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ARTICLE INFO ABSTRACT

Keywords: Samples from the Zadni Chodov uranium deposit of the Bohemian Massif were analysed using optical and
Brannerite chemical methods. Organic matter and brannerite were studied in detail to estimate conditions that prevailed in
Graphite association with uranium-enriched shear zones. Four major events are known in the high-grade metasediments.
Uranium

The pre-ore stage is associated with the formation of shear zones. During the uranium ore deposition stage,
temperatures ranged from 122 °C to 258 °C, and coffinite and brannerite appeared. Two generations of post-ore
stage minerals are distinguishable. A detailed study of a brannerite mineral grain revealed variations in its
interior and surroundings, but these are related to the composition of brannerite, which is not a nominal mineral.
Si and Al are presented as chlorites, but the main mineral phases are mixtures of anatase, oxidized brannerite
with non-stoichiometric uranium oxide, and carbonaceous matter. Carbonaceous matter in the samples studied
appeared as a mixture of substances of different composition, origin, and age. Optical and structural char-
acteristics showed variations in three coexisting types of metamorphosed carbonaceous matter, including fine-
grained and larger lamella-shaped particles that represent anthracite, meta-anthracite and semi-graphite stages,
lamellas of crystalline graphite, and pyrobitumen, corresponding to impsonite. The structure of organic particles
was not affected by uranium minerals, which is an interesting difference from changes that minerals undergo in,
for example, coal. Biomarkers, compounds used in assessing sources of organic matter, were present in extracts,
but they were not a remnant of the original shear zone organic material. They are likely products from a later
impact, probably of Tertiary and younger sediments.

Organic matter
Bohemian Massif
Micro-Raman spectroscopy

alterations in the graphite during retrograde metamorphism or the in-
fluence of circulating hydrothermal fluids were documented (Frost

1. Introduction

The total amount of extracted uranium, approximately 350 000 tons
(OECD-IAEA, 2003), makes the Bohemian Massif the most important
uranium ore district in the European Variscan belt. The most important
genetic type of uranium deposit is represented by vein-type uranium
mineralisation (50,000 t U at Pfibram, 8500 t U at Jachymov). The
other significant genetic type is shear-zone hosted uranium miner-
alisation in the Moldanubian Zone (4200 t U at Zadni Chodov, 20,000 t
U at Roznd). The shear-zone hosted uranium mineralisation is usually
connected with organic matter-enriched filling of these mineralised
shear zones (Dill, 1985, 1986; Kiibek, 1989; Kribek et al., 2009; Dill
et al., 2019).

Biogenic carbonaceous matter is common in many types of sedi-
mentary rocks. During regional metamorphism, it changes in structure
from turbostratic amorphous to crystalline hexagonal graphite. Possible
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1988; Wang et al., 1989). Although in several works the authors have
characterized graphite as chemically and thermally inert, with stable
structural arrangements up to approximately 400 °C, several studies
have described alterations of graphite at temperatures around 250 °C
(Gautneb and Tveten, 2000; Schiffbauer et al., 2007). Generally, it is
believed that alteration of graphite is affected by uranium mineraliza-
tion, as well as circulation of hydrothermal fluids (Kyser et al., 1989).

The aim of this study is to analyse in detail the organic matter in
uranium enriched shear zones of the Zadni Chodov uranium deposit.
The petrology and chemical composition of different organic matter in
mineralised shear zones were analysed using optical microscopy and
spectrophotometry of dispersed organic matter, and gas chromato-
graphy/mass spectrometry (GC/MS) and micro-Raman spectroscopy
were used to estimate the original organic matter, as well as possible

Received 7 August 2019; Received in revised form 11 February 2020; Accepted 19 February 2020

Available online 20 February 2020
0169-1368/ © 2020 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/01691368
https://www.elsevier.com/locate/oregeorev
https://doi.org/10.1016/j.oregeorev.2020.103428
https://doi.org/10.1016/j.oregeorev.2020.103428
mailto:havelcova@irsm.cas.cz
https://doi.org/10.1016/j.oregeorev.2020.103428
http://crossmark.crossref.org/dialog/?doi=10.1016/j.oregeorev.2020.103428&domain=pdf

M. Havelcovd, et al.

Ore Geology Reviews 120 (2020) 103428

Germany

Weiden
Metamorphic®

I:’ rocks

- Pre-Variscan granite

E Biotite granodiorite

- Biotite granite

E Two-mica granite

|| High-fractionated granite
Ll

40| km

o

Marianské
lazné

) \ Bor pluton

Fig. 1. Geological map of granitoids in the western part of the Bohemian Massif. ZCH — Zadni Chodov uranium deposit, MA — Mahring uranium deposit (modified by

M. René after Breiter and Sokol, 1997; Siebel et al., 1997).

conditions that prevailed during the origin of uranium enriched shear
zones. Micro-Raman spectroscopy was also used for a detailed study of
brannerite.

2. Geological setting

The Zadni Chodov uranium deposit is located on the northwestern
margin of the Bor pluton, which intruded into the West Bohemian shear
zone (Zulauf, 1994) at the boundary between the Moldanubian and
Tepld-Barrandian zones during the Variscan magmatic event
(337 = 6 Ma, U/Pb TIMS analyses on zircon; Dorr et al., 1997)
(Fig. 1). The Zadni Chodov uranium deposit was mined from 1952 to
1992 and was ranked as a medium-size uranium deposit in the Bohe-
mian Massif. The total mine production of low-grade uranium ore
(0.195 wt% U) was 4151 t U (Kafka, 2003). The deposit, which is lo-
cated in the northern tectonic block of the Bor pluton, was investigated
by mine workings to a depth of 1250 m over a strike length of more
than 2.5 km. The contact with the Moldanubian high-grade metasedi-
ments was tectonic, comprising several shear structures parallel to the
Zadni Chodov shear zone, which forms the western boundary of the Bor
pluton (Fig. 2). Migmatised biotite paragneiss of the Moldanubian
Varied Group dominates. It contains intercalated quartzites, amphibo-
lites, calc-silicate rocks and crystalline limestones. Dykes and bodies of
amphibole-biotite tonalites and biotite granites cut the paragneiss.

Aplite, pegmatite, and lamprophyre dykes are less frequent, particularly
present above and below large shear zones. Uranium mineralisation
was associated with the N-S trending zones of the Zadni Chodov fault at
the intersection with NW-SE trending fault structures, which form an
NW continuation of the Central fault.

The Zadni Chodov shear zone has been verified to exceed 20 km, its
width in the middle section reaches 500 m, dipping 50-75° to the east.
This dislocation passed northwards into the Eastern shear zone of the
Zadni Chodov deposit (Fig. 3). The shear zones consist of intensely al-
tered and crushed rocks with chlorite-rich and/or clay-mineral-rich
assemblages. Uranium mineralisation occurs in three shear zones (CH-
1, CH-11, and CH-12), and the width of individual shear zones was
highly variable from 30 cm to approximately 1-2.5 m. The total width
of these mineralised shear zones was 50-150 m. High-grade uranium
mineralisation was developed at depths of 440-960 m beneath the
present surface, and the most common uranium minerals were coffinite
(65 vol%), uraninite (25 vol%), and brannerite (10 vol%). The uranium
mineralisation of the main ore stage was dated at 260 * 2 Ma based on
the U-Pb age of uraninite, obtained by isotope dilution-thermal ioni-
zation mass spectrometry (ID-TIMS). The U-Pb age of brannerite is
185 *= 6 Ma (ID-TIMS), and was interpreted as the Mesozoic re-
crystallisation of brannerite during the main ore stage (Ordynec et al.,
1987).
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Fig. 2. Geological map of the Bor pluton (modified by M. René after Holovka and Hnizdo, 1992).

