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Abstract: The present work contributes to the essential questions on calcium oxalate formation under
the influence of lithobiont community organisms. We have discovered calcium oxalates in lichen thalli
on surfaces of apatite-nepheline rocks of southeastern and southwestern titanite-apatite ore fields of
the Khibiny peralkaline massif (Kola Peninsula, NW Russia) for the first time; investigated biofilm
calcium oxalates with different methods (X-ray powder diffraction, scanning electron microscopy,
and EDX analysis) and discussed morphogenetic patterns of its formation using results of model
experiments. The influence of inorganic and organic components of the crystallization medium on
the phase composition and morphology of oxalates has been analyzed. It was shown that, among
the complex of factors controlling the patterns of biogenic oxalate formation, one of the main roles
belongs to the metabolic activity of the lithobiont community organisms, which differs significantly
from the activity of its individuals.

Keywords: microbial biomineralization; calcium oxalates; lichens; apatite-nepheline ore; X-ray
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1. Introduction

Crystalline salts of oxalic acid, in particular calcium oxalate monohydrate (whewellite,
Ca(Cy04)-Hy0) and calcium oxalate dihydrate (weddellite, Ca(Cy04)-(2.5-x)H;0), are the most
common mineral phases forming in the presence of lichens and microscopic fungi. These minerals
are often found in thalli of crustose and foliose lichens growing on the surface of carbonate rocks,
such as marble, limestone, and dolomite (Table 1). Moreover, they were found on the surface of
calcium-containing silicate rocks: granite, serpentinite, gabbro, etc. (Table 1). It is known according to
the results of model experiments that crystallization of oxalates on the surface of minerals in rocks can
occur under the influence of microscopic fungi metabolites involved in the formation of biofilms along
with lichens [1-5].

Lichens living on carbonate or silicate rocks, in which calcium oxalates were found, can be
both epilithic and endolithic. According to the structure of the thallus, they are mainly crustose,
but foliose species are also found. Usually, authors make a conclusion about the release of oxalic
acid by the mycobiont of lichens according to the presence of oxalates in their thalli [6-8]. Therefore,
the determination of the lichen species in which whewellite and/or weddellite are found is an important
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task, and its solution in the future could allow for the identification of typomorphic signs of biofouling
associated with the oxalate formation.

Table 1. Lichen species on the surface of various rocks in which calcium oxalates (whewellite, weddellite)
were found (literature data).

Bedrock Lichen Types References

Circinaria calcarea (Aspicilia calcarea),
Circinaria hoffmanniana (A. Hoffmanniana),
Circinaria contorta (A. Hoffmannii),
Lobothallia radiosa (A radiosa)
Bagliettoa parmigera
B. parmigerella,
Botryolepraria lesdanii
Diplotomma epipolium (Buellia epipolia)
Variospora aurantia (Caloplaca aurantia, C.
callopisma),

Variospora dolomiticola (C. dolomiticola),
Variospora flavescens (C. flavescens, C. heppiana)
Caloplaca lactea, C. ochracea,
Squamulea subsoluta (C. subsoluta)
Caloplaca teicholyta
Candelariella medians

Carbonate rocks: Clauzadea immerse
limestone (caliche, calcarenite), Diplocia canescens [6,5-14]
marble, dolostone (dolomite), Diploschistes diacapsis, !
calcite enriched schist-greywacke Xalocoa ocellata (D. ocellatus)
Myriolecis pruinosa (Lecanora pruinosa)
Circinaria calcarea (L. calcarea)
Myriolecis crenulata (L. crenulata)
Protoparmeliopsis muralis (L. muralis)
L. pseudistera
Peltula euploca
Physcia adscendens, Ph. Caesia
Psora testacea (Protoblastenia testacea)
P. incrustans,
P. rupestris
Rhizocarpon umbilicatum
Sarcogyne regularis, S. pruinosa
Squamarina oleosa
Verrucaria hochstetteri, V. marmorea,
V. muralis, V. nigrescens, V. rubrocincta
Xanthoria parietina
Silicate rocks:
basalt, Fuscidea cyathoides
serpentinite, Tephromela atra (Lecanora atra)
gabbro, Ochrolechia parella, O. tartarea [7,15-18]
dolerite (diabase), Ophioparma ventosa
granite, Pertusaria corallina
sandstone
Other rocks: Acarospora rugulosa *
copper sulphide-bearing rocks and Lecidea lacteal * [19,20]
its weathering products L. inops *

