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Abstract: This study presents the first U-Pb (CA-ID-TIMS) radioisotopic dating of zircon grains
extracted from tonsteins within the uppermost Permian coal interval of the Minusinsk Coal Basin
(Siberia, Russia). Petrographic, structural, and mineralogical analyses confirm the volcanic ash origin
of the tonsteins. The parent pyroclastic materials are identified as rhyolite–pantellerite for tonstein
I-22 and dacite–rhyodacite for tonstein I-12. Morphological analysis of zircon crystals, along with
cathodoluminescence and melt inclusion studies, confirms their volcanic origin and crystallisation
temperatures of 700–900 ◦C. New radioisotopic dates of 261.4 ± 0.7 Ma and 261.3 ± 0.4 Ma clarify
the age of the Izykh Formation, enabling its direct correlation with the Capitanian Stage of the
International Chronostratigraphic Chart. The results emphasise the possible discontinuity of the coal-
bearing succession of Siberian palaeocontinent and highlight the potential for further stratigraphic
refinement through continued radioisotopic dating of tonsteins.

Keywords: Siberia; Permian; tonstein; ashfalls; U-PB dating; CA-ID-TIMS; geochronology; biostratigraphy

1. Introduction

Radioisotopic uranium–lead (U-Pb) dating of individual zircon grains by thermal
ionisation mass spectrometry with isotope dilution and chemical abrasion (CA-ID-TIMS)
is a widely accepted tool for the direct chronological correlation of local stratigraphic
units with the International Chronostratigraphic Scheme [1,2]. The application of U-Pb
radioisotopic dating is particularly successful in coal-bearing strata, which often contain
numerous tonsteins, considered to be altered volcanic ashes originating from tectonic
activity and explosive volcanism [3–9].

Radioisotopic uranium–lead (U-Pb) dating has provided a chronostratigraphic frame-
work for the coal basins of Euramerica (North America [10], Western Europe [7,11–14], and
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Eastern Europe (Donets Basin) [15,16]), Gondwana (Australia [17–19] and South Amer-
ica [20–25]), and China [26–28]. In recent years, a number of radioisotopic ages from the
coal basins of the Siberian palaeocontinent have been published, including data from the
Irkutsk Basin [29] and the Kuznetsk Basin [30–32]. In this paper, we continue this series
of publications.

The coal-bearing succession of the Minusinsk Coal Basin includes several tonsteins,
which have been studied very thoroughly from geochemical viewpoints [33–38]. The
increased attention being paid to the Minusinsk Coal Basin tonsteins is due to the accumu-
lations and elevated Zr-Nb-Hf-Ta-REE-Ga concentrations [34,37,38] attributed to volcanic
activity [39–43].

The uppermost Permian coal-bearing interval, including two thick (up to 12 m) coal
seams, XXX and XXXI, has been identified as the Izykh Formation (Fm) [44]. Tonsteins
containing zircon grains, dated by the radioisotopic method, were sampled from the coal
seam XXX, located in the middle part of the formation.

As more plant remains and invertebrate fossils were studied from the Izykh Fm, its
biostratigraphic age became younger. Initially, it was considered to be Cisuralian, i.e.,
Asselian–Sakmarian (290–295 Ma) ([45–49] and others) and Artinskian–early Kungurian
(280–290 Ma) [50]. Later, it began to be defined as the late Kungurian (about 275 Ma) [51],
and more recently as the Roadian (about 270 Ma) [44]. This paper presents radioisotopic
evidence that the Izykh Fm is approximately 10 million years younger than previously
thought based on biostratigraphic data.

The aim of this paper is to present data on the radioisotopic age of the Permian
coal-bearing strata of the Minusinsk Basin, which enables direct correlation with the
International Chronostratigraphic Chart.

2. Geological Background

The Minusinsk Coal Basin is one of the late Palaeozoic coal basins of the Altai–Sayan
Fold Belt (Figure 1) and is situated in the south part of the Minusinsk intermountain trough,
a complex synclinorium extending for almost 300 km from south to north. The Minusinsk
intermountain trough borders with the pre-Devonian folds of the Kuznetsk Alatau, the
Western Sayan, and the Eastern Sayan; in the north, it is joined with the West Siberian
Plate [34,52].

The prevailing view is that the Altai–Sayan Fold Belt was formed as a result of
the impact of the Palaeo-Asian oceanic plate and the Siberian palaeocontinent in the
Neoproterozoic–Mississippian. The opening and closure of the Palaeo-Asian oceanic plate
is considered to be the main driving force of the accretion and collision of different-aged
microcontinents, volcanic island arcs, and active and passive margins of microcontinents
with each other and with the Siberian palaeocontinent [53–58].

The Minusinsk intermountain trough includes a number of subordinate local de-
pressions and uplifts that are superposed on the Baikalian–Salairian metamorphic fold
basement located at a depth of 6000–7000 m. The overlying rocks comprise volcaniclastic,
clastic, and coal-bearing strata of the Middle Devonian (Givetian), Carboniferous and
Permian, and Mesozoic and Cenozoic deposits [34,52].

The lower boundary of the coal-bearing limnic succession is unconformable and is
accepted at the base of a thin conglomerate overlain by coal-bearing shales and coals,
dated as Serpukhovian by plant and invertebrate fossils [44–51]. It is assumed that most
of the coal-bearing strata of the Minusinsk intermountain trough have been destroyed by
post-Mesozoic erosion [52], and the remaining part (1100 to 1800 m thick) is preserved
mainly in the south of the trough in several synclines (or muldes) which are referred to as
the Minusinsk Coal Basin. The total area of the Minusinsk Coal Basin is 8100 km2, while
the area of commercial coal measures is about 1100 km2 [52]. The coal-bearing succession
includes strata from the late Mississippian to the late Guadalupian (Figure 2).
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Figure 1. Tectonic scheme (A) illustrating the position of the study area within the Altai–Sayan folded
region; simplified from [54–56]; (B) overview map with outlines of tectonic scheme.

The first stratigraphic scheme of the coal-bearing succession of the Minusinsk Coal
Basin and a 1:200,000 scale geological map were developed in the late 1920s. Subsequently,
the stratigraphic schemes and geological maps were detailed in the 1940s–1970s. In 1997,
Victor Sivtchikov [44] revised the stratigraphic scheme of the coal-bearing succession based
on new palaeontological data and a comprehensive summary of all available materials. We
adopt this revised scheme in this paper.

The synclines (or muldes) of the Minusinsk Coal Basin are separated from each other
by anticlinal folds (Figure 3). The territory we studied is a part of the Izykh Mulde,
representing a rounded isometric structure with a flat bottom and sloping (10–30◦) sides
(Figure 4). The diameter of the mulde along the basement of the Serpukhovian coal-bearing
strata is 25 km. The mulde is composed of coal-bearing strata accumulated from the
Serpukhovian to the Capitanian.

