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ABSTRACT 23 

Dolomite nucleation and subsequent crystallization are kinetically-controlled 24 

processes. Modern dolomite- forming environments provide clues to the trigger factors 25 

that facilitate dolomite formation under Earth surface conditions. It has been 26 

documented that certain types of benthic microorganisms promoted the precipitation 27 

of protodolomite from sediment pore waters. As protodolomite is thought to be a 28 

possible precursor of sedimentary ordered dolomite, microbial mediation has thus 29 

been suggested as one interpretation of the occurrence of dolomite in modern 30 

sediments. To date, however, it is still unclear whether planktonic microorganisms 31 

could directly initiate protodolomite crystallization in the upper water column of 32 

present dolomite depositing environments. In this study, we report on the occurrence 33 

of authigenic protodolomite in the upmost sediments of a high-sulfate, Chinese inland 34 

saline lake (Lake Jibuhulangtu Nuur). This lake was therefore considered to be a 35 

natural laboratory to test the catalytic effect of planktonic aerobic heterotrophic 36 

bacteria on protodolomite formation. Laboratory mineralization experiments were 37 

conducted in a liquid medium that mimicked the ion concentrations and pH condition 38 

of lake surface water. The incubation experiments showed that aragonite formed in 39 

the abiotic systems, while protodolomite predominantly occurred in the bioreactors 40 

using either an enrichment culture or pure isolates of aerobic heterotrophic and 41 

halophilic bacteria from lake water. The resulting microbially- induced protodolomite 42 

crystals displayed spherical morphology and had MgCO3 composition ranging from 43 

42.7 mol% to 47.1 mol%. These protodolomite spherulites were formed by 44 
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aggregation of randomly-distributed nano-crystals. Compared to synthetic abiotic 45 

protodolomite, microbially- induced protodolomite contained considerable amounts of 46 

organic matter, which might occur as intracrystalline inclusion or was located between 47 

nano-crystals of protodolomite spherulite. Our results support the emerging view that 48 

dissolved sulfate is not an inhibitor for the formation of low-temperature 49 

(proto-)dolomite. The presence of organic matter intimately associated with dolomite 50 

crystals may serve as a hallmark indicative of a biotically induced origin for some 51 

types of dolomite.  52 

Keywords: Dolomite problem; Protodolomite; Aerobic heterotrophic bacteria; 53 

Catalytic effect; Biosignature       54 

 55 

1. INTRODUCTION  56 

Mineral nucleation and dissolution are commonly controlled by reaction kinetics 57 

(Brantley, 2003). Present marine surface waters are often thermodynamically 58 

oversaturated with respect to dolomite [CaMg(CO3)2] (Burns et al., 2000). However, 59 

this mineral is rarely found in modern marine sediments (Burns et al., 2000; Gregg et 60 

al., 2015). By contrast, dolomite is ubiquitous throughout pre-Holocene strata and 61 

also forms massive dolostone beds in Paleozoic and Precambrian successions (Given 62 

and Wilkinson, 1987; Warren, 2000). Extensive attempts have been made to 63 

understand the genesis of sedimentary dolomite. It is now clear that dolomite 64 

precipitation is thermodynamically favorable, however, it is strongly controlled by 65 

reaction kinetics (Land et al., 1998). Up to date, at least two crucial kinetic barriers 66 
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that impede dolomite precipitation from seawater have been identified: (1) the 67 

hydrated nature of magnesium and (2) the low concentration of CO3
2- (Lippmann, 68 

1982; de Leeuw and Parker, 2001; Wright and Wacey, 2004).            69 

Despite the scarce presence of Holocene dolomite in marine sediments, there is 70 

mounting evidence for its occurrence in highly evaporitic environments worldwide, 71 

such as coastal sabkhas and lagoons, and inland saline lakes (e.g., Wells, 1962; 72 

Vasconcelos and McKenzie, 1997; Wright, 1999; van Lith et al., 2002; Wright and 73 

Wacey, 2005; Bontognali et al., 2010, 2012; Deng et al., 2010; Meister et al., 2011; 74 

Brauchli et al., 2016; McCormack et al., 2018). In these settings, dolomites are mostly 75 

non-stoichiometric and occur as thin cement associated with microbial mats (Gregg et 76 

al., 1992; Bontognali et al., 2010; Geske et al., 2015; Petrash et al., 2017). It has been 77 

suggested that modern dolomite-depositing environments could serve as natural 78 

laboratories to probe possible trigger factors for dolomite formation at Earth surface 79 

temperatures (McKenzie and Vasconcelos, 2009).    80 

Through field investigations and bench-scale cultivation experiments, benthic 81 

microorganisms inhabiting the microbial mats or sediments have been documented to 82 

be one of facilitators for the formation of early diagenetic dolomite in evaporitic 83 

environments (McKenzie and Vasconcelos, 2009; Petrash et al., 2017). It has been 84 

proposed that the metabolic reactions involving microbial degradation of organic 85 

compounds can saturate porewaters with dolomite and thereby trigger the 86 

precipitation of dolomite (Wright, 1999; Petrash et al., 2017). These 87 

dolomite-mediating benthic microbes include both aerobic and anaerobic strains, such 88 
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as halophilic aerobic bacteria (Sánchez-Román et al., 2008, 2009, 2011a, 2011b; Deng 89 

et al., 2010; Disi et al., 2017) and sulfate-reducing bacteria (SRB) (Vasconcelos et al., 90 

1995; Wright, 1999; Wright and Wacey, 2005; Deng et al., 2010; Bontognali et al., 91 

2012; Krause et al., 2012). It is relevant to note that these microbially- induced 92 

dolomites were originally identified as ordered dolomite, but have been recently 93 

reevaluated and interpreted to be protodolomite (Gregg et al., 2015). Nevertheless, it 94 

is believed that metastable protodolomite could transform to ordered dolomite with 95 

increasing burial (Rodriguez-Blanco et al., 2015; Zhang et al., 2015). As such, the 96 

contribution of microbes to the genesis of sedimentary dolomite should be considered. 97 

In addition to aforementioned early diagenetic process, protodolomites in the 98 

upmost sediments of some saline lakes have been thought to be of probable primary 99 

origin, that is, they might be formed in the overlying water column (e.g., Deckker and 100 

Last, 1988). The formation of these primary protodolomites may be caused by the 101 

activity of planktonic microbes living in the water column. However, few studies have 102 

examined the capacity of planktonic species in the precipitation of protodolomite 103 

formation. It is also important to note that microbially- induced protodolomite 104 

normally exhibits spheroidal or dumbbell morphology (Petrash et al., 2017). This 105 

morphological feature was taken as a hallmark for microbially- induced dolomite, but 106 

was recently questioned, as similar growth morphology is also observed in synthetic 107 

abiotic protodolomite (Rodriguez-Blanco et al., 2015; Liu et al., 2019). Hence, new 108 

data are required to establish the criteria discriminating microbially- induced 109 

protodolomite from other authigenic protodolomite (unspecified) in sediments. 110 
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In present study, we reported the occurrence of authigenic protodolomite in the 111 

upmost sediments of a Chinese saline lake. Planktonic aerobic heterotrophic bacteria 112 

from lake water were therefore cultivated to test their protodolomite-mediating 113 

capacity. In addition, microbially- induced protodolomite was compared with its 114 

abiotically-synthesized counterpart, aiming to determine if any biosignature can be 115 

recognized.      116 

 117 

2. MATERIALS AND METHODS  118 

2.1. Sampling site location and description 119 

In China, inland saline lakes are widely distributed across its arid and semi-arid 120 

areas, such as northern China (Provinces of Xinjiang, Qinghai and Inner Mongolia) 121 

and Tibet (Zheng et al., 1993). During a survey of saline lakes in northeast of Inner 122 

