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Abstract

:

The Cheremkhovo formation (Pliensbachian) is the primary coal-bearing formation of the Irkutsk basin, Eastern Siberia. Still, few geochemical studies of the Jurassic sediments of the Irkutsk coal-bearing basin have been conducted, and there are no data on the geochemistry of the coal-bearing formation itself. This study presents geochemical data for 68 samples from the Cheremkhovo formation and the overlying Lower Prisayan formation. The age of the former has been estimated by U-Pb dating of zircon from a tonstein (altered volcanic ash) layer as Pliensbachian, whereas the age of the latter is estimated as Pliensbachian–Toarcian according to regional stratigraphy. Major oxide and trace element concentrations were obtained using X-ray fluorescence spectrometry. Geochemical indicators showed diversity between the two studied formations. The indicators used show the change in climate conditions, from warm and humid in the Cheremkhovo formation, to hot and arid during the deposition of the lower Prisayan formation. The provenance of the Irkutsk coal-bearing basin was mainly influenced by the source composition, not recycling, and sediments were mainly derived from felsic to intermediate igneous rocks with a mixture of other rock types.
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1. Introduction


The Irkutsk coal-bearing basin is located in the southern part of the Siberian Craton (Figure 1). A large fuel and energy complex has been created in the region; about 15 million tons of coal are mined annually. On the Russian scale, it provides 6% of coal production [1].



The regional stratigraphic chart for the basin sediments was accepted in 1981 with the Cheremkhovo, Prisayan, and Kuda formations [2]. The Cheremkhovo formation (Fm.) is the primary coal-bearing formation of the Irkutsk basin. Based on biostratigraphy, different scholars attribute the Cheremkhovo Fm. to the Pliensbachian [3], Pliensbachian–Toarcian [2,3,4] or Pliensbachian–Aalenian [5] intervals. The only radioisotopic date (187.44 +0.45/−1.60 Ma, Pliensbachian) was obtained by the U-Pb method using laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) on zircon of a tonstein (altered volcanic ash) layer from an industrial coal seam of the Azeysk deposit [6]. According to [3], whose stratigraphic scheme is consistent with U-Pb data, the Prisayan Fm. and Kuda Fm. are Pliensbachian–Aalenian and Aalenian–Bajocian, respectively.



Despite the large number of publications devoted to studies of the Irkutsk coal-bearing basin [3,4,5,7,8,9,10,11], there are too few modern analytical data for this area. In recent years, the study of the Irkutsk coal-bearing basin was focused on stratigraphy, structural evolution, and sedimentology [5,11,12,13,14,15,16]. Geochemical data were only obtained for coals of the Azeisk coal deposit [17] and the uppermost Prisayan Fm. and Kuda Fm. [11,12,18].



On the global scale, the Toarcian is marked by an ocean anoxic event (Toarcian-OAE) [19], which in turn likely resulted from Karoo-Ferrar flood basalt volcanism [20,21]. To see the probable changes in the volcanic-related environmental conditions, we provide a detailed geochemical study of sediments of the Cheremkhovo Fm. and Lower Prisayan Fm., i.e., those formations which, on the one hand, were formed before, at, and after the Toarcian-OAE, but, on the other hand, were not yet studied.



1.1. Geological Setting


The Jurassic stratigraphy of the Irkutsk basin is compiled in Figure 2, using data from geological surveys [22,23] and Skoblo et al. [3]. The basis of the Jurassic sediments is represented by the 30 m- to 240 m-thick Cheremkhovo Fm. It is overlain by the 135 m- to 350 m-thick Prisayan Fm. The Jurassic sediments compete with the up to 145 m-thick Kuda Fm. The alluvial, the alluvial–deluvial, the floodplain, and lacustrine-boggy facies are distinguished by the basin sediments [7,8].