The coal-bearing strata are composed of siltstones (50%), sandstones (30%), mudstones
(10%), and coals (6%); other rocks such as conglomerates, gritstones, and limestones are
subordinate. The productive coal deposits of the Minusinsk Basin include 122 coal seams
and interbeds, of which 35 are contiguous or split coal seams. Generally, the main coal
seams are traceable in all the basin muldes.
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Figure 2. Regional stratigraphic scheme of the Permian of the Minusinsk Coal Basin [59], with
modifications based on new radioisotopic datings, correlated with the Regional Scheme of the
Kuznetsk Basin [60,61] and compared with the General Stratigraphic Scale of Russia [62] and the
International Chronostratigraphic Chart [63]. The radioisotopic datings highlighted with star symbols
are based on (1) ref. [64]; (2) ref. [30]; (3) ref. [31]; (4) ref. [32]; and (5) this article.
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Figure 3. Geological map of the Minusinsk Coal Basin (simplified from [65]) and sampling location
within the Izykh syncline (mulde).

 

Figure 4. Geological map of the Izykh syncline (mulde) (A) and profile on line K–K′ (B) (simplified
from [52]); sampling location is highlighted with star symbol.



Minerals 2024, 14, 982 6 of 28

Each syncline (or mulde) of the basin is considered a separate coalfield, with its own
index system for coal seams. In particular, the coal seams of the Izykh Mulde are numbered
with Roman numerals from I to XXXI. Additional coal seams above the main seam are
indexed by the number of the main seam with a letter in upper case (e.g., XVa, XVb, etc.).
Additional coal seams below the main seam are marked by the main seam number with
one or several apostrophes (e.g., XV′, XV′′, etc.).

The Izykh Fm, the subject of this article, is distributed only in the central part of the
Izykh Mulde (see Figures 3 and 4). The lower boundary of the Fm coincides with the
top of coal seam XXVIII. The Izykh Fm overlies the Narylkova Fm with an unconformity
(Figure 5) spanning from the upper Kungurian to the lower Roadian (Figure 2).

 
Figure 5. Generalised stratigraphic section of the Pennsylvanian and Permian (Cisuralian and
Guadalupian) of the Minusinsk Coal Basin (compiled from [34,52,59]) (A) and the reference section
of the Izykh Formation in the 1051 borehole, Izykh Coalfield (compiled by V. M. Yadrenkin in [44]);
the star symbols indicate the radioisotopic dating discussed in this article.
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The Izykh Fm (250–260 m) is composed predominantly of siltstones (more than 50%),
including coal seams, interlayers of shales and sandstones, and subordinate lenses of
siderites and conglomerates. The rocks include an admixture of ash material. At 30–35 m
above the base of the formation, a surface of erosion and unconformity is established. The
lower part of the Izykh Fm (140–150 m) is represented by a coal-free interval consisting of
siltstones and sandstones with only one thin coal seam (XXIX) and several local interlayers.
Further up the section, the number and thickness of sandstone beds increase. The upper part
of the formation (100–110 m) is composed primarily of fine-grained clastic rocks, including
siltstones, shales, and fine sandstones. It also contains two thick coal seams, indexed as
XXX and XXXI.

The XXX coal seam (in total 4.0–9.3 m) typically includes five to seven coal beds with
a thickness of 0.1 to 6.5 m, separated by rock interlayers with a thickness ranging from 0.3
to 3.0 m. In certain locations, the XXX seam is divided into additional seams, designated
as XXXa and XXXb. The coals of the XXX seam are characterised by their heterogeneity of
composition, caused by the interbedding of semi-glossy, matte, and semi-matte coals. The
vitrinite reflectance varies between 0.58% and 0.62%, which corresponds to the first stage
of coal metamorphism [52]. The XXX seam contains a number of tonsteins (from 1 to 30 cm
thick) which were sampled for zircons (see the Materials Section).

The presence of numerous tonsteins is a remarkable feature of the coal seams in the
Minusinsk Basin. Their thickness usually varies from a few millimetres to 5 cm [33]. In coal
seams, tonsteins usually form packages consisting of several layers located at distances
from 5 to 30 cm from each other. The intervals between adjacent packages are up to
several metres.

The clastic intervals separating coal seams sometimes also contain single tonsteins,
which are associated with thin clayey rocks. In general, tonsteins can be confidently traced
over long distances and can be used for correlation. The primary ash material of tonsteins
is usually altered to kaolinite, which has been determined by X-ray diffraction analysis [33].
The composition of the primary tuffs is thought to range from andesite to pantellerite. The
most common hypothesis for the accumulation of this material is periodic ashfalls that
formed successive series (packages) of layers [34].

3. Materials

Samples of tonsteins for zircon extraction were taken in 2015 and 2018 within the
Izykh open-cast coal mine from the XXX and XXXa seams, which lie just above the middle
of the Izykh Fm (Figures 4–6). In the coal seams, tonsteins appear as light-coloured thin
continuous layers of siltstone or mudstone traceable for kilometres. Two tonsteins, 1–2 cm
thick, were collected (1.5–2.0 kg) from each coal seam (see Figure 7). The fifth tonstein
sample was collected from a siltstone parting (0.45 m thick) with increased radioactivity
(25 µR/h) separating coal seams XXX and XXXa. The tonstein I-12 from seam XXXa and the
tonstein I-22 from the siltstone parting were the only samples that contained zircon grains
in sufficient quantity for radioisotopic dating. In total, approximately 200 zircon grains
were extracted from the two tonsteins and analysed with different methods.

Tonsteins are soft clayey rocks that range in colour from light yellowish-grey to
greyish-brown (Figure 8). When wet, they take on a darker hue. Some samples display fine
secondary subhorizontal foliation (Figure 8A).

The zircons extracted from tonsteins I-12 and I-22 show no visible features of trans-
portation or roundness (Figure 9).



Minerals 2024, 14, 982 8 of 28

 

Figure 6. Outcrop of the upper part of the Izykh Fm in the Izykh coal mine showing the location of
tonstein sampling.

 

Figure 7. Location of tonsteins I-12 and I-22 in coal seams XXXa and XXX.
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Figure 8. Tonstein samples from the coal seams XXXa and XXX: (A) tonstein I-12; the upper left
sample retained contact with the adjacent coal, and (B) tonstein I-22; the darker sample is wet.

 

Figure 9. Zircon grains extracted from tonsteins I-12 (A,B) and I-22 (C,D).

4. Methods

X-ray diffraction analysis was conducted in the Laboratory of Lithology of the Tomsk
Scientific Research and Design Institute of Oil and Gas using the RIGAKU ULTIMA IV X-ray
diffractometer (Tokyo, Japan) with the integration of X-ray film imaging in Bragg–Brentano
geometry (performed by B.R. Soktoev). The following parameters were used for the
diffraction patterns: Cu anode, X-ray tube voltage of 40 kV, current of 30 mA, power of
1.2 kW, imaging speed of 1◦/min, pitch of 0.02◦, and imaging angles of 2Θ from 5◦ to 70◦.
To improve the quality of XRD and facilitate the identification of low-content minerals,
specific sample processing techniques were employed [66]. A Rietveld XRD analysis was
conducted using Siroquant v5 software (Siroquant, Mitchell, Australia) [67] to perform
quantitative mineralogical calculations on the whole-rock data [68].

