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Abstract: Caves with hot springs and speleothem deposits are infrequent environments of high
scientific interest due to their unique environmental conditions. The selected site is a small open
cave with a hot spring and stalactites in the Aedipsos area (NW Euboea Island, Greece), which was
studied through an interdisciplinary approach. The mineralogical composition of the speleothems
was determined by optical microscopy, XRD, and SEM-EDS microanalysis, and identification of the
Cyanobacteria species was made based on morphological characteristics. The main mineral phase in
the studied samples is calcite, with several trace elements (i.e., up to 0.48 wt.% NayO, up to 0.73 wt.%
MgO, up to 4.19 wt.% SO3, up to 0.16 wt.% SrO and up to 2.21 wt.% Yb,O3) in the mineral-chemistry
composition. The dominant facies are lamination and shrubs, which are the most common among the
facies of the thermogenic travertines of the area. Based on the studied stalactites, twenty-nine different
Cyanobacteria species were identified, belonging to the following orders: Synechococcales (28%),
Oscillatoriales (27%), Chroococcales (21%) and Nostocales (21%), and Spirulinales (3%). Among them,
thermophilic species (Spirulina subtilissima) and limestone substrate species (Chroococcus lithophilus,
Leptolyngbya perforans, and Leptolyngbya ercegovicii) were identified. The identified Cyanobacteria
were found to participate in biomineralization processes. The most characteristic biomineralization
activity is made by the endolithic Cyanobacteria destroying calcite crystals in the outer layer. In a few
cases, calcified cyanobacterial sheaths were detected. The presence of filamentous Cyanobacteria,
along with extracellular polymeric substance (EPS), creates a dense net resulting in the retention of
calcium carbonate crystals.
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1. Introduction

The speleothems, i.e., stalactites and stalagmites, representing secondary mineral
deposits, could have been created by biogenic and abiogenic processes. In the abiogenic
case, the mineral precipitation is due to supersaturation of the solution due to pH changes,
outgassing, and evaporation. In the case of microorganisms contribution, biomineralization
processes might occur ([1] and references within). The microorganisms can biologically
mediate mineral formation in several ways, either directly by creating minerals (external
or internal) or passively by accelerating the deposition, by encrustation or extracellu-
lar polymeric substance (EPS), or by changing the ambient conditions such as pH [2].
The microorganisms contributing to speleothem formation are mainly Archaea, Algae,
and Bacteria, including Cyanobacteria. Multicellular organisms, such as fungi, lichens,
and mosses, can also contribute. The most common cave-inhabitant microorganisms are
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chemolithoautotrophic or chemoheterotrophic, i.e., non-photosynthetic [3]. Photosynthetic
microorganisms usually inhabit the cave entrance, where sunlight is reaching. However,
some Cyanobacteria species, even if in general they are photosynthetic species, can adjust
to the darkness and become heterotrophic, such as Fisherella, Calothrix, Geitleria calcarea, and
Scytonema julianum [4-6]. The adjustment of the photosynthetic Cyanobacteria is important,
as they can play a key role in speleogenetic processes since they can contribute to the
dissolution or precipitation of the minerals.

Biodiversity in caves and biomineralization processes are subjects that only recently
started to be studied and intercorrelated. Caves represent natural laboratories where
microbe-mineral interactions under extreme conditions can be studied [7]. In Greece,
several studies concerning speleothems and speleothems-climatic changes have been con-
ducted (e.g., [8-11]). Moreover, studies concerning only biodiversity have taken place in
the last years (e.g., [12-19]).

This paper aims to study stalactites in a hot spring cave in the Aedipsos area (Eu-
boea Island, Greece) and the involved geomicrobiological processes. The mineralogical
composition and mineral chemistry, the environmental conditions, and the Cyanobacteria
species diversity will be assessed to evaluate the biomineralization processes of calcium
carbonate minerals.

