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ABSTRACT 13 

Microbes play a fundamental role in the precipitation of silicate biominerals, thereby affecting the Si 14 

geochemical cycle. The fine mechanisms ruling biomineralization are not yet fully understood, and their 15 

microscopic structures can offer deep insight into their processes of formation, reactivity and stability. In this 16 

study, a Zn silicate biomineral, extracellularly produced by cyanobacterium Leptolingbya frigida, was 17 

investigated combining Nuclear Magnetic Resonance (NMR), Zn K-edge X-ray Absorption Spectroscopy (XAS) 18 

and other complementary techniques. 29Si Magic Angle Spinning and 29Si/1H Cross Polarization Magic Angle 19 

Spinning analysis, Fourier Transform Infrared Spectroscopy (FTIR) and XAS analysis revealed a poorly 20 

crystalline phase closely resembling hemimorphite (Zn4Si2O7(OH)2⋅H2O). Zn K-edge Extended X-ray 21 

Absorption Fine Structure (EXAFS) provided further structural details, revealing that the Zn-O-Si interatomic 22 

distances were 7%–8% shorter than the abiotic mineral. 13C NMR spectra analysis was conducted to investigate 23 

the composition of the Zn silicate biomineral organic matrix, and results revealed that C atoms occurred in 24 
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several functional groups such as carbonyl carbons, C rings, O-aliphatic chains, N-aliphatic chains and aliphatic 25 

chains. 26 

Under slightly alkaline conditions, bacterial cell walls exhibited fundamental control on the biomineralization 27 

process by binding Zn ions and forming Zn–O–Si bonds. In this way, L. frigida cell walls served as a reactive 28 

surface for the precipitation of this Zn sorosilicate, hindering the condensation of silicon dimers. Moreover, we 29 

found a 29Si NMR band at 85 ppm that could be attributed to a (C3H6O3)2Si complex. This complex could play 30 

a role in the control of silicon polymerisation, with implications for Si biomineralization processes. 31 

 32 

Keywords: zinc, silicon, biomineral, hemimorphite, silicon polymerisation, organic Si complexes 33 

 34 

INTRODUCTION 35 

In geological history, several kinds of organisms have adopted biosynthesis strategies producing Si biominerals, 36 

significantly affecting the Si geochemical cycle (Konhauser, 2016). Diatoms and sponges are among the most 37 

studied silica biominerals. Diatoms produce their biominerals by polycondensation of Si(OH)4 (silicic acid) 38 

molecules, which occurs in a specific intracellular compartment, termed the silica deposition vesicle (Drum and 39 

Pankratz 1964). Sponges (the Porifera) are multicellular (differentiated) sedentary filter-feeder organisms that 40 

can produce intracellularly silicified spicules in specialised cells known as sclerocytes (reviewed in Simpson 41 

1984). Other silicifying systems use silica to build biominerals of specific shape and crystal order. Silica and 42 

silicates can be found in many higher plants and occur in cell walls, cell lumens, intracellular spaces, roots, 43 

leaves and other spaces (Ma et al. 2001; Neumann and zur Nieden 2001; Valtchev et al. 2003; Ma and Yamaji 44 

2008; Schaller et al. 2013; De Giudici et al. 2014a and 2015; Medas et al. 2015). 45 

Biosilicification mechanisms mediated by bacteria, either involving metal precipitation or not, were extensively 46 

investigated in geothermal waters oversaturated with respect to SiO2am (Köhler et al. 1994; Fortin et al. 1998; 47 

Phoenix et al. 2000). In these systems, silica sinter formation (Benning et al. 2005) is interpreted as a multi-step 48 

process: thermodynamically driven polycondensation of silica monomers and the formation of silica 49 
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nanoparticles first take place, followed by microbially enhanced aggregation of the silica nanostructures into 50 

large assemblages. However, little research has been performed on biosilicates precipitated by bacteria from 51 

waters undersaturated with SiO2am, and the control that biopolymers have on Si coordination during biosynthesis 52 

is only partially understood. Previous studies pointed out that Fe and/or Al hydroxide-coated cyanobacteria can 53 

bind a significant concentration of Si, thereby suggesting that Mg, Fe and Al play an important role in the 54 

formation of silicate biominerals (Urrutia and Beveridge 1993; Konhauser 1998; Konhauser et al. 1993; Fein et 55 

al. 2002; Zeyen et al. 2015). In some actual alkaline lakes (Burne et al. 2014; Zeyen et al. 2015, and references 56 

therein) with waters undersaturated in silica, cyanobacteria drive the precipitation of Mg–silicate, stevensite 57 

