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ABSTRACT

Strongly deformed phosphorite layers enriched with U-Be-Mn-REE occur in a weathered Triassic metarhyolite
tuff near the town of Biikkszentkereszt, NE Hungary. The phosphorite is massive or earthy, has an especially fine-
grained texture, and forms inhomogeneous bands with different Mn-oxide contents.

High-resolution optical rock microscopy investigations helped to distinguish mineralized biosignatures, fi-
lamentous, vermiform structures, and coccoid-like aggregates. These microstructures encompass almost the
whole phosphorite. Based on in situ FTIR and Raman spectroscopy, the phosphorites contain ferrihydrite and
pyrite, and also different types of embedded organic matter. These structures can be interpreted as series of Fe-
rich biomats, forming microbialites. On a larger scale, these microstructures can play a role in shaping the
stratiform structure by evolving stromatolite-like bands.

Results presented here propose a new interpretation of the origin of the P-Mn-U-Be-HREE-enrichment. The
Biikkszentkereszt occurrence claim a mineralized microbially mediated deposit, and our results support this
scenario based on the mineralized microbial structures, the embedded minerals, and the presence of organic

matter.

1. Introduction

Phosphorite is a marine sedimentary rock type containing at least
18 wt% P05 and is the main ore of the element phosphorous (Pufahl
and Groat, 2017). Phosphorous is an essential nutrient for animals and
plants, so primarily it is an agricultural resource. The formation of
economically important phosphorite deposits requires special deposi-
tional and diagenetic conditions (Kolodny and Luz, 1992). The forma-
tion of phosphorite was temporally connected to specific phosphogenic
epochs and spatially to phosphogenic provinces (Cook and McElhinny,
1979). Phosphates are the main ore-forming minerals of phosphorous,
particularly apatite (commonly in the form of francolite — carbonate-
rich fluorapatite, general formula: CajoapNaMgp(PO4)e.x(CO3)x.y-z
(CO3F)y (SO4)F,). The lattice structure of this mineral is conducive to
various major and trace element substitutions (Jarvis, 1995). Due to its
tendency to contain substituting trace elements, phosphate rock is on
the list of critical raw materials all over the world. Phosphorite deposits

can be the source of U and REE elements (typically 50-200 ppm U
content and 500-2000 ppm REE), so phosphorite is also a significant
high-tech resource (Pufahl and Groat, 2017).

A uranium research program took place between 1969 and 1973
near Biikkszentkereszt, in the Biikk Mts., NE Hungary (Fig. 1). A posi-
tive U-anomaly was detected by ground gamma-ray surveys in a small
outcrop of weathered pyroclastics of the Triassic, Bagolyhegy Me-
tarhyolite Formation (Szabd and Vincze, 2013; Németh et al., 2015).
The source of the anomaly was identified as strongly deformed, dark
coloured, Mn-oxide rich, clayey layers of 100-300 mm thick and con-
taining small phosphorite lenses. Later, drill exploration found thin,
irregular run-out lenses at shallow depth. The indication was not
mined, because its known parameters did not reach an economically
viable level (Csaki and Cséaki, 1973; Szab6 and Vincze, 2013) (Fig. 2).

Earlier investigations supposed that hydrothermal fluids dischar-
ging in the cataclastic crack zones of the metarhyolite tuff generated the
phosphorite. These fluids could be the result of the heat effect of the
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Fig. 1. The location of Biikkszentkereszt deposit (a-b); (¢) Geological sketch map of the area (cartoon by PG). GPS location of Biikkszentkereszt: N 48° 04’ 06”, E 20°

38" 37”.

Alpine regional epimetamorphism and/or submarine exhalations (Csaki

and Cséki, 1973; Kubovics et al., 1989; Szab6 and Vincze, 2013).
However, recent investigations propose a syngenetic origin, in con-
nection with submarine hot spring exhalations (Németh pers. comm.

2017).

New, complex investigations were performed on 10 samples in the

Department of Petrology and Geochemistry, E6tvos University, and in

the Institute for Geological and Geochemical Research, Research Centre

for Astronomy and Earth Sciences, Budapest. Preliminary observations
on thin sections showed thin, Mn-oxide and Fe-oxide-hydroxide bands
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Fig. 2. Section of the ore mineralized system in Shaft No. II (modified after Szabé & Vincze 2013).

including stromatolite-like, filamentous and coccoid-like micro-
structures. According to the hypothesis of Polgari (2016), the Biikks-
zentkereszt occurrence is a mineralized microbially mediated deposit
based on textural evidence and enrichment of bioessential elements (P,
Mn, U, Be, As, Zn). Recent analogies and experiments prove that mi-
crobial colonies reflect metabolic processes which are accompanied by
the enrichment of some elements. The complex activity of the colonies
was capable of creating ore deposits over geological time-scales (Polgari
et al., 2012a, 2012b, 2019; Knoll et al., 2012; Yu et al., 2019; Biondi
et al., 2020).

The aim of this study is to find evidence for mineralized bio-
signatures, investigate the presence of organic compounds, and clarify
the role of microbial mediation in forming the phosphorite layers and
lenses through using complex investigation methods and structural
hierarchical interpretation.

2. Geological setting and characterisation of the phosphorite
2.1. Geological setting

The Biikk Mountains are located in NE Hungary (Fig. 1). This is a
less than 1000 m high mountain range which raised from the basement
of the Neogene-Quarter Pannonian Basin as an island-like block built up
mostly from a Paleozoic to Mesozoic series of sedimentary-volcanic
rocks (Less et al., 2005; Haas et al., 2014). Tectonically, the Biikk Mts.

belong to the Biikk Unit, which occurs at the eastern part of the Mid-
Hungarian Main Unit (MH MU). The MH MU is a shearing zone of
microplates that broke apart and consolidated from Dinaridic and S-
Alpine Units and were transported a few hundred kilometers to the
Northeast (Kovacs and Haas, 2010; Haas et al., 2014). The Biikk Unit
has a nappe structure; most of its surficial part consists of discontinuous
sequences of the Biikk para-autochtonous formed between the Carbo-
niferous and Jurassic and its sequence shows strong similarities to some
units of the Dinarides (Jadar-block, Sana-Una; PeSic et al., 1988;
Filipovi¢ et al., 2003; Kovécs and Haas, 2010; Haas et al., 2014). In the
Triassic sequence of the Biikk Paraautochtonous, volcanic rocks occur
in several horizons. A significant, mostly NW-SE striking strike-slip fault
cuts the Mesozoic sequence (Less et al., 2005). North of the fault,
among Anisian and Ladinian platform carbonates, calc-alkaline acidic-
intermediate volcanic rocks occur that belong to the ca. 240 Ma old
Szentistvanhegy Metaandesite Formation (SMF; Less et al., 2005; Gal
et al., 2018). South of the fault, a small amount of SMF and alkaline
basaltic intercalations occur in Carnian deep marine carbonates
(Szoldan, 1990). Along the fault near Biikkszentkereszt, possibly in
fault slice position with uncertain Lower Triassic age, a small (2 km?),
calc-alkaline, acidic volcanic body occurs called the Bagolyhegy Me-
tarhyolite Formation (BMF). Its petrography and geochemistry are very
similar to metasomatized Permian rhyolites of the Tisia Megaunit in
southern Hungary, but Permian volcanics are not known to occur in the
Biikk Unit (Gél et al., 2018). The volcanic-sedimentary sequence of the



P. Gdl, et al

Biikk unit suffered regional anchizonal Alpine metamorphism in the
Cretaceous, manifested by the illite crystallinity index and meta-
morphic mineral assemblages characteristic for 2.5-3 kbar and Ty,ax
around 350 °C, with a 6-14 km thick layer load (Arkai, 1983). Arkai
et al. (1995) calculated 80 Ma K/Ar ages for cooling to 260 = 20 °C.

The stratigraphic position of the BMF, the host rock of the phos-
phorite, is not clear yet; it occurs between the SMF and Carnian cherty
limestones and metabasalts (Less et al., 2005; Gal et al., 2018). Geo-
chemically, the BMF has rhyolitic composition. Post-magmatic meta-
somatic and metamorphic processes strongly altered the main element
composition, so their exact petrological classification is uncertain (Less
et al., 2005; Zajzon et al., 2014). The metamorphism caused sericitic
and/or chloritic alteration and modified the original volcanic texture
(structure) of rocks; mainly crumbly, thin laminated sericite shale oc-
curs (Less et al., 2005). Most of the rhyolitic rocks have a pyroclastic
origin, as interpreted from their textural features. They contain small
amounts of quartz-feldspar phenocrysts (quartz is usually broken into
shards) and also strongly deformed-elongated-silicified pumice- and
lithic clasts of up to a few cm in size.

2.2. Occurrence, mineralogy and geochemistry of the phosphorite

During the uranium ore exploration between 1969 and 1973 dozens
of shallow and some deep drillings with cores, furthermore two ex-
ploration shafts and several trenches were made. Anomalies were found
only at the southeast, strongly tectonized edge of the metarhyolite
formation along a cca. 470 m long and maximum 65 m wide zone. The
ore bearing sections are discontinuous because of the tectonic frag-
mentation, the biggest with a cca. 50 X 25 m areal extension was found
in 10-20 m depth, in which the phosphorite body reached 0,5-2 m
thickness, but in its outer part only a few tens of cm thick mangani-
ferous clay was found. The phosphorite body means irregular repetition
of 5-20 cm thick irregular run out massive apatite rich lenses and rolls
in earthy, manganiferous clay matrix. In a deep valley side this body
had a natural outcrop which was excavated well. In some section of the
anomalous zone totally weathered and reworked P-U-rich material was
found in form of manganiferous clay layers with massive Mn-oxide
concretions within young slope clays and U-bearing apatite crack fill-
ings (Csaki and Cséki, 1973; Szabé and Vincze, 2013).

The phosphorite lenses have a laminated structure, in the form of
inhomogeneous, light cream, dark brownish coloured thin bands whose
material is especially fine-grained. Within or in connection with the
phosphorite, different massive Mn-oxide lenses occur. The phosphorite
lenses have micro-brecciated margins containing fragments of the host
rock and coarse-grained massy quartz, cemented by apatite and Mn-
oxide (Csaki and Csaki, 1973; Szab6 and Vincze, 2013). In the lighter
and also harder bands quartz, albite and a small amount of apatite
occur, while in the brown bands the main component is apatite; their
different colours depend on their respective Mn-oxide content. Rare
earthy yellow bands are smectite-rich (Zajzon et al., 2014).