Electron microscopy and X-ray energy-dispersive spectrometry of tonsteins was per-
formed at the International Innovative Scientific and Educational Centre “Uranium Ge-
ology” of the Engineering School of Natural Resources of the National Research Tomsk
Polytechnic University on a Hitachi S-3400N scanning electron microscope (Tokyo, Japan)
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equipped with a Bruker X@Flash 5010 X-ray energy-dispersive spectrometer (Berlin,
Germany). The study of the samples was carried out in low vacuum mode, using backscat-
tered electrons.

Inductively coupled plasma mass spectrometry (ICP-MS) was employed to analyse the
elemental composition of tonsteins using the iCAP Qc equipment (ThermoFisher Scientific,
Bremen, Germany) at the Institute of Geology and Petroleum Technologies of Kazan Federal
University. The standard sample preparation process was carried out using the Ethos Up
microwave decomposition oven (Milestone, Italy). The prepared solution was analysed on a
mass spectrometer that had been calibrated with multi-element standards at concentrations
ranging from 1 to 100 ppb for each element. The resulting values were then recalculated to
the initial concentration, taking into account the blank sample, suspension, and dilution of
the solution.

Analysis of the Morphological Features of Zircon Crystals. The aim of this study was
to verify the volcanogenic origin of zircon crystals (zirconium orthosilicate, Zr(SiO4)) ex-
tracted from tonsteins. As is widely recognised, zircon crystallises in a tetragonal syngony.
Additionally, zirconium is frequently isomorphically substituted by uranium, thorium, and
other radioactive elements. The zirconium crystal lattice is highly susceptible to changes in
the chemical composition of the growth medium and the crystallisation temperature. Varia-
tions in these parameters result in the crystallisation of different morphotypes, including
short prismatic, isometric, and needle-like crystals [69].

The morphology of zircon crystals was studied in accordance with the approach
proposed by J. Pupin [70], utilising the diagram he devised (Figure 10), which correlates the
shape of crystals with the crystallisation temperature. The study of morphology focused on
three key areas: (a) habitus, which determines the dominant simple crystallographic form;
(b) the perfection of the crystal facets or the degree of idiomorphism; and (c) the character
of facets, including the presence of combinational hatching, deformation, abrasion, signs of
dissolution, and secondary recrystallisation.

Figure 10. Main types and subtypes of zircon crystals and the corresponding geothermometric scale
according to J.P. Pupin [70]. The letter designations of crystal types and subtypes are provided in
accordance with the classification system of J.P. Pupin (p. 209, Table 1 in [65]).
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Table 1. Mineral composition of the studied tonsteins, %.

Mineral Tonstein I-12 Tonstein I-22

Kaolinite 42.6 56.2

Quartz 35.0 22.9

K-feldspar (sanidine and microcline) 9.8 12.5

Albite 4.2 5.6

Apatite 11.7 2.7

Total 99.1 99.9

Scanning electron microscope images of zircon grains (over 150) were obtained at the
Institute of Geology of the Technical University of Freiberg Mining Academy using a JEOL
JSM-7001F Field Emission Scanning Electron Microscope (Freising, Germany).

Cathodoluminescence was applied to study the internal structure of zircon crystals
and to select homogeneous crystals for radioisotopic dating. Heterogeneous zircons charac-
terised by the presence of ancient cores and young facets were not used for dating. Sample
preparation of zircon grains for cathodoluminescence was carried out using epoxy resin,
abrasives (10, 5, and 1 micron), and the Struers RotoPol 35 grinding equipment (Struers
GmbH, Willich-Schiefbahn, Germany). Cathodoluminescence photography (more than
150 images) was carried out at the Institute of Geology of the Technical University of
Freiberg Mining Academy on a JEOL JSM-7001F microscope.

The study of melt inclusions in zircon grains (5 grains from each tonstein sample) was
carried out at Kazan Federal University, Institute of Geology and Oil and Gas Technologies,
using Linkam THMS600 (Salfords, UK) with an operating temperature range from −196 ◦C
to 600 ◦C.

Radioisotopic dating methods. Tonstein samples were processed at the Kazan Federal
University. The most promising zircon grains were then sent to the Isotopic Laboratory,
Institute of Mineralogy, Technische Universität Bergakademie Freiberg (Freiberg, Germany)
for precise dating using CA-ID-TIMS.

Zircon extraction. Zircons were extracted from the tonsteins using three standard
procedures involving dimethyl sulfoxide ((CH3)2SO), ultrasonic dispersion, and heavy
liquid GPS-V (a concentrated aqueous solution of sodium heteropolytungstate) (for details,
see [32]).

Zircon Dating by Chemical Abrasion–Isotope Dilution–Thermal Ionisation Mass Spec-
trometry. Selected zircon grains (ca. 30–50 grains with the most idiomorphic forms) were
annealed at 900 ◦C for 96 h and then chemically abraded at 210 ◦C for 12 h (sample I-22)
and 14 h (sample I-12) with concentrated HF and HNO3 in a pressurised Parr dissolution
vessel. This procedure dissolves crystal domains suspected of post-crystallisation lead loss
by causing severe radiation damage [71].

The acid was then completely pipetted out together with the dissolved zircon material
and 3.5 N HNO3 was added to the remaining zircon grains and fragments and left for
30 min at 50 ◦C to remove surface lead. Several cleaning cycles with water combined with
repeated ultrasonic treatment were carried out before individual zircon fragments were
selected for further processing. Individual zircon grains/fragments were washed with
3.5 N HNO3 and transferred into clean microcapsules with a small drop of this liquid
and four drops of concentrated HF. Samples were spiked with a 205Pb-233U-235U- tracer
solution (ET535 at TU Bergakademie Freiberg) [72]. For final dissolution, the microcapsules
were placed in pressurised Parr dissolution vessels and heated to 200 ◦C for 48 h, followed
by drying at 130 ◦C and then redissolving in 6 N HCl for 24 h at 200 ◦C to convert to
chlorides. After repeated drying, the samples were dissolved in ten drops of 3.1 N HNO3
and transferred into microcolumns for column chemistry. The U and Pb were separated
from the rest of the sample by anion exchange chromatography using HCl and H2O. The U-
and Pb-containing fraction was applied to pre-degassed rhenium filaments with a drop of
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silica gel [73] and measured on an IsotopX Phoenix Mass Spectrometer using a SEM Daly
ion counter (IsotopX, Middlewich, UK).

