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Machovič, V.; Strunga, V.; Goliáš, V.

Geology and Petrography of

Uraniferous Bitumens in

Permo-Carboniferous Sediments

(Vrchlabí, Czech Republic). Minerals

2022, 12, 544. https://doi.org/

10.3390/min12050544

Academic Editor:

Leszek Marynowski

Received: 9 March 2022

Accepted: 24 April 2022

Published: 27 April 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

minerals

Article

Geology and Petrography of Uraniferous Bitumens in
Permo-Carboniferous Sediments (Vrchlabí, Czech Republic)
Martina Havelcová 1, Ivana Sýkorová 1, Miloš René 1 , Jiří Mizera 1,2,* , Miroslav Coubal 1,
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Abstract: Uraniferous bitumens found in black shales from the Permian rocks at Vrchlabí in the
Krkonoše Piedmont Basin (Czech Republic) were described and characterized petrologically and
mineralogically. The Permian sediments originated from weathering products in metasediments
and granitoids of the Krkonoše–Jizera and Orlice–Sněžník crystalline complexes. The organic matter
contained up to 4.8 wt.% uranium, as uraninite grains. Elements associated with uraninite, such as Pb,
Zr, Cu, and As, may have accumulated from epigenetic fluids in layers rich in organic matter during
their late diagenesis. The bitumen structures were extremely heterogeneous, a feature attributed to the
radiolytic effects of uranium. Amorphous bitumens, alternating with various forms of nodular and
corroded bitumen types from multiple generations, were present. Low and highly altered bitumens
with weak anisotropy were recognized, together with halo zones, with reflectance up to 4.37%. The
halo zones differed in size, brightness, and reflectance, increasing from the edge to the center. Halos
often revealed dark rims between uraninite inclusions and clear zones, originating probably as a
result of weaker alterations in organic matter due to the presence of other inorganic components.
Uranium concentration was the main factor controlling the degree of radiolytic alteration. The studied
uraniferous bitumens are an excellent example of multistage formation and diverse evolution during
burial and diagenesis.

Keywords: uraninite; bitumen; halos; bireflectance; radiolytic alteration

1. Introduction

The term uraniferous bitumens covers partially altered residues enriched in uranium
minerals that derive from complex organic substances and are associated with petroleum,
natural gas, or coal [1]. The uraniferous bitumens originate from migrating hydrocarbons
and basal fluids but processes of evolution can also be in situ alteration of plant debris [2].
Hydrocarbons in sediments are transported by diffusion and uraniferous bitumens may be
formed and immobilized as solids by radiolytic polymerization of formerly liquid hydro-
carbons due to pre-existing detrital uraninite. Alternatively, migrating liquid hydrocarbons
are mixed with hydrothermal/oxidizing solutions rich in uranyl ions, leading to precipita-
tion of uraninite grains and formation of bitumen from liquid hydrocarbons. Either way,
bitumens are polymerized and fill fractures and pores in rocks [3–8].

In 1928, Ellsworth [9,10] described uraniferous bitumen for the first time, using the
term thucholite for the material. Since that time, other terms such as ucholite, carburane,
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uraniferous pyrobitumen, or anthraxolite have been used to describe the association of
uranium with organic matter in bituminous coal [11–13], lignites [14,15], or shales [16,17].

The contents and forms of uranium associated with sedimentary organic matter may
vary from one deposit to another, and also locally. Uranium minerals can occur in inclusions
of nanometer to micrometer scale, often homogeneously dispersed in the bitumen matrix.
The long-term uranium–bitumen association can lead to damage of organic matter caused
by radiolysis when α and β particles, and γ rays, are emitted from mineral grains containing
uranium and thorium and their daughter products. The result is a structural breakdown of
organic compounds that can be evidenced petrographically: vitrinite reflectance increases
with uranium concentration [18], and bright aureoles—halos—are visible, surrounding
uranium minerals and appearing under the microscope as circles or ellipses [19,20]. Radii of
the halos in organic matter usually range from 40 to 60 µm, which is probably proportional
to the shape of the mineral inclusions, energy of the emitted particles or rays, and density
of the materials. The halos often have blurred features [8].

Uraniferous bitumens occur in several localities of the Czech Republic (Příbram,
Butovice, Buchlov, Motol, Vrchlabí). For example, the vein fillings of uranium ore in Bar-
randian are essentially a heterogeneous mixture of fine-grained uraninite (partly coffinite
and other ore minerals) relatively evenly dispersed in organic matter of an asphaltoid char-
acter [21]. Chemical reactions induced by the radiation of uranium and other radionuclides
act destructively on the organic matter of bitumen and change the physical and chemical
properties, as well as texture of the material [2,22,23]. The destructive effects of radiation
are much more severe than the effects of oxidation, especially under sufficient uranium
concentrations (~4–60 wt.%) and long periods (~270 million years) [21].

Uraniferous bitumen veins in black shales (Rudník Horizon) at Vrchlabí have already
been studied and reported (e.g., [22,24]), but the data presented were scant, concentrations
of uranium or other elements were either not given or limited, and detailed petrological
and mineralogical analyses were not available. Studying the structure and properties of
uraniferous organic matter in sedimentary rocks is an important topic, mainly in geological,
nuclear, and environmental research focused on radioactive materials and wastes. The aim
of this work is to characterize, petrologically and mineralogically, uraniferous bitumens
(anthraxolites) in black shales from the Permian rocks at Vrchlabí in the Krkonoše Piedmont
Basin (Czech Republic).

