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Abstract 15 

Coralloid-type speleothems were recorded on the ceiling of the Ana Heva lava tube in 16 

Easter Island (Chile). These speleothems were morphologically, geochemically and 17 

mineralogically characterized using a wide variety of microscopy and analytical 18 

techniques. They consist dominantly of amorphous Mg silicate and opal-A. Field 19 

emission scanning electron microscopy revealed a variety of filamentous and bacillary 20 

bacteria on the surface of the Ana Heva coralloid speleothems, including silicified 21 

filamentous microorganisms. Among them, intriguing reticulated filaments resemble 22 
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those filaments documented earlier in limestone caves and lava tubes. The identification 23 

of silicified microorganisms on the coralloid speleothems from the Ana Heva lava tube 24 

suggests a possible role of these microorganisms in silica deposition.   25 

Keywords: lava tubes, speleothems, coralloids, opal-A, biomineralization, reticulated 26 

filaments 27 

INTRODUCTION  28 

Secondary mineral deposits have been reported on the walls and ceilings of a 29 

variety of lava tubes (Webb and Finlayson 1987; White 2010; Northup et al. 2011). 30 

They include amorphous copper-silicate deposits in Hawai‘i caves, iron-oxide 31 

formations in Azores caves, siliceous speleothems in basalt caves, among other features. 32 

However, only recently attention has been paid to the speleothems hosted by these caves 33 

because lava tubes have been considered of little interest from a mineralogical point of 34 

view (Forti 2005).  35 

Lava decoration features of volcanic caves are mainly formed at the time of 36 

formation of the lava tube, when magma flows, and after the primary cave opening has 37 

cooled (White 2010). Other cave mineral formations may result from the leaching of 38 

material by infiltrating groundwater and/or by the activity of microbial communities 39 

helping to form secondary mineral deposits and some types of speleothems (Northup et 40 

al. 2011). For instance, De los Ríos et al. (2011) examining ochreous speleothems from 41 

a lava tube in Terceira Island (Azores, Portugal) reported Fe(II)-oxidizing bacteria 42 

associated with Si-rich ferrihydrite deposits. This occurrence suggested a biogenic 43 

origin of the ochreous speleothems. Coralloid-type speleothems frequently recorded in 44 

lava tubes have been also interpreted as microbially-mediated (Willems et al. 2002; 45 

Urbani et al. 2005; Aubrecht et al. 2008; Vidal Romaní et al. 2010). They consist of 46 
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coral-like deposits, rarely exceeding 3-4 cm in length (Webb and Finlayson 1987; White 47 

2010), with a variety of morphologies including stalactites, stalagmites and flowstone. 48 

Their mineralogy has been described as amorphous silica, particularly opal-A (Webb 49 

and Finlayson 1987; Wray 1999). The presence of silicified bacterial structures on 50 

coralloid speleothems provides evidence for their biological origin (Willems et al. 2002; 51 

Vidal Romaní et al. 2010).  52 

Coralloid-type stalactites were found in a basaltic lava tube from Easter Island 53 

(Chile) during the volcano-speleological campaigns carried out in the Island (Calaforra 54 

et al. 2008). In this study, morphological, geochemical and mineralogical analyses of the 55 

coralloid speleothems from the Ana Heva lava tube in Easter Island were carried out in 56 

order to determine their composition and possible biogenecity.  57 

 58 

Geological setting 59 

Easter Island or Rapa Nui, as it is known by the Polynesians, is located in the 60 

Pacific Ocean, at more than 3500 km west from the Chilean coast, and 2000 km from 61 

the nearest inhabited island (Fig. 1A). It has 16.5 km length and 17.5 km width. The 62 

triangular shape of the island is due to the coalescence of the three volcanoes Poike, 63 

Rano Kau and Terevaka, which generated the main land core of the island (Clark and 64 

Dymond 1977). Terevaka is the youngest volcano, its main body being structured by 65 

numerous laminar flows of basaltic lava, and to a lesser extent of hawaiitic and some 66 

benmorites lavas (González-Ferrán et al. 2004). The last important eruption of Terevaka 67 

volcano occurred between 10,000 and 12,000 years ago, corresponding to the lava flow 68 

of the parasitic cone Maunga Hiva-Hiva in the Roiho lava field (González-Ferrán, 69 