The accuracy of the dating results was checked by repeated measurements of the
zircon standards 91500 [74] and Temora 2 [75]. The published ages of Temora 2 were
determined as 416.8 ± 0.3 Ma [75] and 417.35 ± 0.05 Ma [76]. Our date of 417.5 ± 0.5 Ma
(Figure 17, Supplementary Materials, Table S1) is in perfect agreement with these values.
Our weighted mean 206Pb/238U age of 1064.1 ± 1.3 Ma is within the accepted values of
1062.4 ± 0.4 Ma [74] or 1063.6 ± 0.3 Ma [77]. Based on the standard dating results, we
consider the present CA-ID-TIMS ages to be accurate at the 0.1% level.

5. Results

Petrography of tonsteins. An analysis of the structural features and mineralogical
composition of tonsteins was conducted with a petrographic microscope. The tonsteins
represent a silty-clayey rock devoid of primary lamination (see Figure 11). The main
mass of the rock is composed of kaolinite, including clusters and phenocrysts of organic
matter. Kaolinite is represented by a range of forms, including cryptocrystalline mass,
individual crystals, aggregates of crystals, and pseudomorphoses on feldspars and mica.
The significant organic matter content is confirmed by the rather high Loss on Ignition
(LOI) values of 35.6 (tonstein I-12) and 13.6 (tonstein I-22) (Table 1). The silty-clayey mass
comprises a large number of angular crystals and grains of quartz and feldspar. The lack of
lamination is further evidenced by the non-oriented arrangement of mineral grains, crystal
aggregates, and clots of organic matter (Figure 11A,B).

 

Figure 11. Tonstein structure in thin section: (A)—homogeneous cryptocrystalline mass of kaoli-
nite with clusters and phenocrysts of organic matter (Om); (B)—the same in crossed nicols:
An—anorthoclase; Kl—aggregates of kaolinite crystals; Q—quartz; (C,D)—the same section in higher
magnification; (D)—in crossed nicols. Tonstein I-12.

X-ray diffraction (XRD) analysis. Tonsteins are predominantly composed of kaolinite
(42.5–56.2%) and quartz (22.9–35.0%) (Table 1), with subordinate contents of K-feldspars
(sanidine and microcline) (9.8–12.5%), albite (4.2–5.6%), and apatite (2.7–11.8%).

Scanning electron microscopy/energy-dispersive X-ray spectrometry (SEM-EDS) of
tonsteins enables the detection and identification of sparsely distributed and accessory min-
eral phases and significantly complements the list of minerals established by XRD analysis.

Tonstein I-12 contains, in addition to the minerals listed in Table 1, sphalerite, celestine,
barite, fluoroapatite, brass with lead nugget inclusions, illite, ilmenite (pseudorutile),
and baddeleyite.

Tonstein I-22 contains, in addition to the minerals listed in Table 1, zinc nuggets,
sphalerite, pyrite, pyrite with nickel admixture, montmorillonite, anorthoclase, barite, and
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celestine. According to previous studies [38], tonstein I-22 also includes Zr-bearing minerals
represented by zircon, baddeleyite, and complex Ca-Nb-Zr-P silicates of variable composi-
tion, as well as lanthanides (monazite) and nodular sulphides (galena and sphalerite).

Major elements of tonsteins determined by inductively coupled plasma atomic emis-
sion spectroscopy (ICP-AES). The content of rock-forming oxides in tonsteins I-12 and I-22
and their average composition in post-Archean upper continental crust (UCC) [78] and
shales [79] are summarised in Table 2.

Table 2. Content of major element oxides in the studied tonsteins determined by ICP-AES [38].

Major Element Oxides
(Weight %) Tonstein I-12 Tonstein I-22 UCC NASC

SiO2 34.7 49.8 66.6 64.8
TiO2 0.59 0.65 0.64 0.70

Al2O3 16.4 27.8 15.4 16.9
Fe2O3 0.81 0.86 5.61 6.30
MnO 0.011 0.006 0.10 0.06
CaO 3.61 1.58 3.59 3.63
MgO 0.20 0.31 2.48 2.86
K2O 0.85 0.71 2.80 3.97

Na2O 0.18 0.37 3.27 1.14
P2O5 2.16 0.88 0.15 0.13

Loss on Ignition (LOI, %) 35.6 13.6 - -
Total 99.7 99.8 100.64 100.49

SiO2/Al2O3 2.12 1.79 4.3 3.8
TiO2/Al2O3 0.036 0.023 0.042 0.041

Note. All oxide values are in weight %. Average chemical composition: UCC—upper continental crust, post-
Archean [78], NASC—North American Shale Composite [79]; the orange colour indicates increased values while
the blue colour indicates decreased values; values close to the average content are not coloured.

Tonstein I-12 has TiO2, Al2O3, and CaO contents close to the average chemical com-
position, with the exception of P2O5, which is more than an order of magnitude higher.
The contents of the other major element oxides are lower than the average values: SiO2
is approximately half the average, and Fe2O3, MnO, MgO, K2O, and Na2O are almost an
order of magnitude lower. Tonstein I-22 has elevated values of Al2O3 and P2O5, while
the TiO2 content is close to the average composition values. The contents of other major
element oxides are lower than the average composition values.

The low contents of most rock-forming oxides in the studied tonstein samples are
associated with LOI (Loss on Ignition), due to the presence of organic matter. Upon
recalculating the data for inorganic matter, it is evident that the tonsteins are enriched in
TiO2, Al2O3, CaO, and P2O5. The increase in alumina and titanium oxide concentrations
is attributed to the loss of the elements, particularly of silica, potassium, and sodium,
which occurred during the transformation of the parent ash material into tonstein. The
concentrations of CaO and P2O5 are associated with the presence of stable fluorapatite in
the source material. The recalculated content of rock-forming oxides aligns well with the
mineral composition shown in Table 1. The reduced contents of most rock-forming oxides
suggest that the tonsteins, derived from volcanic ash material, are geochemically distinct
from basin sedimentary rocks, which predominantly consist of clastic material supplied
from source areas.

The SiO2/Al2O3 ratio in the studied tonsteins ranges from 1.79 (tonstein I-22) to 2.12
(tonstein I-12), and the TiO2/Al2O3 ratio from 0.036 (tonstein I-22) to 0.023 (tonstein I-12).
These values are lower than these ratios for average chemical composition. The lower
SiO2/Al2O3 ratio compared to the average chemical composition indicates silica removal
during ash kaolinisation, and the lower TiO2/Al2O3 ratio indicates the acid (rhyodacite)
composition of the primary ashes [4].
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Trace elements of tonsteins obtained by the ICP-MS method. The contents of trace
elements in the studied tonsteins, the average contents in sedimentary rocks [80,81], in the
post-Archean upper continental crust (UCC) [78], in acid volcanic rocks [80,81], and in coal
ashes [82] are summarised in Table 3.

Table 3. Trace elements (ppm) in the studied tonsteins and average concentrations in relevant rocks.