2. Geological Setting

The uraniferous bitumen deposit is hosted in the Vrchlabí Formation of the Krkonoše
Piedmont Basin (KPB); see Figure 1. The Lower Permian Rudník Horizon represents the
most extensive lacustrine deposits in the KPB. This basin belongs to a system of post-orogenic
extensional/transtensional basins formed in the Bohemian Massif during Westphalian and
Saxonian times (about Moscovian to Sakmarian, c. 310–280 Ma) [25,26]. The KPB is a ~1100 km2

W-E elongated basin located on the Krkonoše–Jizera and Orlice–Sněžník crystalline complexes.
The basin was filled with non-marine red beds of a total thickness of about 1800 m during
the Upper Carboniferous and Lower Permian (Westphalian D—Sakmarian). There are several
relatively thin grey and black shale, coaly, or variegated mudstone and carbonate interbeds
penetrating the red bed infill, which are usually tens of meters thick [27].
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Figure 1. Simplified geological map of the Krkonoše Piedmont Basin (based on [28]).

Sediment accumulations were influenced by several different tectonic events. Their
greatly different characters were mirrored in their different lithologies, and the culmination
of tectonic events led to a stratigraphical hiatus [25,27]. The evolution of KPB was mostly
influenced by the Sale tectonic event at the end of the Autunian. After the significant
stratigraphical hiatus in the eastern part of the sedimentary space, formation of a new basin,
elongated in the NW–SE direction started, adopting a function of the main sedimentation
structure. The youngest stratigraphic units that remain in this basin were deposited in the
Saxonian (Trutnov Formation) and connected to a younger formation of the lower Triassic
age in the neighboring Intra-Sudetic Basin [25]. The shape of KPB in the northern part is
limited by a tectonic structure, named by Chaloupský [29] as the South Krkonoše Tectonic
Zone (Figure 1).

A well accessible outcrop of the original KPB sequence occurs as a road cut in the
central part of the northern KPB margin at Vrchlabí. The lithological sequence opens in
an SSW–NNE-trending, 1100 m long series of artificial exposures. It has been described in
detail in [30,31] (Figure 2). These sediments are a part of the Vrchlabí Formation (Permian,
Lower Autunian), representing a 300–500 m thick complex of mostly fluvial red beds
and intercalated lacustrine strata. The road cut opens only the lower part of the Vrchlabí
Formation, with an effective thickness of about 200 m. Fluvial sediments include flood-
plain sandstones, which alternate with sheet-like fine-grained sandstones. Dominating
sediments are medium- to coarse-grained sandstones, and lacustrine sediments are divided
into three horizons.

The open part of the Vrchlabí Formation in this outcrop is mostly represented by the
Rudník Horizon. The total thickness of the Rudník Horizon varies usually between 30 and
150 m. However, in this road cut, the horizon has evolved with an anomalous thickness of
about 200 m. It consists of grey to green-grey siltstones, laminated claystones, limestones,
and bituminous claystones. Intercalations of volcaniclastic beds are also observed [30].
The absence of coarser clastic deposits, even in nearshore facies, implies a relatively low
sediment input, suggesting that the Vrchlabí road cut outcrop was located near the de-
pocenter [26]. The lower part of the Vrchlabí Formation comprises predominantly siltstones
that occur in a 500–620 m long part of the road cut. The upper part of the older Semily
Formation (Upper Carboniferous) is represented predominantly by medium- to coarse-
grained nonseparated sandstones and conglomerates with low-processed pebbles. At the
Vrchlabí road cut, the internal structure of the South Krkonoše Tectonic Zone was also
accessible to study. A flexural component is represented by the open tilting of layers, with
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the dip growing to the south from approximately 16◦ in the southern part of the road cut to
approximately 60◦ at the base of the Vrchlabí Formation.

1 
 

 
Figure 2. The lower part of the Vrchlabí formation (Permian, Lower Autunian), the upper part of the
Rudník Horizon (based on [31], modified). Locations of samples studied are marked. Numbers in
sample names indicate their U concentration (in ppm).

The sediments of both Permian-Carboniferous formations were subjected to quite
an intense polyphase deformation. Hard argillaceous siltstones of the uppermost part
of the Rudník Horizon at the beginning of the road cut form compact, finely stratified
layers, dipping approximately 20◦ to the SSW. In the direction of the base, the lithology of
sediments change, and in the road cut it is represented by interlaminating hard layers of
carbonates and soft layers of laminated claystones and bituminous rocks. This, mechanically
highly heterogeneous group of beds, suffered different types of deformation. The more
compacted layers were flexed and fractured, whereas the soft layers were folded, mainly in
the form of bituminous layers (Figure 3A,B). With this deformation event, the occurrence
of uraniferous bitumens is related mostly with roofs of bituminous rock layers. In opened
tectonic zones, different size pockets also occur. The latest deformation event, exposed in
the road cut, is represented by faults of different sizes, and mainly in the E–W direction.

Minerals 2022, 12, x FOR PEER REVIEW 4 of 19 
 

 

with the dip growing to the south from approximately 16° in the southern part of the road 

cut to approximately 60° at the base of the Vrchlabí Formation. 

 

Figure 2. The lower part of the Vrchlabí formation (Permian, Lower Autunian), the upper part of 

the Rudník Horizon (based on [31], modified). Locations of samples studied are marked. Numbers 

in sample names indicate their U concentration (in ppm). 

The sediments of both Permian-Carboniferous formations were subjected to quite an 

intense polyphase deformation. Hard argillaceous siltstones of the uppermost part of the 

Rudník Horizon at the beginning of the road cut form compact, finely stratified layers, 

dipping approximately 20° to the SSW. In the direction of the base, the lithology of sedi-

ments change, and in the road cut it is represented by interlaminating hard layers of car-

bonates and soft layers of laminated claystones and bituminous rocks. This, mechanically 

highly heterogeneous group of beds, suffered different types of deformation. The more 

compacted layers were flexed and fractured, whereas the soft layers were folded, mainly 

in the form of bituminous layers (Figure 3A,B). With this deformation event, the occur-

rence of uraniferous bitumens is related mostly with roofs of bituminous rock layers. In 

opened tectonic zones, different size pockets also occur. The latest deformation event, ex-

posed in the road cut, is represented by faults of different sizes, and mainly in the E–W 

direction. 