* Copper oxalate, moolooite was found together with calcium oxalates. ( )—in parentheses are the old names of
lichen species

In this paper, we describe calcium oxalates that were found for the first time in lichen thalli on
surfaces of apatite-nepheline rocks of southeastern and southwestern titanite-apatite ore fields of the
Khibiny peralkaline massif (Kola Peninsula, NW Russia). The main species involved in biofouling and
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bearing oxalate crystals are characterized. Morphogenetic patterns of calcium oxalates formation are
discussed using the results of model experiments.

2. Materials and Methods

2.1. Sample Materials and Acquisition

Fragments of rocks with biofilms that contain crustose lichens were collected during the 2018 field
season from the surface of apatite-nepheline ore blocks from the dumps of Khibiny peralkaline massif
(Sample 1, Figure 1a) and at the “Rock Garden” of the Kola Science Centre (Sample 2, Figure 1b).

(@) (b)

Figure 1. Apatite-nepheline ore blocks with biofilms that contain crustose lichens: Sample 1 is from
the dumps of Khibiny peralkaline massif (a). Sample 2 is from the “Rock Garden” of the Kola Science
Centre, 24a Fersmana str., Apatity, Murmansk region (b).

2.2. Model Experiments

Model experiments on the crystallization of calcium oxalates on the surface of apatite ore were
carried out in a liquid nutrient medium with the participation of the microscopic fungus Aspergillus
niger. For the experiment, a fragment of a fluorapatite-enriched rock without biofilm was taken from a
stone block from the dumps of Khibiny peralkaline massif. Sample 1 containing biofilm was taken
from the same stone block. A model experiment using fluorapatite rock from the “Rock Garden”
was not carried out. Firstly, because this rock sample was close in its mineralogical and petrographic
characteristics to rock sample from the dumps and, secondly, because its size was too small.

Aspergillus niger fungus was chosen because it is an active producer of organic acids, including
oxalic acid [21,22]. For instance, Aspergillus niger (strain Ch4/07) was isolated from the damaged surface
of Proconesos marble (Chersonesos, Crimea). Characterization of the strain was performed in the
Research Center “Genomic technologies and cellular biology” of the All-Russian Research Institute of
Agricultural Microbiology. The species identification of the strain was based on the sequence of the
ITS region of rDNA (GenBank accession no. KF768341).

The experiments were carried out at room temperature (20-25 °C) in a liquid Capek-Dox medium
(g/L: NaNO3—2.0; KHpPO4—1.0; MgSO4-7H,0—0.5; KCI—0.5 FeSO4-7H,0—0.01; and glucose—30.0 g/L).
The initial pH of the medium was 5.5. Fragments of apatite-nepheline rock (fragment sizes ~5 X 5 mm)
were placed on the bottom of a Petri dishes, and 15 mL of liquid Capek-Dox medium was added so
that their surface was completely covered. Inoculation was performed with conidia of a microscopic
fungus of a 10-day culture grown on a solid nutrient medium of Capek-Dox. The cultivation time
ranged from 2 to 15 days, and the experiments were performed in triplicate with constant monitoring
of the medium pH. The pH values during the experiment were evaluated using pH-meter Checker 1
(HI 98103). Initial pH value of the Capek-Dox medium was 5.5.
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Crystals formed on the surface of bedrock with fungal mycelium were investigated by
complex methods.

