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Abstract: The morphology, chemical, and mineralogical composition of subsurface filamentous fabrics
(SFF) from the Deccan Volcanic Province (DVP) were investigated to determine the origin of these
spectacular aggregates. SFF occur in a wide variety of morphologies ranging from pseudo-stalactites
to irregular fabrics and are classified as SFFIr (irregular) or SFFMa (matted). The SFF samples
exhibit a thread-like (or filament-like) center from which mineral precipitation starts to form the
final macroscopic morphologies. Detailed investigations revealed organic material (fungal chitin) in
the innermost filamentous core, which may have acted as an initial nucleus for the mineralization
processes. The morphometric characteristics of certain filamentous fabrics are very similar to those of
microbial filaments and the fabrics formed from them but are clearly distinct from similar types of
non-biological precipitates (fibrous minerals, speleothems, and “chemical gardens”). These features
indicate that the filamentous cores might be products of microbial communities that were active in the
basaltic cavities. The SFF cross-sections display similar concentric layers of the mineral succession and
reach thicknesses of several centimeters with spectacular lengths up to 100 cm and constant diameters.
The typical mineralization sequence points to temporal variation in the chemical composition of the
mineralizing fluids from Fe(Mg)-rich (Fe-oxides/-hydroxides, Fe-rich sheet silicates such as celadonite
and di-/tri-smectite) to Ca-dominated (Ca-rich zeolites) and finally pure SiO2 (opal-CT, chalcedony,
and macro-crystalline quartz). Assuming biological activity at least during the early mineralization
processes, circumneutral pH conditions and maximum temperatures of 100–120 ◦C were supposed.
The formation of filamentous cores including Fe-bearing phyllosilicates probably occurred near the
surface after cooling of the lava, where the elements necessary for mineral formation (i.e., Si, Mg, Al,
Fe) were released during alteration of the volcanic host rocks by percolating fluids.
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1. Introduction

The Deccan Volcanic Province (DVP; Figure 1) is among the Earth’s largest continental flood basalts
and is known for its large euhedral crystals of zeolites and associated minerals. Often, well-developed
crystals of these minerals occur on a substrate of subsurface filamentous fabrics (SFF), which exhibit
easily recognizable forms of pseudo-stalactites (Figure 2). Hofmann [1] defined the term subsurface
filamentous fabrics as microscopic to macroscopic mineral fabrics that result from the precipitation of
minerals on a substrate of filamentous (thread-like) geometric units in subterraneous environments.
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found in the amethyst geodes of Artigas in Uruguay [6] and pseudo-stalactite aggregates were also 
reported in California, Mexico, and Brazil [7]. In addition, Hofmann et al. [8] described SFF of 

Figure 1. Map of the Deccan Volcanic Province (DVP) with the four main divisions and the most
important sites of discovery of subsurface filamentous fabrics (SFF) occurrence in the compound lava
flows of the Main Deccan Province (MDP).

Minerals 2020, 10, x FOR PEER REVIEW 2 of 38 

 

1. Introduction 

The Deccan Volcanic Province (DVP; Figure 1) is among the Earth’s largest continental flood 
basalts and is known for its large euhedral crystals of zeolites and associated minerals. Often, 
well-developed crystals of these minerals occur on a substrate of subsurface filamentous fabrics 
(SFF), which exhibit easily recognizable forms of pseudo-stalactites (Figure 2). Hofmann [1] defined 
the term subsurface filamentous fabrics as microscopic to macroscopic mineral fabrics that result 
from the precipitation of minerals on a substrate of filamentous (thread-like) geometric units in 
subterraneous environments. 

 
Figure 1. Map of the Deccan Volcanic Province (DVP) with the four main divisions and the most 
important sites of discovery of subsurface filamentous fabrics (SFF) occurrence in the compound lava 
flows of the Main Deccan Province (MDP). 

While the secondary minerals have been explored in detail [2–5], to date, the filamentous fabrics 
remain largely unnoticed, although they occur in a wide variety of morphologies and in remarkable 
sizes in large vesicles and cavities of compound lava flows in the central and northwestern parts of 
the Main Deccan Province (MDP; Figure 2).  

 
Figure 2. SFF from the MDP showing the basic morphological types: (a) straight and curved linear 
SFFIr (irregular); (b) three-dimensional intergrowths of SFFIr; (c) matted planar SFFMa. 

Filamentous fabrics of similar size and with comparable variations in morphology are not 
reported from other large flood basalt provinces. So-called chalcedony-amethyst stalactites were 
found in the amethyst geodes of Artigas in Uruguay [6] and pseudo-stalactite aggregates were also 
reported in California, Mexico, and Brazil [7]. In addition, Hofmann et al. [8] described SFF of 

Figure 2. SFF from the MDP showing the basic morphological types: (a) straight and curved linear
SFFIr (irregular); (b) three-dimensional intergrowths of SFFIr; (c) matted planar SFFMa.

While the secondary minerals have been explored in detail [2–5], to date, the filamentous fabrics
remain largely unnoticed, although they occur in a wide variety of morphologies and in remarkable
sizes in large vesicles and cavities of compound lava flows in the central and northwestern parts of the
Main Deccan Province (MDP; Figure 2).
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Filamentous fabrics of similar size and with comparable variations in morphology are not reported
from other large flood basalt provinces. So-called chalcedony-amethyst stalactites were found in the
amethyst geodes of Artigas in Uruguay [6] and pseudo-stalactite aggregates were also reported in
California, Mexico, and Brazil [7]. In addition, Hofmann et al. [8] described SFF of matted fabrics or
irregular filaments from several basalts around the world. Their origin is still debated.

Since the formation of SFF in the MDP does not seem consistent with the classic speleothem-origin
of stalactites, Ottens et al. [5] studied several representative specimens to obtain more detailed
information about their genesis. As a result of these investigations it was concluded that the formation
of SFF is probably related to processes of bio-mineralization rather than stalactitic growth or processes
of self-organization.

The present study is focused on the morphology, macro- and micro-texture and chemical and
mineralogical composition of the SFF from the DVP and aims to reveal the origin of these spectacular
aggregates. Since the formation of SFF is intricately connected with the crystallization of certain
secondary minerals in the basalt cavities, relevant aspects are partly included in the integrated study.

SFF from the DVP not only constitute a largely ignored substrate for spectacular mineral specimens
of global significance, but they also represent impressive examples, often of significant size, of a poorly
understood mineral formation process. The abundance of fresh exposures created by basalt mining
in one of the world’s best studied volcanic successions, combined with the interest in the associated
spectacular minerals, make SFF from the DVP one of the most important and abundant examples of
this type of mineral occurrence.

2. Geological Setting and Occurrence of SFF

2.1. Geological Setting

The Deccan Volcanic Province (DVP) is one of the largest continental flood basalt provinces
(CFBs) [9,10], which are represented by voluminous basalt flows such as the Columbia River Basalt
Group, the Paraná traps, and the North Atlantic Igneous Province. Most of the lavas erupted between
67.5 and 60.5 Ma and were fed by three main dyke swarms, namely (1) those trending N–S to NNW–SSE
between the Arabian Sea and the Western Ghats; (2) those occurring along the Narmada-Satpura-Tapi
region with an ENE–WSW strike; and (3) those located in a zone in the Western Ghats northeast
of Mumbai, which have no preferred orientation [11–17]. Three stages of volcanic eruptions can be
distinguished at around 67, 65 and 64 to 60 Ma, interrupted by two periods of quiescence lasting 2 Mio
and 500,000 years, respectively [12,18–20]. Recent calculations by Sprain et al. [21] in the Western
Ghats indicate that the main effusions took place with over 90% of the total volume between 65.4 and
66.4 Ma. It is believed that the Deccan volcanism is linked to widespread animal extinction at the K–Pg
boundary (formerly K–T boundary) due to degassing of large amounts of CO2 and SO2 [15].

The DVP originally covered an area between 2,600,000 km2 and 750,000 km2 [22]. Nowadays the
DVP basalts are distributed over an area of 500,000 km2 and can be subdivided into four divisions:
Main Deccan Province, Malwa Plateau, Mandla Lobe, and Kutch [22]. The paleo-thickness of the DVP
is unknown, but it is assumed to have reached a maximum of around 3500 m in the Nashik area [22].
Large masses are eroded and the current maximum thickness near Nashik is about 2200 m.

The stratigraphy of the DVP is divided into three major subgroups: Kalsubai (2000 m thick),
Lonavala (525 m thick), and Wai (1100 m thick), ordered from older to younger [23,24], as well
as twelve formations. Each formation is characterized by accumulations of large composite
sub-horizontal tholeiitic lava flows with varying thicknesses and chemical or mineralogical
compositions. Based on these characteristics, simple and compound lava flows are generally
distinguished [16,25]. Compound flows are abundant in the northwestern and central parts of
the MDP (Figure 1) [26] within the estimated distribution of the Kalsubai subgroup [20].

The time between the eruptions of the two consecutive flows can vary widely, from hours, months,
or years to thousands of years. Since age dating of such short time periods is not possible, the degree of
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alteration of the surface zone plays an important indicator role. Surface weathering with a dependence
on time and climatic conditions has resulted in more or less marked red or green alteration zones [22].
These horizons are not very pronounced in the investigated area of the MDP and indicate short
interruptions of up to several years between the lava flows. Fossils or microfossils were not detected in
the ancient surface zones of the MDP basalts.

The MDP consists of basalts without intercalated or overlaying sediment layers [27]. Moreover,
investigations of the sub-trappean structure do not indicate noticeable sediments between the
underlying crystalline Precambrian basement and the basalts [27]. Intertrappean sediments with
records of fossils and paleoflora have not been found in the MDP, but were found at the boundaries of
the DVP, for example, in the Salsette subgroup in Mumbai [28,29] and in Jhilmili [30,31].

2.2. Occurrence of SFF in the DVP

In the MDP, the SFF constitute an early formed assemblage of secondary minerals, such as
phyllosilicates, zeolites, calcite, and SiO2 minerals that have already been mentioned by Hofmann
and Farmer [7] and Hofmann et al. [8]. Secondary minerals in basalts of the MDP were investigated
by several researchers [2,32–35]. Ottens et al. [5] developed a model of secondary mineralization in
three main stages, based on the mineralization in Jalgaon/Savda in the central DVP. In the first stage,
clay minerals including the innermost SFF were formed near to the Earth’s surface during the final
cooling of the lava flows and incipient burial by following lava sequences. In a second stage, calcite,
zeolites, and chalcedony crystallized due to low-grade metamorphism during burial. Minerals, such as
heulandite, stilbite, powellite or apophyllite crystallized on chalcedony much later in the third stage at
high temperatures (in Jalgaon/Savda up to 250 ◦C) from hydrothermal fluids.

For the first time, Ottens et al. [5] described SFF from specific outcrops in the MDP including
complex fabrics of probably biogenic origin. Large aggregates of SFF of variable morphology,
several centimeters long, were mainly found east of longitude 73◦30’ E in areas near Chandvad,
Malegaon, and east of Sangamner as well as east of longitude 75◦15’ E around Aurangabad, Jalgaon,
Jamner, and Jalna (Figure 1). The basalts of these areas belong mainly to the Kalsubai subgroup [21,36].
In contrast, long-term observations in the compound lavas of huge quarry complexes in Nashik, Pune,
the New Bombay-Panvel area and in the spilite of Salsette Island, Mumbai could not confirm the
presence of SFF west of longitude 73◦30’ E. This might be explained by the younger formations of
the Lonavala and Wai subgroups or the latest eruptions of the Salsette subgroup. Moreover, SFF do
not occur in the large units with dominant simple lava in the S–E part of the MDP, Malwa Plateau,
Mandla Lobe, and Kutch due to the lack of vesicular basalts.