Based on SEM-EDX analyses, the apatite is mostly fluorapatite
(Kubovics et al., 1989; Zajzon et al., 2014), but DTG and FTIR analyses
also detected hydroxyapatite and carbonate-apatite (Szab6 and Vincze,
2013). According to XRD analyses, variable Mn-oxide minerals occur
(partly secondary): pyrolusite, cryptomelane, todorokite, ramsdellite,
manganomelane, lithiophorite and probably bermanite and withoreite,
with the first three being the main components (Szabé and Vincze,
2013; Zajzon et al., 2014). Numerous phyllosilicates also occur up to a
few wt. %: 10 A mica, hydrated halloysite, 15 A smectite and sericite-
muscovite type ordered mica (Polgari et al., 2000; Zajzon et al., 2014).
SEM-EDX analyses determined mica as fluorophlogopite, smectite as
nontronite and Ca-rich saponite.

Accessory minerals of the phosphorites determined by XRD analysis
are the following: calcite, K-feldspar, goethite, dufrénite, amorphous
material (most probably Mn oxide and/or Fe oxide-hydroxide).
Uraninite, beryllonite, and bertrandite were also detected as uncertain
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traces (Selmeczi and Antal, 1974; Kubovics et al., 1989; Szab6 and
Vincze, 2013; Zajzon et al., 2014). DTG analyses detected also traces of
opal, zeolite, rhodochrosite, pyrite, magnetite, and 0.2-0.6 wt% of or-
ganic material (Selmeczi and Antal, 1974; Kubovics et al., 1989).
Analyses on heavy mineral separatum elaborated by electromagnetic
processes found a negligible quantity of uncertainly determined ur-
anophane, uraninite, vernadite, tourmaline, barite, and beryllonite
(Szabé and Vincze, 2013).

The apatite is cryptocrystalline and often forms a needle-like
spherulitic texture. In the inner part of the spherulites star-like forms
built up, opaque laminae can often be seen. Micro-fissures are covered
by columnar, idiomorphic or needle-like apatite crystals. The massy
apatite often has microporosity, in which walls are composed of crys-
tallized apatite, while in their inner parts Mn-oxide minerals and
dufrénite occur in the form of needle-like radial aggregates (Selmeczi
and Antal, 1974; Kubovics et al.,, 1989; Szab6 and Vincze, 2013).
Selmeczi and Antal (1974) reported microcrystalline quartz and albite
formed syngenetically with apatite, with small rounded calcite inclu-
sions occurring in the quartz grains.

The geochemical composition of the phosphorite is variable, de-
pending on the apatite-Mn-oxide rich bands. U content of the apatite-
rich phosphorite is between 300 and 700 ppm, furthermore it has a
significant Be and REE content (200-500 ppm; Kubovics et al, 1989;
Szab6 and Vincze, 2013; Zajzon et al., 2014). In the phosphorite and
attending massive Mn-oxide ores some chalcophile elements (Ag, Cd,
Cu, Mo, Pb, Sb, TI) also show small enrichment, while As and Zn can
reach 1000 ppm (Kubovics et al., 1989; Polgari et al., 2000; Zajzon
et al., 2014). Other elements, like Co, Li, V and W also show some
enrichment compared to the host rock. Samples with higher con-
centration of Mn-oxide have higher content of the above mentioned
elements and are enriched significantly also in Ba, Sr. Unique U-Be-
HREE minerals occur only in traces, most of the U-Be-HREE is built into
the structure of fluorapatite in inhomogeneous dispersion. Mn-oxide
have often higher Be-content and also show enrichment in Li, while
fluorophlogophite has the highest Li-content (Zajzon et al., 2014). Mn-
oxide minerals probably incorporate the As, Ag, Cd, Co, Cu, Mo, Pb, Sb,
T, V, W and Zn to their crystal structure because unique mineral phases
from them are not yet identified (Polgari et al., 2000; Zajzon et al.,
2014).

3. Samples and methods
3.1. Samples

Besides recently collected samples we used some samples collected
earlier from the only known surface occurrence, excavation No. 40
(Fig. 1). A total of ten samples were investigated. Eight samples re-
present the different parts of the phosphorite and one sample (the
ninth) comes from the host rock collected just above the excavation.
During the sampling we found a dark, strongly folded 30 cm wide band
containing small, maximum 15 cm wide, discus-like massive phos-
phorite lenses in an earthy, Mn-rich clay-bearing matrix. Each lens has a
different structure, and the only common feature occurs at their edges
as strongly brecciated parts, which contain fragments of a siliceous rock
in 1-20 mm size. The small clasts of this siliceous rock occur also in the
earthy mass, so we investigated one sample (tenth) from it as well.
Representative samples are shown in Fig. 3. The description of samples
and the investigations used are summarized in Table 1. Representative
thin sections and characteristic banded-folded micro-texture of profiles
are shown in Fig. 4.

3.2. Methods
Petrographic structural-textural studies were made on ten thin

sections, in transmitted light (NIKON SMZ800 microscope and NIKON
ECLIPSE 600 rock microscope, Institute for Geological and
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BSZK-3

BSZK-110

Fig. 3. Representative samples, massive part of a phosphorite layer. The ingredients are very fine-grained, only light and dark bands are observable.

Geochemical, Research Centre for Astronomy and Earth Sciences —
IGGR RCAES - Budapest, Hungary). 600 photos and 3 panorama photo
series of representative sections were taken.

Cathodoluminescence (CL) petrography was carried out on a thin
section (Bszk-1-2) using a Reliotron cold cathode cathodoluminescence
apparatus mounted on a BX-43 Olympus polarization microscope
(Szeged University, Dept. of Mineralogy, Geochemistry and Petrology).
Accelerating voltage was 7-7.7 keV during the analysis.
Cathodoluminescence spectra were recorded using an Ocean Optics
USB2000 + VIS-NIR spectrometer. Spectrometer specifications are
350-1000 nm wavelength range and 1.5 nm (FWHM) optical

resolution.

Bulk mineralogical compositions of the samples (XRD) were ana-
lyzed by a Rigaku Miniflex-600 X-ray diffractometer with CuKo radia-
tion equipped with a graphite monochromator at 40 kV and 15 mA.
‘Random powder’ samples were scanned with a step size of 0.05° 2 theta
and counting time of 1 s per step over a measuring range of 2 to 70° 2
theta (IGGR RCAES, Budapest, Hungary). Mineral composition was
determined on randomly oriented powdered samples by semi-quanti-
tative phase analysis using a modified method of Bardossy et al., (1980)
and previously defined intensity factors. Mineralogical analyses were
performed on 11 bulk samples.
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Table 1

Description of samples collected from Excavation No 40, sampling data and the used investigations.

Methods

Description

Sub sample for

XRD

Thin section ID

Sample ID

FTIR

Raman

XRD

SEM-EPMA-

CL
EDS

OM

X

microlaminated phosphorite with white and dark brown bands (separated to: 1a - dark brown bands,

1b- white bands)

Bszk-1-1 a,b

Bszk-1

MoK XX

duplication of 1-1, other half of the cut surface

Bszk-1-2
Bszk-2
Bszk-3
Bszk-4

microlaminated phosphorite with a thick, white, massive, Mn-oxide spotted part
strongly folded, microlaminated phosphorite with dominantly brown bands

Bszk -2
Bszk-3
Bszk-4

>

X

white, massive phosphorite with a brecciated, Mn-oxide richer edge containing fragments of a siliceous

rock

X

microlaminated phosphorite with white, yellowish and dark brown bands (separated to: 5a - whole

sample, 5b - yellowish bands, 5c - white bands)

a, b, c

Bszk-5

Bszk-5

Mn-enriched dark gray lens, massive Mn-oxide ore with small phosphorite fragments

Mn-enriched dark gray lens, massive Mn-oxide ore

Bszk-6
Bszk-7
Bszk-8

>

X

white, thin massive phosphorite with a wide brecciated edge containing fragments of a siliceous rock

Bszk-8-1

X

white, thin massive phosphorite with a wide brecciated edge containing fragments of a siliceous rock

Bszk-8-2

X

white, thin massive phosphorite with a wide brecciated edge containing fragments of a siliceous rock

Bszk-8-3
Bszk-9

X

massive or sometimes porous, partly coarse-grained gray siliceous rock with small sericite aggregates
host rock pyroclastic material metamorphosed to light green sericite shale with porpyry quartz/alkaline

feldspars and white/brown colored, elongated silicified lenses

Bszk-9

X

Bszk-10

Bszk-10

Abbrev.: OM: optical rock microscopy; CL: cathodoluminescence microscopy; SEM-EPMA-EDS: scanning electron microscopy; XRD: X-ray powder diffractometry; Raman: Raman spectroscopy; FTIR: infrared spectro-

scopy. Samples were collected at 9, March 2017.
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Element composition and micro-textural features of 1 thin section
(Bszk-1) were determined by SEM-EDS used to determine micro-tex-
tural features and mineral composition on samples by an AMRAY 1830
SEM equipped with an EDAX PV9800 EDS detector, at EG&tvos
University, Dept. Petrology and Geochemistry, Budapest. Conditions of
analyses were the following: accelerating voltage 20 kV, beam current
1nA, electron beam diameter ~ 50 nm (focused beam), measurement
time 100 s lifetime. Amelia AS5010-AB albite, MAD-10 orthoclase, Glen
Innes, Australia, C. M. Taylor Company kaersutite, LP-6 biotite, C. M.
Taylor Company diopside international standards were used.

Element composition and micro-textural features of 2 thin sections
were determined at 1-2 pm spatial resolution on carbon-coated samples
using a JEOL Superprobe 733 electron microprobe with an INCA Energy
200 Oxford Instrument Energy Dispersive Spectrometer, run at 20 keV
acceleration voltage, 6nA beam current and count time of 60 s for the
spot measurement and 5 min for line-scan analysis. Olivine, albite,
plagioclase and wollastonite standards were used; we estimated that the
detection limit for the main elements was below 0.5% based on earlier
measurements with various samples (IGGR RCAES, Budapest,
Hungary). A total of 80 spectra were acquired, and 66 backscattered
electron images were made.

Fourier transform infrared spectrometer (FTIR) was used for in situ
micro-mineralogy and organic material identification on five thin sec-
tions (145 spectra, IGGR RCAES, Budapest, Hungary), using a Bruker
FTIR VERTEX 70 equipped with a Bruker HYPERION 2000 microscope
with a 20x ATR objective and MCT-A detector. During attenuated total
reflectance Fourier transform infrared spectroscopy (ATR) analysis, the
samples were contacted with a Ge crystal (0.5 um) tip with 1 N pres-
sure. The measurement was conducted for 32 s in the 600-4000 cm ™!
range with 4 cm ™! resolution. Opus 5.5 software was used to evaluate
the data. The equipment cannot be used for Mn-oxide determination
because those peaks fall in the < 600 cm ™! range. Contamination by
epoxy glue, glass, wood stick, and dichloromethane was taken into
consideration. The sample name was marked by graphite on the rim of
the sample, in epoxy resin, which was eliminated from the interpreta-
tion.

