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Nannobacteria-like Particles in an Upper Silurian Limestone
from the Cellon Section (Carnic Alps/Austria)

helGa PrieWalder*

12 Plates

Nannobakterien-ähnliche Objekte in einem obersilurischen Kalk aus dem Cellon-Profil (Karnische Alpen/Österreich)

 Zusammenfassung
Die Minerale (Apatit, Dolomit/Ankerit, Fe-Oxide, Kalzit, Pyrit, Quarz, Tonminerale) eines dunkelgrauen, laminierten Kalzisiltits aus dem Alticola-Kalk (oberes 
Silur) des Cellon-Profils (Karnische Alpen/Österreich) wurden bei starken Vergrößerungen (bis zu 50.000 x) im REM und EDX untersucht. Die meisten von 
ihnen zeigten einen Aufbau aus Kügelchen mit Durchmessern von 0,02 bis 0,1 µm.

Seit 1993 gab es Berichte über 20 bis 200 nm große Mineralkörner in terrestrischen Sedimentgesteinen und Mars-Meteoriten, in menschlichem und 
tierischem Blut sowie in Arterienablagerungen und Nierensteinen. Diese Gebilde wurden Nannobakterien genannt und als eine bisher unbekannte Gruppe 
von Bakterien beschrieben, die sowohl Minerale ausfällen und somit fossil werden konnten, als auch verschiedene Krankheiten verursachten. In der 
jüngeren Vergangenheit wurde ihre Entstehung durch anorganische Ausfällungen in Laborexperimenten nachgewiesen.

Auch in der vorliegenden Arbeit wird der Theorie einer Herkunft der Kügelchen aus anorganischen Prozessen gefolgt. Gestützt wird diese Annahme durch 
das Wachstum winziger Kalziumfluorid-Kristalle auf den Oberflächen von Kalkstücken, die einige Stunden mit Flusssäure behandelt worden waren: die 
Kristalle erwiesen sich als vollständig aus kugeligen Körnchen zusammengesetzt.
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Abstract
The minerals (apatite, calcite, clay minerals, dolomite/ankerite, Fe-oxides, pyrite, quartz) in dark grey, laminated calcisiltite of the Alticola Limestone 
(upper Silurian) from the Cellon Section (Carnic Alps, Austria) have been examined with the SEM and EDX at high magnifications (up to 50,000 x). Most 
have a habit comprising minute spheres (0.02 to 0.1 µm diameter).
Since 1993, tiny mineral grains, with diameters of 20 to 200 nm, have been reported from terrestrial sedimentary rocks, from Martian meteorites, from 
human and animal blood, arterial plaques and kidney stones. These were termed nannobacteria and considered to be a new group of bacteria that were 
able both to precipitate minerals, and hence become fossilised, and to cause several diseases. During the last decade, however, an inorganic origin for 
such grains has been proved by detailed analysis, including experimental work.
This paper regards the theory of an inorganic formation for the spheres as the most plausible. This is supported by the formation of minute calcium fluo-
ride crystals that grew on fragments of laminated calcisiltite within a few hours of their being coated with hydrofluoric acid. These minerals are composed 
entirely of tiny spheres.

Introduction

During investigations of chitinozoa from the Cellon section 
(Carnic Alps, Austria), minute spheres (ca. 20–200 nm = 
0.02–0.2 µm diameter) were observed, comparable to the 
nannobacteria described by FolK (1993). 

Chitinozoa are lower Palaeozoic microfossils with remark
ably resistant vesicles made of organic material. They can, 
therefore, be extracted by standard palynological meth
ods by the application of strong acids (HCl, HF, HNO3). Af
ter this treatment, undissolved material remains in the fluid 
and is screened under a light microscope to separate the 
fossils for SEM examination.

However, when the acidresistant residues of dark car
bonates and shales were examined under the light mi
croscope, it was seen that a weblike matter clinging to 
chitinozoan vesicles had attracted organic debris, making 
handpicking of the chitinozoa very difficult. To resolve this 
problem, the origin of the weblike material had to be es
tablished; had it formed prior to dissolution of the samples 
or was it produced during acid treatment?

To investigate this, “web” material and fragments of the 
parent rock that had not been completely dissolved were 
examined in the SEM. At the same time, pieces of the 
original sample were treated with different chemical tech
niques to clean their surfaces. All the samples were then 
examined at 50,000 x in the SEM. This showed that no 
matter how the samples had been prepared, in all of them 
minute spheres were present. As a result, the nannobacte
rialike particles (NLP; cf. martel & younG, 2008) became 
the subject of a more detailed study.

FolK (1993) first reported such features, as a result of a 
highmagnification SEM study of travertine from the hot 
springs at Viterbo, Italy. FolK (1993) named the particles 
“nannobacteria” and pointed out that they were building 
up numerous mineral grains and did not just rest on the 
surfaces. Furthermore, FolK (1993) noted that they were 
also abundant in modern ooids, hardgrounds and cements 
from both the Bahamas and the Great Salt Lake (Utah), in 
Palaeozoic and Mesozoic limestones, as well as in a num
ber of minerals such as dolomite, native sulphur, metallic 
sulphides, silica and clay minerals.

