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Abstract — Root-associated stalactites (rootsicles) in Galeria da Queimada lava tube have a miner-
alogical composition and developmental association with microbes that render them unique. Samples
were examined by X-ray diffraction, micro-Raman spectrometry and scanning electron microscopy/X-
ray energy-dispersive spectroscopy. Three types of rootsicle were defined: incipient; hard (white and
red); and black spongy. The incipient rootsicles still contained rotten organic material and showed the
beginning of mineralization by allophane. The white hard and black spongy types were also composed
of allophane, while the red hard type was composed of hydrous ferric oxi-hydroxide minerals (HFO).
The allophane and HFO in the andisol covering the cave roof precipitated out of the dripwater running
along the roots to form the studied rootsicles. All three types of rootsicle showed black layers, coat-
ings, spots or patches composed of manganese oxide minerals and, occasionally, hisingerite (iron (III)
phyllosilicate). An alternation of organic precipitation caused by filamentous bacteria and inorganic
precipitation (the latter facilitated by pH changes in the dripwater and the cave’s temperature) built up
both the porous and compact rings observed in the white and red hard rootsicles. The largely straight
filaments seen in the porous rings of the white hard rootsicles may be indicative of the previous
presence of Leptothrix spp., while the helical morphologies seen in the red hard rootsicles may be
indicative of that of Gallionella spp. The manganese oxide minerals detected probably formed via
microbial activity. This study reflects the important role of filamentous bacteria in rootsicle formation,
independent of their mineralogy.

Keywords: rootsicles, aluminium silicate, Fe oxi-hydroxides, manganese, filamentous bacteria, spe-
leothem.

1. Introduction stone caves (James et al. 1982; Jasinska et al. 1996;
Hill & Forti, 1997; Hill 1999; Taboros$i, Hirakawa &
Stafford, 2004; Castafio, Redondo Vega & Fernandez
Martinez, 2010; Tamas & Ugureanu, 2010), lava tubes
and, more rarely, in gypsum caves (Hill & Forti, 1997).
They have never been studied in detail, but seem to
start as lithified roots (Taborosi, Hirakawa & Stafford,
2004). They usually appear as stalactites (alone or in
groups) hanging from cave ceilings, but occasionally
may be seen running down flowstone surfaces or grow-
ing downwards from the uppermost edge of small cave
pools (Hill & Forti, 1997). They generally have a beige,
brown, reddish or orange colour, and may be 0.5-1.5 m
long and 3—4 cm thick (although locally they may be
thicker). They may also form columns (James et al.
1982). The roots may be entirely obscured leaving only
mineral casts (Hill & Forti, 1997).

The above studies report information on rootsicle
morphology, size, locations in caves and sometimes
even on the formation process, but the literature con-
tains little on biomineralization as part of rootsicle
formation.

Earlier studies of the Galeria da Queimada lava tube
(Daza & Bustillo, 2013) revealed the presence of differ-
* Author for correspondence: raquel.daza@mncn.csic.es ent types of speleothem such as stalactites, stalagmites,

The idea of a role for living organisms in the formation
of certain speleothems is not new, but it was not until the
second half of the last century that evidence emerged
indicating that microorganisms might somehow con-
trol their formation (see data in Forti 2001). Recently
however, speleothems have been confirmed as having
resident populations of microorganisms (Boston et al.
2001; Barton & Northup, 2007; Northup et al. 2011)
and it is now known that their metabolism and bio-
mineralization activities make important contributions
to speleothem formation (Forti 2001, 2005; Northup
et al. 2011). Experimental work has shown that the
exopolysaccharides and surface characteristics of mi-
croorganisms enhance precipitation rates (Kasama &
Murakami, 2001).

Root-associated stalactites (rootsicles) are rare and
little-studied speleothems formed from plant roots that
penetrate caves with ceilings not far underground. As
they grow downwards in their search for water, these
roots become fossilized by (generally) calcium carbon-
ate. Different authors have recorded rootsicles in lime-
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Figure 1. (Colour online) (a) Location of Azores Islands in the tectonic context. (b) Location of the Galeria da Queimada cave on

Terceira Island (Azores). Modified from Nunes (2004).

columns, gours and flowstones. However, the rootsicles
in this cave were not then recognized as such. The aim
of the present work is to characterize the rootsicles of
the Galeria da Queimada lava tube in terms of their
structure, composition and genesis, taking account of
the role of biomineralization in their formation. The
observed formation of allophane by microbes in these
rootsicles is quite unknown. The present data reveal
undocumented types of root-associated speleothems.

2. Geological setting and general remarks

The archipelago of the Azores is located in the North
Atlantic Ocean, about 1600 km west of Lisbon, Por-
tugal. It comprises nine volcanic islands organized into
three main groups: Flores and Corvo to the west; Gra-
ciosa, Terceira, Sdo Jorge, Pico and Faial in the centre;
and Sdo Miguel, Santa Maria and the Formigas Reef to
the east. The archipelago is located at a triple junction
between the Eurasian, African and North American tec-
tonic plates (Fig. 1a). The island of Terceira is in the
central group (38°45'42" N, 27°5'26” W) and is the
largest island of the archipelago (396.75 km?).