The SFF are commonly observed in vesicles and cavities (vesicles larger than 10 cm) in the
cores of individual compound flows with a thickness of 5 to 10 m and occasionally in basaltic
breccia. Individual lava flows, also named flow lobes, are bound either by contacts or weathered
red or green bole horizons [37]. Bole horizons are weathered red-green-gray layers that mainly
consist of clay minerals and were created as weathering products on the upper side of a basalt layer.
In their composition they correspond to basalts rather than laterites. The units of a compound flow
show a typical structure with a high-vesicular top, a rather dense core zone with a low number of
large vesicles/cavities, and a bottom with upwards oriented pipe- or Y-shaped vesicles (e.g., [38]).
The porosity within a lava flow depends on the size and arrangement of the bubbles [39]. In the upper
zone, the lava solidified quickly resulting in small vesicles. In contrast, long-lasting high temperature
and low viscosity of the lava in the central area causes coalescence of ascending bubbles and the
formation of large cavities. The upper zone is characterized by high porosity and high permeability
and is connected to the vesicles and cavities in the core zone by joints, caused by the shrinkage of the
cooling lava. Figure 3 shows the characteristic zoned structure of a 7 m high quarry wall in Savda.
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Figure 3. (a) Quarry wall (7 m high) displaying different zones: (1) bole; (2) intensely altered upper
zone with large number of small vesicles, partly filled with secondary minerals; (3) dense flow core
zone with large cavities; (4) bottom zone with a low number of vesicles. (b) Detail of an upper zone of
a flow with (1) intensely weathered green bole; (2) intensely altered upper zone with high number of
small vesicles, partly filled with secondary minerals. (c) Detail of the flow core zone showing dense
host rock (3) with large mineral-lined cavities.

The photograph in Figure 4a shows a characteristic cavity from Jalgaon/Savda. The irregularly
shaped cavity (40 cm wide) is hosted in the dense basalt of the flow core zone. A crust, a few millimeters
to centimeters thick, of randomly intergrown SFF covers the cavity ceiling and walls. The SFF from
the ceiling and wall partially show gravity-controlled elongation. A thick zone at the cavity bottom
contains randomly intergrown SFF, completely embedded in chalcedony, similar to the so-called moss
agate. The SFF consist of a green inner zone and a chalcedony crust of up to 1 cm.

In general, SFF from the MDP are easily recognizable as single filamentous fabrics, which form
remarkable specimens in association with large euhedral crystals of secondary minerals, such as calcite,
stilbite, heulandite, and apophyllite. It should be noted that SFF with a gravity-controlled orientation
are conspicuous, but curved shapes, random intergrowths, and fully chalcedony-embedded formations
(Figure 4b) are the predominant ones.



Minerals 2020, 10, 540 6 of 40

Minerals 2020, 10, x FOR PEER REVIEW 5 of 38 

 

In general, SFF from the MDP are easily recognizable as single filamentous fabrics, which form 
remarkable specimens in association with large euhedral crystals of secondary minerals, such as 
calcite, stilbite, heulandite, and apophyllite. It should be noted that SFF with a gravity-controlled 
orientation are conspicuous, but curved shapes, random intergrowths, and fully 
chalcedony-embedded formations (Figure 4b) are the predominant ones. 

 
Figure 3. (a) Quarry wall (7 m high) displaying different zones: (1) bole; (2) intensely altered upper 
zone with large number of small vesicles, partly filled with secondary minerals; (3) dense flow core 
zone with large cavities; (4) bottom zone with a low number of vesicles. (b) Detail of an upper zone of 
a flow with (1) intensely weathered green bole; (2) intensely altered upper zone with high number of 
small vesicles, partly filled with secondary minerals. (c) Detail of the flow core zone showing dense 
host rock (3) with large mineral-lined cavities. 

 
Figure 4. (a) Cavity from the flow core in Jalgaon/Savda representing SFF with variable morphology 
recognizable by the dark green color: (1) zone at the cavity ceiling with random intergrowths 
embedded in chalcedony; (2) linear SFF showing gravity-controlled growth from the cavity ceiling 
downwards into the free space; (3) side walls covered with random intergrowths and gravity 
controlled SFF; (4) cavity bottom with masses of irregular SFF embedded in chalcedony. (b) Close-up 
showing dark green filamentous structures embedded in chalcedony. 

Figure 4. (a) Cavity from the flow core in Jalgaon/Savda representing SFF with variable morphology
recognizable by the dark green color: (1) zone at the cavity ceiling with random intergrowths embedded
in chalcedony; (2) linear SFF showing gravity-controlled growth from the cavity ceiling downwards into
the free space; (3) side walls covered with random intergrowths and gravity controlled SFF; (4) cavity
bottom with masses of irregular SFF embedded in chalcedony. (b) Close-up showing dark green
filamentous structures embedded in chalcedony.

3. Materials and Methods

3.1. Sample Material

Most of the sample material (SFF and secondary minerals) was collected during several field trips
from large, freshly opened cavities within the flow core zone in the quarry complex of Savda near
Jalgaon (Maharashtra, India; Figures 1–4). The huge quarry complex (20◦59’ N, 75◦27’ E, 230 m asl)
contains countless numbers of small vesicles and large cavities in the basalt, which normally would
not be of industrial interest. However, the cavities here contain a large number of valuable mineral
specimens resulting in careful mining of crystals including SFF over the last 20 years. These mining
activities allowed long-term observations and thorough geological and mineralogical studies of the
SFF and related mineralization, which could be used for the present study.

Additional samples for comparison were selected from other outcrops in the surrounding MDP
complex in the areas of Nashik (19◦53′ N, 73◦56′ E), Chandvad (20◦20′ N, 74◦14′ E), Malegaon (20◦33′ N,
74◦30′ E), Jamner (20◦48′ N, 75◦46′ E), Aurangabad (19◦52′ N, 75◦19′ E), Jalna (19◦51′ N, 75◦54′ E),
and Sangamer (19◦31′ N, 74◦14′ E) (Figure 1). Numerous field observations (between 1996 and 2016)
and the careful evaluation of dozens of hand specimens provided information on the morphology and
texture of the SFF and the mineralization sequence of the secondary minerals. Representative samples
of different occurrences were selected for detailed analytical studies (Table 1).
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Table 1. Investigated samples from the main volcanic province (India) showing the applied analytical
techniques; (XRD = powder X-ray diffraction; SEM = scanning electron microscopy; EDX = energy
dispersive X-ray analysis; SEMu-EDX = scanning electron microscopy of uncoated samples with local
chemical by EDX; SEMc-EDX = SEM-EDX of carbon-coated samples; XRD = X-ray diffraction).

Sample No. Sample Material Locality Figure SEM XRD Morphometric
Analysis Bio-Analysis

Aur 02 Filament Aurangabad X X
Jal 01 Filament Jalgaon SEMu
Jal 04 Filament Jalgaon SEMu
Jal 05 Filament Jalgaon Figure 13 SEMc-EDX X X

Jal 11 Filament Jalgaon Figure 11 SEMu
SEMc-EDX X

Jal 17 Filament Jalgaon SEMc-EDX X

Jal Sm 01 Filament Jalgaon Figure 14 SEMu-EDX
SEMc-EDX X X

Jal Sm 03 Filament Jalgaon SEMu-EDX X

Jal 30 Cross-section
Cavity wall Jalgaon Figure 7 SEMc-EDX X

Jal 31 Filament Jalgaon Figure 7 SEMc-EDX X
Jal 32 Filament Jalgaon Figure 10 SEMc-EDX
Jal 33 Filament Jalgaon Figure 10 SEMc-EDX

Jam 01 Filament Jamner Figure 16 SEMu-EDX
SEMc-EDX X

Jam 10 Filament Jamner Figure 17 SEMc-EDX X
Jam 17 Filament Jamner X
Jln 01 “Moss agate” Jalna Figure 18 SEMc-EDX X X
31226 “Moss agate” Jalgaon X

“X” marks the analytical methods applied to the samples.

3.2. Analytical Methods

Macroscopic sample evaluation was followed by a careful examination using a ZEISS stereo
microscope. In addition, polarizing microscopy in transmitted light on polished thin sections was
performed on a ZEISS Axio Imager A1m microscope (ZEISS, Thornwood, NY, USA). The documentation
of micro-textures in plane and crossed polarized light was realized using a digital camera Axiocam
MRc5 (ZEISS microscopy, Jena, Germany) and the software Axiovision Rel. 4.6.

Microscopic studies were complemented by cathodoluminescence (CL) investigations on
carbon-coated, polished thin sections using an HC1-LM optical CL microscope (LUMIC, Bochum,
Germany) [40]. Analytical conditions were set at 14 kV accelerating voltage and a current of 0.2 mA.
Luminescence images were recorded by a Peltier cooled digital video-camera (OLYMPUS DP72,
OLYMPUS Deutschland GmbH, Hamburg, Germany) and CL spectra measured with an Acton
Research SP-2356 digital triple-grating spectrograph coupled to a Princeton Spec-10 CCD detector
(OLYMPUS Deutschland GmbH, Hamburg, Germany) in the wavelength range 380 to 1000 nm.
The measurements were performed under standardized conditions (wavelength calibration with an
Hg-halogen lamp, spot width 30 µm, measuring time 1 s).

Mineral identification was performed using a combination of structural (X-ray diffraction, XRD)
and chemical information (scanning electron microscopy energy dispersive X-ray analysis, SEM-EDX).
SEM measurements (secondary electrons—SE, back-scattered electrons—BSE) including local chemical
analyses (EDX) were performed on carbon-coated thin sections and sample pieces using a JEOL
JSM-7001F (20 kV, 2.64 nA, JEOL Ltd., Akishima, Japan) with a BRUKER EDX system (Quantax 800).
In addition, sample pieces without carbon-coating were analyzed using a ZEISS EVO 10 SEM (Carl
Zeiss, Oberkochen, Germany) coupled with a BRUKER Quantax EDS system (XFlash 410-M).

The mineralogical composition of separated and prepared (<20 µm) fractions was analyzed by
X-ray diffraction using a URD 6 Bragg–Brentano diffractometer (Seifert/Freiberger Präzisionsmechanik,
Freiberg, Germany) with Co-Kα radiation and a METEOR 0D Si drift detector (GE Sensing & Inspection
Technologies GmbH, Ahrensburg, Germany) in the range of 5–80◦ (2θ). Analytical conditions
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included a detector slit of 0.25 mm, 0.03◦ step width, and 5 s measuring time. Due to the limited
amount of sample material, smear mounts of the material suspended in ethanol were prepared
on Si low-background holders. Data were evaluated qualitatively using the ANALYZE RayfleX
v.2.352 software. The SEARCH-MATCH procedure for non-clay minerals was based on automated
routines and user-guided evaluation of their results, employing the ICDD PDF4+ database (2019 issue).
For the identification of smectite minerals, additional measurements with oriented slides of untreated
and ethylene glycol saturated samples were performed to analyze the swelling behavior.

Filament morphometries were described by imaging filaments and filament-like structures in
polished thick (150 µm) sections using a Leica DM4500P microscope (Leica Microsystems, Wetzlar,
Germany). Images of microbial filaments and of fibrous/filamentous inorganic precipitates and minerals
were obtained from slide mounts prepared with water or immersion oil. For extended depth of field,
images were taken using the Leica Application Suite software (LAS 4.5.0) including extended depth
of field. Both filament diameters and filament shapes were measured on the obtained images using
the ImageJ software (version 1.51m9). For filament shape determinations, filaments were digitized
as point tracks using the “Multi point” tool of ImageJ. Point tracks for single filaments were further
analyzed in Excel for the determination of (i) total length, (ii) distance between first and last point, (iii)
tortuosity (i/ii), (iv) bending (sum of angles between all joining segments defined by two points each)
and (v) direction changes, i.e., all situations where the sense of bending changes. The morphological
characteristics of MDP filamentous fabrics were compared with those of broadly similar aggregates
of filamentous/fibrous/thread-like forms of minerals, glasses, and “chemical garden“ precipitates of
certain non-biological origin, as well as with broadly similar shapes and textures of certain biological
origin. The method applied here was used first by Hofmann et al. [8] and in a slightly adapted form by
Williams et al. [41].

For the detection of organic residues in selected SFF, desilicification of the central filamentous
core was carried out at room temperature using a 10% hydrofluoric acid (HF) treatment over four days.
The insoluble residue was carefully separated from the solution and washed with deionized water
over 2 h until a neutral pH was reached.

The staining process began with immersion of the selected specimen in 20 µL of a solution
containing 10 g glycerin and 10 g NaOH in 90 mL water. After 30 s, Calcofluor White (CFW) solution,
a highly-sensitive blue fluorescent dye for the identification of polysaccharides containing β-glycosidic
bonds such as chitin and cellulose in fossil samples [42,43] was added to the pretreated specimen
for 12 h without light at room temperature. Afterwards, the sample was repeatedly washed with
distilled water to eliminate the unattached CFW and dried in air at ambient temperature. Optical and
fluorescence microscopy imaging on the obtained residues was performed using a BZ-9000 (Keyence,
Osaka, Japan) microscope.

