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Alkaline nitrogen thermal springs characterised by high temperatures and pH values are extreme
habitats in the Baikal area. Microbial mats are prokaryotic communities consisting of photosynthetic
cyanobacteria and a range of other aerobic and anaerobic microorganisms. X-ray diffractometry
(XRD) and scanning electron microscopy (SEM) were used to study the composition of minerals
formed in microbial communities in the outflows of the Baikal thermal springs. Among the minerals,
calcite, quartz and opal were identified. Deposits of iron sulphide (pyrite framboids), a product of the
metabolic activity of microorganisms, were found in hydrogen sulphide springs. The calcite crystals
had an ellipsoidal, faceted cubic or prismatic shape. Silica (opal) was deposited as a dense crust with
silicified filaments of cyanobacteria; siliceous formations of biogenic origin represented by siliceous
covers on the filaments of cyanobacteria and diatom frustules were observed. Microbial fouling and
mats serve as reaction surfaces for the nucleation of heterogeneous silica particles in the process
of amorphous silica and opal formation. Calcite is formed as a result of the metabolic activity of
organisms due to the appearance of local zones with high pH values and the formation of a glycocalyx
(exopolysaccharides), which absorbs calcium ions. Pyrite framboids grow on the surfaces of fragments
of diatom shells, and deposits of individual crystallites are also observed in the thickness or on the

surface of microbial mats.
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PoJib MUKPOOHOT0 c0001IECTBA B MUHEPAJI000Pa30BaHUHU
B TepMaJIbHbIX HcTOYHUKAX [Ipubdaiikanba
B.I'. bynaraesa, /I./l. bapxyToBa

Hncmumym obweti u sxcnepumenmanvrou ouonrocuu CO PAH
Poccus, 670047, Ynan-Y0s, yn. Caxvaunosoti, 6

L]enounvie azomuule 2udpomepmul, XapaKmepusylouuUecst 8blCOKUMU 3HAYEHUAMU MEMNePamypbl U
PpH, sensiiomes sxempemanohvimu mecmoobumanusmu Ha meppumopuu Ipubaiixanvs. Muxkpobuvie
Mamvl npedcmagisiiom coboi NPOKAPUOMHbLE COOOUECMEd, COCMOoAWUE U3 (POMOCUHMEIUPYIOUUX
yuanobaxmepuil, a Mmaxdice pasiudnblx A3PoOHbIX U AHAIPOOHBIX MUKpoopeanuzmos. C nomowsio
penmeenopazoeozo ananuza (PPA) u ckanupyiowei snexmponnoii mukpockonuu (COM) onpedenenul
MUHEPAbl 8 MUKPOOHBIX COOOUeCmBax Ha 8bIX00aX mepmaivHulx ucmounuxos Ipubaiikanvs. Cpedu
MUHEPATIO8 BbIAGIEHbl KALbYUM, Keapy U Onal. B cepo8000pOOHbIX UCMOYHUKAX OOHAPYICEHbI
omnodicenuss  cynvguoa cenesa  (ppamboudsl nupuma), obpazosasuiuecs 6 pesyromame
Memabonuyeckoil 0esimebHOCIU MUKPOOP2AHu3M08. Kpucmannel kanoyuma umenu s11uncoudaibyio
Gopmy, oepanennyro kKyouueckylo unu npuzmamudeckyio. Kpemnezem (onan) omuaeancs niomuou
KOPKOU ¢ OKpeMHeHUeM Humetl yuanoOakmepuil, 6bla61eHbl KPeMHUCTblE 00PA306aHUsL OUOLEHHO20
NPOUCXONHCOCHUST — KPEMHUCMble YeXJbl HA HUMAX Yuanobakmepuii u CmMeopKU OUAmoMOBbIX
6o0opociell. Mukpobuvie 00pacmanus u Mamol 6blCIYNAION 8 KAYeCMEe PeAKYUOHHbIX NOBEPXHOCMEL
OLsl HYyKIeayuu 2emepo2eHHblX KPEMHUESbIX 4acmuy npu 00paszoeanui amop@OHoco KpemHesema u
onana. Kanwyum ¢opmupyemcst ¢ pesyiomame memadoiudeckol akmusHOCmY OP2aHU3MO8 3d Cuem
00pa308anusi TOKAIbHBIX 30H ¢ 8bICOKUM PH u 0bpazosanus eiuxkoxaiuxca (IK30n0auUcaxapuoos),
noenowarowe2o UoHvl Kaavyus. Ppamboudvl nupuma «pacmymy HA NOBEPXHOCMU O0OJIOMKO8
nanyupel Ouamomo8blx 6000pOCiell, MAKICe BCIMPEUeHbl POCCHINU OMOEIbHbIX KPUCMAILIUNOE 8

moiye Mqu06H020 mama uiu Ha nOBEPXHOCMU.