Four polygenetic volcanic systems (Pico Alto, Santa
Barbara, Guilherme Moniz and Cinco Picos) and a
basaltic fissural zone that was most active in the NW
over the last 50,000 years, can be differentiated on geo-
logical maps (Nunes, 2000, 2004) (Fig. 1b). These vol-
canic systems developed along a prominent NW-SE-
oriented fissure zone that transects the island and is part
of the Terceira Rift (Self & Gunn, 1976). The exposed
rocks on Terceira are all of Late Pleistocene and Holo-
cene age (Calvert et al. 2006). Terceira is constructed
from stratovolcanoes and abundant, widely distributed
basaltic vents. The stratovolcanoes were built up by
basaltic-to-trachytic lava flows and pyroclastic depos-
its, and all have nested summit calderas (Francga et al.
2003; Calvert et al. 2006). The lava flows contain cave
systems that range from single tubes to branched tubes
through to those with dendritic patterns (Nunes et al.
2008).
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Over the course of a year, the temperature of the
island typically varies from 12 °C to 26 °C; it rarely
drops below 10 °C or rises much above 28 °C. The rel-
ative humidity typically ranges from 63 % to 94 %. The
estimated mean annual rainfall of 1085 mm is strongly
seasonal, with heavy rains from December until April.
The humidity and temperature cause the rapid altera-
tion of pyroclastic, vitric and porous materials, giving
rise to abundant formations of amorphous and crypto-
crystalline products — a mineralogy typical of andisols.
Andisols normally occur under well-defined climatic
conditions and form a characteristic ‘stratum’, the alti-
tude limits of which are dependent on climate. Trans-
itional forms such as ferruginous andisols can be found
at altitudes above those where andisols typically form,
while at lower altitudes ‘brown soils’ may appear (Pin-
heiro, 2012).

3. The Galeria da Queimada lava tube

The Galeria da Queimada lava cave is located south of
Biscoitos in the basaltic fissural zone in the centre of
Terceira (Fig. 1b); it is housed within a basaltic lava
flow that was emitted from the Picos Gordos scoria
cones about 4480 % 40 years BP (Calvert et al. 2006).
This tube is 640 m in length, 0.3—2.5 m in height and
0.26-10.9 m wide (Fig. 2). It lies at an altitude 0f 473 m
above sea level (Borges, Pereira & Silber, 1992) in what
is now grassland. Near the entrance, the tube splits
into two galleries (Fig. 2). The speleothems of the tube
are still growing; given their location very close to the
ground surface, their growth is influenced by the humid
climate.

4. Materials and methods

The distribution of the rootsicles was examined over
a 370 m stretch of the lava tube (starting at the tube
entrance). Different rootsicles (white, red-orange and
black) were sampled throughout the cave (Fig. 2). All
sampling was performed in the dry season (summer),


https://doi.org/10.1017/S0016756814000491

506

R. DAZA & M. A. BUSTILLO

GALERIA DA QUEIMADA
TERCEIRA ISLAND
ACORES

Topography:
0S MONTANHEIROS-SEE
F.PEREIRA

27 February 1991
Modified by R.DAZA 2012

Entrance

Types of Rootsicles

Incipients rootsicles
White hard rootsicles
Red hard rootsicles
Black spongy rootsicles
<4< Gallery in second floor

0000

Figure 2. (Colour online) Topography of the Galeria da Queimada lava tube and rootsicle sampling points. Modified from Borges,

Silva & Pereira (1992).

since some parts of the cave become partially flooded
during the rainy season.

The samples were mineralogically characterized by
X-ray diffraction (providing total powder diagrams) us-
ing a Philips PW1710 diffractometer with monochro-
matic CuK o radiation. Micro-Raman spectrometry
was performed using a Thermo-Fisher microscope.
The mineralogy and textures of the samples were not
determined by standard optical microscopy since the
samples contained amorphous minerals with a powdery
or gelatinous texture. Rather, the identification of these
components was made using scanning electron micro-
scopy (SEM) with small fractured samples mounted
on stubs coated with a layer of gold. All observations
were made using a FEI Inspect microscope, operat-
ing at 30 kV at a distance of 10 mm in high vacuum
mode, and using secondary electron and backscatter
detectors. The instrument used was equipped with an
Oxford Analytical-Inca X-ray energy-dispersive sys-
tem (EDX).

5. Results
5.a. Rootsicle types

The rootsicles observed were aligned with the ceiling
cooling-crack system (these cracks are both transversal
and longitudinal; Fig. 3a), and were formed from the
fine and very fine roots of plants and shrubs grow-
ing in the soil overlying the lava tube roof (Fig. 3b).
Fresh roots were very scarce; most were rotten and
mineralized. The smallest roots probably correspon-
ded to grass roots and the largest to those of brambles
and ferns. Some rootsicles involved single roots but
more commonly groups of roots (Fig. 3c), producing
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an intertwined appearance (Fig. 3d). Smaller mineral-
ized threads were visible between the roots and on their
surfaces. All showed slight deflections from the ver-
tical axis. They ranged from 5 cm to 60 cm in length;
their diameters could not be measured since the roots-
icles often took the form of small draperies or complex
stalactites (Fig. 3e).

Three types of rootsicle were observed inside the
lava tube: (1) incipient rootsicles; (2) hard rootsicles
(white and red); and (3) black spongy rootsicles.

S.a.1. Incipient rootsicles

The incipient rootsicles were ochre in colour, translu-
cent, highly porous and showed no external concentric
rings. The roots involved mostly appeared rotten and
were wrapped with mucus (Fig. 3d). They were very
damp and had white spots on their surfaces (bacterial
colonies). Their transverse sections were very complex,
with anastomosed intercalations of partially mineral-
ized rootlets mixed with a lumpy, wet mass.