1987). This lava field is the most explored area in Easter Island (Fig. 1A). It rises to 155 70 

m above sea level and covers an area of about 4 km
2
 (González-Ferrán et al. 2004). The 71 
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Roiho lava field is the product of multiple eruptions mainly from the volcano Maunga 72 

Hiva Hiva and comprises aphanitic basalts. This lava field is stratigraphically young, 73 

having only a thin vegetation cover (Haase et al. 1997). O’Connor et al. (1995) dated 74 

the Roiho field lavas at 0.13±0.02 Ma. The surface of the lava field is most weathered 75 

due to the hot and humid subtropical climate of the island (with annual temperatures 76 

ranging between 18ºC and 25ºC, and rainfall exceeding 1000 mm year round). Thus, 77 

well developed pseudo-karren and kamenitzas are widespread.  78 

Easter Island has one of the world’s highest densities of lava tubes, with far more 79 

than 2000 known lava-cave entrances. Since 2005, the volcano-speleological 80 

phenomena of the island have been studied by a multidisciplinary team including 81 

speleologists and researchers from Chile, Spain and Italy (Calaforra et al. 2008). The 82 

studies have primarily focused on the Roiho sector comprising prospecting and mapping 83 

of the main lava tubes (Fig. 1B). Over 6 km of underground galleries have been 84 

mapped. The explored volcanic caves are formed mostly by narrow passages with 85 

collapsed ceilings, which form the cave entrances. They may reach considerable 86 

lengths, being the largest volcanic system not only from Rapa Nui but also from the 87 

whole of Chile. Argillaceous sediments are present and there is noticeable circulation of 88 

groundwater, which in some cases forms small lakes inside the volcanic tubes 89 

(Calaforra et al. 2008). Tamayo (2008) analyzed the chemical composition of water in 90 

eight lava tubes from the Roiho field, revealing its meteoric origin. Rainwater infiltrates 91 

through the highly permeable basaltic rock reaching the interior of the lava tubes. This 92 

favors the accumulation of water and high humidity therein (Calaforra et al. 2008; 93 

Tamayo 2008). In 2007, exploration was mainly based on the collection of samples 94 

from Ana Heva, Ahu Tapairi, Ana Aharo and Ana Kionga for further geomorphological 95 

analyses (Calaforra et al. 2008). In addition, cave fauna, numerous archaeological 96 
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remains and speleothems have been found and are currently under study. Some volcanic 97 

caves, like the Ana Heva lava tube, host widespread and beautiful lava features, 98 

including remarkable secondary mineral deposits, such as coralloid-type speleothems. 99 

  100 

MATERIALS AND METHODS 101 

Sampling 102 

In 2007, a sampling survey along the volcanic tubes from the Roiho lava field 103 

(27º6’47.90’’S, 109º24’49.94’’W) in Easter Island was conducted together with 104 

members of the Speleological Society Alfonso Antxia. Coralloid-type speleothems with 105 

thin water films on their surfaces were observed on the ceiling of the Ana Heva lava 106 

tube (Fig. 1B,C). This lava tube has average passage dimensions of about 4 meters wide 107 

and 2 meters high. The ceiling of the gallery where coralloid speleothems were found is 108 

abruptly lower than in the rest of the cave. It comprises a passage constriction with 40 109 

cm height, which is frequently flooded during extreme hydrological events. On the 110 

sampling date, the relative humidity and air temperature were 100% and 20-21ºC, 111 

respectively. A water course with a flow rate of 1 L/s was observed along the lava tube, 112 

which derives from the infiltration of rainwater through the cave walls (Tamayo 2008).  113 

The coralloid speleothems are small irregular stalactites with globular coral-like 114 

shape and light to dark brown in color (Fig. 1C). These speleothems were carefully 115 

collected from the basaltic lava substratum with the initial aim of a geochemical and 116 

mineralogical characterization. Unfortunately, the required sterile conditions for a 117 

microbiological study were not considered at that time, which prevented a detailed 118 

molecular study. 119 

Morphological, mineralogical and geochemical characterization 120 
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Coralloid speleothems were preliminarily examined under stereomicroscopy 121 