High resolution in situ micro-Raman spectroscopy was used for
micro-mineralogy and organic matter identification on a representative
thin section (Szeged University, Hungary). The Biikkszentkereszt profile
(Bszk-2) contains a total of 1800 Raman spectra, the spectra were
measured at step-sizes of 10 um. The profile is distributed over four
sections, each section containing a length of 4.5 mm (450 spectra). The
sections are as follows: section 1 (10-4,500 pm), section 2
(4,510-9,000 um), section 3 (9,010-13,500 pm), section 4
(13,510-18,000 pm). A Thermo Scientific DXR Raman Microscope was
used, with a 532 nm (green) diode pumped solid-state (DPSS) Nd-YAG
laser using 1.5 mW laser power and 50x objective lens in confocal mode
(confocal aperture 25 um slit). Acquisition time was 1 min and spectral
resolution was ~ 2 cm ™! at each measurement; the distance between
each point was 10 pm and the measurement time was 10 min. A
composite image of thin sections of Raman microscopy measurements
and series of Raman spectra acquired along the vertical sections are
indicated on thin section photo in results section (arrow points to
measurement direction). Diagrams were organized on peak height
versus analytical spot number of each of the phases along the Raman
scanned section. Intensities were normalized to the highest peak for
each spectrum. The following Raman bands were used for normal-
ization: quartz: ~463 cm™!; goethite: ~390 cm™'; hollandite:
~580 cm~!; groutite/manganite: ~554 cm~!; cryptomelane:
~184 cm™}; carbonaceous matter: ~1605 cm ™. Identification of mi-
nerals was made with the RRUFF Database (Database of Raman —
spectroscopy, X-ray diffraction, and chemistry of minerals: http://rruff.
info/). Contamination by epoxy glue was taken into consideration. The
sample name was marked by graphite on the rim of the sample, in
epoxy resin, and this was also eliminated from the interpretation.
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b

Fig. 4. Representative thin sections (a-b), and characteristic banded-folded micro-texture of profiles (c) Bszk-1, (d) Bszk-1-2 and (e) Bszk-2 (petrographic microscope,

transmitted light).

4. Results
4.1. Rock microscopy, CL and SEM-EDS

4.1.1. Rock microscopy
The thin sections represent variable micro-textural features and
mineralogy (Figs. 5-8). A macroscopic description is shown in Table 1.

4.1.1.1. Host rock. The sample Bszk-10 shows a strong shear
deformation structure, the matrix is fine grained quartz and mica
(sericite) in the form of thin bands. The 1-3 mm sized quartz and
feldspar porphyroclasts are often broken, strongly sheared, the quartz
grains often show undulatory extinction or dynamic recrystallization

and form sigma clasts. The presence of sub-grains is also a common
phenomenon, while the feldspar grains show breaking structure only.
The elongated lenses, 2-5 cm in size, are made up also from quartz and
mica, but have a different micro-texture than the matrix (Fig. 5ab): they
mostly represent altered pumices (Fig. 5ab) and sometimes coarse-
grained quartz-feldspar bearing lithic clasts (Fig. 5c). A few zircon
crystals and limonite pseudomorphs after pyrite also occur.

4.1.1.2. Siliceous rock. The sample Bszk-9 is built of crypto- and
microcrystalline quartz with laminar mica (sericite) aggregates, the
coarse-grained parts are aggregates of spheric structures of
approximately 10-50 pum (Fig. 5d, 8e-f); from their positive sign of
elongation behaviour they are quartzine, not chalcedony. The rock



P. Gdl, et al

Ore Geology Reviews 125 (2020) 103665

Fig. 5. (a-c) Remnants of pyroclastic texture
elements in host rock: porphyric quartz (qz)
and feldspar (fp) crystals, altered pumices
(pw) in form of lighter lenses, which have
different material and texture than the ma-
trix, altered lithic clasts (Ic). Typical meta-
morphic features are the foliation of the
matrix and the undulatory extinction and
dynamic recrystallization of quartz grains.
(d) Typical texture of the siliceous rock,
coarse-grained part in fine-grained siliceous
matrix (sm) with coarse-grained quartz fis-
sure fillings. The spherical quartzine mate-
rial (qe) of the coarse-grained part seems to
resorb the earlier quartz veins (qv). (e-f)
Microlaminal ribbon-like parallel folded and
broken texture; laminae that are apatite-rich
(ap) are fine-grained, cream-coloured and
remain black by cross-polarization, the
other laminae are rich in coarser diagenetic
quartz-albite grains (qz-ab) along woven
structure and a Mn-oxide rich band (mn). (g-
h) Synsediment sliding of an apatite-rich
band with chaotic inner structure through a
diagenetic quartz-rich band. Homogenous
apatite (ap) filled this sliding structure (sl)
from the right edge, the neighbouring
coarser quartz-rich band (qz-ab) is not
folded. Samples: Bszk-10: a-c, Bszk-9: d,
Bszk-1: e-f, Bszk-5: g-h (photos made by
optical rock microscope, transmitted light,
a, e, g — 1 Nicol, b-d, f, h - crossed Nicol).

contains several generations of quartz: porphyric crystals and
quartzine, quartz veins and coarse-grained quartz clasts partly altered
to quartzine, and fresh coarse-grained veins which crosscut the
quartzine (Fig. 5d). The quartz and the quartzine show similar
deformation features as the Bszk-10 sample described above, forming
sub-grains is the most typical feature. Small amounts of zircon crystals
and goethite pseudomorph after pyrite also occur.

4.1.1.3. Phosphorite. The phosphorite samples show a complex forming
history with features of many deformation phases. We classified the
observed and definable textural features into four stages: a synsediment

phase, an early diagenetic, and two deformation phases, one close in
time to the synsediment processes and one far later in geological time,
mostly in connection with metamorphism.

Synsedimentary and early diagenetic features

Light cream coloured, beige ribbon-like parallel, sometimes folded
and/or broken laminae of especially fine-grained apatite are char-
acteristic. The laminae are built up from radial needle-like fibrous
apatite crystals (Figs. 4, 5e-h, 7a, 9).

Along the woven structures and also ribbon-like laminae coarser
grains (10-100 pum) of quartz and albite occur, with small laminae of
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Fig. 6. (a-b) Small synsediment fault, active
before the forming of the Mn-oxide rich
layer (mn), the crack is filled with mica and
apatite rich fine-grained material (cf). (c-d)
Mica-filled altered pumice (pu) retaining the
filamentous structure. The phosphorite ma-
trix shows micro-spherolitic structure (ms)
under crossed polarisers. Rims of the
spherolites (sp) consist of secondary crys-
talline apatite, visible under crossed po-
larisers. (e) Pressed phosphorite bands
around huge quartz porphyroclast (qz).
Different occurrence of Mn-oxides (mn),
massive bands (mn), and irregular ag-
gregates of needle-like crystals (cmn), and
biomat structure of apatite rich laminae
(ap). (f) Vermiform, filamentous structures
form spherical aggregates (sa) in fine-
grained apatite (ap) as observed at high
magnification. The white mass is secondary
crystalline apatite (cap). (g) Whewellite star
(ww) in crystalline apatite (cap) and sphe-
rical opaque aggregates, mostly made up of
Mn-oxides (mn). (h) Irregular aggregates of
needle-like opaque berthierite (bh) in the
fine-grained apatite (ap) matrix and re-
sorbed diagenetic quartz (qz) crystals with
calcite inclusions (ca). Samples: Bszk-8-3: a-
b, h, Bszk-4: c-d, Bszk-5: e, Bszk-3: f, g
(photos made by optical rock microscope,
transmitted light, a, ¢, e-h — 1 Nicol, b, d —
crossed Nicol).

a mica mineral in their matrix representing debris-like micro-la-
minae (Fig. 5e-h, 6a-b, e, 8a-d), and causing the laminated micro-
texture. These grains and the mica laminae can also grow sparsely in
apatite-rich bands.

Occasionally coarser, 100-500 um large porphyric crystals (quartz
and K-feldspar) and volcanic rock fragments can be seen (lithic
clasts, totally altered pumices and bone-like shaped glass shards;
Fig. 6¢c-e). In a few instances, it seems that the large grains exert
pressure against the neighbouring bands (Fig. 6e). Small zircon
crystals also occur sparsely.

Intense phosphatisation of tuff remnants, pumice, volcanic glass,

and other breccia particles is common.

Fluffy, spheroidal clusters (biosignatures) of fine-grained apatite are
shown in Fig. 6d and f. Sometimes within this kind of apatite, almost
opaque stars built up from needles of whewellite occur (Fig. 6g-h).
Brown woven, limonite-rich structures forming series of biomat-like
and stromatolitic structures are common (mineralized biosignatures
of putative Fe-oxidizing bacteria (FeOB; Fig. 7a, 8a).

At very high resolution (100-1000x), the whole sample shows a
densely woven fabric with filamentous, inner necklace-like micro-
structures or coccoid forms, aggregates and vermiform brain-like
micro-textures (mineralized biosignatures). These filaments contain
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0.5-1 um large orange balls. They belong to the very fine-grained
apatite and limonite phase as well (in the apatite they are more
easily visible; Fig. 6g, 7a-b).

Reddish-brown concentric forms connected to Mn-oxide bands in
some thin sections are also very common. They are only visible in
the thinnest parts, like the edge of the thin sections. Among them,
also reddish-brown filamentous colonies occur with a complex
pearl-necklace-like inner texture, and also coccoid-like aggregates,
which are much bigger than in the similar forms in the apatite-li-
monite rich bands (Fig. 6a, 7c-e). The thin vermiform filaments
contain orange coloured balls below the size of 1 pm. The
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Fig. 7.(a) Brown woven limonite-rich
biomat-like stuctures (lim, bm) in a fine-
grained apatite rich band (ap). All parts
show densely woven filamentous and ver-
miform micro-textures. The apatite laminae
are built up from axial needle-like fibrous
apatite crystals (fap), with secondary apatite
crystals (cap) in their fissures. (b)
Mineralized microbially produced textures
such as filamentous, pearl-necklace-like,
vermiform forms, sometimes coccoid-like
aggregates (mmpt). (c-e) Reddish-brown
concentric and stromatolitic biosignatures
made up of ferrihydrite (mmpt) occur in
some Mn-oxide rich bands (mn) and are
visible only in thinner parts of the thin sec-
tion, with the concentric forms being in-
dividual iron-oxidizing bacteria in the form
of vermiform filaments (arrow). (f)
Cyanobacteria-like form (cy) with needles of
diagenetic tourmaline (tur) and biomat (bm)
in a fine-grained silica matrix (putative cy-
anobacteria are shown based on similarity
published by Gyollai et al., (2015) on Na-
mibian Neoproterozoic sample). (g-h)
Translucent to opaque dufrénite (duf) nee-
dles form radial texture around pores, partly
filled with Mn-oxide (mn) (black). Prismatic
apatite crystals (cap) cover the dufrénite.
Samples: Bszk-2: a, Bszk-1: b, Bszk-3: c-d,
Bszk-8-2: e, Bszk-4: f, Bszk-5: g-h (photos
made by optical rock microscope, trans-
mitted light, a-g — 1 Nicol, h - crossed
Nicol).

filamentous, fibrous phases form axial or randomly oriented woven,
vermiform micro-textures. The concentric micro-texture often has a
stromatolitic character.