3. Samples and methods

Five representative samples of the mineralised shear zone infill,
located in the lowest part of the uranium deposit (23 level), were stu-
died (ZCH-8, ZCH-31, ZCH-94, ZCH-95, ZCH-102).

The distribution, morphology, and reflectance of carbonaceous
particles were studied and measured on polished sections of rock slabs
oriented perpendicular to banding or foliation of the rock samples. The
morphological types of high-reflecting carbonaceous matter, including
fine granular, lamella-like and dense particles of semi-graphite, gra-
phite, and bitumen were identified in accordance with definitions
outlined in Kwieciriska and Petersen (2004), K¥ibek et al. (2008), Jacob
(1993), and determined by an Olympus BX51 incident light microscope
with Zeiss Photomultiplier MK3, and a Pelcon point counter. Re-
flectance measurements of organic matter were made according to ISO

7404-5 (2009) using a Carl Zeiss Axio Imager M2m incident light mi-
croscope with a cooled CCD spectrometer under the following condi-
tions: oil lenses (magnification of 50 X and 100x), wave length of
546 nm, non-drying oil immersion (n = 1.518). Random reflectance
measurements of lamella-like morphology, dense particles and the fine
granular forms of carbonaceous matter (R,; in %) were made in normal
light while measurements of maximum (Ryay in %) and minimum
(Rpin; in %) reflectance were performed in polarized light using yt-
trium-aluminium-garnet (R = 0.900%), gadolinium-gallium-garnet
(R = 1.717%), cubic zirconia (R = 3.12%), and stroncium-titanate
(R = 5.41%) reflectance standards.

Rock-forming and uranium minerals were analysed in polished thin
sections using a CAMECA SX 100 electron microprobe operated in
wavelength-dispersive mode. The accelerating voltage and beam cur-
rents were 15 kV and 15nA, with a 2 uym beam diameter. Calibrations
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Fig. 3. Schematic geological cross-section of the Zadni Chodov uranium deposit (modified by M. René after Novéak and Paska, 1983).

were carried out using standard sets from SPI Supplies. The raw data
were corrected using PAP matrix corrections (Pouchou and Pichoir,
1985). For chlorite thermometry, the six-component chlorite solid so-
lution model of Walshe (1986) was used.

Whole-rock samples enriched in clay minerals were chosen to
sample the clay mineral fraction. The fraction of clay minerals below
4 um was prepared using a conventional sedimentation method. X-ray
diffraction (XRD) analyses of clay minerals were obtained on randomly
oriented and sedimented samples that were air-dried, untreated, ethy-
lene glycol solvated and heated (500 °C, 700 °C) using a Bruker D8
Discover diffractometer with CuKa radiation (40 kV, 40 mA), Ni filter
standard set, canning speed 1°/min, step size 0.02 and spreading be-
tween 3 and 35° 20 for oriented samples.

Raman spectra were measured using a Thermo Scientific DXR
Raman microscope equipped with a 532 nm line laser. An optical
camera was used to examine locations of interest on polished samples.
The spot size of the laser focused using the 50 X objective was ~ 1 pm
in diameter. A laser power of 10 mW was used to obtain high quality
Raman spectra allowing the production of spectral maps. Scattered light
was analysed by a spectrograph with holographic grating (400 lines per
mm) and a pinhole width of 50 um. The acquisition time was 1 s. Four
accumulations were added together to obtain a spectrum. A 1 uym step
was selected for microspectroscopic surface mapping using the OMNIC
Atlus imaging software program (Thermo Fisher Scientific) and 7040
spectra were obtained from an area of 80x88 um. From the measured
spectra, correlation 2D maps were calculated on the basis of spectral
features of individual spectra in the map compared with spectral
characteristics of a chosen standard. A clean component is usually used
as the standard but in the case of this study, a characteristic mixture of
components forming individual layers, grains or surrounding matrix
was used (e.g. chlorite, hydroxyapatite, graphite). The spectra were

fitted with a mixed Gauss-Lorentz function.

Structural parameters of carbonaceous matter were characterised by
the first-order Raman spectra of samples, where two prominent features
dominated. The G band corresponds to stretching vibrations of the Eyg
mode in graphitic aromatic layers. The D1 band was assigned to the
graphite lattice A;; mode and is connected with planar defects between
the basic structural units or the presence of heteroatoms (Tuinstra and
Koenig, 1970). Positions, full width at half maximum (FWHM) and the
intensity ratio of both bands are parameters that can describe the
structure of a carbonaceous material. The D and G bands of carbonac-
eous matter were curve-fitted using the Lorentzian function, and FWHM
of the D band, the R1 (Ip/Ig) intensity ratio and R2 (Ap/(Ap + Ag))
area ratio were used as parameters proportional to the degree of gra-
phitization of carbonaceous samples (Tuinstra and Koenig, 1970;
Ferrari and Robertson, 2000).

The samples were crushed to a grain size less than 0.1 mm, dried
and powdered before chemical analyses. The elemental organic com-
position was determined using a CHNS/O, Thermo Finnigan Flash FA
1112 microanalyser. Total organic carbon (TOC) was determined by
elemental analysis after elimination of inorganic carbonates using 1 N
HCI heated to 80 °C.

The powdered samples (about 12 g) were Soxhlet-extracted (Biichi
B-811) with dichloromethane and methanol (1:1 v/v) for 6 h. Elemental
sulphur was removed by addition of activated copper sheets to the flask
for 8 h. The extracts were filtered through a glass fibre filter and con-
centrated using a Christ RVC 2-18 rotator evaporator. The total extracts
were redissolved in 1.5 ml dichloromethane and methanol (1:1 v/v).
Due to the low contents of organic carbon, the extracts were not further
separated into fractions of saturated and aromatic hydrocarbons, and
the whole extract was analysed by GC/MS.

GC/MS analyses were performed on a Trace GC Ultra - DSQ II
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system (ThermoScientific) fitted with a DB-5 capillary column (30 m,
0.25 mm inner diameter, 0.25 um film thickness). The GC operating
conditions were as follows: 36 °C held for 2 min, then ramped at 15 °C/
min until 120 °C, ramped at 6 °C/ min until 250 °C, ramped at 12 °C/
min until 300 °C and then held for 6 min. Samples (1 pL) were injected
in splitless mode with the injector temperature at 220 °C. Helium was
used as the carrier gas. The MS was operating in the electron impact
mode at ionisation energy of 70 eV. Mass spectra were obtained by
scanning from 45 to 650 amu in full scan mode. Data were acquired and
processed with Xcalibur software (Thermo Electron). Individual com-
pounds were assigned from retention time and identification of com-
pounds was based on comparison of standard spectra from the National
Institute of Standards and Technology mass spectral library.

4. Results
4.1. Petrography of metasediments

Metasediments from the Zadni Chodov uranium deposits consisted
predominantly of partly migmatised biotite paragneisses, sillimanite-
biotite paragneisses, biotite quartzitic paragneisses and cordierite-bio-
tite paragneisses. The dominant biotite and quartzitic biotite para-
gneisses were medium- to fine-grained rocks, containing quartz, plagi-
oclase, biotite, and K-feldspar. The amount of anorthite in the
plagioclases from these high-grade metamorphosed sediments ranged
from An,, to Angs. Garnet was found occasionally, and accessory mi-
nerals were represented by apatite, ilmenite, zircon, monazite, titanite,
and xenotime.

