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Carbonate mineral precipitation
iInduced by microorganisms
enriched from the cave water and
biofilm in a lime-decorated lava
tube

Yumi Kim?, Sung-min Kang?, Kyoung-nam Jo? & Yul Roh?**

Cave microorganisms associated with calcareous speleothems have been reported to facilitate
calcium carbonate precipitation through crystal nucleation and mineral growth. In this study, we

used carbonate-forming microorganisms enriched from cave water droplets and stalactite biofilm
samples to induce precipitation of Mg?* or Sr?*-coprecipitated carbonate minerals and explored their
mineralogical properties. The samples for these analyses were collected from Yongcheon Cave, a lime-
decorated lava tube located on Jeju Island in South Korea. They included five soil and sediment samples
from outside the cave, seven drip water samples from inside the cave, and nine biofilm samples
swiped using sterilized cotton swabs from inside the cave. The microorganisms enriched from the

drip water samples comprised bacterial genera, including Pseudomonas, Bacillus, Stenotrophomonas,
Acinetobacter, and Morganella. which are known to contribute to carbonate formation. In contrast,
the microorganisms enriched from the biofilms were dominated by Pseudomonas. When only Ca?* was
present in the growth medium (Ca:Sr=3:0), these microorganisms precipitated calcite and vaterite.
Conversely, when Ca?* and Sr?* were present at varying ratios (Ca:Sr=2:1, 1:1, and 1:2), calcian-
strontianite was precipitated. Furthermore, when only Sr?>* was present (Ca:Sr=0:3), strontianite was
formed. Adding Ca?* and Mg?* at varying ratios (Ca:Mg=2:1, 1:1, and 1:2) led to the precipitation of
magnesian-calcite and monohydrocalcite. When only Mg?* was added to the medium (Ca:Mg=0:3),
nesquehonite and struvite precipitated. These findings suggest that microorganisms enriched from
the lava tube cave induce calcium carbonate precipitation through ureolysis and that Sr/Cr and Mg/Ca
ratios influence the type of precipitated carbonate or phosphate minerals.
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Carbonate compounds are derived from the combination of the carbonate anion complex (Cng) with cations
such as Ca?*, Mgz*, Fe?*, Sr2*, or rare earth elements. Carbonate precipitation is a common natural phenomenon
in environments such as seawater, freshwater, soil, and sediments. Carbonates in the form of limestone and
dolomite are the major carbon reservoirs on Earth, storing approximately 42% of the total carbon', and most
of these carbonate minerals are known to be of biological origin from bacteria, fungi, and algae*!!. Therefore,
the study of microbially induced calcium carbonate precipitation (MICP) is not only crucial for understanding
the environment of cation and carbon fixation through microbial metabolism in nature but also has immense
potential as an eco-friendly method for the development of biomaterial synthesis and engineering application
technologies and ecological conservation®*!. To date, the most widely studied bacterial mechanism for calcium
carbonate precipitation is the ureolytic metabolic pathway. This process begins with the production of carbamate
(NH,COOH) by microbial urease, followed by its spontaneous hydrolysis into ammonia (NH,) and carbonic
acid (H,CO,) (see Eqgs. 1, 2). These products then react with water (H,O) to form carbonate (CO3™ ), ammonium
(NH]), and hydroxyl ions (OH"), ultimately raising the pH of the surrounding medium (see Eqs. 3, 4)*°. Then,
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the dissolved calcium ion (Ca?*) combines with the carbonate to precipitate calcium carbonate (CaCoO,) (see
Eq. 5).

CO (NHs), + H,0 — NH,COOH + NH; (1)
NH2COOH + HO — HoCO3 + NH; (2)
2NH3 + 2H,0 +» 2NH} 4+ 20H~ 3)
20H™ 4 HyCO3 +» COZ™ + 2H,0 (4)
COZ™ + Ca’t & CaCO3 (5)