((Ca0.09K0.01Sr0.01)Σ=0.11 (Mg2.84Fe0.02Al0.03)Σ=2.89(Si3.98Al0.02O10) (OH)2·nH2O) or kerolite (Mg3Si4O10(OH)2·nH2O), 58 

two talc-like phases, which form a matrix rich in biopolymers, onto which aragonite precipitates. The same 59 

authigenic Mg silicate was also found by Zeyen et al. (2015) in modern microbialites from alkaline crater lakes, 60 

suggesting that biopolymers can influence ageing of minerals. Zeyen et al. (2015) left open the question if the 61 

process is driven by template, metabolic effect or a mixture of them. Nevertheless, a better understanding of the 62 

processes driving the formation of these Mg silicate biominerals can explain a missing link for microbialite 63 

formation. 64 

Podda et al. (2014) found that a cyanobacterium, identified by molecular biology as Leptolyngbya frigida, at Rio 65 

Naracauli (SW Sardinia, Italy) is able to produce an amorphous Zn silicate phase coating the cell wall of the 66 

cyanobacteria, likely due to a dominant extracellular mechanism (Wanty et al. 2013). High-quality Synchrotron 67 

radiation X-ray diffraction patterns of the Zn silicate (Medas et al. 2014b) are characterised by a broad halo, 68 

which indicates an amorphous-like phase. Zn K-edge X-ray Absorption Spectroscopy (XAS) analysis proved 69 

that this biomineral can be considered a precursor of hemimorphite (Zn4Si2O7(OH)2⋅H2O) that we describe as 70 

bio-hemimorphite. In this work, a deep understanding of the coordinative environment and chemical bonding of 71 

Si, Zn and C in this extracellularly biosynthesised Zn-rich phase is obtained by combining electron microscopy, 72 

Fourier Transform Infrared Spectroscopy (FTIR), (Nuclear Magnetic Resonance (NMR) and XAS techniques. 73 
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MATERIALS AND METHODS 74 

Samples for this study included natural biomineral samples from Rio Naracauli (labelled WM, ‘white mud’, 75 

because they were first described with this term; Fig. S1), as well as crystalline, supposedly abiotic, 76 

hemimorphite and hydrozincite (Zn5(CO3)2(OH)6) from San Giovanni Mine and Malfidano Mine, Sardinia 77 

(Italy), respectively. Biomineral samples were collected between summer 1995 and summer 2010. In a previous 78 

work (Medas et al. 2014b), we proved through X-ray diffraction analysis that bio-hemimorphite sampled along 79 

Rio Naracauli is mainly amorphous (representative X-ray diffraction patterns of the investigated samples are 80 

reported in Fig. S2), except for few weak diffraction peaks of quartz occurring as accessory mineral. XRD 81 

patterns of abiotic hemimorphite were also reported (SM, Fig. S2) for comparison (for further details, see Medas 82 

et al. 2014b; Podda et al. 2014; De Giudici et al. 2014b). 83 

Scanning Electron Microscopy (SEM) imaging and energy dispersive spectroscopy analysis were carried out 84 

using an environmental scanning electron microscope (ESEM QUANTA 200, FEI) and a field emission 85 

(Schottky thermal field emitter) SEM under high vacuum conditions. To obtain better quality images, samples 86 

were gold coated before observation using a SEM Coating Unit PS3 (Agar Aids for Electron Microscopy). 87 

Thin sections (90 nm) of the biomineral samples were cut with a diamond knife on ultramicrotome and collected 88 

on carbon-coated copper grids, which were dried at room temperature. For details on sample preparation, see 89 

Medas et al. 2014b. Sections were then analysed by bright-field Transmission Electron Microscopy (TEM) on a 90 

FEI Tecnai 12 TEM operating at an accelerating voltage of 120 kV. 91 

FTIR spectra were collected in the middle region from 400 cm−1 to 4000 cm−1 at a 4 cm−1 resolution over 64 92 

averaged scans using a Bruker Equinox 55 spectrophotometer. For FTIR analysis, 5 mg of solid sample was 93 

ground in an agate mortar with 30 mg of KBr and then pressed. 94 

Solid-state NMR spectra were collected using a Varian Unity Inova spectrometer with a 9.39 T wide-bore 95 