4.2. Petrography of altered metasediments

Four major stages of alteration of metasediments can be dis-
tinguished, namely pre-ore, syn-ore and two post-ore stages (Mrazek
and Fiala, 1979; Fig. 4).

The pre-ore stage in high-grade metamorphic rocks is associated
with the formation of shear zones. The appearance of shear zones is
accompanied by the accumulation of organic matter and/or clay mi-
nerals together with chloritisation of original biotite (chlorite I). In the
fine-grained infilling of shear zones, chlorite I (Fe/
(Fe + Mg) = 0.30-0.67) dominated over illite. Together with chlor-
itisation of biotite muscovite I, hematite, anatase and/or very rare
broockite developed. Original plagioclase was albitised (albite I,
Ang o_9.9), and monazite was partly altered into Th-depleted monazite
and thorite.

During the syn-ore stage, chlorite II, apatite, coffinite, and bran-
nerite appeared. Chlorite II (Fe/(Fe + Mg) = 0.12-0.33) formed well
crystallised aggregates in the fine-grained infilling of the shear zones.
Apatite appeared in relatively large irregular grains in this fine-grained
infilling of chlorite and clay minerals. In some cases, during the ore
stage, very fine veinlets of quartz I developed.

The post-ore quartz stage is related to the origin of small veins and
veinlets of uraninite II and quartz II. During the post-ore carbonate
stage, calcite, dolomite, and ankerite appeared, together with a small
amount of sulphides (pyrite, chalcopyrite, galenite, and sphalerite) and
selenides (e.g., clausthalite, poubaite, nevskite).

4.3. Chlorite thermometry

The authigenic chlorite data (chlorite II) were used to calculate the
temperature of alteration during the syn-ore stage. The chlorite II
crystal chemistry indicates that the temperature ranged from 122 °C to
258 °C.

4.4. Composition and Raman microspectroscopy of brannerite

In the Zadni Chodov ore deposit, especially in samples from the
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lowest level 23, uranium mineral of the highest economic interest was
brannerite. The brannerite occurred as needle crystal aggregates and/or
irregular grains. Larger brannerite grains were usually heterogeneous,
metamictised and, on the rim, altered into Ti-enriched brannerite and
anatase. Smaller brannerite grains were often entirely altered into Ti-
enriched brannerite and anatase (Fig. 5). The composition of re-
presentative unaltered and partly altered brannerite samples is shown
in Table 1.

The range of unaltered and/or partly altered brannerite, based on
all analyses obtained in this study, indicate that it contained
32.1-38.3 wt% TiO,, 1.9-34.4 wt% UO,, 17.4-34.4 wt% UOs;,
0.0-2.8 wt% ThO,, 0.9-4.5 wt% CaO, 0.0-1.4 wt% PbO, 0.0-0.02 wt%
Nb,Os, 0.0-1.4 wt% SiO;, 0.0-0.5 wt% Al,03, 0.7-2.2 wt% FeO,
0.2-2.2 wt% Y503, 0.1-0.5 wt% ZrO, and 0.0-0.2 wt% REE,Os3. The
highly altered brannerite was depleted in U and enriched in Ti, Si, and
Al. The chemical formula of brannerite was initially calculated from the
microprobe analyses by normalisation to 6.0 oxygens. On this basis,
total cations commonly exceeded the ideal value of 3.0, indicating that
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Fig. 5. Back-scattered electron microscope images of brannerite (Brn), altered
brannerite (Abrn), and anatase (Ant) enclosed in fine-grained chlorite (Chl).

Table 1
Representative analyses of brannerite in sample ZCH-8 (Zadni Chodov, level 23,
gallery V-23).

wt% 22 24 25 27 28 29 31 33

U0, 28.16 3432 28.63 3438 2568 29.44 2850 28.98
U03 25.72 19.08 25.44 21.20 27.22 26.38 26.40 25.44
ThO, 0.24 0.11 0.01 0.06 0.04 0.04 0.19 0.14
TiO, 38.33 37.57 37.33 3746 3739 36.73 36.45 37.38
FeO 1.63 1.84 1.28 1.67 1.78 2.02 1.48 1.97
CaO 2.92 2.74 2.72 2.70 2.96 2.50 2.99 3.27
MnO 0.49 0.39 0.45 0.38 0.48 0.47 0.42 0.47
SiO, 0.02 0.06 0.24 0.01 0.05 0.02 0.61 0.30
71Oy 0.49 0.35 0.18 0.05 0.29 0.08 0.19 0.33
Scp03 0.83 0.36 0.23 0.23 0.35 0.31 0.28 0.22
Nb,Os  0.05 0.04 0.11 0.06 0.06 0.09 0.15 0.06
Al,03 0.00 0.00 0.00 0.00 0.01 0.00 0.29 0.03
PbO 0.03 0.00 0.00 0.00 0.01 0.02 0.05 0.00
Ce,03 0.23 0.20 0.25 0.25 0.47 0.25 0.28 0.25
Pr,03 0.16 0.00 0.02 0.03 0.16 0.05 0.04 0.04
Nd,O;  0.10 0.16 0.35 0.36 0.71 0.17 0.15 0.43
Smy;03  0.20 0.15 0.24 0.15 0.27 0.14 0.16 0.21
Gd,0; 0.10 0.20 0.15 0.08 0.14 0.09 0.24 0.08
Tb,03 0.00 0.02 0.05 0.04 0.00 0.01 0.03 0.00
Dy,0s  0.06 0.00 0.22 0.17 0.17 0.13 0.04 0.04
Ery03 0.00 0.03 0.00 0.07 0.02 0.08 0.10 0.11
Yb,0;  0.01 0.02 0.09 0.11 0.06 0.01 0.05 0.07
Y203 0.30 0.42 0.51 0.44 0.51 0.44 0.40 0.41

Total 100.07 98.06 98,50 99.90 98.83 99.47 99.49 100.23
apfu

utt 0.41 0.52 0.43 0.51 0.38 0.44 0.42 0.41
uet 0.34 0.26 0.36 0.29 0.37 0.38 0.37 0.34
Ti** 1.84 1.87 1.84 1.85 1.82 1.81 1.78 1.81

Fe?* 0.09 0.10 0.07 0.09 0.10 0.11 0.08 0.11
ca?* 0.20 0.19 0.19 0.19 0.21 0.18 0.21 0.23
Mn?* 0.03 0.02 0.02 0.02 0.03 0.03 0.02 0.03
Si*t 0.00 0.00 0.02 0.00 0.00 0.00 0.04 0.02
7rt* 0.02 0.01 0.01 0.00 0.01 0.00 0.01 0.01

Sc3+ 0.05 0.02 0.01 0.01 0.02 0.02 0.02 0.01
AP 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00
ce’* 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.01
Nd** 0.00 0.00 0.01 0.01 0.02 0.00 0.00 0.01
Sm3* 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.00
Gd** 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00
Y3+ 0.01 0.01 0.02 0.02 0.02 0.02 0.01 0.01
(0] 6 6 6 6 6 6 6 6

a significant amount of U must be in a higher valence state that the
assumed U**state. Therefore, the analyses were re-normalised to 3.0
cations and the amount of U®*necessary to provide charge was re-
calculated.