2. Geological Setting

The study site is located at NNW edge of Aedipsos (NW Euboea Island, Greece).
The geological formations of the area belong to the Pelagonian geotectonic unit of the
Hellenides [20-22], and the main geological formations are: a metamorphic crystalline
basement (pre-middle to middle Carboniferous age), basic volcanoclastic complex series
(Permian-Triassic age), shallow marine carbonate and clastic rocks (middle Triassic age)
with volcanic rocks intercalations [23,24], alluvial deposits and thermogenic travertine
depositions (Figure 1).
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Figure 1. Geological map of the Aedipos area, NW of Euboea (AF = Aedipsos Fault; modified after
Kanellopoulos et al. [25]). The sampling site is marked with a black dot. The geographical coordinates
are in EGSA “87.
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Several hot springs occur at the NW Euboea island, mainly in the Aedipsos area, which
belongs to seawater-dominated, tectonically controlled, and volcanic-related geothermal
systems [25-27]. The Lichades volcanic center, composed by trachyandesite lava, is located
several kilometers away; it was dated to 0.5 Ma old (K-Ar method; [28]).

The temperature in the hot springs at Aedipsos reaches up to 84 °C, and the hydrother-
mal fluids are of sodium-chloride type. Among others, pH is almost neutral, and the
springs present chemical similarities [25,27]. They are interpreted as deep-old geothermal
fluids migrating from deep basement bedrocks with volcanic origin affinities.

The Aedipsos hot springs commonly deposit thermogenic travertine [27,29-32]. In
addition, they present macro- and micro-facies [27,30,31], with bio-mineralization processes
resulting in the creation of hybrid travertines [27,29,33-35], i.e., biotic and abiotic contributions.

3. Materials and Methods

Samples were extracted from stalactites from a small open cave with a hot spring
at the base. During the sampling process, sterile metal tweezers and chisels were used.
The unstable water parameters of the hot spring (i.e., temperature, salinity, and pH) were
measured in situ once, during sampling, using portable apparatus.

From each sampling site, two sub-samples were collected. The first one was incu-
bated into sterile transparent vials in the field. The second sub-sample was stored in a
formaldehyde solution (2.5%). Enriched cultures were obtained in flasks and Petri dishes
with BG11 and BG 11 culture media [36]. Cultures were maintained in an incubator
(Sanyo, Gallenkamp, Cambridge, UK) under stable conditions and a natural diurnal cycle
(north-facing window) at room temperature.

The samples were studied under an optical microscope and a stereo-microscope. For
species identification, the classical and recent literature was used ([37-40] and references
within) at the Faculty of Biology, National and Kapodistrian University of Athens.

The mineralogical study was conducted on polished sections studied under an optical
microscope and powders using X-ray diffraction (Bruker D8 Advanced Diffractometer, us-
ing Ni filtered Cu-Ko radiation, operating at 40 kV and 40 mA and employing a Bruker Lynx
Eye fast detector; Bruker-AXS, Billerica, MA, USA). The XRD results were evaluated using
the DIFFRACplus EVA software (Bruker-AXS, Billerica, MA, USA) and the ICDD Powder
Diffraction File (2006 version) at the Department of Geology, University of Patras. Selected
dehydrated samples in an alcohol series (30-100%), critical point dried, gold-coated, and
were studied under SEM (Jeol JSM 5600; JEOL USA, Inc., Peabody, MA, USA) at the Fac-
ulty of Geology and Geoenvironment, National and Kapodistrian University of Athens.
SEM-EDS analyses were carried out using a Jeol JSM-IT500 SEM instrument (JEOL USA,
Inc., Peabody, MA, USA) equipped with an Oxford 100 Ultramax analytical device (Oxford
Instruments, Abingdon, UK) at the Hellenic Survey of Geology & Mineral Exploration.

The ArcGIS software was used to modify the geological map presented by
Kanellopoulos et al. [25].

4. Results
4.1. Sampling Sites Description

In Aedipsos, several hot springs occur; very few of them are located inside small caves.
The study site is a small open cave with a hot spring at the base (Figure 2). As it was verified
from the thermal photos, hot-water circulation occurs at the cave walls (including the roof).
The hot spring temperature, just below the stalactites, was 49.2 °C, the pH was 6.05, and
the salinity was 20%.. Samples of the stalactites were collected above the hot spring.
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Figure 2. (A) Overview of the study site. (B-E) Paired views of normal images (B,D) and correspond-
ing thermal images (C,E). A column shows the temperature scale (°C) on the right side of the thermal
pictures. (B,C) Photo of the stalactites where the samples were collected. (D,E) Overview of the hot
spring at the bottom of the cave and some stalactites at the top.