Element Tonstein I-12 Tonstein I-22 Sedimentary
Rocks 1

Upper Continental
Crust (UCC) 2

Acid Volcanic
Rocks 3 Coal Ashes 4

Li 68.2 20.7 33 21 26 66
Be 4.3 0.45 1.9 2.1 4 9.4
Sc 11.4 6.9 9.6 14 4.2 23
V 8.4 11.9 91 97 60 155
Cr 2.4 3.4 58 92 8.5 100
Co 1.3 1.7 14 17.3 4.8 32
Ni 21.9 92.2 37 47 8 76
Cu 68.6 57.5 31 28 15 92
Zn 100.4 55.7 43 67 35 140
Ga 20.8 36.2 12 17.5 26 33
Ge 9.2 14.9 1.4 – 1 15
As 14.9 10.8 7.6 – 4.3 47
Se 6.4 8.1 0.27 – 0.093 8.8
Rb 14.6 8.4 94 84 190 79
Sr 236 218 270 320 240 740
Y 81.2 39.2 29 21 24 51
Zr 94.8 115.3 170 193 110 210
Nb 7.1 4.6 7.6 12 26 20
Mo 1.4 1.2 1.5 – 3.4 14
Cd 0.3 0.2 0.8 0.09 0.3 1.2
Sn 2.1 3.0 2.9 2.1 3.5 6.4
Sb 0.1 0.70 1.2 0.4 – 6.3
Cs 0.6 0.9 7.7 4.9 10 6.6
Ba 445 231 410 628 480 940
La 35.6 88.1 32 31 31 69
Ce 76.9 169.8 52 63 58 130
Pr 8.7 16.7 6.8 7.1 10 20
Nd 35.5 62.0 24 27 27 67
Sm 7.9 10.8 5.5 4.70 5.2 13
Eu 1.8 1.6 0.94 1.0 1.5 2.5
Gd 8.6 9.8 4 4.0 5 16
Tb 1.3 1.4 0.69 0.70 0.82 2.1
Dy 8.8 7.4 3.6 3.90 6 14
Ho 2.1 1.4 0.92 0.83 1.7 4.0
Er 7.3 3.4 1.7 2.30 3.6 5.5
Tm 1.1 0.5 0.78 0.30 1 2.0
Yb 8.0 3.0 2.0 1.96 2.5 6.2
Lu 1.1 0.4 0.44 0.31 0.55 1.2
Hf 3.9 5.2 3.9 5.3 4.1 8.3
Ta 0.9 1.9 1.0 0.9 1.8 1.7
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Table 3. Cont.

Element Tonstein I-12 Tonstein I-22 Sedimentary
Rocks 1

Upper Continental
Crust (UCC) 2

Acid Volcanic
Rocks 3 Coal Ashes 4

W 0.5 0.3 2.0 – 1.4 6.9
Tl 0.13 0.07 0.89 0.9 2.1 4.9
Pb 19.7 30.0 12 17 23 47
Th 12.3 31.9 7.7 10.5 13 21
U 3.8 7.1 3.4 2.7 4.5 16

Th/U 3.2 4.5 2.26 3.9 2.9 1.3

Note. All values are in ppm. Average trace element content: 1,3—ref. [80,81]; 2—ref. [78]; 4—ref. [82]; the orange
colour indicates increased values while the blue colour indicates decreased values; values close to the average
content are not coloured. It should be noted that the values in Table 3 are given for the original samples without
LOI. If the correction coefficients are introduced, then all values indicated for tonstein I-12 increase by a factor of
1.55, and for tonstein I-22 by a factor of 1.16. This increase does not affect the results discussed herein.

Tonstein I-12 contains elevated concentrations of Li, Be, Cu, Zn, Ga, Ge, As, Se, Y, Ce,
Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, and Th compared to the average composition
of sedimentary rocks and UCC. Conversely, this tonstein shows reduced contents of V, Cr,
Co, Ni, Rb, Zr, Cs, W, and Tl. The concentrations of Sc, Sr, Nb, Mo, Cd, Sn, Sb, Ba, Hf, Ta,
and U are close to the average values for sedimentary rocks and UCC.

Tonstein I-22 contains elevated concentrations of Ni, Cu, Zn, Ga, Ge, As, Se, Y, La, Ce,
Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Yb, Hf, Ta, Pb, Th, and U. Reduced contents are noted
for Li, Be, V, Cr, Co, Rb, Zr, Cs, Ba, Tm, W, and Tl. The concentrations of Sc, Sr, Nb, Mo, Cd,
Sn, Sb, and Lu are close to the average values for sedimentary rocks and UCC.

The values of some elements recorded in tonsteins I-12 and I-22, both elevated (Be,
Ga, Eu, Dy, Er, Tm, Ta, Th) and reduced (Li, V, Cr, Co, Ni, Zr), correlate with the average
contents in acid volcanic rocks. Elevated values of elements such as Li, Ni, Cu, Ga, Ge,
Se, Y, REE, Hf, Ta, Pb, Th, and U also correlate with concentrations of these elements in
coal ash.

General Description of Zircon Crystals. The study of zircon grain populations from
tonstein I-22 (60 grains) and tonstein I-12 (100 grains) using optical and scanning electron
microscopes revealed in both cases the predominance of medium prismatic crystals (60%
and 45%, respectively), with length-to-width ratios ranging from 2 to 4. Short prismatic
crystals, with length-to-width ratios less than 2, are subdominant, accounting for 30% and
35%, respectively. Long prismatic crystals, with a length-to-width ratio greater than 4,
account for 10% and 20%, respectively. Most grains (about 85%) have well-developed
{101}–{211} pyramids. Photographs of crystal populations and individual grains are shown
in Figures 9, 12 and 13.

Transparent crystals predominate (more than 55%) in both tonsteins I-22 and I-12.
They are either colourless (about 25%) or have yellowish (about 15%) or brownish (about
15%) shades. Opaque muddy crystals account for 45% and are mostly coloured in yellowish
and brownish shades; opaque colourless crystals are very rare (2%). In general, zircon grain
populations from tonsteins I-22 and I-12 contain approximately 75% idiomorphic grains of
good preservation. Rounded grains account for 4–5%, grains with broken edges and faces
account for 5–6%, grains with intense fracturing account for about 10%, and finally at least
5% of the grains contain well-defined inclusions.

Morphological Features of Zircon Crystals. Zircon grains from tonsteins I-22 (60 grains)
and I-12 (100 grains) were subdivided into main types and secondary subtypes accord-
ing to the methodological approach of Pupin [70] and the resulting data are shown in
Figures 14 and 15.
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Figure 12. Zircon grains from tonstein I-22: (A)—long prismatic crystal; (B)—medium prismatic
crystal; (C)—short prismatic crystal; (D)—short prismatic grain; SEM photos.

 
Figure 13. Zircon grains from tonstein I-12: (A,B)—long prismatic crystals; (C)—medium prismatic
crystal; (D)—broken crystal; SEM photos.