To analyse this very complex material thoroughly, Raman mapping
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microspectroscopy was appropriate because the measurement step is of
the order of microns. Correlation 2D maps, describing the distribution
of the present mineral phases and carbonaceous matter, were created
for a grain of about 40x80 um in size (specifically sample ZCH-8). From
the four characteristic Raman spectra (Fig. 6) and the micro-
photography of the mapped grain with phase correlation maps (Fig. 7),
one can get an idea of the complex structure of the brannerite grain and
its surroundings, about the distribution of individual mineral phases in
the grain layers, and the layer thickness.

The outer annular rim, about 3-4 um wide, which forms the upper
envelope of the grain (spectrum and map A in Figs. 6 and 7) is com-
posed of anatase (147, 200, 395, 517 cm ™ 1), brannerite (162, 323, 565,
594, 675 cm ™~ '), and carbonaceous matter (1587, 1358 cm,_1 not
shown in spectra). Positions and half-widths of the bands corresponded
well with those of Zhang et al. (2013) (Table 2).

Between the core and the outer grain layer, there was a thinner
layer, about 1-2 pm wide (spectrum and map B in Figs. 6 and 7),
formed by a relatively amorphous brannerite with broad bands of Ti-O
and U-O stretching vibrations. Brannerite was partially oxidized and
contained UO,2* cations (814, 876 cm ™). The relatively intense band
at 247 cm ™! was probably caused by U-O modes of non-stoichiometric
uranium oxide.

The grain core (spectrum and map C in Figs. 6 and 7) consists of a
mixture of amorphous brannerite with UO,>", UO, 15, and TiO, (ana-
tase). The spectrum and map D in Figs. 6 and 7 describe the occurrence
of crystalline brannerite, which contained highly graphitized carbo-
naceous material.

In addition to the mineral phases described above, further phases
were found in the surrounding matrix and also partly in the grain. The
dominant phase surrounding and intervening in the grain was chlorite
(Fig. 8A and C). The spectrum exhibited bands characteristic of asym-
metric (1002 cm ') and symmetric (681 cm ™ 1Y) Si-0-Si stretching and
Si-O bending (550, 432, 357 cm ™ ') modes. The bands at 432, 357, 293,
203, 137 and 102 cm ™' were assigned to translational Me-O modes
(Gopal et al., 2004). The hydroxyapatite content (Ca;o(PO4)s(OH)>)
(Fig. 8B) was relatively low, and the Raman spectrum (Fig. 8D) showed
an intense sharp symmetrical vibration band of the PO, group at
965 cm ™', The bands at 1043, 1053 and 1149 cm ™! belonged to the
antisymmetric stretching vibrations of PO4 or symmetric CO3 stretching
modes. Bending vibrations of PO, were found at 591, 582 and 431 cm !
and lattice modes about 140 cm ™! (Wopenka and Pasteris, 2005).
Furthermore, small amounts of brookite (rutile was not detected) and
pyrite were identified in the matrix by Raman spectroscopy.

4.5. Carbonaceous matter

The samples of altered high-grade metasediments (ZCH-8, ZCH-31,
ZCH-94, ZCH-95 and ZCH-102) contained only small amounts of
minute carbonaceous particles with random reflectance changing be-
tween 3.39% and 7.33% (Table 3). Carbonaceous particles, ranging in
size from about 1 um to about 200 um, occurred along microscopic
cracks and gaps between the crystals and grains of minerals. In samples
ZCH-31 and ZCH-95, the irregular clumps around microscopic cracks
were much larger. Three types of high-reflecting carbonaceous particles
were distinguished according to their morphologies and reflectance
values.

Type I particles (Table 3) were fine-grained, irregular or elongated
bodies with an average size-length up to 10 pm. They filled micro-
cracks in the form of thin lines, or formed irregular aggregates that
were dispersed in the inorganic matrix (Fig. 9A). Maximum reflectance
values were often difficult to obtain due to the small particle size.
However, average Ryax values ranged between 2.62% and 5.88%,
which corresponded to the anthracite, meta-anthracite, and rare gra-
phite stage.

Type II particles were of elongated and lamellar shapes, commonly
arranged parallel to the shear and in contact with two mineral phases
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Fig. 6. Raman microspectra from points selected in the map of grains: A — (rim with a thickness of 3-4 um) anatase, traces of brannerite and carbonaceous material; B
- (layer 1-2 pm between the core and the outer grain layer) amorphous brannerite - UO,>*, uraninite; C — (grain core) anatase, amorphous brannerite - UO,>*,
uraninite; D - (area to the north of the grain) highly crystalline brannerite with carbonaceous material. A list of spectral bands and their assignments is shown in

Table 2.

Fig. 7. Photomicrograph of the analyzed grain (left) with 2D correlation maps (A-D) of mineral phase distributions. Bran — brannerite, An — anatase, Ap — hy-
droxyapaptite, Carb — carbonaceous matter. Subscripts refer to relevant maps and spectra. Maps A, B, C, and D correspond to the spectra in Fig. 6.

(Fig. 9 B and C). Their level varied from 20 to 60 vol% (Table 3).
Particles up to 50 pm in size were commonly found in rocks, displaying
metamorphic foliation (well-developed metamorphic structure), in
which they formed 20-50 vol% of carbonaceous matter (samples ZCH-
102 and ZCH-95). Particles larger than 50 pm (up to 200 um) form up
to 2 vol% in sample ZCH-31 and 23 vol% in sample ZCH-95. Particles
greater than 50 pm in size were not detected in sample ZCH-102.
Particles of Type II had average maximum reflectance R, values from
3.58 vol% to 9.98 vol%, higher than Type I particles (Table 3), and they
were variably anisotropic, from isotropic anthracite to optically

anisotropic graphite, which was accompanied by increased differences
between Ry.x and Ry, (bireflectance) (Taylor et al., 1998). Type II
represents a mixture of carbonaceous particles of the anthracite to
meta-anthracite transition stage, particularly in samples ZCH-8 and
ZCH-102, particles of the semi-graphite transition stage, characterized
by an R;,,,x between 6 vol% and 9 vol% and crystalline graphite laminae
with an Ry,x over 9 vol%, dominated in samples ZCH-94 and ZCH-95.
They occurred separately (Fig. 9B and C) or formed aggregates (Fig. 9 D
and E).

Type III represents dense rarely porous carbonaceous particles of
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Table 2
List of Raman spectra bands, their assignment, and comparison with natural and synthetic brannerite data (Zhang et al., 2013).
A B C D Natural brannerite Synthetic Cag 2Ug gFeo.2Ti1 806 Assignment
hem border centre north Zhang et al., 2013
147 145 Eg anatas
152 160 155 Bg Vv*(Ti-0)
162 174 169 183 161 171-184 B, V**(Ti-0)
200 Eg anatas
247 248 UO2.12
265 268 Ag V¥(O-Ti-0)
300 295 279 Ag V¥(O-Ti-0)
323 340 334 340 391 328 Ag V¥(O-Ti-0)
392 388 Ag V¥(O-Ti-0)
395 B, anatas
439 528, 472 432, 482 v(Fe-O)
517 Ayg, Blg anatas
536 536 530 533 Ag V¥(O-Ti-0)
565, 594 574 Ag V¥(O-Ti-0)
609 607 643, 607 624 650 By v**(Ti-0)
636 E, anatas
675 673 673 691 693 v(U-0)
749 743 742 743 s 771 Ag V¥(O-Ti-0)
814 812 803 824 832 v,(U-0) U0,
876 864 vy(U-0) U0,**

irregular shape, with high-reflecting (Rpmax = 3.34-7.15%), partly op-
tically anisotropic, variable isometric or elongated particles of semi-
graphite and solid bitumen (impsonite). They occurred in small veinlets
(Fig. 9F) in altered rocks and in quartz veins, particularly in samples
ZCH-10, ZCH-31 and ZCH-8, in which the lowest R..x values were
found (Table 3).