4.2. Mineralogy and Facies

According to XRD analyses and optical microscopy, the main mineral phase of sta-
lactites is calcite (Figure 3). Based on SEM-EDS microanalyses, the calcite contains up to
0.48 wt.% NayO, up to 0.73 wt.% MgO, up to 4.19 wt.% SO3, up to 0.16 wt.% SrO and up to
2.21 wt.% Yb,O3 (Table 1).
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Figure 3. Evaluated XRD pattern.

Table 1. Representative microanalyses of calcite.

No. I II III v \% VI VII VII IX X
Na, O 0.34 0.32 0.31 0.24 - 0.19 0.22 0.28 0.34 0.48
MgO 0.59 0.59 0.71 0.31 0.5 0.71 0.51 0.6 0.61 0.53
SO;3 3.54 2.79 2.33 3.13 0.73 1.95 2.61 2.3 4.19 2.71
CaO 51.5 52.41 53.66 52.38 53.54 52.59 52.77 53.11 52.72 51.92
SrO - - - 0.16 - - 0.16 - - -
Yb,03 1.79 2.04 2.08 1.87 221 1.92 2.05 1.97 2 1.9
Total 57.76 58.16 59.09 58.09 56.98 57.36 58.31 58.27 59.86 57.54

The studied samples display mainly lamination (Figures 4A and 5A) and shrub
(Figure 5B) facies. The laminas could be from a few micrometers to a few millimeters
thick. The laminas usually consist of micritic crystals and alternate with the next laminae,
which is similar in mineralogical composition but differs in crystal size and density. Some
laminas consist of shrubs (Figure 5B) with thicknesses up to ca. 1 mm. These are stubby,
dense crystalline masses of calcite crystals that expand upward by irregular branching.

In a few cases, diatoms are trapped in thin laminas consisting of non-dense mi-
critic crystals (Figure 5C,D). Moreover, in several cases, zones parallel to the lamination
(Figure 2C) or nest areas were identified where traces of endolithic Cyanobacteria were
present, i.e., holes and grooves, occur.

4.3. Cyanobacteria Microflora

In Figure 6, the Cyanobacteria orders are presented based on the latest classification
system [41]. As it can be seen, Synechococcales and Oscillatoriales dominate with 28% and
27%, respectively. The orders Chroococcales and Nostocales follow with 21%, and finally,
Spirulinales are also present with only 3%.

By studying the fresh and cultured material, a total of twenty-nine (29) different
Cyanobacteria species, plus diatoms, were identified (Table 2; Figure 7). Among them, typi-
cal thermophilic species were found, such as Spirulina subtilissima (Figure 7L). Chroococcus
lithophilus, Leptolyngbya perforans, and Leptolyngbya ercegovicii (Figure 7F) are also present,
which are typical limestone substrate Cyanobacteria species.
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Figure 4. Back-scattered electron images (BSEI) of (A) laminated stalactite from Aedipsos; (B-D) are
false color BSEI results of the mapping, displaying the distribution of (B) Ca (green), (C) S (red), and
(D) Yb (yellow).

Table 2. Identified Cyanobacteria species.

Anabaena cf. iyengarii Bharadwaja 1935

Brasilonema cf. angustatum M.A.Vaccarino & J.R.Johansen 2012

Chroococcus cf. mediocris N.L.Gardner 1927

Chroococcus lithophilus Ercegovic 1925

Chroococcus occidentalis (N.L.Gardner) Komarek & Komarkova-Legnerova 2007
Chroococcus subnudus (Hansgirg) G.Cronberg & J.Komarek 1994

Cyanocohniella calida ] Kastovsky, E.Berrendero, ].Hladil & J.R.Johansen 2014
Gloeocapsa gelatinosa Kiitzing 1843