During the following decade, several studies on the occur
rence of such nannobacteria in sedimentary rocks were 
published. They were found in modern aragonite cements 
of calcified brineshrimp egg cases in the Great Salt Lake 
(Pedone & FolK, 1996), in clay minerals from an Oligocene 
sandstone from the subsurface of Texas (FolK & lynch, 
1997) and in all environments where carbonates are pre
cipitated, such as marine sediments, caliches, creek cal
cites, speleothem calcite, spring deposits and pipescale 
(cf. FolK, 1999). FolK & chaFetz (2000) reported nanno

bacteria from carbonate deposits from the Lower Prote
rozoic and younger rocks. The tiny spheres were also pre
sent on sedimentary pyrite (framboids, euhedral crystals 
and metasomatic masses) from the Proterozoic up to to
day (FolK, 2005) and on palygorskite/sepiolite in a Texas 
caliche (FolK & raSbury, 2007).

mcKay et al. (1996) applied the method of FolK (1993) to a 
Martian meteorite and found structures that looked like the 
nannobacteria in terrestrial rocks (cf. FolK, 1997). A further 
report on nannobacteria from a Martian meteorite was giv
en by FolK & taylor (2002).

During the same period, Gabbott (1998) described the 
preservation of soft tissues of a conodont animal from an 
Ashgillian (Upper Ordovician) shale in terms of tiny spheri
cal clay minerals, and heinen et al. (2006) found piles of 
spherules in microbial mats from a hot spring in the East
ern Alps.

KaJander & ÇiFtÇioGlu (1998) reported tiny spheres from 
human and cow blood, from kidney stones and from path
ological calcification of human tissues. The spheres were 
considered to be pathogenic germs. As a result, numerous 
studies in this field were carried out (cf. martel & younG, 
2008).

However, the hypothesis of an organic origin for the NLP 
was controversial, as they seemed to be too small to 
have been living cells (ciSar et al., 2000; velimirov, 2001; 
Schieber & arnott, 2003; martel & younG, 2008; younG 
et al., 2009; younG & martel, 2010; DuDa, 2011).

Characterisation of the studied sample

The examined rock sample comes from the Cellon sec
tion in the central Carnic Alps, Carinthia, Austria (wal-
liSer, 1964; JaeGer, 1975; Schönlaub, 1985, 1994, 1997; 
PrieWalder, 1987, 1997, 2000; Kreutzer, 1992, 1994; 
Kreutzer & Schönlaub, 1997; Schönlaub et al., 1997: 
92–99; hiSton et al., 1999; hiSton & Schönlaub, 1999; 
brett et al., 2009). The succession was deposited in a 
deeper shelf facies and ranges from the Upper Ordovician 
to the Lower Devonian. 

The sample is a dark gray, finely laminated calcisiltite with 
black calcitic and gray dolomitic layers that belongs to the 
upper part of the Alticola Limestone [O. remscheidensis 
conodont biozone = former O. eosteinhornensis conodont 
biozone, Pridoli (hiSton & Schönlaub, 1999); U. urna chi
tinozoan biozone, Pridoli (PriewalDer, 1997, 2000)]. The 
logs in PriewalDer (1997, 2000) show its exact position 
in the section indicated by the number 149A (bed 37A of 
walliSer, 1964). The deposition of this bed occurred in 
an offshore pelagic environment with several deepening 
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events, ventilating currents and changing oxygen contents 
(hiSton & Schönlaub, 1999; brett et al., 2009).

SEM-examination, chemical analyses and a brief 
 mineralogic description of the sample

13 small pieces of the laminated calcisiltite were examined 
thoroughly in the SEM, at a magnification of 50,000 x, and 
in the EDX at about 20,000 x. It has to be noted that no de
tailed sedimentological study of the sample has been car
ried out as this was beyond the scope of this article.

The specimens were either limestones or dolostones. 
In addition, the EDXanalyses revealed the presence of 
fluorapatite, silica, illite, framboids and euhedral crystals 
of pyrite and Feoxideframboids in the limestones. In the 
dolostones, illite, goethite rods and spheres and Feoxide 
framboids occurred. 

A characteristic feature of the limestone samples was the 
surface covering of large clusters of fluorapatite crystals 
(Pl. 6, Fig. 1). Also, in situ microfossils, such as chitino
zoa and Muellerisphaerida, which are spinous spherical 
microfossils of uncertain systematic position, occurred. 
This points to abundant decaying organic material at the 
time of burial, suggesting the presence of bacteria in
volved in the breakdown of organic material to produce 
the special biochemical microenvironments that facilitate 
the precipitation of apatite (liebig, 1998). Another exam
ple of biomineralisation was the occurrence of numerous 
framboids (diameter 4–12 µm), although only a minority 
consisted of pyrite; the others were made up of Feox
ides. Often these were embedded in accumulations of ap
atite crystals and accompanied by minute euhedral pyrite 
grains (Pl. 6, Fig. 4; Pl. 8, Fig. 3). Silica was a further com
mon mineral in the apatite clusters, occurring as irregular 
amorphous masses (Pl. 8, Fig. 4) or thin layers. Clay min
erals were also present. 