In alkaline environments, Ca?* ions and bacterial cells, acting as nucleation sites, facilitate the precipitation of
calcium carbonate’®. Among the bacteria involved in this process, Sporosarcina pasteurii is well known for its
ability to precipitate calcium carbonate through active ureolysis. However, another pathway, carbonic anhydrase,
has been implicated in MICP and CO, sequestration. Carbonic anhydrase is a zinc-containing metalloenzyme
that catalyzes the reversible hydration of CO, into bicarbonate and hydrogen ions. Under alkaline conditions,
HCO,~ can interact with Ca?* jons and precipitate as calcium carbonate'. Additionally, various microbial
metabolic pathways, including photosynthesis, denitrification, and redox conditions, can influence bacterial
calcification in nature!l. Moreover, MICP research has extended beyond the study of polymorphic calcium
carbonates (e.g. calcite, aragonite, vaterite) to examine the effects of other cations on the coprecipitation or
precipitation of carbonate minerals in calcium carbonate. For instance, previous studies have demonstrated that
the precipitation of heavy metals (e.g., Cd?**, Pb**, Cu?*) and radionuclides (e.g., Sr**) through MICP can serve
as a promising method for contaminant removal'?. Furthermore, they have emphasized that understanding
the interactions with other abundant cations in the Earth’s crust (e.g., Mg?*) offers valuable insights into the
geochemical metal cycle.

Caves, typically isolated and oligotrophic environments with no light, offer favorable conditions for
microorganisms owing to their high humidity levels and stable temperatures. Urea originates from mammalian
urine (e.g., human, pig, cow etc.) or chemical fertilizers around caves. When it infiltrates into the cave environment,
it can induce carbonate mineral precipitation by ureolytic microorganisms living inside the cave'*-'7. To date,
studies have reported numerous microbes participating in MICP to form crystalline secondary cave deposits,
known as speleothems!®. These microbes are also known to play a role in promoting the nucleation and growth
of calcium carbonate crystals'.

Yongcheon Cave, is a lava cave located on Jeju Island, and formed by several lava flows during the late
Quaternary period. Inside the cave, carbonate speleothems such as soda straws, stalactites, and stalagmites are
found throughout the passages. A previous study traced paleoclimate changes through the trace element ratios
of Mg, Sr, and P in the stalagmites of this cave. Mg and Sr originate from carbonate minerals in wind-blown
marine sediments outside the cave surface, while P can be supplied from organic matter in the soil. The study
reported that the Mg/Ca, Sr/Ca, and P/Ca ratios of Yongcheon Cave stalagmites increased in the mid- to late-
nineteenth century due to intensified dissolution in the weathered zone, caused by increased temperature and
precipitation®. Although these elemental ratios are attributed to chemical precipitation from groundwater, their
specific effects on the microbially induced precipitation of carbonate minerals are yet to be explored. To bridge
this gap, the current study aimed to examine calcium carbonate precipitation by microorganisms enriched from
drip water and stalagmite biofilm samples sourced from Yongcheon Cave. It also aimed to evaluate the influence
of Sr/Ca and Mg/Ca ratios on the formation of the resulting carbonate minerals.

Results and discussion

Geochemical and mineralogical characteristics of the surface sediments

In the dune sediments collected from the surface of cave, mostly marine organism shells such as foraminifera and
a small amount of volcanic rock fragments were observed (Fig. S1). The minerals of the sediments were mainly
magnesian-calcite [(Ca, Mg)CO,] and aragonite (CaCO,), and the soils mainly contained quartz and magnesian-
calcite (Fig. S2). Therefore, the component contents of the sediments were in the order of CaO (86.2%), MgO
(4.2%), SiO, (4.9%), and Al O, (2.3%), while the soil samples were in the order of CaO (40.5%), SiO, (35.7%),
AlLO, (11.1%), and MgO (3.4%). The organic acid contents were analyzed as isobutyric acid (C,H,0,) in the
dune sediments and soils, with an average of 55.5 mg/L and 109.0 mg/L, respectively (Table S1). As previously
reported?!, the calcareous dune sediments and soils covering the cave surface provided an environment in which
organic acids and various cations (Ca?, Mgz*, etc.) could be supplied into the cave.