Knrouesvie cnosa: mepmanvbHble UCMOYHUKU, MUKPOOHBIL Mam, MUHEpAI000pa308anue, MUKpoOoHo-
UHOYYUPOBAHNASL MUHEPAIU3AYUs, OUDpaxmozpamma, OUOKCUO KPEeMHUS, KpeMHe3eM, Kalbyum,

ATOMOCUTUKAMDL, PPAMOOUOATLHBLIL NUPUTN.

Introduction nitrogen and sulphur) as well as microorganism-

Microbial mats are considered to be the mineral interactions (precipitation/dissolving
of carbonates, silicates and oxides) (Dupraz,
2005).  Microbial

particularly microbial mats, have a unique ability

earliest ecosystems (Tice, Lowe, 2004; Noffke
et al., 2006). They are characterised by high
metabolic rates and the fast circulation of

Visscher, communities,

macroelements at a very small (mm-pm) scale to alter the balance between more reduced and

(Duprazetal.,2009). Dueto the high sustainability
of these ecosystems, microbial mats are used
as model systems in studies of microbial and

biogeochemical interactions (cycles of carbon,

more oxidised forms of carbon (organic matter
and CO,) (Tice, Lowe, 2004).
Cyanobacterial silicification is an important

geological process in modern geothermal habitats
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that might influence microbial fossilisation and
the formation of sedimentary rocks in hot springs
(Konhauser et al., 2001; Orange et al., 2013).

The process of microbial silicification has
been repeatedly observed in hot springs with high
concentrations of silicic acid solutions in various
regions of the world, including Kamchatka,
Kenia, New Zealand, and Yellowstone National
Park (USA) (Phoenix et al., 2000; Konhauser et
al., 2001; Yee et al., 2003).

Silica is present in organisms in the form
of the minerals opal, quartz, and cristobalite.
Silicate structures with precisely-controlled
morphologies are produced in large amounts by
unicellular organisms, such as diatoms (Perry,
2000).

minerals in living organisms are silicon oxides,

Keeling-Tucker, The most common
including their hydrated forms (opal), calcium
carbonates (vaterite, aragonite, and calcite), iron
oxides and hydroxides (including magnetite),
and different forms of apatite (Skinner, 2005).
Currently, solid evidence that microorganisms,
especially archaea and bacteria, play a large role
in geological processes has been accumulated
(Namsaraev et al., 2011).

Biomineralisation is the process of creating
biocomponents by microorganisms. Biologically
induced mineralisation 1is the precipitation of
minerals, which usually occurs extracellularly,
due to a change in physicochemical conditions
caused by Dbacterial metabolic activity.
Microbially induced mineralisation, a type of
biologically induced mineralisation, is entirely
the result of microbial metabolism (Franke,
Bazylinski, 2003; Weiner, Dove, 2003). For
instance, in the microbially induced -calcite
(CaCQO;) precipitation, some organisms can
excrete one or more metabolic products (CO,%)
reacting with (Ca?") ions in the environment
followed by mineral precipitation. Thus, bacteria
can cause CaCOs to precipitate extracellularly

in reactions related to the metabolic pathways

Whelan,

1997), ammonification, denitrification, sulphide

of photosynthesis (McConnaughey,

reduction (Hammes et al., 2003), anaerobic
sulphide oxidation and urea decomposition by
destructor bacteria (Chen et al., 2009; Wen et al.,
2004).

Calcium carbonate precipitation via urea
hydrolysis is the most common method of
microbially induced calcite precipitation (DeJong
et al., 2010; De Muynck et al., 2010). During this
process, bacteria use urea as a nitrogen and energy
source and hydrolyse it, producing ammonia and
some byproducts consisting of carbonates and
bicarbonates. This process increases the solution
alkalinity, which creates favourable conditions
for calcium carbonate precipitation (Chou et al.,
2011).