2.3. Optical Microscopy

The method was used to check for any contamination of biofilms (bird’s guano, pieces of concrete,
dust, etc.), to study the petrographic features and mineral composition of bedrocks, and to identify
microorganisms of the studied biofilms. Thin sections of the bedrock samples were studied under
a petrographic microscope (Leica DM4500P) using polarized light. Lichen thalli and microscopic
fungus cultures samples were examined using a MZ16 Leica stereo microscope and Leica DM300
LED microscope. The identification of lichens under the microscope was carried out on the basis
of the laboratory of flora of the Polar Alpine Botanical Garden-Institute (PABGI), the Kola Science
Centre (KSC) of the Russian Academy of Sciences (RAS) and the laboratory of terrestrial ecosystems
of the Institute of North Industrial Ecology Problems (INEP), the Kola Science Centre (KSC) of the
Russian Academy of Sciences (RAS). The following guidebooks and monographs were used [23,24].
The remaining samples not destroyed by the analyses were transferred to INEP, KPABG, and LECB
collections—you can track the status and current location of the samples on the lichen page of CRIS IP
Database [25]. Modern taxonomy of lichens is given by Indexfungorum.org [26], Mycobank.org [27],
and Santesson’s Checklist of Fennoscandian Lichen-forming and Lichenicolous Fungi [28].

Micromycetes from biofilms were identified after isolation to the nutrient media in accordance
with guidebooks and monographs [29,30]. Modern taxonomy of microscopic fungi is given by
Indexfungorum.org [26].

2.4. X-Ray Powder Diffraction (XRD)

This method was used to refine the mineral composition of the bedrock and to determine the
phase composition of crystals in biofilms and in the model experiments products. The measurements
were performed using a Rigaku “MiniFlex II” powder diffractometer (CuK« radiation, A = 1.54178 A;
30 kV/15 mA; D-Tex Ultra detector). X-ray diffraction patterns were collected at room temperature
in the range of 3-60° 26 with a step of 0.02° 26. Phase identification was carried out using the ICDD
PDEF-2 Database (release 2016).

2.5. Scanning Electron Microscopy (SEM) and Energy-Dispersive X-Ray Spectroscopy (EDX)

These methods were used to study the morphological features of calcium oxalate crystals found
in biofilms and obtained during synthetic experiments. The refinement of the identification of calcium
oxalates (monoclinic whewellite and tetrahonal weddellite) was also carried out via SEM images
according to morphological features of the phases.

Measurements have been performed using the Desktop Scanning Electron Microscope TM3000
(Hitachi), which is equipped with OXFORD energy dispersive microanalysis attachment and secondary
electron (Everhart-Thornley) detector based on the highly sensitive YAG crystal with the resolution of
0.1 Z of the atomic number. The specimens were coated with carbon (~15 nm). Magnification range
varied from 100x to 1000x.

3. Results

3.1. Bedrock Characterization

The results of the comprehensive study of samples 1 and 2 (thin sections and XRD) confirmed
that the bedrock is mainly composed of fluorapatite and nepheline (Figures 2 and 3 (1)). According to
EDX, Sr admixture is present in fluorapatite areas of rock (Figure 4a).

Fluorapatite forms small isometric grains (<0.05 mm) as well as tabular, short-columnar,
and needle-shaped crystals (from 1 to 5 mm size along the c axis), which often form chain and
parallel-columnar aggregates (Figure 2a,b). Nepheline is represented by tabular crystals (up to 3 mm)
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that often contain intergrowth of apatite. Alkaline pyroxene (aegirine), titanite, and titanomagnetite
were found as the minor minerals.

Minerals are nonuniformly distributed. There are monomineral areas of the rock composed of
fluorapatite or nepheline as well as areas composed of nearly equal grains of fluorapatite and nepheline
wherein interstices are filled mainly with pyroxene grains. Titanite and titanomagnetite usually fill the
interstices of idiomorphic fluorapatite and nepheline grains (Figure 2c,d).

500 um

Figure 2. Light microscope images of the apatite-nepheline rock thin sections of Sample 1: PPL (a,c);
XPL (b,d). Symbols: Ap—fluorapatite, Ne—nepheline, Tit—titanite.
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Figure 3. Powder X-ray diffraction patterns: fluorapatite-nepheline bedrock (fluorapatite, nepheline,
and titanite) (1), mineral inclusions in the thallus of Farnoldia jurana on fluorapatite area of rock
(2); and product of 5 days impact of Aspergillus niger on the fluorapatite area of rock (3). Symbols:
Wd—weddellite, Wh—whewellite, Ap—fluorapatite, Ne—nepheline, Tit—titanite.
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Figure 4. EDX spectra: fluorapatite bedrock, sample 2 (a); weddellite crystals formed in tallus of

Lecanora polytropa, sample 2 (b); and biomimetic whewellite crystals (c).