(OLYMPUS SZ51) in order to determine their color, morphology, texture and structure. 122 

Different mineral phases were hand-picked according to textural homogeneity and color 123 

for further mineralogical and geochemical analyses.  124 

Electron microscopy was then used to obtain an accurate assessment of the crystal 125 

morphology, surface topography, chemical microanalysis and detection of microbial 126 

communities associated with coralloid speleothems. Bulk coralloid fragments, directly 127 

mounted on a sample stub and sputter coated with a thin gold/palladium film, were 128 

examined on a Jeol JSM-7001F field emission scanning electron microscopy (FESEM), 129 

equipped with an Oxford X-ray energy dispersive spectroscopy (EDS) detector. FESEM 130 

examinations were operated in secondary electron (SE) detection mode at the Instituto 131 

Superior Técnico - Technical University of Lisbon (IST-UTL), Portugal. 132 

Subsequently, the mineralogical composition of the bulk coralloid samples and 133 

hand-picked materials were determined by X-ray diffraction (XRD) and Fourier 134 

transform infrared spectroscopy (FTIR).  135 

Powdered samples were analyzed by XRD using a XPERT-PRO (PANalytical) 136 

diffractometer with CuKα radiation and a X´Celerator detector. The measurement 137 

conditions were: 40 kV, 35 mA, 0.002 º2θ step size and 20 s of counting time. The 138 

“High Score Plus” analytical software and PDF2 database were used. 139 

Since FTIR spectroscopy is sensitive to both crystalline materials with long-range 140 

order and amorphous materials with short-range order, as well as to organic components 141 

of a heterogeneous system, FTIR analysis was performed to get additional 142 

compositional information of the coralloid-type speleothems (bulk samples and hand-143 

picked materials). Powdered samples were dispersed in KBr pellets and analyzed on a 144 

Perkin Elmer Spectrum 65 spectrometer in transmittance mode, with 4cm
-1

 resolution. 145 
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IR spectra were recorded in the 4000 cm
-1

 to 400 cm
-1

 region. All these mineralogical 146 

analyses were performed at the IST-UTL. 147 

For geochemical analysis, bulk samples were analyzed by wavelength dispersive X-148 

ray fluorescence (XRF) using a BRUKER S4 Pioneer instrument, available at the 149 

Technical Services Area of the University of Almeria (Spain). 150 

In order to expeditiously assess the presence of organic matter, one bulk coralloid 151 

sample was treated with hydrogen peroxide (H2O2, 30% in volume). This is a common 152 

method of removing organic matter from geologic samples (Starkey et al. 1984). The 153 

etching with H2O2 was followed during 30 days since bubbling was continuously 154 

observed during this period. Subsequently, the sample was washed in deionized water, 155 

air dried, and observed under stereomicroscopy.  156 

In addition, total organic carbon (TOC) was determined for the yellow hand-picked 157 

material of the coralloids using an elemental analyzer (Fisons - EA-1108 CHNS-O) 158 

after dry combustion (around 1000 ºC) to eliminate the inorganic carbon. This analysis 159 

was performed according to the European Standard CEN/TS 15407:2006 at the Analysis 160 

laboratory of the IST-UTL, Portugal.  161 

 162 

RESULTS 163 

Speleothem characteristics and composition 164 

Under stereomicroscopy, the coralloid speleothems from the Ana Heva lava tube 165 

were branched and irregular in shape, having rough external surfaces and were light to 166 

dark gray in color (Fig. 2A). Each coralloid branch ranged from less than 2 mm to about 167 

5 mm in diameter, and from 5 mm to approximately 20 mm in length. As shown in 168 