In addition, attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR) was
used for the qualitative characterization of the isolated materials. The samples were analyzed using a
Nicolet 210c spectrometer (Thermo Scientific, Waltham, MA, USA). These analyses were complemented
by electrospray ionization mass spectrometry (ESI-MS). For that purpose, the demineralized matter was
hydrolyzed in 6M HCl for 24 h at 90 ◦C. Next, the obtained solution was filtrated with a 0.4 µm filter
and freeze-dried to remove the excess HCl. The solid remainder was dissolved in water for ESI-MS
analysis. Standard d-glucosamine as a control was purchased from Sigma (Darmstadt, Germany).
All ESI-MS measurements were performed on an Agilent Technologies 6230 TOF LC/MS spectrometer
(Applied Biosystems, Foster City, CA, USA). Nitrogen was used as a nebulizing and desolvation gas.
Graphs were generated using Origin 8.5.
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4. Results

4.1. Morphology of SFF

The SFF occur in the open space of cavities and exhibit a wide variation in macroscopic morphology
(Figure 5) and size (up to 10 cm, in extreme cases up to 100 cm in the Jamner area). At least eight
different types of filament morphologies observed (Figure 5) can be grouped into two basic categories.
Types 1–7 consist of parallel straight or curved linear filaments or filament intergrowths (Figure 2a,b).
Type 8 can be characterized as planar matted fabrics (Figure 2c).
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The most common is type 4, forming a thin layer up to 1 cm thick at the cavity ceiling/walls, as 
well as type 7, forming layers up to a few centimeters thick at the cavity bottom. The 
gravity-controlled types 1–3 commonly consist of several single, parallel grown filaments, which are 

Figure 5. Schematic sketch of a cavity showing different morphological varieties of SFF:
(1) Gravity-controlled linear SFF (pseudo-stalactite). (2) Coalescence of type 1 SFF with the cavity walls.
(3) Gravity-controlled SFF growth continuing unoriented. (4) SFF randomly intergrown with the cavity
margin. (5) Formation of stable frames of randomly oriented and curved SFF. (6) SFF with horizontal
orientation and maximum length of 3 cm. (7) Cavity bottom with masses of irregular SFF embedded in
chalcedony. (8) SFF consisting of intergrown filaments forming planar matted fabrics. (9) Wall lining
consisting of clay minerals and chalcedony layer. (10) Dense unaltered host rock of the lava core zone.
Note that individual SFF showing upward growth (“pseudo-stalagmites”) were not detected.

The most common is type 4, forming a thin layer up to 1 cm thick at the cavity ceiling/walls, as well
as type 7, forming layers up to a few centimeters thick at the cavity bottom. The gravity-controlled
types 1–3 commonly consist of several single, parallel grown filaments, which are joined together by
chalcedony resulting in shapes resembling stalactites. Type 5 SFF are not very common but can develop
intergrowths up to 15 cm in height. In the following, SFF types 1–7 are labeled as SFFIr (irregular) and
matted type 8 as SFFMa (matted).

The cross-sections of SFFIr are characterized by round or irregular shapes resulting from the
intergrowth of several SFFIr (Figure 6a–e). In contrast, the cross-sections of SFFMa are developed as
band-like forms (Figure 6f).
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Figure 6. Cross-sections of SFF representing different structures: (a) Two separate core zones overgrown
by silica, amalgamated to one SFFIr. (b) Several directly connected core zones, overgrown by silica.
(c) Two separate core zones surrounded by clay minerals and alternating silica layers. (d) Several
separate and connected core zones overgrown by silica and enclosed clay minerals. (e) One core zone
surrounded by an empty space, zeolite, and finally silica. (f) Several core zones overgrown by silica
forming a tabular matted sheet SFFMa.

4.2. Mineralogical Composition and Micro-Texture of SFF

While the macro-morphology of the different filament types is relatively easy to recognize and
characterize, the mineralogical composition and micro-texture of the filaments are very complex and
require a detailed and integrated study. Therefore, several SFF from different locations and of different
types were selected to determine the general mechanisms of formation.

4.2.1. Jalgaon/Savda

Four different samples from cavities within the quarry complex of Jalgaon/Savda were selected
to clarify two aspects of the filament mineralization. First, the comparison of the mineralization
sequence from the cavity walls shows the same succession as for the filament mineralization. Therefore,
a profile from the host rock to the silica mineralization was studied. Second, cross-sections of filament
aggregates were prepared to determine the mineralization sequence and to provide information about
the characteristics of the silica minerals.

Samples Jal 30 and Jal 31 represent a mineralization profile at the cavity wall from the host rock
through the mineralization sequence as well as a cross-section of a filament from the same mineralization
site (Figure 7a,b). The profile shows five clearly distinguishable zones (compare Figure 7a).
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Figure 7. Images and micrographs showing the characteristic composition and texture of samples
Jal 30 and Jal 31 (Jalgaon/Savda): (a) hand specimen showing the typical transition zone between
basaltic host rock and mineralization from a cavity of the outcrops in Jalgaon/Savda (sample Jal 30),
with numbers relating to different zones (for explanation see text); (b) cross-section of a filament from a
cavity in Jalgaon/Savda (sample Jal 31) showing an irregular brown core filament; (c) SEM micrograph
of zone 3 showing agglutinated platelets of celadonite forming worm-like textures; (d) transmitted light
micrograph of acicular mordenite bundles within a homogeneous SiO2 matrix; (e) transmitted light
(crossed polars) micrograph showing the filament center encrusted with micro- and macro-crystalline
quartz; (f) details of the filament cross-section illustrating the SiO2 mineralization directly on the
core filament surface and the succeeding grain-coarsening during crystallization, note the µm-sized
growth lamellae (arrows), so-called Bambauer quartz; (g,h) polarized light/cathodoluminescence (CL)
micrograph pair revealing the zoned crystallization sequence of silica phases, the zones with growth
lamellae being clearly visible in CL (see arrows).
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The host rock (zone 1) is composed of tholeiitic basalt. Data from the literature show a variable
chemical composition of the tholeiitic basalt from the investigated outcrops with 49.93–51.96 wt. %
SiO2, 13.28–14.76 wt. % Al2O3, 12.73–14.00 wt. % Fe2O3 (Fe2+ and Fe3+ given as Fe2O3), 9.19–10.55 wt.
% CaO, 4.43–6.85 wt. % MgO, 2.35–2.95 wt. % Na2O, 0.48–0.54 wt. % K2O, and 1.86–3.13 wt. %
TiO2 [36,44]. The basalt is variably fresh and has a fine-grained, intersertal texture with some cm-sized
plagioclase phenocrysts (labradorite An60) and altered olivine. In the fine-grained groundmass,
fresh lath-shaped plagioclase microliths and clinopyroxene (augite) are preserved, whereas former
glass and olivine are absent or replaced by brown, greenish-brown or green sheet silicates and opaque
ore minerals (ilmenite-rutile-leucoxene and hematite). In the transition to zone 2, di- and trioctahedral
clay minerals (smectite) increasingly occur reflecting the progressive alteration process.

The green layer (zone 3 in Figure 7a) is dominated by celadonite K(Mg,Fe2+)(Fe3+,Al)[(OH)2/Si4O10]
partly intergrown with stilbite and quartz (Figure 8). The celadonite is visible as agglutinated platelets
forming worm-like textures (Figure 7c). The chemical composition determined by local analysis with
SEM-EDX is presented in Table S1.
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Figure 8. X-ray diffraction pattern of sample Jal 30 (smeared powder on Si low background
holder, background corrected); intensity ratios are biased by preferred orientation, beam overflow,
and insufficient particle statistics; search-match results in stick patterns: red: celadonite 1M (see arrows,
PDF 04-011-7885), light blue: stilbite (Ca) (PDF 01-079-1676), green: quartz (PDF 01-075-8322); the d060

spacing of 0.1509 nm typically indicates a dioctahedral but iron-rich mica phase.

Zone 4 starts with bundles of acicular crystals of zeolites intergrown in a matrix of micro-crystalline
silica (Figure 7d). XRD analyses, polarizing microscopy, and spatially resolved chemical analyses
(Table S1) show that the zeolite is predominantly mordenite ((Ca,K2,Na2)[AlSi5O12]2·7H2O) which
crystallizes together with micro-crystalline chalcedony and macrocrystalline quartz. The precipitation
of SiO2 continued and formed zone 5, which consists almost completely of pure chalcedony/quartz.

Investigations of the cross-sections of a filament of sample Jal 31 provided more details about the
texture of the crystallization sequence, in particular the SiO2 phases. Figure 7e shows an overview
of the filament cross-section. An irregularly branched brownish filamentous core is situated in the
center of the ellipsoidal filament (Figure 7b). The chemical composition of this very fine-grained
material (Table S1) shows high contents of Si, Fe, Mg, and Al as well as remarkable concentrations of
Ca, K, and Na. As a result of the lack of XRD analyses, due to the limited sample material, it can only
be speculated from the chemistry that clay minerals (smectite) and probably celadonite are possible
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mineral constituents. On the other hand, amorphous compounds and iron oxides/-hydroxides can also
be assumed to be present in this initial state.

The precipitation of silica phases starts directly at the surface of the brown filamentous core.
The filamentous core is encrusted by multiple layers of SiO2 that show coarsening of grain size
from central micro-crystalline chalcedony to macro-crystalline quartz at the margin (Figure 7e,f).
XRD analyses of early silica precipitates also show the presence of opal-CT and cristobalite indicating
a formation via an amorphous silica precursor (Figure 9). The coarse quartz crystals exhibit
characteristic µm-sized growth lamellae (see arrows in Figure 7f), so-called Bambauer quartz.
The occurrence of different SiO2 generations is confirmed by CL investigations (Figure 7g,h).
Varying CL colors point to different crystallization steps. Even homogeneously appearing crystals
show heterogeneous internal textures. The growth lamellae are highlighted in CL (arrow in Figure 7h).Minerals 2020, 10, x FOR PEER REVIEW 12 of 38 
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filamentous core is surrounded by a tubular space with circular profile followed by further 
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Figure 9. X-ray diffraction pattern of sample Jal 31 (powder sample, background corrected);
search-match results in stick patterns: red: opal-CT (PDF 00-066-0177), light blue: tridymite (PDF
04-008-8127) as a proxy for more “tridymitic“ opal-CT, for comparison only, green: quartz (PDF
01-075-8322); the arrow points to the d001 of smectite with 1.498 nm.

Samples Jal 32 and Jal 33 provide further information about the microstructure of the filaments
from the quarry area of Jalgaon/Savda (Figure 10). Sample Jal 33 represents a cross-section of two
conical filaments with dark brown cores (Figure 10a). The core is encrusted by a concentric succession
of silica layers with varying grain size (Figure 10c) and textural characteristics indicating changes
in the physicochemical conditions during crystallization. The outermost filament layer of several
100-µm thickness is composed of macro-crystalline quartz. The short-lived bluish CL (Figure 10e,f)
is characteristic for quartz crystallized from aqueous solution at elevated temperatures. Details of
the filamentous core (Figure 10d) reveal an Fe-rich composition (high BSE contrast) and an irregular
texture with dissolution features. The chemical composition is similar to that of the core of sample Jal
30 dominated by Si, Fe, Mg, and Al (see Table S1).
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The SEM micrograph in Figure 11d shows the surface morphology of the core filament, which is 
characterized by numerous constrictions indicating shrinkage cracks. At high magnification, details 

Figure 10. Microstructural features of two filamentous cores from Jalgaon/Savda, India: (a) cross-section
of two conical SFF with filamentous cores showing a dark-brownish filament center (sample Jal 33); (b)
cross-section of SFF with two empty filamentous cores (sample Jal 32); (c) micrograph in transmitted
light (crossed polars) of the central part of the right filamentous core in Figure 10a; the dark core
is encrusted by concentric layers of chalcedony showing varying grain size; (d) SEM-BSE image of
the filamentous core in sample Jal 33 (compare (c)) with bright contrast due to high Fe contents and
irregular dark fissures; FC2 and FC3 mark the analytical points of EDX measurements (see data in
Table S1); (e,f) transmitted light (crossed polars (e)) and CL (f) images showing textural details of the
SiO2 mineralization sequence; (g) micrograph in transmitted light (crossed polars) of the central part of
the filamentous core in (b) (sample Jal 32), the core being empty and surrounded by concentric layers of
fine-grained and fibrous SiO2; the arrows point to an empty concentric layer within the silica succession;
(h) close-up of the central part of sample Jal 32; mordenite crystallized inwards to the central hole and
within the silica matrix; note the empty space (arrows) between the silica layers.
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The cross-section of sample Jal 32 (Figure 10b) shows an SFF with filamentous core zones made up
of a central hole (ca. 3 mm in diameter) encrusted by concentric layers of silica phases with different
grain size and texture (granular and fibrous; Figure 10g). These variations can probably be ascribed to
variations in the growth conditions during silica precipitation. The texture of the innermost fibrous
chalcedony layer indicates that it grew on a former matrix, which dissolved afterwards. Indications for
dissolution processes of former existing material are also given by the empty tubular interspace within
the silica succession (see arrows in Figure 10g,h). Bundles of acicular crystals grew both into the central
hole as well as within the silica matric (Figure 10h). XRD and local chemical analyses (see Table S1)
revealed that the crystals are mordenite, the zeolite with the highest SiO2 content.

