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Summary of research objectives and the difficulties

The aim of the project was to create a methodology to separate ancient microbial
structures in geological samples from abiotic (biomimetic) ones. The initial goals were 1.) to
create/use a computer program for the differentiation of the bacteriogenic and biomimetic
structures and 2.) to synthesize biomimetic structures under laboratory conditions. The latter
aim of the project had to be cancelled due to the leave of our colleague Roland Farkas. To
confirm the relevance of the 2.) goal of the project we performed the literature review
(Bianciardi et al., 2014). At the same time, Béla Frigyik failed to deliver the computer
program. However, with the help of Zsuzsanna Marton we could find an appropriate sofware
for the fractal analysis of the questioned structures.

Our next goal was to found geological formations with biomimetic and bacteriogenic
structures. This required the following analysis: petrography, total organic carbon
measurements, scanning electron microscopy, energy dispersive X-Ray spectroscopy, X-ray
powder diffraction, Raman spectroscopy, trace element analysis, nucleic acid isolation, fractal
dimension analysis, directional analysis, sulfur isotope analysis. K/Ar radiometric dating, fluid
inclusion petrography and microthermometry also were carried out to better understand the
geological background.

Basalt fragments and sulphide minerals (pyrite and marcasite) were analysed by scanning
electron microscopy and energy dispersive X-Ray spectroscopy (SEM-EDS). These minerals
and the basalt were placed into two springs located in the Mecsek Mts. and left there for 6
months. Genus-level metagenomic classification was done on the collected water samples
from these springs. Based on these results, sulphur- and iron-oxidizing organisms were
presented in the spring water during the sampling (Pécs-Vasas and Komld-Mecsekjanosi). The
initial aim of this was to identify bacterial activity and follow up the textural and chemical
changes on the surfaces of these fragments by using SEM-EDS. However, because these
samples were stolen from the springs two times after each other this part of the research had
to be neglected.

We collected geological samples from the eastern part of Mecsek Mts. and from the
Geresd-Hills. We aimed to collect samples with possible ancient bacterial and biomimetic
structures. The main conclusions of the project were made based on the analysis of these
samples. Two manuscripts were submitted to different d1 journals. The publication of the
submitted manuscripts are delayed due to COVID-19 and the above described difficulties of
the project. One of the manuscript is under review at Palaeo3 journal (manuscript number:
PALAEO-D-21-00261). The other manuscrip is under correction based on the review of the
Journal of the Geological Society (manuscript number: jgs2021-025). Both manuscripts and
related data are available upon request.

Main results of the research
1. Based on their helical morphology and stalk parameters, iron oxidizing bacteria found

in the injection dykes of Ofalu are strongly resembles to recent Gallionella and Mariprofundus
spp.



2. We confirmed the conversion of bacterial ferrihydrite to microcrystalline hematite. The
microcrystalline (0.5-1um) occurrence of hematite can be used as an indicator for ancient
bacterial activity.

3. The recent Gallionella and Mariprofundus spp. have characteristic aerotactic cell
movements. These cell movements were identified by directional analysis of mineralized
stalks on certain parts of the rock, which can be used as indicators for ancient bacterial activity.

4. Fractal analysis was used to separate bacterial structures (Df ~1.9) from
morphologically similar but abiogenic (Diffusion-Limited Aggregation) structures (Df ~1.7).

5. This is the first detection in Hungary of structures with possible bacterial origin from
intrusive basalt that solidified in the calcareous mud. Several microtubular structures occur in
the altered volcanic glass with an uniform width of 1.5 pm and up to 200 pm in length, without
intersecting one other. The microtubules are rarely bifurcate and curvy. These structures with
constant and nearly bacterial cell-size diameter highly resemble bacterial tunneling structures.

6. Biomimetic dendritic, filamentous and periodic precipitation structures (DLA-
structures, abiogenic filaments, ,,chemical stromatolites™) has been identified and analysed
that were consisted of hydrothermally altered basalt (i) and crustacean coprolites (ii) from the
Eastern-Mecsek Mts.

6.1 At the Pusztakisfalu-section, slow diffusion of low temperature hydrothermal fluids
occurred (along the fissures of intrusive pillows and the cracks of intrusive hyaloclastites),
basaltic glass alteration into amorphous palagonite and smectite show periodic precipitation
patterns and chemical garden-like structures. The hydrothermal alteration of the basaltic
material into these fibrous, dendritic and periodic structures are clearly traceable in the calcite
matrix

6.2 At the Janosi-puszta section, besides the hydrothermal alteration structures of the
basaltic hyaloclastite, hydrothermal decomposition of amorphous crustacean coprolites into
smectite also resulted in similar bacteriomimetic, filamentous structures, where the large
surface area of the parallelly formed smectitic filaments likely played a role in the passive
sorption of iron hydroxide released from the hydrothermally altered hyaloclastite.
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A. Comparisons of recent Fe-oxidizing bacteria with Cretaceous Fe-
oxidizing bacteria and with morphologically similar, but abiogenic Fe-
oxyhydroxide structures

Unambiguous and well-preserved microfossils of the mineralized stalks and sheats of Fe-
oxidizing bacteria (FeOB) are very scarce in the geological record. Helical stalk morphology
is the most characteristic and distinctive feature of some recent Fe-oxidizing bacteria, such as
Mariprofundus and Gallionella (Li et al., 2020). The distinctive helical morphology of FeOB
results from cell rotation during growth (Chan et al., 2011). Filaments with morphologies and
structures similar to those formed by recent FeOB of Gallionella and Mariprofundus were
found in Carboniferous (Boyce et al., 2003) and Cambrian (Little et al., 2004) rocks,
associated with ancient hydrothermal vent sites. Paleoproterozoic possibly FeOB microfossils
were reported by Edwards et al. (2012) from shallow marine chert and sedimentary phosphate,
and most recently from shallow marine ironstones by Lin et al. (2019).