 

Figure 3. Occurrence of uraniferous bitumen in Permian black shales from the Vrchlabí Formation. 

(A) A deformed plane of dislocation in the Rudník Horizon with a small occurrence of a black, 

highly fractured uraniferous bitumen vein. (B) Veins and lenses of uraniferous bitumen in fractured 

shales. 

Figure 3. Occurrence of uraniferous bitumen in Permian black shales from the Vrchlabí Formation.
(A) A deformed plane of dislocation in the Rudník Horizon with a small occurrence of a black, highly
fractured uraniferous bitumen vein. (B) Veins and lenses of uraniferous bitumen in fractured shales.
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Deformations of the older phase evidently post-dated the age of sedimentation of the
Vrchlabí Formation, dated as Autunian (297–299 Ma) [25,27]. This deformation is probably
coupled with the Sale tectonic event, dated at 292–294 Ma [27]. Late-stage deformations
probably represent a distinctly younger tectonic reactivation of the South Krkonoše Tectonic
Zone, coupled with elevation of the Krkonoše unit [32]. These deformation phases, discov-
ered in different parts of this region, have been dated from Late Cretaceous to Paleocene
(85–40 Ma) [33].

3. Materials and Methods
3.1. Samples and Their Basic Characterization

Seventeen samples from the Rudník Horizon of the Vrchlabí formation (50.6229831◦ N,
15.5963372◦ E; Figures 1 and 2) were collected. They were black shale samples with
bitumen and uraniferous bitumens with different uranium contents and degree of alteration
(Figures 3 and 4). Basic analyses were carried out: moisture content, ash, and total carbon.
The elemental organic composition was determined using a CHNS/O microanalyzer Flash
FA 1112 (Thermo Finnigan, Waltham, MA, USA). Organic carbon was determined by
analysis after elimination of inorganic carbonates. Standard procedures of the International
Organization for Standardization were used for the methods applied.
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bitumen. Numbers in sample names indicate their U concentration (in ppm): (A) V4.3; (B) V7.6;
(C) V15.3; (D) V29364; (E) V47964.
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3.2. Uranium Determination by INAA

Bulk uranium contents were determined by instrumental neutron activation analysis
(INAA). INAA employed irradiation with neutrons in the LVR-15 research nuclear reactor
of the Research Centre Řež. Uranium was determined in the long-time (2 h) irradiation
mode by counting the 106.1 keV gamma line of 239Np (daughter of 239U). For quality
control, reference materials NIST SRM 1633b (fly ash) and CRPG GS-N (granite) were
analyzed together with samples using the same procedures. The usual potential of INAA for
multielement analysis was greatly limited in samples with high contents of uranium, whose
fission produced radionuclides that interfered with the determination of most elements.
Details on the INAA experimental procedures have been published elsewhere [34].

3.3. Backscattered Scanning Electron Microscopy

Backscattered electron images were acquired to study the internal fabric of mineral
aggregates and individual mineral grains using polished specimens. Chemical analyses
were performed using an SX100 electron microprobe (Cameca, Gennevilliers, France)
operating in wavelength dispersive mode (15 kV, 10 nA, and 2 µm beam width). The
following standards and X-ray lines were used to minimize line overlaps: As-lammerite
(As Lα), Ca-wollastonite (Ca Kα), Ce-CePO4 (Ce Lα), Cu-lammerite (Cu Kα), Dy-DyPO4
(Dy Lα), Er-ErPO4 (Er Lα), Fe-almandine (Fe Kα), Gd-GdPO4 (Gd Lβ), La-LaPO4 (La
Lα), Nd-NdPO4 (Nd Lβ), P-fluorapatite (P Kα), Pb-vanadinite (Pb Mα), Pr-PrPO4 (Pr Lβ),
S-SrSO4 (S Kα), Sc-ScVO4 (Sc Kα), Si-wollastonite (Si Kα), Sm-SmPO4 (Sm Lβ), Sr-celestite
(Sr Lα), Th-CaTh(PO4)2 (Th Mα), U-UO2 (U Mβ), V-vanadinite (V Kα), Y-YAG (Y Lα),
Zr-zircon (Zr Lα). Peak counting times were 20 s for all elements and one-half of the peak
time for each background. Raw intensities were converted to element concentrations using
an automated PAP matrix-correction software [35].

3.4. Optical Petrography

Maceral analysis and the measurement of random reflectance of vitrinite as a rank
parameter [36] were carried out on samples. Polished sections were used in reflected,
polarized, and ultraviolet light, using a BX51 microscope (Olympus America, Inc., New
York, NY, USA) with Zeiss Photomultiplier MK3 system and fluorescence mode using an
immersion lens with 40× and 100× magnification. The Pelcon point counter was used
for maceral analysis producing 300 points per sample [5,22,37]. Random reflectance of
unaltered vitrinite and bitumen particles, maximum and minimum reflectance values of
amorphous bitumen (ABam), partly mineralized bitumen (AB > Min), and halo (ABHalo) of
weakly and strongly altered bitumens were determined from particulate polished sections
by SpectraVision software as described in detail in [12].