Sample Jal 11 represents a chalcedony aggregate with two central filamentous cores (Figure 11a).
The cross-section of the aggregate (Figure 11b,c) reveals that the unattached, freely movable filamentous
core is surrounded by a tubular space with circular profile followed by further mineralization of white,
fibrous crystals and SiO2 mineralization. The disconnection of the core filament from the main sample
allowed for detailed investigation of this central structure. The SEM micrographs in Figure 11d–f show
the external shape of the separated core filaments as well as details of the surface and a longitudinal
cut with the inner structure of the filament.

The SEM micrograph in Figure 11d shows the surface morphology of the core filament, which is
characterized by numerous constrictions indicating shrinkage cracks. At high magnification, details of
the surface structure are visible with agglutinated platelets forming irregular frameworks (Figure 11e).
Such textures are typical of several clay minerals, in particular minerals of the smectite group.
XRD measurements produced a d060 reflex at 1.50 Å, confirming the presence of a dioctahedral smectite
mineral (Figure 12). The sample treatment with glycol resulted in a widening of the sheet parameters
from 15 to 17 Å due to swelling. Additional local chemical analyses by SEM-EDX (Table S2) indicate
that the swellable dioctahedral smectite is a Fe-poor montmorillonite with an average crystal chemistry
composition on a water-free basis of (Ca0.25Na0.10) Si4(Al1.25Fe3+

0.15Mg0.60)[O10(OH)2].
Another characteristic feature of the filament surface is the occurrence of fibrous minerals

(Figure 11e). The morphology and chemical composition of these mineral fibers (compare Table S2)
indicate a mineral of the zeolite group, most likely mordenite ((Ca, Na2, K2)[AlSi5O12]2·7H2O).
XRD measurements confirm the presence of mordenite. The cations Ca, Na, and K are exchangeable
resulting in slightly varying chemical compositions. Mordenite in the investigated samples is dominated
by Ca and essentially free of K.

The same results were obtained for the fibrous mineral aggregates which occur at the inner surface
of the tubular space (Figure 11b,c). Both SEM-EDX analyses and XRD measurements confirmed the
presence of mordenite. Needle-like crystals of mordenite are also intergrown with the first generation
of SiO2, before further mineralization sequence results in more or less pure silica minerals.

The careful preparation of the core filament by a longitudinal cut revealed insights into the inner
structure (Figure 11f). The whole filament with a diameter of 0.2–0.5 mm consists of several filament
strands with diameters of approx. 50 µm each. The innermost part of these strands is composed of
linear threads of approx. 20 µm in diameter, whereas the outer region is characterized by a honeycomb
arrangement resembling a cell structure (Figure 11f).

Sample Jal 05 is a large SFF-type chalcedony aggregate with multiple greenish, zoned filament
core aggregates from Jalgaon/Savda (Figure 13a). The cross-section of the filamentous aggregates
reveals different concentric mineralization layers with fine-grained greenish-brown minerals in the
central part (Figure 13b).
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SEM image of a loose part of a filamentous core. (e) Magnified part of (d) showing an irregular 
surface of smectite (montmorillonite) and mordenite fibers; S1 and Z1 relate to the EDX 
measurements in Table S2. (f) SEM image of a longitudinal cut of a filamentous core (200 µm 
diameter) showing a central fibrous structure (ca. 20–40 µm) and a marginal cell-like structure; the 
inner filament zone consists of several thread strands with a diameter of approx. 5 µm. 

Another characteristic feature of the filament surface is the occurrence of fibrous minerals 
(Figure 11e). The morphology and chemical composition of these mineral fibers (compare Table S2) 
indicate a mineral of the zeolite group, most likely mordenite ((Ca, Na₂, K₂)[AlSi5O12]2·7H₂O). XRD 

Figure 11. Micrographs of sample Jal 11 (Jalgaon/Savda). (a) SiO2 aggregate showing two filamentous
cores. (b) Cross-cut of the SiO2 aggregate showing a greenish filamentous core (1), a tubular hole
around the filament core (2), needle-like crystals of zeolites (mordenite (3)), chalcedony intergrown
with mordenite (4) and more or less pure chalcedony (5). (c) SEM micrograph showing details of the
cross-section with filamentous core and surrounding hole as well as fibrous crystals of mordenite.
(d) SEM image of a loose part of a filamentous core. (e) Magnified part of (d) showing an irregular
surface of smectite (montmorillonite) and mordenite fibers; S1 and Z1 relate to the EDX measurements
in Table S2. (f) SEM image of a longitudinal cut of a filamentous core (200 µm diameter) showing a
central fibrous structure (ca. 20–40 µm) and a marginal cell-like structure; the inner filament zone
consists of several thread strands with a diameter of approx. 5 µm.
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to the following mineralization sequence (the numbers relate to analytical spots of EDX 
measurements, see Table S3); (d) close-up of (c) illustrating the fine-grained, irregular mineralization 
of the surface of the filamentous core. 
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showed remarkable carbon excess. To quantify the carbon content of the core filament, uncoated 
sample pieces were investigated by an environmental scanning electron microscope (ESEM). The 
results showed up to 39 at% carbon. Therefore, the determination of the mineral composition is very 
complicated. Assuming that at least some of the mineral phases could be non-crystalline, the 
chemical composition points to a mixture of clay minerals (smectite), silica phases, iron 
oxide/-hydroxides, and probably carbonates (calcite). However, the presence of organic carbon 
and/or hydro-carbon compounds cannot be excluded. 
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filaments, powder XRD analyses of carefully separated material were performed. The X-ray pattern 
in Figure 15 shows an almost perfect 00l-series of trioctahedral smectite. The base reflex is located at 
14.9 Å and the d060 reflex at 1.538 Å. A shift of the base reflex to 17 Å after treatment with 
ethylene-glycol confirmed the swelling of the sheet spacing. Considering the high Mg and Fe 
contents (Table S4) the data most likely point to Fe-rich saponite with an average water-free 
composition of approximately Ca0.30 (Al0.60Si3.40)(MgFe2)[O10(OH)2]. However, a mixture of smectite 
with iron oxides/-hydroxides also must be taken into account. Although no crystalline iron 

Figure 13. Morphological and textural features of sample Jal 05 from secondary mineralization in
cavities of flood basalt of Jalgaon/Savda, India: (a) large, multi-filamentous chalcedony aggregate with
greenish, zoned core; (b) details of the different concentric mineralization layers with fine-grained
greenish-brown minerals in the central filamentous cores; (c) cross-section (SEM-SE micrograph)
of the central part of an aggregate with a filamentous core and a small empty interspace to the
following mineralization sequence (the numbers relate to analytical spots of EDX measurements,
see Table S3); (d) close-up of (c) illustrating the fine-grained, irregular mineralization of the surface of
the filamentous core.
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Local chemical analyses were focused on the fine-grained filamentous core areas of the aggregates
to obtain information about the nature of the initial mineralization stage. The filamentous cores
may have sizes from 100 to several hundred µm in cross-section, sometimes with an empty space to
the following mineralization sequence (mostly silica minerals; Figure 13c). At high magnification,
the surface of the filament core material shows predominantly fine-grained and irregular mineralization
(Figure 13d). Local chemical analyses of the core material (compare Figure 13c) show a dominance of Si,
Fe, Al, Mg, and Ca. The results of Table S3 indicate that the presence of Fe-rich smectite (e.g., saponite)
and/or Fe compounds is most likely. Due to the detected carbon excess, small amounts of carbonate
or organic carbon could also be present. On the other hand, the lack of K indicates missing mineral
phases of the mica group (e.g., celadonite) that were detected in other samples of filamentous cores.

Sample Jal Sm 01 represents a peculiarity, since the SFF lack a chalcedony/quartz overgrowth
(Figure 14a). Therefore, the inner filament cores are clearly visible. The cross-section reveals a
concentric structure consisting of several layers with varying colors (Figure 14b). The filamentous core
is situated in the central part of the aggregate surrounded by a tubular space and followed by several
mineralization layers (Figure 14c,d). The filamentous core itself shows several intergrown threads
with a diameter of ca. 20 µm and a cross-section with a spherulitic structure (Figure 14d). The lateral
view of the filamentous core shows an elongated and irregular shape (Figure 14e) with a striking outer
surface (Figure 14f).

Local chemical analyses of this central part reveal a varying chemical composition dominated by
Si, Al, Ca, Mg, and Fe (Table S4). Moreover, the SEM-EDX analyses of carbon-coated samples showed
remarkable carbon excess. To quantify the carbon content of the core filament, uncoated sample pieces
were investigated by an environmental scanning electron microscope (ESEM). The results showed
up to 39 at% carbon. Therefore, the determination of the mineral composition is very complicated.
Assuming that at least some of the mineral phases could be non-crystalline, the chemical composition
points to a mixture of clay minerals (smectite), silica phases, iron oxide/-hydroxides, and probably
carbonates (calcite). However, the presence of organic carbon and/or hydro-carbon compounds cannot
be excluded.

For a precise determination of the mineral phases in the green outer and interlayers of the
filaments, powder XRD analyses of carefully separated material were performed. The X-ray pattern in
Figure 15 shows an almost perfect 00l-series of trioctahedral smectite. The base reflex is located at 14.9
Å and the d060 reflex at 1.538 Å. A shift of the base reflex to 17 Å after treatment with ethylene-glycol
confirmed the swelling of the sheet spacing. Considering the high Mg and Fe contents (Table S4) the
data most likely point to Fe-rich saponite with an average water-free composition of approximately
Ca0.30 (Al0.60Si3.40)(MgFe2)[O10(OH)2]. However, a mixture of smectite with iron oxides/-hydroxides
also must be taken into account. Although no crystalline iron compounds were detected by XRD,
the presence of strongly disordered or amorphous iron compounds is possible.
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showing alternating greenish, brownish, and grey concentric layers; (c) SEM micrograph of a 
filamentous core with a thin innermost filament-like structure concentrically surrounded by mineral 
aggregates; (d) details of the innermost filamentous core of ca. 50-µm thickness consisting of radial 
fibers (the numbers relate to local chemical analyses, see Table S4); note the empty space between the 
filamentous core and the following mineralization sequence; (e) SEM micrograph showing a lateral 
view of the filamentous core; (f) close-up of the surface of the filamentous core showing a frame of 
flaky crystals of smectite (saponite; compare chemical composition in Table S4). 

Figure 14. Images of sample Jal Sm 01 (Jalgaon/Savda): (a) secondary cavity mineralization showing
brown filament aggregates between stilbite crystals; (b) cross-cut of the filamentous aggregates showing
alternating greenish, brownish, and grey concentric layers; (c) SEM micrograph of a filamentous core
with a thin innermost filament-like structure concentrically surrounded by mineral aggregates; (d)
details of the innermost filamentous core of ca. 50-µm thickness consisting of radial fibers (the numbers
relate to local chemical analyses, see Table S4); note the empty space between the filamentous core and
the following mineralization sequence; (e) SEM micrograph showing a lateral view of the filamentous
core; (f) close-up of the surface of the filamentous core showing a frame of flaky crystals of smectite
(saponite; compare chemical composition in Table S4).



Minerals 2020, 10, 540 20 of 40Minerals 2020, 10, x FOR PEER REVIEW 18 of 38 

 

 
Figure 15. X-ray diffraction pattern of sample Jal Sm 01 (smeared powder, on Si low background 
holder, background corrected); indexing of the smectite phase: non-basal reflections are indexed 
two-dimensionally according to the turbostratic disorder of the smectite phase; the d06,33 spacing of 
0.1539 nm typically indicates a trioctahedral phase. 
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composed of irregular olive-green aggregates and masses in the center (Figure 16b). 

Different types of filamentous shapes are visible inside the tubular central spaces. A 
characteristic feature is the empty space between the filamentous core(s) and the following 
mineralization sequence (Figure 16c), which can probably be ascribed to subsequent shrinkage 
processes (e.g., dehydration, degradation of organics). Separate larger structures of the core 
filaments are not detectable. In fact, the filamentous cores consist of vermicular, partly irregular 
dense masses and exhibit rough surfaces (Figure 16d). 