Geochemical characteristics of the drip water samples

To acquire insights into the growth environment of microorganisms inhabiting Yongcheon Cave, the drip water
samples were subjected to geochemical analyses. The pH values of the samples ranged from 7.9 to 8.3, with an
average of 8.1, indicating a slightly alkaline environment (Table S2). The average concentrations of major ions
in the drip water samples were as follows (Table S2): Ca: 50.9 mg/L, Na: 9.7 mg/L, Mg: 8.9 mg/L, K: 7.3 mg/L,
and Si: 5.8 mg/L. Apart from these major ions, trace elements were also detected, including Fe (357 pg/L), Sr
(313.2 ug/L), Ba (6.2 ug/L), and Al (4.1 ug/L). The concentrations of NH; in the drip water samples were mostly
less than 0.1 mg/L, but was as high as 3.37 mg/L in DW 6 (Table S2). The main source of nitrogen in cave water
in this study area was reported to be affected by chemical fertilizers'.
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Diversity of carbonate-forming microorganisms in the drip water and biofilm samples
Figure 1 illustrates the microbial diversity derived from the NGS analysis of the enriched microorganisms. The
results indicate that the microorganisms enriched from the drip water samples primarily comprise Proteobacteria
(average 64.1%) and Firmicutes (average 31.4%) at the phylum level. The microbial diversity analysis of the
communities cultured from the seven drip water samples revealed 21 bacterial genera with a relative abundance
of more than 1%, including microorganisms known to induce carbonate precipitation. Pseudomonas was
the dominant genus among the microorganisms enriched from the DW 3, DW 6, and DW 7 samples, with
relative proportions of 92.6%, 60.8%, and 17.2%, respectively. Meanwhile, Bacillus accounted for 8.3% of the
microorganisms enriched from the DW 7 sample. These microbial genera, commonly found in soil and cave
environments, have previously been identified as key members of cave microbial communities?>~?%. They are
also known for their remarkable ability to induce carbonate precipitation through urease and carbon anhydrase
activity!'!. In particular, Stenotrophomonas sp., comprising 64.5% of the microbial community enriched from the
DW 7 sample, predominantly inhabits soil environments and plays a pivotal role in CO, fixation by inducing
carbonate precipitation via carbon anhydrase?>?°. Notably, the microbial communities cultured from the drip
water samples primarily included genera that are commonly found in soil, such as Pseudomonas sp., Bacillus
sp., and Stenotrophomonas sp. This indicates that the microbial population within the cave is likely influenced
by the external environment**?. Previous studies have reported that Morganella morganii, Pseudochrobactrum
sp., and Brevundimonas sp. induce calcium carbonate precipitation through urease production, while Neisseria
sp. contributes to this process via carbon anhydrase production!®?#-3%. These findings suggest that the internal
environment of Yongcheon Cave creates favorable biogeochemical conditions for carbonate mineral precipitation.
Among the microorganisms enriched from the nine biofilm samples, Proteobacteria was the dominant
phylum, with an average abundance of 94%. In these samples, 21 bacterial genera with a relative abundance of
over 1% were identified, with Pseudomonas sp. being dominant in all biofilm samples except for BF 3 and BF 5.
Microorganisms known to participate in carbonate mineral precipitation, such as Proteus sp., Stenotrophomonas
sp., Bacillus sp., Pseudochrobactrum sp., Acinetobacter sp., and Brevundimonas sp., were also identified?#?8-31,
Among these, Acinetobacter sp. has been isolated from caves and is known to be involved in biofilm formation
associated with speleothems and calcite precipitation®’. Previous studies have also demonstrated that
Pseudomonas sp. and Morganella morganii can form biofilms through the secretion of extracellular polymeric
substances (EPSs)***. Notably, the EPSs produced by microorganisms contain negatively charged functional
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Fig. 1. Microbial diversity results of microorganisms enriched from the drip water and biofilm samples,
derived from the NGS analysis.
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groups, such as carboxyl, phosphate, amine, and hydroxyl groups, which are known to adsorb various divalent
cations (Ca**, Mg?*, and Sr?*), facilitating mineral nucleation and calcium carbonate precipitation'!.

Microbially induced calcium carbonate precipitation

For the next phase of our analysis, microorganisms enriched from the drip water and biofilm samples were
inoculated into media containing urea and 0.03 mol/L CaCl, and subsequently cultured at 15 ‘C. Within 48 h,
changes in turbidity owing to microbial growth were observed (Fig. S3). White precipitates formed under all
experimental conditions within 5 days and were subsequently recovered after 1 week. XRD analysis confirmed
that these precipitates predominantly contained calcite (Fig. S4). Among the cultures, those enriched from the
drip water sample DW 5 and biofilm sample BF 1-2, which demonstrated relatively fast precipitation rates
(within 48 h), were selected for further experiments to explore the effects of Mg/Ca and Sr/Ca ratios on carbonate
mineral formation.