5.a.2. Hard rootsicles

The hard rootsicles showed concentric mineral rings
arranged axially around one or more roots. These min-
eral rings were round or ellipsoid in cross-section, and
varied in size (although all were <1 mm across). Their
outsides were usually less damp than their insides since
dripwater passes through the rootsicle body. Two vari-
eties were observed: white (Fig. 3c, d) and red (Fig. 31).

The white hard rootsicles were opaque or hyaline
(Fig. 3¢, d) with orange, grey and black patches. Three
zones were observed in transverse section (Fig. 4a, b):
(1) an interior zone (1-5 mm thick) of ochre-brownish
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Figure 3. (Colour online) Field photographs of the lava tube and its rootsicles. (a) Rootsicle growth was aligned with the ceiling’s
cooling cracks (which lie transversally and longitudinally to the axis of the lava tube). (b) Plants (grasses, small plants, ferns and
brambles) growing in soil overlying the lava tube roof and at the tube entrance. (c) Anastomosed white hard rootsicles growing from a
crack, showing very fine mineralized roots. (d) Intertwined appearance of some incipient rootsicles. (¢) Several white hard rootsicles
forming small draperies. (f) Red hard rootsicles with black and white patches and ‘veins’ on their surface. (g) Black spongy rootsicles.
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Figure 4. (Colour online) (a) Sketch showing general features of the root-associated stalactites. (b) Transverse section of a white hard
rootsicle showing its three zones. (c) Transverse section of a black spongy rootsicle and its two zones.

material with a lumpy texture, including relics of par-
tially or totally mineralized root; (2) an intermediate
zone (<1 mm thick), grey in colour and with a ringed
structures (black rings marked the boundary between
the intermediate and exterior zone); and (3) an exterior
zone (0.5—1 c¢m) consisting of pearly white rings (all of
submillimetre thickness).

The red hard rootsicles were formed by intercalations
of red, orange and black rings; it was very difficult to
discern any of the zones seen in the white rootsicles.
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Black and white patches or ‘veins’ were seen at their
surface (Fig. 3f). In some cases, the hard rootsicles
appeared to be a mixture of the white and red varieties.

5.a.3. Black spongy rootsicles

Although mainly black in colour (Fig.3g), these
spongy rootsicles occasionally had a yellow interior
(Fig. 4c). Those that were only black had no ringed
structure, millimetre-sized holes and a porous texture.
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Figure 5. (Colour online) X-ray diffraction (XRD) patterns of: (a) a white hard rootsicle, showing allophane and halloysite peaks; and
(b) a red hard rootsicle, showing the main Fe oxi-hydroxide band and small amounts of allophane (red line).

Those with a black exterior and yellow interior showed
a diffuse and lumpy ringed structure (Fig. 4c). They
contained relics of rotten roots.

5.a.4. Rootsicle distribution and cave water pH

The rootsicles showed a well-defined distribution in
the lava tube (Fig.2). The incipient and white hard
rootsicles were found mostly in the left gallery within
the first 40 m of the entrance of the lava tube, and also
at specific points throughout the right gallery where the
roof was closer to the ground surface (Fig. 2). The red
hard rootsicles were found in the right gallery some
60 m from the entrance of the lava tube (Fig. 2), and
were more abundant than the incipient and white hard
rootsicles. The black spongy rootsicles appeared only
in the right gallery in four places at 100, 150 and 250 m
from the entrance and at the end of the gallery (Fig. 2).

The mean pH of the water in the cave (dripwater,
runoff, small pools and puddles throughout the lava
tube) was 6.83 = 0.48. The dripwater associated with
the incipient, white hard, red hard and black spongy
rootsicles had a pH of 6.71, 6.57, 7.35 and 5.76, re-
spectively.

5.b. Mineralogy
5.b.1. X-ray diffraction analysis

The degree of organization of the phases of the roots-
icles was low and the XRD patterns very simple and
weak, with broad bands that varied according to the
studied zones. All the rootsicles were composed of
poorly crystalline minerals that were more easily char-
acterized in the hard rootsicles.

The XRD patterns of the white rootsicles showed two
prominent bands: the first at 15-35° 26, peaking at 26—
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27°26 (3.3 A), and another small band at 35-45° 20
with a maximum at 40° 26 (2.2 A). Both correspond
to allophane (Wada, 1989) (Fig. 5a). Allophane has no
fixed chemical composition, and produces several XRD
patterns (Childs, Matsue & Yoshinaga, 1990). The pat-
terns studied by the latter authors revealed either Si-rich
allophane (Al:Si = 1:1) or Al-rich allophane (Al:Si =
2:1), although the difference between these patterns
was very small. In some of the present samples, the
diffraction patterns showed two extra weak peaks at §—
9°26 (10.15 A) and 20° 26 (4.41 A), probably due to
the presence of small amounts of halloysite (Fig. 5a).
Allophane was also identified in the incipient white
hard and black spongy rootsicles.

XRD analysis of the red hard rootsicles revealed
patterns with a scattering band peaking at 35-36° 26
(2.50 A), corresponding to poorly crystalline Fe oxi-
hydroxides (Fig. 5b). In some cases, two incipient dis-
tinctive bands occurred: a main broad band, peaking
at 35-36° 20 (2.50 A) and a small broad band peaking
at 62-63° 20 (1.49 A) (Fig. 5b). Both bands define the
presence of incipient ‘2-line’ ferrihydrite (Jambor &
Dutrizac, 1998). Both phases are referred to here as re-
flecting hydrous ferric oxi-hydroxide (HFO) minerals.
These minerals were also identified in spots, patches
and some rings in all rootsicles types.