Mongolia, we found the occurrence of authigenic protodolomite in the surficial 123 

sediments of the shallow saline lake Jibuhulangtu Nuur.  124 

The Lake Jibuhulangtu Nuur (48Á53.214ǋN, 118Á5.653ǋE, and 545 m above sea 125 

level) is located in the north of the county of Xin Barag Zuoqi, ~1400 km northeast of 126 

Beijing (Fig. 1). The lake basin is approximately 3 km long and 1.2 km wide. The 127 

area where Lake Jibuhulangtu Nuur is located is situated at the northern edge of Asian 128 

summer monsoon and strongly impacted by the westerlies, thus displaying a low 129 

precipitation/evaporation ratio (260 mm for mean annual rainfall versus 1700 mm for 130 

evaporation per year) (Zheng et al., 1993). As a result, the water depth and coverage 131 

of Lake Jibuhulangtu Nuur varies seasonally. It has a surface area of 3.6 km2 with a 132 
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depth of 0.3 to 0.8 m during the wet seasons. The catchment area and water depth 133 

significantly decrease in dry seasons. However, it does not completely dry up any 134 

time during the year, mainly due to the discharge of saline groundwater and rainfall 135 

(Zheng et al., 1993).                 136 

2.2. Field sampling and measurements 137 

Field measurements and sample collection were conducted in August 2015. 138 

Three different types of samples were collected: surface water, lake sediment, and soil 139 

from the shores of the lake. The water depth at the sampling site was ca. 55 cm. The 140 

lake water was sampled for geochemical and microbiological analyses. For 141 

comparative purposes, shoreline soil samples along with lake sediments were also 142 

added to the suite for investigating whether the occurrence of protodolomite in Lake 143 

Jibuhulangtu Nuur is detrital (aeolian or soil input) or authigenic in origin. 144 

Specifically, water and soil samples were collected with 50-mL sterile centrifuge 145 

tubes. An approximate 40-cm long sediment core was taken by forcing a PVC pipe 146 

(diameter 10 cm). After collection, all samples were stored at 4 °C during the 147 

transportation to the laboratory. 148 

The pH, dissolved oxygen (DO) and salinity of surface water were measured 149 

directly in the field using a Hach multimeter device (Hach Lange, Germany). These 150 

field measurements were performed in five different locations around Lake 151 

Jibuhulangtu Nuur.  152 

2.3. Sample processing and laboratory analyses 153 
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Aliquots of lake water were filtered through 0.22 ɛm filters prior to chemical 154 

analyses. The major cations (Na+, K+, Mg2+ and Ca2+) were measured with inductively 155 

coupled plasma-optical emission spectrometry (ICP-OES, Thermofisher ICAP6300, 156 

USA). The anions (Cl-, Br-, SO4
2- and NO3

-) were analyzed using ion chromatography 157 

(Dionex, USA), whereas the analysis of dissolved inorganic carbon (DIC) was 158 

performed by using Shimadzu SCN analyzer (TOC-V, Shimadzu, Japan). The 159 

concentrations of CO3
2- and HCO3

- were calculated from measured pH and DIC using 160 

Visual MINTEQ (version 3.1). All these measurements were performed in duplicate 161 

to ensure good reproducibility. 162 

The sediment core was sliced at 2-cm intervals. The upmost sediments (0-2 cm) 163 

along with soil samples were freeze-dried, sieved and manually milled. The 164 

mineralogical composition of these samples was characterized by X-ray diffraction 165 

(XRD) using Cu KŬ radiation (Scintag, Inc., USA). All samples were scanned from 5 166 

to 65Á 2ɗ with a scan rate of 2Á 2ɗ/min. The resulting XRD data were analyzed using 167 

JADE 6 program (MDI, Livermore, USA).  168 

The ordering state of (proto-)dolomite particles, microstructure imaging, and 169 

phase identification were analyzed with a JEOL JEM-2100F transmission electron 170 

microscope (TEM; JEOL, Japan). For TEM analyses, samples were first dispersed in 171 

pure ethanol with mild sonication and a drop of the suspension was further pipetted 172 

onto a carbon-coated copper grid. TEM images were recorded using a Gatan model 173 

794 camera operated at 200 kV. Selected area electron diffraction (SAED) and 174 
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energy-dispersive X-ray spectroscopy (EDS; Bruker Quantax 200, USA) were 175 

employed for mineral identification.   176 

The morphological features of crystalline phases were observed with scanning 177 

electron microscopy (SEM) followed by elemental analysis EDS. Samples were 178 

mounted on Al stubs and Pt-coated prior to be analyzed by a Hitachi SU8010 SEM 179 

(Hitachi, Tokyo, Japan) with an EDS detector (Oxford Instruments XMax 80, UK). 180 

The system was operated at an accelerating voltage of 5-15 kV for high resolution 181 

secondary electron imaging and elemental analysis.  182 

Raman spectroscopy was employed as an independent approach to examine the 183 

presence of protodolomite in the upmost sediment. Prior to analysis, the sample was 184 

sonicated and dispersed in pure methanol. Micro-Raman spectra were acquired using 185 

a confocal Raman microscope (Ŭ300, Witec, Germany). A 532-nm excitation laser 186 

was used and focused under 100 x objective for spot analysis of crystalline phases. 187 

Acquisition time for each spectrum was typically around 30 sec and all spectra shown 188 

were first averaged, then processed for cosmic ray removal, all using the Witec 189 

Project 5.0 software.  190 

2.4. Enrichment, isolation and characteristics of planktonic  aerobic 191 

heterotrophic bacteria 192 

To avoid the formation of possible precipitates that might influence the 193 

subsequent recovery of bacterial isolates, a Ca/Mg-free cultivation medium was 194 

designed to enrich planktonic bacteria from Lake Jibuhulangtu Nuur. The pH, the 195 

concentration of major anions, and salinity values of our enrichment medium were 196 
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close to those of lake water. Specifically, this medium contained the following basal 197 

salts: 35.78 g/L NaCl, 16.69 g/L Na2SO4, 0.04 g/L NaHCO3, 0.04 g/L Na2CO3 and 198 

0.06 g/L KCl. Organic supplements included 0.5 g/L bacto peptone and 2 g/L yeast 199 

extract were also added into the enriched medium as growth-sustaining substrates. 200 