Oxford magnet. 29Si Magic Angle Spinning (MAS) experiments were performed at a 7 kHz spinning rate with a 96 

probe configured for 4 mm Si3N4 rotors. MAS experiments were run with a recycle time of 15 s, 2.5 s pulse 97 

length (7.5 s 90° pulse) that produced relaxed spectra and 50 kHz spectral window. 29Si Cross Polarization 98 

Magic Angle Spinning (CPMAS) spectra were collected with contact times of 2 and 4 ms and a recycle time of 4 99 
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s. 13C CPMAS spectra were collected with a recycle time of 4 s and contact time of 4 ms. 29Si and 13C chemical 100 

shifts were referenced to that of tetramethylsilane. The use of CPMAS provides spectra with a better signal-to-101 

noise ratio. The CPMAS NMR spectra should be effective for proton-rich components. A poorly protonated Si 102 

atom is normally affected by slow rates of cross polarisation from the few bonded or remote protons (Mehring 103 

1983; De Giudici et al 2009; Sanna et al. 2013). 104 

XAS experiments were conducted at the Zn K-edge (9659 eV) at the XAFS beamline, ELETTRA, Trieste 105 

(Italy). In addition to biomineral samples, crystalline abiotic hemimorphite was analysed as reference compound. 106 

Standard procedures (see Meneghini et al. 2012; Medas et al. 2014a and b for more details) were applied for 107 

XAS raw data treatment, normalisation and extraction of structural signal EXAFS (extended X-ray absorption 108 

fine structure) χ(k) using the ESTRA programme (Meneghini et al. 2012). The normalised spectra were analysed 109 

in the near-edge (XANES: near edge X-ray absorption fine structure) and extended (EXAFS) regions (see 110 

Supplementary Materials SM, section S1, for details about XAFS data analysis). 111 

RESULTS 112 

Microscopy, SEM and TEM analysis 113 

Fluorescent tracer observed with confocal microscopy imaging (Medas et al. 2012a) indicated that 114 

cyanobacterium L. frigida built hemimorphite-like biomineral sheaths during their life activity (Figs. 1a and b). 115 

SEM analysis revealed that the biomineral consisted of nanoparticles that precipitated both on bacterial filaments 116 

(Figs. 1c and d) and on polymeric substances secreted by bacteria (Fig. 1e). In detail, cross sections of 117 

mineralised bacterial filaments, which were investigated by low-resolution TEM (Fig. 1f), showed that these 118 

nanoparticles had a dimension ranging from few tens of nanometres to hundreds of nanometres. 119 

FTIR analysis 120 

The FTIR spectra of the samples WM9, WM13 and hemimorphite in the range 400–4000 cm−1 are shown in Fig. 121 

2. Biomineral spectra fit well with the frequency trends of hemimorphite (Frost et al. 2007). The existence of Zn-122 

O and Si-O bonds were confirmed, including the asymmetric stretching a(Si-O) at 1048 cm−1, s(Si-O) at 934–123 
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933 and 880–875 cm−1, Zn-O stretching vibration at 1437–1433 cm−1 and Zn-O bending vibration at 455–470 124 

cm−1 (Wilson 1994; da Fonseca et al. 2004). In the spectra of biomineral samples, the absence of the peak at 697 125 

cm−1, which was characteristic of crystalline hemimorphite and corresponded to the symmetric stretching 126 

vibration of Si-O bonding, further suggested that the samples presented an amorphous nature (Saikia et al. 2008; 127 

Ramasamy and Suresh 2009). This result was in agreement with the XRD patterns (Medas et al. 2014b). See 128 

SM, section S2, for additional details on FTIR analysis. 129 

 130 

29Si NMR analysis 131 

The 29Si MAS and CPMAS NMR spectra of the samples WM9 and WM13 are shown in Fig. 3. The 29Si MAS 132 