Oxides on the stalks of recent FeOB sheaths have been identified as ferrihydrite (Kasama
and Murakami, 2001; Kennedy et al., 2003; Rubin-Blum et al., 2014). Recent microbial
ferrihydrite can form in any environment where Fe?" -bearing waters come into contact with
02 (Konhauser, 1998). Deposits of ferric hydroxide-rich muds with microbial mats have been
described from several submarine hydrothermal sediments. In shallow marine environment,
on the island of Santorini, ferric hydroxide-rich surface layers of sediments can be found
around the exhalative zone of a shallow marine hydrothermal vent, where Gallionella
ferruginea occurs abundantly (Holm, 1987; Cronan et al., 2000; Hanert, 2002; Varnavas and
Cronan, 2005). In deep-sea environments of the Pacific Ocean, hydrothermal sediments
contain iron oxidizers, and ferric iron deposited just around the vents at the Larson’s
Seamounts on the Juan de Fuca Ridge (Hrischeva and Scott, 2007), at the Sea CIiff
hydrothermal field on the northern Gorda Ridge (Zierenberg and Schiffman, 1990), at the
Loihi Seamount of Hawaii (Emerson and Moyer, 2002), and at the Lau Basin near the
Australian-Pacific plate boundary (Li et al., 2020).

Ancient analogues of recent marine hydrothermal Fe oxide hydroxide deposits where
microbial iron oxidation occured are, for example, the Paleoproterozoic Banded Iron
Formations (BIFs) (Little et al., 2004; Kappler et al., 2005; Edwards et al., 2011). The great
oxidation event in the beginning of the Paleoproterozoic era likely coincides with the
flourishing of FeOB following a period when Earth’s oceans were thought to be largely anoxic
and rich in Fe** (Emerson et al., 2010).

Injection dykes are sedimentary dykes, filled with fluidized sediments (Montenat, et al.,
2007). The formation of injection dykes results from the hydrofracturing of a hard substrate
and infilling of the fractures by overpressured sediments when seismic shocks occur in a fault
zone. Consequently, injection dykes are good indicators of palacoseismic activity (Fligel,
2004; Montenat et al., 2007). In the Geresd Hills in southwest Hungary, at the prominent
tectonic belt of the Mecsekalja Zone, previous studies documented a fracture system that is



filled with multiple generations of carbonate veins, including a fracture system filled with a
curious, micro-crystalline hematitic carbonate material (Dabi et al., 2011; 2013). The
formation of this hematitic carbonate (hereinafter referred to as hematitic carbonate dykes)
was linked to an Early Cretaceous volcanic event that resulted in the emplacement of
numerous basaltic dykes and sills in this region (Dabi et al., 2011; 2013). However, a detailed
understanding of the formation mechanism and the origin of the hematitic carbonate material,
as well as its relationship with the Early Cretaceous igneous activity is missing.

The present study provides an in-depth analysis of these unusual hematitic carbonate
dykes and is the first to document microtextural features that suggest the activity of ancient
Fe-oxidizing bacteria in these rocks. Furthermore, this study describes a fractal dimension-
and directional analysis-based methodology that can be applied to help differentiate biotic and
abiotic filamentous structures in ancient rocks. Our investigations suggest that the hematitic
carbonate dykes were formed due to earthquake events with co-occurring seismic shaking
effects, where overpressured (fluidized) sediments were drawn into the fissures of the
metamorphic basement and these sediments later lithified as injection dykes.

Geological setting

The investigated area in SW Hungary is part of the Tisza Mega-unit (TMU). The hematitic
carbonate dykes were investigated in an outcrop in the Gresed Hills near Ofalu in an east—west
oriented tributary valley of the Goldgrund valley (46°13°00 N; 18°33°32 E). This section lies
along a transform tectonic belt (Mecsekalja Zone) which is a 1.5-km-wide, NE-SW trending
tectonic zone. The Mecsekalja Zone (MZ) includes a very heterogeneous metamorphic rock
assemblage displaying intense folding and Early Variscan (Carboniferous) greenschist facies
mylonitisation (M. Toth et al., 2005).

In the studied section, the Paleozoic metamorphic rocks of the Ofalu Formation are
exposed on the surface, which are mainly strongly foliated and mylonitised orthogneiss
varieties containing lens-like bodies of serpentinite, metabasite and marble. The trend of their
foliation is NE-SW, with a steep dip. Near the studied section, hydrothermally altered,
goethitic Lower Cretaceous hyaloclastites, pillow basalts and Jurassic clastic sediments with
ferruginous impregnation are exposed on the surface, and in a few drill cores metasomatized
Lower Cretaceous goethitic volcanosediment were identified (Hetényi et al., 1976). Lower
Cretaceous intrasediment submarine pillow-basaltic and hyaloclastitic sills occur in large
thickness along the MZ tectonic zone suggesting that this tectonic zone was active during the
Cretaceous (Jager et al., 2012). Several subvolcanic dykes also occur in the Geresd Hills,
which are likely to be Upper Cretaceous (Balla, 2009).

Materials and Methods

Thin sections were studied under a Nikon Eclipse E600 POL polarizing microscope at the
University of Pécs, Hungary.

Scanning Electron microscopy with Electron Dispersive Spectroscopy (SEM-EDS) were
performed using a Hitachi S-4800 instrument at the Zoltdin Bay-Nanoscience Institute,
Miskolc, Hungary and with a Jeol JSM-IT500HR instrument at the Szentdgothai Research
Center, Pécs, Hungary.

The filament-bearing samples were prepared for morphological analysis with SEM-BSE
using 10 m/m% of HCI solution that was dropped to the surface of the thin sections for 20
seconds, than dipped into distilled water for 2 minutes and dried at room temperature before
coating the samples with gold.



X-Ray Powder Diffraction (XRD) was used to determine mineral phases using a Rigaku
MiniFlex 600 Bragg-Brentano diffractometer at the Szentdgothai Research Centre, Pécs,
Hungary, using CuKo radiation (A = 1.54186 A) and a proportional detector with a graphite
monochromator in the reflected beam. The following analysis parameters were used: 40 kV,
beam current of 15 mA, scan range of 3°-70° 26 in continuous scan of 0.03° 20 steps, with 1
s per step.