The dolostone samples were composed of densely ar
ranged euhedral dolomite and ankerite crystals with inter
vening layers of illite (Pl. 1, Fig. 1). A special and frequent 
feature were minute rodlike goethite grains with rounded 
tips like in Welton (1984) that occurred as either single 
grains or were joined together to form aggregates of vari
ous thickness and length. Frequently, they were radially ar
ranged, with their axes forming angles of 60°. These rods 
always occurred in combination with minute beads that 
were either loosely scattered or grouped in areas of vari
able sizes (Pl. 2, Figs. 1–4; Pl. 4, Figs. 1, 2). Because of 
their small size, it was not possible to determine the chem
ical composition of a single sphere with the EDX. A further 
peculiar phenomenon was Feoxide framboids that were 
partly or completely enveloped by illite grains, the crystal
lites often being just adumbrated (Pl. 5, Fig. 1). 

Dolomite/ankerite crystals and goethiterods were usual
ly absent in the limestone samples, while fluorapatite, py
rite and amorphous silica never occurred in the dolomitic 
layers. One piece, however, seemed to be transitional be
tween the two layers, uniting typical minerals of both (Pl. 
3, Fig. 3).

For the wholerock geochemistry, the following elements 
were determined by multiple EDXanalyses: C, O, F, Mg, 
Al, Si, P, S, Cl, K, Ca, Ti, Mn and Fe. Most elements were 
present in both the limestone and the dolostone samples, 
but in variable amounts. In contrast, F, P and S occurred 

only in the limestone, while Ti and Mn were exclusively 
found in the dolostone. 

Xray diffraction identified calcite, quartz, fluorapatite, an
kerite, dolomite, goethite, pyrite and illite/muscovite. 

Analytical Techniques
Preparation of the sample

The rock sample was crushed and then rinsed with wa
ter through sieves (mesh sizes 5 mm und 1 mm). The larg
er pieces were collected and then subjected to different 
preparation methods (see below) to investigate their im
pact on the rockforming minerals. All the methods re
vealed conspicuous nannobacterialike particles. Then the 
samples were coated with gold and examined in the SEM 
and EDX. 

FolK & lynch (1997: Figs. 7B, 7C) showed that a long du
ration of gold coating can lead to the creation of artefacts 
similar in shape and size to the nannobacterialike parti
cles. To prevent this, FolK & raSbury (2007) covered some 
samples with carbon, which does not generate spheres. 
Nevertheless, the spheres were present on the minerals 
(palygorskite/sepiolite) thus proving the existence of nano
spheres (FolK & raSbury, 2007: Figs. 4, 5).

Most of the samples illustrated here were sputtered with 
gold for only 30 seconds in a stable position to the gold 
target (cf. FolK & lynch, 1997). 

The other samples were coated using a rotaryplanetary
tilt stage. Since the two methods are completely different, 
their sputter times are not comparable (no thickness mea
surement gauge was available). Therefore, the sputter pe
riods in the rotaryplanetarytilt stage are not specified in 
the description of the preparation methods below; only the 
terms “moderate thickness” and “excess gold” are used, 
where the latter indicates a sputter time twice as long as 
the former. Measurements of the nannobacterialike par
ticles suggest that a gold cover of “moderate thickness” 
is only slightly thicker than that used by FolK & lynch 
(1997). For the longer time, the increase in nannobacte
rialike particle size was obvious, but only already existing 
structures were accentuated; no new structures formed 
(Pl. 12, Figs.    3, 4). Moreover, sputter tests on glass slides 
showed that no globular gold artefacts were generated.

Palynological preparation

The samples were treated with a range of acids: initially 
HCl was applied to remove carbonates, then HF to elimi
nate silicates, then HCl again to remove hydrofluorides 
formed by the reaction of HF with incompletely dissolved 
carbonates, and finally HNO3 to remove amorphous organ
ic material and pyrite. 

The undissolved residue provided abundant chitinozoans 
and other microfossils, as well as rock fragments.
REM-photos
Pl. 10, Figs. 3, 4 (gold cover: moderate thickness).
Pl. 11, Figs. 2–4; Pl. 12, Fig. 1 (gold cover: excess gold).

HF treatment

Pieces of rock were put into 51–54 % HF for 4 hours and 
then washed in distilled water.
REM-photos
Pl. 12, Figs. 2, 3 (gold cover: moderate thickness).
Pl. 12, Fig. 4 (gold cover: excess gold).
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HCl treatment

Pieces of rock were put into 16 % HCl for 1.5–3 minutes 
and then washed in distilled water.

REM-photos
Pl. 1, Figs. 3, 4; Pl. 3, Figs. 3, 4; Pl. 4, Figs. 1, 2; Pl. 5, Figs. 
3, 4; Pl. 11, Fig. 1 (gold cover: excess gold).