In nature, calcium carbonate exists in three
crystal polymorphic forms: calcite, aragonite
and vaterite. Calcite is the most common and
stable polymorphic form of calcium carbonate
that precipitates in bacterial communities
(Rodriguez-Navarro et al., 2012). The calcite
form is determined by both environmental
conditions and the species of microorganisms
in the community. Diverse bacterial species
provide for the precipitation of different
types of calcium carbonate forming mostly
spherical or polyhedral crystals (Canaveras et
al., 2001). In addition to cyanobacteria, some
genera of bacteria, namely, sulphate-reducing
microorganisms (Warthmann et al.,, 2000),
Myxococcus (Rodriguez-Navarro et al., 2012),
Halobacteria, and Pseudomonas (Jha et al.,
2009), have been described as being involved in
the formation of carbonate minerals.

Biologically controlled mineralisation is a
completely different process in which minerals are
formed intracellularly, and cells are completely
in control of each step: nucleation, growth,
morphology and placement of minerals. Thus,

exo- and endoskeletons of animals (Mollusca,
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Echinodermata, Mammalia) are formed (Weiner,
Dove, 2003).

In biologically induced mineralisation,
external factors of the environment (physical
and chemical), but not microbial activities, are
responsible for the creation of conditions (e.g.,
high alkalinity) needed for mineral precipitation.
However, the organic matrix takes part in
biologically induced precipitation and influences
the morphology and content of the crystals due
to the interaction between the emerging mineral
and the organic matter, which serves as a matrix
for precipitation.

The ability of bacteria to synthesize their
own geological and biological substrates with
microbially induced mineralisation and the
utilisation of metabolites enables such systems to
adapt to a wide range of ecological conditions that
have changed over the course of Earth’s history.

The main objective of the research was
to study the minerals in microbial mats from
thermal springs of the Baikal area by X-ray
diffractometry (XRD) and scanning electron

microscopy (SEM).

Materials and methods

The study sites were the Alla, Garga,
Seyuyskiy, Umhei and Kuchiger thermal springs
located in the Kurumkanskiy and Barguzinskiy
Districts in the Republic of Buryatiya.

Alla spring (N 54°41°735”” E 110°44°710) is
located in the Kurumkanskiy District at 706 m
above sea level at the foot of the Barguzinskiy
ridge in the valley of the River Alla, where it exits
the mountains.

Garga thermal spring (N 54°19°203” E
110°59°646”") is located in the valley of the River
Garga, where it exits the Ikat mountain ridge.

Umbhei thermal spring (N 54°59°253” E
111°07°152"’) is located in the northern part of the
Barguzin depression, 100 km from the district

centre. The spring issues on an island with an area

of approximately 8 ha formed by the Barguzin
River at the junction of two mountain ridges, the
Barguzinskiy and the Ikat.

Kuchiger spring (N 54°52°934” E
111°00°050”") is located in the Kurumkanskiy
District at 570 m above sea level on the north-
western side of the Barguzinskiy ridge.

The thermal spring Seyuyskiy (N 54°50°142”’
E 111°18°099) is located at 572 m above sea level
in the Kurumkanskiy District, 80 km from the
village of Krumkan, in the mouth of the Jirga
River on the right bank of the Seyuya River.

Samples of water and microbial mats for the
study were collected in the summer and autumn
period from 2013 to 2015. Samples were placed
in sterile glassware. To study the deposition of
minerals, microbial mats were packed in order to
preserve the mat structure. Later, under laboratory
conditions, mats were separated into layers, dried
at room temperature and stored at +4°C.

The temperature, pH, oxidation-reduction
potential (Eh), and TDS (total amount of dissolved
substances) were measured at the sampling
points. The temperature was measured with a
Prima sensor electrothermometer (Portugal),
and pH and Eh were measured using a portable
pH / ORP meter (HANNA, Romania). The total
amount of dissolved substances was determined
TDS-Meter Hi96301 (HANNA,
Bangladesh). The study of the minerals in the

using a

microbial mats was carried out using a Hitachi
TM 1000 scanning electron microscope (Japan)
with an X-ray spectral analyser SwiftED-TM
EDX. Dried samples were thoroughly ground in
agate mortars. Samples of approximately 1 g were
placed in a cuvette, and the diffractograms were
taken. The mineral composition of the samples
was determined by X-ray diffraction analysis on a
diffractometer D-8 Advance from BRUKER AXS
(CuK,-radiation, graphite monochromator). The
reflection intensities were estimated by the height

of the peaks in the diffractograms. The silicon
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content was determined spectrophotometrically.
The method is based on the reaction of the
formation of the yellow molybdenum complex,
its reduction and measurement of the optical
density of the blue reduced silica-molybdenum
complex. The optical density was measured with
a CECIL-1021 spectrophotometer (UK).