After adjusting pH to 9.0, the medium was dispensed into conical glass flasks and 201 

autoclaved at 120 °C for 30 min. The unfiltered water sample was inoculated into the 202 

flasks (5%; v/v). The flasks were incubated in the dark at 25 °C with continuous 203 

shaken at 160 rpm.               204 

The microbial growth was monitored by visual observation of cell turbidity. 205 

When growth was evident, the enrichment was first diluted and then plated onto Petri 206 

dishes with agar-solidified medium (2 g/L). The Petri dishes were incubated at 25 °C 207 

for three weeks. On the basis of color and shape, three individual colonies were 208 

picked up and transferred into fresh liquid medium for further growth. The 209 

morphology of pure cultures was observed by TEM. Briefly, 20 ɛL washed cell 210 

suspensions were pipetted onto carbon- and formvar-coated copper grids. The grids 211 

were then stained with a few drops of 1% uranyl acetate and examined under a 100 212 

kV H-7000FA TEM (Hitachi, Tokyo, Japan).  213 

The organic component of microbial surface was characterized by Raman 214 

spectroscopy. It has been reported that the density of microbial surface-bound 215 

carboxyl group is effective in enhancing the incorporation of Mg2+ into growing 216 

Ca-Mg carbonates (e.g., Kenward et al., 2013). As such, the concentration of cell 217 

surface-associated carboxyl groups was further determined using potentiometric 218 
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titration. The washed cells of the microbial enrichment or pure strains were 219 

resuspended in 0.5 M NaClO4 solution and titrated using 0.1 M HCl and 0.1 M NaOH 220 

under a N2 atmosphere at 25 °C using Zetasizer Nano (ZEN3600, Malvern, USA) 221 

(Ams et al., 2013). The site density of carboxyl groups was calculated using the Profit 222 

4.1 program (Turner and Fein, 2006). 223 

2.5. Molecular biological methods 224 

The structure of lake water- or surficial sediment-associated bacterial 225 

communities was analyzed using Illumina pyrosequencing of bacterial 16S rRNA 226 

genes. The total DNA was extracted using the FastDNA SPIN kit (MP Biomedicals, 227 

Solon, OH, USA) according to the manufacturerôs instructions. The bacterial diversity 228 

was examined after amplicon sequencing using the primers 515F and 806R on the 229 

MiSeq Illumina platform (Yang et al., 2016).    230 

The composition of enriched and pure cultures was determined using clone 231 

libraries of 16S rRNA genes. In general, the genomic DNA was extracted using 232 

aformentioned kit. The 16S rRNA gene was amplified using bacterial universal 233 

primers (27F and 1492R). Polymerase chain reaction (PCR) conditions were 234 

established according to Xiang et al. (2014). The PCR reactions were run for 25 235 

cycles. Clone libraries were constructed using standard methodologies as previously 236 

described (e.g., Xiang et al., 2014). The nucleotide sequences were aligned with 237 

BLAST in NCBI GenBank and closest references were chosen for further 238 

phylogenetic analysis. Neighbor-joining phylogenies were constructed from dissimilar 239 

distance using the MEGA (version 5) program.  240 
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2.6. Experimental setup of biomineralization and wet chemistry analysis  241 

To test the possibility that planktonic aerobic heterotrophic bacteria might 242 

catalyze protodolomite formation in Lake Jibuhulangtu Nuur, biomineralization 243 

experiments using the enrichment culture and pure isolates were conducted in a 244 

precipitation medium, which mimics the ion concentrations and pH condition of 245 

surficial water of Lake Jibuhulangtu Nuur. The precipitation medium consisted of 246 

31.82 g/L NaCl, 3.71 g/L MgCl2, 0.25 g/L CaCl2, 16.69 g/L Na2SO4, 0.04 g/L 247 

NaHCO3, 0.04 g/L Na2CO3 and 0.06 g/L KCl. In addition, bacto peptone and yeast 248 

extract were further added as growth substrates to achieve a final concentration of 0.5 249 

g/L and 2 g/L, respectively. The pH of this medium was adjusted to 9.0 with 0.5 M 250 

NaOH. In order to get rid of precipitation during heating, membrane filtration instead 251 

of thermal autoclave was employed for medium sterilization. After filtered through a 252 

0.22 ɛm pore size membrane (MF, Millipore, USA), the sterile medium was 253 

inoculated either with the enriched culture or with isolates to achieve a starting 254 

concentration of ca. 106 cells/mL. Incubations were conducted in the dark at 25 °C 255 

and 160 rpm. All of the experiments were performed in duplicate.   256 

Solution pH, DIC and concentration of Ca2+, Mg2+ and SO4
2- were monitored 257 

during incubation period. The instrument or methodology for each analysis was used 258 

as described earlier. The saturation index (SI) with respect to common carbonates 259 

(calcite, aragonite, monohydrocalcite, protodolomite and ordered dolomite) was 260 

calculated using Visual MINTEQ software.  261 

2.7. Preparation of abiotic dolomite standards  262 
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Abiotic protodolomite and ordered dolomite were synthesized as a standard for 263 

inferring crystal structure of microbially- induced dolomite. These abiotic phases were 264 

prepared according to the procedure described by Rodriguez-Blanco et al. (2015). 265 

Briefly, 100 mL 1 M CaCl2 was added into 100 mL of 1 M MgCl2 solution with 266 

stirring. After then, 200 mL 1 M Na2CO3 was rapidly added into the mixing solution. 267 

The resulting sol-gel solution was further placed in an oven at 80 °C and 250 °C for 3 268 

days to produce protodolomite and ordered dolomite, respectively. The particles were 269 

collected, repeatedly washed with doubly distilled water (ddH2O) and then dried for 270 

future use.     271 

2.8. Mineral characterization 272 

After an incubation time of one month, crystals were collected and purified. 273 

Specifically, a portion of cell-mineral suspension was centrifuged (8000 g, 10 min) 274 

and the resulting pellets were resuspended in a detergent solution containing 5% 275 

sodium dodecyl sulfate (SDS) and 5% Triton X-100 and incubated overnight at 50 °C 276 

(Amor et al., 2015). This treatment was repeated seven times. Upon such treatment, 277 

mineral-bounded microbial cells and organic debris could be removed, because both 278 

SDS and Triton X-100a are powerful surfactant for solubilization of proteins, lipids 279 

and their complexes. The obtained bio-mediated crystals, as well as abiotic 280 

(proto-)dolomites, were examined by XRD, SEM-EDS, micro-Raman analysis, TEM 281 

and thermogravimetric analysis (TGA). The methods of XRD, SEM-EDS, TEM-EDS 282 

and micro-Raman were the same as mentioned previously. TGA measurements were 283 

performed with a TGA-2050 analyzer (TA Instruments, USA) from room temperature 284 
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to 1200 °C at a heating rate of 10 °C min-1 under N2 atmosphere. The CO2 gas 285 

evolved during the thermal decomposition of crystals was then synchronously 286 

detected by a hyphenated gas chromatography-mass spectrometry (GC-MS; Clarus 287 

500, PerkinElmer, USA). Mg and Ca in the bio-mediated minerals were also 288 

measured by ICP-OES after their digestion in 10% HNO3 (trace metal grade). 289 

To observe the spatial association between minerals and microbial cells, another 290 

portion of cell-mineral suspensions was collected and fixed with 2% 291 

paraformaldehyde and 2.5% glutaraldehyde. After this primary fixation, one droplet 292 

of sample suspension was placed onto the surface of a glass cover slip and 293 

sequentially dehydrated using varying proportions of ethanol followed by critical 294 

point drying with a Quorum K850 Critical Point Dryer (Quorum Technologies, Deben, 295 