The first-order Raman spectra of samples were dominated by two

prominent features similar to those of disordered carbonaceous matter.
Carbonaceous material was found both in the anatase upper envelope of
the analysed grain and in the surrounding matrix. The graphite lamellae
of Type II in sample ZCH-95 with average maximum reflectance values
Rimax 9.98% (Table 3) showed the highest degree of graphitization. The
Raman spectrum (Fig. 10, upper) of graphite particle with 9.65% Rax
contained three intense sharp bands at 1350 (D1), 1581 (G) and 1623

Raman Intensity (cps)

600 800

400
Raman shift (cm-1)

10001 965 D
& 800
= .
5 600 1043
= !
§ 400 1093
§ v 1149

Raman shift (cm-1)

Fig. 8. 2D correlation maps and Raman spectra of chlorite (left) and hydroxyapatite (right) and their 2D correlation maps of occurrence in the grain.
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Table 3

Ore Geology Reviews 120 (2020) 103428

Random, maximum, and minimum reflectance values of carbonaceous particles and composition of their morphological types (R, - random reflectance of all
measured carbonaceous particles in normal light; o — standard deviation; Ryay, Rmin —average values of maximum and minimum reflectance of three morphological
types of carbonaceous particles measured in polarized light; X* — reflectance values of solid bitumen measured in polarized light).

Sample R; (%) o Composition of morphological types (vol.%) Reflectance of Type I Reflectance of Type II Reflectance of Type III
Type I Type 1I Type III Rumax (%) Rnin (%) Rmnax (%) Rnin (%) Rmnax (%) Rmnin (%)
ZCH-8 3.75 0.33 54.0 38.8 7.2 2.62 2.50 4.51 2.14 3.67 2.50
ZCH-31 5.68 0.49 56.7 33.3 10.0 4.30 2.22 7.37 1.97 6.01 2.10
ZCH-94 6.75 0.42 37.7 60.0 2.3 5.78 2.05 9.25 1.90 6.65 2.07
ZCH-95 7.33 0.47 28.1 67.1 4.8 5.88 2.02 9.98 1.85 7.15 1.91
ZCH-102 3.39 0.27 71.5 20.2 *8.5 3.05 2.48 3.58 2.20 *3.34 *2.58

(D2) em ™. Band D2, related to disorder inside the graphite planes
(E2g), cannot be distinguished in Raman spectra of substances with a
lower degree of graphitization, and only a G band at ~ 1600 cm ™' was
found in the spectrum of semi-graphite (sample ZCH-8, Fig. 10 bottom).
Much larger values of FWHM-D1, which ranged from 100 to 260 cm ™,
were also apparent from the spectrum, over graphitic lamella with half-
widths of about 42 cm ™.

The typical structural parameters are shown in Table 4, where the
components are ranked according to the increasing degree of graphi-
tization, expressed on the decreasing half-widths of the strip D1
(FWHM-D1), which is a suitable structural parameter for evaluating
coal (Sykorova et al., 2016; Hinrichs et al., 2014). The lowest degree of
graphitization exhibited a carbonaceous matter that was dispersed in
the anatase envelope of brannerite/uraninite grains and had an FWHM-
D1 of 260 cm ™. A slightly lower average value was also exhibited by
carbonaceous matter that was unevenly distributed around the grain as
is seen from the 2D distribution correlation map of the graphite mate-
rial (Fig. 11).

4.6. Organic extract analysis

The samples contained 0.0001-0.02% of extractable matter that
corresponded with the low total organic carbon and hydrogen contents
(Table 5).

In the extracts, n-alkanes were the main constituents, ranging from
n-Cy¢ to n-Coy (Fig. 12), and two types of n-alkane distribution were
distinguished. The first type showed dominant long-chain n-alkanes
with a maxima at n-Co4.0¢, and the second type with predominantly
middle-chain n-alkanes with a maxima at n-Cy; (Fig. 13). Except for
sample ZCH95, all extracts revealed a secondary maximum at n-C;g
within the distribution for short-chain n-alkanes. Alkenes and acyclic
isoprenoids, including pristane (Pr), phytane (Ph), and squalene, fatty
acids and their esters, and diterpenoids including fichtelite (18-nor-
abietane), 18-norabieta-8,11,13-triene, totarol (14-iso-
propylpodocarpa-8,11,13-trien-13-diol) and retene, were also identified
in the extracts (Table 6).

5. Discussion

5.1. Origin of mineralised shear zones and temperatures of hydrothermal
alteration

The origin of shear zones is compatible with N-S dextral kinematics.
These zones of brittle deformation are associated with phyllosillicate-
and organic matter-rich coherent and incoherent cataclastites and fault
breccias, from 30 cm to aproximately 1-2.5 m in thickness.

The pre-ore stage was characterised by widespread chloritisation,
argillisation, and hematitisation of highly metamorphosed sediments.
In comparison to the French deposits (Poty et al., 1986), the altered
high-grade metasediments from the western part of the Bohemian
Massif (Zadni Chodov, Wildel/Méhring, e.g., Dill 1985, 1986) are
characterised by higher activities of Mg-rich solutions and by younger

carbonatisation. The lower Fe/Fe + Mg ratio of chlorites from uranium
deposits in the western part of the Bohemian Massif (this paper and
Hecht et al., 1991), when compared to the Massif Central (e.g.,
Cathelineau, 1986), is related to higher activity of the Mg-rich fluids in
the study area. According to Dill (1986), the sources of Mg can be
traced back to carbonates and calcium-silicate rocks of the Moldanu-
bian Zone.

The temperature of the ore stage could be estimated from chlorite
thermometry, applied to chlorite II, yielding a range from 122 °C to
258 °C. Similar temperatures were found for uranium mineralisation at
the Hebanz uranium deposit, occurring in the Fichtelgebirge pluton
(Hecht et al., 1991). Temperatures in the post-ore quartz stage, esti-
mated from fluid-inclusion thermometry in the Zadni Chodov and
Vitkov II uranium deposits in the Bor pluton, suggest that significant
temperature fluctuations, from 66 °C to 260 °C, occurred during the
post-ore stage (Topp, 1993).

5.2. Brannerite

The occurrence of brannerite in the Zadni Chodov uranium deposit
and related uranium deposits in the Bor pluton area were significant
(René and Dolnicek, 2017). Brannerite is not found in other Variscan
uranium deposits in the Bohemian Massif, nor in similar vein-type ore
deposits in France. Brannerite has been found in aceite-hosted uranium
deposits in the Mount Isa uranium district, Queensland, Australia
(Polito et al., 2009; Wilde et al., 2013), and similar uranium occur-
rences have been reported in Aricheng South, Guyana (Alexandre,
2010), in giant iron-oxide copper-gold-silver uranium deposits at
Olympic Dam, South Australia (Macmillan et al., 2017), and in the
metasomatised metasedimentary rock series of the Central Ukrainian
uranium province (Cuney et al., 2012).