1.2. The Lower Cheremkhovo Formation


The lower Cheremkhovo Fm. is mostly coarse-grained and composed of sandstones, gravelstones, conglomerates, and thin layers of siltstones, mudstones, and coal. The subformation thickness is from 100–130 m to 30 m, up to full thinning [24]. The lower Cheremkhovo Fm. indicates the transitions from widespread coarse-grained facies to clay-brecciated and sand facies [3,7,8,25]. Facies depend on sedimentation conditions, the buried morphology, and provenance. The clay-brecciated facies is not more than 20 m [23] thick. The average thickness of the sand facies is 10–16 m, up to 30 m [23]. Both of these facies are limited within the Irkutsk basin. The widespread coarse-grained facies building up the basal part of the Jurassic section extended over almost the entire area of the basin. Samples were collected in order to cover the widespread coarse-grained facies of the lower Cheremkhovo Fm.



The lower Cheremkhovo Fm. is exposed in the area of Zalari town (53°34′09.14″ N, 102°32′37.74″ E) (Figure 3). The base of the section is unconformably overlying the Cambrian rocks. The section consists of well-sorted pebble to boulder conglomerates. The conglomerates are interlayered with beds of well-sorted sandstones, varying from fine-grained to gravel. The composition of the pebbles is controlled by quartzites, quartz with granitoids. Pebbles are characterized by a good degree of roundness. The polymict sandstones consist of badly sorted minerals (quartz, calcite, plagioclase, and feldspar) and rock pieces (quartzite, gneisses, and granite). Clast roundness is from medium to good. The matrix is of clay and iron oxide particles intermixed with the clay. The siltstone composition is close to that of sandstone.



The lower Cheremkhovo Fm. is exposed in the area of Kutulik village (53°22′02.14″ N, 102°47′02.30″ E) (Figure 4). The deposits are composed of sandstones and siltstones. The polymict and feldspar–quartz sandstones consist of poorly sorted mineral grains (quartz, feldspar, and plagioclase) and rock pieces (quartzite, felsic volcanic rocks, gneisses, and granite). Mineral grains and rock pieces are characterized by varying degrees of roundness, from poor to good. The matrix is composed of clay and iron oxide particles intermixed with the clay. The siltstone composition is close to that of sandstone.




1.3. The Upper Cheremkhovo Formation


The upper Cheremkhovo Fm. is composed of siltstones, mudstones, industrial coal, and sandstones. All coal deposits known in the Irkutsk basin are associated with the upper Cheremkhovo Fm. The Irkutsk basin coals are mostly lower rank; metamorphism increases in the northwest direction to the southeast [23]. The second-highest stage of metamorphism is characterized by coals of the southeastern part of the basin, but there are no coal deposits that would be economic to mine.



The upper Cheremkhovo Fm. samples were collected at the Cheremkhovo, Golovinsk, Bozoy, and Azeisk coal deposits. The sampled sections of the Cheremkhovo (53°15′15.27″ N, 102°57′09.06″ E) and Golovinsk (53°26′51.21″ N, 102°53′58.48″ E) coal deposits are almost the same (Figure 5). The deposits are composed of coals, mudstones, siltstones, and sandstones. The arkose and feldspar–quartz sandstones consist of badly sorted minerals (quartz, feldspar, and plagioclase) and rock fragments (volcanic rocks, gneisses and granite, and quartzite). Mineral grains and rock pieces are differentiated by roundness, from poor to good. The matrix is composed of clay. The siltstone composition is close to that of sandstone.



The Bozoy section (52°52′01.16″ N, 105°02′28.37″ E) is represented by coals, mudstones, siltstones, and sandstones (Figure 6). The feldspar–quartz sandstones are composed of badly sorted minerals (quartz, feldspar, and plagioclase) and rock pieces (volcanic rocks, gneisses, granite, and quartzite). The fragments are differentiated by varying degrees of roundness, from poor to good. The matrix is composed of iron oxide particles intermixed with the clay. The siltstone composition is close to that of sandstone.




1.4. The Lower Prisayan Formation


According to Skoblo et al. [3], the lower Prysayan Fm. is Pliensbachian–Toarcian. The lower Prisayan Fm. is composed of sandstones, siltstones, and gravelstones with a thin inter-bed of mudstones, conglomerates, and coals.