Raman spectroscopic analyses were performed at the University of Szeged, Hungary on
a Thermo Scientific DXR Raman microscope equipped with a diode-pumped frequency-
doubled Nd-YAG laser at 10mW maximum laser power. Samples were irradiated by laser light
at a wavelength of 532.2 nm, with the laser beam focused using a 100x objective lens, resulting
in a spot size of ~0.7 pm.

Trace element analyses were carried out at ALS Laboratory, Vancouver, Canada with an
Agilent Technologies 725 ICP-OES and PerkinElmer ELAN® 9000 ICP-MS instrument.
Only Au and Ag were measured with I[CP-MS.

The total organic carbon content (TOC) of samples were measured using an Analytik Jena
HT1300 solids module at the Szentagothai Research Centre, Pécs, Hungary. The organic
carbon content of the solid samples was digested by oxidative combustion. During the
measurement, the digestion temperature was 950 °C. Ceramic boats were used for sample
introduction, and for blank sample. The solids module was connected with a non-dispersive
infrared absorption (NDIR) detector. To determine the TOC concentration, 10 m/m% of HCI
solution was used to remove the inorganic carbon content from the materials. The acid was
added drop by drop to the samples, until no further reaction was observed. After this treatment
the samples were placed in an exsiccator at 105 °C for at least three hours to dry, and the TOC
content was measured afterward.

Nucleic acid isolation was performed at the Szentagothai Research Centre, Pécs, Hungary
using an Omega Bio-Tek E.Z.N.A. Mag-Bind Soil DNA Kit according to the protocol with
minor modifications. The quantity of the DNA was measured with a Qubit 2.0 fluorimeter.
Prokaryotes 16S rRNA genes were amplified from the extracted DNA using 27f
(AGAGTTTGATCMTGGCTCAG) and 519R (ATTACCGCGGCTGCTGG) primers. The
PCR reaction was performed by DreamTaq DNA Polymerase (Thermo Scientific) in which
the concentration of each primers concentration was 0,325 uM. Thermal cycling was
performed using the Applied Biosystems® GeneAmp® PCR System 9700 and the PCR
conditions were as follows: denaturation at 94°C for 30 s, annealing at 55°C for 30 s, and
extension at 72°C for 30 sec with 30 min final extension step at 72°C. Amplification was
carried out for 30 cycles. The amplified 16S rRNA genes were analysed on 1.5% agarose gel
and the approximately 500 bp PCR products were excised then purified with QIAGEN Kit.
Purified PCR products were cloned into pZT vector with Thermo Scientific InsTAclone PCR
Cloning Kit. Plasmid insert DNA from clones containing ligated vector was amplified by using
M13F (GTAAAACGACGGCCAG) and M13R (CAGGAAACAGCTATGAC) primers. The
PCR products were directly sequenced by ABI PRISM 310 Genetic Analyzer with ABI Big-
Dye Reaction Mix 3.1. Each sequences of clone were determined by sequencing both strands.

The sequences were corrected manually then submitted to similarity analysis by using
gapped BLAST search algorithms with the GenBank/EMBL/DDBJ databases.

Fractal dimensions were measured on microscope images by a MATLAB routine
(Frederic Moisy (2020) boxcount
(https://www.mathworks.com/matlabcentral/fileexchange/13063 ~ boxcount), =~ MATLAB
Central File Exchange. Retrieved May 17, 2020)

Directionality analysis was carried out whith the Orientation] plugin of the Image]
software package.
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Results
1. Description of the hematitic carbonate dykes

A conspicuous red microcrystalline carbonaceous material fills fractures of a greenish-
grey foliated metabasic rock body at the Goldgrund Valley (Fig. 1A, B). The red fill is flanked
by white calcite veins towards the host metabasite (Fig. 1C), and locally contains fragments
of the host rock with a “jigsaw-fit” breccia texture (Fig. 1D). The thickness of these veins
varies from several mm up to 30 cm.

(white arrow) crosscut by injection dykes (red arrows). Rock hammer for scale. (B) Injection dyke system (red
arrows) in the mylonitic, foliated metabasite. Rock hammer for scale. (C) Cut slab of a hematitic carbonate dyke
sample. White arrows show the contact with the foliated host metabasic rock. (D) Field photo showing breccia
clasts (white arrows) of the host metabasit enclosed in the calcite matrix of the hematitic carbonate dyke.

The veins appear homogenous with the naked eye, but in thin section they show
microlamination that is parallel with the surface of the fissure they fill (Fig. 2A). Microscopic
and mineralogical analysis revealed that the red material in the fractures is finely to medium
crystalline equant-blocky calcite mosaic spar (microspar to pseudospar sensu Bathurst, 1975)
with dispersed hematite (Fig. 2B). The distribution of the crystal size in the calcite matrix is
irregular and the intercrystalline boundaries are typically wavy (Fig. 2B). Hereinafter, we will
refer to this hematitic carbonate material as hematitic carbonate dykes.
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2. Figure Micro-scale characteristics of the hematitic carbonate dyke samples (A) Thin section image of a
hematitic carbonate dyke sample showing microlaminations (red arrows). White arrow shows a calcite vein
along the contact between the hematitic carbonate and metabasic host rock. Plane-polarized light. (B) Hematitic
precipitates and filaments in fine to medium crystalline calcite matrix. Blue arrow points to a hematitic
precipitate showing periodic, Liesegang-type pattern and yellow arrows point to helical filaments. Plane-
polarized light. (C) Hematitic filaments (brown elongate particles) embedded in the fine to medium crystalline
calcite matrix of the hematitic carbonate dykes. Plane-polarized light

2. Microfossils in the hematitic carbonate dykes

Well-preserved helical microfossils occur in the fracture filling hematitic carbonate dykes
that crosscut the foliated metamorphic host rock (Fig. 2B, C). The helical morphology of the
filaments strongly resembles the recent Gallionella and Mariprofundus spp. (Fig. 4; cf. Recent
Gallionella and Mariprofundus in Emerson et al., 2010, their Fig. 3a, b). Locally in the micritic
carbonate matrix, 1-2 mm sized clusters of helical-structured filaments can be observed with
slightly preferred orientation (Fig. 3A). Some filaments have a strongly curled shape (Fig. 3E,
G), or have a rod shape (Fig. 3H). These filamentous structures occur in a rock-forming
quantity within the carbonate matrix.