The chemical composition of brannerite is nominally UTiyOg.
However, in brannerite from the hydrothermal uranium deposits, ur-
anium may be replaced by Ca, Th, Y and REE, while Si, Al and Fe can
replace titanium as a result oxidation and partial hydration (Smith,
1984). The presence of Pb in its structure is mainly due to the decay of
U. Brannerites from metasomatic uranium deposits of the Central Uk-
rainian uranium province are enriched in Si and Ca (Cuney et al.,
2012). The unaltered brannerite from the Zadni Chodov uranium de-
posit, in comparison to brannerite from the uranium deposits in Aus-
tralia and Guyana, was depleted in Si and Al. Uranium in the ideal
brannerite is tetravalent U** Ti,Og, while it is partially oxidized to the
hexavalent cation UO,2* in natural brannerite.

Raman spectroscopic studies of brannerite are very rare and were
performed only on samples from the Olympic Dam uranium deposit
and/or brannerite from granitic pegmatite (Sierra Albarrana region,
southern Spain) (Frost and Reddy, 2011; Charalambous et al., 2012;
Zhang et al., 2013).

In this study, three structural layers were distinguished in the grains
of brannerite and were not separate mineral phases, but mixtures of
anatase, carbonaceous matter and brannerite itself. Towards the inside
of the grain, brannerite was more amorphous and was partly oxidized,
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(b)

Fig. 9. Reflected light photomicrographs, showing characteristic types of dispersed carbonaceous matter from sediments in Zadni Chodov (oil immersion, polarized
light). A: Type I particles with lines of fine-grained elongated particles (sample ZCH-31). B: Type II particles with lath-shaped carbonaceous matter (sample ZCH-95).
C: Type II particles with lath-shaped anisotropic carbonaceous particle (graphite) (sample ZCH-95). D: A cluster of large lamellar semi-graphitic and graphitic
particles of Type II (sample ZCH-94). E: Aggregate of mineralised and porous matter of lath-shaped particles Type II and Type III, formed by dense particles of meta-
anthracite stage (sample ZCH-31). F: Irregular filling of a crack in the mineral phase with solid bitumen (impsonite) (sample ZCH-102).

containing UO,?*. The specific band at 247 cm ™! indicates non-stoi-
chiometric uranium oxide UO, ;5 (Manara and Renker, 2003). The
matrix around the grain (and partly inside of it) was composed of
chlorite, hydroxyapatite, and carbonaceous matter. Pyrite and brookite
were detected only locally.

Low Pb contents and presence of uraninite in the grain core, or
between the core and the outer grain layer, imply later deposition of
brannerite. It could be a product of a later uranium mineralizing event
or may have been precipitated during a later-stage hydrothermal ur-
anium event that involved dissolution with reprecipitation of already
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precipitated uraninite.

5.3. Composition and origin of the carbonaceous matter

Previous studies suggested that carbonaceous matter is generally
more sensitive to tectonic shear strain than clay minerals (Robert, 1988;
Arkai et al., 2002; Suchy et al., 2007). It should be remembered that
clay minerals and inorganic components in general are involved in the
graphitization of carbonaceous substances, as summarized by
Rodrigues et al. (2012). In the experimental multi-stage and high-
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Fig. 10. Raman spectra of graphite lamella (top) of sample ZCH-95, and car-
bonaceous particle with lower graphitization (bottom) of ZCH-8 (structural
parameters are in Table 4).

temperature graphitization of anthracites up to 2500° C, catalytic ef-
fects of the mineral matter were found. Not only the content, type and
distribution of minerals in the original materials but also the newly
formed mineral phases, such as carbides with such elements as Fe, Al, K,
Si, Ti, can enhance the graphitization of anthracites (Rodrigues et al.,
2012). The optical microscopic investigation of altered high-grade
metasediments and infills of samples showed a mixture of various types
of dispersed carbonaceous matter with contrasting optical reflectance
values and limited solubility in organic solvents that reveal varying
thermal transformation. Highly matured, semi-graphitic and graphitic
particles coexisted, being mixed within the samples. Fine-grained car-
bonaceous particles of Type I dominated in samples ZCH-8, ZCH-31 and
ZCH-102 showed somewhat lower reflectance values and a degree of
structural ordering that correspond to the anthracite and meta-an-
thracite stage, according to Kwiecifiska and Petersen (2004). These
Type I particles represent original carbonaceous matter, dispersed in
the meta-sediments, and prevail in samples with preserved sedimentary
structures.

Type II carbonaceous particles, abundant in samples ZCH-94 and
ZCH-95, consisted of two populations. The first population (Ry.x less
than 9 vol%; Table 3) corresponded to the meta-anthracite and semi-
graphite stages described by Kwiecifiska and Petersen (2004). Optically
similar, very thermally mature carbonaceous materials have been de-
scribed as “transitional matter” (Diessel and Offler, 1975), “poorly or-
dered graphite” (Kiibek et al., 1994) or “material of transitional phase”
in the stage of coalification — graphitisation (Kwieciniska and Petersen,

Ore Geology Reviews 120 (2020) 103428

2500
2000

1500+

Raman Intensity (cps)

1000

500,

1400 1600 ~ 1800

Raman shift (cm-1)

1200

~ 1000

Fig. 11. Distribution 2D correlation map of graphitic material and its Raman
spectrum.

Table 5

Total carbon content, total organic carbon content, hydrogen content, uranium
content in bulk samples, pristane/phytane (Pr/Ph) ratio, pristane to n-C;, al-
kane (Pr/n-C;;) and phytane to n-C;g alkane (Ph/n-C;g) ratios. d_ dry basis;  —
total.

¢ TOC  H¢ U Pr/Ph  Pr/n-C;;  Ph/n-Cyg
wt% wt% wt% ppm
ZCH8 017 015 155 1290  0.06 0.14 0.45
ZCH31 017 014 079 22 0.16 0.17 0.39
ZCH94 077 057 1.43 735 0.40 0.31 0.52
ZCH95 3.91 0.8 123 77 0.13 0.34 0.55
ZCH102 1.62 114 112 25 0.30 0.54 0.33

Table 4

Structural parameters obtained by Raman spectroscopy: Ry = Ip;/Ig, R = Ap1/(Ap1 + Ag + Aps), where I and A are intensities and areas of respective bands).
Sample D, position FWHM-D; G position FWHM-G Ry Ry

em™?! cm™?! cm™?! em™!

ZCH8 graphite in anatase 1358 260 1587 104 0.920 0.690
ZCHS8 grain surrounding 1353 257 1598 75 0.755 0.721
ZCH8 graphite 1340 244 1599 56 0.611 0.638
ZCH8 graphite fine-grained 1338 240 1601 51 0.639 0.630
ZCHS8 graphite in brookite 1350 209 1598 69 0.650 0.559
ZCHS brannerite (north) 1365 195 1599 86 0.850 0.640
ZCH8 graphitic lamellae 1348 100 1585 53 1.310 0.710
ZCH95 graphitic lamellae 1350 42 1581 21 0.990 0.657
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Fig. 12. Total ion chromatograms of the sediment extracts. The identified compounds are listed in Table 6: ll = n-alkanes, [] = alkenes, O = fatty acid esters,

v = terpenoids, @ = fatty acids, Pr = pristane, Ph = phytane, S = squalene.

2004). The present results show that Type II particles were formed ei-
ther in situ by solid state transformation of Type I particles or by crys-
tallization from metamorphic fluids according to Wopenka and Pasteris
(1993). They distinguished syngenetic graphite formed through the
metamorphic evolution of carbonaceous matter dispersed in the sedi-
ments and epigenetic graphite, originating from precipitation of solid
carbon from carbon-saturated C-H-O fluids.