5.b.2. Micro-Raman analysis

Micro-Raman spectrometry analysis of the rootsicles
was performed to determine the characteristics of the
carbonaceous matter (CM) and the composition of the
black patches and layers not identified by XRD. The
Raman spectra confirmed the presence of disordered
CM, hausmannite and hisingerite (iron (III) phyllo-
silicate). The CM showed two vibrational bands in
the exterior zone of the white hard rootsicles. The
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Figure 6. (Colour online) Raman spectra. (a) Spectrum for the external zone of a white hard rootsicle. The carbonaceous matter showed
G and D vibrational bands that mix that for allophane (upper line). (b) Spectrum for a black layer showing the presence of hausmannite
(peak at 665 cm™!). (c) Spectrum of a black spot in which the hausmannite peak is the widest since it is mixed with that for hisingerite

at around 590 cm™!.

position of the prominent first band varied between
1300 and 1350 cm™! (Fig. 6a) and corresponded to the
commonly named D1 defect band (Beyssac et al. 2003).
The wider, second band at around 1620 cm~! (Fig. 6a)
can be interpreted as the G band of the disordered CM,
but with interference from a D2 band. In the brown and
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yellow interior part of the white hard rootsicles, the D1
band was the most important feature of the disordered
CM. In some cases it was the only band (no D2/G was
present). The CM bands were frequently accompanied
by a peak at around 850 cm~! corresponding to allo-
phane (Fig. 6a).
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Figure 7. SEM images of incipient rootsicles: (a) exterior organic coat reveals a microbial component, mainly bacteria and fungi; and

(b) well-preserved root tissues replaced by Si-rich allophane.

The Raman spectra of the black patches showed
a peak at 650-660 cm™' (Fig. 6b), sometimes along
with those of the disorganized CM and allophane.
This agrees with the Raman signal for hausmannite
(Mn;0,4), which consists of a very sharp peak at
about 660 cm~! (Julien et al. 2004; Mironova-Ulmane
et al. 2009). In some spectra the hausmannite peak
(660 cm™') was the widest since it was mixed with the
hisingerite peak (590 cm™"') (Fig. 6¢).

5.c. SEM observations
S.c.1. Incipient rootsicles

The incipient rootsicles were formed by mineralized or
rotten roots with an organic coating. This coating in-
cluded a large microbial component mainly composed
of bacteria, spores and fungi in the form of filaments,
microspheres, pompons and biofilms (Fig. 7a). Accord-
ing to the EDX data, this organic component was mixed
with the allophane.

The rootsicles sometimes showed well-preserved
root tissues, totally or partially replaced by Si-rich allo-
phane (Fig. 7b), as deduced from their EDX composi-
tion (atomic Al/Si ratio: 1.02 & 0.08, atomic C/Si ratio:
2.54 4+ 1.13). The rotten roots had a lumpy appearance;
no root tissues were preserved. The lumpy masses of
allophane microspheres (<0.5 pum in diameter) were
mixed with root relics. EDX analyses showed allophane
rich in Si (atomic Al/Si ratio: 1.15 %+ 0.15) plus minor
elements such as Ca, Fe and Mn, and sporadically Na,
Cl and Mg. Manganese oxides were present as scattered
spheres/masses (5—15 pm in diameter).

5.c.2. Hard rootsicles

The three zones described in the white hard roots-
icles (Fig. 4a) were studied by SEM. The exterior zone
was composed of intercalations of compact thin rings
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(3—15 wm) with botryoidal surfaces, and porous rings
formed mainly by partially or totally mineralized fila-
ments (Fig. 8a). The compact rings were formed by al-
lophane microspheres (<0.5 wm in diameter), together
producing botryoidal aggregates (Fig. 8a). EDX ana-
lyses showed the allophane to be rich in Al (atomic
Al/Si ratio 1.86+0.13) and often to include other
minor elements such as Ca, Fe and Mn and sporadic-
ally Na, K, S and Cl. Cemented and thick mineralized
filaments were observed at the base of these compact
rings (Fig. 8b). The porous rings were composed of
networks of partially (Fig. 8c) or totally (Fig. 8d) min-
eralized filaments and allophane microspheres. These
microspheres fill any porosity, and cover and thicken
the filaments (Fig. 8c). The black spots on the sur-
face of some allophanic hard rootsicles were formed
by lumpy reticular layers of manganese oxide and allo-
phane spheres.

The intermediate zone was composed of thin allo-
phanic rings mixed with many reticular manganese ox-
ide spheres (Fig. 8e). These spheres were sometimes
covered by biofilms and exopolysaccharides (EPS)
(Fig. 8f), and found individually or in aggregates. EDX
analyses showed these manganese oxide spheres to in-
clude minor elements such as Al, Si, Mn, Fe, Zn and Ce
(Fig. 9a). Thin layers of manganese oxides were also
seen between the thin allophanic rings (Fig. 9b).