4. Results
4.1. Uranium, Ash, and Organic Carbon Contents

Uranium concentrations in the studied samples ranged from 4 ppm (4 mg/kg) to
47965 ppm (4.8 wt.%) and have been used (in ppm) as sample identifiers in their names.
Ash yields (Ad) ranged between 12 wt.% and 93 wt.% corresponding to the type of sample,
including black shales with variable bitumen content (V4.0, V4.3, V4.6, V7.2, V7.6, V7.9, V9.5,
V15.3), and uraniferous bitumens (V25455, V26513, V28527, V29364, V29899, V34515, V34965, V35535,
V47964). Additionally, the total organic carbon content (TOC) reflected the type of sample:
for the uraniferous bitumens this varied between 54.2 wt.% and 68.3 wt.%, and for the shale
samples between 0.3 wt.% and 15.9 wt.%.

4.2. Organic Petrography

Sample V4.0 represents a laminated black shale with dispersed organic matter in-
cluding inertinite, liptinite, vitrinite, and bitumen (Figure 5). Other black shale samples
had similar petrographic compositions with few exceptions. Samples V7.2 and V15.3 have
lower contents of small organic particles with dispersed fine crystals of pyrite. Samples
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V4.3, V7.6, and V9.5 are rich in bituminite. Vitrinite reflectance (RrV) of black shales varied
between 0.77% and 0.96%, and bitumen reflectance (RB) between 0.44% and 0.73% (Table 1).
Bitumens had yellow to orange fluorescence colors.

Bitumen in uranium-enriched samples, found in vein fillings, had mean reflectance
values (RB) ranging from 0.54% to 0.69% (Table 1). However, more than 70 vol.% of the
bitumens was radiolytically altered (Figure 5). The range of composition and optical
properties of the uraniferous bitumens varied widely due to mineral inclusions and the
degree of alteration. Pure bitumen to partly mineralized bitumen (e.g., bitumen between
sparsely dispersed minerals, AB > Min, and compact formations of fine-grained minerals
in bitumen, AB < Min), and full mineralized matter (Mineral matter) were distinguished.
The degree of alteration changed from unaltered to weakly altered and strongly altered
bitumens, revealing numerous textures ranging from amorphous matter (ABAm) to light
halos (ABHalo) and very complex formations in terms of morphology and reflectance
(Table 1 and Figure 5).

Figure 6 illustrates petrographical components of studied black shales and uraniferous
bitumens. Unaltered, mineral-free solid amorphous bitumen with a yellow to orange
fluorescence color, and darker, weakly altered bitumen (WAB) up to lighter, strongly altered
bitumen (SAB) with shades of grey to white color were discovered. With increasing uranium
content, the proportion of SAB, and mainly the abundance of halo zones (ABhalo), increased
systematically (Figure 7). Amorphous altered bitumen (ABam), sparsely mineralized bitu-
men (AB > Min), and dark halo zones showed weaker changes, visible in reflectance and
bireflectance values (RminWAB, RmaxWAB, and BWAB) in relation to uranium concentrations
(Table 1). SAB, also including halo (ABHalo), amorphous (ABam), and sparsely mineralized
bitumen (AB > Min), revealed increasing maximum reflectance values (RmaxSAB, RmaxHalo)
from 2.97% to 4.37% (Table 1). Additionally, the minimum reflectance values (RminSAB)
raised from 2.51% to 3.31% with increasing uranium content, as well as bireflectance (BSAB,
BHalo), i.e., the difference between maximum and minimum reflectance values [23,36]. The
values BWAB < 0.44% for WAB, BSAB < 0.68% for amorphous SAB, and up to 1.04% for light
zones of halo (BHalo) were found.
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content and petrographic components including forms of bitumen. Altered organic matter: ABam—
amorphous altered bitumen; ABHalo—content of circular and irregular light and dark zones around
uraninite grains; AB > Min—altered bitumen between sparsely dispersed minerals; AB < Min—
compact formations of fine-grained minerals in altered bitumen.
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Table 1. Reflectance values (%) of primary and altered organic matter in primary shales and uraniferous bitumens: RrV—random reflectance of vitrinite; RB—
reflectance of unaltered bitumen; σ—standard deviation; n—number of measured points; RminWAB—minimum reflectance of weakly altered bitumen (WAB);
RmaxWAB—maximum reflectance of WAB; BWAB—bireflectance of WAB; RminSAB—minimum reflectance of strongly altered bitumen (SAB); RmaxSAB—maximum
reflectance of SAB; BSAB—bireflectance of SAB; RmaxHalo—maximum reflectance of light zones of halo and irregular zones around uraninite grains; BHalo—
bireflectance of light zones of halo and irregular zones around uraninite grains; n.i.—not identified. Numbers in sample names indicate their U concentration (in
ppm).

Sample
Reflectance of Unaltered Organic Matter Reflectance and Bireflectance of Radiolytically Altered Bitumen in Polarized Light

RrV σ n RB σ n RminWAB RmaxWAB BWAB RminSAB RmaxSAB BSAB RmaxHalo BHalo

V4.0 0.87 0.08 20 0.44 0.07 18 n.i. n.i. n.i. n.i. n.i. n.i. n.i. n.i.
V4.3 n.i. - - 0.66 0.11 20 n.i. n.i. n.i. n.i. n.i. n.i. n.i. n.i.
V4.6 0.82 0.08 20 0.54 0.08 15 n.i. n.i. n.i. n.i. n.i. n.i. n.i. n.i.
V7.2 0.96 0.09 15 0.73 0.12 15 n.i. n.i. n.i. n.i. n.i. n.i. n.i. n.i.
V7.6 n.i. - - 0.51 0.09 50 n.i. n.i. n.i. n.i. n.i. n.i. n.i. n.i.
V7.9 0.89 0.08 20 0.65 0.10 20 n.i. n.i. n.i. n.i. n.i. n.i. n.i. n.i.
V9.5 n.i. - - 0.53 0.09 20 n.i. n.i. n.i. n.i. n.i. n.i. n.i. n.i.
V15.3 0.77 0.07 18 n.i. - - n.i. n.i. n.i. n.i. n.i. n.i. n.i. n.i.