The second population of Type II particles represents crystalline
material with strong optical anisotropy and the highest degree of gra-
phitization, according to Raman spectroscopic parameters. Similar
carbonaceous matter as Type II from the Zadni Chodov ore deposit was
described by Kribek (1981, 1989) and Kribek et al. (2009) from the
RoZné and Dylen uranium deposits. However, they found a low degree
of graphite crystallinity in these deposits that can be explained by its
oxidation during hydrothermal processes: oxidation leads to destruc-
tion of the graphite, i.e., a gradual splitting off of graphite lamellae,

25 4

Relative abundance (%)

reflected in a decrease in its crystallinity (Volkenstein, 1960; Rudorff
et al., 1963; Pauling, 1966).

Optically and morphologically similar carbonaceous matter as Type
II particles were also described by Suchy et al. (2007) in the Neopro-
terozoic shales of the Tepla-Barrandian Zone, by Kiibek et al. (2008) in
Paleoproterozoic black shales of the Kaya-Goren greenstone belt (Bur-
kina Faso), and by Kiibek et al. (2015) in Paleoproterozoic gold de-
posits in West Africa. Ziegenbein et al. (1989) found that the metase-
diments from the KTB borehole in Bavaria (Germany) contained two
types of graphites: finely distributed graphite in paragneisses and ob-
vious enrichment of graphite in fault zones. Occurrence and crystal-
linity of this graphite occurrence was extensively discussed (e.g.,
Walther and Althaus, 1988; Ziegenbein and Johannes, 1990; Reutel,
1992; Dill et al., 2019), and it was concluded that graphite accumula-
tions in shear zones evolved in high-grade metasediments, originating
from accumulations of carbon from the gas phase, according to the

16 17 18 19 20 21

22 23 24 25 26 27 28

Carbon number of n-alkanes

—0—ZCH8 —©—ZCH31 —4A—ZCH9 —&—ZCH9 —%—ZCH102

Fig. 13. The relative n-alkane distributions within sample extracts (using selected ion monitoring m/z 85).
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Table 6
The compounds identified in the sample extracts.

Ore Geology Reviews 120 (2020) 103428

RT Compound MW Formula Relative abundances (%)

(min) ZCH6 ZCH8 ZCH25 ZCH40 ZCH94 ZCH95 ZCH102A
] 20.3 n-Cy¢ alkane 226 Ci6Ha4 5.7 8.0 1.4 1.3 1.6 1.2
le) 20.5 dodecanoic acid, 1-methylethyl ester 242 C15H3002 2.6 0.5
[ ] 22.2 n-Cy; alkane 240 Cy7H36 5.1 6.8 25.6 9.8 10.0 5.7 5.6
Pr 22.2 pristane 268 Ci9Hao 3.7 0.9 3.9 2.9 0.7 7.2 2.1
O 22.6 benzoic acid, 2-ethylhexyl ester 234 Cy5H220- 13.3 3.7
[ 23.2 tetradecanoic acid 228 C14H50, 12.6
[ ] 23.8 n-Cyg alkane 254 CygHsg 17.2 14.8 49.3 70.6 20.3 17.5 19.8
Ph 23.9 phytane 282 CooHaz 7.7 6.6 10.8 12.8 3.8 13.0 6.5
O 25.2 Cyo alkene 242 C16H340 79.3
[ ] 25.6 n-Cqo alkane 268 Ci9Hyo 25.3 10.3 43.4 335 16.3 25.1 25.8
(@) 25.8 hexadecanoic acid, methyl ester 270 C17H340, 83.5 4.6 27.9 15.8 71.3 2.4
o 26.3 hexadecanoic acid 256 C16H3202 62.1 19.3 27.4
O 27.0 Cyo alkene 280 CyoHao 24.1
[ ] 27.1 n-Cyo alkane 282 CooHaz 345 14.7 72.8 57.4 20.9 36.2 46.8
(o) 27.5 hexadecanoic acid, 1-methylethyl ester 298 C19H3505 85.1 62.9 15.5
v 27.9 fichtelite (18-norabietane) 262 C1oHz4 100.0 100.0 38.0
O 28.3 Cy; alkene 294 Cy1Hao 62.1 100.0
v 28.4 18-norabieta-8,11,13-triene 256 CioHopg 11.8 22.3
[ ] 28.7 n-Cy; alkane 296 Ca1Hyy 41.4 18.9 100.0 57.7 20.7 40.5 59.0
(@) 28.8 octadecenoic acid, methyl ester 294 C10H340, 46.0
(@) 29.1 octadecanoic acid, methyl ester 298 C19H3g0, 58.4 22.1 22.8
| ] 30.4 n-Cy, alkane 310 CaoHye 58.6 10.7 75.4 60.9 28.8 56.4 57.8
v 31.2 retene 234 CigHig 13.2
] 31.4 n-Cy3 alkane 324 Ca3Hyg 72.4 14.1 43.1 73.8 43.0 83.1 36.7
v 32.6 totarol 236 CooH300 54.0
[ ] 32.8 n-Cy4 alkane 338 Ca4Hso 86.2 8.7 24.0 87.2 46.2 98.0 19.1
[ ] 33.9 n-Cys alkane 352 CasHsy 86.2 6.2 15.3 87.3 34.2 100.0 11.8
[ ] 34.7 n-Cye alkane 366 Ca6Hs4 94.3 3.4 10.2 98.3 30.6 96.5 8.4
| ] 35.9 n-Cy; alkane 380 Ca7Hse 100.0 5.8 60.1 18.7 90.3 5.6
S 38.3 squalene 410 CsoHsg 91.0 100.0

Peaks were quantified in the TIC mode. Relative abundance normlised to major compound peak = 100.

MW = Molecular Weight.
RT = Retention Time.

reaction: CO, + CH4 — 2C + H,0. This reaction was confirmed by
fluid inclusion studies (Reutel, 1992; Topp, 1993). Heterogeneous as-
semblages of several types of carbonaceous matter with contrasting
thermal maturity were found in the Neoproterozoic samples from the
Tepla-Barrandian Zone, and these were similar to those of prehnite-
pumpellyite- and greenschist-facies metamorphic rocks elsewhere
(Diessel and Offler, 1975; K¥ibek et al., 1994; Suchy et al., 2007). An
important catalytic factor in enabling the process of graphitisation,
oriented tectonic pressure was found in many very low- and low-grade
metamorphic rocks (Diessel and Offler, 1975; Diessel et al., 1978; Suchy
et al.,, 1997). According to Diessel and Offler (1975), graphitisation
begins within the chlorite zone of the greenschist facies and is complete
before the beginning of the amphibolite facies at temperatures from
380° to 450 °C and pressures between 2 x 10® Pa and 3 x 10% Pa.
Graphite was also recognised in some high-grade metasediments from
the Tepla-Barrandian Zone and interpreted in terms of allochtonous
detrital components (Jehlicka and Rouzaud, 1990; Jehlicka and Bény,
1992). Suchy et al. (2007) assumed that most graphite particles in these
Neoproterozoic sediments are actually newly formed autochthonous
components rather than detrital fragments. Strongly graphitised parti-
cles are characteristically elongated, sub-parallel to cleavage plains and
along grain boundaries of flattened quartz, or are dynamically re-
crystallised ribbon quartz grains.