The lower Prisayan Fm. was sampled along the Angara river’s starboard side below the village of Ust-Baley (52°37′34.51″ N, 103°58′08.27″ E; Figure 7). The section is represented by sandstones with beds of pebbles and siltstones. The composition of pebbles is dominated by felsic effusive rocks, with a few granitoids and metamorphic rocks. Pebbles are characterized by a good degree of roundness. The quartz–feldspar and feldspar–quartz sandstones consist of badly sorted minerals (quartz, feldspar, plagioclase, and mica) and rock pieces (felsic volcanic rocks, granite, gneisses, and quartzite). Clasts differ by varying roundness, from poor to good. The matrix is composed of iron oxide particles intermixed with clay, and clay. The siltstone composition is close to that of sandstone. At different stratigraphic levels of the Irkutsk basin, especially in the Prisayan Fm., beds or nodules with a high calcite concentration occur.





2. Materials and Methods


The studied material comes from natural outcrops and sections of the Cheremkhovo, Azeysk, Golovinsk, and Bozoy deposits. The sampling locations are shown in Table S1. The petrographic analysis was carried out on sedimentary rocks and conglomerate pebbles.



Sample preparation and the analytical procedures were performed at the Center for Geodynamics and Geochronology of the Institute of the Earth’s Crust, Siberian Branch of the Russian Academy of Sciences (Irkutsk). The samples were crushed, split, and pulverized to a powder. Major element oxide (SiO2, Al2O3, Fe2O3, TiO2, MnO, MgO, CaO, K2O, Na2O, P2O5) and trace element (Ni, Cu, Ga, Pb, V, Cr, Co, Ba, La, Ce, Nd, Sm, Ta, Sc, Cs, As, Br, Nb, Zr, Y, Sr, Rb, Th, U) concentrations were analyzed by wavelength dispersive X-ray fluorescence (XRF) with an S8 TIGER (Bruker AXS GmbH, Germany) X-ray spectrometer using SPECTRAplus software after the procedures described in [26,27]. This method was chosen because of the low cost and high speed of the total analytical procedure, compared to other multielement analytical methods.




3. Results


This study presents geochemical data on the Jurassic deposits of the Cheremkhovo and lower Prisayan formations from the Irkutsk coal-bearing basin. Major element oxide and trace element data for the samples are given in Table S1. The Irkutsk basin’s sediments reveal a wide range of major element oxides, with SiO2 and Al2O3 being the dominant constituents. The concentration of SiO2 is from 40.93 to 88.24% in the Cheremkhovo Fm. and from 53.12 to 75.57% in the lower Prisayan Fm. The concentration of Al2O3 is from 3.92 to 23.13% in the Cheremkhovo Fm., and from 12.91 to 20.92% in the lower Prisayan Fm. The concentration of Fe2O3 ranges from 0.69 to 19.32% in the Cheremkhovo Fm., and from 1.75 to 13.99% in the lower Prisayan Fm. In sporadic samples the concentration of CaO is very high, more than 6.60%. We associate such CaO concentrations with nodules that occur at different stratigraphic levels of the Irkutsk basin section. Other major element oxides, such as K2O, TiO2, MgO, Na2O, and P2O5, are present in low concentrations (≤4.05%). In order to geochemically characterize the studied deposits of the Irkutsk coal-bearing basin, we did not use carbonate-rich sediments (CaO ≥ 10%), metasomatized or metamorphosed sediments [28].



3.1. Chemical Classification


The samples from the Cheremkhovo and lower Prisayan formations have different ratios of SiO2/Al2O3, and geochemical classification suggests that they cluster tightly in the graywacke, arkose, and litharenite fields. The Cheremkhovo Fm. samples fall in the graywacke, arkose, and litharenite fields [29]. The lower Prisayan Fm. samples fall in the graywacke field. The low SiO2 and ratios of SiO2/Al2O3 content demonstrate the immaturity of the Irkutsk basin sediments and suggest short transport distances between the major source regions and the sedimentary basin. The samples exhibit differences in Na2O/K2O ratios, especially in the lower Prisayan Fm. The group of the lower Cheremkhovo Fm. samples (six points) has very low log (Na2O/K2O) values from −1.44 to 1.26, and was not included in the classification diagram of Pettijohn [29] (Figure 8).




