from

Ca-M(g carbonates close to dolomite composition.
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922 FIGURE 11. SEM images of synthetic carbonates.

923  (a): SEM image of synthetic rhombohedral calcite seeds.

924  (b): SEM image of high-Mg calcite clusters (~12 mol% MgCOs;) synthesized in control solutions
925  containing synthetic seeds.

926 (c¢): SEM image of disordered Mg-rich dolomite (~57 mol% MQgCOs3) synthesized in
927 experimental solutions containing non-metabolizing H. saccharolyticum biomass and synthetic
928  seeds. Disordered dolomite overgrew synthetic seeds, and the rhombohedral shape was overall
929  preserved.

930 (d): A close up of the image in (c) shows that disordered dolomite occurred as extremely small

931 nano-crystals.
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