Figure 2A, a dark coating covered the surface of the speleothem samples. In addition, 169 
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small white deposits were often visible on their surface (Fig. 2B). Some branches 170 

appeared broken revealing the yellowish to brownish color of the inner part of the 171 

speleothems (Fig. 2B). The inner part was largely composed of a compact 172 

heterogeneous material ranging from light yellow to honey brown, with vitreous to 173 

resinous luster and relatively low hardness (Fig. 2C). Hence, both the outer gray and the 174 

yellowish inner parts of the coralloid speleothems were hand-picked for further 175 

mineralogical analyzes.  176 

FESEM-EDS analyses were performed on bulk coralloid samples showing broken 177 

branches, revealing that: i) the external gray colored surface had botryoidal structures 178 

composed almost entirely of Si and O (Fig. 3A); ii) the yellowish inner part of the 179 

coralloids had rough spongy texture rich in O, Si and Mg, with some C (Fig. 3B).  180 

The XRF analysis of bulk samples confirmed that the chemical composition of the 181 

coralloid speleothems consisted essentially of SiO2 (89 % wt) and MgO (6% wt), but 182 

some CaO (1.6% wt) and Al2O3 (1.25 % wt) were also present. In addition, several 183 

minor elements were detected in very small amounts, including Na, P, Cl, K, Ti, Mn and 184 

Fe (Table 1). 185 

Mineralogical analyses were performed by XRD and FTIR for each hand-picked 186 

colored part of the coralloid speleothem samples. In general, XRD patterns showed very 187 

broad bands indicating low crystallinity of the mineral components of the coralloid 188 

stalactites (Fig. 4). The X-ray diffractogram of the outer gray part (Fig. 4A) revealed a 189 

prominent broad diffuse band centered at about 23.4º 2 (3.80 Å), characteristic of opal-190 

A (Webb and Finlayson 1984; Aubrecht et al. 2008). In addition, two small peaks 191 

superimposed upon the opal-A band were observed at 26.7º 2 (3.34 Å), representing 192 

trace quartz, and 27.1º 2 (3.29 Å), identified as minor K-feldspar. The superficial white 193 

deposits depicted in Figure 2B correspond to calcite (data not shown). The inner 194 
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yellowish part of the coralloid stalactites showed a very complex XRD pattern (Fig. 195 

4B), with a broad diffuse hump between 5.5º 2 (~16 Å) and 8.2º 2 (10.77 Å), and 196 

three broad reflections centered at about 19.5º 2 (4.50 Å), 27.8º 2 (3.20 Å) and 34.9º 197 

2 (2.59 Å). These reflections were presumably derived from clay minerals. The XRD 198 

pattern showed an overall agreement with XRD patterns of low crystalline sepiolite (a 199 

hydrate magnesium silicate mineral) and smectite minerals (some deviation in the 200 

reference reflections suggests a more complex mineral typology, probably interstratified 201 

clay minerals). A minor diagnostic peak of calcite was also present in the diffractogram 202 

at 29.4º 2 (Fig. 4B).  203 

Infrared spectra analyses complemented the mineralogical data by providing extra 204 

information regarding the existent chemical vibrational groups (Fig. 5). This 205 

information is particularly important since the analyzed products have very low 206 

crystallinity. Both IR spectra of the two distinct colored parts of the coralloids showed 207 

significant differences (Fig. 5). The vibrational bands of the outer gray part were very 208 

similar to those obtained elsewhere for opal-A (Wells et al. 1977; Webb and Finlayson 209 

1987). The major intense band at 1100 cm
-1

 is assigned to Si–O vibrations. The bands at 210 

795 cm
-1

 and 470 cm
-1

 are due to the stretching of Si–O in the Si–O–Si groups and Si–211 

O–Si bending vibrations, respectively.  212 

The IR spectrum of the yellowish inner part confirmed the MgO content of the opal 213 

coralloid-type speleothems analyzed in this study. A definite peak at about 667 cm
-1

 is 214 

shown in Figure 5B, representing Mg–OH vibrations (Webb and Finlayson 1987). 215 

Moreover, the band at 3687 cm
-1

 (Fig. 5B) corresponds to the stretching vibrations of 216 

hydroxyl groups attached to octahedral Mg ions of sepiolite (Özcan et al. 2006). In fact, 217 

the IR spectrum of the yellowish part is similar to that of sepiolite figured by Webb and 218 

Finlayson (1987). The major Si-O peak is at 1027 cm
-1

, with a smaller peak at 1080 cm
-219 
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1
. The broad band at 3440 cm