Results

Low-mineralised (140-1000 mg/dm?) thermal
waters (38-74 °C) are common in the Baikal area.
The water of these springs is alkaline, with a
sulphate sodium or sulphate-hydrocarbonate
sodium composition (Borisenko, Zamana, 1978).
The pH varied from 9.0 to 10.0. High values (pH
9.9-10.0) were observed in the water of Seyuya
and Kuchiger springs. An average alkaline
reaction (pH 9.0-9.5) was seen in Alla, Umbhei
and Garga springs. The water temperature at the
outflows of the hot springs varied widely. The
maximum temperatures (65-73°C) were recorded
in the water of Alla and Garga springs. The water
temperatures of Seyuy, Umbhei, and Kuchiger
thermal springs reached 53°C, 49°C and 38°C,
respectively. The oxidation-reduction potential
values varied from -380 to +55 mV. Oxidised
conditions were observed in the waters of Garga
thermal spring. The other hydrothermal springs
were characterised by the reduced conditions of
hydrothermal waters, which are favourable for
anaerobic microbial communities.

In the outflow area and warm streams of the
thermal springs, microbial mats of different types
developed: cyanobacterial with a predominance
of cyanobacteria, cyanobacterial in association
with eubacteria, and sulphuric mats. Mat-forming
species of cyanobacteria in the examined thermal
springs were from the Gloeocapsa, Leptolyngbia,
Phormidium and Synechococcus genera. In the
thermal spring of Alla, we additionally discovered
Microcystis species, in Umhei thermal spring,

Oscillatoria, Spirulina and Synechocystis were

observed, and in Garga thermal spring, Anabaena
were found (Namsaraev et al., 2006; Shargaeva et
al., 2013).

The primary destruction of organic matter
occurs with the participation of hydrolytic aerobic
and anaerobic bacteria; the abundance of these
bacteria reached 10-10° cells/ml. Aerobic and
anaerobic proteolytic, cellulolytic and saprophyte
bacteria were observed in all the examined
samples. The maximum counts for aerobic
proteolytic bacteria and anaerobic bacteria were
10° cells/ml and 10° cells/ml, respectively. The
counts for anaerobic cellulolytic bacteria reached
102-10° cells/ml, and the counts reached 10-10?
for aerobic bacteria (Namsaraev et al., 2011).
The terminal processes of the decomposition
of organic matter are performed by secondary
These

bacteria (SRB), which carry out the dissimilative

anaerobes. include sulphate-reducing
reduction of sulphates to hydrogen sulphide.
The abundance of SRB in the examined springs
reached a maximum value of 10°-107 cells/ml of
silt when lactate was used as a source of carbon.
High numbers of CRP growing both on lactate
and on acetate (107 cells/ml) were detected in the
bottom sediments of Kuchiger thermal springs.
The number of sulphate-reducers growing on
lactate was higher than the number growing on
acetate in the thermal springs of Seyuya and Alla
(Kalashnikov et al., 2010).

Minerals precipitating in hot springs were
studied with X-ray phase analysis and scanning
electron microscopy.

Based on the results of X-ray phase analysis
(XRD), carbonate minerals (calcite and aragonite)
and silicate minerals (cristobalite and quartz)
were found in the microbial mats of the springs.

Calcite deposition was detected in the
microbial communities of the springs of Alla and
Garga.

The analysis of the diffractograms showed
that calcite (syn CaCOs) and beta calcite CaCOs
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precipitated in the microbial community of
Alla thermal spring (Fig. 1). Crystals of calcite
were either well-faceted (cubic or prismatic) or
ellipsoidal (Fig. 2).

Deposits of calcite and silica (opal) were
identified in the microbial mat of Garga spring
(Fig. 3). The calcite crystals had an oval shape
with cyanobacterial filament impressions. Silica
(opal) was deposited as a dense crust with
silicified filaments of cyanobacteria (Fig. 4).