Type III particles resemble dense particles of anthracite to semi-
graphite stages, and dense fragments of pyrobitumen (impsonite)
(Jacob, 1989), and according to Kwieciniska and Petersen (2004), car-
bonaceous matter of anthracite stage. They are products of hydrocarbon
(migrabitumens) migration during the hydrothermal alteration of the
rock complex. Similar carbonaceous matter was also found by Dill and
Weiser (1981) near the Wéldel/Méhring uranium deposit in Bavaria
(Germany) and also described as impsonite. Also Dill et al. (2019) deals
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with age, origin and composition of impsonite in connection with
conditions of origin and properties of graphite and semi-graphite along
the western edge of the Bohemian Massif. According to Kiibek et al.
(2015), the carbonaceous matter, precipitated from C-O-H fluids, has
been attributed to carbon supersaturation as a result of several principal
processes: (1) cooling of the hydrothermal fluids, (2) fluid composi-
tional changes, and (3) the infiltration of oxidized C-O-H fluids into a
reduced environment. Optical properties and structural ordering of
carbonaceous matter depend mostly on temperature. At the experi-
mental graphitization of anthracite at temperatures over 1500 °C and
with increasing temperatures, other graphitic structures were devel-
oped, such as crystalline aggregates, flakes, and microspheres
(Rodrigues et al., 2011). The effect of pressure is much smaller, being
manifested mainly in metamorphic rocks or faults when, due to or-
iented pressure, an increase in reflectivity and better structural ordering
of carbonaceous matter particles may occur (Wada et al., 1994; Oohashi
et al., 2011).

The Bohemian Massif is not the only host of stratiform deposits, but
it also comprises vein-type organic matter accumulations such as gra-
phite and solid bitumen derivatives of radiolytic polymerization of
gaseous and liquid hydrocarbons (Dill, 1983; Kribek et al., 1999, 2009;
René, 2017).

The relationship between the carbonaceous matter of the Zadni
Chodov and Dylen uranium deposits and graphite, evolved in graphite
deposits of the Moldanubian Zone (Cesky Krumlov and Tyn nad Vltavou
areas), was documented by virtually identical isotopic composition of
both types of carbonaceous substances (Kropotova et al., 1976; Kiibek,
1981). The examined values (8§ '°C, PDB = —19.5 and —20.8 for
carbonaceous matter from the Zadni Chodov deposit) do not differ from
the isotopic composition of carbonaceous matter derived from biolo-
gical sources (Hoefs, 1997).
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Structural parameters of the graphitic material were not dependent
in any way on the distance from uranium minerals, and it can be
concluded that no radiation-based alteration of organic matter oc-
curred, as was found in the case of radiation alteration of coal with
coffinite and the generation of haloes (Sykorova et al., 2016).

5.4. Composition and origin of organic substances

Due to the age of the basic original samples, deep burial and
leakage, thermal transformation (temperature reached up to 260 °C
during the syn-ore and post-ore stages), and the environment (with
migration and interactions of hydrothermal fluids), any preservation of
significant original biological traces is most unlikely; the cyanobacterial
fossil record is among the oldest for any group of organisms, and ho-
pane derivatives are their remnants in the sediments (Peters et al.,
2005). These biomarkers were not documented in the samples studied
here, and alkylalkanes or alkylcycloalkanes that are also associated
with cyanobacteria and with Precambrian rocks were not observed.

The observed distribution of n-alkanes having mainly middle and
higher molecular weight homologues (greater than21) and no odd-to-
even carbon number predominance (Fig. 13) was not specific. This is
different from the typical n-alkane distribution of Proterozoic sediments
with higher abundances of low molecular weight n-alkanes (Pawlowska
et al., 2013; Flannery and George, 2014; Luo et al., 2015). Together
with the identified diterpenoids and fatty acids, the n-alkanes originate
from plant-released compounds because short-chain n-alkanes (< n-
Co0) are usually considered to be derived from cyanobacteria, algae or
other microorganisms, mid-chain n-alkanes from aquatic plants and the
higher n-alkanes (> n-C,s) from waxes of terrestrial higher plants
(Peters et al., 2005; Wang et al., 2010).

Also, presence of the isoprenoid compounds pristane (Pr) and
phytane (Ph) confirms a biogenic source as they are products of geo-
logical alteration of phytol or other natural products (Peters et al.,
2005). The Pr/Ph ratio, commonly used as a correlation parameter, was
very low (Table 5), indicating saline and hypersaline conditions during
mineral deposition. Values of salinity, under which the formation of
mineralization occurred in uranium deposits, ranged from 20 to 30 wt%
NacCl (Cuney et al., 2003). Squalene, a C3, acyclic isoprenoid, is a major
lipid, produced by archaea, but was also identified in alkaliphilic bac-
teria, grown at an extremely alkaline pH (10.5) and high salinity
(2-4 M of total Na™), and so its occurrence can be attributed to extreme
and harsh environments like hot springs, salt lakes, and marshlands
(Banciu and Muntyan, 2015). The Pr/n-C;; and Ph/n-C;g ratios
(Table 5), diagnostic parameters for depositional environments and
organic matter maturation (Peters et al., 2005), show that matter was
non-biodegraded and thermally matured.

Fatty acids in their free state are degraded rapidly in both oxic and
anoxic depositional systems, hence they could not contribute sig-
nificantly to sedimentary organic matter (Sun et al., 1997). However,
fatty acid methyl esters can be preserved in a later stage of catagenesis
than free fatty acids. Nevertheless, their presence in the extracts is in-
dicative of an input of younger material and low degradation of organic
matter. This agrees with the presence of diterpenoids that are products
of plants, particularly of conifers: totarol, fichtelite, 18-norabieta-
8,11,13-triene, retene. Fichtelite and 18-norabieta-8,11,13-triene also
provide evidence about the occurrence of reductive processes during
the deposition of organic matter (Otto and Simoneit, 2002).

To summarize, the results of the sample extract analyses show
biomarkers that are younger and not related to the accumulation of
organic matter in the pre-ore, syn-ore, and post-ore stages. They seem to
be of gymnosperm source. Although gymnosperms have occurred since
the Permian, the identified compounds are typical for Tertiary and
younger sediments. The presence of uranium minerals did not have any
effect on the biomarkers identified, but generally, according to the di-
agnostic parameters, mineralization setting did have an effect on bio-
marker status.
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6. Conclusions

Mineralisation is a process with impact on organic material in se-
diments, and sedimentary organic matter is a sensitive marker for en-
vironmental and alteration processes. Results of the study of samples
from uranium ore-enriched shear zones of the Zadni Chodov uranium
deposit revealed:

Evidence of higher activity of Mg-rich fluids in the study area during
syn-ore stage, with temperatures from 122 °C to 258 °C, and the
presence of coffinite and brannerite minerals;

Structural differences within grains of brannerite and in the sur-
rounding matrix;

Evidence of original organic matter dispersed in the meta-sediments
that were accompanied to the shear zones;

Presence of meta-anthracite and semi-graphite particles formed ei-
ther in situ by solid state transformation of original organic matter or
by crystallization from metamorphic fluids;

Presence of crystalline material with a high degree of graphitization,
clusters of carbonaceous particles, and fragments of pyrobitumen
(impsonite) as products of hydrocarbon migration in the hydro-
thermal fluids;

Evidence of partial oxidation during hydrothermal processes due to
the presence of brannerite containing UO,?" together with pre-
served large graphite lamellae;

Identified organic biomarkers in the extractable fraction were of a
younger age with low thermal maturity and the presence of typical
Tertiary signatures.
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