NMR spectra of both samples showed signals in the range from −65 ppm to - 90 ppm. Specifically, two resolved 133 

signals at −68.3 and −76.8 ppm, a shoulder at −85 ppm and a tail in the range −90 ppm to −100 ppm were more 134 

evident in WM13 than in WM9. 135 

The 29Si chemical shifts in Zn silicates depend mainly on the degree of condensation of the silicate tetrahedra 136 

and the number of Zn atoms in the first coordination sphere of Si (Stebbins et al. 1986; Kirkpatrick 1988). Si 137 

tetrahedra, Qn,, can share corners through oxygen bridges with n other Si atoms (n varies in the range 0–4). 138 

According to Lippmaa et al. (1980; see also Kohn 2006), increasing n corresponds to a more negative 29Si NMR 139 

chemical shift. The downfield resonance observed at −68.3 ppm fell in the chemical shift range characteristic of 140 

Q0 silicate units, whereas the signal at −76.8 ppm and the shoulder at −85 ppm fell in the chemical shift range 141 

characteristic of Q1-type silicate units (Lippmaa et al. 1980). In particular, the peak at −76.8 ppm fell close to the 142 

chemical shift (−77.9 ppm) assigned to Q1 silicate units of hemimorphite (Zn4Si2O7(OH)2·nH2O; Lippmaa et al. 143 

1980). This attribution was in agreement with the FTIR result. 144 

Figure 3 also shows the 29Si MAS NMR spectra obtained with cross polarisation (CPMAS) collected at a contact 145 

time of 4 ms (see SM, section S3, for details). The features of the 29Si CPMAS NMR spectra of the WM9 and 146 

WM13 samples were found to correspond to silica units, which bear protons in close proximity to Si atoms. 147 
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Therefore, the 29Si peaks observed at −68.6, −76.8 and −85 ppm were attributed to different condensation states 148 

of Si tetrahedra always having neighbouring hydrogen atoms. 149 

 150 

13C NMR analysis 151 

The CPMAS spectra of WM9 and WM13 samples collected at 1 ms contact time (Fig. 4) showed a large number 152 

of broad signals. The broad signals could be attributed to the presence of organic molecules. The O-alkyl region 153 

(50–110 ppm) included signals from methoxyl carbon (56 ppm), oxygen-substituted carbon, ring carbons in 154 

carbohydrates, carbons in ethers (65–95 ppm) and anomeric carbon in carbohydrates (105 ppm). The aromatic 155 

and substituted aromatic region (110–165 ppm) contained signals from aromatic carbon (110–145 ppm) and 156 

phenolic carbon (145–160 ppm). Signals from carboxylic, amide, ester carbon and carbonyl carbon in the 157 

peptide bond (160–190 ppm; Malcolm 1989) were also observed (Opella et al. 1987). 158 

XAS analysis 159 

Zn K-edge XAS data analysis was performed in the XANES and EXAFS regions, providing complementary 160 

details. Comparing the XANES region with reference spectra allows understanding of the Zn coordination 161 

chemistry of the samples. This technique is a powerful tool for natural materials, which are often characterised 162 

by complex multi-phase composition. EXAFS data analysis provides accurate structural details, such as the 163 

average coordination numbers and interatomic distances around Zn atoms. 164 

Figure 5 shows the Zn K near-edge normalised XAS spectra (XANES) of biomineral samples compared with the 165 

spectrum of hemimorphite reference compound. Biomineral sample spectra were all similar and depicted 166 

analogies (labelled A–D) with the spectrum of the hemimorphite reference sample, particularly the splitting of 167 

the white line peak A and the shape of the shoulder between A and B features. Such similarity was confirmed by 168 

examining the extended region (EXAFS) of the spectra (Figs. 6a and b). The EXAFS oscillations of biomineral 169 

and hemimorphite samples depicted the same frequency, but the biomineral samples showed less structured 170 

oscillations likely due to the larger structural disorder. This phenomenon caused lack of next neighbour shell 171 

signal, which was in accordance with the amorphous nature of the biomineral resulting from XRD analysis and 172 
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in agreement with previous findings (Medas et al 2014b). This trend was clearly recognisable in the moduli of 173 

Fourier transforms (Fig. 6b), in which the second shell features appeared definitively weaker in biomineral 174 

samples relative to the hemimorphite sample. 175 

 Medas et al. (2014b) previously suggested that the similarities between the Zn K-edge XANES spectra of the 176 

biominerals and that of hemimorphite (Fig. 5) indicate that the Zn biomineral is a low crystalline variety of this 177 