-1
 is due to H–O–H vibrations of adsorbed water. The pair 220 

of strong bands near 2925 and 2853 cm
-1

 (Fig. 5B) is indicative of organic carbon, 221 

together with the bending vibrations of the methylene group near 1440 cm
-1

.  222 

Regarding the assessment of organic matter on the coralloid speleothems, bubbling 223 

was continuously observed during prolonged H2O2 etching. It was also observed that the 224 

dark coating on the outer part of the speleothem depicted a lighter gray color and the 225 

inner part showed a pale yellow color after the H2O2 treatment (Fig. 2D). The organic 226 

carbon of the inner-yellowish part of the speleothems was 0.9% of total dry weight.  227 

Geomicrobiological interactions 228 

Morphological inspections of the surface of the coralloid-type speleothems by 229 

FESEM revealed dense microbial mats with a wide range of microbial morphologies 230 

(Fig. 6). Coccoid and bacillary cells embedded in extracellular polymeric substances 231 

(EPS) forming biofilms on the surface of the coralloid speleothems were most 232 

frequently observed (Fig. 6A,B). Masses of spores (≈ 1 µm diameter) with extensive 233 

echinulate ornamentation were also detected (Fig. 6B). Biosignatures exhibiting the 234 

shape of an ornate spore surface were preserved on the silicate mineral substratum 235 

forming a characteristic pattern (Fig. 6C). In addition, spheroids (>1 µm in diameter) 236 

incrusted within the mineral substratum were also observed (Fig. 6D).  237 

FESEM examinations also revealed a variety of filamentous morphologies on the 238 

surface of the coralloid samples (Fig. 7): i) smooth thin filaments (<1 µm diameter) 239 

embedded in EPS (Fig. 7A); ii) dense networks of very thin interwoven filaments (Fig. 240 

7B), and iii) mineralized tubular sheaths of different sizes and textures, rich in Si (Fig. 241 

7C,D). Most of these mineralized filaments were partially broken or destroyed. Upon 242 

these filaments, fine-grained silica precipitates were deposited. Well-formed opal-A 243 

microspheres (< 0.5 µm in diameter) forming botryoidal clusters on the microbial mats 244 
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and EPS secreted by microbial filaments were commonly observed (Fig. 7E,F). Among 245 

the filamentous morphologies observed in the whole mount samples, abundant 246 

reticulated filaments distributed throughout the samples surface with approximately 100 247 

µm long and 0.5 µm in diameter were observed (Fig. 8). They featured filament walls 248 

with a fine geometry, forming square- or diamond-shaped chambers and resembling an 249 

open mesh (Fig. 8B,C). Sometimes, remains of these filaments appeared without 3-250 

dimensional form resulting presumably from the decay of these filamentous sheaths 251 

(Fig. 7F). Interaction of the reticulated filaments with the silicate substratum was also 252 

observed in Figures 7F and 8D. Opal-A microspheres precipitation on EPS was noticed 253 

in Figure 8D.  254 

Moreover, extensively etched mineral grains such as calcite and Mg-silicate 255 

minerals were found associated with the microbial morphologies on the coralloid-type 256 

speleothems from the Ana Heva lava tube (Figs. 6C, 6D and 7C). 257 

DISCUSSION 258 

The coralloid-type speleothems found within the Ana Heva lava tube in Easter 259 

Island (Chile) were of siliceous composition. They were essentially composed of SiO2 260 

(89.1%), with a relatively high content of MgO (6.1%), and depleted in CaO (1.6%), 261 

Al2O3 (1.25%), Fe2O3 (0.7%), TiO2 (0.2%) and alkaline elements (Na2O + K2O = 262 

0.2%). This composition is consistent with the chemical composition of the overlaying 263 

basaltic rock. According to Haase et al. (1997), the basaltic lavas from the Roiho sector 264 

have SiO2 content <48%, ~16% Al2O3, less than 13% Fe2O3, 9.6% CaO, more than 7% 265 

MgO, a relatively high content of alkali elements (Na2O + K2O = 3.6%), 0.4% P2O5 and 266 