Jaaginema thermale Anagnostidis 2001

Kamptonema formosum (Bory ex Gomont) Strunecky, Komarek & J.Smarda 2014
Leptolyngbya ercegovicii (Cado) Anagnostidis & Komarek 1988

Leptolyngbya foveolara (Gomont) Anagnostidis & Komarek 1988

Leptolyngbya perforans (Geitler) Anagnostidis & Komarek 1988

Leptolyngbya sp.C

Nostoc punctiforme Hariot 1891

Nostoc sp.B

Nostoc sp.C

Nostocaceae

Oscillatoria crassa (C.B.Rao) Anagnostidis 2001

Oscillatoria sp.B

Oscillatoria subbrevis Schmidle 1901

Oxynema acuminatum (Gomont) Chatchawan, Komarek, Strunecky, Smarda & Peerapornpisal 2012
Phormidium acidophilum ].J.Copeland 1936

Phormidium cf. abronema Skuja, 1901

Phormidium molischii (Vouk) Anagnostidis & Komarek 1988

Pseudanabaena galeata Bocher 1949

Schizothrix cf. lardacea Gomont 1892

Schizothrix sp.A

Diatoms
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Figure 5. Back-scattered electron images (BSEI) presenting (A) laminated facies of stalactite, (B) lam-
inae with shrubs that expand upward by irregular branching, (C) laminae consisting of micritic
crystals of calcite and into it diatoms are trapped, (D) false color BSEI, derived from the correspond-
ing black and white BSEI (see (C)), displaying the distribution of Ca (purple), S (yellow) and Si
(orange) where the diatoms are distinct, (E,F) holes and grooves in calcite crystals, suggesting the
presence of endolithic Cyanobacteria.

Oscillatoriales
27% Synechococcales

28%

Spiri:
Dlrullna les 39,
0
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Figure 6. Pie diagrams presenting the percentage of each Cyanobacteria order.
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Figure 7. Cyanobacterial microflora under an optical microscope. (A) 9- Brasilonema cf. angustatum
(Scale bar: 50 um), (B) Chroococcus cf. mediocris (Scale bar: 50 um), (C) Chroococcus subnudus (Scale
bar: 20 um), (D) Jaaginema thermale (Scale bar: 20 pm), (E) Kamptonema formosum (Scale bar: 20 um),
(F) Leptolyngbya ercegovicii (Scale bar: 10 um), (G) Nostoc punctiforme (Scale bar: 20 pm), (H) Oscillatoria
crassa (Scale bar: 10 um), (I) Oscillatoria subbrevis (Scale bar: 40 um), (J) Oxynema acuminatum (Scale
bar: 50 um), (K) Phormidium cf. abronema (Scale bar: 20 um), (L) Spirulina subtilissima (Scale bar: 10 um).

5. Discussion
5.1. Mineralogical Characterization and Facies

The main mineral phase of the studied samples is calcite (Figure 3), which is the most
stable and common CaCOj3; polymorph found in speleothems [42]. Calcite is also the most
typical main mineral phase in thermogenic travertines. However, the hot spring travertine
deposits of Aedipsos have as main mineral phases either calcite, calcite, and aragonite
or only aragonite [27,29,30]. In the case of speleothems, it was suggested that aragonite
precipitates when the water has Mg/Ca ratios >1 (usually in dolomitic settings [42,43]).
However, the Mg/Ca ratio in the study site is less than one [25]; additionally, based on the
geological setting of the area, no dolomite occurrences have been testified nearby.