The chemical analyses of different parts of the filamentous cores show high concentrations of Si, 
Fe, Al, and Mg (Table S5). XRD measurements show the presence of trioctahedral smectite (Fe-rich 
saponite), celadonite, and quartz. Furthermore, investigations of sample pieces without 
carbon-coating revealed high carbon contents up to 24 at%. Due to the relatively low Ca 
concentrations (compare Table S5), higher amounts of calcite can be excluded, and the existence of 
organic carbon must be taken into account. Non-crystalline compounds of Fe-oxides/-hydroxides 
and or silica are also possible. 

The following outer mineralization is dominated by SiO2 phases. XRD analyses show the 
predominance of quartz and an intergrowth with zeolites (mordenite) and small amounts of 
smectite in the first, innermost sequence of the pseudo-stalactitic aggregate. 

Figure 15. X-ray diffraction pattern of sample Jal Sm 01 (smeared powder, on Si low background
holder, background corrected); indexing of the smectite phase: non-basal reflections are indexed
two-dimensionally according to the turbostratic disorder of the smectite phase; the d06,33 spacing of
0.1539 nm typically indicates a trioctahedral phase.

4.2.2. Jamner

Sample Jam 01 originated from a cavity in basalts from Jamner and represents an elongated
chalcedony aggregate with central filamentous cores (Figure 16a,b). The filamentous core is composed
of irregular olive-green aggregates and masses in the center (Figure 16b).

Different types of filamentous shapes are visible inside the tubular central spaces. A characteristic
feature is the empty space between the filamentous core(s) and the following mineralization sequence
(Figure 16c), which can probably be ascribed to subsequent shrinkage processes (e.g., dehydration,
degradation of organics). Separate larger structures of the core filaments are not detectable. In fact,
the filamentous cores consist of vermicular, partly irregular dense masses and exhibit rough surfaces
(Figure 16d).

The chemical analyses of different parts of the filamentous cores show high concentrations of Si,
Fe, Al, and Mg (Table S5). XRD measurements show the presence of trioctahedral smectite (Fe-rich
saponite), celadonite, and quartz. Furthermore, investigations of sample pieces without carbon-coating
revealed high carbon contents up to 24 at%. Due to the relatively low Ca concentrations (compare
Table S5), higher amounts of calcite can be excluded, and the existence of organic carbon must be taken
into account. Non-crystalline compounds of Fe-oxides/-hydroxides and or silica are also possible.

The following outer mineralization is dominated by SiO2 phases. XRD analyses show the
predominance of quartz and an intergrowth with zeolites (mordenite) and small amounts of smectite
in the first, innermost sequence of the pseudo-stalactitic aggregate.
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Sample Jam 10 derives from a cavity in the basalts of Jamner and represents an elongated 
chalcedony aggregate with central filamentous cores (Figure 17a,b). The filamentous core is 
composed of several 10 µm-sized green filamentous structures in the center (Figure 17b) and 
needle-like white crystals, which are radially arranged and extend into the small hollow. These 
fibrous crystals are intergrown with and surrounded by silica minerals. Mineralogical investigations 
by XRD and local chemical analyses by SEM-EDX revealed that the core material consists of 
dioctahedral 1M mica and different zeolites (heulandite-clinoptilolite, stilbite, mordenite; Figure 17, 
Table S6). The mica mineral has a base reflex at 1.51 Å and contains considerable amounts of iron, 
indicating that this is most likely celadonite. According to XRD results, small amounts of smectite 
are probably intergrown with celadonite.  

Detailed investigations by SEM (Figure 17c–f) show that zeolites with heulandite-clinoptilolite 
composition form platy crystals (Figure 17c) and stilbite massive blocky crystals (Figure 17f), 
whereas mordenite preferentially exists as bundles of fibrous crystals (Figure 17d). In general, the 
filamentous core is extremely fine-structured. Celadonite and zeolites form networks and tubular 
fabrics (approx. 50 µm diameter) of fibrous crystals and needles (Figure 17e), which probably 
originally covered the innermost filament threads. Furthermore, different silica phases were 
detected in the filamentous core.  

Figure 16. Images of sample Jam 01 (Jamner): (a) elongated SiO2 aggregate inheriting an olive-green
filamentous core; (b) details of the green filamentous core of the silica aggregates; (c) SEM micrograph of
a dense filamentous core without recognizable texture surrounded by an empty space and the following
mineralization sequence; the numbers relate to local chemical analyses by SEM-EDX (see Table S5); (d)
mineralized matrix consisting of irregular masses with a rough surface texture missing visible crystals.

Sample Jam 10 derives from a cavity in the basalts of Jamner and represents an elongated
chalcedony aggregate with central filamentous cores (Figure 17a,b). The filamentous core is composed
of several 10 µm-sized green filamentous structures in the center (Figure 17b) and needle-like white
crystals, which are radially arranged and extend into the small hollow. These fibrous crystals are
intergrown with and surrounded by silica minerals. Mineralogical investigations by XRD and local
chemical analyses by SEM-EDX revealed that the core material consists of dioctahedral 1M mica
and different zeolites (heulandite-clinoptilolite, stilbite, mordenite; Figure 17, Table S6). The mica
mineral has a base reflex at 1.51 Å and contains considerable amounts of iron, indicating that this is
most likely celadonite. According to XRD results, small amounts of smectite are probably intergrown
with celadonite.

Detailed investigations by SEM (Figure 17c–f) show that zeolites with heulandite-clinoptilolite
composition form platy crystals (Figure 17c) and stilbite massive blocky crystals (Figure 17f),
whereas mordenite preferentially exists as bundles of fibrous crystals (Figure 17d). In general,
the filamentous core is extremely fine-structured. Celadonite and zeolites form networks and tubular
fabrics (approx. 50 µm diameter) of fibrous crystals and needles (Figure 17e), which probably originally
covered the innermost filament threads. Furthermore, different silica phases were detected in the
filamentous core.
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Figure 17. Images of sample Jam 10 (Jamner): (a) pseudo-stalactitic SiO2 aggregate inheriting 
filamentous cores; (b) details of the green filamentous center of the silica aggregates; (c) SEM 
micrograph of zeolites showing platy heulandite-clinoptilolite crystals overgrown by fibrous 
mordenite; (d) SEM image of a spherical hole surrounded by heulandite-clinoptilolite and fibrous 
bundles of mordenite; (e) tubular, reticular aggregate (probably surrounding the former filamentous 
core) consisting of fine filaments several µm in diameter (celadonite) and adhering mordenite fibers; 
(f) SEM micrograph of blocky stilbite crystals; for chemical analyses of the minerals see Table S6. 

4.2.3. Jalna 

Sample Jln 01 represents a network of elongated, intergrown chalcedony aggregates (Figure 
18a), which derive from an outcrop at Jalna. The fractured surface reveals numerous dark green 
filamentous cores (Figure 18b). The green filamentous cores are embedded in clear silica mass and 
surrounded by micro- and macrocrystalline quartz.  

Details of the structure show a netlike intergrowth of green filaments within a transparent silica 
matrix. A thin, dark filamentous core measuring ca. 10 µm is visible within the intergrown filaments 
(Figure 18c). SEM investigations at high magnification revealed a zoned structure of the green 
filamentous cores (Figure 18d). The chemical composition of the different zones indicates that the 
innermost core consists mainly of a phase having a chemical composition close to that of celadonite. 
Minor amounts of clay minerals (smectite?) cannot be excluded. The second zone probably 
represents a mixture of celadonite with SiO2 phases and is surrounded by more or less pure silica in 

Figure 17. Images of sample Jam 10 (Jamner): (a) pseudo-stalactitic SiO2 aggregate inheriting
filamentous cores; (b) details of the green filamentous center of the silica aggregates; (c) SEM micrograph
of zeolites showing platy heulandite-clinoptilolite crystals overgrown by fibrous mordenite; (d) SEM
image of a spherical hole surrounded by heulandite-clinoptilolite and fibrous bundles of mordenite;
(e) tubular, reticular aggregate (probably surrounding the former filamentous core) consisting of fine
filaments several µm in diameter (celadonite) and adhering mordenite fibers; (f) SEM micrograph of
blocky stilbite crystals; for chemical analyses of the minerals see Table S6.

4.2.3. Jalna

Sample Jln 01 represents a network of elongated, intergrown chalcedony aggregates (Figure 18a),
which derive from an outcrop at Jalna. The fractured surface reveals numerous dark green filamentous
cores (Figure 18b). The green filamentous cores are embedded in clear silica mass and surrounded by
micro- and macrocrystalline quartz.
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core. Assuming filamentous bacteria as the seed for the crystallization of the following mineral 
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Figure 18. Images and micrographs showing the characteristic texture of sample Jln 01 (Jalna): (a) 
chalcedony aggregate consisting of a network of elongated, intergrown filamentous structures; (b) 
cross-section of an filamentous aggregate showing several green filamentous structures embedded in 
clear silica; the arrow points to the concentric structure surrounding the filamentous core; (c) 
transmitted light micrograph showing the internal structure of the filamentous core revealing a thin, 
dark green strand consisting of celadonite embedded in silica; (d) SEM-BSE image of the filamentous 
core; the numbers relate to measuring points of SEM-EDX analyses (for data see Table S7); the dark 
line in the center (see arrows) marks an empty space, which probably resulted from the former 
innermost filamentous core; (e/f) micrographs in transmitted light (crossed polars (e)) and CL (f) 
showing the non-luminescent core and different SiO2 layers with varying luminescence colors. 

Figure 18. Images and micrographs showing the characteristic texture of sample Jln 01 (Jalna): (a)
chalcedony aggregate consisting of a network of elongated, intergrown filamentous structures; (b)
cross-section of an filamentous aggregate showing several green filamentous structures embedded in
clear silica; the arrow points to the concentric structure surrounding the filamentous core; (c) transmitted
light micrograph showing the internal structure of the filamentous core revealing a thin, dark green
strand consisting of celadonite embedded in silica; (d) SEM-BSE image of the filamentous core; the
numbers relate to measuring points of SEM-EDX analyses (for data see Table S7); the dark line in
the center (see arrows) marks an empty space, which probably resulted from the former innermost
filamentous core; (e,f) micrographs in transmitted light (crossed polars (e)) and CL (f) showing the
non-luminescent core and different SiO2 layers with varying luminescence colors.

Details of the structure show a netlike intergrowth of green filaments within a transparent
silica matrix. A thin, dark filamentous core measuring ca. 10 µm is visible within the intergrown
filaments (Figure 18c). SEM investigations at high magnification revealed a zoned structure of the
green filamentous cores (Figure 18d). The chemical composition of the different zones indicates
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that the innermost core consists mainly of a phase having a chemical composition close to that of
celadonite. Minor amounts of clay minerals (smectite?) cannot be excluded. The second zone probably
represents a mixture of celadonite with SiO2 phases and is surrounded by more or less pure silica in
zone 3 followed by a mixture of celadonite with silica in zone 4 (compare Figure 18d and Table S7).
The black line in the center of the filament (see arrows in Figure 18d) is an empty space, which might
be due to the decomposition of former (organic?) matter or shrinkage of the innermost filamentous
core. Assuming filamentous bacteria as the seed for the crystallization of the following mineral layers,
the decomposition of organic carbon may explain the free space.

The treatment of sample pieces with HF confirmed this zonal structure. The innermost core is
removed by the chemical treatment, resulting in an empty tubular space. This channel is surrounded
by a green coating, followed by numerous concentric mineralization layers of SiO2 phases, which are
clearly visible due to the different solubility. The sequence of different silica zones with varying
properties is also visible under cathodoluminescence (Figure 18f), which visualizes the defect structure
of SiO2. The predominantly orange-red CL is caused by the predominance of a 650 nm emission
band, which indicates a high degree of disorder due to the disturbance of the regular SiO4 tetrahedral
network [45].

4.3. Evaluation of Possible Biosignatures in SFF

4.3.1. Identification of Organic Residues in the Filamentous Cores

Investigations of three preselected and pretreated samples in the present study clearly indicate
the presence of organic matter in the central filamentous core of sample Jal 11 (Jalgaon) after
demineralization. The segmental micromorphology of the isolated fibers (compare Figure 11) and
fluorescence after staining with Calcofluor White (CFW) (Figure 19) correlate with results reported
previously for fungal chitin [46]. CFW is a sensitive fluorescent marker capable of forming hydrogen
bonds with β-(1.4)- and β-(1.3)-linked polysaccharides. Previously, this staining technique was
successfully used to confirm the presence of chitin in diverse living [46–49] as well as fossilized
organisms [43], including chitin identified in a 505 million-year-old fossil of Vauxia gracilenta
demosponges from the Middle Cambrian Burgess Shale [42].
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Figure 19. (a) Light microscopy and (b) fluorescence microscopy images of demineralized fragment of
the central filamentous core of sample Jal 11 after Calcofluor White (CFW) staining (light exposure
time 1/8 s.). The sample contains micro-fragments showing strong fluorescence (b,c) typical of
chitin remnants.