Effect of Mg/Ca ratios on carbonate precipitation

Our next analysis delved into the effects of various Ca?t and Mgz* content ratios (Ca:Mg=3:0, 2:1, 1:1, 1:2, and
0:3) on carbonate mineral formation by S. pasteurii and the microorganisms cultured from the DW 5 and BF
1-2 samples. Across all experimental conditions, the initial pH increased from 7.00 to between 9.36 and 9.51
after one week. This increase was attributed to the formation of OH~ ions during microbial growth and urea
decomposition (Fig. S5). While solution turbidity and precipitation rate changed more gradually with increasing
Mg?* content, similar outcomes were observed across all conditions after 7 days.

ICP-MS analysis revealed that more than 99% of Ca®" was removed on average under all experimental
conditions, confirming that microbial growth induced calcium carbonate precipitation (Table S5). In contrast,
the concentration of Mg?* was reduced by only 12.2-58.6% compared to the initial concentration, indicating that
only a small fraction of Mg?* was converted to a mineral. Among the three tested microorganisms, S. pasteurii,
known for its calcium-carbonate-forming ability, demonstrated the lowest Mg?* removal efficiency.

Figure 2 illustrates the results of the XRD analysis conducted to identify the mineral precipitates formed
by the three microorganisms. Notably, when only Ca** was present in the medium (Ca:Mg=3:0), calcium
carbonate minerals such as calcite and vaterite formed. At Ca:Mg ratios of 2:1 and 1:2, carbonate minerals
such as magnesian-calcite and monohydrocalcite (CaCO,-H,0), as well as magnesium ammonium phosphate
compounds such as struvite [(NH,)Mg(PO,)-6H,0], precipitated. When only Mg?* was present (Ca:Mg=0:3),
magnesium ammonium phosphate compounds such as struvite and dittmarite [(NH,)Mg(PO,)-H,0], along
with nesquehonite (MgCO,-3H,0), a magnesium carbonate mineral, were formed.

The morphologies of the precipitated minerals were observed using SEM-EDS (Fig. 3, Table S5). Notably, the
calcite particles formed at a Ca:Mg ratio of 3:0 appeared as spherical particles with diameters of approximately
30-40 um (Fig. 3A). High magnification observations revealed that these particles were covered with smaller
rhombohedral particles, measuring approximately 2-3 um in length (Fig. 3B), and their compositions included
Ca, C, and O (Fig. 3C). Furthermore, magnesian-calcite, precipitated at a Ca:Mg ratio of 2:1, appeared
as spherical particles with diameters of approximately 20-30 um, and the surfaces of these particles were
covered with rhombohedral particles measuring 0.2-0.3 um in length. These particles contained Ca, Mg, C,
and O (Fig. 3F). The minerals formed by the microorganisms cultured from BF 1-2 exhibited cell-sized pores,
suggesting microbial involvement in precipitation (Fig. 3D,E). Meanwhile, the precipitates formed at a Ca:Mg
ratio of 0:3 comprised Mg, P, and O and manifested as plate-shaped particles that aggregated into a columnar
structure with a length of approximately 30 um (Fig. 3G-I). Therefore, Mg?* did not coprecipitate with calcium
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Fig. 2. XRD spectra of minerals precipitated by S. pasteurii (A) and the microbial communities cultured from
DW 5 (B) and BF 1-2 (C) at varying Ca:Mg ratios in the medium.
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Fig. 3. SEM-EDS analysis of minerals formed at varying Ca:Mg ratios in the growth medium: calcium
carbonate (A-C) formed at Ca:Mg=3:0 by S. pasteurii, magnesian-calcite (D-F) formed at Ca:zMg=2:1 by the
microorganisms cultured from BF 1-2, and magnesium ammonium phosphate (G-I) formed at Ca:Mg=0:3 by
the microorganisms cultured from DW 5.

carbonate for Mg/Ca ratios of one and above. However, at Mg/Ca ratios below one, magnesian-calcite, with Mg?*
incorporated into its structure, was formed. Furthermore, when only Mg?* was present, it tended to precipitate
as struvite, a phosphate mineral, rather than as nesquehonite, a carbonate mineral.