<0.2% MnO.  267 

A special feature of these coralloid speleothems is their high MgO content. Most of 268 

the opal speleothems described in the literature show less than 2% MgO content (Webb 269 
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and Finlayson 1987). High MgO content was solely recorded in opal speleothems from 270 

an Auckland lava cave (New Zealand), with 14% MgO, and from Mt. Hamilton basaltic 271 

lava cave (4.7% MgO) in western Victoria, Australia (Webb and Finlayson 1987). 272 

According to the mineralogical data, the MgO content of the Ana Heva coralloid 273 

samples derives from the presence of a hydrate magnesium silicate (probably sepiolite) 274 

solely identified in the yellowish inner part of the speleothems. The formation of a 275 

specific clay species is strongly dependent on the substratum lithology, local climate 276 

(e.g. temperature and rainfall rate) and geomorphological features that control the rate 277 

of element lixiviation (i.e., water/rock ratio). In fact, the high Mg content in the 278 

speleothems is in good agreement with the volcanic substratum composition (Haase et 279 

al. 1997) and weathering profile. Glass and olivine are the least stable components of 280 

the basaltic rocks, providing large and faster loss of Ca and Mg, some depletion of SiO2, 281 

relative increase of R2O3, Fe oxidation, and incorporation of water (Colman 1982). 282 

However, the element release rate is reduced with time, as suggested by the presence of 283 

recent hyposaline water in the Ana Heva lava tube and the chemical/mineralogical 284 

differences between the inner-yellow and outer-gray parts of the coralloids. Tamayo 285 

(2008) showed that seeping water has low total dissolved solids (40 ppm), neutral pH 286 

(7.36), SiO2 as the main constituent (> 20 mg/L), chlorides (16.0 mg/L), Na (10.1 287 

mg/L), bicarbonates (8.7 mg/L), sulfates (6.0 mg/L), and Mg (5.0 mg/L). Considering 288 

the composition of the coralloids, the inner part is more magnesian and the outer part is 289 

almost exclusively siliceous, which is consistent with a decrease in the element release 290 

rate. This fact is evidenced by the presence of recent opal-A gray layers, directly 291 

deposited on the ceiling of the lava tube by recent hyposaline water (Fig. 1C). 292 

Concerning the occurrence of Al in the bulk coralloid samples determined by XRF, 293 

it is probably due to the smectite minerals also identified in the inner yellowish part, 294 
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such as montmorillonite. Amorphous smectite minerals are a common feature in the 295 

weathering products of volcanic rocks (Craig and Loughman 1964; Vidales et al. 1985; 296 

Eggleton and Wang 1991). Their presence is also indicative of poorly drained profiles 297 

(low water/rock ratio) or high surface evaporation areas (Prudêncio et al. 2002; Velde 298 

and Meunier 2008).  299 

Previous studies reported Al2O3 levels of up to 4% in opal stalactites and flowstone 300 

from basalt and granite caves due to inclusions of allophane (Webb and Finlayson 1984, 301 

1987). In the present study, no allophane (amorphous hydrous aluminosilicate clay 302 

mineral) was identified in the coralloid speleothems. The Ana Heva coralloid IR spectra 303 

do not have a peak at about 550-560 cm
-1

, which represents the vibration of octahedrally 304 

coordinated Al in the gibbsite sheets of clays such as allophane or kaolinite (Webb and 305 

Finlayson 1987).  306 

The chemical and mineralogical composition of the coralloid speleothems suggests 307 

that their formation occurred in two stages of deposition. The first is the yellowish to 308 

brown inner part, constituted by Mg-silicate (probably sepiolite and smectite minerals), 309 

with a more close relation to the basaltic lava composition. The second stage comprises 310 

the thin gray outermost layer almost exclusively composed of opal-A and minor calcite 311 