3.2. Species Composition of Biofilms

Ten species of lichens and 10 species of micromycetes as well as Mycelia sterilia light-colored fungal
isolates were found within the studied biofilms (Table 2). Among the detected micromycetes, species
capable of producing oxalic acid were found, for instance, Penicillium lanosum, Pseudogymmnoascus
pannorum, Mortierella lignicola, and Trichoderma koningii [31-33].

Table 2. The species composition of lichens and fungi on apatite-nepheline rock.

Sample 1

Sample 2

Species of Lichens

Species of
Micromycetes

Species of Lichens

Species of
Micromycetes

Farnoldia jurana (Schaer.)
Hertel
Bellemerea alpina
(Sommerf.) Clauzade &
Cl. Roux
Bellemerea subsorediza
(Lynge ex A.E. Dahl) R.
Sant.
Srereocaulon sp.

Stereocaulon nanodes Tuck.

Porpidia macrocarpa (DC.)
Hertel & A.]J. Schwab

Alternaria alternata (Fr.)
Keissl.
Cladosporium herbarum
(Pers.) Link
Didymella glomerata
(Corda) Qian Chen & L.
Cai
Mortierella lignicola (G.W.
Martin) W. Gams & R.
Moreau
Oidiodendron griseum
Robak
Penicillium lanosum
Westling
Pseudogymmoascus
pannorum (Link) Minnis
& D.L. Lindner
Scytalidium lignicola
Pesante
Trichoderma koningii
Oudem.
Moycelia sterilia

Lecanora intricata (Ach.)
Ach.

Lecanora polytropa (Ehrh.
Ex Hoffm.) Rabenh.
Muyriolecis dispersa (Pers.)
Sliwa et al.
Polysporina simplex
(Davies) Vezda

Alternaria alternata (Fr.)
Keissl.
Cladosporium
cladosporioides (Fresen.)
G.A. de Vries
Cladosporium herbarum
(Pers.) Link
Scytalidium lignicola
Pesante
Muycelia sterilia

3.3. Calcium Oxalates in Lichen Thalli on the Fluorapatite Areas of Rock

According to the XRD, calcium oxalates found on the fluorapatite areas of rock in the thalli

of the Farnoldia jurana, Lecanora polytropa, and Polysporina simplex lichens (Figure 5) are whewellite
(calcium oxalate monohydrate) and weddellite (calcium oxalate dihydrate), which are presented
in close proportions (Figure 3 (2)). Farnoldia jurana, Lecanora polytropa, and Polysporina simplex are
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widespread lichens in the northern hemisphere. The premier species inhabit hard limestones and
some other carbonate substrates in damp situations, and the second is common on the wide range
of siliceous rocks, while the last prefer siliceous or slightly carbonate rocks [23,24]. L. polytropa and
P. simplex are well known from moderately anthropogenic-polluted territories; furthermore, L. polytropa
is known as a copper accumulator [34].

Figure 5. Species of lichens in which thalli calcium oxalates on the fluorapatite areas of rock were
detected: Farnoldia jurana (Sample 1) (a), Lecanora polytropa (Sample 2) (b), and Polysporina simplex
(Sample 2) (c).

SEM images clearly show that calcium oxalates are closely related to the hyphae of the fungal
component of lichen (Figure 6). Weddellite is characterized by dipyramidal-prismatic and dipyramidal
crystals; its maximal size is up to 25 um. Numerous weddellite crystals are observed with traces of
dissolution and cleavage. Whewellite is represented by fine-grained aggregates up to 5 pm (Figure 6).
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Figure 6. SEM images of calcium oxalates in Farnoldia jurana (a,b), Lecanora polytropa (c,d), and
Polysporina simplex (e,f) lichens on the surfaces of fluorapatite areas of rock: Figure 6a,c,e presents the
accumulation of small whewellite and weddellite crystals and large dipyramidal prismatic crystals are
weddellite; Figure 6b,d,f presents weddellite crystals with various development of prism faces and
fine-grained whewellite aggregates.