Based on SEM-EDS observations and microanalyses, the calcite, except for CaCOj3
contains several trace elements, i.e., Na, Mg, S, Sr, and Yb (Table 1). The incorporation
of Mg?* and Sr?* into calcite has been well documented (e.g., [44]). However, it is worth
mentioning that high-Mg calcites are usually observed in marine organisms [45]. The
Aedipsos hot springs have high Na-Cl content and are characterized as seawater-dominated
areas [25]. The incorporation of rare earths elements (REE), including Yb3* in calcite, takes
place by adsorption onto calcite surfaces [46]. In the studied samples, the Yb presented
equal distribution (Figure 4D) and reached 2.21 wt.% Yb,0Os3. Although the presence of
Yb-calcite in speleothems is not common, its presence in the studied samples could be
explained because they are not typical speleothems but hot-spring related, and the Yb
could be attributed to the hydrothermal fluid. The presence of sulfate-containing calcite
has been recently proved. A characteristic example comes from LaDuke Yellowstone hot
spring, USA [47]. Okumura et al. [47], based on XPS, XRD, and TEM analysis, verified
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that sulfur was the principal foreign element in synthetic and natural (from LaDuke hot
spring, USA) calcite crystals, with a mean atomic ratio of S/Ca around 5%; the chemical
form of sulfur was proven to be sulfate (SO, ~%). Sulfate is usually incorporated at the
carbonate site of the calcite structure (structurally substitute [48,49]). In the studied samples
of Aedipsos, the distribution of the S presented equal distribution (Figure 4C) and reached
up to 4.19 wt.% SOs3.

The studied samples were found to display mainly lamination (Figures 4A and 5A)
and shrub (Figure 5B) facies. These two facies are the most common among the thermogenic
travertine deposition of Aedipsos [30,33,34]. Moreover, lamination is the most characteristic
facies among the speleothems [42].

In a few cases, diatoms are trapped in thin laminas, consisting of not-dense micritic
crystals (Figure 5C,D). Similar structures were described in previous studies in the ther-
mogenetic travertine of Aedipsos, and they were attributed to EPS dense net resulting in
the retention of calcium carbonate crystals and diatoms [33,34]. Moreover, in several cases,
zones parallel to the lamination (Figure 2C) or nest areas were identified, where traces of
endolithic Cyanobacteria presence, i.e., holes and grooves, occur.

5.2. Cyanobacteria Diversity

The dominant orders of Cyanobacteria are Synechococcales and Oscillatoriales, while
Chroococcales, Nostocales, and Spirulinales follow. Kanellopoulos et al. [32] studied the
diversity of cyanobacterial microflora of NW Euboea Island hot spring depositions. Based
on their results, the summarized cyanobacterial microflora of Aedipsos hot springs is
dominated by the orders Oscillatoriales (35.7%) and Synechococcales (31.4%), followed by
Chroococcales (15.9%), Spirulinales (10.1%), and Nostocales (6.6%), with Chroococcidiopsi-
dales (0.3%) barely present. Thus, in speleothems, the dominant orders are the same as in
most of the hot springs of Aedipsos, i.e., Synechococcales and Oscillatoriales. In addition,
the Nostocales and Chroococcales are more abound in the speleothems. The Spirulinales
are significantly decreased, and Chroococcidiopsidales are totally absent.

It is very interesting that in the same study [33], the cyanobacterial microflora of the
hot spring of the cave and the drainage channel depositions were also studied. In the
case of the cave hot spring (T = 49.2 °C, Sal = 20%., pH = 6.05, only limited access to
sunlight), only two orders were identified, i.e., Oscillatoriales (71%) and Synechococcales
(29%). While in the samples from the drainage channel, where there is full access to sunlight
(T =43.1-37.2 °C, Sal = 27-24%o, pH = 6.5-6.27), the Oscillatoriales (50-29%) is dominant,
followed by Chroococcales (25-12%), Synechococcales (21-19%), Spirulinales (19-11%),
Nostocales (11%-not identified), and Chroococcidiopsidales (3%-not identified). Thus, the
speleothems present several similarities, but at the same time, also distinct differences
concerning the cyanobacterial microflora of the cave hot spring and the drainage channel.

Based on fresh and cultured material, a total number of twenty-nine (29) different
Cyanobacteria species, plus diatoms, were identified. By comparing these results with
recent extensive studies on the Cyanobacteria diversity of Aedipsos hot spring depositions
and the pioneer species [33,34], ca. 32% of the identified Cyanobacteria species presented
here, do not appear in the Aedipsos travertine deposits (i.e., Anabaena cf. iyengarii, Chroococ-
cus lithophilus, Chroococcus subnudus, Jaaginema thermale, Oscillatoria subbrevis, Phormidium
molischii, Pseudanabaena galeata, Schizothrix cf. lardacea and Schizothrix sp.A) indicating the
peculiarity of the specific environment.