(justifying the CaO content). This indicates that the genesis of the coralloid-type 312 

speleothems have a close relationship with the water-rock interactions in the Ana Heva 313 

lava tube. Water percolates down through the overlying weathered basaltic rock 314 

increasing basalts weathering and the formation of coralloid speleothems. In addition, it 315 

can be assumed that a change in the depositional conditions of the coralloid stalactites 316 

from the Ana Heva lava tube has occurred. 317 

Microbial activity is also known to play a role in the genesis of silica speleothems, 318 

through biomineralization processes (Willems et al. 2002; Forti 2005; Urbani et al. 319 
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2005; Aubrecht et al. 2008; Vidal Romaní et al. 2010). Indeed, dense microbial mats 320 

were observed on the surface of the coralloid speleothems from the Ana Heva lava tube. 321 

Electron microscopy revealed that the microbial mats were composed of several 322 

microbial features, including coccoid, bacillary and filamentous cells. Some of them 323 

were organized in dense networks of very thin interwoven filaments, which resemble 324 

those identified as actinobacteria by Cuezva et al. (2012).  325 

Most microorganisms found on the coralloids showed the ability to weather the 326 

siliceous substratum, as evidenced by dissolution and precipitation of silica features 327 

(Figs. 6, 7 and 8). Their clearly visible capacity to produce EPS on the coralloid 328 

stalactites, or their metabolic activities presumably could etch the substratum and 329 

localize silica precipitation by modification of microenvironmental conditions, such as 330 

pH and redox potential (Gorbushina 2007; Cockell et al. 2013). The presence of etched 331 

minerals associated with microorganisms (Figs. 6C, 6D and 7C) evidences dissolution 332 

of silica and thus their mining effects on the coralloid speleothems. Moreover, silicified 333 

microorganisms represent an important fraction of the microbial components on the 334 

siliceous speleothems found in the Ana Heva lava tube. Several filamentous features 335 

with botryoidal silica precipitation on their sheaths and surrounding microenvironment 336 

were observed by FESEM-EDS (Figs. 7 and 8). This suggests that the formation of the 337 

botryoidal opal-A outermost part of the speleothems is microbiologically induced. 338 

A special morphological feature of the mineralized filaments found on the Ana 339 

Heva coralloids was the presence of enigmatic reticulated filaments, resembling those 340 

filaments reported by Melim et al. (2008) and Miller et al. (2012) in basalt lava tubes 341 

and limestone caves, and a granite tunnel, respectively. They were characterized as 342 

hollow filaments with hexagonal and diamond-shaped chambers resembling 343 

honeycombed structures, and could not be correlated to any known microorganism or 344 
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organism part. However, these authors demonstrated that the reticulated filaments 345 

induce biomineralization processes (Miller et al. 2012). In fact, silica precipitation was 346 

observed within EPS and on the filament walls of the reticulated filaments found on the 347 

coralloid speleothems from the Ana Heva lava tube (Fig. 8). 348 

The contribution of microbial activity during the formation process of the inner-349 

yellowish part of the coralloid speleothems is also evidenced in this study. The 350 

identification of diagnostic bands of organic carbon in the IR spectrum (Fig. 5B), the 351 

prolonged organic oxidation (bubbling) observed on the outer-gray and inner-yellow 352 

parts of the coralloids and the TOC content of the yellow inner part (0.9%) support this 353 

hypothesis. 354 

 355 

CONCLUSIONS 356 

In this paper the occurrence of coralloid-type speleothems in the Ana Heva basaltic 357 

lava tube from Easter Island (Chile) was presented. The multi-analysis approach 358 

provided useful information regarding their chemical and mineralogical composition 359 

and the influence of physicochemical mechanisms and possibly microorganisms in their 360 

formation. The data obtained suggested that the coralloid stalactites deposition occurred 361 

in two stages. The first shows yellowish to brown color, being mainly composed of clay 362 

minerals probably sepiolite and smectite. The second stage comprises a thin gray 363 

outermost layer constituted by almost exclusively amorphous opal-A associated with 364 

microbial communities. Their genesis presumably results from the weathering of the 365 

basaltic bedrock. It can be speculated that the following factors may increase basalts 366 

weathering: i) the mineralogy of the basalt, which is highly susceptible to alteration; ii) 367 

the high humidity and atmospheric temperatures to which the rock is subjected; and iii) 368 

the highly fractured nature and permeability of the basaltic lava. An increase in the 369 
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weathering of basalts may be related to an increase in the formation of coralloid 370 