Zn silicate (bio-hemimorphite). In the previous work, EXAFS analysis demonstrated that the Zn local structure 178 

in biomineral samples is characterised by four oxygen shells at RZnO of 1.95 Å; a next neighbour shell made of 179 

Zn atoms was recognised at 3.3 Å with average multiplicity (CN) between 0.7 and 2. In this work, an additional 180 

statistically significant shell is recognised, namely, Zn-Si at 3 Å (see discussion in SM section S5 and Fig. S3). 181 

Figures 6a and b show the k-weighted Zn EXAFS spectra kχ(k) along with the best fit curves and the Fourier 182 

Transform (FT) moduli, respectively. The quantitative results of the reference compound and biomineral 183 

samples obtained from EXAFS data refinement are reported in Table 2. According to the previous work (Medas 184 

et al. 2014b), when refining the Zn EXAFS spectra of the biomineral samples, the ZnO coordination number 185 

should be fixed at 4 (accordingly to the hemimorphite model). The other parameters were allowed to vary for 186 

each shell. Biomineral samples consistently showed (Table 1) a first Zn-O shell at 1.95 Å and a second Zn-Si 187 

shell at 3.0 Å, with coordination number varying between 0.8 and 1.3 and a disorder factor (mean square relative 188 

displacement) 2 between 0.008 and 0.018 Å2. A third Zn-Zn shell was found at 3.3 Å with CN between 1 and 189 

1.8 and 2 between 0.010 and 0.013 Å2. Notably, the analysis of these data recognised the contribution of an 190 

additional coordination shell made by light elements (likely Si), with multiplicity around 1 (see SM, section S5 191 

and Fig. S3). This finding strengthens the similarity of local atomic structure (coordination chemistry and 192 

geometry) around Zn with that of hemimorphite mineral, and it was in agreement with previous results (Medas et 193 

al. 2014b). Adding further coordination shells and multiple scattering signals did not statistically improve the 194 

best fit. The weak differences with crystalline hemimorphite were reasonably due to the highly disordered nature 195 

of this bio-hemimorphite, in which the lack of long range order was evident in XRD patterns and by the absence 196 

of next neighbour shells in the EXAFS data (Fig. 6). 197 

 198 
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DISCUSSION 199 

Biosphere–geosphere interactions deeply affect the Si biogeochemical cycle. Cyanobacteria, diatoms and 200 

sponges contribute a significant fraction of silica in past and actual oceans and in sedimentary environments 201 

(Vrieling et al. 2003). Amorphous silica, poorly ordered clays and highly crystalline silicates, such as kaolinite 202 

and glauconite-like minerals, precipitate as a result of the interactions between binding sites within the bacterial 203 

cell walls and soluble metal species and silicate anions (Schultze-Lam et al. 1995; Ferris et al. 1986; Konhauser 204 

et al. 1993, 1994; Ferris et al. 1987; Fortin and Beveridge 1997). Fe phyllosilicates, which belong to the smectite 205 

group, can form in hydrothermal environments on the cell walls of bacteria (Fortin et al. 1998). Mg 206 

phyllosilicate biosynthesis in microbialites are importance also because they represent the EPS-rich matrix 207 

where Ca carbonates precipitate (Couradeau et al. 2011; Gérard et al. 2013; Zeyen et al. 2015 and references 208 

therein). Silica or other tectosilicates, such as zeolites (Caldelas and Weis, 2017; Valchev et al. 2003; Ma and 209 

Yamaji, 2008), and a hemimorphite-like phase (Medas et al. 2015) were found in roots and/or leaves of several 210 

plant species. 211 

How the silicic acid reaches its final site of deposition is still largely unknown and remains an active area of 212 

study across the globe (Belton et al. 2012). Evidence for transport of Si by biochemical transporters is available 213 

for three classes of studied silicified organisms (diatoms, sponges and higher plants). In this study, bio-214 

hemimorphite was investigated to gain insight into the mechanisms that cyanobacteria use to control the 215 

condensation of Si tetrahedra and biomineralization. Waters of Rio Naracauli are saturated with respect to 216 

hemimorphite (Saturation Index = 5.6±1.0, Podda et al. 2014) regardless of the season. Chemical parameters that 217 

can affect hemimorphite precipitation, such as Zn and Si concentrations (Zn 0.13 ± 0.03 mmol and Si 0.24 ± 218 