In tonstein I-22 (Figure 14), the most prevalent zircon grains represent the main type
S ({100}–{110} prisms, {101}–{211} pyramids), among which subtypes S17 and S18 dominate
(about 55%), while subtypes S23 and S25 subdominate (in total about 25%), and the number
of other subtypes is of minor value. Scattered grains of the subtype P5 ({100}–{110} prisms,
{101} pyramids) and subtypes Q4 and Q5 ({100}–{110} prisms, {211} pyramids) are also recorded.
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Figure 14. Quantitative distribution of zircon grain morphotypes from tonstein I-22 according to the
diagram of Pupin [70]; morphotypes S17 and S18 with developed prismatic facets {100} predominate.

In tonstein I-12 (Figure 15), the same main types P, Q, and S, as in tonstein I-22, occur.
Subtypes S18 and S19 (about 60%) are dominant; subtype S17 (about 15%) and subtypes P4,
Q4, and S20 (in total about 20%) are subdominant; while the remaining six subtypes (Q2,
Q3, S9, S12, S14, P5) are represented by single grains.

 

Figure 15. Quantitative distribution of zircon grain morphotypes from tonstein I-12 according to the
diagram of Pupin [70]; morphotypes S18 and S19 with developed prismatic facets {100} predominate.

In general, both tonsteins contain crystals of the main types P, Q, and S, among which
the subtypes S17, S18, and S19 dominate. The morphological subtypes are grouped in the
lower part of the diagram [70], suggesting that the crystallisation conditions of most crystals
were similar.
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The Results of the Cathodoluminescence Study revealed that most of the zircon grains
extracted from tonsteins I-22 and I-12 have complex zonality, both parallel-symmetric and
asymmetric. Analysis of the cathodoluminescence images enabled us to exclude grains
with mechanical disturbances and asymmetric zonality from radioisotope dating, as these
features indicate the probable occurrence of an older crystalline core.

Study of Melt Inclusions. Examination of the internal structures of zircon grains
extracted from tonsteins I-22 and I-12 indicates the presence of crystalline, vitreous, and
gas–fluid melt inclusions (Figure 16) (personal communication, Anatoliy G. Nikolaev,
Kazan Federal University). The presence of melt inclusions with gaseous phase indicates
the rapid cooling of the primary crystal growth medium and is consistent with geochemical
data on the accumulation of tonsteins from volcanic ashfalls.

 
Figure 16. Zircon grains with melt inclusions: (A)—crystal containing melt inclusions with gaseous
phase, indicating rapid cooling of the primary crystal growth medium; (B)—crystal containing
crystalline inclusion; well-defined zonality of the crystal is visible; (C)—crystal containing vitreous
inclusion; (D)—crystal containing vitreous and gas–fluid melt inclusions; (A,B)—grains from tonstein
I-12; (C,D)—grains from tonstein I-22.

Analysis of melt inclusions in zircons extracted from the tonsteins I-22 and I-12 indi-
cates a crystallisation temperature range of 700–900 ◦C, which is in general agreement with
the results of the morphological study of zircon crystals.

Results of Radioisotopic Dating. The zircon U-Pb CA-ID-TIMS isotopic results are
shown as 206Pb/238U ranked age plots in Figure 17 and Annex 1. Mean sample ages
representing crystallisation were calculated from established age clusters with the software
ET Redux [83]. The error of the weighted mean ages is given as ±x/y/z, where x is the
internal 2σ measurement error; y is the internal 2σ error plus tracer calibration uncertainty;
and z additionally includes the uncertainty of the decay constant. For discussions, we
use the z-error, which includes the internal 2σ measurement error, the tracer calibration
uncertainty, and the uncertainty of the decay constant and enables comparison with other
dating methods.
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Figure 17. Single-zircon-grain U-Pb CA-ID-TIMS analyses as 206Pb/238U weighted mean dates (left
column) and in Concordia diagrams (right column) for both samples, I-22 (A) and I-12 (B), and two
secondary standards, 91500 (C) and Temora 2 (D), that were dated parallel to the unknowns. In the
weighted mean diagrams, each vertical bar represents a single-zircon-grain analysis, including its 2σ
analytical (internal) uncertainties; the grey bars were not included in the weighted mean calculation.
Vertical green boxes represent the weighted mean age with z—uncertainty. The uncertainty of the
weighted mean CA-ID-TIMS dates is reported as ± x/y/z, with x—2σ internal, y—2σ external
uncertainty including tracer calibration and z—2σ external uncertainty including 238U decay constant
uncertainty [77]. Blue bars for the two standard zircons represent published ages and their uncer-
tainties (a—[74]; b—[77]; c—[75]; d—[76]). In the Concordia diagrams, green ellipses correspond to
dates that were chosen for the calculation of the 206Pb/238U weighted mean age; the black ellipses
were discarded.
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For the sample from tonstein I-22, 10 zircon fragments were dated. The single zircon
ages vary from 258.1 to 265.5 Ma and often have a high measurement error due to the
small size of the remaining zircon fragments. Six measurements form a cluster with similar
ages between 259.8 and 262.8 Ma. These measurements were used to calculate a weighted
mean age of 261.4 ± 0.7 Ma (MSWD = 2.7). Two other zircon fragments show older ages,
which represent inherited components (e.g., xenocrystic cores), whereas two younger ages
represent slight Pb loss.

For the sample from tonstein I-12, we dated 17 zircon fragments. The single zircon
ages vary from 257.1 to 261.7. Eight measurements form a cluster with similar ages between
260.7 and 261.7 Ma. These measurements were used to calculate a weighted mean age
of 261.3 ± 0.4 Ma (MSWD = 0.5). All other zircon fragments show younger ages, which
represent slight Pb loss.

6. Discussion

Petrography of tonsteins. Tonsteins, consisting mainly of cryptocrystalline and re-
crystallised kaolinite, and its pseudomorphs after other minerals, are widely known from
coal-bearing basins of different ages [3,4,84–88]. The formation of kaolinite is thought to be
due to its diagenetic mineralisation from parent volcanic ashfalls under acidic conditions
caused by the accumulation and humification of thick peats [89]. The significant amount of
organic matter indicates that the burial of the primary sediment, which captured organic
matter, occurred rapidly enough and under conditions where biota could not destroy it.
The rapid accumulation of matter is confirmed by the presence of angular crystals of quartz
and feldspar, as well as by the absence of rock lamination and the unoriented arrangement
of mineral grains.