Rarely mineralized cyanobacteria-like biosignatures occur (Fig. 7f).
The length of the biosignatures is around 20 pm, the width is 5 pm.
Needle-like radial or randomly oriented opaque minerals (Mn-
oxide), as well as translucent needle-like minerals (duphrénite)
occur, commonly in connection with spheric structures (Fig. 7g-h).
In quartz grains (20-100 pm) of debris-like bands, numerous small
calcite inclusions of pum size often occur. However, we found that
rarely albite can also contain them and quartz and albite further
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contain similar sized phosphorite inclusions, too (fragments of
cryptocrystalline apatite). The including diagenetic quartz and al-
bite form xenomorphic-hypidiomorphic grains. Quartz typically
contains inclusions in an apatite-rich environment. In a quartz-al-
bite-mica-rich environment, quartz grains rarely contain these in-
clusions. Often these grains are strongly resorbed during diagenesis
(Fig. 6h, 8c-d).

Early deformation features (synsediment or a little bit later)

Randomly spilled out bands (Fig. 4.), breaks, brecciation, and folds
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Fig. 8. (a-b) Coarse-grained, diagenetic al-
bite-quartz bearing band (ab-qz) with mica
(mc) matrix, also containing Mn-oxide ce-
mentation and limonite-rich biomat-like
structures (lim + mn, bm). (¢) Resorbed
diagenetic quartz crystals (qz) with small
calcite (cc) inclusions in a fine-grained mi-
crospherolitic apatite (ap) matrix. (d)
Resorbed albite crystal (ab) with calcite (cc)
and phosphorite inclusions (ap) (blurred
green inclusions at cross polarization). (e-f)
Brecciated edge of the phosphorite, clasts of
the spherical quartzine-bearing siliceous
rock (qe) cemented by cream-like fine-
grained apatite (ap). (g-h) Border zone of an
apatite-rich band (ap) and a siliceous clast
(ge); mica (mc) and limonite pseudomorphs
after pyrite (py) occur with greenish pris-
matic tourmaline (tur) crystals and greenish
clay mineral (cm) aggregates. Samples:
Bszk-1: a-b, Bszk-8-3: c-d, Bszk-8-1: e-f,
Bszk-4: g-h (photos made by optical rock
microscope, transmitted light, a, e, g — 1
Nicol, b-d, f, h — crossed Nicol).

affect only some bands. Micro-faults are filled up with mica-rich
material (Fig. 5g-h, 6a-b).

Apatite-rich bands contain thin veins with crystalline apatite fissure
fillings, in the form of prismatic crystals. These veins irregularly net
the apatite-rich bands, and typically they do not enter the quartz-
albite-mica-rich bands.

Brecciation is a common feature at the edges of the phosphorite
layers: the edges contain a lot of irregularly shaped clasts in the size
of some centimeters, the clasts are from the different bands of the
phosphorite and from the siliceous rock (Fig. 8e-f). Between the
brecciated clasts, fine-grained apatite and Mn-oxide cementation
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occurs. The apatite cementation has the same textural features as
the cryptocrystalline, “micro-spherulitic” apatite bands.
Greenish-blue translucent columnar minerals (length is variable but
up to 100 pm, the cross section is around 20 pum), most probably
tourmaline, are also characteristic of the brecciated zone, in mica
enriched zones of the siliceous rock (vein fillings and edge of clasts
towards apatite-rich zones). Around and inside the tourmaline, mi-
neralized microbial biosignatures occur (Fig. 7f). Tourmaline-mica-
rich parts are sometimes associated with limonite pseudomorphs
after pyrite in 10 um size (Fig. 8g-h).

Metamorphic and other deformation features in geological time

Folding affecting all of the bands is often observable, which is as-
sociated with shear features. Brecciation affects the inner bands of
the phosphorite. Lenses of varying thickness occur anywhere be-
tween the phosphorite bands, which are filled by clasts from the
phosphorite and well-foliated pieces from the metamorphosed
rhyolitic host rock, also as a result of shear deformation (Fig. 4).
The same deformation features are observable in the different quartz
appearances of the phosphorite (coarse-grained parts of siliceous
clasts, bigger-smaller, inclusion-bearing grains in phosphorite
bands, porphyric volcanoclasts). Undulatory extinction or dynamic
recrystallization of larger quartz grains and their disintegration into
sub-grains along a loba-like suture are also common features.
Presence of oriented micas.

Secondary Mn-oxide occurs as bands with irregular borders, crack
fillings, dendritic structures or opaque, solid lense-like over-writings
(Fig. 4, 6e, 7e).

Undefinable, general secondary (later) features

Second generation apatite forming prismatic crystals occur in fissure
fillings of apatite laminae and the micro-spherulitic structures often
have a well-crystallised apatite rim (Fig. 7a, h).

Sericitization of K-feldspar porphyroclasts and albitization on their
edges occur — Na incorporation (substitution), metasomatism-like
effects.

4.1.2. Cathodoluminescence (CL)

Apatite-bearing woven structures and thinner and thicker biomats,
as well as very fine grained phases (as well as stromatolite-like struc-
tures; Fig. 9a-d), show bright yellow luminescence (Fig. 9e-f). The
spectra are taken from the apatite, support REE (Dy>*, Sm®*, Eu®*,
Pri*, Mn?*, and UQ,) as activator elements (Fig. 9g, h).

The debris-like quartz grains show only a weak brownish lumines-
cence and the albite grains do not show luminescence in spite of their
quartz and feldspar mineralogy (Fig. 9e). The fine grained carbonate
inclusions in quartz crystals show bright orange luminescence (Fig. 9e-
f). Some kinds of apatite (secondary, well crystalline) can show blue
luminescence (Fig. 9e).

4.1.3. SEM-EDS

The micro-lamination and the woven, biofilm-/biomat-like textures
are clearly visible in Fig. 10a, b, Fig. 11d, e. The minerals are very fine
grained and mixed, Fe-bearing clay along biomats (Fig. 12e, f), apatite
(Fig. 10f, 11a, b, d, e, and f, 12e, f) and Mn oxides occur (K-bearing,
sometimes K- and Ca-bearing; Fig. 11a, b, ¢, 12¢, d). Apatite and Mn
oxide form a fine-grained mixture. Mn oxide also occurs as a fine,
needle-like mineral (Fig. 10b, e, f, and 12b, c). Poorly crystallized parts
contain traces of Mn, K, Ca, and P, while and in their vicinity a Mn-, K-,
Ca-bearing phase occurs without P, fine needle-like apatite is common
(Fig. 12d). Fine-grained apatite also mixes with Fe-bearing clay, and
also forms more compact ribbon-like phases (Fig. 12e). Coarser apatite
(Fig. 10e, 11c) and phyllosilicate grains also occur. This phyllosilicate-
rich zone (detrital-like quartz-feldspar-mica) appears between a fine-
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grained apatite-rich band (gray) and a Mn oxide-rich (light) band. The
Mn oxide-rich layer seems to be homogenous by optical microscopy,
but closer examination shows that it consists of a mixture of fine-
grained Mn oxide, apatite, and other components (Fig. 11a, b). Debris-
like clasts are characteristic with quartz being the main type (Fig. 10c, f,
12e), Fe-rich grains are sub-ordinate (Fig. 10d, 11f). Quartz often in-
cludes smaller calcite grains (a few um in length; Fig. 11f).

4.2. Bulk mineralogy (XRD)

Three groups were distinguished based on the mineral assemblages
(Table 2). Bszk-4, Bszk-5a, Bszk-5c, and Bszk-8-1 belong to the first
group. These samples contain only quartz and apatite.

Bszk-6 and Bszk-7 belong to the second group. This group contains
various manganese oxide minerals. The main mineral phases are
ramsdellite and pyrolusite, but this group contains todorokite and
hollandite/birnessite in smaller amounts.

The third group, including Bszk-la, Bszk-1b, Bszk-2, Bszk-3 and
Bszk-5b, is composite, its main mineral phases are apatite, quartz, and
feldspar. However, every sample contains small amounts of manganese
oxide (todorokite, hollandite/birnessite). Bszk-1a and Bszk-1b contain
10 A phyllosilicate, while Bszk-5b contains smectite.

4.3. FTIR in situ measurements

The mineral and variable organic matter content, distribution and
frequency based on FTIR are summarized in Table 3. Besides random
measuring points, measuring areas were chosen based on optical rock
microscopy to identify mineral phases. Apatite, feldspar, quartz as main
constituents, ferrihydrite, hematite, goethite, montmorillonite, tour-
maline, whewellite, duphrénite as moderate components and ber-
yllonite, and berthierite as trace accessories were detected.

Bszk-2 contains whewellite together with beryllonite and organic
matter. Yellowish parts consist of Fe oxide and quartz, and the fine
grained apatite is rich in duphreénite, and also coarser grained granular
feldspar and quartz.

The biofilm-biomat-like structures have a mixed composition con-
taining Fe oxides/hydroxides (ferrihydrite, hematite), and montmor-
illonite. Brownish-red stromatolitic parts contain ferrihydrite, quartz
and organic matter (Bszk-3). Berthierite occurs as a black (opaque)
needle-like mineral, while the translucent fibrous material is
duphreénite, which also occurs in the vicinity of coarser grained apatite,
albite, and a high amount of organic matter in Bszk-3. Whewellite also
occurred in this sample in the form of star-like fibrous and needle-like
aggregates (Fig. 6f-h).