0.01 mmol) and pH (7.8 ± 0.1), do not vary significantly during the year. In contrast to the consequent 219 

thermodynamic prediction, Naracauli bio-hemimorphite precipitation is a seasonal process that only occurs 220 

during summer months when hydrological regime is stationary, allowing the predominance of oligotrophic 221 

cyanobacteria (Podda et al. 2014). During these periods, L. frigida blooms in Naracauli waters and rule 222 

hemimorphite formation, suggesting that formation of hemimorphite is kinetically controlled by either a template 223 

or a metabolic effect (Wanty et al. 2013). In this study, fluorescent tracer studies demonstrated (Figs. 1a and b) 224 
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that cyanobacterium L. frigida forms hemimorphite-like biomineral sheaths during its life activity. Hereafter, we 225 

discuss the mechanism of hemimorphite biosynthesis. 226 

Silicon coordination environment 227 

In this work, a Zn-Si shell was recognised around 3 Å. Moreover, 29Si CPMAS spectra were found to be 228 

independent of contact time at 2 and 4 ms, indicating that all the Si atoms had neighbouring hydrogen atoms. Q1 229 

dimers (Fig. 3) in WM biominerals resulted in two distinct 29Si chemical shifts: one at −76.8 ppm that 230 

corresponded to hemimorphite standard (Lippmaa et al. 1980) and another at −85 ppm. The double peak 231 

indicated a difference in the connectivity of SiO4 tetrahedra with neighbouring ZnO4 tetrahedra (Lippmaa et al. 232 

1980; Kohn 2004) and was attributed to Si2O7 dimers affected by some distortion. Thus, we interpreted that 233 

protonated Si2O7 dimers predominated in the Si coordination of our biogenic Zn silicate. In most studies on 234 

biogenic silica (Belton et al. 2012; Zeyen et al. 2015), the apparent condensation state was higher than that 235 

observed for Zn silicate in this study. However, there is little or no evidence for occurrences of biosynthesised 236 

nesosilicates. Sahai and Tossel (2001) reported that a low condensation state may be favoured by Si organic 237 

complexation. The observed 29Si shift at −85 ppm, characteristic of Q1-type silicate units, was close to the 238 

chemical shift assigned to different organic Si complexes (Table 2). Identifying the specific organic molecules 239 

listed in Table 2 among WM samples is challenging and needs additional work. We interpreted the observed 29Si 240 

shift at −85 ppm as a possible effect of biologically controlled transport of Si. The activity of Si organic 241 

complex(es) could be attributed to either template or metabolic effect. 242 

 243 

Organic matrix and biomineral formation 244 

On the basis of NMR sensitivity and Loss on Ignition (LOI) data (see Table S1), the amount of organic matter in 245 

bio-hemimorphite samples roughly corresponded to at least several units percent in weight. As the NMR 246 

sensitivity was around 1%, the amount of organic matter roughly varied from 1% in weight to a maximum of 247 

10%–13% based on LOI values. 13C NMR analysis revealed that carboxyl carbons and N-carboxyl carbons 248 

(carboxylic, amide and ester carbon) were the main organic species present in the organic template of the WM 249 
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samples. These species could be attributed to a wide range of biopolymers, such as exopolysaccharides and cell 250 

wall polysaccharides, recognised in L. frigida by Piro et al. (2005) (see also Podda et al. 2014). Alternatively, 251 

carboxyl carbons and N-carboxyl carbons could be attributed to other categories of biopolymers such as silaffins 252 

(Kröger et al. 2000; Sumper et al. 2005; Wendy 2015) and amides, which can be used for silica transport during 253 

biomineralization of diatoms and cyanobacteria (Incharoensakdi et al. 2010). 254 

The capability of organisms to make minerals depends on the macromolecular species comprised in the organic 255 

matrix; moreover, the specific macromolecular composition determines the position in three dimensions of ions 256 

(Mann 1983, 2001; Addadi et al. 1987; Aizenberg et al. 1999; Mann et al. 2000; Weiss et al. 2000; Weiner and 257 

Dove 2003; Gilbert et al. 2005; Sanna et al. 2015). According to Beveridge and Murray (1980), carboxyl groups 258 

of the organic matrix deprotonate under the observed pH conditions (pH 7.8 ± 0.1). Deprotonation leads to a 259 

negatively charged bacterial surface. Thus, biochemical conditions favour electrostatic interactions between the 260 

deprotonated surface sites on the biopolymers, which are often (exo)polysaccharides, and aqueous ions 261 