3.2. Weathering and Paleoclimate


The rate of chemical weathering of rocks and the erosion rate of weathering profiles is controlled by climate as well as source rock composition and tectonics. It is well known that chemical weathering strongly affects the major element geochemistry and mineralogy of siliciclastic sediments [30,31,32]. Several chemical indices have been proposed to quantify the intensity of weathering [28,30,31,32,33,34,35,36]. The chemical index of alteration (CIA) proposed by Nesbitt and Young [30] is widely used to check the degree of chemical weathering in rocks and as a marker of palaeoclimate. The CIA ratio can be calculated as: CIA = Al2O3/(Al2O3 +CaO1 + Na2O + K2O) × 100 [30]. The plagioclase index of alteration (PIA) is a CIA modification [32]. This can be calculated as: PIA = 100 × (Al2O3 − K2O)/(Al2O3 + CaO1 + Na2O − K2O). CaO1 represents the quantity of CaO integrated in the silicate fraction, and can be determined using the McLennan et al. method [31], where CaO1 = CaO − (10/3 × P2O5).



As shown in Figure 9, the CIA values for all samples varied from 51.47 to 90.23. The CIA values of the lower Cheremkhovo Fm. samples ranged from 51.47 to 84.27 (average value 75.68), from 64.14 to 90.23 (average value 80.81) for the upper Cheremkhovo Fm., and from 81.78 to 66.90 (average value 72.17) for the lower Prisayan Fm. We see that the Cheremkhovo Fm. samples show intense weathering and the lower Prisayan Fm. shows moderate weathering. The PIA values for the Cheremkhovo Fm. were quite high, ranging from 51.93 to 98.65, and offering high chemical weathering with hot and humid conditions. The smallest average PIA is seen in the lower Prisayan Fm. (80.74). The PIA values of the studied samples suggest intense chemical weathering. For most samples, the PIA and CIA values match well and indicate a comparable weathering grade (Figure 9). In the group of the lower Cheremkhovo Fm. samples, the PIA and CIA values do not match well. This group also has very low log (Na2O/K2O) values in the classification diagram (Figure 8).



Th/U ratios rise with increasing weathering. The Th/U ratios of the lower Cheremkhovo Fm. samples ranged from 0.6 to 4.0 (average value 2.1), from 1.9 to 4.5 (average value 3.0) for the upper Cheremkhovo Fm., and from 1.9 to 4.0 (average value 2.8) for the lower Prisayan Fm. (Figure 10). At the plot of Th versus Th/U, we can see that samples from the Irkutsk basin did not suffer from strong weathering. Low Th/U ratios may characterize coal-bearing samples, with the wide U content bonded with an organic agent [37,38]. The Th/U ratios to set weathering degrees for the Irkutsk basin samples seem to be problematic, but such values in the Irkutsk basin sediments may indicate a simple cycling history.



Variations in Rb/Sr and Sr/Cu ratios are applied to represent palaeoclimatic conditions. The Sr/Cu ratios of the lower Cheremkhovo Fm. samples ranged from 2.6 to 5.2 (average value 4.2), and from 9.2 to 15.3 (average value 12.9) for the lower Prisayan Fm. samples (Figure 11). Rb/Sr ratios demonstrated minor diversities, with all samples having values from 0.1 to 2.7 (Figure 11). The smallest Rb/Sr values are seen at the lower Prisayan Fm. (average value 0.3). Sr/Cu ratios rise under drier conditions [40,41,42]. Rb/Sr ratios reduce under drier conditions, and rise under cold conditions, just as low ratios represent warm conditions [43,44]. We can see that Sr/Cu ratios increase and Rb/Sr ratios decrease from the upper Cheremkhovo Fm. to the upper part of the lower Prisayan Fm. section (Figure 11). This can reflect changing climate conditions from warm and humid to hot and arid.



The geochemical data have shown the effect of climate fluctuations within the deposition of the Irkutsk coal-bearing basin deposits. In the Cheremkhovo Fm. a warm, humid climate prevailed and we see a high grade of chemical weathering of the source rocks. The indicators used represented changes in climate conditions within the deposition of the lower Prisayan Fm. At this time, climate conditions changed from warm and humid to hot and arid.