The width of the helical microfossils varies between 1 and 5 um and their lenghts reach
up to about 100 pum. SEM and Raman observations revealed that these microfossils are built
up of micron—submicron sized pseudohexagonal platy hematite, which are embedded in the
helical matrix of the filaments (e.g. Fig. 3C). Other hematitic microfossils can also be
distinguished in the hematitic carbonate dykes. These likely are pseudomorphs after
foraminifer fossils. The size of these pseudomorphs do not exceed 90 um. Based on the SEM-
EDS and Raman investigations, these pseudomorphs are also composed of submicron—micron
sized microcrystalline platy hematite. Some other particles show periodic Liesegang-type
precipitation rings (Fig. 2B).



3. Figure SEM-BSE images showing mineralized FeOB stalk fossils (A) The hematitic filaments locally
show slight preferred orientation (dashed white line), whereby the filaments appear arranged parallelly or
subparallelly with one other (white arrows). (B) Helical structures with varying sizes and spiral density (white
arrows). (C) A helical filament (white arrow) demonstrating that the filaments are comprised of micron-
submicron sized pseudohexagonal platy hematite. (D) Unevenly twirled filamentous structure (white arrow). (E)
Strongly curled filamentous structures (white arrow). (F) Filamentous structures with different curvature density.
The more strongly rolled structure (red arrow) is characterized by finer crystal size of the hematitie plates than
in the more weakly rolled structure (vellow arrow). (G) Curled filaments with chaotic arrangement. Note the
constant widths of the structures (<5 um). (H) Helical filaments of various sizes (width between 1 and 5 um) and
curvature density (white arrows). Helical structures are characteristic in these samples; however, less typically,
straight, rod-like forms can also be found (black arrow).

3. Composition of the hematitic carbonate dykes
Several, mostly chalcophyle elements (As, Ba, Cd, Co, Cu, Mn, Mo, Pb, W) are enriched

in the hematitic carbonates compared to the crustal average (cf., Rudnick and Gao, 2003).
Sulphur was only detected in a few samples. SEM-EDS examination revealed that P, S and



Mg are only enriched in the helical filaments and Si is enriched both in the helical structures
and in the foraminifer pseudomorphs, compared to the carbonate matrix. The Total Organic
Carbon (TOC) content of two measured samples is 0.84 and 1.21 %.

4. Analysis of bacterial DNA

The amplified 16S rDNA using universal Eubacteria primers were sequenced to provide
insight into the recent bacterial communities of the sample. The general BLAST search
identified the presence of common bacteria species (e.g., Bacillus, Bradyrhizobium,
Lactococcus, Pseudomonas) in 63% of the sequences. The second round of BLAST search
focused on the Gallionella taxon; however, none of the sequences showed any significant
similarity to the Gallionella sp.

5. Fractal and directional analysis of the filamentous clusters

Pictures were taken from 15 different locations in the thin sections containing the
hematitic helical filamentous structures with the same resolution (300 dpi) and magnification
(10x). The minimal fractal dimension that we measured is Dy = 1.876, the maximal is Dy =
1.934. The average of the fractal dimension is D= 1.900 with standard deviation of 0.017, so
the relative standard deviation is less than 1%.

The directional distribution of the filamentous structures follows a normal distribution
with a standard deviation of ~52° in the Gall3 and Gal14 samples (Diagram 1-2). Gal 1, 2, 3,
7, 8,9, 10, 11 samples can be fitted with two Gaussian-curves and Gal 4, 5, 12, 15 samples
can be fitted with three Gaussian curves. The distribution curves are fitted with (the sum of)
one, two, or three Gaussian peaks with heights An, full-widths at half maximum wn and centers
XCn.
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1. diagram. Directional distribution of the filamentous structures in the Gall3 sample
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2. diagram. Directional distribution of the filamentous structures in the Gall4 sample

Discussion
Formation of fissures and injection dykes

Important diagnostic features of the hematitic carbonate dykes in the Geresd Hills are the
microlaminated texture of the microcrystalline material and the “jigsaw-fit” breccia texture of



the host metabasic rocks. These characteristics suggest the injection dyke origin of the
hemtatitic carbonate dykes likely due to seismic shock induced fluid overpressure and
hydraulic fracturing. Neptunian and injection dykes are the best known seismites and are
usually associated with large active fault zones in an extensional stress field where they are
typically used as syn-rift palaeostress indicators (Montenat et al., 1991; Beacom et al., 1999;
Luczynski 2001; Montenat et al., 2007; Kotodziej et al., 2010). The formation of injection
dykes results from the hydrofracturing of a hard substrate and infilling of the fractures by
overpressured, fluidized soft sediments (Fliigel, 2004; Montenat et al., 2007; Kotodziej et al.,
2010). Fissure networks formed nearby the fault zone commonly produce a “jigsaw-puzzle”
pattern (Montenat et al., 2007). Neptunian dykes cause a large-scale diffusion of water and
fine sediment that deeply penetrate the pores and voids of the basement rocks. These fluids
may be subject to overpressure when seismic shocks occur in the fault zone, giving rise to
injection dykes (Montenat et al., 2007). The presence of injection dykes in the metamorphic
complex of Ofalu fits into the model of Dabi et al. (2011), who described a seven-stage
fracturing history of the study area based on cross-cutting relationships. Their textural
observations suggest that the first syntaxial calcite generation preserved long-standing
remnant fracture porosity in the middle lines of the veins. The frequently co-occurring calcite
selvage of the red calcite filled dykes suggest that their formation is related to the presence of
the pre-existing calcite-filled veins. These veins likely retained some remnant fracture porosity
along their middle lines at the time of the seismic event, acting as planes of weakness prone
to reopening, and as conduits for the injection of lime mud, ultimately resulting in the
formation of injection dykes. K/Ar data from the basaltic rocks of the Eastern Mecsek
Mountains indicate that the main period of volcanic activity occurred between 135 and 110
Ma (Early Cretaceous) (Harangi and Arvané Soés, 1993), which is partly contemporaneous
with the tectonic activity that affected the Carboniferous Moragy Granite to the south (Balla
et al., 2003). Early Cretaceous magmatic emplacent and related hydrothermal phenomena are
described both from the study area and the Méragy Granite to the south, e.g., gradual transition
from thinner magmatic dykes to fractures filled with carbonate and limonitic material (Balla
et al., 2009), altogether alluding to contemporaneous Cretaceous magmatic and tectonic
activity in the study area. However, the Cretaceous tectonic activity is characterized mostly
by strike slip faulting (Balla et al., 2009). Therefore, the partially filled calcite veins in the
study area likely reopened in a strike slip tectonic regime, possibly in a pull apart segment.