X-ray diffraction (XRD) and scanning electron microscopy/energy-dispersive X-ray
spectrometry (SEM-EDS) confirm the mineral composition of the tonsteins established
by petrographic studies. The alkaline feldspars, sanidine, albite, and anorthoclase, are
considered relict minerals of primary volcanic ash. Sanidine (K(AlSi3O8)), the highest-
temperature (650–800 ◦C and above) potassium feldspar, is a typical mineral of intermediate-
to-acidic volcanic rocks, particularly for rhyolite and trachyte fallout ash beds. Albite
(NaAlSi3O8) and sanidine form a continuous series of solid solutions, so their co-occurrence
in the tonstein is quite appropriate and indicates a sufficient amount of sodium in the parent
material. Anorthoclase ((Na,K)AlSi3O8) has an intermediate composition in the continuous
series of sanidine and albite, and is characteristic of high-temperature (above 600 ◦C)
sodium-rich volcanic rocks. Thus, its presence in tonstein is a direct indication of the
pyroclastic nature and high alkalinity of the parent material.

The alkaline (pantellerite–comendite) composition of the primary ash material is also
confirmed by the occurrence of low-stable complex zirconium–silicate minerals in asso-
ciation with leach-resistant zircons [38]. The presence of Zr-bearing minerals comprising
zircon, baddeleyite, and complex Ca-Nb-Zr-P silicates of variable composition, along with
the occurrence of lanthanides (monazite) and nodular sulphides (galena and sphalerite),
suggests that the parent material, which was subsequently transformed into kaolinite and
associated tonstein minerals, could have been derived from synchronous volcanic inputs
(e.g., air-fall ash) [4,41,88,90,91]. Special geochemical studies have suggested that the most
probable source of pantellerite ash for tonsteins from the XXX coal seam may be volcanic
eruptions in Northern Mongolia [38].

Major elements of tonsteins determined by inductively coupled plasma atomic emis-
sion spectroscopy (ICP-AES). The tonsteins I-12 and I-22 are predominantly composed
of SiO2 and Al2O3, which in total exceed 50% (Table 2). The elevated SiO2/Al2O3 ratio
of 2.12 in tonstein I-12 is consistent with the increased silicification of the rock [38]. The
lower SiO2/Al2O3 value of 1.79 in tonstein I-22 is in agreement with the predominance of
kaolinite in its composition.

The TiO2/Al2O3 ratio (Table 2) is often used as an auxiliary criterion of the contribution
of pyroclastics to coal accumulation [92] and for reconstructing the original composition of
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altered ash material [41]. It is assumed that a value of the TiO2/Al2O3 ratio below 0.02 is
characteristic of rhyolitic pyroclastics [93].

The TiO2/Al2O3 value for tonstein I-22 is 0.023, which may be evidence of the prox-
imity of the original ash matter to rhyolitic pyroclastics [38]. A TiO2/Al2O3 ratio between
0.02 and 0.06 indicates the contribution of intermediate or alkaline volcanic ash [93]. The
TiO2/Al2O3 value for tonstein I-12 is 0.036, which provides further confirmation that the
parent matter was similar in composition to this type of volcanic ash.

Trace elements of tonsteins obtained by the ICP-MS method. The majority of trace
elements in tonsteins I-12 and I-22 demonstrate comparable trends of change (increase or
decrease) in concentrations compared to average contents (Table 3). Both tonsteins display
an increase in most REEs (Sc, Y, and lanthanides). At the same time, the concentrations of
some elements (e.g., Li, Be, Ni) exhibit multidirectional trends, with one tonstein showing
an increase and the other a decrease compared to the average contents. A third group of
elements, including La, Pr, Hf, Ta, and U, which have increased values in tonstein I-22,
while in tonstein I-12 their contents are close to the average contents, is also distinguished.
The differences in the content of chemical elements in the tonsteins can be attributed to the
different composition of the parent volcanic ash [38].

Previous investigations of the studied tonsteins, in particular the analyses of the Eu
anomaly and Zr/TiO2-Nb/Y diagram [38], led to the conclusion of more acidic, rhyolite–
pantellerite, parent pyroclastics in tonstein I-22 and more basic, dacite–rhyodacite, pyro-
clastics in tonstein I-12.

Zircons. The good preservation and idiomorphic crystallographic outlines of the
majority (about 75%) of the zircon grains extracted from tonsteins I-22 and I-12 indicate
that in both cases we are dealing with monomineral populations, each formed from a
single magmatic melt. The dominance of subtypes S17, S18, and S19 of the main type S
({100}–{110}, {101}–{211}), the presence of long prismatic crystals of subtypes P4 ({100}>{110})
and P5 ({100}>>>{110}), and the grouping of morphotypes in the lower part of the J. P.
Pupin’s diagram of (Figures 14 and 15), confirm the homogeneity of the mineral populations
and suggests similar conditions for the growth of most crystals in the temperature range
750–850 ◦C.

The crystallisation temperature of zircons from tonsteins I-22 and I-12 in the range
700–900 ◦C is confirmed by the analysis of melt inclusions. The small number of crystals
with well-defined {110} facets crystallising at relatively lower temperatures is also consistent
with this temperature range. There is evidence that, in addition to temperature, the growth
medium has an influence on the morphology of zircons [94]; this suggestion requires
further investigation.

These results are generally consistent with the general pattern of magmatic melt forma-
tion, where silica-rich acidic melts have a temperature range of 700–900 ◦C, whereas basic
melts enriched in alkali and rare earth oxides have higher temperatures, typically above
900 ◦C [95,96]. Despite the fact that in both tonsteins the dominant morphotypes of zircon
crystals are subtypes forming at 800◦C, a trend of a slight increase in crystallisation temper-
ature from the lower to the upper tonstein can be observed. Thus, tonstein I-22, which is
thought to have formed from rhyolitic parent ash, includes six low-temperature morpho-
types with crystallisation temperatures of 650–750 ◦C, whereas tonstein I-12, formed from
intermediate or alkaline volcanic ash, contains only five low-temperature morphological
subtypes, with crystallisation temperatures not lower than 700–750 ◦C.

In general, the petrography, mineral composition, and geochemical data of the ton-
steins are in good agreement with the results of the morphological study of zircon crystals
and the analysis of melt inclusions, indicating the formation of the parent ashes of the
studied tonsteins and associated minerals from synchronous volcanic inputs (e.g., air-fall
ash) derived from rhyolite–pantellerite (tonstein I-22) and dacite–rhyodacite (tonstein I-12)
magmatic melts with temperatures of 700–900 ◦C.

Radioisotopic dating versus biostratigraphy. The radioisotopic weighted mean ages of
261.4 ± 0.7 Ma (MSWD = 2.7) (tonstein I-22) and 261.3 ± 0.4 Ma (MSWD = 0.5) (tonstein
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I-12) (Figures 7 and 17) indicate that the host strata (coal seams XXX and XXXa; middle part
of the Izykh Fm) belong to the Capitanian (Figure 2). At the same time, the biostratigraphic
age of this interval is accepted nowadays as Roadian [44,59]. Thus, our dating suggests
that the Izykh Fm is about 10 Ma younger than currently thought.