ATR-FTIR spectra of the central filamentous core isolated from sample Jal 11 before and after
demineralization are shown in Figure 20. The infrared spectra of the filamentous core prior to
demineralization are typical of biosilica-based samples [50,51]. The most intense band with a maximum
at 1015 cm−1 represents the Si–O and Si–O–Si bonds [52,53]. The absorption band at 947 cm−1 can be
assigned to Si–O stretching vibrations of Si–OH groups and can often be detected in amorphous silica
or marine biogenic silica [50].
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Figure 20. Attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR) spectra of
the central filamentous core from sample Jal 11 before (orange line) and after (blue line) demineralization
following treatment with 10% hydrofluoric acid (HF) over 4 days.

The absorption bands at 794 and 457 cm−1 are characteristic, respectively, for symmetric stretching
vibrations of Si–O–Si bonds and Si–O bending vibrations in siloxane groups [51]. The peaks visible
with maxima at 3398 and 1633 cm−1 correspond to H–O–H stretching vibrations (absorbed water) and
H–O–H bending vibrations of water molecules, respectively [52,53]. Moreover, the weak band near
3612 cm−1 is related to isolated hydroxyl groups [51].

In addition, absorption spectra show bands typical for organic matter in the spectral region
between 1800 and 1300 cm−1 [54]. The characteristic peak at 1728 cm−1 probably belongs to C=O
stretching bonds [55]. This result corresponds to the ester band in the COOH group from amino
acids [54]. Additionally, the absorption bands at 1434 and 1370 cm−1 are typical for C–H bending
vibrations and may be related to methylene and methyl groups of amines. Furthermore, visible bands
with a maximum at 2923 cm−1 can be assigned to C–H stretching vibrations of methyl and methylene
groups (CH3 and CH2) related to lipids [51]. Although HF treatment leads to significant changes in
the FTIR spectra of the organic remnants, it confirms the presence of chitin. The spectrum obtained
after sample demineralization (Figure 20) still represents a characteristic peak at 1656 cm−1, which was
reported to be characteristic for amide I of chitin isolated from Basidiomycetes [56], the wood mold
fungus Aureobasidium pullulans [57] as well as the fungus Agaricus bisporus [58].

The presence of chitin in the filamentous core of sample Jal 11 could be readily identified by the
appearance of d-glucosamine (dGlcN) after acid hydrolysis. Under strongly acidic conditions (>6M
HCl), chitin degrades to its monomer, dGlcN, which can be easily visualized by mass spectroscopy
(Figure 21). This method has been utilized for chitin characterization in diverse organisms of complex
chitin-based matrix organization [59–61], including chitin located within heavily mineralized skeletons
of some marine sponges [62].
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ESI mass spectrometry was also used for the identification of chitin in fossil remains [42].
The spectra of d-glucosamine show three main signals with m/z = 162, 180, and 381, which correspond
to the species (M − H2O + H+), (M + H+), and (M − H2O + H+), respectively. Several other weak
signals appear in which hydrogen is substituted by metal ions, commonly sodium (Na+). The acid
hydrolysis of the demineralized filamentous core sample revealed an ESI-MS spectrum (Figure 21),
which is nearly identical to the spectrum of the commercial dGlcN standard (Figure 21b). This result
provides additional strong evidence for the presence of chitin within the organic remnants obtained
after HF-based demineralization of the filamentous cores.

4.3.2. Morphometric Analysis of Filamentous Fabrics

To constrain the origin of filamentous textures from the MDP we investigated a series of samples
using optical microscopy at high magnification. All investigated samples showed a thread-like
(or filament-like) center from which mineral precipitation started to form the finally macroscopic
morphologies. In thin sections, or even on fractured samples, investigated using reflected light,
these innermost discernible structures of the fabrics can be traced with diameters ranging from 40 µm
down to 1–3 µm. In most examples of filamentous fabrics from the MDP, the preservation of the
innermost part of the filamentous structures is rather poor, and the maximum diameter of the primary
filamentous structure can be estimated at 5–10 µm, as seen in the examples described in detail in
Section 4.2. Among the samples studied by morphometry, Aur 02, Jln 01, and 31226 had the smallest
innermost diameters with means of 1.3–4.7 µm. The two measured thin sections of 31226 and Jln
01 demonstrate that the preservation in a single sample can be quite variable, depending on where a
subsample for thin section fabrication is taken. In Table 2, the primary diameters assessed for the six
samples selected for morphometric analysis are presented.

Table 2. Innermost diameters of filament structures in investigated MDP samples.

Sample Innermost Diameter of
Filaments (Mean) (µm)

Standard Deviation
of Diameter (µm)

Relative Standard
Deviation

Number of Filament
Diameters Measured

Filament Shape
Measured

Jal 17 <20 - - - -
Jln 01a 1.58 0.44 0.28 19 -
Jln 01b 4.87 1.24 0.26 38 -
Jal 05 <40 - - - -

Jam 17 <5 - - - -
Aur 2 1.26 0.45 0.36 36 X

31226 (round) 2.36 0.90 0.38 51 X
31226 (square) 4.72 2.22 0.47 64 X

“X” marks the samples with measurements of the filament shape.



Minerals 2020, 10, 540 27 of 40

In an approach following the morphometric analysis performed for similar structures from a
number of different environments [8,41], we performed additional morphometric analyses of the
best-preserved specimens. The parameters measured include (i) the innermost diameter of filaments
(plus absolute and relative standard deviation); (ii) tortuosity (total length/distance between start
and end points), (iii) bending (degrees/micron); and (iv) direction changes (n/mm filament length).
We also significantly increased the number of non-biological and biological reference samples used
for comparison.

The results of this morphometric analysis are presented in Table 3. Consistent with the results of a
previous study [8], the non-biological reference samples show much larger variability than the biological
ones, both within a single sample and between different samples. The mean diameters range from
0.48–135 mm for non-biological and 1.0–3.3 mm for biological samples; the relative standard deviation
(standard deviation/mean) of individual samples ranges from 0.29–1.3 (median 0.65) for non-biological
and 0.10–0.30 (median 0.16) for biological samples. Values of tortuosity, bending, and direction changes
are also typically higher in biological samples. The two MDP samples analyzed show values for these
morphometric parameters generally similar to the biological filaments. The variability of the measured
diameters is higher than for most biological samples, but this parameter is likely affected by mineral
precipitation on the original structures.

Table 3. Filament morphometry data of MDP filamentous samples compared with biogenic and
abiogenic samples; the numbers in brackets in (d) show the number of measurements.

Samples Diameter (µm) Standard Deviation Bending (◦/µm) Direction
Changes (mm) Biogenicity (%) 1

(a) Abiogenic reference samples (23 samples, 1840 diameters, 345 shapes)

Mean 15.0 0.72 0.27 2.37
Median 5.6 0.66 0.08 0.03

Minimum 0.5 0.29 0.00 0.00
Maximum 134.6 1.40 1.66 21.0 14

(b) Biological reference samples (17 samples, 830 diameters, 266 shapes)

Mean 2.1 0.17 1.74 44.78
Median 2.0 0.16 0.71 15.80

Minimum 1.0 0.10 0.31 5.90
Maximum 3.3 0.30 15.40 344.00 100

(c) Biogenicity criteria

1.0–3.4 <0.43 >0.30 >5.0

(d) Samples from the Deccan trap basalts

31226 moss agate a 4.70 0.47 (64) 0.34 10.3 (21) 50
31226 moss agate b 2.40 0.38 (51) 0.83 21.5 (8) 100
Aur01 filamentous 1.26 0.36 (36) 1.26 44.3 (22) 100

Jln01 filamentous fabric 2 1.58 0.28 (19) 1.13 48.8 (7) 75
4.90 0.26 (38)

1 % of parameters (mean values) classified as biogenic-based criteria defined under (c); for the 23 abiogenic reference
samples, 13 out of 92 averaged parameters classify as biogenic (14%); for the 17 biogenic reference samples, 68 out
of 68 averaged parameters classify as biogenic (100%). 2 Data for diameters are for two different parts of the
analyzed sample.

5. Discussion

5.1. Chemical Development and Mineralization Sequence of SFF

The low viscosity of compound lavas in the DVP causes high porosity and the development of
large cavities in the tholeiitic basalts. This is an important precondition for fluid mobility and results in
the precipitation and crystallization of secondary minerals in the amygdales. All elements necessary
for mineral formation, such as Si, Mg, Al, and Fe were released during alteration of the volcanic
host rocks and supplied by the percolating fluids. The chemical composition of the fluids reflects the
interaction of the host rocks with hydrothermal fluids of meteoric and possibly magmatic origin [5] and
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shows characteristic development trends, which provide information about the formation conditions
of the SFF.

Investigations of the cross-sections of the filaments provided more details about the crystallization
process. The first mineralization sequence is mostly composed of Fe-rich compounds, and partially
elevated amounts of carbon could be detected. This organic carbon might be an indication of
microbial activity during the early formation stage. Observations of numerous samples from the Savda
quarries [5] have shown that, in particular, clay minerals were formed during the early crystallization
process and often constitute the cores of the SFF. In general, clay minerals (sheet silicates) represent the
most significant alteration minerals both in natural and laboratory-confirmed alteration of volcanic
rocks [63–67].

The formation of celadonite and smectites preferentially occurs under neutral to alkaline pH
conditions, but sometimes also in a weakly acidic environment [65]. The chemical composition of
celadonite is often heterogeneous and may show varying Fe–Al–Mg–Si ratios as well as K content.
Such chemical heterogeneity can also be observed for minerals of the smectite group, resulting in
differentiation of an Fe-poor and Fe-rich subgroup [67]. A representative Fe-rich smectite is Fe-bearing
saponite (magnesioferrosaponite), which is preferentially formed during the low-temperature alteration
process of basaltic rocks [65,67]. In addition, laboratory experiments of volcanic glass and diabase at
150 ◦C confirm the smectite formation [63]. Within the secondary mineral sequences in the cavities of
the Savda basalts no other minerals with significant Fe or Mg content were detected that formed after
the clay minerals [5].

The next mineralization step is characterized by different zeolites (e.g., heulandite, stilbite,
and mordenite). The composition of the volcanic host rocks provide a large quantity of Ca, leading to
the crystallization of Ca-rich zeolites. These zeolites crystallize at temperatures of ca. 100 ◦C.
Such temperature conditions are also confirmed by results of fluid inclusion studies in associated
calcite, which provided homogenization temperatures between 101 and 157 ◦C [5]. The increasing
amount of SiO2 in the mineralizing fluids first results in the formation of mordenite, the zeolite mineral
with the highest SiO2 content, and subsequently the formation of pure silica minerals.

The precipitation of silica minerals often begins directly at the surface of the filamentous core.
Sometimes, the precipitation of silica has encrusted crystals of previously formed mordenite or clay
minerals. The thickness of the crust can vary between 1 and 20 mm and most filaments are completely
protected by a chalcedony crust. The presence of opal-CT, cristobalite, chalcedony, and macro-crystalline
quartz as well as the outwards increasing crystal size are strong indications that silica minerals formed
through several structural states of SiO2 with amorphous silica as the first solid phase.

The observed “Bambauer quartz” (Figure 7) can provide additional information about
physicochemical conditions during crystallization of quartz. A low temperature hydrothermal
environment with variations in pH/T conditions as well as strong fluctuations in silica concentration
results in the formation of such characteristic growth lamellae [68] and is most likely responsible for
the varying appearance of different silica phases within the SiO2 aggregates. The results of CL studies
strongly indicate the existence of several SiO2 generations (Figures 7 and 18).

5.2. SFF Micro-Structure

Two general types of SFF could be distinguished based on their macroscopic appearance and
filament morphology. The first type is characterized by straight to curved linear filaments or filament
intergrowths with a round cross-section (SFFIr; Figure 2a,b). In the case of gravity-controlled growth,
the filaments develop shapes resembling stalactites. It is remarkable that the external diameter of
these SFF in general does not change over the total length ranging from a few millimeters up to more
than 100 cm. The second type can be characterized as planar matted fabrics of irregularly intergrown
strands (SFFMa; Figure 2c).