Origin of the fissure filling material

The hematitic carbonate material in the injection dykes does not show any signs of
metamorphic alteration, which is inferred from the well-preserved microlamination and the
undeformed nature of the microfossils. This suggests that the tectonic event, which resulted in
the opening of the fractures later filled with the hematitic carbonate, post-dates the Paleozoic
metamorphism that had affected the Ofalu complex. The absence of terrigenous material and
shallow marine fossils in the hematitic carbonate dykes suggests a pelagic origin of the lime
mud that likely gushed into the fractures thus creating the injection dikes.

The current sparry calcite mosaic fabric of the carbonate material is likely the result of
aggrading neomorphism during burial diagenesis. During aggrading neomorphism micron-
sized CaCOs is replaced in situ by secondary calcite spar during a wet recrystallization
(dissolution—re-precipitation) process along a fluid film resulting in crystal enlargement
(Bathurst, 1975). Aggrading neomorphism is believed to be driven to increase the stability of
the carbonate sediment since the smaller crystals of the original lime mud are more soluble,
contain defects and impurities, and the original sediment may contain more soluble carbonate
phases such as aragonite and high-magnesian calcite (Bathurst, 1975). The sulphur and total



organic carbon content of the samples together with higher concentrations of chalcophile
elements (e.g., As, Cd, Co, Cu, Mo, Pb) suggest that the carbonate sediment may have
deposited under anoxic or dysoxic conditions. However, post-depositional neomorphic
alteration of the carbonate may have affected its chemical composition; thus, the measured
elemental composition may not reflect the original depositional conditions. The Liesegang-
bands in the hematitic particles likely resulted from the oxidation of iron sulphidic particles
and the filamentous structures suggest that FeOB microbial mats might have been present in
the sediment.

The habitat of Fe-oxidizing bacteria (FeOB)

Even though our DNA analysis did not confirm the presence of Gallionella in the samples,
based on the helical morphology of the filaments we infer that these likely are remnants of
fossils similar to the recent Gallionella and Mariprofundus spp. Lindahl (1993) showed that
DNA cannot be preserved for more than a few thousands of years. Furthermore, Coolen and
Overman (1998) inferred based on lake sediments that the DNA abundance of phototrophic
microorganisms decreases by six orders of magnitudes over 11,000 years. Nevertheless
Inagaki et al. (2005) proved that relatively dry, anoxic and clay-rich environments are
favorable factors to preserve ancient DNA molecules for as long as 100 Ma. However,
according to some scientists, DNA molecules in the Inagaki et al. (2005) samples are
contaminations (Sinninghe Damsté and Coolen, 2006; Dong and Yu, 2007), hence the detected
DNA in Inagaki et al. (2005) may not represent long-term DNA preservation. In our samples,
the presence of recent bacterial communities also suggests that the DNA in the analysed
samples derived from contamination and is not representative of the microbial communities
at the time of formation of the hematitic carbonate material. Lipid biomarkers can be specific
to microbial functional groups, and these components can be preserved in rocks longer than
DNA molecules (Dong and Yu, 2007). Therefore, future analysis of biomarkers of samples
from the Geresd Hills may provide insight into the origin of the microbial structures.

Nevertheless, due to the morphological similarity, we use the recent Gallionella and
Mariprofundus spp. as an analogue to interpret the environment of microbial Fe oxidation in
the Geresd Hills. The family Gallionellaceae has one known species, Gallionella ferruginea
(Hallbeck et al., 1993; Hallbeck and Pedersen, 2005). Gallionellaceae have traditionally been
associated with freshwater habitats, but studies have indicated that some members of this
family are present in marine environments (Johannessen et al., 2017). The chemolithotrophic
(use oxidation of inorganic compounds as a source of energy), neutrophilic (flourish in a
neutral pH environment), aerotactic (movement toward oxygen), microaerophilic (flourish
where oxygen level is low) betaproteobacterium Gallionella ferruginea occurs in sharply
limited physico-chemical conditions characterized by a low redox potential; pH limits ranging
from 6.0 to 7.6; temperature ranging up to 47 °C (with an optimal 820 °C temperatures), and
a relatively low content of organic material (Ehrlich, 1990; Hallbeck and Pedersen 1990, 1995;
Anderson et al., 2003; Hanert, 2006). For Gallionella ferruginea, both autotrophic (use carbon
dioxide as their source of carbon) and mixotrophic (use a mix of different sources of energy
and carbon, such as glucose, fructose, and sucrose) growth capabilities have been clearly
shown (Hallbeck, 1991).

Based on our SEM-EDS examinations, P and S are enriched in the helical microfossils
and Si is enriched both in helical and in foraminifer microfossils. Suzuki et al., (2011) found
that Si and P represent the major inorganic components of Gallionella ferruginea fibers.
Therefore, the the elevated P and Si contents in our samples may have resulted from the
presence of Gallionella.
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The also aerotactic zetaproteobacterium Mariprofundus ferrooxydans is an obligate
chemolithotroph that oxidizes reduced iron from a variety of substrates at pH 5.5-7.2 and
temperatures between 10—30 °C in the anoxic-oxic interfaces of marine environments (Singer
et al., 2011; Krepski et al., 2013). Consequently, the most appropriate habitat for Gallionella
and Mariprofundus is the anoxic-oxic mixing zone where spontaneous Fe oxidation is slow
(Halbach et al., 2001). Besides Fe?*, such a habitat often contains reduced sulpfur compounds
(Halbach et al., 2001; Kato et al., 2012). Experiments of incubated marcasite and pyrite in the
vicinity of a seafloor hydrothermal vent system and laboratory studies have provided evidence
that autotrophic FeOB can grow from oxidation of the dissolution products of basalt glass and
sulfide minerals (Edwards et al., 2003).