A distinctive feature of nitrogen hot springs
is the presence of silicic acid. In the examined
thermal springs, the totalamount of silicon reached
120 mg/L (Alla). Lower silicon concentrations
were recorded in Garga (69 mg/L) and Seyuya
(64 mg/L) thermal springs, while the silicon
content of the Umhei water was 86 mg/L. The
microbial mats of the examined thermal springs
contained siliceous formations of biogenic origin
in the form of siliceous covers on cyanobacteria

filaments and the valves of diatom algae (Fig. 5).
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Deposition of silica was observed in the microbial
mats of the springs of Garga, Seyuya and Umbhei.
Silicification of cyanobacterial capsules occurred
in those springs, forming dense continuous layers
of silica (geyserite) (Fig. 6). Thus, according to
XRD data, in Umhei and Seyuya hydrothermal
springs, which outflow in the northern part of
the Barguzin depression and form a lake, silicon
dioxide precipitated in different modifications:
quartz, B-quartz, and cristobalite (SiO,) (Fig. 7).
The formation of iron sulphide was observed
in the microbial communities of the hydrogen
sulphide springs Umhei and Kuchiger (Fig. 8). The
study of sulphate-reducing bacteria in the springs
of the Baikal region showed that these bacteria
are common there. Their abundance reached 10*
cells/ml (Namsaraev et al., 2011). The activity
of sulphate-reducing bacteria is closely related
to the redox characteristics of the environment,
the presence of readily-decomposable organic

substances and the influx of significant amounts
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m Calcite, syn — CaCOs; m Anorthite — ordered — CaAl,Si,0y; ¢ Calcite — beta-CaCO;; A Sodium Aluminium

Silicate — Nal.82A12S1570107.91

Fig. 1. Diffractogram of a microbial mat sample from Alla spring
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a TM-1000_3533 2013.11.14 L D7.0 x500 200um b TM-1000_3527 2013.11.14 L D69 x1.5k 50 um

TM-1000_3531 2013.11.14 L D71 x15k  50um

TM-1000_3534 2013.11.14 L D7.0 x3.0k 30um

Fig. 2. Calcite minerals formed in the microbial mat of Alla spring: Photo: scanning microscope, scale bars = 30-
200 pm

a — ellipsoidal crystals of calcite; b — minerals of irregular shape; c, d — faceted crystals

e R e

2013.11.06 L D45 x120 500 um

C
Fig. 3. Thermal spring Garga: Photo: scanning microscope, scale bar = 500 pm

a — general view; b — minerals formed in a microbial mat; ¢ — sample of a microbial mat; d — calcite grains
entangled with cyanobacterial filaments



TM-1000_3412 2013.11.06 L D46 x1.0k 100 um TM-1000_3361 2013.11.01 L D36 x15k  50um

c TM-1000_6916 2017.10.16 L D29 x1.5k 50 um

Fig. 4. Deposits of calcite and opal in the cyanobacterial mat of Garga spring: Photo: scanning microscope, scale
bars = 50-100 um

a, b — calcite grains with slots from cyanobacterial filaments; ¢ — dense layer of opal
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Fig. 5. Minerals formed in a cyanobacterial mat: Photo: scanning microscope, scale bar = 50 pm

a — Seyuya: amorphous silica in a mat; b — Umbhei: diatom frustules; ¢ — chemical composition
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Fig. 6. Silicification in a cyanobacterial mat from the examined springs: Photo: scanning microscope, scale
bars = 30-50 um
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Fig. 7. Diffractogram of an Umhei microbial mat
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Fig. 8. Pyrite framboid deposits: Photo: scanning microscope, (a) scale bar = 10 pm; (b) scale bar = 30 um

a — Kuchiger microbial mat; b — chemical composition; ¢ — Umhei mat; d — chemical composition

of sulphates (Kalashnikov et al, 2010). In
microscopic studies, pyrite framboids were found
inside the microbial mats or on its surface. Fig. 9

bl

illustrates that pyrite framboids “grow” on the
surface of diatom shell debris or occur separately

as individual crystallites.

Discussion

Microorganisms are known to facilitate
calcite precipitation (Wei et al.,, 2015). The
conditions determining calcium carbonate
formation are the presence of cyanobacteria,
which can increase the pH of the environment, and
a sufficient amount of Ca®* ions. It was established
that the amount of calcium in the microbial
communities of the Baikal rift zone depends on
the formation of calcite in microbial mats, which
occurs when the concentration of calcium exceeds

10 mg/L (Lazareva et al., 2010). The water from

Umbhei and Seyuyskiy springs contained no more
than 8 mg/L, Ca*", whereas the water from Garga
and Alla contained 23 and 31 mg/L, respectively.
Calcium carbonate precipitation can be accounted
for by the increased influx of mineralised water
and the abrupt change of pH in the photosynthesis
zone due to the removal of CO, in shallow waters,
where water exchange is slow, and fast utilization
of dissolved bicarbonate upsets the equilibrium.
The most favourable conditions for this process are
under the layer of actively growing cyanobacteria
caused by the emerging local high pH zones and
the influx of solution carrying Ca** and CO; from
below (Namsaraev et al., 2011). In this way, the
metabolic activity of microorganisms creates
microenvironments where calcite precipitation
occurs.