Preparation after Folk & lYnch (1997)

Pieces of rock were put into 1 % HCl for 1 minute and then 
washed in distilled water.

REM-photos
Pl. 1, Figs. 1, 2; Pl. 2, Figs. 1–3; Pl. 4, Figs. 3, 4; Pl. 6, Figs. 
1–4; Pl. 7, Figs. 1–4; Pl. 8, Figs. 1–4; Pl. 9, Figs. 1–4; Pl. 10, 
Figs. 1, 2 (gold cover: thin = 30 sec. sputter time).

Ultrasound treatment

Pieces of rock were put into distilled water and then trea
ted with ultrasound for 5 minutes.

REM-photos

Pl. 2, Fig. 4; Pl. 3, Figs. 1, 2; Pl. 5, Figs. 1, 2 (gold cover: 
moderate thickness).

Sputtercoater

Typ: Cressington 108auto.
Sputter material: gold.
Sputter current: 40 mA.
Sputter time: 30 sec.

SEM

Typ: Tescan – Vega 2 XL.

WD: 7–10 mm.

HV: 20 kV.

EDX

Typ: Oxford Instruments – INCA 4.15.

WD: 30 mm.

HV: 12 kV.

Nannobacteria-like particles  
in the present study

In the present study, NLP were found in chemically un
treated or only gently treated samples, in samples after 
treatment with 51–54 % HF, in undissolved samples and 
in the sticky, weblike matter clinging to chitinozoan ve
sicles after palynological preparation. In all cases, the NLP 
showed similar shapes and sizes; they were spherical to 
ovoid and their sizes ranged from about 20 to about 100 
nm (0.02–0.1 µm).

Chemically untreated or only gently treated  
rock samples

In these samples, the NLP occurred on calcite, dolomite/
ankerite, fluorapatite, illite, Feoxide minerals, on pyrite 
and on the thin coating of a chitinozoan vesicle in situ. 

On dolomite/ankerite crystals (Pl. 1, Fig. 2) and on the cal
cite grains (Pl. 6, Fig. 2), the NLP were arranged in dense 
rows and layers. The illustrations in FolK (1999: Figs. 9, 16, 
19), KirKland et al. (1999: Figs. 7, 8) and FolK & chaFetz 
(2000: Fig. 2B) are similar.

On fluorapatite, they occurred on euhedral crystals (Pl.     9, 
Figs. 3, 4), as well as on anhedral crystallites forming the 

recrystallised shells of Muellerisphaerida (Pl. 9, Fig. 1). 
Their distribution here was dense and random. Occasion
ally, they formed chains (Pl. 9, Fig. 4) similar to those made 
up of pyrite and figured by FolK (2005: Fig. 9).

The illites grains wrapping the dolomite/ankerite crystals 
also showed randomly scattered NLP (Pl. 1, Figs. 3, 4). 
The mineral margins were often delicately curved by the 
adjoining beads.

Rodlike goethite grains always occurred in combination 
with NLP; these were either loosely scattered or grouped 
in areas of variable sizes (Pl. 2, Figs. 1–4; Pl. 3, Figs. 2,   4; 
Pl. 4, Figs. 1, 2). The surfaces of the rods seemed to be 
smooth; it was not possible to determine if they were made 
up of NLP as described in palygorskite/sepiolite fibres by 
FolK & raSbury (2007). Some showed a slightly bulbous 
extension at the tips (Pl. 2, Fig. 1).

In a few cases, the nannobacterialike particles formed 
mats with a thickness of one bead. They were either loose
ly connected to each other, leaving some space in between 
and occasionally forming sixrayed structures of short rods 
(Pl. 3, Fig. 4) or they coalesced, forming a dense thin layer 
(Pl. 3, Fig. 2). These images suggest that the rods originat
ed from the NLP, but it is not clearly visible. Although no 
EDXanalyses were carried out at these sites, the shapes 
and sizes were identical with the rods and beads in many 
other areas of the sample, strongly suggesting that they 
have the same chemical composition.

Feoxide framboids were very common in the studied 
sample, especially in the limestone layers. Most of their 
crystallites exhibited smooth faces, but in every framboid 
there were several that obviously had not been complet
ed and thus showed their original construction of densely 
packed spheres (Pl. 6, Fig. 3; Pl. 8, Fig. 2). Images of py
rite in FolK (2005: Figs. 4, 7, 8) are similar. Moreover, a few 
framboids were found with surfaces built up almost com
pletely of NLP and short rods, very probably goethite, lo
cally formed on them (Pl. 5, Fig. 3; Pl. 7, Figs. 1, 2). EDX
analyses showed that areas with and without rods had the 
same chemical composition. On the faces of some crys
tallites the coalescence of the beads was clearly visible 
(Pl.    5, Fig. 3; Pl. 7, Fig. 4).

In the Feoxide framboids with illite covers, both the clay 
minerals and the crystallites consisted of closely arranged 
NLP (Pl. 5, Figs. 1, 2).