Primary evidence for FeOB in the deep sea is largely based on findings of flocculent
ferrihydrite deposits (microbial mats up to 1 m thick) associated with relatively low-
temperature, reduced iron enriched hydrothermal vents (10-100°C), which are most often
associated with seamounts in the ocean (Emerson et al., 2010). In our case, previous
volcanological, hydrogeological, geochemical and fluid inclusion studies (Dabi et al., 2011;
Jager et al., 2012; Dabi et al., 2013) fit the interpretation that the emplacement of Cretaceous
submarine basaltic sills initiated a low-temperature discharge of reductive iron-rich fluids,
which mixed with the oxygenated bottom waters and created a redox gradient favorable for
the development of FeOB mats in the pelagic sediments that deposited on the seafloor.

Ferrihydrite — hematite reordering

Bacteriogenic iron oxyhydroxides, produced as a result of iron oxidation by FeOB are
always poorly crystalline forms of ferrihydrite (Emerson et al., 2010). Ferrihydrite as
a metastable mineral is known to be a precursor of more crystalline minerals such as
hematite and goethite. At neutral pH, FeOB have been shown to increase the rate of iron
oxidation by up to four orders of magnitude over the rate of strictly inorganic oxidation
(Kasama and Murakami 2001; Neubauer et al., 2002). Even at 30 °C some iron oxidizers
oxidize iron at 10-times higher rates than the corresponding abiotic rates (Vollrath et al., 2013),
and they lower the degree of supersaturation required for ferrihydrite precipitation by behaving
as geochemically reactive solids for heterogeneous surface nucleation (Stumm and Morgan
1996). Ferrihydrite is known to adsorb a wide range of inorganic and organic species
(Benjamin and Leckie 1981; Cornell and Schwertmann, 2003) due to being a nanoporous
material yielding a large surface area of several hundred square meters per gram (Hiemstra
and Riemsdijk 2009). Elevated Cd, Co, Cu, Mn, Mo and Pb content of the investigated samples
likely indicate such a high sorption capacity of the ferrihydrite. Elsewhere, high-resolution
transmission electron microscopy (HRTEM) of biomineralization products of iron-oxidizing
bacteria revealed an alternative coarsening mechanism in which adjacent 2- to 3-nanometer
particles aggregate and rotate so their structures adopt parallel orientations in three dimensions
(Banfield et al., 2000). Crystal growth is accomplished by eliminating water molecules at
interfaces and forming iron-oxygen bonds leading to a coarser, polycrystalline mineral
(Banfield et al., 2000). Since FeOB activity always produces poorly crystalline microporous
ferrihydrite, the presence of the micron-submicron size hematite that comprise the helical
filaments in the carbonate injection dykes at the Geresd Hills suggests the primary formation
of bacteriogenic ferrihydrite, which later transformed into more stable goethite and
subsequently into hematite Equations 1-3.

Fe?" + 0.25 02+2.5H20 = Fe(OH)3(ferrinydrite) +2H™ (1)
Fe(OH)3—FeOOH goethite) + H20 (2)
2FGOOH—>FGZO3(hematite) + H20 (3)
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Filament orientation and fractal dimension analysis in aid of determining biogenicity

The preferred stalk orientation and subparallel texture of the filaments in our samples may
be explained by preferential orientation due to cell movement toward oxygen. According to
the experiments of Krepski et al. (2013), and the observations of Johannessen et al. (2017),
Mariprofundus  ferrooxydans and Gallionella ferruginea stalks displayed directional
orientation, showing a bias in cell movement toward oxygen, indicating the cells are likely
aerotactic. However, in several cases, unequivocal directionality could not be detected in our
study; therefore, such origin for the preferred orientation is uncertain.

In many geologic settings chemical precipitations often exhibit self-organization or
spontaneous ordering and have fractal geometries. Periodic precipitation has been studied to
understand the mechanism of non-equilibrium pattern formation or periodic pattern formation
which is basically explained by the Ostwald supersaturation theory (Toramaru et al., 2003), in
which the coupling between diffusion and the reaction with supersaturation is essential.
According to the experiments of Toramaru et al., (2003) at high gel concentrations, ordinary
Liesegang band forms whereas at low gel concentrations, tree-like crystal aggregates similar
to diffusion limited aggregation (DLA) develop in the entire system. Hopkinson et al., (1998)
showed purely chemical self-organized ferric iron oxyhydroxide structures from the Trans-
Atlantic Geotraverse (TAG) hydrothermal mound (Mid-Atlantic Ridge near 26°N, 45°W) that
are very similar to bacterial structures, where ferric iron oxyhydroxide branching aggregates
result from DLA growth mechanism catalysed by pyrite oxidation in siliceous gel. The fractal
dimensions of the most common patterns range from Dy=1.72 to Dy=1.78, which are similar
to the unique fractal dimension of the diffusion-limited aggregation algorithm Dy~1.7 (Witten
and Sander, 1983) and to the inorganic dendritic mineral DLA structures investigated by
Chopard et al., (1991). Our analysed samples showed more complicated structures with
significantly higher fractal dimension values between Dy~ 1.87—1.93 compared to the purely
inorganic filamentous and branching precipitates. The fractal dimension values together with
morphological similarities to recent bacterial forms support the bacterial origin of the
filamentous structures. Therefore, fractal dimension analysis may be a useful method to
differentiate FeOB textures from dendritic mineralizations found in other rock samples at
various locations and ages.

B. Cretaceous basalts that intruded into water-saturated sediments in the Eastern-
Mecsek Mts. contain biomimetic miscrostructures and bacterial tunneling

Biogenic and biomimetic microstructures in hydrothermally altered basalt and interpillow
sediment

A major challenge and a common subject of debates is how to distinguish bacterial
structures and fossils from abiogenic alteration products and chemical precipitates (Hopkinson
et al. 1998; Garcia-Ruiz et al. 2002; Schopf et al. 2002; Livage, 2009; Brasier et al. 2002;
McLoughlin et al. 2008b; McLoughlin et al. 2010; Schopf et al. 2010; Lepot et al. 2011;
Rouillard et al., 2018; Johannessen et al. 2019; McMahon 2019).