The interior zone was formed of a mixture of root
relics (Fig. 9¢), allophane microspheres, reticular man-
ganese oxide spheres, mineralized filaments, fungi,
biofilms and EPS. The roots were either mineralized
or rotten. Mineralized roots showed well-preserved tis-
sues due to their partial or total replacement by allo-
phane (Fig. 9d). The rotten roots were covered by many
filaments, biofilms and EPS, all mixed with allophane
microspheres and manganese oxide spheres (5—10 pwm)
(Fig. 9e). Sporadically, the filaments showed helical,
stalked morphologies (Gallionella s.p.) and appeared
within the vessels of the root tissues (Fig. 9f). Thin
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Figure 8. SEM images of white hard rootsicles. (a) Intercalation of compact and porous rings in the exterior zone. The botryoidal
compact rings are formed from allophane microspheres that give rise to botryoidal aggregates (white arrows), plus porous rings formed
by bacterial filaments mineralized by allophane (black arrows). (b) Detail of a bacterial filament ring at the base of a compact ring.
The filaments are thicker and cemented with allophane, thus building up a more compact ring. (c) Networks of bacterial filaments
in the porous rings, with a few replaced by allophane. (d) Networks of bacterial filaments totally replaced by allophane and showing
exopolysaccharides (EPS) between them (black arrows). (e) Rings of the intermediate zone. Some allophanic rings showed many
scattered spheres of manganese oxides. (f) Detail of the reticular manganese oxide spheres covered by biofilms and EPS (black arrow).
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Figure 9. SEM images of white hard rootsicles. (a) Intermediate zone: layers of manganese oxides intercalated between the allophanic
rings. (b) Close-up of (a). EDX spectra showed Al, Si, Mn, Fe, Zn and Ce to be incorporated into the spheres of manganese oxides.
(c) The interior zone with root relics. (d) Mineralized root with well-preserved tissues. (¢) Bacterial filaments, biofilms and EPS,
mixed with allophane, covering a rotted root. (f) Bacterial filaments with helical morphologies (Gallionella s.p.) appear within the root
vessels.
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layers of the manganese oxides sometimes surroun-
ded the root remains. The microbial components and
the rotten organic matter provided a wealth of C that
showed up in the EDS analyses.

The red (ferric) hard rootsicles formed a structure of
rings composed of intercalations of compact thin rings
(4-10 pm) with botryoidal surfaces, and porous rings
formed mainly from mineralized filaments (Fig. 10a).

The ferric minerals showed coalescence mi-
crospheres that formed botryoidal morphologies
(Fig. 10b). EDX analyses revealed the ferric minerals
to be rich in Si (atomic Fe/Si ratio: 4.11 £1.5) and to
sometimes include other minor elements such as Ca, Co
and Mn. The filaments showed mainly straight morpho-
logies (Lepthotrix spp.; Fig. 10c) but also some helical
forms (Gallionella spp.). Occasionally, small accumu-
lations of allophane microspheres appeared between
the bacterial filaments (Fig. 10c). Biofilms covered the
ferric microspheres inside the porous rings (Fig. 10d).
Layers with large accumulations of manganese oxides
(Fig. 10e) were between the ring structures. Filaments
encrusted by ferric minerals also occurred on Mn ox-
ides (Fig. 10f). No relic root tissues were seen.

5.¢.3. Black spongy rootsicles

The black spongy rootsicles showed masses and min-
eralized filaments of allophane with many reticular
spheres and thin layers of Mn oxides (Fig. 11a). EDX
analyses showed the allophane to be rich in Si (atomic
Al/Siratio: 1.03 £0.1). Other elements such as Fe, Ca
and Mn, and sporadically Na, Ti, Mg and Cl, were
sometimes included. The roots were partially rotten
and showed well-preserved small vessels (Fig. 11b).
The best-preserved root tissues were those partially or
totally replaced by Si-rich allophane (atomic Al/Si ra-
tio: 1.21 £0.08, C/Si: 3.50 + 1.40).

6. Discussion

Field observations made at the Galeria da Queimada
lava tube revealed the cave roof to be very near the
surface of the ground (<0.5 m) and to be covered
with volcanic soil. The soils of Terceira, mainly an-
disols, developed from young volcanic materials under
damp temperate conditions (Pinheiro et al. 2004). An-
disols have a colloid fraction dominated by amorph-
ous and short-range-order materials such as allophane,
imogolite, ferrihydrite and Al/Fe—humus complexes
(Dahlgren, Saigusa & Ugolini, 2004). These minerals
usually form during the early weathering of volcanic
materials and some became constituents of the present
rootsicles. These rootsicles were formed from infiltrat-
ing water that had passed through the soil covering the
cave roof. This water would have become loaded with
ions from the soil.
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6.a. Mineralogical composition: organic versus inorganic
precipitation

The incipient rootsicles, white hard rootsicles and black
spongy rootsicles were found to be formed mainly
of allophane (sometimes with minor halloysite), al-
though the black spongy rootsicles also contained large
amounts of Mn oxides. In contrast, the red hard roots-
icles were composed mainly of HFO minerals. Mn ox-
ides, and sometimes hisingerite, appeared as minor
minerals in all the studied rootsicle types, forming
black patches and thin layers or rings. Allophane and
HFO minerals have several characteristics in common:
(1) they are typical minerals of andisols; (2) they both
have poorly ordered phases; (3) their morphologies un-
der the SEM are similar (they have a fabric of micro-
spheres that coalesce and form botryoidal aggregates),
and (4) they form compact rings or rings associated
with filaments, the shape and size of which are con-
sistent with a bacterial origin (Jones, Renaut & Kon-
hauser, 2005). The microspheres, which had a com-
mon structure, probably formed after shrinkage via the
partial ordering of a gel that led to the expansion of
voids (bubbles) and the partial ordering of the Fe/Si/Al-
oxygen network (Eggleton, 1987). Much of the water
contained in these non-crystalline minerals is probably
found within these bubbles.