Samples after application of hydrofluoric acid

The samples that were undissolved after palynological 
treatment were covered by a thick layer of nannobacteria
like particles when examined in the SEM. EDXanalyses 
revealed that these have a calciumfluoride composition 
due to the reaction of hydrofluoric acid with the carbon
ates that had not been completely dissolved before the 
application of HF. The beads were closely packed and 
seemed to coalesce, locally forming dense and smooth ar
eas. Some fused to larger spheres or generated rosary like 
chains (Pl. 11, Fig. 2). 

Many illustrations of accumulations of minute spheres re
semble externally these calcium fluoride beads: rusted 
iron (FolK, 1997: Fig. 4); lithified muscle tissue of an Or
dovician conodont animal (Gabbott, 1998: Figs. 4B, 4C); 
calcified artery tissue, bacterial fragments and calcite pre
cipitations (KirKland et al., 1999: Figs. 1, 3, 4);  surfaces 
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of pyroxene from a Martian meteorite (FolK & taylor, 
2002: Figs. 6, 7, 9, 14); decaying organic tissue (Schieber 
& arnott, 2003: Figs. 1–3); surface of an ooid shell (FolK, 
2005: Fig. 12) and NLP of hydroxyapatite and calcium car
bonate  (martel   & younG, 2008: Figs. 1, 2).

The tiny beads on a broken piece of undissolved rock con
sisting almost entirely of NLP (Pl. 12, Fig. 1) combined into 
larger spheres (Ø ~370–450 nm) whilst drying at about 
70° C; the spheres initially had granulate surfaces but be
came smooth with progressive fusion. These smooth, larg
er spheres joined to form pairs, thus imitating the division 
of living cells (Pl. 11, Fig. 3). They also coalesced to form 
flat bodies comprising several to many discs with smooth 
surfaces and bumpy margins (Pl. 11, Fig. 4). The shapes 
of these structures were similar to the calcite particles in 
martel & younG (2008: Figs. 2c, 2d, 2f). These exam
ples show that, under certain conditions, inorganic materi
al may also form organiclooking features.

As a consequence of the detection of the calcium fluoride 
NLP, several fresh pieces of the calcisiltite sample were put 
into 51–54 % HF for 4 hours. After this time, the surfaces 
were entirely covered by minute (1–7 µm length) euhedral 
but – due to limited duration of precipitation – uncom
pleted crystals of calcium fluoride. These were completely 
made up of NLP with diameters of about 30 nm. The beads 
formed layers and several layers constituted the crystals 
(Pl. 12, Figs. 2–4). In some areas, the NLP were fused to
gether, forming smooth and dense layers, but usually the 
spheres were clearly visible. Often, they coalesced into 
larger spheres and sometimes into small rings. Even if the 
crystal growth in hydrofluoric acid represents uncommon 
evidence, it clearly demonstrates the possibility of an abi
otic generation of tiny spheres.

On the surfaces of a chitinozoan vesicle insitu within lime
stone, a thin coating of inorganic matter formed made 
up by a patchy distribution of nannobacterialike parti
cles (Pl.   10, Figs. 1, 2). The chemical composition of these 
was different from the surrounding calcite and apatite, but 
slightly similar to both clay and Feoxide minerals. EDX
analyses of a weblike appendage consisting of tiny beads 
clinging to chitinozoan vesicles after palynological prepa
ration (Pl. 10, Figs. 3, 4) revealed a chemical relationship 
to the coating of the chitinoza in situ. Moreover, sheets 
of minute spheres close to large agglomerations of apa
tite crystals on the surface of a limestone sample (Pl. 11, 
Fig.   1) were chemically and morphologically very similar 
thus indicating a provenance from the rocks for the web
like appendages. A common character of these spherules 
was a distinct Fepeak in the EDXspectra.

Discussion

Since the initial report of nannobacteria from carbonate 
rocks from various localities (FolK, 1993), their nature has 
been strongly debated. FolK (1993) documented not only 
normal calcified bacteria of about 1–3 µm length, but also 
tiny spheres with diameters of 0.05–0.2 µm. The latter 
were inferred to be bacterial spores, which are the resting 
states of normal bacteria in stressful environments (due to, 
for example, changes in chemistry, temperature, lack of 
nutrients, etc). Since such beads had also been found in 
sediments that had been deposited under normal marine 
conditions, FolK (1993) speculated that they could pos

sibly have been an independent and then living group of 
bacteria as well. Criteria for the assignment to the bacteria 
were, the form of their bodies that “range from tiny spheres 
(cocci) to stubby ellipses to sausage shapes (bacilli), to 
chains of spheres or rods, and on to long filaments” (FolK, 
1993: 997), the fact that the size distributions of fullsized 
and stressed bacteria were comparable to living bacteria 
and, finally, the observation that they often occurred in ac
cumulations, as is usual for bacteria in places with a suf
ficient food supply. An argument against an inorganic ori
gin was the rounded form of their bodies. Moreover, FolK 
(1993) reported that the nannobacteria were enclosed in 
crystals of various carbonate minerals and surmised that 
they could have initiated carbonate precipitation.

Subsequently, Pedone & FolK (1996) revoked the assump
tion that nannobacteria were bacteria resting phases and 
stressed their active role in the formation of aragonite ce
ment.