Bszk-4 contains columnar tourmaline in the vicinity of fine grained
ferrihydrite, in the coarser parts feldspar and duphrénite were detected;
beryllonite rarely appears. Bszk-5 contains whewellite together with
duphreénite, ferrihydrite, and hematite (yellowish parts). Various hy-
drocarbons were also detected as main components (aromatic hydro-
carbon, carboxyl groups, and C-H stretching of aliphatic hydrocarbons)
as well as OH, referring to water content.

4.4. Raman spectroscopy in situ measurements

Table 4 summarizes the frequency of mineral and also organic
material phases, while Fig. 13 shows the distribution of the main mi-
neral phases according to the profile (sample Bszk-1). Besides the sec-
tions, random point analyses were also made, which detected hematite,
apatite, Mn oxide(s), and plagioclase.

Most of the mineral reference data (e.g., manjiroite, braunite, rho-
dochrosite, apatite, albite, quartz) were obtained from the RRUFF da-
tabase (Lafuente et al., 2015; Table 4). The manganese oxides were
identified in detail after Sepulveda et al., (2015) and Julien et al.,
(2004), whereas iron minerals were identified after Das and Hendry
(2014). The vibration bands of organic material were identified after
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Fig. 9. Cathodoluminescence (CL) photos of sample Bszk-1. (a) Series of biofilms with debris-like micro-laminae, optical microscopy, 1 Nicol; (c) crossed Nicol, (e) CL
photo. Apatite-bearing laminated structures as well as very fine-grained phases, broken biomats (as well as stromatolite-like structures) show bright yellow lumi-
nescence, while the coarse-grained, debris-like band of diagenetic quartz crystals display a brown luminescence. The bright orange spots are calcite inclusions. The
diagenetic mineral-rich bands are almost apatite-free. (b) Light cream coloured, beige ribbon-like parallel, folded and broken laminae in coarse-grained quartz
matrix, as signs of snysediment movements within bands, optical microscopy, 1 Nicol (d) crossed Nicol, (f) CL photo. Brown luminescence of quartz and bright orange
calcite inclusion are also visible. (g) Spectrum acquired from apatite on (h), with activator elements; (h) CL photo, apatite shows bright yellow luminescence, the

bluish colour probably indicates secondary apatite.

Okolo et al., (2015; aromatic ring 800-225 cm™ 1Y), Jehli¢ka et al.,
(2009; CH2-CH3 bands aliphatic hydrocarbon 1000-1487 cm ™ 1), Chen
et al., (2007, 1600 cm ™! graphite), and Orange et al., (1996; PAHs —
1610-1680 cm ! and long-chain hydrocarbons — 1700-2000 cm ~ ). In
total, 14 types of organic material were identified in the Biikkszent-
kereszt profile (Table 4).

The apatite, feldspar, and manganese oxides (cryptomelane,
romanéchite/psilomelane, pyrolusite) are in most cases well crystal-
lized, every vibration type was detected, whereas the other minerals
showed only the main vibration types (marked “s” in the table).
Detailed elaboration of the spectra yielded the following mineral and
organic matter compositions in the sections, as specified in Fig. 14.

Section 1:

The first mm consists of apatite albite lamination, where the cycles
vary between 10 and 50 pm. Several laminae in first 100 um contain
braunite. Nontronite (860 um) and montmorillonite (830, 960 um) also
occur. The second mm contains the coexistence of Mn-oxides: manga-
nite and cryptomelane, whereas manjiroite tends to occur in the first
mm of the layers. Iron oxides were detected between 750 and 820 pum.
10 types of organic materials were detected between 0 and 1100 um
with 10-30 um thick cycles. Between 2200 and 4400 pum the section
consists of cryptomelane and manganite, and in last 100 pm pyrolusite,
birnessite was detected. The section contains several cycles of organic
material (most common types: org 8, org 10) and between
3,370-4,410 pm the organic fraction is graphite with manganese oxide.
Quartz occurs at 40 and at 4,420 pm.

Section 2

Between 4510 and 4630 pum the section contains manjiroite, cryp-
tomelane, birnessite with 20 pm thick intersections of cryptomelane
and psilomelane, with 20-50 pum thick cycles of organic material
(graphite, type org 10). Between 4,640-4,690 um manganese ore was
not detected. Between 4,720-5,210 pum the manganese indication
consists of manganite and cryptomelane, and variable intersections
with apatite. Between 5,220-5,320 pm cryptomelane occurs. The sec-
tion between 5,350-5,430 um contains iron oxide layers of ferrihydrite,
goethite and lepidocrocite with organic material, while the
5,330-5,790 um section consists of manjiroite, cryptomelane,
romanéchite (psilomelane), and pyrolusite with cycles of 10-150 pm.
The organic material occurs only with manganese oxide. Above
6,000 pum, apatite layers (occasionally with albite) occur (30-500 um
cycles).The lamination of organic material varies between 10 and
70 pm). Quartz occurs at 7,280 and 7,290 um (frequent), and at 7,310
and 7,450 pm. Rhodochrosite occurs at 7,540-7,570 pm and at
7,630-7,640 pm.

Section 3

This section consists of apatite with a 20-80 um intersection of
manganese oxides (cryptomelane, romanéchite (psilomelane) and
10 um manjiroite. Together with cryptomelane, occasionally 20-40 um
thick iron oxide layers were detected (lepidocrocite, hematite, goe-
thite). Montmorillonite occurs at 12,000 pm, quartz at 11,750 um.

Section 4

Between 13,510 and 13,690 um, the apatite layers are intercalated
with 20-50 um thick layers of manganese oxides (romanéchite (psilo-
melane), cryptomelane, and manjiroite), with traces of quartz, uranyl-
sulfate (johannite) and iron oxide (ferrihydrite, hematite), and
10-30 pm thick laminae of organic material (types: graphite, org 1, org
2). From 13,690 pum to 13,750 um, manganese oxides do not appear
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with apatite, but after these laminae until 13,810 pm cryptomelane was
detected again. From 13,820 um to 15,410 um manganese oxide la-
minae were observed (manganite and cryptomelane), with traces of
apatite. Until 16,040 um 200-300 pm cycles of apatite and manganese
oxide (manganite and cryptomelane) were discerned. From 16,050 um
to 16,980 um apatite was identified. Between 16,330-16,340 pm uranyl
sulphate lamina was seen with traces of apatite. Until the end of of the
section, the apatite layer cyclically contains 10-20 um thick manganese
oxide laminae (manjiroite, romanéchite (psilomelane)) and feldspar,
and 10-50 um thick cycles of organic material (types graphite and org
1). Quartz occurs at 13,630 um (very frequent), 13,650 um (frequent),
and at 18,000 pm. Rhodochrosite occurs at 16,370 um (high amount).

5. Discussion

A complex investigation of samples was carried out, resulting in a
large set of data. In accordance with the previous data, a volcanic-
pyroclastic hydrothermal system can be proposed as the host rock of the
P-Mn-U-Be-HREE-enrichment in phosphorite bodies (Cséki and Cséki,
1973; Kubovics et al., 1989; Polgari et al., 2000; Szab6 and Vincze,
2013; Zajzon et al., 2014). The question is how the indication was
formed in such a host rock, which is commonly widespread all over the
world without any similar enrichments.

To answer this basic question, we used a complex interpretation of
data in a multi- disciplinary approach. We took the following aspects
into consideration: geological, petrological, and tectonic settings,
micro-texture, embedded micro-mineralogy, chemical composition of
minerals (major and trace elements) and organic matter, syngenetic and
diagenetic processes. The previous and most appropriate formation
model is a hydrothermal vent precipitation deposited in a marine,
volcanoclastic environment accumulating elements (Be, U, REE, etc.)
into the apatite structure (Szab6 and Vincze, 2013; Zajzon et al., 2014).
Preserving some main aspects of this previous model (“a hydrothermal
vent precipitation deposited in a marine, volcanoclastic environment”),
for element enrichment we propose a novel and complex interpretation
as discussed below.

5.1. Biogenicity

In all of the thin sections, the high resolution optical rock micro-
scopy (100-1000x) depicts series of biomat microstructures as main
constituents (Fig. 7a-h), where some representative parts are indicated
by arrows in the respective photos; it is obvious that this microbial
micro-texture (mineralized biosignatures) is a basic syngenetic feature
of all the samples. These microbially mediated characteristics are also
visible in the host rocks (stromatolitic structures). These micro-textures
are filamentous, inner necklace-like, or coccoid forms and aggregates,
vermiform brain-like micro-texture, and the whole sample has a densely
woven fabric. The thin sections represent mineralized biomats and
other biosignatures (cyanobacteria) and also the mineralized phases of
cell and EPS material (green clays, apatite, feldspar, tourmaline, seg-
regated quartz, etc.) based on micro-textural observations (also
Figs. 5-8). These micro-textural results turned our attention to micro-
bially mediated mineralizations and element enrichments. Mineralized
microbially mediated systems represent a unique type among ore mi-
neral formation.

In situ measurements (FTIR and Raman spectroscopy), yielded
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Fig. 10. SEM-EDS photos of the samples (back scattered electron images). Mineralogical distribution, sample Bszk-1 (SEM-EDS). (a) Folded apatite biomat with Mn
oxide (arrow); (b) needle-like Mn oxide (light phase) and apatite (gray); (c) huge angular quartzite grain displacing woven apatite-bearing biomat and Mn oxide
(light phase); (d) goethite after globular pyrite in fluffy fine-grained apatite; (e) needle-like fibrous Mn oxide (light phase) and apatite; (f) quartz grains cemented by
needle-like fibrous Mn oxide and small coccoid-like apatite patches (arrows) around them.

“bioindicator” minerals (braunite, manjiroite, rhodochrosite, ferrihy-
drite, goethite, hematite, albite, quartz, apatite, montmorillonite) such
as those reported by other studies (Skinner, 1993; Fortin et al., 1997;
Konhauser, 1998; Ehrlich, 2002; Knoll et al., 2012). The presence of
variable organic matter constituents occurring in the microbial-like
textures as remnants of earlier microbial activity supports our scenario.
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5.2. Metallogenesis

Mineral assemblage and paragenesis is given in Table 5. Diagenetic
mineralization of the microbially mediated system is responsible for the
unique mineral assemblage and element enrichment, with P in the
focus, in accordance with Dill (2010). Element enrichments in ore
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Fig. 11. SEM-EDS photos of the samples (back scattered electron images). Mineralogical distribution, sample Bszk-1 (SEM-EDS). (a) Apatite (dark phase) and Mn
oxide-apatite mixture separated by mica-rich phase; (b) phyllosilicate-bearing rock fragments in apatite with Mn oxide-rich right marginal part, higher magnification
of (a); (c) apatite (better crystallized grains) and patches with Mn oxide (back scattered electron images — BEIL;, E6tvos University, Budapest); (d) Biofilm series
(arrows) in apatite host, the light phase is Mn, K-bearing; (e) Fe-bearing clay in biofilm; (f) Calcite inclusions in quartz.

minerals form discrete minerals or they bind to phosphorite, Mn-oxide,
etc.