Effect of Sr/Ca ratios on carbonate precipitation

Our next analysis focused on examining the effects of various Ca?* and Sr?* content ratios (Ca:Sr=3:0, 2:1, 1:1,
1:2, and 0:3) on carbonate mineral formation by the species enriched from samples DW 5 and BF 1-2 and S.
pasteurii. Under all experimental conditions, the turbidity of the medium increased within 24 h of microbial
inoculation, and white precipitates formed within 48 h. The ureolytic bacterium S. pasteurii raised the pH of
the medium from 7.0 to approximately 8.4 within the first 24 h of cultivation, achieving a maximum pH of 9.6
on day 9 (Fig. S5). Similarly, the microbial species enriched from the DW 5 and BF 1-2 samples also gradually
elevated pH values, reaching a maximum of 9.5 on day 9 (Fig. S5). However, the rate of pH increase was slower
for the species enriched from the DW 5 sample. This increase in pH indicates that urea hydrolysis occurred
during microbial growth. Examinations of the changes in Ca*" and Sr?* concentrations revealed that S. pasteurii
achieved high removal efficiency, with average removal rates of 99.6% for Ca and 99.9% for Sr?*, regardless of
the Sr/Ca ratio. This Sr** removal rate is similar to the findings of previous experiments utilizing S. pasteurii'!.
Furthermore, in the medium inoculated with microorganisms enriched from the DW 5 and BF 1-2 samples, the
average Ca?* removal rates were 96.7% and 99.4%, while the average Sr2* removal rates were 99.2% and 99.9%,
respectively, regardless of the Sr/Ca ratio (Table S6). These findings suggest that both Ca®* and Sr?* ions in the
medium transformed into solid precipitates owing to microbial activity.

When only Ca?* was present in the medium (Ca:Sr=3:0), calcite precipitated as spherical particles with
diameters of approximately 40-50 um length (Figs. 4 and 5A,B). These particles were made up of Ca, C, and
O, and their surfaces were covered with rhombohedral particles 1-2 pym in length (Fig. 5B,C). At a Ca:Sr
ratio of 2:1, a mixture of calcian-strontianite [(Ca,Sr)CO,] and calcite precipitated, with calcian-strontianite
forming spherical particles. These particles, measuring 10-20 pm in diameter, were composed of needle-like
structures (Fig. 5D-F). As the Sr?* content increased (Ca:Sr=1:1 and 1:2), calcian-strontianite continued to
precipitate as spherical particles with diameters of approximately 10-20 um, maintaining needle-like structures.
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Fig. 4. XRD spectra of minerals precipitated by S. pasteurii (A) and the microbial communities cultured from
the DW 5 (B) and BF 1-2 (C) samples at varying Ca:Sr ratios in the medium.
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Fig. 5. SEM-EDS analysis of minerals formed at varying Ca:Sr ratios in the growth medium: CaCO, (A-C)
formed at Ca:Sr=3:0 by S. pasteurii, calcian-strontianite (D-F) formed at Ca:Sr=2:1 by the microorganisms in
DWS5, and strontianite (G-I) formed at Ca:Sr=0:3 by the microorganisms in BF1-2.
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However, at Ca:Sr=1:1, calcian-strontianite predominantly formed irregular particles, with some needle-like
particles aggregating into spheres exhibiting diameters of 5-10 pum. When only Sr** was present in the medium
(Ca:Sr=0:3), strontianite (SrCO,), a pure Sr carbonate mineral, precipitated as block-like or spherical particles
with diameters of approximately 40-50 um and rough surfaces (Fig. 5G-I). In the XRD pattern, the d-spacing
of the (111) face of calcian-strontianite, formed by the three microorganisms, tended to increase with rising
Sr?* content (Fig. 5 and Table S6). This indicates that Sr, featuring a larger ionic radius (ionic radius=0.113 nm)
compared to Ca (ionic radius=0.099 nm), replaced Ca in the crystal structures of calcian-strontianite and
strontianite®>*°.