The EDX data indicate the presence of admixture ions (Sr>* and AI**) in weddellite crystals found
in the thallus of lichens on fluorapatite areas of rock (Figure 4b). In whewellite crystals, the same
impurities are present in much smaller amounts.
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3.4. Calcium Oxalates Formed in the Experiment on Fluorapatite Bedrock under the Action of the Fungus
Aspergillus Niger

Calcium oxalates that formed in all triplicates of the experiment on the surface of fluorapatite
bedrock under the action of fungus Aspergillus niger, according to XRD and SEM, are represented by
whewellite (Figure 3 (3) and Figure 7). According to EDX data, admixture ions in biomimetic whewellite
crystals (as well as in biofilm whewellite crystals) are present in very small amounts. (Figure 4c). On
the 5th day of the experiment, along with the intense oxalate crystallization, active dissolution of
fluorapatite bedrock is observed according to SEM analysis (Figure 7a). Most of the whewellite crystals
are characterized by multiple splitting and the formation of spherulite-like aggregates, which are absent
for those oxalates found in thalli of lichens (Figure 6). The sizes of synthesized intergrowths (from
30 to 50 um) are significantly larger than that of natural oxalates. On the 12th day of the experiment,
the formation of small (from 15 to 30 um) whewellite crystals of subsequent generations is observed
(Figure 7b), i.e., crystallization of oxalates continues. The pH value decreased from 5.5 to 4.0 on the 5th
day of experiment and increased slightly to 4.5 at the end of the experiment that is well explained by
features of acid production of the Aspergillus niger fungus [21,22].

Ap.an50053 2018112117 162 HL D46 x200 S00um

ApatAn120027 2018.09.20 12:59 HL D7.6 x300 300 um

(@) (b)

Figure 7. Calcium oxalates formed in the experiment on fluorapatite bedrock under the action of the
Aspergillus niger fungus: after 5 days (a); after 12 days (b).

4. Discussion

The results of the current study indicate intense oxalate crystallization occurring on the surface of
fluorapatite bedrock under the action of microorganisms (lichens and microscopic fungi). Calcium
oxalates have been detected in the thalli of Farnoldia jurana, Lecanora polytropa, and Polysporina simplex
lichens at contact with fluorapatite areas of rock (Figure 5, Table 2). These data indicate that the
mycobiont of the mentioned lichen species is capable of secreting oxalic acid. While copper oxalate was
previously found in the lichen Lecanora polytropa [34], no oxalic acid salts were previously encountered
in the thallus of Farnoldia jurana and Polysporina simplex. The presence of Farnoldia jurana and Myriolecis
dispersa species on apatite-nepheline ore is frequently due to the presence of concrete contaminants;
however, no concrete admixtures have been detected on the particular sample. Among the detected
micromycetes, other species capable of producing oxalic acid were found, for instance, Penicillium
lanosum, Pseudogymmnoascus pannorum, Mortierella lignicola, and Trichoderma koningii [31-33].

Phase composition and morphology of calcium oxalate crystals found in thalli of lichens on
the surface of fluorapatite substrate are closely related to oxalate crystals formed in biofilms on
the surface of carbonate rocks [6,9,10,12,14,35,36]. In all these cases, there are both calcium oxalate
monohydrate and dihydrate (whewellite and weddellite) observed at the boundary of the rock and
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biofilm. Whewellite is present in the form of fine-grained aggregates, while weddellite is in the form
of dipyramidal and dipyramidal-prismatic crystals (Figure 7). There are slight differences between
the weddellite crystals morphology: weddelite crystals with significantly developed prism faces (in
comparison with dipyramid faces) as well as numerous weddellite crystals with traces of a splitting
are typical for oxalates developed on apatite rocks (Figure 6), and such forms are not found on surfaces
of carbonate rocks.

It is known that phase composition of calcium oxalates and the morphology of their crystals are
determined by the chemistry of the crystallization medium [37,38]. In the case of oxalates formed
in biofilms, the chemical composition of the crystallization medium depends both on the elemental
composition of the bedrock substrate and on the composition of the metabolic products secreted
by microorganisms. The closeness of phase composition and morphology of the calcium oxalate
crystals formed on apatite ore and carbonate rocks (marbles and limestones) suggests that the presence
of CO3%~ and PO, anions in the crystallization medium does not or almost does not affect the
morphogenetic features of the calcium oxalate formation in the lichen thallus.