A microbial community may serve as

a substrate for physicochemical carbonate
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TM-1000_6297
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Fig. 9. Pyrite deposits in examined springs: Photo: scanning microscope, scale bars = 10-50 um

a — pyrite framboid in the spring Kuchiger; b, ¢ — deposits of individual pyrite crystallites, Umhei

precipitation, which is why it can have a crucial
effect on the mineral product. In this case,
precipitating particles adhere to a microbial mat or
biofilm, exocellular polymers continually absorb
Ca?" ions, and carbonate crystals form on the
surface of the biofilm, resulting in calcification.
The
carbonate in microbial mats can be described

initial  precipitation of calcium
as occurring in the following stages: 1) a local
increase in alkalinity and the formation of the
foci of supersaturation in the microdomains of the
exopolysaccharide (EPS) matrix; 2) the formation
of amorphous calcite gel; 3) the formation of
nanospheres from a mixture of amorphous calcite
and acid macromolecules of EPS; and 4) carbonate
crystallisation around these nanospheres as
nucleation centres (Zavarzin, 2002).

Silicates and aluminosilicates are the most

widely distributed classes of minerals in nature,

accounting for approximately 75% of the mass
of the Earth’s crust. Many silicates are the rock-
forming minerals of magmatic and metamorphic
rocks. The presence of high-temperature silicates
(kyanite, albite, anorthite and orthoclase) in a
microbial community is apparently associated
with their ingress from geological depositions
in the location of springs. They are formed as a
result of the metamorphism of sedimentary strata
saturated with alumina when they are exposed to
high temperature, high pressure and various gas
and water solutions. This illustrates the role of
the microbial community in the deposits of the
silicon oxides quartz and opal.

Silicic acid in solution exists in the form of
dissociated and molecular orthosilicic acid and
Si0, molecules; this form depends on the pH
value, silica concentration, and the ratio of the

alkali metal and silicon. Silicic acid comes from
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silicates, primarily feldspars; their solubility
and dissociation into orthosilicic acid ions
increases with increasing temperature and pH >9
(Borisenko, Zamana, 1978).

In the hot water of thermal springs, the
stability of silicates decreases, which contributes
to the increase in the solubility of silica. With
the gradual cooling of outflowing water and the
decrease in the pH, the excess silicic acid remains
suspended in the form of a colloid and generally
does not precipitate. Therefore, precipitation of
silica occurs during the evaporation and cooling
of the solution (Namsaraev et al., 2007). In the
dried areas along the thermal stream bed, layered
mucous films of cyanobacteria are formed that
are partially or completely mineralised to form
opal.

Initially, opal begins to precipitate in the
form of islands with a diameter of 0.1-3 pm.
Then, the islands merge and form thin opal crusts
that then thicken and replace the cell walls. The
death of cells and the beginning of lysis aid in
the penetration of silica into the cells and leads
to their complete silicification. During rapid
silicification, microfossils fully retain their
volume and are not subject to further diagenetic
changes. Inputs of new portions of silica trigger
chemogenic precipitation of opal globules both
outside and inside the cyanobacterial filaments
and in the spaces between them. As a result,
solid silica (geyserite) is formed (Astafieva et al.,
2011).

Nevertheless, the role of the microbial
community in the formation of silicate minerals
remains largelyunclear. Itisbelieved thatmicrobial
fouling and mats function as nucleation centres
for the formation of silicate minerals, and then an
autocatalytic process of mineral formation occurs
(Inagaki et al., 2003). Recent studies have shown
that the role of the microbial community in the
formation of geyserites can be more considerable

than previously thought. A culture of Thermus sp.

precipitated silica during the exponential growth
phase, and the cells simultaneously synthesised a
protein (Sip-silica-induced protein) that appeared
only in the presence of colloidal silicon. The
function of this protein is still unknown. It was
suggested that silicon deposition is necessary to
anchor cells on the surface of the substrate in a
water flow (Inagaki et al., 2003).