6.a.1. Allophane and halloysite formation

The allophane formation conditions in the rootsicles
can be established from the data obtained for mineral
soils. Dahlgren, Saigusa & Ugolini (2004) indicate that
a pH of 5-7 promotes the formation of Al-polymers
over Al-humus complexes, and that these Al-polymers
react with silica to form allophane. The pH of the drip-
water associated with the allophanic white and black
rootsicles (6.57 and 5.76, respectively) falls within this
interval. Wells et al. (1977) described the inorganic de-
position of allophane in the stream channels of springs
to be caused by a rise in pH on the loss of excess CO,.
Few studies have emphasized the role of bacteria in
the formation of allophane. Urrutia & Beveridge (1995)
and Kawano & Tomita (2002) indicate that poorly
ordered Al-Si or Al-Si-Fe minerals are produced on
bacterial surfaces as a consequence of interaction with
dissolved cations such as Al, Si and Fe. The organic
polymers of the bacterial cell act as chemical absorbers
as well as a template for the precipitation and growth
of poorly ordered Al-Si-Fe minerals. According to the
latter authors, in neutral conditions the silicate minerals
developing on bacterial surfaces were probably formed
by the binding of Si anions via bridging with metal ions
bound to the cell surface via its net negative charge.
Halloysite was scarce in the studied rootsicles.
Its localization in filamentous bacterial morphologies
could not be distinguished by SEM given the small
size of the mineral and because its own morphology is
sometimes similar to that of bacterial filaments. Hal-
loysite formation via bacterial mediation has been little
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Figure 10. SEM images of red hard rootsicles. (a) Exterior zone with a ferric ring structure. This zone shows the intercalation of
compact thin rings with botryoidal surfaces (black arrow) and porous rings formed by mineralized bacterial filaments. (b) Detail of
botryoidal morphologies formed by ferric microspheres. (c) Small accumulations of allophane microspheres (white arrow) between the
ferric bacterial filaments in the porous rings. (d) Biofilms covering ferric microspheres inside the porous rings. (e) Large accumulations
of manganese oxides with botryoidal morphologies in the black spots of a red hard rootsicle. (f) Bacterial filaments encrusted by ferric
minerals on reticulated accumulations of manganese oxides.
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Figure 11. SEM pictures of two black spongy rootsicles. (a) Scattered spheres of manganese oxides in an allophanic mass. Close-up
(right) showing the manganese oxide spheres. (b) Fragments of well-preserved allophanic root tissues inside the allophanic mass.

discussed in the literature, but the mechanism behind it
may be similar to that of allophane formation. The term
bio-halloysite was coined by Tazaki (2005) in studies
of laboratory incubations of native minerals and resid-
ent microorganisms. This author reports a halloysite-
like mineral to form on the cell walls of (tentatively)
sulphate-reducing bacteria. Minyard et al. (2011) noted
the presence of short nanotubes on cell surfaces in a
saprolite sample, but fewer on the surrounding min-
erals. They suggested that cell surfaces may be the
preferred sites for halloysite nucleation.

The bacterial genesis of halloysite cannot be clearly
established for the present rootsicles since potential
inorganic mechanisms exist: (1) the maturation of al-
lophane (Bosak et al. 2002) and (2) its formation in
preference to allophane when Si exceeds 10 mg L~! or
when annual rainfall is <1600 mm (Parfitt, 2009).

6.a.2. Ferric minerals (HFO minerals and hisingerite)

Ferrihydrite and other hydrated and hydroxylated iron
oxide minerals occur widely in caves (Hill & Forti,
1997). Ferric rootsicles, formed mainly by Si-rich HFO
minerals (incipient ferrihydrite and less-ordered hy-
drated oxi-hydroxides), are very extended throughout
the Galeria Queimada lava tube. Ferrihydrite is often
the predominant iron oxi-hydroxide formed in soils
during the early weathering of all volcanic materials
(Childs, Matsue & Yoshinaga, 1990) and its presence
is significant in the soils of Terceira (Gérard et al. 2007).
In the laboratory, 2-line ferrihydrite is prepared by the
rapid oxidation of Fe (II) solutions or by the rapid neut-
ralization of Fe (III) solutions. This occurs at ambi-
ent temperatures and at a pH of about 7 (Jambor &
Dutrizac, 1998).

Phoenix et al. (2003) showed that bacterial cells im-
mobilize more Fe than bacteria-free systems in solu-
tions with iron concentrations of <50 ppm. How-
ever, as the concentration increases, non-bacterially-

https://doi.org/10.1017/50016756814000491 Published online by Cambridge University Press

mediated precipitation begins to dominate. James &
Ferris (2004) observed ochre-coloured bacteriogenic
iron oxide precipitates to behave as potent substrates
for ferric iron precipitation in a creek, with up to 75 %
of total iron precipitated. Only 30 % of the total iron
precipitated was under purely chemical control. These
authors suggested that the macromolecular composi-
tion of the cell surfaces evolved as an ecophysiological
strategy for obtaining maximum energy yields from
Fe?* oxidation via enhanced Fe** precipitation.

Hisingerite is an amorphous to poorly crystalline hy-
drated iron silicate that has been proposed as an early
product of weathering in iron-rich volcanic deposits
(Dahlgren, Saigusa & Ugolini, 2004). This mineral, de-
tected by detailed micro-Raman analysis, occurred only
in the black spots of incipient rootsicles and always as-
sociated with hausmannite. It was however scarce and
probably formed by microbial activity. Iron silicates in
conjunction with iron oxides have been found on bac-
terial surfaces (Fortin, Ferris & Scott, 1998). According
to the latter authors, iron silicate formation involves a
complex binding mechanism in which Fe forms bridges
between the reactive sites on cell walls and silicate an-
ions, thus initiating silicate nucleation.