UK). The cover slip was mounted on Al stub and Pt coated for observation using SEM 296 

as described above. 297 

 298 

3. RESULTS 299 

3.1. Lake water geochemistry    300 

The results of in situ measurements revealed that lake surface-water was alkaline, 301 

oxic and saline, as evidenced by its high values of pH (9.0), DO (225.94 mM) and 302 

salinity (52.6 g/L). Laboratory chemical analyses from surface water determined the 303 

concentrations of principal ions as follows: 763.51 mM Na+, 0.81 mM K+, 39.01 mM 304 

Mg2+, 2.25 mM Ca2+, 608.03 mM Cl-, 0.47 mM HCO3
- , 0.42 mM CO3

2-, 0.56 mM Br- 305 

and 117.5 mM SO4
2-. Based on these major ions, the calculated salinity was 51.56 g/L, 306 
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very close to aforementioned field data. It is noted that the concentration of SO4
2- in 307 

Lake Jibuhuangtu Nuur is approximately 4 times higher than that in present seawater 308 

(ca. 28 mM). 309 

3.2. Protodolomite in surficial sediments   310 

XRD results indicated that the major minerals of the surrounding soil were 311 

quartz and albite (Fig. 2A). In addition to these detrital phases, dolomite- like mineral 312 

and halite were also detected at the floor of the lake (ca. 2 cm depth) (Fig. 2A). This 313 

dolomite- like phase had a d(104) value of 2.894 Å, higher than that of stoichiometric 314 

dolomite (2.886 Å). The ordering feature in this dolomite- like phase was difficult to 315 

recognize from XRD data, because the ordering reflections could be masked by peaks 316 

from other minerals.  317 

TEM micrograph indicated that these crystals occurred as nano-sized (100-200 318 

nm) spherulites and were at random orientations (Fig. 2B). The fast Fourier transform 319 

(FFT) analyses of high resolution TEM (HRTEM) image revealed that these 320 

spherulites were disordered (i.e., protodolomites), as there were no visible superlattice 321 

reflections [e.g., (003)] in their structures (Fig. 2C).   322 

SEM images showed that protodolomite from the uppermost layer primarily 323 

existed as coatings on the large detrital minerals (e.g., albite) (Fig. 3A). This 324 

protodolomite appeared as nano-sized sphere with the estimated diameter of ca. 325 

100~200 nm (Fig. 3B). As evidenced by EDS, the MgCO3 content in these spheroidal 326 

particles reached approximately 48% (Fig. 3B). 327 
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The light microscopic image and corresponding Raman spectra confirmed the 328 

presence of albite and protodolomite in the uppermost sediments (Fig. 4), as 329 

evidenced by the characteristic Raman bands at 476 and 514 cm-1 for albite, and at 330 

297 and 1096 cm-1 for protodolomite (Bischoff et al., 1985; McKeown, 2005). It is 331 

interesting to note that three broad bands at 1366, 1455 and 1588 cm-1 were also 332 

detected from protodolomite aggregations. These signals are normally assigned to 333 

polysaccharide and protein (e.g., Wagner et al., 2009; Fig. S1), both of which are 334 

typical constituents of microbial EPS.   335 

3.3. Comparison of bacterial community structures in lake water and surficial 336 

sediment 337 

The bacterial compositions at the phylum level were significantly different 338 

between the lake water and the upmost sediments (Fig. S2). The most dominant 339 

phylum in the lake water was Proteobacteria (54.1%), followed by Cyanobacteria 340 

(18.9%). However, in the lake sediment, Firmicutes (31.9%) was the most dominant 341 

phylum in the lake sediment and Proteobacteria (23.8%) was the 342 

second-most-abundant group.  343 

3.4. The bacterial enrichment structure and isolate characteristics  344 

The composition of the mixed culture enriched from lake water was examined by 345 

16S rRNA gene clone libraries. The results showed that the sequences were closely 346 

related to the genera of Halomonas, Idiomarina or Alkalibacterium (Fig. 5). Three 347 

different strains derived from aerobic cultures were further isolated for 348 

biomineralization experiments (Fig. 6A). One strain, designated JBHLT-1, had 99% 349 
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identical 16S rRNA gene sequence to Halomonas venusta. TEM observation of this 350 

isolate showed a straight rod with membrane vesicle-like structures (Fig. 6B). Other 351 

bacterial isolates (JBHLT-2 and JBHLT-3) are closely related (> 97% identity) to the 352 

species of the genus of Salinivibrio or Exiguobacterium, respectively (Fig. 6A). The 353 

cell of strain JBHLT-2 was short curved rods (Fig. 6C) and strain JBHLT-3 was short 354 

rod-shaped (Fig. 6D). Moreover, both JBHL-2 and JBHLT-3 were recognized by the 355 

presence of a flagella (Figs. 6C and D).    356 

3.5. Surface properties of bacteria 357 

Table 1 shows the concentrations of cell surface-bound carboxyl groups for 358 

bacterial enrichment and the isolates. Our analyses indicated that carboxyl group site 359 

concentrations ranged from 1.4×10-3 to 2.2×10-3 mol/g.  360 

3.6. Laboratory bio -precipitation             361 

3.6.1. Changes of aqueous chemistry during biomineralization 362 

In the case of the enrichment- induced bio-precipitation experiments, the pH in 363 

the bioreactors rapidly increased from an initial value of 9.0 to 9.27 by day 1, and 364 

slightly dropped to 9.21 by day 3, but its value increased again to 9.28 by day 5 and 365 

then leveled off with time (Fig. 7A). Unlike the biotic experiments, the pH was fairly 366 

stable for the abiotic controls. As shown in Figs. 7B and C, the concentrations of Ca2+ 367 

in abiotic controls slightly declined from 2.31 mM to 2.14 mM by the end of 368 

experiments (30 days), while negligible change in the concentrations of Mg2+ in 369 

abiotic controls was observed. After inoculation of microbial enrichment, however, 370 

the concentrations of both Ca2+ and Mg2+ immediately declined during the first day, 371 
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gradually decreased within 1-10 days, and then kept stable with time (Figs. 7B and C). 372 

It is interesting to note that the amount of removed Mg ions from solutions were close 373 

to that of Ca ions (1.71 mM vs. 2.04 mM), despite the fact that the molar 374 

concentration of Mg2+ was 17.36 times higher than that of Ca2+ in the starting 375 

solutions. During incubation, the DIC value in the biotic reactors was also 376 

dynamically changed upon microbial respiration and biocarbonation: it sharply rose 377 

from 0.902 mM to 10.95 mM within the first 12 h and then decreased but with little 378 

fluctuation (Fig. 7D). As our experiments were conducted aerobically, sulfate 379 

reduction could not take place, which was evidenced by the non-appreciable change 380 

in sulfate concentration in the biotic treatments (Fig. 7E). Based on above 381 

geochemical analyses, the saturation indices with respect to common carbonates were 382 

calculated. As shown in Fig. 7F, ordered dolomite, protodolomite, aragonite, calcite 383 

and monohydrocalcite in the biotic experiments were saturated during incubation.  384 