speleothems. In addition, the low crystallinity of the opal-A microspheres, their 371 

precipitation on cell walls and EPS, the presence of etched mineral grains, and the C 372 

content of the inner-yellow part also suggest microbial activity during the formation 373 

process of coralloid speleothems from the Ana Heva lava tube. 374 

These observations together represent a basic framework for the understanding of 375 

the depositional conditions of the coralloids. Further work consists of a more detailed 376 

characterization of the coralloid speleothems from the Ana Heva lava tube in terms of 377 

their internal structure and their formation mechanisms. Geochemical modeling of the 378 

basalt weathering and of the deposition of the speleothems is needed to provide a clearer 379 

evidence of these processes. In addition, a detailed microbiological study seems 380 

necessary to unveil the most common bacteria involved in silica precipitation.  381 
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CAPTION FOR FIGURES 482 

Fig. 1. (A) Location of the Lava field of Rohio in the western margin of the Eastern 483 

Island. The origin of the tubes explored in this area is linked with the Terevaka Volcano 484 

eruptions. (B) Surveyed lava tube complex in the sector of Roiho. Arrow shows the 485 

position of the sampling site at the Ana Heva lava tube. (C) General view of the 486 

coralloid-type speleothems on the cave ceiling. Scale bar represents approximately 10 487 

cm.  488 

Fig. 2. (A) General aspect of coralloid speleothems from the Ana Heva lava tube. (B) 489 

Detail view of the broken branches showing the yellowish color of the inner part of the 490 

speleothems and white crusts on the surface of the coralloids (arrow). Scale bars = 5 491 

mm. (C) Detail of a coralloid cross-section showing the heterogeneous material ranging 492 

from light yellow to honey brown, with vitreous to resinous luster. Scale bar = 1 mm. 493 

(D) General view of a coralloid after dissolution in hydrogen peroxide. Scale bar = 494 

5mm. 495 

Fig. 3. FESEM images of the surface of a coralloid-type speleothem from the Ana Heva 496 

lava tube. (A) Detail of the botryoidal surface and corresponding EDS spectrum 497 

(spectrum 1). (B) Rough spongy texture of the outer zone of the speleothem and 498 

corresponding EDS spectrum (spectrum 2). 499 

Fig. 4. Representative XRD patterns of coralloid-type speleothems from the Ana Heva 500 

lava tube. (A) Outer gray part. (B) Yellowish inner part. 501 

Fig. 5. Infrared spectra of coralloid-type speleothems from the Ana Heva lava tube. (A) 502 

Outer gray part showing the characteristic IR spectrum of opal-A. (B) Yellowish inner 503 

part revealing vibration bands of poorly crystallized sepiolite.   504 
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Fig. 6. FESEM images showing the distinct microbial morphologies found on the 505 

coralloid speleothems from the Ana Heva lava tube. (A) Coccoid and bacillary cells 506 

embedded in EPS. (B) Spores with extensive echinulate ornamentation. (C) 507 

Biosignatures of echinulate spores preserved on the silicate mineral substratum. (D) 508 

Spheroids incrusted within the etched mineral substratum. Arrows show etched 509 

minerals. 510 

Fig. 7. FESEM images of filamentous morphologies found on the surface of the 511 

coralloid samples. (A) Smooth thin filaments embedded in EPS. (B) Network of very 512 

thin interwoven filaments of actinobacteria. (C) Mineralized tubular sheaths and etched 513 

minerals (arrow). (D) Smooth silica deposited upon an individual filament (E) Well-514 

formed opal-A microspheres (< 0.5 µm in diameter) forming botryoidal clusters on the 515 

microbial mats and EPS secreted by microbial filaments. (F) Botryoidal precipitation of 516 

opal-A microspheres on EPS secreted by reticulated filaments. 517 

Fig. 8. FESEM images of reticulated filaments found on coralloid speleothems from the 518 

Ana Heva lava tube in Easter Island. (A) Distribution of filaments throughout the 519 

coralloid sample. (B and C) Geometry of the filament walls forming square- or 520 

diamond-shaped chambers. (D) Individual filament showing fine-grained silica 521 

deposition on its sheath.   522 
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