5.3. Biomineralization Processes

Cyanobacteria biomineralization processes were identified in the outer layer of the
samples (Figure 8). The presence of endolithic cyanobacteria is detrimental for the calcite
crystals, i.e., they bore holes and dig channels in the crystals (Figure 8C-E). These structures
could be a result of secretion of acidic substances or EPS.
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Figure 8. Biomineralizing processes by Cyanobacteria under SEM. (A) Vertical cut section surface of
stalactite. (B) Detailed view of the outer periphery of stalactite, presenting fluvial crust with char-
acteristic zoning and filaments of the endolithic Leptolyngbya perforans and L. ercegoviccii destroying
the stalactite; whereas the upper zone is covered by granular epilithic species such as Chroococcus
lithophilus. (C,D) Calcite crystals with distinct holes and dig channels are occupied by filamentous
Cyanobacteria. (E) Filamentous Cyanobacteria of the endolithic Leptolyngbya perforans are coming out
of calcite crystal (blue arrow) and calcified sheaths of Cyanobacteria filaments (red arrow). (F) Cal-
cified sheaths of Cyanobacteria filaments by micritic calcium carbonate crystals. (G) Retention of
calcium carbonate crystals by filamentous Cyanobacteria. (H) EPS along with filaments.

In some cases, calcified cyanobacterial sheaths were observed in micritic crystals
(Figure 8F). The occurrence of sheath structure could be related to oxygenic photosyn-
thesis, i.e., increase in the pH in the cell vicinity leading to carbonate oversaturation and
precipitation [50,51], or could be related to the presence of nucleating molecules [52].

In some cases, filamentous Cyanobacteria, along with EPS, create a dense net resulting
in the retention of calcium carbonate crystals (Figure 8G,H).

The above-mentioned biomineralization processes are similar to other biomineraliza-
tion processes identified and are described recently in the thermogenic travertine deposits
of Aedipsos [33,34]. Although, the intensity of the destructive biomineralization processes
of the endolithic cyanobacteria are characteristic for the speleothems.

6. Conclusions

Speleothems are secondary mineral deposits formed under extreme conditions. In
the present study, samples were collected from a cave environment where a hot spring is
spouting in the Aedipsos area (NW Euboea Island, Greece).

The main mineral phase of the samples is calcite, with several trace elements, i.e., up
to 0.48 wt.% NayO, up to 0.73 wt.% MgO, up to 4.19 wt.% SOz, up to 0.16 wt.% SrO and up
to 2.21 wt.% Yb,O3. The main faces of the studied stalactites are lamination and shrubs,
representing the most common among the faces of the thermogenic travertines of the area.

In the outer stalactite layers, thirty (30) different Cyanobacteria species were identified
belonging to the orders Synechococcales (28%), Oscillatoriales (27%), Chroococcales (21%)
and Nostocales (21%), and also, Spirulinales (3%). Among the identified taxa, thermophilic
species (Spirulina subtilissima) and limestone substrate species (Chroococcus lithophilus, Lep-
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tolyngbya perforans and Leptolyngbya ercegovicii) occurred. The ca. 32% of the identified
Cyanobacteria species presented here were not found in the Aedipsos travertine deposits.

Based mainly on SEM observations, biomineralization processes were observed in
the outer layer of the sample. Similar biomineralization processes were also documented
recently in the thermogenic travertine deposits of Aedipsos. The most characteristic biomin-
eralization process of the speleothems is the high-intensity distraction of calcite crystals by
endolithic Cyanobacteria. Additionally, in rare cases, calcified cyanobacterial sheaths were
found, as well as the presence of filamentous Cyanobacteria and EPS, which create a dense
net resulting in the retention of calcium carbonate crystals.

This study highlighted the importance of the geomicrobiological study of speleothems,
especially in the extreme environments of hot springs. These sites can be considered as
natural labs of unique conditions. Further research ought to be conducted in the area,
including additional study sites and DNA metagenomic analysis, in order to fully outline
biodiversity in these extreme environments, and the related biomineralization processes.
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