Regardless of the microorganism type, minerals precipitated in the presence of only Ca*" or Sr** (Ca:Sr=3:0
and 0:3) displayed distinct peaks in the XRD spectra and appeared as spherical particles with diameters of
approximately 40-50 pum in the SEM-EDS analysis. Conversely, minerals precipitated in the combined presence
of Ca?* and Sr?* (Ca:Sr=2:1, 1:1, and 1:2) displayed broad peaks in the XRD spectra and appeared as irregular
or spherical particles with diameters of approximately 5-20 um in the SEM-EDS analysis. This indicates that
minerals precipitated solely in the presence of Ca®* or Sr>* exhibit higher crystallinity and larger particle sizes
compared to those formed in the combined presence of both Ca?* and Sr?**. Although Ca?* and Sr?* share
similar chemical properties, their physical and chemical differences hinder the growth of carbonate mineral
crystals”’. This inference aligns with the results of previous research demonstrating that Sr** competes with Ca?*
for adsorption at carbonate mineral growth sites, leading to a decrease in mineral growth rates®. Our study also
demonstrates that the crystallinity and sizes of precipitated mineral particles vary with the Sr/Ca ratio. In our
previous study, adding SrCl,-6H,0 at different ratios to a medium containing 0.03 mol/L CaCl,-2H,O confirmed
that when the Sr/Ca ratio was below one, Sr** tended to coprecipitate with calcium carbonate. Conversely,
when the Sr/Ca ratio exceeded 1, Ca tended to coprecipitate with strontianite!2. At Sr/Ca ratios below 1, the
precipitated minerals displayed characteristics typical of calcium carbonate forms, such as calcite, aragonite,
and vaterite, alongside calcian-strontianite. In our experiment, similar mineral characteristics were observed
even as the Sr/Ca concentration ratio was altered within the total cation concentration limit of 0.03 mol/L. At
Ca:Sr=2:1, where calcian-strontianite began to form, S. pasteurii inducemod calcite precipitation, while the
microbial communities cultured from the DW 5 and BF 1-2 samples induced vaterite precipitation (Fig. 4).
Further analysis revealed elongated, rod-shaped holes and traces, which are bacterial imprints in the carbonate
minerals precipitated by the microbial communities cultured from the DW 5 and BF 1-2 samples (Fig. 5D,G).
In particular, the microbial community cultured from the BF 1-2 sample presented traces and holes (Fig. 5D-F),
likely formed through the calcification of microorganisms. This suggests a close relationship between microbial
EPS formation and carbonate mineral precipitation.

Therefore, the reason why Sr** could be more easily incorporated into calcite than Mg?" during microbially
induced calcium carbonate precipitation may be because the chemical binding and hydration energies of Sr** are
less than that of Ca?*, but the binding and hydration energies of Mg?* are greater than that of Ca**¥’.

Materials and methods

Yongcheon Cave

Yongcheon Cave, located on Jeju Island, South Korea, is a typical lava cave formed by multiple lava flows during
the late Quaternary period. This cave features diverse carbonate speleothems, including popcorn, soda straws,
stalactites, and stalagmites, which are scattered throughout its passageways*. For this study, drip water and
microbial biofilm samples were collected from this cave. Notably, the speleothems of Yongcheon Cave are
believed to form through abiotic (chemical) pathways, creating calcareous crystals owing to interactions between
humic acid from the soil and Ca from overlying calcareous dunes™®.

The dune has been formed by wind-driven movement of beach sediments composed of biogenic carbonate
sediments (approx. 95%) and volcanic rock fragments including detrital minerals (approx. 5%)*°. The temperature
inside the cave is 15.5-21.3 °C, and the water temperature is 15-16.5 °C, maintaining a stable environment all
year round*!.

Collection of sediments, drip water and biofilm samples

For the experiment, two dune sediment samples and three soil samples were collected from five different
locations outside the cave to investigate the mineralogical and chemical composition of the sediments overlying
the lava tube (Fig. S6). Water dripping from stalactites and soda straws on the cave ceiling was sampled at seven
different locations (Fig. 6). This drip water was added to 50 mL conical tubes, sealed, and stored at 4 °C in a
refrigerator before incubation. Additionally, nine biofilm samples were collected by swabbing the surfaces of
speleothems and the inner walls of the containers used to collect the drip water (Table 1). Sterile cotton swabs
were used for this purpose, and the swabs were immediately transferred to 15 mL conical tubes containing 2 mL
of a growth medium. These tubes were also stored at 4 °C until further use.