Tubular and filamentous microstructures, Liesegang bands and stromatolite-like
structures were observed at Pusztakisfalu and in Jdnosi-puszta sections. These peculiar



structures may form as a result of either biogenic or abiogenic processes and will be discussed
here.

Results

At Pusztakisfalu, strongly goethitic and peperitic limestone and fluidal breccia can be
found at the upper contact of a basaltic sill. Elongated protrusions of thin smectitic/celadonitic
and goethitic material appear along the upper hyaloclastitic rim of the sill (Fig. 4a-f). The
volcanic glass altered into X-ray amorphous palagonite (microcrystalline precursor of
smectite) and smectite/celadonite, goethite identified by XRD examinations. Goethite appears
as single precipitation or in the mid-line of smectitic-celadonitic protrusions (Fig. 4f). This
formation is typical where hyaloclastite has a hydrothermal overprint along fractures. Pure
celadonitic filaments mostly occur in thick cracks in basaltic rocks. Quartz and locally
microcrystalline hematite are associated with the celadonitic filaments. The size of the
palagonitic and smectitic protrusion structures ranges from 5 um to mm-sized. Goethitic
filamentous inclusions in the palagonite also have a wide size range, where the thinnest
filaments and elongated structures are about 1 pm wide. Branching and dendritic structures
are common, where acicular goethite crystals can be seen along the filaments. Spherical
formations, which are made up of rows of ball-shaped goethite, also typically occur in 2 pm
thickness. Along the goethitic filaments, an X-ray amorphous green silicate mineral occurs,
but in some places — as identified by XRD examinations — smectite or celadonite-1M coats the
thin goethite filaments with tiny crystals (Fig. 4g). Concentric and rhythmic pm-wide
Liesegang-type precipitations of X-ray amorphous silicate and goethite are also typical (Fig.
4h).
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4. Figure Chemical self-organized structures in the intrusive hyaloclastite, Pusztakisfalu, Mecsek Mts. (a)
Transition of vesicular hyaloclastite (red arrow) into smectitic-goethitic dendrites (white arrow) in recrystallized
carbonate. (b) Transition of vesicular hyaloclastite (red arrow) protrusions with ilmenite (black arrow) into
smectitic-goethitic structures (white arrow) in recrystallized carbonate. (c) Alteration of basaltic glass into
dendritic goethite (vellow arrow) and smectite (white arrow) in carbonate. (d) Amorphous palagonite “chemical
stromatolite” structures (white arrow) developed along the interface of the host limestone (green arrow) and
vesicular intrusive hyaloclastite (ved arrow). (e) Protrusions of amorphous palagonite (white arrow) developed
from the rim of the intrusive hyaloclastite (ved arrow) and penetrated into the host sedimentary carbonate (green
arrow). (f) In the midline of the palagonitic structures, goethitic precipitations can typically be found (vellow
arrow). (g) Celadonite (white arrow) coating along goethite filaments (yellow arrow) in recrystallized carbonate.

(h) Goethitic amorphous silicate (white arrow) with Liesegang-structure.

Filamentous, dendritic and concentric textures also typically occur in peperites that are
situated between intrusive pillows or appear as inclusions in hyaloclastite. Filamentous,
“stromatolite-like” and dendritic smectitic alteration structures typically occur in the
palagonitized parts of the hyaloclastite. These structures developed at the contact between the



hyaloclastite and the limestone. The alteration structures vary considerably in size from about
30 um to a few mm (Fig. 5a-b).

In many parts of the hydrothermally altered intrusive hyaloclastite samples, along
fractures of the rock, several microtubular structures occur in the altered volcanic glass with a
uniform width of 1.5 um and up to 200 um in length, without intersecting one other. The
microtubules are rarely bifurcate and curvy. These structures with constant and nearly
bacterial cell-size diameter highly resemble bacterial tunneling structures (Fig. 5¢). Fibrous
goethite occurs along the microtubule walls in some parts of the altered hyaloclastite (Fig. 5d).

, 50 p{?

5. Figure “Chemical stromatolites” and bacterial-like bioalteration structures in the intrusive hyaloclastite,

Pusztakisfalu, Mecsek Mts. (a) Smectite structures (“Chemical-stromatolite”) (white arrow) in recrystallized

carbonate (green arrow) from the glassy rim of the intrusive hyaloclastite. (b) Smectitic “chemical stromatolite”

from the intrusive hyaloclastite. (¢) Bacterial-like bioalteration structures with constant width (blue arrow) in

the palagonitized volcanic glass of the intrusive hyaloclastite. (d) Fibrous goethite precipitations (yellow arrow)
along microtubules (blue arrow) in the palagonitized intrusive hyaloclastite.

20 pm

In an other site of the Easter-Mecsek Mts., in the valley of the Jdnosi-puszta section an
approx. 240 m thick volcano-sedimentary sequence crops out. Unusual, geothitic, smectitic
filamentous alteration structures of crustacean coprolites can be observed in the
hydrothermally altered interpillow limestone. The diameter of the filaments ranges widely
between 1 um to several um. Slightly elevated S, C/ and P content was measured in the
filaments of the hydrothermally altered crustacean coprolite sample (Fig. 6a-c).



6. Figure. Filamentous, biomorphic alteration textures of crustacean coprolites in the Lower Cretaceous
interpillow limestone of Janosi-puszta, Mecsek Mts. (a-d) Decapod crustacean coprolite with smectitic-goethitic
filamentous alteration features (yellow arrow) from Janosi-puszta

Discussion

Bioalteration of volcanic glass

The presence of numerous, uniformly 1.5 um wide tubular microstructures that penetrate
to a depth of 200 um without intersecting one another is typical in the Pusztakisfalu intrusive
hyaloclastite along fractures in the rock (Fig. 6¢, d). Such characteristics are consistent with
formation by microbially enhanced glass dissolution (Staudigel et al. 2008a, b) and may be
explained by the activity of Fe-oxidizers in the glassy material of the basaltic sills. These Fe-
oxidisers likely contributed to the oxidation of reduced iron in the basalt and the released
ferrihydrite associated with the Pusztakisfalu iron ore. Laboratory studies by others, which
provided evidence that autotrophic Fe-oxidizing bacteria can grow from the dissolution
products of basalt glass, support this hypothesis (Edwards et al. 2003; Thorseth et al. 2003).