In both cases, formation of whewellite and weddellite (which is regarded as metastable in the field
of whewellite) can be explained by the significant concentration of Ca?* ions in the solution, which
come mainly from the underlying fluorapatite rock, and by the presence of a number of inorganic
and organic impurities [37,39,40] that incorporate into the crystallization medium from the apatite
substrate and, together with metabolic products of microorganisms, that present in biofilms. It can be
assumed that Sr?* and other admixture ions which predominantly incorporate into weddellite are
among the impurities that contribute to its stabilization on the surface of the apatite-nepheline rock.
These impurities leached from the apatite rock (Figure 4a) and substitute Ca®* ions in the weddellite
structure [41]. It can be assumed that, on the surface of carbonate rocks, weddellite stabilization
can be facilitated by Mg?* ions [37], which are almost always present in calcite as an isomorphic
impurity [42]. Moreover, the stabilization of weddellite can be also facilitated by the presence of citric
acid in the crystallization medium [37], which could be released by micromycetes that live on the
surface of bedrock. Citric acid could be produced on the apatite substrate by Penicillium lanosum,
Pseudogymmnoascus pannorum, and Trichoderma koningii micromycetes (Table 2) [32,43].

It is known that, on the calcite marble under the influence of the Aspergillus niger fungus, both
whewellite and weddellite are formed under the experimental conditions [22,35,44]. According to our
experiment, only calcium oxalate monohydrate, whewellite, was formed on the apatite rock under
the action of the same fungus (Figure 7). This difference can be explained by the significantly lower
solubility of fluorapatite under the action of fungal metabolism products compared to calcite marble,
which leads to a decrease in the ratio of Ca?* and oxalate ions in the crystallization medium and,
accordingly, to a shift into the crystallization region, in which weddellite is not stable.

Formation of weddellite together with whewellite in biofilms with a predominance of crustaceous
lichens on the surface of fluorapatite substrate suggests that the complex microbial composition of the
biofilm is one of the main factors leading to stabilization of calcium oxalate dihydrate. Unfortunately, the
metabolic activity of lichens has not been sulfficiently studied to date; that does not allow us to identify
their metabolism products which play crucial roles in the oxalate formation in lichen-dominant biofilms.

Various developments of the prism faces of weddellite formed in biofilms on the surface of
apatite substrate are well explained by the preferential adsorption of admixture components on these
faces [22,40]. Variations in the content and, probably, in the composition of impurities adsorbed on
the prism faces lead to various degrees of inhibition of its growth and development. The inhibition
process is the most intensively developed on the fluorapatite bedrock, where weddellite crystals with
the significantly more developed prism faces than the dipyramid faces were found. It should be noted
that the crystals of similar morphology are not observed on carbonate rocks. It is likely that such
stronger (than on marble) adsorption interaction of impurities with weddellite crystals during their
growth leads to the appearance of numerous weddellite crystals on the surface of the fluorapatite
bedrock with traces of splitting that are not found on carbonate rocks.
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5. Conclusions

The present work contributes to the essential questions on calcium oxalate formation under
the influence of lithobiont community organisms. Detection of calcium oxalates in lichens thalli
on the surface of apatite-nepheline ore demonstrates that oxalate crystallization under the action of
rock-inhabiting organisms can take place on the surface of different Ca-bearing rocks and minerals.
Therefore, the searches for oxalate mineralization in biofilms on various rock substrates should
be continued.

It was shown that, among the complex of factors determining the morphogenetic patterns of
biogenic oxalate formation, one of the main roles belong to the metabolic activity of the lithobiont
community organisms, which differs significantly from the activity of its individuals [44,45]. This result
indicates a significant effect of microbial physiological processes on the chemistry of the crystallization
medium in biofilms on the surface of various rocks and is well explained by selectively accumulation
of elements from the environment by microorganisms during biofouling [31,46].
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