Be-ores generally relate to felsic magmatic or volcanic-pyroclastic-
hydrothermal processes (Levinson, 1962). U, Mn, Zn, Li, and REEs also
occur in such conditions (Varnavas and Papavasiliou, 2020). However,
U is also typical for a sedimentary environment, together with Mn and
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Fe (Lovley, 1991). Phosphorous is a common constituent in marine
conditions, where microbially mediated apatite (phosphorite) forma-
tions occur (Crosby and Bailey, 2012).

Microbially mediated processes basically contributed most of the
enriched elements of the indication. The enrichment factor was mi-
crobial mediation. The separation effect, where the separation of
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Fig. 12. SEM-EDS photos of the samples (back scattered electron images). Mineralogical distribution, sample Bszk-1 (SEM-EDS). (a) Distribution of elements on
micrometer scale; (b) higher magnification of (a); (c) fine, needle-like fibrous Mn-, K-, Ca-bearing phases in apatite host, higher magnification of (b); (d) Poorly
mineralized Mn-, K-, Ca-, P-bearing and Mn-, K-, Ca-bearing phases in apatite host, the apatite shows fine, needle-like fibrous texture, higher magnification of (a); (e)
Fluffy and compact apatite and Fe-bearing clay with quartz particles; (f) very fine-grained apatite and Fe-bearing clay mixture in fine-grained but “massive” apatite
host (back scattered electron images — BEI; IGGR, Budapest). Legend: q - quartz; Mn - Mn oxide; Mn + K - K-bearing Mn oxide; Mn, K, Ca-K- and Ca-bearing Mn oxide;
Fe - Fe oxide; phyl - phyllosilicate; a - apatite. ¢ - calcite; Fe clay - Fe-bearing clay; Mn, K, Ca > P - Mn-K-Ca-bearing phase with P traces; Fe, Mn, Si - Fe-,Mn-, Si-

bearing particle.

microbial activity occurred by tuff contribution, interrupted the highly
effective recycling of P by microbes. This is one of the main factors of P
enrichment in nature. Tuff contribution is clearly visible under the
microscope. Synsediment brecciation, broken biomats, and also local
broken tuff parts are visible (Figs. 5-8). At some parts coarser,
100-500 pum large weathered minerals (e.g., quartz, and also rock
fragments) can be seen, which fell onto the surface of the biofilms
(altered pumices?; Fig. 6e). Remnants of fine-grained tuff containing
remnants of volcanic glass (bone-like shape structures) also occur. The
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REE element composition and distribution is very similar in the in-
dication and the host rock, which supports a similar source and mode of
formation (Polgari et al., 2018).

5.3. Diagenetic processes and paleoenvironment
In contrast to earlier investigations, we found a great deal of evi-

dence for a syngenetic origin via rock petrography. The micro-lami-
nated texture often shows signs of synsedimentary sliding or faulting
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Table 2
Bulk mineralogy (XRD).
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Mineral Bszk-1la Bszk-1b Bszk-2 Bszk-3

Bszk-4

Bszk-5a Bszk-5b Bszk-5¢ Bszk-6 Bszk-7 Bszk-8-1

wsk P ok *

apatite
feldspar i *k * _ _
quartz —
mica min
smectite - - - - -
birnessite/hollandite - - s _
todorokite - -
ramsdellite - - _ _ _
pyrolusite - - - - -

min - - -

Legend: *** major; ** moderate; * low; min rare; - not detected.

processes. The larger grains of the volcanic environment (porphyr-
oclasts, pumices, lithic clasts) reflect plastic behaviour of the in-
corporating band. Diagenetic processes deeply overprinted the original
picture, both in mineralogy and micro-texture. Mineralization of cell
and EPS material and its effects (released ions like Si, K, Na, Ca, Mg,
etc.) result in a mineral assemblage which is difficult to interpret, be-
cause some diagenetic minerals are also typical volcanic minerals
(quartz, feldspar, tourmaline; Polgari et al., 1991, 2019; Ostwald and
Bolton, 1990; Schwertmann and Cornell, 2007; Rajabzadeh et al.,
2017). Microbially mediated processes, the role of cell metabolism and
extracellular polymeric substances, are very important in syngenetic
mineralization. They also represent a considerable element source pool,
as they bond cations and anions, which release via diagenesis. These are
very effective factors influencing syn- and diagenetic mineralization
processes. To distinguish the two basically different formations (vol-
canic and diagenetic-sedimentary), CL is a good tool, because the vol-
canic originated minerals show luminescence, while the diagenetic ones
do not (Marshall, 1998). This also helped with clarification of debris
origin. The diagenetic quartz exhibits a characteristic microstructure,
which refers to specific types of fluid flow during crystal growth. Quartz
grains often contain numerous small calcite inclusions of pum size.
Furthermore, we found albite grains with the same calcite inclusions, as
well as quartz and albite grains containing cryptocrystalline apatite
inclusions — Similar to the most characteristic apatite of the apatite-rich
bands. These new features show that these grains are likely to have
formed slightly later than the apatite. The quartz-albite-mica-rich layers
probably had a tufaceous origin, where glass-rich components diag-
enetically crystallized to quartz, albite, and mica.

Phosphatization was an important process in eliminating earlier
pumice and volcanic glass particles, and also formed better crystallized
apatite.

Tourmaline is also characteristic for the border zone between the
brecciated clasts of the siliceous rock and the phosphorite. The mica-
tourmaline-pyrite association seems to substitute the quartzine-rich
material. The quartzine is probably secondary mineral, from the hy-
drothermally active period. Around and inside the tourmaline, miner-
alized microbial biosignatures occur (Fig. 7f, 8g and h). Diagenetic
tourmaline has also been reported from other occurrences (Henry and
Dutrow, 2012). Under diagenetic conditions, tourmaline can develop as
new, authigenic crystals, which are found in many sedimentary or
weakly metamorphosed meta-sedimentary rocks as well as fluid-domi-
nated geothermal systems. It appears to be diagnostic for an oxidizing
and low temperature environment with high Na in the fluid, which
supports our results. Similarly, high Na in the fluids formed on cell and
EPS decomposition supported aegirine formation in a Neoproterozoic
Mn ore at Urucum (Biondi et al., 2020). Potassium enrichment in a
potassic metasomatized andesite formation (hydrothermally weathered
Fe-rich occurrences) in the Méatra Mts. of Hungary (Varga, 1992; Nagy,
2006) may be a similar source and formation process.

Looking at the chemical formula of tourmaline, it is clear that it can
also be responsible for some element enrichments (Li, Be, V, Cr, Ti, Cu,
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Mg, etc.). Albitization of feldspar — Na incorporation (substitution) - as
metasomatism-like and/or metamorphic effects can occur in the frame
of organic matter decomposition (Polgéri et al., 2019). Green clays
(smectite, celadonite) appear in the vicinity of the mineralized bio-
signatures, which are common constituents in microbially mediated
environments (Polgari et al., 2012a, 2012b; Gyollai et al., 2014, 2015,
2017).

In time, the first brecciation event is thought to be close to the
formation of the phosphorite, because the apatite and Mn-oxide ce-
mentation of brecciated clasts contain the same signs of microbial ac-
tivity (filamentous, necklace-like, coccoidal forms, aggregates in apatite
and reddish brown concentric forms in Mn-oxide). However, this event
also stopped the microbial activity, because apatite-rich bands do not
exist apart from the brecciated parts.

The occurrence of microbially mediated Fe-oxide together with Mn-
enrichment and clay minerals (montmorillonite) and also tourmaline
focus on suboxic-oxic and semi-neutral slightly basic conditions during
syngenetic and early diagenetic processes under low-moderate T con-
ditions.

5.4. Character of element enrichments

From the recent and earlier published results a multiphase forma-
tion model was elaborated based on a complex dataset from geology,
petrology, macro- and micro-texture, bulk and in situ mineralogy and
also the distribution of variable embedded organic matter and geo-
chemical features (main and trace elements, also REE). The genetic
draft supports post-volcanic exhalative-hydrothermal activity as an
element source, but it does not explain the element enrichment. The
geochemical character of each element, such as U or the entire group
containing U, Be, REE, Mn, and P is very different and needs a detailed
interpretation. In the case of P, but also in the case of Mn, Fe, U, As, and
Zn, microbially mediated processes immediately appear as possible
enrichment factors (Polgari, 2016). The published element correlations
are also very peculiar, with positive correlation of U-P, Be-P and REE-P
(Szab6 and Vincze, 2013). Among the minerals of the ore indication
several “bioindicator” minerals occur (Skinner, 1993), like Ca-phos-
phate (apatite), Mn-oxide, Fe-phosphate (dufrénite), Fe-oxyhydroxide
(ferrihydrite), and pyrite, and the U minerals also belong to this group.

Numerous publications report on the biogeochemical behaviour of
elements, the metabolic diversity of chemolithoautotrophic bacteria,
and the development of methodology permitting the study of the con-
nection of metabolism and biomineralization on the nanoscale (e.g.,
Ehrlich, 2002; Wackett et al., 2004; Knoll et al., 2012). Recent analogies
and experiments prove the basic role of microbial activity and media-
tion concerning the enrichment of elements in the solid phase. The
metabolic processes take place according to regularity, and the different
processes influence each other on an optimum condition along the
minimum level of energy. The result of a complex microbial mediation
in the geological sense can be a huge rock body and also mineral de-
posits (Polgéri et al., 2012b, 2019; Southam and Sanders, 2005; etc.).
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Table 4

Ore Geology Reviews 125 (2020) 103665

Raman vibration of minerals and detected types of organic materials.