Cultivation of carbonate-forming microorganisms from the drip water and biofilm samples

To enrich the carbonate-forming microorganisms present in the collected drip water and biofilm samples, a
modified growth medium containing 10 g/L yeast extract, 5 g/L proteose peptone, 1 g/L glucose, and 5 g/L NaCl
was utilized!***%. This medium was autoclaved at 121 °C and 1.2 kgf/cm? for 20 min, with an initial pH of
approximately 6.6. To induce calcium carbonate precipitation following microbial urea decomposition, 20 g/L
urea and 0.03 mol/L calcium chloride (CaCl,-2H,0) were added to the medium using a 0.2 pm filter!»*>4,
For the enrichment of carbonate-forming microorganisms in the drip water samples, 10 mL of drip water was
injected into 50 mL of the liquid medium containing urea and calcium chloride. This mixture was then allowed
to stand in an aerobic environment at 15 °C for 7 days. Meanwhile, for the microbial enrichment of the biofilm
samples, 0.5 mL of the biofilm-mixed medium was added to 50 mL of the liquid medium.
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Fig. 6. Drip water and biofilm sampling sites within the cave (A: cave map; B: site 1; C: site 2; D: site 3; E: site
4; F: site 5; G: site 6; and H: site 7).

Effects of Mg/Ca and Sr/Ca ratios on microbially induced calcium carbonate precipitation

To investigate the effects of Sr/Ca and Mg/Ca ratios on microbially induced calcium carbonate precipitation,
stock solutions of Ca, Sr, and Mg were prepared. For this, 1 M solutions of calcium chloride (CaCl,-2H,0,
molecular weight (MW): 147.01), magnesium chloride (MgCl,, MW: 95.21), and strontium chloride hexahydrate
(SrCL,-6H,0, MW: 266.62) separately added to distilled water and autoclaved. Previous studies''** have reported
the addition of a 0.03 mol/L Ca solution to the medium to initiate microbially induced calcium carbonate
precipitation. Based on this, in our experiment, the total cation concentration in the medium was maintained at
0.03 mol/L, while the Mg/Ca and Sr/Ca ratios were varied as follows: Ca:Mg and Ca:Sr = 3:0, 2:1, 1:1, 1:2, and 0:3.
Subsequently, the effects of these ratios on carbonate mineral formation were examined using the microorganism
strains enriched from drip water sample DW 5 and biofilm sample BF 1-2. For comparison, S. pasteurii KCTC
3558, a strain known for its excellent calcium carbonate precipitation ability, was used as the reference.

To induce calcium carbonate precipitation via microbial ureolysis, 1 mL of the microbial cultures (1% v/v)
were added to 100 mL of urea-containing media with varying Sr/Ca and Mg/Ca ratios. The cultures were then
incubated at 15 °C for 14 days to allow mineral precipitation. During the experiment, 5 mL of suspension was
withdrawn using a syringe on days 1, 3, 7, and 14 to monitor changes in pH and cation concentrations (Ca?*,

Scientific Reports |

(2025) 15:7182 | https://doi.org/10.1038/s41598-025-91585-w nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Drip water | Biofilm

Sampling sites | Sampl Samples | Description

BF 1-1 | Water container wall
1 DW1

BF 1-2 | Stalagmite surface

BF 2-1 | Stalactite surface
2 Dw 2

BF2-2 | Water chemistry measuring rod surface
3 DW 3 BF 3 Water container wall
4 DW 4 BF 4 Water container wall
5 DW 5 BF 5 Water container wall
6 DW 6 BF 6 Water container wall
7 DW 7 BF7 Water container wall

Table 1. Drip water and biofilm samples collected for microbial enrichment.

Sr?*, and Mg?*) in the supernatant. Furthermore, the mineralogical properties of the precipitates recovered from
the samples were analyzed.

Analytical methods

To investigate the mineralogy and geochemistry of dune sediments (S1-S2) and soil samples (S3-S5) covering
the cave, X-ray diffraction (XRD) and X-ray fluorescence analysis (XRF) were performed using an Empyrean
3D high-resolution X-ray diffractometer (Malvern Panalytical, Malvern, U.K.) equipped with a Cu-Ka radiation
source (40 kV, 30 mA, 0.06°/s) and a XRF-1800 equipment (SHIMADZU, Japan), respectively. Organic acid
content of sediment and soil samples was measured by high performance liquid chromatography (HPLC)
analysis using Prominence HPLC equipment (SHIMADZU, Japan).