(Beveridge and Murray 1980, Fein et al. 1997; Fortin et al. 1998), such as Zn2+, as follows: 262 

𝑅 − 𝐶𝑂𝑂− +  𝑀𝑚+
 ↔  𝑅 − 𝐶𝑂𝑂(𝑀)(𝑚−1)+ 

where R is the deprotonated surface of the bacterium. Naracauli waters are always saturated with respect to 263 

hemimorphite (Podda et al. 2014). Therefore, deprotonation occurring due to metabolic functions had no 264 

apparent effect on pH bulk chemistry. However, Zn2+ ions accumulate at the biopolymer surface, reaching higher 265 

concentrations than in the surrounding bulk phase. Thus, deprotonation and Zn accumulation at the biopolymer 266 

surface could be the microscopic processes leading to hemimorphite formation. 267 

Waters in contact with L. frigida biofilm are undersaturated with respect to SiO2am (saturation index with respect 268 

to SiO2am ranging from −0.89 to −0.76). Experimental results (Yee et al. 2003) showed that the interaction 269 

between Si and cell surface functional groups is weak in solutions undersaturated with respect to amorphous 270 

silica (SiO2am), and minimal Si sorption onto cyanobacterial surfaces occurs. Under the observed chemical 271 

condition (slightly alkaline pH, undersaturation with respect to SiO2am), Si is stable in solution in the form of a 272 

neutrally charged complex H4SiO4
0 (Belton et al. 2012). Consequently, silicic acid may be adsorbed with the 273 

condensation between the silanol group (Si–OH) of dissolved silicic acid and positively charged Zn (Fortin et al. 274 
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1998) by forming a metal ion bridge. This bridge may lead to the formation of Si2O7H6 dimers, and their 275 

stabilisation may result in short-range-ordered domains with a hemimorphite-like structure (see Table 1). 276 

 277 

IMPLICATIONS 278 

The problem of silica condensation during biomineralization has been long debated. Previous studies often 279 

assumed the saturation of bulk fluid with respect to silica as the driving force for silica condensation. Carboxyl 280 

groups, components of many biopolymers, silaffins and complex biopolymers are involved in silica 281 

biomineralisation (Kröger et al. 2000; Grachev et al. 2005; Trembath-Reichert et al. 2015). The observed 282 

capability of L. frigida to control silica polymerisation provides pivotal insight into the understanding of 283 

strategies for silicate biomineralization mediated by bacteria in chemical conditions where the bulk fluid is 284 

undersaturated with respect to silica. 285 

During silica biomineralization, Ostwald ripening processes are likely to occur and eventually produce phases 286 

that can have a long lifetime in rocks and sediments (Belton et al. 2012). However, the amorphous and low 287 

condensation of silica biominerals whose particles are enveloped by organic molecules can undergo 288 

recrystallisation into more stable phases (Meldrun and Cölfen, 2007). Medas et al. (2017) conducted laboratory 289 

experiments and observed that Naracauli bio-hemimorphite undergoes a rapid aging process in which 290 

morphological and structural features, after two years of interaction with water, are overprinted due to Ostwald 291 

ripening process. Thus, the observed low crystallinity and presence of organic molecules can have implications 292 

on the reactivity and solubility of the biomineral, as well as the persistency of Si2O7 dimers over time. The 293 

structural factors (i.e. size of low crystalline/amorphous domains, surface energy, bond length, stability of the 294 

carboxylic glue) that control the reactivity of bio-hemimorphite remain unclear. Further studies are needed to 295 

shed light on the kinetics of bio-hemimorphite recrystallisation and its implications on biomineral persistency 296 

over geological time. 297 

 298 
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Figure 1. Microscopic features. (a) and (b): Confocal microscopy images and fluorescence marker (Medas et al., 2012, modified). 480 
Red is for cyanobacteria, whereas blue is for Zn matrix. (c) to (f): SEM and TEM images of WM samples. Nanoparticles of the 481 
biomineral on bacterial filaments (c and d) and on the polymeric substances secreted by bacteria (e) observed by SEM; 482 
nanoparticles around the bacterial filaments observed in cross sections by low-resolution TEM (f). 483 
 484 