ref

Minerals Bands Sectl Sect2 Sect3 Sect4
manjiroite’ 641s 8 59 17 12
manganite® 387, 528, 537, 621 322 54 3 202
cryptomelane2 183s, 280, 511, 581s, 637 367 126 17 223
romanéchite® 284, 372, 515, 578s, 643s, 721 84 108 68 40
pyrolusite2 219w, 291w, 404w, 533s, 655s, 756w 9 11 0 0
birnessite® 296, 303, 506, 575, 656, 730 6 4 0 1
braunite’ 210s 331, 376w, 510m, 622, 685 6 1 0 0
rodochrosite! 181, 287, 721, 1087 0 6 0 1
hematite* 222, 290, 408, 490, 607 hem 3 2 0 0
ferryhydrite* 361, 508, 707, w, 1045s 1 3 0 1
goethite* 162, 243, 297s, 385s, 477 545 8 3 6 1
lepidocrocite4 140, 214w, 284s, 297, 345, 374w, 524m 1 1 11 0
apatite’ 427, 587, 605 w, 965s, 1040 w, 1078 w 55 317 441 225
albite! 478s, 507s, 287m, 330, 244w, 207sh, 182m, 161 sh 41 60 41 43
quartz1 125, 207, 353, 393 w, 464s 2 4 1 3
montmorillonite! 186, 360, 681 2 1 1 0
johannite (uranyl sulphate)®>  785s 0 0 0 6
Types of organic matter®”-5° Organic matter
org 1 824, 1186, 1608 aromatic CH bending, aliphatic CH stretching, fluerene 14 10 7 14
graphite® 1599 graphite 96 60 25 34
org 2 825, 1109, 1186, 1607 aromatic CH bending, aliphatic CH stretching, fluerene 2 3 1 2
org 3 824, 1186, 1345, 1608 aromatic CH bending, aliphatic CH stretching, CH3, fluerene 3 2 2 0
org 4 825, 1109, 1186, 1386 1607 aromatic CH bending, aliphatic CH stretching, fluerene 4 4 0 0
org 5 1567, 1742 quadrant CH stretching in cylic aromatic ring system, carboxyls 1 2 2 0
org 6 825, 1109, 1186, 1386, 1469,  aromatic CH bending, aliphatic CH stretching, CH3, CH2/CH3, fluerene 1 3 0 2
1607
org 7 762, 816, 1096, 1186, 1350, CH out of plane vibration, aromatic CH bending, aliphatic CH stretching, fluerene 1 0 1 0
1618
org 8 1186, 1573 aliphatic CH stretching, quadrant CH stretching modes of cyclic aromatic ring 10 11 0 2
org 9 825, 1608, 1757 aromatic CH bending, fluerene, carboxyls 1 0 4 0
org 10 825, 1109, 1186, 1386, 1469,  aromatic CH bending, aliphatic CH stretching, CH3, C=C strertching in polyenes, 7 0 1 2
1527, 1607 fluerene
org 11 1330, 1580 CH3, quadrant stretching of CH of aromatic ring 1 21 2 12
org 12 825, 1095, 1386, 1591, 1770 aromatic CH bending, C-H in plane bendig, CH3, quadrant CH stretching of cyclic 0 2 0 0
aromatic ring system, carboxyls
org 13 1186, 1464, 1527 aliphatic CH stretching, CH2/CH3, C=C stretching of polyenes 0 3 0 6
org 14 1330, 1580, 1757 CH3, quadrant CH stretching modes in aromatic ring system, carboxyls 0 0 1 4

450 spectra were taken in each sections (Fig. 13), the step is 10 um. The number of spectra of detected minerals are summarized in column sections (sect) 1-4.
References: 1 - RRUFF; 21 - Septilveda et al. (2015); 31 — Julien et al. (2004); 41 — Das & Hendry (2011); 51 — Frost et al. (2005); 61 — Jehlicka et al. (2009); 71 —

Okolo et al. (2015); 81 - Chen et al. (2007); 91 - Orange et al. (1996).

5.5. Source of elements mineralized feeder and mound zone: Mineralogy,
micro-texture and paleoenvironmental considerations

The source of elements was hydrothermal — The mineralized micro-
texture together with mineralized microbially mediated forms built up
by Fe-oxide minerals support this scenario and fit well with previous
conclusions (Polgéri et al., 2012a,b; Gyollai et al., 2015; Yu et al.,
2019).

Beryllium has a microbial connection. The similar behaviour of
BeF3*H,0 to phosphate can positively or negatively affect the nu-
merous enzymatic and regulating phosphatase functions. Fluoride and
biofilms have community interactions in the vicinity of weak organic
acidic producing biofilms (Marquis et al., 2003). It is known that metal
Be suffers from microbial corrosion unless defended by a protective
coating (Vaidya et al., 1999). Further, in the case of some bacteria Be
enrichment was detected in their outer membrane (Robles and Aller,
1994).

In general, beryllium forms very stable inert metallo-organic com-
plexes with hydroxylated organic compounds. Because most coals have
some beryllium in their organic compounds, and some have quite large
amounts, it is possible that plant adsorption and formation of com-
plexes are responsible for the beryllium enrichment in coal
(Stadnichenko et al., 1961).

Epithermal beryllium deposits (where BeO content is less than 1 wt
%, in beryl — Be3Al,(SiO3,¢ and bertrandite — Be;Si»0,(OH),) in wes-
tern Utah at the Spor Mountains and Honeycomb Hills are uniquely
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associated with rhyolite of Late Tertiary age and are restricted to porous
water-laid tuff and breccia that contain carbonate clasts, similarly to
the Biikkszentkereszt indication. A shallow epithermal environment is
favourable for deposition of Be in the form of silicates. Also, the Be
deposits are near both local and regional faults, which probably pro-
vided conduits for mineralizing fluids. The enriched elements are also
similar to our case, containing fluorite, lithium (in smectite), manga-
nese oxides, Zn (in smectite and Mn-oxides), and U, as well as many
trace elements (F, Cs, Li, Ga, Nb, Y, etc.). However, due to the en-
richment of P, the missing or scarce micrometer-scale occurrence of
individual Be minerals (beryllonite-NaBePO,), and the rare mineral
occurrence of U (scarce johannite), the type of enrichment is basically
different (Lindsey, 1977). At Biikkszentkereszt, Na-bearing Be-phos-
phate occurs, in harmony with the mineral assemblage.

Uranium in solution occurs as U(VI) in the form of a uranyl-carbo-
nate complex and can be enriched in solid form, if it is reduced to UQV).
The (IV) and (VI) valencies are interchangeable in nature, so the dis-
solution and precipitation of U follow each other. This is supported by
the fact that carbonate ions can easily lead to the dissolution of U.
Microbial U(VI) reduction is inhibited by Ca (Brooks et al., 2003).
Numerous autotrophic and heterotrophic microbes are able to dissolve
U or produce oxidative/reductive chemical compounds which pre-
cipitate this element. These processes can be direct or indirect. In the
indirect case it happens through the mediation of other metal/microbe
redox processes. Fe(Ill) and Mn(IV) ions are among the most effective
oxidants in nature which mobilise U (Ehrlich, 2002).
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Fig. 13. Raman spectroscopy line measurements along the profile on the sample (sample Bszk-1).
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Fig. 14. Frequency of minerals along Raman sections. Legend: Man - manga-
nite; Cryp - cryptomelane; Bir - birnessite; Mj - manjiroite; Pyr - pyrolusite; Br -
braunite; Ran - ranciéite; Rho - rhodochrosite; CM; variable organic matter; Ap -
apatite; Alb - albite; Non - nontronite; Mon - montmorillonite; Fe - Fe oxides
(goethite, hematite, ferrihydrite, lepidocrocite); Ur - johannite; Q - quartz.

Uranium is important bioessential element, could be mobilized and
fixated by fungi together with molybdenum (Berthelin and Munier-
Lamy, 1983). Vanadium and uranium can also be utilized in bacterial
respiration, and for algal growth: Geobacter and Shewanella are able to
use U along with the metals Fe(III), Co(IIl), Cr(VI), and Mn(IV) as a
terminal electron acceptor in cellular respiration (Park et al., 2016).

According to syn- and diagenetic processes, the reaction between
pyrite forming via sulphate reduction and Mn-oxide formed via enzy-
matic Mn oxidation produces Fe(IlI), which is able to oxidize and dis-
solve U. Pracejus et al. (1988) propose an easier way of Fe(III) forma-
tion, where Fe(Il) reservoir is in solution or adsorbed on clay minerals,
to start the redox reaction with MnO,. The dissolved U precipitates and
accumulates first probably by adsorption on organic matter via redu-
cing microbial processes. During this, Fe turns to (II) valence form and
precipitates as pyrite. These processes follow each other in a cyclic way.

The effect of Mn-oxides was detected via microbial processes in
reduction of U(VI) and enrichment in solid phase (Fredrickson et al.,
2002). The solid phase forms in the case of Mn being present as oxide
(Mn*™*), while U is the reduced phase (U*™"). In the excess of Mn-oxide,
the initial U(VI) was microbially reduced, which supports the direct
utility of U by bacteria for their metabolism (Abdelouas et al., 1998).
The U(IV) enrichment in the periplasma of cell can remain physically
protected from later oxidative processes, which can result in an ex-
tended redox inequality status.

Sulphate reducing bacteria can also interact with Cr(VI), Mn (IV), Fe
(I11), and U(VI) ions serving as electron acceptors (Lovly, 1993; Lovly
et al., 1993; Tebo and Obraztsova, 1998). In the case of REEs, similar
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processes were reported by Texier et al., (2000). In a recent study, we
report the presence of johannite - Cu[UO,(OH)SO4]»8H,0 a U-sulfate,
but the effect of Mn and Fe microbial cycles can also influence U en-
richment, which supports our scenario (Biondi et al., 2020).

Rare Earth Elements (REE) can be enriched selectively also by direct
microbial oxidation. Cerium oxidizes together with Mn via microbially
mediated processes, in the frame of which specific oxidation ratio of
Ce/Mn is constant in a wide range of the littoral and oceanic environ-
ments (Moffett, 1990, 1994; Moffett and Ho, 1996).

Phosphorus is an essential nutrient for life and is a central compo-
nent of all biological systems. It is key to the formation of membranes,
the transfer of genetic information, and the cycling and storage of en-
ergy. Recent marine phosphorites spatially correlate with the habitats
of vacuolated sulfide-oxidizing bacteria that store polyphosphates
under oxic conditions to be utilized under sulfidic conditions (Bailey
et al., 2013). Hydrolysis of the stored polyphosphate results in the rapid
precipitation of the phosphate-rich mineral apatite, providing a me-
chanism to explain the association between modern phosphorites and
these bacteria. Modern sulfide-oxidizing bacteria that are partially en-
crusted in apatite provide evidence that bacterially mediated phos-
phogenesis can rapidly permineralize sulfide-oxidizing bacteria and
perhaps other types of organic remains (Bailey et al., 2013).

The availability of P in nature is very limited as it occurs as in-
soluble Ca- or Fe-phosphate, or as an organic complex. Its concentration
in the aqueous environment is much lower (0.01-0.07 mg/1) than the
concentration of P in bacterial dried matter, which is around 1.5-2.5 wt
%, an extremely high enrichment. In living organisms containing 1 wt%
P, the enrichment is 140,000 times the Clark value. Because of the slow
sedimentary P cycle, the biological community supplies the P demand
by cyclization (recycling) with high speed recycling through the organic
phase (Ehrlich, 2002; Knoll et al., 2012).