V25455 n.i. - - 0.54 0.07 15 0.80 1.05 0.25 2.51 2.97 0.46 3.35 0.84
V26513 n.i. - - 0.66 0.08 17 1.03 1.26 0.23 2.72 3.28 0.56 3.45 0.73
V28527 n.i. - - 0.67 0.08 15 1.05 1.39 0.34 2.77 3.33 0.56 3.53 0.76
V29364 n.i. - - 0.65 0.06 18 1.00 1.37 0.37 2.79 3.37 0.58 3.69 0.90
V29899 n.i. - - 0.65 0.08 18 1.01 1.34 0.33 3.13 3.76 0.63 3.86 0.73
V34515 n.i. - - 0.66 0.09 17 1.05 1.42 0.37 3.25 3.89 0.64 4.04 0.79
V34965 n.i. - - 0.67 0.08 45 1.04 1.48 0.44 3.31 3.96 0.65 4.35 1.04
V35535 n.i. - - 0.67 0.05 16 1.09 1.47 0.38 3.29 3.95 0.66 4.28 0.99
V47964 n.i. - - 0.69 0.08 45 1.09 1.49 0.40 3.31 3.99 0.68 4.37 1.00
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Figure 6. Petrographical components of black shales and uraniferous bitumens. Numbers in sample
names indicate their U concentration in ppm (Vppm U). Reflected light microscopy, if not stated
otherwise. (A) Vitrinite particles in clayey matrix with dispersed liptinite and inertinite macerals
(V7.9). (B) Unaltered bitumen between calcite grains in veins of black shale (V4.0). (C,D) Unaltered
dark amorphous bitumen and radiolytically altered and corroded amorphous bitumen in a quartz vein
(V28527); C—reflected light microscopy, D—fluorescence mode. (E) Transformations of amorphous
weakly altered bitumen to strongly radiolytically altered bitumen with dispersed fine mineral particles
(V25455). (F) Partly radiolytically altered amorphous bitumen with dispersed grains of pyrite, quartz,
uraninite, and Fe, Ti oxides (V29364). (G) Altered bitumen with uraniferous and other minerals
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of variable grain sizes and its agglomerates around the crack (V29899). (H) Fine-grained uraninite
fillings of longitudinal cracks and strips between non-mineralized high reflective and altered bitumen
(V34515). (I) Complicated nodular texture with markedly light zones around uraninite grains lined
with a layer of amorphous bitumen over densely mineralized bitumen with quartz and uraninite
microparticles with small bright halos (V34956). (J) Altered amorphous bitumen with a less reflective
halo around a uraninite inclusion lined by a zone of sparsely dispersed fine-grained minerals (V25455).
(K) Large grain of uraninite with a simple unlimited high reflective halo in weakly altered bitumen
(V28527). (L) Bitumen cluster with a group of halos around differently sized uraninite grains, lined
with pyrite and enclosed in carbonate (V26513). (M) Light and dark zones around distinctive grains of
U minerals and holes after fallen mineral grains closed by a layer of altered bitumen transitioning
into a gray fine-grained quartz layer (V34956). (N) Variously altered bitumens with distinct grains of
uranium mineral with regular halos formed by thin darker and wider light zones in a quartz-clay
vein in V35535. (O) An interesting texture formed by fields of darker and light bitumen around grains
of uranium mineral and holes of various sizes (V47964). (P) Weathered and variable altered bitumen
with vertical and horizontal crack networks, with mineral grains and holes left by them (V47964).
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Diversity in morphology, reflectance, fluorescence, and mineralogy was visible in
the dark (WAB) and light (SAB) amorphous altered bitumens (Figure 6C–E), in finely
mineralized (AB > Min) forms (Figure 6C,E,F), densely mineralized (AB < Min) forms
(Figure 6G,H,I,M), in widespread halo (ABHalo) formations (Figure 6J,K), and irregular
light and inner darker zones (Figure 6N–P) around radioactive grains of uraninite. The
abundance of alteration signs increased with higher uranium concentration. Contraction
and oxidation cracks (Figure 6F,O,P) were observed in samples V25455, V34515, and V47964 as
signals of an increased degree of weathering/oxidation.

Mineral matter (Figure 5) was represented as a mixture of individual grains of uraninite
(Figure 6C,E,J–P), quartz (Figure 6C,D,J,K), pyrite, Fe and Ti oxides, and other accessory
minerals of various size, and detritus from the surrounding rocks and vein fillings formed
by quartz, clay minerals, and carbonates (Figure 6C,D,K,L,N).
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4.3. Uranium Facies

Uraniferous bitumen occurs as crack fillings in irregular lenses and similar nodule-like
structures, usually with irregular margins. The bitumen contains small anhedral inclusions
of uraninite in sizes between 2 and 80 µm (Figure 8A), together with similar inclusions of
nickel–cobalt sulpharsenides (gersdorfite), and rarely, chalcopyrite and pyrite. Irregular
lenses, veins, and veinlets of quartz and Fe-hydroxides are also present. Rarely, uranium-
rich secondary minerals (zeunerite) are visible (Figure 8B). In partly altered bitumens, the
small inclusions of uraninite are surrounded with light zones which resemble radiolytic
halos (Figure 8C). Their size, however, does not match the range of α particles in this
kind of matrix (cf. Figure 6K–N) and should be interpreted differently, e.g., by uraninite
dissolution and diffusion into the bitumen matrix.
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Figure 8. Back-scattered electron images of: (A) uraninite inclusions; (B) zeunerite (Znt) inclusions in
partly altered bitumen; (C) lighter zones around small inclusions of uraninite (Urn).