The pH and concentrations of SO4
2- of the bioreactors using pure strains were 385 

also determined (Fig. 8). Similar to that for the enrichment system, the pH values in 386 

all biotic experiments remarkably increased, and aqueous sulfate concentrations 387 

remained nearly constant at the end of 30 days (Fig. 8).   388 

3.6.2. Analyses of mineralized products 389 

For the abiotic control, the corresponding XRD result exhibited only aragonite 390 

reflections, indicating the precipitates consisted of pure aragonite crystals (Fig. 9). By 391 

contrast, protodolomite was the dominant phase produced in the enrichment 392 

bioreactors, as evidenced by the similarity between the XRD patterns of bio-mediated 393 
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mineral and abiotic protodolomite compared (Fig. 9). Specifically, compared to 394 

ordered dolomite, not all of the ordering peaks [(015), (021) and (101)] were visible in 395 

the bio-mediated mineral and protodolomite synthesized abiotically. Moreover, the 396 

XRD peaks of bio-mediated protodolomite were broadened and less-resolved, a 397 

typical characteristic for protodolomite that is primarily due to inhomogeneities in 398 

chemical composition and structure distorted by its hydrous nature (Kelleher and 399 

Redfern, 2002; Zhang et al., 2010). In addition, the reflections from protodolomites 400 

had slightly lower 2ɗ values (corresponding to a larger d-spacing) than ordered 401 

dolomite. For instance, the (104) peak of our bio-mediated protodolomite occurred at 402 

~30.72Ü 2ɗ (Cu KŬ; ~2.908 ¡), lower than that of ideal dolomite (30.96Ü 2ɗ). This 403 

value suggests that the protodolomite produced by enriched culture had an average 404 

MgCO3 composition of 45.7 mol%, using the empirical equation of Bischoff et al. 405 

(1983). 406 

The precipitation of protodolomite from artificial lake-water medium can be also 407 

achieved by the pure isolates (Fig. 10). The solid product of the system inoculated 408 

either with JBHLT-1 or JBHLT-2 was composed of highly pure protodolomite, while 409 

monohydrocalcite (CaCO3·H 2O) was found to be formed with protodolomite in the 410 

reactor with JBHLT-3. According to their d(104) values, the average of MgCO3 411 

content in protodolomite was calculated as follows: 46.0 mol% for JBHLT-1, 47.1 412 

mol% for JBHLT-2 and 42.7 mol% for JBHLT-3 set, respectively.  413 

SEM images of enrichment precipitates revealed the formation of cell-mineral 414 

associations (Figs. 11A-C). There were two kinds of spatial distribution of 415 
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protodolomite crystals: larger nanoglobules occurred as aggregation within the matrix 416 

of micron-sized microbial cells (Fig. 11B), while smaller nanoglobules occurred 417 

tightly attached to the surface of microorganisms (Fig. 11C). Upon treated with 418 

SDS-Triton detergents, microbial cells and debris were nearly removed from these 419 

precipitates (Fig. 11D). The EDS data further indicated that bio-mediated 420 

protodolomite contained nearly equal molar concentrations of Mg and Ca (i.e., similar 421 

KŬ peaks) (Fig. 11D). The solid product collected from JBHLT-1 system was selected 422 

as a representative to investigate the morphology of protodolomites induced by pure 423 

strains. It can be seen that the protodolomite minerals were spherulites with averaged 424 

size of 6-10 ɛm (Fig. 11E), significantly larger than those from the enrichment reactor 425 

(Fig. 11D). In addition, microbial cells and EPS- like structure were closely associated 426 

with these protodolomite spherulites (Fig. 11E). Interestingly, a magnified view of a 427 

micron-sized spherulite showed that a part of cells were embedded in the 428 

protodolomite spherulite, which was composed of numerous nano-crystals (Fig. 11F).       429 

The TEM results of protodolomite mediated by JBHLT-1 were representatively 430 

selected to examine the crystal structure of bio-mediated protodolomite. TEM images 431 

also showed that protodolomite produced by JBHLT-1 was spherical in shape (Fig. 432 

12A). EDS line scans revealed similar shapes of Ca and Mg profiles inside 433 

protodolomite, demonstrating that Mg and Ca were indeed equally distributed (Fig. 434 

12B). The mean of Mg content was found to be 44.3±2.1 mol% (Fig. 12C). HRTEM 435 

observations also indicated that the protodolomite spheroid was made of many 436 

nanoscopic crystals (Fig. 12D). The disordered state of microbially- induced 437 
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protodolomite, as evidenced by the lack of aforementioned ordering reflections [e.g., 438 

(003), (015) and (021)], was further confirmed by SAED (Fig. 12D) and FFT pattern 439 

(Fig. 12E). The crystal lattice image observed from the edge site of one particle 440 

demonstrated the presence of 2.90 Å d-spacing (Fig. 12E) that corresponds to the (104) 441 

plane of protodolomite, consistent with XRD results (Fig. 10).  442 

Protodolomites mediated by enrichment culture or JBHLT-1 were selected for 443 

ICP-OES measurements. The data showed that the MgCO3 content was 43.9 mol% 444 

for enrichment sample and 44.6 mol% for JBHLT-1 set, respectively, close to the 445 

results either calculated by XRD or determined by EDS (Table 2).      446 

3.7. Differences between microbially-induced protodolomite and synthetic abiotic 447 

protodolomite   448 

Light microscopic results showed that synthetic abiotic protodolomite existed as 449 

spheroidal aggregates, very similar to that of microbially- induced protodolomite (Fig. 450 

13). Such observations suggest that morphology should not be exploited as a sole 451 

biogenicity criterion for microbially-induced protodolomite.  452 

To investigate differences in chemical composition between these two types of 453 

protodolomite, Raman spectroscopy spot analyses were performed. Raman spectra 454 

revealed that either SDS-Triton treated bio-mediated protodolomite or abiotic 455 

protodolomite had a characteristic band at 1095 cm-1 (Fig. 13). In addition to this, 456 

broad hump-like bands in the 1135 to 1665 cm-1 range were also present in 457 

microbially- induced protodolomite samples (Fig. 13). Interestingly, these bands could 458 
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be found in the spectrum of microbial biomass as well (Fig. 13), thus implying that 459 

microbially- induced protodolomites contained organic molecules.        460 

The occurrence of organic matter was also validated by TG-GC-MS analysis. 461 

Specifically, there were three events of mass loss for abiotic protodolomite (Fig. 14A). 462 

According to earlier thermal behavior studies (Lenders et al., 2012; Radha et al., 463 

2012), the first weight loss (-6.9%) at temperatures lower than 400 °C was associated 464 

with the dehydration of samples, and the second step (ca. 20.2% weight loss) within 465 

the range 400-600 °C was ascribed to decomposition of MgCO3 in MgO and CO2, and 466 

the last event (ca. 21.9% weight loss) from 600 to 800 °C was caused by 467 

decomposition of CaCO3 in CaO and CO2. These two decarbonation events were 468 

confirmed by the detection of two intense CO2 peaks (Fig. 14B). All of these events 469 

were also found in the TGA curve of bio-mediated protodolomite, but yielded lower 470 

mass loss in each step (Fig. 14A). Beside these, a -5.7% of weight loss occurring 471 

between 230 °C and 370 °C was observed in bio-mediated samples (Fig. 14A), 472 

accompanying with generation of CO2 (Fig. 14B). The CO2 evolution at this 473 

temperature range should correspond to the combustion of organic components.     474 