The role of microbial processes in the genesis of Jordanian Upper
Cretaceous phosphorites was reported by Abed and Fakhouri (1990) in
the form of granular and laminated phosphorites. These phosphorites
are interpreted to have been deposited as algal mats in shallow, subtidal
to intertidal environments similar to that of Biikkszentkereszt.

Detailed petrographic study of the Upper Cretaceous phosphatic
chalks of northern France shows that phosphate occurs predominantly
as phosphatized bacterial matter. Shiny phosphatic crusts on hard-
grounds and anisotropic phosphate coatings on grains are interpreted as
phosphate mineralized microbial (‘micro-stromatolitic’) structures.
Phosphatic remains of ovoid bacteria and microbial colonies with bo-
tryoidal surfaces have been observed. The microbial community, which
formed the crusts and grain coatings developed by surface accretion,
whereas the other community grew solely in the intragranular porosity
of grains and in the extragranular porosity of semilithified sediments.
Analysis of these two types of microbial growth has also been docu-
mented from other phosphorite deposits (Lamboy, 1990).

Enrichment of P in geological environments generally occurs if the
P-bearing material (dead organisms, fecal material, etc.) separates in
space from the user organisms. The mineral shell that forms via the
metabolism of chemolithotrophic bacteria can also hinder recycling. It
is well known that the activity of the surficial phosphatizing enzyme of
cells stimulates metal-phosphate formation, e.g., U enrichment
(Macaskie et al., 1995; Fowle et al., 2000; Panak et al., 2002; Knopp
et al., 2003; Suzuki and Banfield, 2004; Francis et al., 2004; Billon
et al., 2004; Khijniak et al., 2005). Bioremediation and microbial dis-
solution experiments concerning U for mining and environmental pro-
tection purposes have been carried out (Elias et al., 2003; Landa, 2003;
Schippers et al., 1995; Dwivedy and Mathur, 1995; Kalinowski et al.
(2004)) and support our understanding of the processes.

Arsenic and Zinc are well-known bioessential elements; the micro-
bial As cycle and the main role of Zn in enzymatic processes are im-
portant processes (Knoll et al., 2012).

Sb (antimony) influence enzyme activity of microbial growth (E.
coli, B. subtilis and S. aureus) (An and Kim, 2009). The T. ferrooxidans
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Fig. 15. Model of main steps of formation: (1)
Shallow sea with volcanic islands and shallow basins
between them represents the environment of accu-
mulation. Phosphorite and siliceous bodies form due
to hydrothermal solutions and microbial activity; (2)
An explosive eruption generates dense pyroclastic
flows, which reach the basin; (3) After the main
stage of eruptions, thick pyroclastic layers cover the
fragmented layers of the phosphorite and the blocks

of the siliceous bodies, terminating the formation of
phosphorite. Legend on la: A - The recent, still
living and dead algal/microbial mats adsorb P, Mn,
U, Be, REE, chalcophile elements from hydrothermal

upwells, microorganisms build up phosphorous to

rock forming quantity; B - Zone of early diagenesis:
the decomposing algal/microbial mats fossilise by
forming apatite-rich layers, the glassy material of
pyroclasts crystallizes into quartz, feldspar, clay
minerals, etc., which form silicate-rich layers; C -
Pyroclastic rocks in basement.

@

Rounded pumice grains

AL

B{

Remnant crystals (quartz, K-feldspar) from
the pyroclasts' zone of early diagenesis
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directly oxidize Sb,S; mobilizing Sb in Fe-Mn-Cr rich environment
(Wong et al., 1982).

The V is bioessential element, controlls the sodium pumbp and in-
hibition ATPase, p-transferases (Frieden, 1985). Inside the cell, V (IV) is
actively involved in phytoplankton metabolism. NO;—/NH, =, Fe**/
Fe?*, MnO,/Mn?*, and SO,%~ /H,S may potentially play an important
role in V speciation and cycling in the water column. (V) is stable in
oxidized marine environments, while V (IV) is stable in moderately
reducing environments, dissolved V occur in coastal waters within
suboxic condition (Wang and Wilhelmy, 2009). The element enrich-
ment of the Biikkszentkereszt occurrence (U, Be, P, Mn, Fe) and the
positive correlation of U-P, Be-P and REE-P (Szabd and Vincze, 2013)
reflect the features of microbial processes and can be interpreted as the
result of those processes.

T Hydvothermalfupwel!s (heat

and element flow)
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5.6. Genetic model

The main steps of formation are summarized in Fig. 15 as follows:

1. Permian-Lower Triassic shallow sea with volcanic islands and
shallow basins (between them they represented the environment of
accumulation). Rhyolitic volcanism occurred together with hydro-
thermal discharge systems in the basin floor (transporting heat and
dissolved elements), circulating in the footwall volcanic rock sequence
and forming massive siliceous bodies. Intense microbial mediation
formed biomats on the surface in the basin, which concentrated Mn, U,
Be, REE, and chalcophile elements from hydrothermal fluids. The
substrate could be an earlier pyroclastic flow deposit. Though Fe is not
enriched in the system, it also had a basic role as Fe-oxidizing microbes
(FeOB) mineralized ferrihydrite, which offered an oxic catalytic surface
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for Mn enrichment under suboxic semi-neutral conditions (Morgan,
2005; Polgari et al., 2012b). Higher oxygen supply supported enzymatic
Mn oxidation (Villalobos et al., 2003; Morgan, 2005). Fe- and Mn-
oxides adsorbed high quantities of P, U, Be, REE and some chalcophile
elements (As, Cd, Cu, Pb, S, Sb, Se, Sn, Zn). Remnants of Fe-biomats
support this scenario. Mn oxidizing bacteria selectively enriched REE
via enzymatic processes (Moffett and Ho, 1996). A similar case resulted
in the elevated Ce content in the Jurassic Urkiit Mn deposit in Hungary
(Polgari et al., 2012b). Beryllium enrichment most probably occurred
via organic matter binding, similarly to coal-bearing enrichments
(Eskenazy, 1987). The microbial activity was randomly stopped by
coarser and/or finer volcanic ash contribution, also by weathered
pyroclastic fragments transported from the surface of volcanoes washed
into the sea. Rounded pumice grains are embedded and porphyric
crystals from pyroclastic material (quartz, K-feldspar). Microbes quickly
re-colonized the tuff material. The separation of older biomats from
water mass by tuff restricted re-utilization of P and resulted in its en-
richment in the form of Ca phosphate (apatite) in rock forming quan-
tity.

The zone of early diagenesis just below the sediment surface was
characterized by embedded organic matter (cells and EPS), which in-
fluenced mineralization via fluffy spherical and ribbon-like apatite
layers (mineralized biomats). Alteration of pyroclastic material also
occurred: glassy material turned to quartz, feldspar, or clay minerals,
which formed silicate-rich layers. Intense apatitization of tuff material
took place (apatitized pumice grains). After the death of cells, the de-
composition of cells and EPS started and ions bound on their surface
were released. A complex transforming mineralization started, which
resulted in clay mineral formation, mixed carbonates, feldspar (albiti-
zation), beryllonite, quartz, apatite, etc., depending on the geochemical
conditions. These poorly crystalline minerals formed more stable mi-
nerals over time (Konhauser, 1998; Dupraz and Visscher, 2005). Quartz
and feldspar grains of the debris-like layers do not show luminescence,
which supports their authigenic origin.

2. An explosive eruption generated dense pyroclastic flows and a
basal avalanche occurred in the lowest part of the pyroclastic flow, in
which increased particle concentration developed due to gravity seg-
regation. This avalanche caused substrate erosion, or after lithification
of the pyroclastic flow, the load processes caused deformation of the
substrate.

3. After the main stage of eruptions, thick pyroclastic (ignimbrite)
layers covered the fragmented layers of the phosphorite and the blocks
of the siliceous bodies. The cause of fragmentation is still not con-
firmed: (i) either the basal avalanche tore open the phosphorite layers
or (ii) the layers were torn apart by later load processes due to the
different properties in hardness of the pyroclastic rocks and phosphorite
layers.

In the lowest portion of the younger pyroclastic layer fragmented
pieces of phosphorite occur, where the edge of the lens-like phosphorite
pieces often has a micro-brecciated edge. Small clasts of the hydro-
thermal silica bodies are incorporated. The siliceous rock remained only
as small pieces in the breccia of the excavated phosphorite occurrences
(Shaft-II, Excavation No. 40).

4. The Permian-Lower Triassic rock series was covered by Upper
Triassic limestones and Jurassic turbidite sediments of at least 6-14 km
thickness. Cretaceous low-grade Alpine metamorphism caused an in-
crease in pressure (2.5-3 kbar) and temperature (T,.x: 350 °C) and the
formation of a huge quantity of sericite within the metamorphic series.

Strongly folded schistose meta-volcanic layers contain the lensoid
phosphorite bodies, which more recently formed pieces of fragmented
layers of the phosphorite and the siliceous rock, which alternate in
2-3 m thickness. New deformation processes also caused brecciation,
while strong folding and shearing effects are also common. Deformed
phosphorite bodies form lenses of 30-50 m size after the original layers
suffered shear deformation and were broken into pieces by faults.

5. The area was uplifted and erosion took place, which resulted in
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the occurrence of phosphorite lenses near the surface and at shallow
depths, and the occurrences are strongly fractured by tectonics.

6. Conclusion

A multiphase formation model was elaborated based on a complex
dataset made up of recent and earlier published results on the geology,
petrology, macro- and micro-texture, bulk and in situ mineralogy, and
also the distribution of embedded organic matter and geochemical
features (main and trace elements, REE) of strongly deformed phos-
phorite layers enriched in U-Be-Mn-REE occurring in weathered
Triassic metarhyolite tuff in NE Hungary. The genetic draft supports
post-volcanic exhalative-hydrothermal activity as the element source.

Based on the element enrichments, the micro-textural features and
the mineralogical composition, a further enrichment effect is proposed
in addition to the hydrothermal origin (source). In the case of P, Mn, Fe,
U, As, Zn, and also the REEs, the effect of microbial mediation can be
raised. This scenario is supported by the correlation of elements and
also the mineralogical composition among which bioindicator minerals
occur, such as collophane, Mn-oxides, Fe-phosphate, Fe-oxide-hydro-
xide, pyrite and also the U-minerals.

Summarizing our results, the meta-rhyolite-hosted Mn-P-U-Be-REE
mineralization bond U-Be-REE-phosphate enrichment at
Biikkszentkereszt can be proposed as a fossil mineralized microbially
mediated deposit.
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