The cross-sections of SFFIr display basically four different main zones: (1) core zone, (2) empty
tube zone, (3) zeolite zone, and (4) outer silica zone (Figure 22). The core zone consists of an innermost
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filamentous core with diameters between 1 and 50 µm and a surrounding clay mineral zone. If iron
hydroxides or oxides are present, they may form the innermost filament with a diameter of 1 to
5 µm. However, such a core is rarely preserved, and the core zone consists entirely of clay minerals.
The diameter of the clay mineral core ranges from 30 to 50 µm, or in extreme cases up to 200 µm.
Based on the analytical results, the sheet silicates can be related to the mica group (celadonite) and/or to
the smectite group (saponite and montmorillonite). Depending on the mineral composition, the color
varies from intense green, olive-green or brown to nearly black. It is noteworthy that the composition
of the clay minerals of the SFF is identical to that of the wall lining clay minerals in the same cavity.
In general, Fe-rich clay minerals dominate, but in some SFF Fe-poor montmorillonite is also detected.Minerals 2020, 10, x FOR PEER REVIEW 27 of 38 
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Figure 22. (a) Cross-section of sample Jal 11 and (b) schematic microstructure of SFFIr: 1a = filamentous
core (Fe-rich sheet silicates), 1b = outer part of the filament core (Fe-containing sheet silicates),
2 = surrounding zone of an empty tube (partially containing fibrous zeolite, e.g., mordenite), 3 = zeolite
zone, 4 = marginal zone consisting of a 0.5–20 mm thick zone of silica minerals.

The following mineralized zone consists of minerals of the zeolite group, predominantly mordenite.
In addition, other zeolites such as heulandite/clinoptilolite and stilbite were detected close to the
growth base of the SFFIr. The zeolites crystallized at the outer surface of the clay minerals of the core
zone and were subsequently overgrown by the early SiO2 phases. In several SFFIr, the zeolite zone is
missing and instead a transition zone with clay minerals included in the early silica assemblage formed.
On the other hand, a remarkable tube-like gap is often developed between the clayey filament core and
the zeolite zone, which can contain euhedral zeolite crystals such as needle-like mordenite (compare
Figure 10). The unhampered growth of zeolites indicates a free space, which might have developed
due to shrinkage (or dissolution) of the clay minerals from the filamentous core (e.g., swellable smectite
minerals).

The SiO2 mineralization starts as amorphous silica, followed by opal-CT, cryptocrystalline chalcedony,
and macro-crystalline quartz. Clay minerals and/or zeolites can be imbedded in an early stage of the silica
precipitation. As a result of progressive precipitation, the silica zone commonly develops into a more or
less round cross-section of the SFFIr and may enclose one or more filaments. Thus, one SFFIr can contain
several core zones, which are directly connected or included in a united silica layer. The diameter of the
SFFIr depends on the number of included core zones and more importantly on the thickness of the silica
assemblage, which can reach more than 1 cm.

SFFMa often form a network of elongated, intergrown filaments included in chalcedony.
The cross-section of single filaments shows an innermost filamentous core consisting of celadonite or
other sheet silicates (Figure 23). The core is embedded in a mixture of celadonite and silica followed
by a layer of pure silica (Figure 23). The thickness of the layers commonly reaches a few millimeters.
If cavities are partly or completely filled by SFFMa, complex three-dimensional matted masses are
developed, described as moss agate. The core filaments do not form parallel or similar intergrowths
like the SFFIr. In fact, intergrowths are characteristic in individual threads that are connected at varying
angles to each other and develop matted aggregates (Figures 2c and 23).
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that is the size of a drop of water and have much larger diameters. Excentriques lack both the 
vertical orientation (by definition) and mat-like two-dimensional elements. 

Chemical garden-like precipitates are referred to by some authors [72–75] as explanations for 
filamentous fabrics of both synthetic and natural origin and are similar to those described in this 
work. We investigated two lines of evidence: morphometry and conditions of formation. The 
morphometric analyses performed in this work show that the analyzed chemical garden precipitates 
show similarities in the parameters’ “bending” and “number of direction changes”, while the 
diameters of filamentous shapes from chemical garden experiments show a much larger variability 
than biological filaments, expressed as the relative standard deviation of the mean diameter (0.58, 
1.30, 1.40) for our chemical garden samples and 1.51 for chemical garden samples described in 
McMahon [75], while the mean values of the relative standard deviation for biological filaments 
range from 0.10 to 0.30 (median 0.16, n = 17). Considering the conditions of formation, intrinsically 
chemical gardens are products resulting from extreme chemical disequilibria (classically soluble 
heavy metal salt crystals in contact with alkali silicate solutions at extremely high pH, e.g., Pagano et 
al. [70]), a situation difficult to invoke for environments of lava flows interacting with near-surface 
groundwater. In particular, the vertical orientation observed in chemical gardens is based on the 
density difference between alkaline silicate solution and less dense heavy metal solutions rising 
from dissolving metal salt grains. The vertical orientation in chemical gardens thus heavily relies on 
the high concentration of the silicate solution, a product that has never been observed in nature and 
is highly unlikely to form due to the extreme conditions required. McMahon [75] showed that 
filament-like forms can be experimentally obtained even in the absence of silicate solutions, in 
sodium carbonate solutions brought to pH 7 using hydrochloric acid (i.e., a neutral sodium chloride 
solution). Abundant and macroscopically visible filament-like forms are not typically formed from 
just ferrous salts in aqueous solutions at neutral pH but are characteristic of the alkali-silicate-rich 
systems typically constituting chemical garden experiments. 

In summary, we found that the geometry of filamentous fabrics constituting the skeleton of 
mineral precipitates in the Deccan trap basalts does not correspond to the geometry of mineral 
fibers, inorganic speleothems, and products of chemical garden-type reactions. The filamentous 
fabrics are similar to microbial filaments and fabrics made up of these and thus, are most likely 
initiated by microbial communities active in these cavities. 

5.3. Biogenic Origin and Formation Mechanism of SFF 

Altered rocks and sediments in oceans as well as in surface and subsurface environments are 
the most common and widely distributed habitats of bacteria in geological settings. Numerous 
studies have shown that both rock alteration and mineral formation due to microbial activities are 
possible, even under extreme conditions [76–79]. In particular, the common tubular alteration of 

Figure 23. (a) Microstructure of sample Jln 01; (b) schematic cross-section of SFFMa: 1 = filamentous
core consisting of sheet silicates (e.g., celadonite), 2 = chalcedony intergrown with sheet silicates,
3 = pure SiO2.

The detailed morphometric analysis revealed that the typical micro-textures observed in the
filamentous fabrics from the MDP are clearly distinct from similar types of non-biological aggregates
such as fibrous minerals, speleothems (stalactite-type) or inorganic precipitates similar to “chemical
gardens” [69–71].

Fibrous minerals as an origin can be excluded with certainty based on the strong differences seen
among the morphometric parameters (compare Table 3). In particular, the mineral fibers display much
larger variability in their diameters, the fibers are typically straight (low tortuosity) and show low
degrees of bending and small numbers of direction changes (Table 3). In accordance with data from
the literature, no examples of fibrous minerals could be found that show the same morphological
characteristics as the filamentous fabrics.

Speleothems, including excentriques, can show a range of morphologies similar to the filamentous
fabrics described here. However, true stalactites are characterized by a central channel that is the size
of a drop of water and have much larger diameters. Excentriques lack both the vertical orientation (by
definition) and mat-like two-dimensional elements.

Chemical garden-like precipitates are referred to by some authors [72–75] as explanations for
filamentous fabrics of both synthetic and natural origin and are similar to those described in this work.
We investigated two lines of evidence: morphometry and conditions of formation. The morphometric
analyses performed in this work show that the analyzed chemical garden precipitates show similarities
in the parameters’ “bending” and “number of direction changes”, while the diameters of filamentous
shapes from chemical garden experiments show a much larger variability than biological filaments,
expressed as the relative standard deviation of the mean diameter (0.58, 1.30, 1.40) for our chemical
garden samples and 1.51 for chemical garden samples described in McMahon [75], while the mean
values of the relative standard deviation for biological filaments range from 0.10 to 0.30 (median
0.16, n = 17). Considering the conditions of formation, intrinsically chemical gardens are products
resulting from extreme chemical disequilibria (classically soluble heavy metal salt crystals in contact
with alkali silicate solutions at extremely high pH, e.g., Pagano et al. [70]), a situation difficult to
invoke for environments of lava flows interacting with near-surface groundwater. In particular,
the vertical orientation observed in chemical gardens is based on the density difference between
alkaline silicate solution and less dense heavy metal solutions rising from dissolving metal salt grains.
The vertical orientation in chemical gardens thus heavily relies on the high concentration of the silicate
solution, a product that has never been observed in nature and is highly unlikely to form due to the
extreme conditions required. McMahon [75] showed that filament-like forms can be experimentally
obtained even in the absence of silicate solutions, in sodium carbonate solutions brought to pH
7 using hydrochloric acid (i.e., a neutral sodium chloride solution). Abundant and macroscopically
visible filament-like forms are not typically formed from just ferrous salts in aqueous solutions at
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neutral pH but are characteristic of the alkali-silicate-rich systems typically constituting chemical
garden experiments.

In summary, we found that the geometry of filamentous fabrics constituting the skeleton of
mineral precipitates in the Deccan trap basalts does not correspond to the geometry of mineral fibers,
inorganic speleothems, and products of chemical garden-type reactions. The filamentous fabrics are
similar to microbial filaments and fabrics made up of these and thus, are most likely initiated by
microbial communities active in these cavities.

5.3. Biogenic Origin and Formation Mechanism of SFF

Altered rocks and sediments in oceans as well as in surface and subsurface environments are the
most common and widely distributed habitats of bacteria in geological settings. Numerous studies
have shown that both rock alteration and mineral formation due to microbial activities are possible,
even under extreme conditions [76–79]. In particular, the common tubular alteration of basaltic glass
in submarine environments was attributed by several authors to microbial boring as euendoliths
and interpreted as evidence of biogenicity, but this was also critically debated [80–86]. However,
such suggested bioalteration tubes observed in altered volcanic rocks represent negative forms resulting
from the corrosion of glass and therefore, have a different mode of origin than SFF, which represent
positive shapes that formed in cavities and were encrusted by aqueous deposition of minerals.

SFF from the Deccan Volcanic Province are particularly spectacular as they are unusually
large, wide-spread, and associated with striking crystals of younger hydrothermal minerals that
allowed the detailed elucidation of hydrothermal processes postdating the initial formation of SFF [5].
Texturally similar SFF are also known from other volcanic provinces [8,87], but from very different
environments, such as the oxidation zone of ore deposits [41,88,89], karst environments [90,91],
and low-temperature hydrothermal veins [92]. The geological conditions in the DVP point to the partly
long-lasting cooling of effused lava before burial and cover by new lava flows resulting in temperatures
below 100 ◦C and atmospheric pressure, both favorable conditions for the life of organisms [93].

Detailed investigations of the SFF showed that the innermost filamentous core often consists
of thread-like, mostly Fe-rich sheet silicates (Fe-rich saponite and celadonite). The detected relics of
organic matter and the partly analyzed excess carbon indicate that these inner filaments might be
the result of biochemical activities. This is supported by results of morphometric characterization of
filamentous micro-textures, which are remarkably different from inorganic mineralization (fibrous
minerals, stalactitic growth, and chemical gardens).

Whereas stalactites are characterized by a mono-mineral composition, the filamentous fabrics in
the DVP constitute a polyphase mineral assemblage, which is often identical with the mineralization
sequence on the cavity walls. The main arguments against stalactitic growth of SFF are their variable
morphologies but small innermost cross-sections of 1–50 µm. Moreover, processes similar to those
resulting in the development of chemical gardens (self-assembling) cannot be considered for the
formation of SFF. The high Na and Si content in the fluid required for such a process [94,95] is very
unlikely to be provided during alteration of basalt. According to Kellermeier et al. [96] the growth
of silica biomorphs is favored at pH values between 9.3 and 9.8 in gels and between 10.2 and 11.1 in
solutions and the morphology is mainly influenced by other parameters such as temperature or
different cations. This is in disagreement with the results of the present study, which strongly indicate
circumneutral pH conditions and maximum temperatures of 120 ◦C.