 475 

4. INTERPRETATION AND DISCUSSION  476 

4.1. Origin of protodolomite   477 

As shown earlier, XRD comparison showed that protodolomite and halite were 478 

absent in soils but could be detected in lake sediments, indicating that these two 479 

minerals were not soil-derived. The mineral halite might be formed during sample 480 
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dehydration process. However, protodolomite in the upmost sediments should have an 481 

authigenic origin for two reasons: First, it has been well documented that evaporation 482 

alone cannot trigger the precipitation of (proto-)dolomite (Land, 1998). Hence, 483 

sample dehydration should be excluded as a cause of protodolomite formation. On the 484 

other hand, protodolomite crystals in surficial sediments exhibited a spherulitic 485 

morphology, significantly different from the irregular-shaped (proto-)dolomites found 486 

in eastern Asian dust (e.g., Li et al., 2007). Therefore, protodolomites were also not of 487 

wind-blown origin, whereas they were likely of primary origin.    488 

The nano-sized and spherical feature of protodolomites indicated that these 489 

particles formed at extremely fast rates (Gránásy et al., 2005; Sánchez-Navas et al., 490 

2009). However, it is well known that precipitation of protodolomite is a rather slow 491 

reaction (Machel and Mountjoy, 1986; Arvidson and Mackenzie, 1999). As such, 492 

natural catalysts should exist in the lake water to favor protodolomite crystallization. 493 

Up to date, microorganisms (Petrash et al., 2017, and references therein) and clay 494 

minerals (Liu et al., 2019) have been identified as effective catalyst. Specifically for 495 

Lake Jibuhuangtu Nuur, as evidenced by XRD, clay minerals should be trace 496 

constituents, thus their influence on the protodolomite formation might be negligible. 497 

Notably, our Raman data showed that protodolomite crystals were in close association 498 

with EPS-like substances, suggesting that microbial mediation was a possible 499 

mechanism for the formation of protodolomites in Lake Jibuhulangtu Nuur. In fact, 500 

using aerobic heterotrophic bacteria recovered from lake water, spherulitic 501 

protodolomite was produced in laboratory simulation experiments. Given the shallow 502 
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nature of the lake, its water is oxygenated. Therefore, it is reasonable to assume that 503 

the formation of protodolomites in the upmost of sediments should be primarily 504 

mediated by aerobic microbes, especially planktonic species.         505 

4.2. Formation mechanism of protodolomite mediated by planktonic aerobic 506 

heterotrophic bacteria 507 

According to our calculation, the artificial lake water used for mineralization 508 

experiments was oversaturated with respect to calcite, aragonite, monohydrocalcite, 509 

protodolomite, and ordered dolomite (Fig. 7). However, aragonite was the only 510 

crystalline product in our abiotic control sets, in spite of much higher saturation index 511 

of Ca-Mg carbonates (e.g., protodolomite and ordered dolomite). Actually, this 512 

phenomenon has been generally observed in the experiments regarding abiotic 513 

synthesis of low-temperature Ca-Mg carbonates, and is explained by the cation 514 

hydration effect (Romanek et al., 2009; Lenders et al., 2012; Zhang et al., 2012a).  515 

Like other alkali cations, either Ca2+ or Mg2+ is highly hydrated in solution, 516 

resulting in the formation of Me(H2O)n
2+ complexes (Me: Ca2+ or Mg2+; n: water 517 

coordination number) in bulk water (Lippmann, 1973; Romanek et al., 2009; Hamm 518 

et al., 2010). Despite the coordination number of Mg2+ (6.0) less than that of Ca2+ 519 

(6.0-9.2, with the mean number of 7.3) (Hamm et al., 2010), it is a general consensus 520 

that Mg2+ ion interacts more strongly with water molecules than does Ca2+, owing to 521 

its smaller ionic radius and slower water exchange rate (Pavlov et al., 1998). As such, 522 

the existence of stable Mg-H2O clusters hinders the uptake of Mg2+ into structure of 523 

Ca-Mg carbonates. Moreover, once Mg/Ca molar ratio exceeds 4.0, the massive 524 
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Mg-H2O complexes can impede the nucleation of calcite, protodolomite or ordered 525 

dolomite (Lippmann, 1973; Shen et al., 2014, 2015). Compared to calcite, protolomite 526 

and ordered dolomite, aragonite has a significantly denser structure (Lender et al., 527 

2011; Zhang et al., 2012b). Hence, aragonite can only incorporate a small amount of 528 

Mg2+ ions for its growth to continue in Mg-bearing solutions. As a consequence, 529 

aragonite rather than calcite-dolomite series is preferentially nucleated and 530 

precipitated from modern seawater (Mg/Ca=5.2) and from our abiotic control systems 531 

(Mg/Ca=17.36). 532 

However, authigenic protodolomites were observed in Lake Jibuhuangtu Nuur. 533 

As discussed above, indigenous aerobic microbes in lake water were likely to catalyze 534 

the formation of protodolomite crystals in the surficial sediment. Our mineral growth 535 

experiments showed that aerobic heterotrophic and halophilic bacteria enriched or 536 

isolated from Lake Jibuhuangtu Nuur indeed triggered the crystallization of 537 

low-temperature protodolomite.  538 

Saline lakes normally have a high productivity (Oren, 2002). Specifically for 539 

Lake Jibuhuangtu Nuur, cyanobacteria were one of dominant phyla in water column 540 

(Fig. S2). Therefore, the high abundance of cyanobacteria in lake water can produce 541 

copious proteinaceous substance via their excretion or decomposition (Mazzullo, 542 

2000). When biological respiration and oxidative deamination of proteinaceous 543 

compounds (e.g., peptone used herein as a type compound in the growth medium) 544 

takes place, the microenvironment around cells of aerobic heterotrophic bacteria 545 

becomes ammoniated, alkaline and supersaturated with (proto-)dolomite 546 



26 

 

(Sánchez-Román et al., 2008). In our bioreactors, the observed increase in pH is 547 

expected to be attributed to the production of ammonia through degradation of 548 

peptone (peptone Ÿ NH3 + H2O Ÿ NH4
+ + OH-) (Figs. 7A and 8A; Krause et al., 549 

2018). Meanwhile, CO2 was also produced under the action of microbes, leading to 550 

the detectable enhancement of DIC values at early incubation stage (Fig. 7D). In 551 

doing so, the concentration of CO3
2- could be elevated in the response of partitioning 552 

of DIC under an alkaline environment. Benefiting from this, a supersaturated 553 

condition can be created to permit the onset of protodolomite precipitation, and such 554 

state can even be maintained during biomineralization (Fig. 7F).  555 

In addition to the aforementioned microbial metabolisms, growing attention has 556 

recently been paid to the microbial cell surface and(or) organic secretions (e.g., EPS) 557 

(Bontognali et al., 2010, 2014; Krause et al., 2012; Kenward et al., 2013; Zhang et al., 558 

2015). Moreover, surface-associated carboxyl has been identified as a crucial 559 

functional group diminishing the cation hydration effect (Roberts et al., 2013). A 560 

metal-chelation mechanism has been proposed for the catalytic role of carboxyl 561 

groups (Romanek et al., 2009; Roberts et al., 2013). Specifically, carboxyl 562 

preferentially binds to Ca-H2O or Mg-H2O clusters, leading to the partial rejection of 563 

surrounding water molecule and subsequent formation of metal-H2O-carboxyl 564 

associations (Kenward et al., 2013; Roberts et al., 2013). The carbonation of above 565 

newly- formed association is thought to be more energetically favorable than that of 566 

metal-H2O complex (Kenward et al., 2013; Roberts et al., 2013; Qiu et al., 2017). 567 