3.3. Source Composition and Provenance


The geochemical characteristics of sedimentary rocks can preserve provenance in-formation, despite the destruction of primary structures and alteration of minerals by sedimentary processes [39,45,46,47]. The ratio Th/Sc does not change considerably during sedimentary recycling [39], whereas the ratio Zr/Sc increases significantly. Thus, the ratios Th/Sc can be applied in tracing sedimentary provenance, and high Zr/Sc ratios can be considered indicators of zircon enrichment. On a Th/Sc–Zr/Sc diagram (Figure 12), the Cheremkhovo Fm. and lower Prisayan Fm. samples reflect a positive correlation between Th/Sc and Zr/Sc. The average Zr/Sc and Th/Sc ratios of the Cheremkhovo and lower Prisayan formations are 22.21 and 0.95. This pattern suggests that the provenance of these rocks was influenced by the source composition, not by sediment recycling [39].



Major element contents record sediment recycling processes and the changing proportions of sedimentary and first-cycle source rocks which are shown by the index of compositional variability (ICV) [48]. The ICV can be calculated as: ICV = (Fe2O3 + K2O + Na2O + CaO + MgO + MnO + TiO2)/Al2O3 [48]. The ICV values of the upper Cheremkhovo Fm. range from 0.30 to 0.98, with an average value of 0.62. The ICV values of the lower Cheremkhovo Fm. range from 0.57 to 1.30, with an average value of 0.77. The ICV values of the lower Prisayan Fm. are higher and range from 0.69 to 1.52, with an average value of 0.97. The samples mostly lie between and along two trends, on either side of the fresh basalt line. Decreasing weathering to moderate values in the lower Prisayan Fm. demonstrates an increase in the ICV values to immature parameters (ICV > 1, by [46]) (Figure 13). Samples with ICV > 1 were deposited in tectonically active settings. On the other hand, ICV < 1 are mature and were deposited in a tectonically quiescent environment [48].



K2O and Rb are substantially sensitive to sedimentary cycling and are generally used as indicators of the source rock composition [50]. The average K2O values are 2.67 and 2.37% in the lower and upper Cheremkhovo Fm., respectively. The average K2O value in the lower Prisayan Fm. is 2.99%. The average Rb values of the lower and upper Cheremkhovo Fm. and lower Prisayan Fm. are 71.28, 78.55, and 77.39 ppm, respectively. The plot of Rb–K2O reveals that most samples have K/Rb ratios near 230, which defines magmatic trend [50], and is similar to that of the average Earth’s crust [51] (Figure 14). The high Rb concentrations (>40 ppm) indicate that the studied samples were derived from an acidic–intermediate igneous source (Figure 14).





4. Discussion


The Cheremkhovo Fm. is considered to belong to either the Pliensbachian [3], Pliensbachian–Toarcian [2,4] or Pliensbachian–Aalenian [5] intervals by biostratigraphy. The upper Cheremkhovo Fm. marks the lacustrine-swamp sedimentation in the wide territory of the Irkutsk coal-bearing basin. There is evidence of the presence of tuffaceous interlayers in the Cheremkhovo Fm. sediments [17,23,52]. An ash interlayer (tonstein) is present in the industrial coal seam of the Azeisk deposit in the northwest part of the basin. The tonsteins were formed due to the transformation of felsic pyroclastic material [17]. The age of the coal-bearing deposits of the Cheremkhovo Fm., represented at the Azeisk coal deposit, was established as 187.44 +0.45/−1.60 Ma using the LA-ICP-MS U-Pb method on accessory zircons from tonstein [6]. The age of the upper Cheremkhovo Fm. places the upper limit of the tectonic quiescence period before the intensification of tectonic processes in the southern mobile framing of the Siberian craton.



In the context of regional stratigraphy, the obtained age of 187.44 Ma is consistent with the valid stratigraphic scheme [2] and the research of Skoblo et al. [3] that supplements it. The coarsening of the basin’s sediments is upward through the Prisayan and Kuda Fm. According to the consistent scheme [3], the Prysayan Fm. and Kuda Fm. are Pliensbachian–Aalenian and Aalenian–Bajocian, respectively. From the lower Prisayan Fm. there are no industrial coal seams in the Irkutsk basin. The lower Prisayan Fm. is Pliensbachian–Toarcian [3].