6.a.3 Manganese oxides

Mn oxides produced by microbial activity are believed
to be the most abundant and highly reactive Mn oxide
phases in the environment. Microorganisms, especially
bacteria but also fungi, are known to catalyse the ox-
idation of Mn (II) to form Mn (11, IV) oxide minerals
(Tebo et al. 2004; Rossi et al. 2010). Several invest-
igations have addressed the mechanisms of biological
Mn (II) oxidation and biomineralization, with special
interest shown in the possible existence of a Mn (III)
intermediate (hausmannite) (Tebo et al. 2004). Accord-
ing to the latter authors, it is reasonable to think that
bacteria first oxidize Mn (II) to Mn (III), and then Mn
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(I1I) is oxidized to Mn (IV). Hausmannite (Mn;0,) may
be a primary product of the enzyme-catalysed Mn (II)
oxidation reaction, which later transforms to Mn (IV)
oxides abiotically.

6.b. Rootsicle genesis

The roots become a preferential site for the flow of seep
water and, when environmental conditions (diffusion of
CO; but also evaporation) are suitable, for guiding min-
eral deposition (Forti, 2001). This led to the formation
of speleothems over roots (rootsicles), often showing
anastomosis (Hill & Forti, 1997). Forti (2001) suggests
that the interaction between a root and a growing spe-
leothem might affect the morphology (passive effect)
and chemical composition (active effect) of the latter.

6.b.1. Incipient rootsicles

In SEM/EDX analyses, the incipient rootsicles showed
a mixture of organic matter and root tissues partially
or totally replaced by allophane. Root putrefaction was
observed. The organic and gelatinous cover on these
rootsicles may be the microbial by-products of decom-
position.

The literature contains little information on the re-
placement of roots by allophane in caves. However,
this has been reported in some soils under humid and
perhumid conditions and when the weathering envir-
onment is neutral to mildly acidic (Dahlgren, Saigusa
& Ugolini, 2004). These conditions are similar to those
found in the lava tube: the humidity is high and the pH
of the dripwater varies from 5.76 to 7.35.

Martin & Lowe (1989) reported root residues with
cell root structures preserved by allophane impreg-
nation in a podzol; the present mineral replacement
was similar, and tissue structures were preserved.
Grathoff, Peterson & Beckstrand (2003) indicate that
the residence time of water in woody material is very
long, and that wood may serve as a semipermeable
membrane that facilitates initial replacement by allo-
phane. The microbial by-products of root decomposi-
tion could help in such replacements (Buurman, Peterse
& Almendros Martin, 2007; Parfitt, 2009). Kawano &
Tomita (2002) report that allophane minerals may pre-
cipitate rapidly as an early stage product due to the
presence of bacteria.

The incipient rootsicles grow via the laying down
of rings of poorly crystalline minerals, forming hard
rootsicles.

6.b.2. Hard rootsicles

The hard rootsicles have a central zone of partially
or totally mineralized root material and an outer zone
composed of concentric rings of allophane or HFO
minerals, frequently rich in Si (according to the EDX
data).

SEM observations of the white and red hard roots-
icles showed that thin compact rings, formed by in-
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organic precipitation, are interspersed by rings com-
prising bacterial filaments with different morphologies.
Sometimes bacterial filament rings, initially porous, be-
came progressively cemented and end up as compact
rings. Micro-Raman analysis revealed well-developed
D1 and D2/G bands of organic matter, a consequence
of the presence of large microbial communities inside
the ring structures.

In the white hard rootsicles, inorganic allophane pre-
cipitation occurred when the meteoric water (acidified
by the presence of soil-derived CO;) infiltrated the
present lava tube. The acidic solutions, rich in Si and
Al, reached the ceiling of the cave and a rapid neut-
ralization occurred via the degassing of CO,, resulting
in the inorganic precipitation of allophane. Plant roots
may also play an active role in allophane precipitation,
notably by causing localized see-saw changes in the
CO; levels in those areas adjacent to them. The same
is seen in calcite precipitation in carbonate rootsicles
(Forti, 2001; Taborosi, Hirakawa & Stafford, 2004).
The intermediate zone in the white hard rootsicles can
be interpreted as reflecting the relationship between the
root and the surrounding precipitation environments, as
seen in soil rizhocretions.

In the white hard rootsicles, the allophanic porous
rings are formed by undetermined bacterial filaments.
In the red hard rootsicles, the morphology of the fila-
ments is similar to that of others (attributed to Lepro-
thrix spp. and Gallionella spp.) in the speleothems of
the nearby Buracos lava tube (De los Rios et al. 2011).
Both types of bacteria can extract metabolic energy
via Fe (II) oxidation under neutral pH conditions. Bac-
terial activity seems to be clearly involved in red hard
rootsicle formation, although inorganic HFO mineral
precipitation also occurs to form compact rings. The
pH of the dripwater associated with the red hard roots-
icles was around 7.35, which would favour both the
inorganic (Jambor & Dutrizac, 1998) and organic pre-
cipitation of HFO minerals. During periods when the
Fe concentration of the dripwater reaches >50 ppm, in-
organic HFO mineral precipitation would be favoured
over bacterial precipitation (Phoenix et al. 2003).