Previously, laboratory studies showed that
aqueous silica is heterogeneously deposited on
organic surfaces by hydrogen bonding or by
sorption of negatively charged silicon ions by
positively charged functional groups (Urrutia,
Beveridge, 1993). In contrast, the experimental
results of Heaney and Yates (1998) showed that in
saturated solutions, amorphous silica precipitated
homogeneously and occurred as a polymer/
colloidal fraction of silicon dioxide deposited
on organic surfaces. Similarly, Walter et al.
(1972) suggested that precipitation of silica in hot
springs is an inorganic process controlled by rapid
cooling and evaporation of water after exiting the
well and is independent of microorganisms.

Previous studies have also shown that the
association of silicate minerals and bacterial
surfaces is not caused by the direct interactions
of silicon and bacteria. The results show that
in supersaturated silicon dioxide solutions,
microorganisms act as passive surfaces, and
bacterial silicification is largely controlled by
inorganic processes. It is shown that silicates
are intensively formed in close contact with
microorganisms in the environments of hot
springs. Although microbial surfaces do not
directly form silicon dioxide, they can play an
important role in the aggregation of polymeric
silicon dioxide and the precipitation of silica
colloids (Yee et al., 2003). Silicon dioxide is
formed as a result of a two-step reaction. First,
silicic acid is formed by hydrolysis followed
by condensation of tetramethyl orthosilicate Si
(OMe), (Me = CHy).
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These due to both

the mechanisms of active sorption and the

processes occur
accumulation of silicon dioxide on the surface of
the cell wall, which can be concluded from the
presence of bacterial cells with a dense multilayer
capsule and cells having a cover from nanomineral
particles. Biomineralisation occurs in water
with a neutral pH and an ambient temperature.
In some cases, bacterial exopolysaccharides
can serve as a matrix for the nucleation of
(Ueshima,

2001). The concentration of silica dissolved in

aluminosilicate minerals Tazaki,
seawater (a few mg/L) is too low for condensation.
In the case of diatom algae, silica forms within
“silicon sedimentary vesicles”, where its content
is controlled by proteins and polysaccharides
(Yee et al., 2003). The degree of cyanobacterial
silicification was determined by the concentration
of silicon in the solution and the duration of the
incubation. At the same time, the concentration
of silicon is a more important mineralisation
factor than the exposure time. Cyanobacteria are
able to take an active part in precipitating silicon
from solution by forming a thick glycocalyx that
adsorbs silicon from the medium (Astafieva et al.,
2011). Microorganisms act as reaction surfaces for
the nucleation of heterogeneous silicon particles.
Depending on the initial silica concentration,
either porous precipitates, including a mixture of
silicified and unmineralised cells, or precipitates
having a denser structure with cells fossilised
under a dense crust of silica were formed (Orange
et al., 2013).

In the springs of Umhei and Kuchiger,
precipitation of iron sulphide (pyrite) was
observed. The presence of hydrogen sulphide
(up to 31 mg/L) in the springs was caused,
among other factors, by the activity of sulphate-
reducing bacteria that restore sulphates using
organic matter as an energy material. In natural
environments, pyrite is often formed at the sites

of organic decomposition resulting from bacterial

sulphate reduction (Astafieva et al., 2005). Such
pyrite framboids appear on Earth in the case of
transformation of organic matter under anoxic
conditions in the presence of sulfate-reducing
bacteria. The claim of the biogenic origin of
pyrite framboids is supported by their presence
in living algobacterial mats in the hot springs on
Kunashir Island (Fedorova et al., 1988).

Conclusion

The study of minerals of microbial mats in
thermal springs of the Baikal rift zone showed
that the microbial community in these springs
participates in the formation of calcite, amorphous
silica and opal. The formation of siliceous deposits
can occur both extracellularly and intracellularly,
which that
only be bioinduced but also be biocontrolled
2011).

directly participate in the precipitation of calcite

indicates silicification can not

(Gerasimenko et al., Cyanobacteria
by creating microzones with a high pH and in
the formation of a glycocalyx, which absorbs
Ca?" ions. Bacterial exopolysaccharides can
serve as a matrix for the nucleation of silicon
from a solution. Deposits of iron sulphide (pyrite
framboids) formed as a result of the metabolic
activity of microorganisms are found in hydrogen

sulphide springs.
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