Petrographic studies of the Irkutsk basin rocks are fully consistent with the data of previous studies [3,7,8]. The geochemical studies generally confirm this but give more detailed information. The available data indicate three major provenance areas of sediments: the Siberian Craton, the Caledonian complexes bordering the craton, and the Transbaikalia region [12,18]. The evolution of the relief near the southern part of the Siberian Craton depended on the subduction of the Mongol-Okhotsk oceanic slab [53]. Data in the Irkutsk basin confirmed the coarsening of sediments upward through the Prisayan and Kuda Fm. This fact, with an increase in 143Nd/144Nd ratios and the Jurassic-age detrital zircons, was associated with the closure of the Mongol-Okhotsk Ocean [12,54]. To mark the provenance area for the Cheremkhovo Fm., isotope-geochemistry and geochronological studies are required.



An understanding of coal deposits demands wider perspectives of the processes in sedimentary settings. Coal-depositional environments significantly influence coal’s characteristics [55]. Different geochemical parameters have been used as indicators for the depositional environment during or shortly after coal accumulation. The climate change in Toarcian led to an almost complete stop in the processes of coal accumulation in the Irkutsk basin.




5. Conclusions


This study presents geochemical data on Jurassic deposits of the Cheremkhovo and lower Prisayan formations from the Irkutsk coal-bearing basin. Based on the chemical composition of siliciclastic rocks, the Cheremkhovo and the lower Prisayan formations are classified as graywacke, arkose, and litharenite.



CIA and PIA, Rb/Sr, and Sr/Cu ratios showed the event of climate change within the sedimentation of the Irkutsk coal-bearing basin deposits. The Cheremkhovo Fm. prevails in a warm, humid climate, and we see a high grade of chemical weathering of the source rocks. The indicators used revealed the change in climate from warm and humid to hot and arid during the deposition of the lower Prisayan Fm.



The provenance of the Irkutsk coal-bearing basin was influenced by the source composition, not recycling. The studied sediments were deposited due to the destruction of mainly felsic to intermediate igneous rocks.
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Figure 1. Schematic map showing the distribution of the Irkutsk coal-bearing basin sediments in the southern part of the Siberian craton. 
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Figure 2. Lithology column of the Jurassic sediments of the Irkutsk coal-bearing basin. The black star marks the tonstein dated on zircon by U-Pb laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) [6]. 






Figure 2. Lithology column of the Jurassic sediments of the Irkutsk coal-bearing basin. The black star marks the tonstein dated on zircon by U-Pb laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) [6].



[image: Minerals 11 00357 g002]







[image: Minerals 11 00357 g003 550] 





Figure 3. Section of the lower Cheremkhovo formation (Fm.) sampling in the area of Zalari town. 
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Figure 4. Section of the lower Cheremkhovo Fm. sampling in the area of Kutulik village. 
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Figure 5. Section of the upper Cheremkhovo Fm. sampling in the area of the Cheremkhovo and Golovinsk coal deposits. 
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Figure 6. Section of the upper Cheremkhovo Fm. sampling in the area of the Bozoy coal deposit. 
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Figure 7. Section of the lower Prisayan Fm. sampling in the area of Ust-Baley village. 
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Figure 8. Chemical classification of sandstones in the Irkutsk coal-bearing basin, based on their major element compositions (after [29]). 
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Figure 9. The plot of the chemical index of alteration (CIA) versus the plagioclase index of alteration (PIA). 
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Figure 10. Th versus Th/U plot (after [39]). 
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Figure 11. Sr/Cu versus Rb/Sr plot. The trends of Sr/Cu and Rb/Sr ratios are from [43,44]. 
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Figure 12. The Zr/Sc versus Th/Sc plot (after [39]). 
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Figure 13. The plot of the index of compositional variability (ICV) versus CIA. The trends of granite, andesite, and basalt are from [49]. 
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Figure 14. The Rb versus K2O plot (after [50]). 
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