The UO2 content in uraninite analyzed was variable, ranging from 79.0 wt.% to 85.2
wt.%. All other constituents varied greatly, as documented in Table 2 presenting the
composition of a representative sample, V28527. The following variations were observed
in the minor constituents: PbO 2.3–4.9 wt.%; CaO 1.9–3.0 wt.%; FeO 0.8–2.0 wt.%; SiO2
0.6 wt.%–1.6 wt.%; ZrO2 0.5–0.9 wt.%; Y2O3 0.2–0.3 wt.%; ThO2 was below the detection
limit of 0.07 wt.%. According to the correlation analysis carried out with compositions of
uraninite located in spots (Table 3), strong positive correlations (expressed by the Pearson
coefficient values) existed between ZrO2 and FeO (+0.88), CuO (+0.84), and PbO (+0.73).
Positive correlations were also found between As2O5 and CuO (+0.65), and UO2 and CaO
(+0.67). Strong negative correlations occurred between UO2 and ZrO2 (−0.91), CuO (−0.88),
and FeO (−0.87).

Table 2. Representative compositions (wt.%) of uraninite grains in sample V28527 (b.d.l.—below
detection limit: 0.01–0.04 wt.% for most elements, 0.1–0.3 wt.% for rare earth elements).

Oxide
V28527, Analyse No.

1 2 3 4 5 6 7

UO2 83.69 81.87 82.17 84.03 85.22 84.63 84.86
ThO2 0.01 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
FeO 1.19 1.20 1.24 1.00 1.00 0.93 0.78
CaO 2.64 2.72 2.44 2.95 2.77 2.91 2.67
CuO 0.59 1.47 0.97 0.07 b.d.l. b.d.l. b.d.l.
SiO2 0.94 1.03 1.02 0.81 0.91 0.92 1.17
ZrO2 0.51 0.73 0.88 0.56 0.66 0.57 0.56
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Table 2. Cont.

Oxide
V28527, Analyse No.

1 2 3 4 5 6 7

PbO 3.98 4.11 4.15 3.43 3.26 3.09 2.85
P2O5 0.41 0.27 0.14 0.39 0.34 0.33 0.37
V2O5 0.37 0.19 0.35 0.25 0.20 0.18 0.14
As2O5 0.78 0.77 0.82 0.78 0.77 0.84 0.80

SO3 0.01 0.09 b.d.l. 0.13 0.01 0.08 0.00
La2O3 b.d.l. 0.01 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
Ce2O3 b.d.l. 0.16 b.d.l. 0.11 b.d.l. b.d.l. b.d.l.
Pr2O3 b.d.l. 0.17 0.26 0.06 b.d.l. 0.06 0.24
Nd2O3 0.19 0.19 0.31 0.19 0.26 0.24 0.22
Sm2O3 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 0.13
Gd2O3 b.d.l. 0.03 0.40 0.05 b.d.l. 0.26 b.d.l.
Dy2O3 0.13 b.d.l. b.d.l. b.d.l. 0.09 b.d.l. b.d.l.
Er2O3 b.d.l. 0.13 0.05 b.d.l. 0.08 0.10 b.d.l.
Y2O3 0.19 0.29 0.22 0.26 0.23 0.21 0.30
Total 95.63 95.43 95.42 95.07 95.80 95.35 95.09

Table 3. Pearson coefficient values of uraninite compositions in analyzed spots.

Oxide P2O5 SiO2 SO3 UO2 CaO CuO FeO V2O5 Y2O3 PbO ZrO2

As2O5 −0.42 −0.53 −0.12 −0.55 −0.63 0.65 0.48 −0.04 −0.20 0.23 0.33
ZrO2 −0.46 0.16 −0.19 −0.91 −0.61 0.84 0.88 0.00 −0.36 0.73
PbO −0.42 0.01 −0.02 −0.70 −0.55 0.74 0.76 0.08 −0.43
Y2O3 0.22 0.14 0.14 0.32 0.43 -0.39 −0.55 −0.02
V2O5 0.27 −0.09 0.03 −0.09 0.06 0.03 0.14
FeO −0.39 −0.03 −0.20 −0.87 −0.71 0.90
CuO −0.53 −0.12 −0.24 −0.88 −0.77
CaO 0.65 −0.10 0.03 0.67
UO2 0.48 −0.06 0.17
SO3 −0.01 0.06
SiO2 −0.18

5. Discussion

Radiolytic alteration of organic matter is an interesting phenomenon causing changes
in optical properties and morphology. The volume of unaltered bitumen, forms and
abundance of altered bitumen (Figure 5), the presence of halos, values of their reflectance
and bireflectance (Table 1), and fluorescence (Figure 6C,D) are effects and parameters that
were affected and related to the occurrence of uranium in bitumens. The effects of radiation
on organic structure and maturation of organic matter have been studied using various
techniques in various materials such as organic-rich shales, carbon seam reefs, amber,
carboniferous limestone, and carbonaceous debris in sandstones (e.g., [20,23,38–40]), and
mainly in samples from deposits where uranium-bearing solutions and hydrocarbon fluids
played a main role in the uranium enrichment (e.g., [3,41–44]). Various approaches and
behaviors of organic matter were summarized by Landais [45].

5.1. Bitumen Morphology and Formation

In studied samples from Vrchlabí, reflected light microscopy as well as fluorescence
microscopy showed layers of amorphous bitumen, alternating with various forms from
multiple generations of nodular and corroded bitumen types. An illustrative example
is a microbreccia in sample V28527 (Figure 6C,D). This may have been created from solid
bitumen crushed by penetrating quartz and indicates the existence of several generations of
hydrocarbons. There is a visible dark unaltered amorphous bitumen (left side of the image)
without uraninite inclusions and with shades of yellow fluorescence. The bitumen particle
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in the lower right part of the image documents a certain degree of bitumen alteration
around uraninite microinclusions, and in the upper part of the image there is a bitumen
relic that was corroded by inorganic fluids. Such diversity in the degree of alteration and in
textures from simple to very complex formations originated from the interaction of fluid
phases, formed by migrating hydrocarbons and hydrothermal uranium-bearing solutions.