The geometric properties of the filamentous fabrics forming the substrates for hydrothermal
mineral precipitation in cavities of the Deccan trap basalts are consistent with an origin resulting from
the mineralization of microbial fabrics based on filaments, followed by the abiotic precipitation of a
complex assemblage of minerals [5]. The biological origin of the filamentous textures is indicated
by the following qualitative arguments: (i) evidence for flexibility including vertical orientation and
U-loops; (ii) frequent formation of sheet-structures (mats) formed by many filaments; (iii) the fact that
the filamentous textures represent the earliest formation in cavities, formed prior to a long sequence of
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mineral precipitation and deep burial; (iv) ubiquitous presence of iron-rich phases, iron hydroxides
being replaced by later iron silicates, among the earliest precipitates making up the filamentous
textures; this is consistent with the activity of iron oxidizing microbial communities followed by
mineral precipitation at elevated temperatures with partial replacement of early iron hydroxides by
iron silicates.

Quantitative arguments for a biological origin of the filaments that constitute the innermost
skeleton of the fabrics are provided by the morphometric analysis of the filaments. We have shown
that the following morphometric parameters of the filamentous fabrics are consistent with the same
parameters that were obtained from certain microbial filaments, while they are strongly different from
the same parameters as obtained from a range of non-biological filament-like objects: diameter of
the innermost filaments; variability of the diameter of the innermost filaments; tortuosity; degree of
bending; number of direction changes (compare Table 3).

The existence of specific morphological characteristics of biological filaments has recently been
assessed by several studies [87,97,98]. The occurrence of SFF in different environments demonstrates that
their formation is unrelated to the specific conditions prevailing in these environments, but consistent
with the widespread presence of microbial life in subsurface environments. Therefore, our conclusion is
that the SFF from the Deccan Volcanic Province are likely of biological origin. Alternative explanations
of origin would require modes of filament formation currently unknown to science.

The detection of chitin remnants, most likely of fungal origin, was the first direct evidence for
organic residues in the investigated SFF. Such fine fungal filaments could have acted as the initial
nucleus (biogenic template) and initiated the mineralization processes. Perry et al. [99] introduced the
term organominerals, which is applied to minerals that are affected by mostly life-related organics,
but not directly produced by living cells (i.e., induced mineralization because of nucleation on organic
surfaces acting as seeds, element supply, and/or physicochemical conditions). However, recent studies
have also evidenced the active biomineralization potential of fungi. Certain results revealed the
participation of fungi during jarosite mineralization under acidic conditions (Purpureocillium lilacinum),
carbonate mineralization governed by calcifying fungi (Aspergillus sp. UF3; Fusarium oxysporum
UF8), and formation of nano-scale minerals such as montmorillonite and goethite in soils (Aspergillus
fumigatus Z5) [100–103]. In this context, the montmorillonite filament in sample Jal 11 could be the
result of such biological processes.

Bioformation of amorphous clay minerals, nontronite or montmorillonite can also be related to
microbial processes [104–106]. The bio-compounds strongly affect the acceleration and retardation
of chemical reactions running under slightly acidic to neutral conditions at temperatures between
20 and 70 ◦C. The type of assemblage formed depends on a number of biogeochemical factors,
such as temperature, pH, Eh, dissolved oxygen concentration, electrical conductivity, and/or element
supply [104]. In general, bacterial cell walls may act as favorable interfaces for the binding of metal
ions and subsequent mineral growth [107]. Several models have been developed concerning the initial
stages of phyllosilicate formation triggered by microorganisms.

Natural observations and laboratory experiments have shown that organic activity might be
associated with fine-grained (Fe, Al) silicates (in particular clay minerals), which develop due to
adsorption of cationic iron to anionic cellular surfaces and subsequent precipitation of a precursor
ferric hydroxide phase. The subsequent reactions with dissolved silica and aluminum result in the
formation of an amorphous precursor phase with clay-like compositions between allophane and
chamosite showing no electron diffraction patterns [108,109]. Alternatively, the colloidal (Fe, Al) silicate
compounds may react directly with the cellular surface or the adsorbed iron and convert to stable
crystalline phases during dehydration of the hydrous precursor. The transformation of such metastable
phases (e.g., hydroxy-aluminosilicate (HAS)) into more stable phases occurs under saturated conditions
and is controlled by inherent thermodynamic properties of saturated minerals in the fluids and by
abiotic mineralization [110]. The Si binding and silicate formation may be a result of binding of Si
anions either to positively charged sites of the cell wall, such as amine groups, or through bridging
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by metal ions bonded with negatively charged sites at the cell surface such as carboxyl (COO−) or
phosphoryl groups (PO3

2−) [111].
Biomineralization is also known from certain iron and manganese oxidizing bacteria such as

Gallionella or Leptothrix, which actively or passively accumulates elements from its environment for
metabolic use resulting in the precipitation of mineral encrustations [112,113]. During these processes,
the stalk of Galionella may become heavily encrusted with iron-oxyhydroxide or the filaments of
Leptothrix by Fe- or Mn-oxides. For instance, Chan et al. [114] observed highly elongated filaments of
iron-oxyhydroxide (akaganeite) on polysaccharide strands extruded by the cell. On the other hand,
several microorganisms such as various hyperthermophilic archaea (Geobacter spp., Shewanella spp.,
Albidoferax ferireducens, Geothrix fermentans) can also reduce Fe3+ under reducing conditions using
certain electron donors such as acetate, lactate, and/or H2 [112].

Such microbially mediated reactions may occur at low oxygen concentration and simultaneous
abiotic oxidation at high O2 concentration. Microbial Fe2+ oxidation to Fe3+ for obtaining energy
runs initially at circumneutral pH and at elevated temperatures (e.g., Gallionella ferruginea), and the
Fe3+ mineral products provide surface sites for subsequent autocatalytic abiotic reactions. It is very
likely that some proteins pump out the ferric iron to prevent the precipitation of iron oxyhydroxide in
the bacteria interior resulting in the encrustation of the microbes [111]. Typical mineral products are
fibrous ferrihydrite, lepidocrocite, and akaganeite, which are partly unstable and can subsequently be
transformed to iron oxides/hydroxides. Alternatively, the iron compounds can be incorporated into
Fe-rich sheet silicates [115,116].

Bacteria with a stalk- or sheath-like morphology such as Gallionella spp. or Leptothrix ochracea
can form characteristic thread strands with lengths of more than 100 cm and a diameter of up to
50 µm, which consist of numerous accumulated strands [113]. As a result, the microstructure of
micro-tubes composed of fine, frequently folded, clay sheets shows close similarity in size and form to
sheath-forming bacteria [105]. Investigations of the iron-bearing fabrics of the innermost SFF cores
at high magnification do not reveal the presence of characteristic crystal shapes, but a morphology
resembling that of bacteria filaments. Therefore, we assume that the SFF in the cavities of DVP basalts
from Savda exhibit features of a biogenic signature.

The subsequent overgrowth of initial biogenic filaments by ferrihydrite and/or the following
transition to Fe-rich phyllosilicates such as celadonite or smectite resulted in an increase in the SFF
density. As a consequence, the heavy SFF sank to the cavity bottom or could be connected to the
cavity walls and formed random intergrowths. Only gravity-controlled SFF survived as long linear
individuals. We assume that these early processes of filamentous core formation, the precipitation of
iron compounds as well as crystallization of Fe phyllosilicates occurred after cooling of the lava in a
sub-surface environment. The further overgrowth by mordenite and the final encrustation by silica
minerals happened later during progressive burial and within a long period of up to several thousands
of years.

6. Conclusions

Complex investigations of SFF from the Deccan Volcanic Province (DVP) in India have shown
that different types of these spectacular aggregates exist. Despite the variations in micro-texture and
mineral assemblages, general trends in geochemical evolution and mineralization sequences have
been detected.

The main outcome of this study is the first direct evidence for organic residues in the SFF
mineralization. Detailed investigations of the innermost parts of the SFF revealed fungal chitin in
the filamentous core. Such fine fungal filaments could have acted as initial nuclei (biogenic template)
for the mineralization processes. Moreover, several studies have shown an active biomineralization
potential of fungi, for example, for the formation of smectite. In the DVP samples, the residues of
fungal chitin were detected within filament strands mainly consisting of montmorillonite and therefore
strongly indicate biochemical processes at least during an early stage of SFF mineralization.
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In addition, the morphometric characteristics of certain filamentous fabrics are very similar
to those of microbial filaments and fabrics made up of these, providing additional support for the
hypothesis that microbial communities were active during SFF formation in the basaltic cavities.
The different shapes of the SFF, ranging from gravity-controlled straight forms resembling stalactites
to branching aggregates, might be the result of microbial activity and reflect the specific conditions
during primary growth.

Supported by the specific geological and geochemical conditions in the compound lava flows of
the DVP, a characteristic mineralization sequence developed on the filamentous nucleus. The sequence
normally started with Fe-rich phases (probably Fe-oxides/-hydroxides, Fe-rich sheet silicates such
as celadonite and smectite-saponite), continued with Ca-rich zeolites and finished with a cover of
different SiO2 minerals (opal-CT, chalcedony, and macro-crystalline quartz). The fluids percolating the
volcanic rocks provided all the released elements from the alteration of the host rocks such as Si, Mg,
Al, and Fe that are necessary for mineral formation. The large size of cavities and high porosity of the
surrounding host rocks ensured a continuous and long-lasting fluid flow and supply of material. As a
result, the cross-sections of SFF display similar concentric layers of the mineral succession and reach
thicknesses of several centimeters and spectacular lengths of up to 100 cm with constant diameters.

Assuming microbial activity during the beginning of SFF formation, the upper temperature limit
of initial SFF formation probably was 100–120 ◦C. These temperatures are in accordance with formation
temperatures of zeolite minerals and homogenization temperatures of fluid inclusions in quartz and
associated calcite. The early crystallization of zeolites such as mordenite indicates neutral or slightly
alkaline mineralization conditions changing to slightly acidic conditions during silica precipitation.
The observed mineralization sequence points to temporal variations in the chemical composition
of the mineralizing fluids from Fe-rich to Ca dominated and finally pure SiO2. Textural features
such as variations in mineral morphology, “Bambauer lamellae” in quartz or different chalcedony
layers indicate fluctuations in the specific pH/T conditions during SFF growth. The sporadically
observed apophyllite as overgrowth on SFF may be related to later separate hydrothermal processes at
higher temperatures.

Based on the field observations and the analytical results of the study, SFF formation in the DVP
can be ascribed to three main mineralization stages: (1) formation of very tiny filaments (predominantly
Fe compounds, smectite, and/or celadonite) with diameters of ca. 1 µm, possibly initiated or governed
by fungal/microbial activity; (2) encrustation of the filamentous cores by subsequent mineralization of
sheet silicates and zeolites accompanied by an increase of the diameter up to 20–50 µm; (3) final SFF
formation due to encrustation and cementation of one or more filamentous cores by silica minerals
resulting in diameters up to several centimeters and lengths of several tens of centimeters.

The abundance of large, easily recognizable SFF in cavities of DVP basalts demonstrates that
subsurface microbial life may result in macroscopic expressions in mineralized form. The presence of
SFF may thus be used to infer the possible former presence of subsurface life not only in different types
of terrestrial rocks, but potentially also in geologically similar situations on other planetary bodies
such as Mars.

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-163X/10/6/540/s1,
Table S1: Results of local chemical analyses (SEM-EDX) of celadonite, mordenite, and the filamentous core of SFF
in samples from Jalgaon/Savda, India. The locations of the analytical points FC2 and FC3 in sample Jal 33 are
shown in Figure 10d; Table S2: Results of local chemical analyses of core filaments in sample Jal 11 by SEM-EDX.
Z refers to zeolite (mordenite) and S to smectite; the analytical points of Z1 and S1 are shown in Figure 11e;
Table S3: Results of local chemical analyses (SEM-EDX) of selected areas of the filamentous core in sample Jal 05
(analytical spots are shown in Figure 13c); Table S4: Results of SEM-EDX analyses of the innermost filamentous
core of sample Jal Sm 01 (for analytical spots compare Figure 14d) as well as smectite (Figure 14f); Table S5:
Results of SEM-EDX measurements of selected areas of the filamentous core of sample Jam 01 (for analytical
spots compare Figure 16c); Table S6: Results of local chemical analyses of zeolite/mica minerals in the filamentous
core of sample Jam 10 by SEM-EDX; Heu = heulandite/clinoptilolite (Figure 17c); Cel = celadonite (Figure 17e),
Mor = mordenite (Figure 17d); Stil = stilbite (Figure 17f); Table S7: Results of SEM-BSE analyses showing the
chemical composition of different filament zones in sample Jln 01 (Jalna, compare Figure 18d); 1 = celadonite,
3 = silica; 2, 4 = mixture of celadonite and silica.
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