It should be noted that a direct correlation of the biostratigraphic data of the Minusinsk
Basin with the subdivisions of the GSSR is impossible, because the Siberian palaeocontinent
and the East European Platform with the Cis-Uralian Foredeep, the stratotype region of the
GSSR stages, belong to different phytogeographic and zoogeographic provinces [32,97]. For
this reason, the biostratigraphic age of the lithostratigraphic units of the Minusinsk Basin is
determined by comparing their palaeontological and palaeobotanical assemblages with
those of the Kuznetsk Basin, which serves as the adopted biostratigraphic standard [61,98].
Therefore, in Figure 2, the units of the Minusinsk Basin are correlated with the formations
of the Kuznetsk Basin, and we will use these formations in further characterising the
palaeobotanical features of the Izykh flora. It should be noted that the biostratigraphic
units of the Kuznetsk Basin is conventionally correlated with the GSSR subdivisions and
requiring constant refinement [30–32].

The rich collections of plant remains from the shale package overlying coal seam XXX
were examined by Sivtchikov and Donova [44], who provided the list of taxa (unfortunately
without illustration). According to the authors, this assemblage, which combines Rufloria
and Cordaites with the upper surface of the leaves striated with numerous small furrows
masking the veining, is characteristic of the Ilyinskoe Subgroup (Kazankovo-Markina and
Uskat Fms) of the Kuznetsk Basin. In the approved Stratigraphic Scheme of the Kuzbass,
the Ilyinskoe Subgroup is compared with the Kazanian Stage of the GSSR, which in turn is
correlated with the Roadian Stage of the ICC [97,98].

In the opinion of L.G. Porokhovnichenko (this paper), the taxonomic composition of the
assemblage reported by Sivtchikov and Donova [44] indicates that it belongs to the so-called
Kolchugino flora in the time range of the Ilyinskoe Subgroup (Figure 2). This is supported by
a number of taxa: Tungussocarpus tychtensis (appears only from the Ilyinskoe Subgroup of the
Kuzbass and occurs in the interval including the Kazankovo–Markina Fm and Gramoteino
Fm); Tungussocarpus rotundatus (Kazankovo–Markina Fm and Leninsk Fm); Sylvella dubia
(Usa Beds and Erunakovo Subgroup); Glottophyllum elongatum (Kazankovo–Markina Fm and
Leninsk Fm); Rufloria brevifolia (Kazankovo–Markina Fm and Uskat Fm); Cordaites clercii
Zal. (uppermost Uskat Fm and Erunakovo Subgroup); C. gorelovae (Kuznetsk Subgroup and
Leninsk Fm); and C. gracilentus (Kuznetsk Subgroup and lower Leninsk Fm).

Among the species mentioned above, only Rufloria brevifolia is limited to the Kazankovo–
Markina and Uskat Fms (= Roadian). In contrast, the other species have more exten-
sive stratigraphic ranges, which span the overlying Leninsk and Gramoteino Fm of the
Erunakovo Subgroup (= Wordian–Capitanian). In addition, the list contains Cordaites clercii,
a species occurring exclusively in the Erunakovo Subgroup. Assuming there was an error
in the determination of Rufloria brevifolia (e.g., due to poor preservation of the specimen),
the remaining floristic assemblage does not contradict the new radioisotopic dating.

The Upper Narylkova Subformation (Sfm) underlying the Izykh Fm is compared
by floristic remains to the Ishanova and Kemerovo Fms of the Kuznetsk Basin (upper
Balakhonka Subgroup = Artinskian–Kungurian) [44].

Plant remains of the Ishanova and Kemerovo Formations of the Kuznetsk Basin belong
to the so-called Balakhonka flora, which, according to radioisotope data, ended its existence
in the south of the Siberian palaeocontinent about 277 Ma [12]. The oldest plant assemblages
of the Izykh Formation are similar to those of the Ilyinskoe Subgroup of the Kuznetsk
Basin [25], which accumulated in the interval 273–266 Ma (Figure 2). Thus, new and
already available radioisotope dating of the Minusinsk and Kuznetsk basins, compared
with palaeobotanical data, indicate that the geological record of the Minusinsk Basin lacks
strata corresponding approximately to the interval of 278–273 Ma (=Upper Kungurian)
(Figure 2). The identified stratigraphic unconformity of about 5 Myr can be explained
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by (1) either regional (or local) erosion of already accumulated strata, or (2) a hiatus in
sediment accumulation.

The conclusion of a long hiatus in sedimentation is unusual for the geology of the
coal-bearing upper Palaeozoic of Siberia. This succession, at least in the reference Kuznetsk
Basin, is considered to be continuous, with only one distinct local unconformity at the
boundary of the Balakhonka and Kolchugino Groups [51,99], and the temporal range of
this gap is considered to be much shorter than the duration of the local stratons it separates.

Viktor Sivtchikov [44] was the first to note the significant role of unconformities in
the coal-bearing sequence of the Minusinsk Basin, justifying the gap between the Izykh
and Narylkova Fms and between the Narylkova and Beliy Yar Fms on the basis of palaeob-
otanical data, and suggesting the presence of a discontinuity within the Narylkova Fm.
We agree with Sivtchikov (p. 23 in [44]) that insufficient attention of palaeontologists to
the possible hiatus in the geological record of the Minusinsk Basin was expressed in their
attempts to establish an uninterrupted sequence of fossil assemblages based on traditional
ideas of continuous succession, which led to erroneous taxonomic definitions and incorrect
interpretations of biostratigraphic age. New radioisotopic dating confirms Sivtchikov’s
observations [44] and reveals the necessity to review the available palaeontological data.

7. Conclusions

The petrography, structure, and mineralogical composition of the studied tonsteins
confirm their origin from volcanic ashfalls. The results from X-ray diffraction analysis
(XRD), energy-dispersive X-ray spectrometry (SEM-EDS), and inductively coupled plasma
mass spectrometry (ICP-MS) establish the compositions of the parent pyroclastic materials
as rhyolite–pantellerite for tonstein I-22 and more basic dacite–rhyodacite for tonstein I-12.

The morphological analysis of the zircon crystals, as well as the results of the cathodo-
luminescence and melt inclusion studies, confirm the unity of the mineral populations
extracted from the tonsteins and the crystallisation of zircons from volcanic material at
temperatures ranging from 700 to 900 ◦C.

New radioisotopic dates of 261.4 ± 0.7 Ma and 261.3 ± 0.4 Ma clarify the age of the
Izykh Formation, enabling direct correlation of its upper part, including the XXX coal seam,
with the Capitanian stage of the International Chronostratigraphic Chart.

The results highlight the possible discontinuity and incompleteness of the coal-bearing
succession of the Siberian palaeocontinent, where gaps can span several million years.

The data demonstrate the potential for the radioisotopic dating of tonsteins, which
are abundant in the coal-bearing strata of the Minusinsk Basin. Future work may provide
new insights into the stratigraphic framework of coal seams and clarify the history of coal
accumulation in the Siberian palaeocontinent during the Palaeozoic.
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