The origin of the potential source of U and Cu in mineralization and hydrothermal
uranium-bearing solutions is associated to infiltration of these sediments during their later
diagenesis. The Permian basic tuffs were a source of Cu [46,47]. The detailed provenance
analysis of the Permian sandstones and conglomerates [28] has shown that the sediments
originated from weathering of metasediments and granitoids of the Krkonoše–Jizera and
Orlice–Sněžník crystalline complexes. The origin of small uranium deposits occurring in the
Jizera–Kowary crystalline unit, which is a part of the Krkonoše–Jizera crystalline complex
(e.g., Kowary, Miedzianka), is related to intrusion of the Krkonoše granite pluton [48].
However, the major granite type of this pluton, the porphyritic biotite granite, is distinctly
enriched in Th (24–36 ppm) and displays relatively low contents of U (4–5 ppm). Therefore,
the source of U in uraninite in the uraniferous bitumens from Vrchlabí could be related to
Cu-enriched epigenetic fluids generated during diagenesis of the Permian sediments, as
indicated by co-occurrence of uraninite and U, Cu-bearing minerals such as zeunerite.

Bitumen was formed from hydrothermal solutions and vapors containing liquid and
gaseous hydrocarbons that travelled through cracks and cavities of various sizes and
shapes to the surface. The pressure within the rock was increasing, and gaseous and liquid
hydrocarbons were expelled to migrate through primary porosity [49]. In larger cavities,
the gases expanded and subsequently cooled and condensed due to the cooling effects
of the rocks. This led to the production and accumulation of bitumen, occurring in rocks
in the form of amorphous vein fillings and nodules with rounded to irregular contours.
Fluorescence microscopy characterized bitumen nodules (Figure 6D), revealing that the
nodules have a complex history with several phases of bitumen growth associated with
multiple pulses of hydrocarbon circulation.

Generally, mixing of uraniferous basal fluids with migrating hydrocarbon fluids
through cracks and cavities played a prominent role in the formation of uraniferous nodules.
The organic and inorganic phases were partially separated during the solidification of this
fluid system; after dewatering of the soluble inorganic phase, its components precipitated,
the organic phase polymerized, and the amorphous matter was formed [50]. The reduction
of soluble uranyl ions to insoluble uraninite took place in this process. During diagenesis,
metals accumulated in layers rich in organic matter [4,45,47].

Several stages of this process, and mixing of solutions or emulsions is documented
in the diversity of bitumen–mineral phase structures (Figure 6E–I,M). Almost one third of
samples consisted of smooth amorphous bitumen resembling a solidified gel with variable
reflectance (Figure 6C,E,F), irregularly transitioning to sparsely (Figure 6E,F) or to more
densely (Figure 6G,K,M) mineralized positions. The formation of fine-grained mineral
particles in an amorphous mass (Figure 6E–I) can be attributed to the precipitation of
inorganic components, especially uraninite and pyrite, during gel solidification, or to
migration of quartz, Fe and Ti oxides, and clay mineral microparticles (Figure 6G,M) from
the surrounding veins or sediments. The surface arrangements and orientation of the
inorganic nanoparticles in the mineralized bitumen was influenced by the outflow of
water (Figure 6G,M). The darker, densely and finely mineralized areas (Figure 6H,I,M)
resembled a solidified suspension of uranium and a mixture of other mineral nanocrystals
joined by an amorphous organic phase, in which pores were present. Figure 6H shows an
interesting collomorphic texture with alternating light and dark bands, formation of which
can be explained by precipitation of uranium phases in the form of gel, and the subsequent
recrystallization of these gels by water leakage, and thus volume reduction. In contrast, the
nodular structure with alternating light and dark areas in Figure 6J documents the existence
of two types of fluids which, when transformed into gels, were split into differently altered
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organic and inorganic phases. The dark granular mass in Figure 6L that is fine-grained
quartz has a similar source.

Uraninite in the uraniferous bitumens containing up to 4.8 wt.% U, is characterized
by higher PbO content (up to 4.9 wt.%), ZrO2 (up to 0.9 wt.%), and a slightly unusual
enrichment in CuO (up to 1.8 wt.%) and As2O5 (up to 1.2 wt.%). The enrichment of Cu and
As is heterogeneous and could be related to submicroscopic inclusions of gersdorfite and
similar Cu and As minerals. Increased enrichment in Zr was also found in uraninite from
vein deposits in Egypt (up to 2.5 wt.% ZrO2, [51]), and in uraninite from the Jáchymov vein
deposit in the Bohemian Massif (up to 1.8 wt.% ZrO2), which was also enriched in As (up
to 6.1 wt.% As2O5) [52]. The enrichment in As was also identified in uraninite from the
Kowary uranium deposit (Poland), occurring in metasediments of the Krkonoše crystalline
unit. However, this uraninite had very low concentrations of Zr (1 ppm at maximum) [53].