Red hard (HFO minerals) and white (allophane) hard
rootsicles clearly develop in different parts of the cave.
Indeed, nearly all of the white types are found in the
left gallery and most of the red types in the right gal-
lery (see Fig. 2). This might be explained by: (1) dif-
ferences in the proximity of the lava tube roof to the
surface (the incipient and white rootsicles are located
in areas where the lava tube roofis closer to the surface
than in the red rootsicle area); or (2) the characteristics
of the surface located above the lava tube (plant cover,
amount of water present, etc.). The surface conditions
above a lava tube may directly influence the pH, organic
matter and colloidal composition of an andisol (Dahl-
gren, Saigusa & Ugolini, 2004). The red rootsicles are
mainly located below waterlogged areas with small,
ephemeral surface ponds and, in many cases, beneath
pasture. These same conditions have been observed on
the surface above other lava tubes on the island (e.g.
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the Buracos or Balcoes caves; F. Pereira, pers. comm.,
2012) and their speleothems are also formed from Fe
oxi-hydroxides (De los Rios et al. 2011). The surface of
the left gallery coincides mainly with the boundary of
pasture fields, where there is a strong concentration of
plants and shrubs (hydrangeas, brambles, ferns, etc.).

6.b.3. Black spongy rootsicles

These show a central zone with a partially or totally
mineralized root, plus an outer zone made up of allo-
phane and Mn oxides. Scattered spheres, masses and
thin layers of Mn oxides, and sometimes hausmannite
(according to the micro-Raman data), were found.

The Mn oxides incorporate minor elements such as
Al, Si, Fe, Zn and Ce. Of these, the most interesting
are Zn and Ce since their incorporation may indicate
a biogenic origin. Miyata et al. (2007) indicate that
biogenic Mn oxides produced by bacteria have struc-
turally less Mn (III), compensated for by exchangeable
charge-balancing cations. Mn-oxidizing bacteria have
a suit of enzymes that not only help to scavenge Mn but
also associated elements such as Zn (Toner et al. 2006).
Ce was preferentially incorporated over other rare Earth
elements (REEs) into the Mn oxides studied; this might
be attributed to the oxidative scavenging of dissolved
Ce (III) by Mn oxides. Microorganisms would facilit-
ate this incorporation via specific redox events (Tanaka
et al. 2010).

The black spongy rootsicles, formed by allophane
and Mn oxides but no HFO minerals, are largely located
in a specific area of the lava tube (Fig. 2) corresponding
to intersections of pasture fields at the surface. In this
area there is thick tree cover (Cryptomeria japonica)
(Dias, Elias & Nunes, 2004).

7. Conclusions

The root-associated stalactites (rootsicles) found in the
Galeria da Queimada lava tube are not particularly com-
mon since they are formed mainly of allophane, HFO
minerals and Mn oxide minerals (the vast majority of
rootsicles seen around the world are composed of cal-
cite). Their mineralogical composition and develop-
mental association with microbes render them unique.
These rootsicles provide an excellent opportunity for
the study of biomineralization induced by microbial
activity in caves, especially with respect to allophane;
this has never before been described in caves.

The Galeria da Queimada lava tube is home to three
rootsicle types — incipient, hard (white and red) and
black spongy — of different mineralogy, texture and
structure. Allophane, HFO minerals and Mn oxides,
typical of andisols (the soil type covering the lava tube
roof), precipitated from the dripwater running along
the roots and formed all these rootsicles.

Incipient rootsicles are the first step in rootsicle
formation. Those inspected showed the microbial
products of root putrefaction and the initial replace-
ment of plant tissues by allophane. The microbial by-
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products of plant decomposition could help in such re-
placement. The role of the roots themselves in rootsicle
formation is unclear, although they can cause localized
changes in dripwater CO, levels and thus enhance the
initial inorganic precipitation of allophane via the res-
ulting pH changes.

The hard rootsicles (the most developed) have a cent-
ral zone with partially or totally mineralized roots plus
an exterior zone made up of many concentric rings com-
posed of allophane and/or Si-rich HFO minerals. In the
white hard rootsicles, the intermediate zone was inter-
preted as a consequence of the relationship between the
root and the surrounding precipitation environment, as
seen in soil rizhocretions. The alternation of organic
and inorganic precipitation of allophane and Si-rich
HFO minerals builds up the ring structure. Organic pre-
cipitation is facilitated by bacteria (observed in large
quantities in SEM images), which appear as filament-
ous structures. Some porous bacterial rings become
progressively cemented and eventually compact. The
changes in the pH of the dripwater and in the cave tem-
perature would favour the inorganic precipitation of al-
lophane and HFO minerals in compact rings, although
most precipitation would be bacterially induced.

The mainly straight filament morphologies are in-
dicative of Leptothrix spp. The helical morphologies
seen (in much smaller numbers) in the ferric rootsicles
might be indicative of Gallionella spp. In general, or-
ganic matter (roots and their decomposition products)
and bacterial activity leave their mark in the rootsicles
as G and D bands in the CM detected by micro-Raman
analysis.

The black spongy rootsicles, formed mainly from
allophane and Mn oxides, conserve rotten root mater-
ial. It is reasonable to hypothesize that microorganisms
(especially bacteria), but also fungi, catalyse the oxida-
tion of Mn (II) to form Mn (111, IV) oxide minerals. Zn
and Ce were incorporated into these manganese oxides,
probably also as a consequence of microbial activity.
Mn oxide minerals, and occasionally hisingerite, ap-
pear as black patches, spots and thin layers in all the
types of rootsicle examined.

The white hard, red hard and black spongy rootsicles
develop preferentially in different parts of the cave. The
surface conditions above the cave roof (pasture fields,
or boundaries between these and dense vegetation),
may influence the type of rootsicle found. These soils
may be of different pH, contain different amounts of
organic matter or differ in their colloidal composition,
for example. The red hard rootsicles are mainly located
under areas of pasture with waterlogged soils and small
ponds. The white hard and black spongy rootsicles are
mainly located where the roof'is close to the surface and
where the surface vegetation (hydrangeas, brambles,
ferns, etc.) is dense along the boundaries of pasture
fields.
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