Gabbott (1998) described the preservation of the soft tis
sues of a conodont animal as clay minerals from an Ashgil
lian (Upper Ordovician) shale. Some parts of the muscle
fibres were smooth while others showed a microgranular 
surface. These minute spheres (Ø 0.09–0.12 µm) were in
terpreted as bacterial bodies on which colloidal clay min
erals had been adsorbed and hence preserved the nano
bodies.

The concept of nannobacteria as formerly living but now 
fossilised organisms being responsible for the precipita
tion of various minerals was maintained in FolK (1997, 
1999, 2005), FolK & lynch (1997), FolK & chaFetz (2000), 
miller et al. (2004) and FolK & raSbury (2007). The ob
servation that the spherules in palygorskite/sepiolite fi
bres are not artefacts of preparation was demonstrated 
by FolK       & raSbury (2007) by using different preparation 
methods, such as carbon coating of the samples instead 
of gold, since carbon does not produce spherical arte
facts.

To test the nannobacteria hypothesis, KirKland et al. 
(1999) carried out numerous controlled calciteprecipita
tion experiments and added various organic substances, 
such as soluble organic molecules, fullsize bacteria, bac
teria fragments and bacteriophages, to several of their so
lutions. In the solutions free of organic matter, mainly eu
hedral calcite crystals formed, but in the remaining liquids 
numerous tiny beads (10–80 nm) were generated inorgani
cally or were bacterial fragments that could not be distin
guished from calcite spheres. After three days, all the tiny 
euhedral and rounded calcite particles had disappeared 
and only large (µmscale) euhedral calcite crystals were 
present. When these were etched, minute spheres, like 
those in natural carbonates, appeared. As a result, KirK-
lanD et al. (1999) concluded that the proof of biomark
ers was necessary before the tiny beads could be un
equivocally allocated to the bacteria. Furthermore, FolK    & 
raSbury (2007) admitted that caution is required when 
identifying nannobacteria, since several other possibilities 
explaining the origin of such minute spherical objects ex
ist.

An interesting alternative hypothesis was given by Schie-
ber & arnott (2003). They performed experiments with 
animal and vegetable tissues that they placed in a tank 
with sulphatebearing water and clay, and added naturally 
occurring decay bacteria, thus imitating the conditions in 
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subsurface sediments. The bacteria community grew very 
fast and led to rapid decomposition of the tissue. Initially, 
the organic matter was broken up by the enzymatic activi
ty of the bacteria into pieces of tens to a few hundred na
nometers. Thereafter, protein balls with diameters of 40–
120 nm and very similar to the nannobacteria in shape and 
size were formed in large quantities. As no smaller features 
could be observed in the SEM, Schieber & arnott (2003) 
concluded that the next stage would be the complete dis
sociation of the proteins into molecules which the bacte
ria were then able to absorb. Schieber & arnott (2003) 
also noted that although their protein spheres had not yet 
been mineralised, they seemed to be stable for several 
weeks, time enough to become lithified as this had alrea
dy been described in the fossilisation of soft tissues (gab-
bott, 1998). Schieber & arnott (2003) concluded that the 
spherules in sedimentary rocks are not fossils of small 
cells, but rather the mineralised transitional byproducts 
of enzymatic bacterial decomposition of organic tissues.

On a Martian meteorite, mcKay et al. (1996) found abun
dant polycyclic aromatic hydrocarbons, granular magneti
te and iron sulphides and tiny carbonate spheres looking 
like the terrestrial nannobacteria of FolK (1993). As these 
substances are all involved in biological processes, mcKay 
et al. (1996) concluded that this could point to biogenic 
activity on ancient Mars. These conclusions caused con
siderable controversy within the scientific community. Mi
crobiologists (cf. velimirov, 2001) noted that such minute 
features were too small for viable cells. In 1998, a work
shop on the definition of the minimal sizes of organisms 
agreed that a modern living cell requires a sphere of at 
least 250 ± 50 nm diameter to accommodate the basic cell 
machinery (Knoll, 1999; De duve & oSborn, 1999).

heinen et al. (2006) studied microbial mats from a hot 
spring in the Eastern Alps and reported abundant tiny 
spheres as well as normal bacteria. Spheres with diame
ters of 20–60 nm formed long chains that were piled up to 
large clusters. Although the single beads were interpreted 
as being nonviable, it was envisaged that, where they are 
connected into chains, they represented a more complex 
form of organisation and thus could be able to  metabolise 
and replicate. Unfortunately, no examination for DNA or 
the chemical composition of these chains has been car
ried out.

velimirov (2001) emphasised that the term nannobacteri
um had never been accurately defined and also that it is 
not known if these features were viable cells or only frag
ments of larger microbes. Very small bacteria (diameters 
of < 200–300 nm) had been known for a long time to be a 
significant part of the oceanic bacterial community. They 
are either starvation forms in environments with an insuf
ficient food supply, decreasing their volume by disposing 
of nonessential cellular material and adopting spherical 
shapes or they are free living bacteria (ultramicrobacteria). 
In natural aquatic environments, most small living bacteria 
with a diameter of 200 nm or less are rodshaped, as this 
morphotype is better adapted to house the components 
necessary to keep a cell alive. Spheres of this size play 
a much less important role numerically (velimirov, 2001).