5.2. Optical Anisotropy of Radiolytically Altered Bitumen. Radiation-Induced Halos

Due to the heterogeneous character of radiolytically altered matter, studied bitumens
were split into two textural classes, readily turning from one to the other. Firstly, into the
dark WAB (RmaxWAB up to 1.49%) forming the basis of amorphous bitumen and whose
proportion in samples decreased with increasing concentrations of uranium (Figure 7).
Secondly, into the bright SAB and halo zones with reflectances up to 4.37% (RmaxHalo), and
with diminishing fluorescence. Both WAB and SAB showed weak optical anisotropy under
cross-polarized reflected-light microscopy, which indicates the beginning of structural reor-
ganization of molecular components. Additionally, minor changes in reflectance RminWAB,
RmaxWAB, and BWAB document weak anisotropy in the less altered bitumen (Figure 6).
However, the increasing values of reflectance and bireflectance with increasing uranium
content (Table 1) are obvious and the anisotropy, although weak, is highest in the case of
strongly altered halo zones (up to 1.04% BHalo) and irregular formations around uraninite
grains, indicating a higher order of structural parameters.

The weak anisotropy of radiolytically altered and highly reflective bitumens is associated
with dehydrogenation and oxidation processes and may be associated with a poorer pressure
effect or even the absence of pressure in the system. Such a type of bitumen was also found
in the Paja Formation of Colombia (Cretaceous age) [54], where the results revealed a low
three-dimensional arrangement of basic structural units at high reflectance and bireflectance
values in thermally altered bitumens. These results support the role of pressure in the formation
of anisotropy in carbonaceous materials, which emphasizes the importance of oriented stress
during tectonic action in thermal processes during coalification and maturation, as has been
investigated by many authors and summarized in [36].

The presence of a bright optical halo around radioactive inclusions is an optical phe-
nomenon known for years and explained as a result of α and β particles, emitted from the
mineral grains. The halo zones differ in size (mostly over 30 µm in diameter) and brightness.
Reflectance values vary within a halo, which may be related to the character of the radiation
energy transfer, size and shape of inclusions, and density of the organic matter changing with
the degree of structural re-organization by the radiolytic alteration ([8], and references therein).
Simple rounded or oval halos without surface relief (Figure 6J–L), with reflectances increasing
from the edge (0.80% RminWAB) to the center of the halo (3.53% RmaxHalo), predominate in bitu-
mens with uranium concentrations up to 2.85 wt.% U (sample V28527). Groupings of irregular
and asymmetrical embossed and highly reflective structures around variously sized and often
decayed uraninite grains prevailed in bitumens with higher uranium concentrations and with
denser uranium mass (Figure 6M–P). The observed large grains of uraninite are very often
torn and separated from each other, and often look like strings of beads (Figure 6M–O). This is
also typical for kidney-shaped uranium mineral formations, which are also segmented [7,55].
The reflectance values of these formations reached the highest measured values RmaxSAB 3.99%
and RmaxHalo 4.37% (Table 1). This texture likely reflects fracturing of a former larger grain
that occurred as bitumen, dried and precipitated simultaneously with or soon after uraninite
formation.
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The majority of halos in the uraniferous bitumens studied had dark rims between
uraninite inclusions and a clear zone, with a width up to 30 µm, but usually 2–10 µm. The
detailed microscopic examination of the samples showed reflectances lower than 1.09%,
without fluorescence. The dark zones often had granular character (Figure 6J,M,O) and
mainly inorganic origin based on nanograins of quartz, oxides of Fe, and other identified
minerals. Origin of the rims cannot be precisely determined but it should be the result of
weaker alteration of organic matter with a low concentration of uranium in the dark zones
due to the presence of other minerals and inorganic components.

Small dark uraninite grains up to about 5 µm were concentrated in formations of
various shapes from elongated to oval or circular (Figure 6J–L). Most of these grains
were dispersed in organic matter or diffused in bitumens (Figure 6M). The large mineral
inclusions showed no relationship with the bitumen fabric and are possibly of post-date
development. They are too abundant to be detrital grains and must represent precipitation
inside the bitumen, as has been induced experimentally by Rouzard et al. [56]. The uraninite
grains in uraniferous bitumens were precipitated shortly after interaction between uranium-
bearing fluids and migrating hydrocarbons, i.e., uranium precipitation was coeval with
bitumen solidification.

6. Conclusions

The bitumen forms in black shales from the Rudník Horizon of the Vrchlabí formation
are an excellent example of diverse evolution. The bitumen has rounded and lobate
shapes with variable irregular textures, alternating with nodular and corroded types, which
indicate their multistage formation and coalescence during migration of originally liquid
or semi-liquid hydrocarbon fluids. The diversity of the bitumen-mineral phase structures
indicates that bitumen was formed during burial, while hydrothermal solutions and vapors
passing through the primary porosity were altered due to irradiation by either uraninite or
uranyl containing basal fluids that were mixed with liquid hydrocarbons during diagenesis.

Optical properties and morphologies of the samples from Vrchlabí demonstrate their
radiolytic alteration. The presence of uranium affected the content of unaltered bitumen,
number and area density of halos, values of reflectance, as well as fluorescence; the uranium
concentration was the main factor controlling the values of mean (RAB) and maximum
reflectance (RmaxAB) in amorphous, partly mineralized bitumens and halos. The maturity
of radiolytically altered bitumens studied increased up to levels found in high rank coal or
anthracite.

Uranium is present in the bitumens at concentrations up to 4.8 wt.% U as uraninite,
which is partly enriched along with other elements (Pb, Zr, Cu, and As). Mineral particles
are often fine-grained in bitumen with organized surface arrangements and orientations,
and filling pores. Their generation can be attributed to precipitation processes after water
evaporation or to mechanical breaking of the cavity walls. Additionally, the mineral grains
are often fragmented, which reflects breaking of former larger grains.

Radiation-induced halos are visible around uraninite inclusions, and their shapes have
been determined by the character of the inclusion. Higher uranium contents imply irregular
and asymmetrical, embossed, and more reflective halo structures. Reflectance changes
through a halo, and dark rims separate mineral inclusions and clear halos, probably as
a result of alteration between organic matter and minerals with low concentrations of
uranium.
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