Since cell surface of microbes is predominantly electronegative (mainly resulting 568 
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from abundant carboxyl groups), microbial cells can function as absorbent to complex 569 

and subsequently dehydrate Ca2+ and Mg2+ ions (Kenward et al., 2013; Roberts et al., 570 

2013; Qiu et al., 2017). In this regard, microbial cell surface can provide nuclei sites 571 

for crystallization of Ca-Mg carbonates when sufficient ions of Ca2+, Mg2+ and CO3
2- 

572 

can be supplied. Such template effect of microorganisms was also supported by our 573 

SEM observations which showed the intimate association between microbial cells and 574 

protodolomite crystals (Fig. 11). Given adequate experimental conditions (active 575 

carbonate ions, high Mg/Ca ratio and pre-existing nuclei sites), synthesis of 576 

protodolomite could be achieved in microbially mediated carbonation experiments.   577 

However, unlike our present report using planktonic microbes, the precipitation 578 

of protodolomite mediated by benthic aerobic halophiles appeared difficult to proceed 579 

in a liquid medium, until when agar additive was used (e.g., Rivadeneyra et al., 2004; 580 

Sánchez-Román et al., 2007). As agar has been recently documented to abiotically 581 

facilitate protodolomite formation in a similar manner with microbial cell surface or 582 

EPS, it is reasonable to suppose that the cell surfaces of benthic aerobic halophiles 583 

tested previously perhaps have insufficient carboxyl group. Actually, an experimental 584 

study by Kenward et al. (2013) demonstrated the concentration of carboxyl group 585 

required for catalyzing (proto-)dolomite formation should be close to or above 586 

8.1×10 -4 mol/g. Because the concentrations of carboxyl group for enrichment culture 587 

and strains tested herein (1.4×10-3 ~ 2.2×10-3 mol/g) are significantly higher than that 588 

threshold, protodolomite crystals were expected to occur in our bioreactors. In 589 

addition, there were some other factors that might have accounted for the 590 
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inconsistency in biomineralization by benthic and planktonic aerobic halophiles, such 591 

as Mg/Ca ratio in culture media. Higher Mg/Ca ratio (17.4, compared with 1.4 to 13.2 592 

in prior work) was used in this study, apparently having a favorable effect on 593 

microbial-mediated protodolomite precipitation (Zhang et al., 2012a). However, this 594 

Mg/Ca ratio tested herein still lies within the range of values measured in 595 

dolomite- forming environments (Table 1 in Deng et al., 2010), indicating that 596 

planktonic halophiles can add the list of mediators for protodolomite precipitation.     597 

4.3. Organic inclusion in (proto-)dolomite as a potential biosignature   598 

(Proto-)dolomite with a spheroidal structure has traditionally been interpreted as 599 

biotic in origin (Nielsen et al., 1997; Lee and Golubic, 1999; Mastandrea et al., 2006; 600 

Bontognali et al., 2008). However, our microscopic results showed that synthetic 601 

abiotic protodolomite also exhibited spherical morphology, again suggesting that 602 

(proto-)dolomite morphology alone is an insufficient criterion to differentiate between 603 

microbially mediated and abiogenic cements (Liu et al., 2019).  604 

Interestingly, our TG-GC-MS data and Raman data collectively showed the 605 

presence of organic molecular signals associated with microbially- induced 606 

protodolomite. As these microbially- induced samples were extensively leached to 607 

remove adsorbed organic matters, these detectable organic molecules should be 608 

trapped within the crystals or located between nano-crystals of micro-sized 609 

protodolomite spherulite.   610 

As discussed above, microbial surface has been generally considered as a 611 

nucleation site for protodolomite crystallization (McKenzie and Vasconcelos, 2009; 612 
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Kenward et al., 2013; Petrash et al., 2017), which is also confirmed by our SEM 613 

observations. For this reason, it can be predicted that microbial debris and (or) 614 

secretions (e.g., EPS) can be incorporated into growing protodolomite. Comparable 615 

findings of organic inclusion have also been reported in other microbially-produced 616 

minerals, such as vaterite (Rodriguez-Navarro et al., 2007) and magnetite 617 

(Perez-Gonzalez et al., 2010).  618 

As protodolomite is an unstable phase, it should undergo recrystallization and 619 

convert to well-crystallized ordered dolomite during burial diagenesis (Warren, 2000; 620 

Rodriguez-Blanco et al., 2015). Upon diagenesis, thermal degradation of organic 621 

molecules included in (proto-)dolomite could also take place. It is important to note 622 

that biochemical macromolecules are much more resistant to thermal alteration than 623 

previously thought, especially when they co-exist with minerals (Li et al., 2014; 624 

Picard et al., 2015; Alleon et al., 2016). For instance, an experimental study by Li et al. 625 

(2014) demonstrated that Ca-phosphate encrusted bacterial samples displayed very 626 

low but detectable chemical signals of organic residues, even after exposure to a 627 

temperature of 600 °C. However, to evaluate whether organic matter trapped in 628 

ancient dolomites could be considered as a solid biosignature requires further 629 

experiments to assess the preservation of inclusions of organic matter in 630 

microbially- induced protodolomite under diagenetic conditions.  631 

4.4. Evaluation of the sulfate inhibition model 632 

As mentioned above, the cation-hydration effect and low concentration of CO3
2- 633 

are primary barriers to crystallization of (proto-)dolomite in sedimentary 634 
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environments. In addition, some other factors have also been thought to control such 635 

process. For instance, a sulfate inhibition model was proposed based on the 636 

hydrothermal dolomitization experiments (e.g., Ó200 °C , Baker and Kastner, 1981), 637 

which revealed that dolomitization ceased when concentration of SO4
2- in the reactors 638 

was higher than 4 mM. This model was used to interpret the paucity of 639 

(proto-)dolomite in modern sediments (e.g., Baker and Kastner, 1981; Kastner, 1984). 640 

It has been suggested that a proportion of Mg2+ ions are complexed with SO4
2- in a 641 

sulfate-bearing solution, resulting in the formation of various ion pairs (Buchner et al., 642 

2004). These Mg2+-SO4
2- complexes (neutral MgSO4

0 especially) might serve as an 643 

inhibitor of (proto-)dolomite formation either by decreasing Mg2+ activity or by 644 

reducing the surface reactivity of growing dolomite when MgSO4
0 is adsorbed onto 645 

(proto-)dolomite crystals (Kastner, 1984; Slaughter and Hill, 1991).  646 

However, an argument holds that precipitates of protodolomite and Ca-dolomite 647 

can be found in some saline lakes with high levels of sulfate (Hardie, 1987). In this 648 

study, we also found that protodolomite can precipitate from the highly-oxygenic and 649 

sulfate-rich lake water of Lake Jibuhuangtu Nuur (117.5 mM SO4
2-). More direct 650 

evidence can be provided through laboratory experiments. A bio-synthesis study by 651 

Sánchez-Román et al. (2009) showed that precipitation of protodolomite by aerobic 652 

halophiles could still proceed in agar-solidified media even when the concentration of 653 