In a paper on very small living bacteria (ultramicrobac
teria), DuDa (2011) defined the smallest size of cocci at 
150–200 nm (0.15–0.20 µm). These have a cell volume of 
< 0.1 µm3 and a smallsized genome (3.2–0.58 Mb). Fur

thermore, DuDa (2011) noted that none of the NLP in rock 
samples hitherto had proved to be of unequivocal bio
genic origin and that there had been no investigations for 
biomarkers in, for example, the carbonate precipitations 
from watertaps in FolK (1999), which had been said to 
be the products of nannobacteria. DuDa (2011) also stat
ed that it is problematic to ascribe a biogenic origin to 
the nannobacterialike spheres because they cannot be 
cultivated which, however, is the only way to determine 
whether they were/are living creatures. DuDa (2011) also 
noted that mod ern cultured ultramicrobacteria belong to 
six phylogenetic branches of prokaryotes. They have no 
conjoint history of evolution and are not primordial or
ganisms.

The medical sciences are another important field from 
which nannobacterialike balls have been reported. 
 KaJander & ÇiFtÇioGlu (1998) found nannobacteria in hu
man and cow blood and in cell culture serum. At high 
magnification in a SEM, the nannobacteria that KaJander 
& ÇiFtÇioGlu (1998) cultured closely resembled in size 
and shape those in human kidney stones. KaJander & 
 ÇiFtÇioGlu (1998) reported that the nannobacteria pre
cipitated apatite on their cell walls and were closely re
lated to well know pathogenic bacteria. Thus they might 
cause stone formation and pathologic calcification of tis
sues such as arterosclerotic plaques, and might also be in
volved in several other diseases.

ciSar et al. (2000) examined apatite particles from blood 
serum, human saliva and dental plaque, but did not find 
traces of living organisms and interpreted the biominer
alisation that formerly was attributed to nannobacteria to 
be an action of nonliving macromolecules. Since the tiny 
spheres grew and proliferated in vitro, ciSar et al. (2000) 
assumed that the microcrystalline apatite was able to self
propagate like bacteria in cultures.

martel & younG (2008) repeated the experiments of Ka-
Jander & ÇiFtÇioGlu (1998) and found that the calcium 
carbonate and calcium phosphate particles they produced 
in vitro, strikingly resembled the nannobacteria previous
ly described from human and geological samples. When 
CaCO3 precipitated from a culture medium, spherical 
structures had always been formed; these were preserved 
even after a long period of incubation. However, in cases 
where the culture medium was absent, the spheres gradu
ally turned into CaCO3 crystals. Thus proteins in the serum 
had prevented the formation of calcite crystals and forced 
the development of spherulitic structures. By changing the 
chemical conditions, the gradual appearance, size and 
shape of the granules could be influenced. Objects mim
icking celldivisions or cellcolonies formed and were sug
gestive of a biogenic origin. However, an abiotic nature 
was demonstrated by the fact that they survived high dos
es of ᵧirradiation and that it was impossible to verify bac
terial DNA. martel & younG (2008) thus concluded that 
such granules in meteorites and sedimentary rocks could 
have been the outcome of similar processes.

younG & martel (2010) emphasised again that nannobac
teria are nonliving particles made up of trivial mineral ma
terial and other matter from their environments. They just 
mirror the supply of chemical components. Any molecule 
which easily attaches to Caions or apatite crystals, such 
as proteins, lipids or other charged particles, obstructs the 
process of crystallisation.
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In the present study, the NLP occurred in almost all types 
of minerals: calcite grains (Pl. 6, Fig. 2); calcium fluorides 
(Pl. 11, Figs. 2–4; Pl. 12, Figs. 1–4); dolomite/ankerite crys
tals (Pl. 1, Fig. 2); Feoxide framboids (Pl. 5, Figs. 3, 4; 
Pl.    6., Fig. 3; Pl. 7, Figs. 1–4; Pl. 8, Figs. 1, 2); fluorapa
tite (Pl. 9, Figs. 1–4); goethiterods (Pl. 2, Figs. 1–4; Pl. 3, 
Figs. 1–4; Pl. 4, Figs. 1, 2); mats of (goethite ?) beads (Pl.   3, 
Figs. 2, 4); Illite (Pl. 1, Figs. 3, 4); pyrite framboids and eu
hedral pyrite crystals (Pl. 8, Fig. 3); further on chitinozoa 
(Pl.    10, Fig. 2); weblike matter clinging to chitinozan vesi
cles (Pl.   10, Fig. 4); sheets of minute spheres on the sur
face of a limestone (Pl. 11, Fig. 1) and recrystallised Mu
ellerisphaerida shell (Pl. 9, Fig. 1). Their sizes and shapes 
were quite similar: spherical to ovoid with sizes from 20 to 
100 nm (0.02–0.1 µm).