Figure 2. FTIR spectra of WM9 and WM13 hemimorphite and hydrozincite samples (a and b). The enlargement at the bottom (a) 485 
better shows the region 1800-400 cm−1. 486 
 487 

Figure 3. 29Si MAS and 29Si/1H CPMAS spectra of WM9 and WM13 samples. The dotted line marks the position of the crystalline 488 
hemimorphite band (−77.9 from Lipmaa et al. 1980). 489 
 490 

Figure 4. 13C CPMAS NMR spectra of WM9 and WM13 samples. 491 
 492 

Figure 5. Normalised Zn K-edge absorption spectra (near edge region) of hemimorphite and biomineral samples, which were 493 
vertically shifted for the sake of clarity. The main features of hemimorphite spectra (A to D) can also be recognised in the 494 
biomineral sample, suggesting an analogous local structure. 495 
 496 

Figure 6. Experimental data (points) and best fits (full lines) (a) and Fourier Transforms (b) of EXAFS spectra of hemimorphite 497 
(Hemim) and biomineral samples (WM9-WM23), which were vertically shifted for the sake of clarity. 498 
 499 

 500 

 501 

 502 
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 504 
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 507 
 508 
 509 
 510 
 511 
 512 
 513 
Table 1. Mean values and standard deviations of the fit parameters for EXAFS analysis of hemimorphite and biomineral samples. 514 

 
CN R (Å) σ2(x103Å) ∆E (eV) R2 

WM9 
   

4.7(6) 0.01 

ZnO 4* 1.94(1) 5.4(3) 
  

ZnSi 1.3(1) 2.94(2) 18(2) 
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 515 

 516 
 517 
 518 
 519 
 520 
 521 
 522 
 523 
 524 
 525 
 526 
 527 
 528 
 529 
 530 
 531 
 532 
 533 
 534 
 535 
 536 
 537 
 538 
 539 
 540 

 541 
 542 
 543 
 544 
 545 
 546 

 547 

 548 

 549 

 550 

 551 

 552 

 553 

 554 

 555 

 556 

ZnZn 1.8(2) 3.30(2) 13(2) 
  

      
WM13 

   
5.5(5) 0.01 

ZnO 4* 1.95(1) 6.0(3) 
  

ZnSi 1.0(1) 2.99(2) 13(2) 
  

ZnZn 1.3(1) 3.32(2) 11(2) 
  

      
WM20 

   
5.0(5) 0.01 

ZnO 4* 1.95(1) 6.6(3) 
  

ZnSi 0.8(1) 3.03(2) 8.2(2) 
  

ZnZn 1.0(1) 3.33(2) 10(2) 
  

      
WM23 

   
5.7(7) 0.01 

ZnO 4* 1.95(1) 6.4(5) 
  

ZnSi 0.9(1) 3.00(2) 12(2) 
  

ZnZn 1.3(1) 3.32(2) 11(3) 
  

      
Hemim 

     
ZnO 4.0(4) 1.93(2) 4.1(6) 4.12(5) 0.02 
ZnSi 3.1(5) 3.24(3) 8.3(8) 

  
ZnZn 4.1(6) 3.40(3) 10(1) 

  
CN = coordination number; R = interatomic distance; σ2 = Debye-Waller; R2 = best fit 
factor; ΔE = edge energy shift. CN* for the first shell in the biomineral samples was 
fixed to 4. The number in brackets indicates the uncertainty on the last digit of the 
refined parameters. 
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Table 2. 29Si chemical shift for selected organic Si complexes. 557 
Organic Si complex Chemical shift (ppm) Reference 

(CH3)3SiCH(CH3)Cl −84.17 Scholl et al., 1972 

(C2H5)3Si(n-C4H9) −85.41 Scholl et al., 1972 

(CH2COOC2H5)(CH3)Si(C2H5)2 −85.6 Scholl et al., 1972 

(CH3)2(CH(CH3)Cl)SiC2H5 −86.02 Scholl et al., 1972 

(C2H5)3Si(s-C4H9) −86.66 Scholl et al., 1972 

   

C3H7F3OSSi −86.4 Pestunovich et al., 1985 

   

C25H23NO4Si −87 Tacke et al., 1991 

   

(C3H6O3)2Si ≈ −85a Sahai, 2004 

adata from graphic (Fig. 1 in Sahai, 2004).  
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