SO4
2- was as high as 56 mM. Our incubation experiments further demonstrated that 654 

aerophile-mediated crystallization of protodolomite took place in a liquid medium 655 

mimicking surface water of Lake Jibuhuangtu Nuur. Noticeably, on the basis of a 656 
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Raman investigation on the Mg2+-SO4
2- interaction, Wang et al. (2016) recently 657 

showed that Mg2+(OH2)2SO4
2- and Mg2+(OH2)SO4

2- rather than previously believed 658 

MgSO4
0 existed as major Mg2+-SO4

2- complexes in aqueous MgSO4 solutions at Earth 659 

surface temperature. In comparison to MgSO4
0, both Mg2+(OH2)2SO4

2- and 660 

Mg2+(OH2)SO4
2- are much more weakly associated and might be easily destabilized 661 

under the action of microbes (Wang et al., 2016). As such, our results are in agreement 662 

with previous work documenting that sulfate is not an inhibitor to (proto-)dolomite 663 

nucleation and precipitation. . 664 

 665 

5. CONCLUSIONS 666 

Protodolomite precipitates were observed in surficial sediments from a Chinese 667 

inland saline lake. These authigenic protodolomite minerals appeared as nano-sized 668 

spherulites. Abiotic incubation experiments revealed that aragonite formed from a 669 

sulfate-bearing solution, which mimicked the ion concentrations and pH condition of 670 

surficial water of Lake Jibuhuangtu Nuur. On the contrary, production of 671 

protodolomite spherulites could be achieved in the treatments with enrichment culture 672 

or pure isolates of planktonic aerobic heterotrophic bacteria that were recovered and 673 

cultured from lake water. In comparison to abiotic protodolomite, our 674 

microbially- induced protodolomite contained about 5.7 wt% organic matter, as 675 

revealed by TG-GC-MS. Results documented in this study demonstrate that 676 

planktonic aerobic heterotrophic bacteria have the potential to catalyze the 677 
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precipitation of protodolomite, and suggest that the presence of organic matter within 678 

(proto-)dolomite might be used as a biosignature for past microbial activity.   679 
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Table 1 936 

Comparison the concentrations of cell surface-bound carboxyl groups from microbes used for biocarbonation experiments 937 

Sample 

Carboxyl site concentration 

(mol/g) 

Precipitation of dolomite 

(Y: yes; N: no) 

Reference 

Bacillus subtilis 1.2 ×10-4 N 

Kenward et al., 2013 

Shewanella putrefaciens 4.5 ×10-4 N 

Methanobacterium formicicum 8.1×10-4 Y 

Halofera sulfurifontis 1.6×10-3 Y 

Enrichment culture  2.2×10-3 Y 

This study 

Halomonas sp. strain JBHLT-1 1.9×10-3 Y 

Salinivibrio sp. strain JBHLT-2 1.4×10-3 Y 

Exiguobacterium sp. strain JBHLT-3 1.7×10-3 Y 
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Table 2 938 

Averaged MgCO3 composition for microbially- induced protodolomites  939 

Sample 

MgCO3 (mol%) 

XRD calculation 

a 

EDS measurement b ICP-OES 

measurement 

Microbially-induced 

protodolomite 

(enrichment) 

45.7 44.2 43.9 

Microbially-induced 

protodolomite 

(JBHLT-1) 

46.0 44.3 44.6 

a 
MgCO3 content calculated from the position of (104) peak using the Bischoff et al. (1983) 940 

curve. 941 

b 
Averaged MgCO3 composition based on TEM-EDS data.  942 



46 

 

Figure caption: 

Figure 1. Geographical location of Lake Jibuhuangtu Nuur (JN). The right inset shows 

a view from the south side of this lake. 

 

Figure 2. (A) Mineralogical composition of surrounding soil and upmost sediment of 

Lake Jibuhuangtu Nuur; (B) TEM image of protodolomite particles; (C) HRTEM 

image showing the occurrence of 2.898 Å lattice fringes, corresponding to d-spacing 

of (104). The inset FFT pattern with indexation as protodolomite does not show the 

super-lattice reflections. 

    

Figure 3. SEM photographs and EDS compositions of major mineral particles 

occurring in the upmost sediments of Lake Jibuhuangtu Nuur. (A) The large-size 

detrital albite; (B) An enlarged view of the square area of A showing spheroidal 

protodolomites on the surface of albite. The Na, Al and Si signals in EDS spectrum of 

protodolomite came from surrounding albite and the Pt peaks were due to sample 

coating. 

 

Figure 4. Light microscopic image and Raman spectra of solid phases from the 

surficial sediments. The right panels show Raman spectra of particles a and b 

corresponding to albite and protodolomite, respectively. 
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Figure 5. Phylogenetic tree of bacterial 16S rRNA gene sequences cloned from the 

microbial enrichment culture.  

 

Figure 6. (A) Phylogenetic tree of bacterial isolates based on 16S rRNA gene analysis; 

(B) TEM images of strain JBHLT-1, JBHLT-2 and JBHLT-3. 

 

Figure 7. Changes in aqueous chemical conditions during biominerlization using 

microbial enrichment. (A) pH value; (B) Dissolved Ca; (C) Dissolved Mg; (D) DIC 

value; (E) Dissolved sulfate; (F) Calculated saturation indices of carbonate minerals.   

 

Figure 8. Changes in pH and aqueous sulfate in the precipitation systems inoculated 

with bacterial isolates. 

 

Figure 9. Comparison of the XRD patterns of solid product from precipitation systems 

without or with microbial enrichment culture and (proto-)dolomite standards. 

 

Figure 10. XRD patterns of the minerals obtained from bioreactors using pure strains 

(M: monohydrocalcite). Arrows indicate peaks of protodolomite (Miller indices and 

d-spacings). 

 

Figure 11. SEM images and EDS data of mineral products from the reactors of 

microbial enrichment culture (A-D) and JBHLT-1 (E-F): (A) the intimate relationship 

http://www.baidu.com/link?url=3sS66ZBF3FWZK4JknTwIbujezXzcjcizUYEu09dBl3__RM2Fe7Qkqo7RrPbVrWfZuG4pp7cbFe72TzxCfQm2wkF74yYWrBCGYKHWbLy6hKC
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of bacterial cells and protodolomite particles; (B-C) close-up of bacteria-mineral 

association; (D) protodolomite treated with SDS-Triton detergents (the Si signal in 

EDS spectrum came from the glass cover slip); (E) the association of strain JBLT-1 

and protodolomite spherulites; (E) an enlarged view of the square area of E showing 

embedded cells (labeled by arrows). 

 

Figure 12. (A) Low-magnification TEM image of microbially- induced protodolomite; 

(B-C) The profiles of Ca and Mg ions and Mg content of protodolomite revealed by 

EDS line scan; (D) HRTEM image of microbially- induced protodolomite crystals. 

The SAED pattern in inset shows indexation as protodolomite; (E) HRTEM image of 

the edge site of protodolomite. Inserts are lattice fringes and FFT pattern of selected 

area. 

 

Figure 13. Light microscopic photographs and Raman spectra of synthetic abiotic 

protodolomite (A-B) and microbially- induced protodolomite (C-D). 

 

Figure 14. TGA (A) and the detection of evolved CO2 (B) showing the differences 

between synthetic abiotic protodolomite and microbially- induced protodolomite.    
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