In summary, there are several possible interpretations of 
these nano-features:

1.) They are fossil nannobacteria with a size range of 20–
200 nm, as described by FolK (1993) and KaJander & 
ÇiFtÇioGlu (1998). However, DuDa (2011), de duve & oS-
born (1999), Knoll (1999) and velimirov (2001) argued 
that the minimal diameter of a viable cell is at least 150–
200 nm (0.15–0.20 µm). Moreover, it would be very diffi
cult to distinguish them from artefacts, because tiny beads 
may be formed in many different ways (KirKland et al., 
1999). FolK & raSbury (2007: 114) admitted themselves: 
“One must conclude that, at this point in the research the 
identification of small spheres as “nannobacteria” is defi-
nitely a judgment call.” Further, no evidence of bacterial 
DNA has been found. The culturable NLP in KaJander & 
ÇiFtÇioGlu (1998), which had always been used as justifi
cation for the biological nature of the spheres, turned out 
to be contamination (ciSar et al., 2000; velimirov, 2001; 
DuDa, 2011). 

2.) The NLP are lithified proteins (Schieber & arnott, 
2003). They bear a strong resemblance to the NLP in the 
studied sample, but here lithified proteins should be rath
er rare, as they usually occur in typical agglomerations at 
places with decaying organic material. Here, however, the 
spherules are predominantly bound to minerals. Only the 
mats of beads show a comparable aspect (Pl.     3, Fig.     2) 
as do the weblike appendages clinging to the chitino
zoan vesicles (Pl. 10, Figs. 3, 4) and the sheets of minute 
spheres close to large accumulations of apatite crystals on 
the surface of a limestone sample (Pl. 11, Fig. 1). Some of 
these spheres, however, may also be lithified fragments of 
conventional bacteria (KirKland et al., 1999).

3.) The NLP are inorganically precipitated objects. Experi
ments with calcium carbonate (and calcium phosphate) 
solutions showed that especially proteins, but also Mg2+, 
prevented the solutions from crystallising, thus support
ing the formation of spherical nannobacterialike particles 
(KirKland et al., 1999; ciSar et al., 2000; martel & younG, 
2008; younG & martel, 2010). These nannobacterialike 
particles grew and propagated like living microbes.

Such an inorganic origin of the NLP, forming the minerals 
seen in the studied samples seems to be the most reason
able explanation at present, though here the conditions for 
their formation were different. This inference is support
ed by the numerous tiny spheres of calcium fluoride that 
formed on the surfaces of samples that had not been en
tirely dissolved in the course of the palynological prepara
tion (Pl. 12, Fig. 1). Even objects similar to those in martel 

& younG (2008), which mimicked cell division and cell col
onies, were present (Pl. 11, Figs. 3, 4), as were chains of 
beads like those shown in FolK (2005) (Pl. 11, Fig. 2). This 
means that, in the micro and nannosphere, inorganically 
precipitated objects may have biogeniclike shapes. An
other indication of an inorganic origin in the present study 
was tiny calcium fluoride crystals that developed within 4 
hours after pieces of calcisiltite were covered by 51–54 % 
hydrofluoric acid. As they had not been completed due 
to limited duration of precipitation, it was possible to ob
serve the process of crystal formation. These crystals were 
entirely made up of minute spheres which in places coa
lesced, thus forming smooth layers which one by one built 
up the crystals (Pl. 12, Figs. 2–4). It is impossible that liv
ing nannobacteria caused the precipitation of these cal
cium fluoride crystals, since they would not survive in hy
drofluoric acid. 

KirKland et al. (1999) found that in solutions devoid of sol
uble organic material, predominantly euhedral calcite crys
tals with a size range of 50–800 nm formed after one day. 
On the other hand, masses of rounded particles (10–80 
nm) were precipitated from solutions with dissolved organ
ic matter, also after one day. Thus these experiments also 
demonstrated the importance of organic molecules for the 
precipitation of minute rounded features. However, wheth
er the altered organic matter in the Silurian calcisiltite sam
ple played a role in the formation of the calcium fluo ride 
beads, or other chemical forces were acting, remains un
known. 

According to KirKland et al. (1999), with time, the amount 
of tiny calcite precipitations gradually decreased and the 
number and size of euhedral calcite crystals increased. Af
ter three days, all experiments, with and without organic 
matter, resulted in large (µmscale) euhedral calcite crys
tals with smooth faces. Tiny spheres became visible again 
only after etching of these crystals, as is the case with nat
ural carbonates.

Conclusions

The present study shows that nannobacterialike partic
les exist. They are not artefacts of preparation, as already 
demonstrated by FolK & raSbury (2007) and were formed 
by inorganic precipitation processes as indicated by KirK-
lanD et al. (1999), ciSar et al. (2000) and martel & younG 
(2008).

The present work has also documented that sometimes in
organic particles have shapes that are similar to living mi
croorganisms, as stated by martel & younG (2008) and 
younG & martel (2010). Therefore, such features by them
selves are not evidence for a biological origin.
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