Abiotic self-organization processes resulting in biomimetic microstructures

Abiotic oxidation and hydrothermal processes can create biomorphic formations such as
stromatolite-like structures, coccoidal or filamentous microstructures, even in the size range
of bacterial cells. Such forms and structures can also be obtained via chemical synthesis from
purely inorganic precursors (Garcia-Ruiz et al. 2002; Brasier et al. 2002; Livage 2009;
Rouillard ef al. 2018; McMahon 2019), like amorphous palagonite gels or clay-like materials
that formed upon hydrothermal alteration of basaltic glass (Stroncik and Schmincke, 2002).
Chemical precipitations often exhibit self-organization or spontaneous ordering. Periodic
precipitation, otherwise known as Liesegang band, has been studied to understand the
mechanism of non-equilibrium pattern formation or periodic pattern formation, which are
explained by the Ostwald supersaturation theory (Toramaru et al. 2003). Such Liesegang



bands can be see in Fig. 4h, and are interpreted as a result of palagonitization and hydrothermal
alteration of the basaltic glass. According to the experiments of Toramaru et al. (2003),
ordinary Liesegang band forms at high gel concentrations, whereas tree-like crystal
aggregates, similar to diffusion limited aggregation (DLA) develop in the entire system at low
gel concentrations.

Hopkinson et al. (1998) showed purely chemically self-organized structures from the
TAG (Trans-Atlantic Geotraverse) hydrothermal mound that are very similar to bacterial
structures, where ferric iron oxyhydroxide branching aggregates result from diffusion limited
aggregation (DLA) growth mechanism catalyzed by pyrite oxidation in siliceous gel. Periodic
precipitation often creates stromatolite-like structures or ‘“chemical stromatolites”
(McLoughlin et al. 2008b).

Chemical gardens or silica gardens are other examples for self-organizing systems that
result in hollow fibers and filaments that may resemble biological formations. During the
formation of these structures, the precipitation of oxides or hydroxides from aqueous solutions
of metal salts is mainly governed by the pH of the solution (Livage 2009). Most recently,
McMahon (2019) synthesized hollow, minimum 1.8 pm-wide Fe-(oxyhydr)oxide biomorphic
tubes with amorphous Fe-Si phases by “chemical gardening.” In the case of the Pusztakisfalu
section where slow diffusion of low temperature hydrothermal fluids likely occurred (along
the fissures of intrusive pillows and the cracks of intrusive hyaloclastites), basaltic glass
alteration into amorphous palagonite and smectite show periodic precipitation patterns and
chemical garden-like structures. The hydrothermal alteration of the basaltic material into these
fibrous, dendritic and periodic structures are clearly traceable in the calcite matrix (Fig. 5, Fig.
6a-b), even without morphometric investigations suggested by Rouillard et al. (2018). Such
structures can be considered as a hydrothermal alteration product of the basaltic glass
according to Dekov ef al. (2007), who found that smectite can also form via the interaction of
hydrothermal silica and iron oxyhydroxides which are possible constituents of the chemical
garden filaments.

Besides the hydrothermal alteration structures of the basaltic hyaloclastite, hydrothermal
decomposition of amorphous crustacean coprolites into smectite also resulted in similar
filamentous and bacterial like structures (Fig. 6c-d), where the large surface area of the
parallelly formed smectitic filaments likely played a role in the passive sorption of iron
hydroxide released from the hydrothermally altered hyaloclastite and pillow-rims.

CONCLUSIONS

Based on our ancient bacterial and biomimetic structure foundings, it can be concluded
that comprehensive studies involving multidisciplinary researches cannot be omitted. We
described several natural processes which resulted in filamentous, dendritic and periodic
biomimetic microstructures (e.g hydrothermal alteration of crustacean decapod’s coprolites,
hydrothermal alteration of volcanic glass). Furthermore we presented traces of an ancient Fe-
oxidizing bacterial activity which created also filamentous microstructures from geological
samples of the Eastern-Mecsek Mts. and from the Geresd-Hills. Based on our investigations,



we can say that the mathematical analysis of microstructures having unknown origin can help
to identify ancient bacterial structures and ancient cell movements (based on the stalk
directionality) of bacteria and can be effective for the differentiations of purely abiotic
precipitations from organic structures. The multidisciplinary approach cannot be neglected with
detailed geological, mineralogical, geochemical and biological analysis of the questionable
system hosting these structures.

Morphological and directional analysis of the helical stalks of the FeOB suggest that the
sub-parallel preferred orientation of the filaments may represent aerotactic cell movement
toward oxygen. The higher mean value of the fractal dimensions (Dy ~ 1.9) measured in the
microbial structures compared to the common fractal dimensions of similar but inorganic Fe-
oxyhydroxide DLA-structures (Ds~1.7) suggest that fractal dimension analysis may be a useful
method to differentiate organic structures, such as FeOB mats, from similar inorganic
precipitation structures. Since FeOB activity always produces poorly crystalline microporous
ferrihydrite, the presence of the micron-submicron size hematite that comprise the helical
filaments suggests the primary formation of bacteriogenic ferrihydrite, which later transformed
into more stable goethite and subsequently into microcrystalline hematite.

In some cases, hydrothermal alteration of organic material and volcanic glass can be
traced and the chemical origin of the bacterial-like structure is clear.

Based on our consultations with professor Tamds Vicsek, the next step in the
development of mathematical methods for the differentiations of microstructures with different
origin would be the application of the wavelet transforms.

In several studies, bacterial involvement in giant ore formations have been suggested,
but the obvious morphological features identified in our studied rocks are missing from some
of those publications. Because there is no complete consensus on the genetics of some of these
ore formations, it is expected that the results of our mathematical modelling may help to
address this issue and serve as a starting point for further researches.
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