To investigate the characteristics of the microbial communities, second-generation cultures, subcultured
from the initial enriched cultures, were examined using next-generation sequencing (NGS). For the NGS
analysis, 10 mL of the microbial cultures were centrifuged for one week, forming a pellet. These pellets were then
analyzed using MACROGEN.

To acquire insights into the geochemical environment of the cave, the pH of the drip water samples (DW 1-
DW 7) was measured, and their chemical composition was analyzed using inductively coupled plasma-atomic
emission spectroscopy (ICP-AES) and inductively coupled plasma-mass spectrometry (ICP-MS) with a Nexion
2000 system (Perkin-Elmer, Waltham MA, USA), following standard methods. During the experiments on
microbially induced carbonate precipitation, changes in Ca?*, Sr?*, and Mg?* concentrations in the medium
were recorded at the start (day 0) and after 14 days using ICP-AES analysis. Ammonium (NH ) concentrations
were determined using Nessler's method with an HI97715 Ammonia Medium Range Photometer from Hanna
Instruments*®. For all analyses, the culture media were centrifuged at 3500 rpm for 10 min, and the resulting
supernatant was filtered through a 0.45 um syringe filter. The supernatant was then diluted 1000 times with
distilled water before testing.

To analyze the mineralogical characteristics of the precipitates formed by the microorganisms, X-ray
diffraction (XRD) and field-emission scanning electron microscopy (FE-SEM) coupled with energy-dispersive
X-ray spectroscopy (EDS) were utilized. The samples for the XRD and SEM analyses were prepared by
centrifuging the suspension at 3000 rpm for 5 min. After removing the supernatant, the remaining residue was
rinsed twice with distilled water and subsequently dried in an oven at 60 °C overnight to obtain solid precipitates.
XRD was conducted using the same process as the sediment analysis described above. Meanwhile, the FE-SEM
analysis, aimed at examining the morphology and elemental composition of the precipitates, was performed
using a Hitachi S-4700 FE-SE microscope (Hitachi, Tokyo, Japan) at an accelerating voltage of 15-20 kV, coupled
with an EDS instrument (Phillips, Eindhoven, Netherlands).

Conclusion

Carbonate-forming microorganisms were enriched and cultured from drip water and biofilm samples collected
from Yongcheon Cave. Microbial diversity analysis confirmed the presence of several microorganisms capable
of inducing calcium carbonate precipitation, including Pseudomonas sp., Bacillus sp., Stenotrophomonas sp.,
Acinetobacter sp., and Morganella sp. Previous studies have demonstrated that these microorganisms not
only create favorable chemical conditions for calcium carbonate precipitation through urease and carbon
anhydrase activity but also promote carbonate mineral precipitation through EPS formation. In the current
study, microorganisms enriched from the drip water and biofilm samples effectively transformed ionized Ca
species within urea-containing media into calcium carbonate. When Ca?* and Sr** were mixed at varying ratios,
calcian-strontianite—a form of calcium carbonate coprecipitated with Ca?* and Sr**—was formed. Notably, Sr*
exhibited high efficiency of carbonate mineral precipitation, comparable to that of Ca?*, regardless of its content
ratio. In contrast, Mg>* demonstrated low efficiency of mineral precipitation. When only Mg?* was present in the
medium, the microorganisms tended to precipitate phosphate minerals, such as struvite and dittmarite, instead
of carbonate minerals. The microorganisms cultured from the DW 5 and BF 1-2 samples exhibited high Sr?*
removal efficiency, similar to S. pasteurii, forming carbonate minerals in Sr-containing media. However, their
Mg?* removal efficiency in Mg-containing media surpassed that of S. pasteurii. These findings indicate that the
indigenous microorganisms within the lime-decorated lava tube can induce the precipitation of various minerals
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when divalent cations such as Ca%*, Mg2+, and Sr?* are present in different ratios in drip water or sediments,
contributing to geochemical cycles. Furthermore, the formation of carbonate minerals through microbial
activity presents a promising environmentally friendly approach for the immobilization of radioactive isotopes
(e.g., °°Sr) and the potential sequestration of carbon dioxide in natural environments.

Data availability

Data is provided within the manuscript or supplementary information files.
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