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Abstract

:

The formation of oxalates in soils and rocks under conditions of cryoarid climate, permafrost and taiga vegetation was studied. Whewellite and weddellite were found in four areas associated with the mining industry: on the kimberlite deposit of the Daldyn territory, in the lower reaches of the Markha River of the Central Yakut Plain, and on the coastal outcrop of the Allah-Yun Sellah-Khotun ore cluster. Whewellite was found in the upper organic horizon of Skeletic Cryosol (Thixotropic) (sample 151) and as a film on the surface of plant remains of Humic Fluvisols (sample 1663). Weddellite was found as an extensive encrustation on the surface of the soil and vegetation cover of Stagnic Cryosols Reductaquic (sample 984) and on a siltstone outcrop (sample KM-6-21). Calcium oxalates were identified by X-ray phase analysis, photographs of the samples were taken on a polarizing microscope, and the crystal morphology was studied on a scanning electron microscope. To determine the chemical composition of soils and rocks, the classical wet-chemical method was used; the physical properties of the studied samples were studied using a pH meter, the photoelectric colorimetric method, and a synchrotron thermal analysis device. The source of calcium for the formation of salts is the parent layers of the studied soils, represented by carbonate and carbonate clastic rocks, which cause neutral and slightly alkaline environments. High humidity, which is provided by the seasonal thawing of the permafrost, has a key role in the formation of the studied oxalates in Yakutia with a sharply continental cryoarid climate. Based on the studies, it was found that the first two samples are the products of lichen activity, and the third and fourth are at the stage of initial soil formation by micromycetes. In addition, the formation of these oxalates, in our opinion, is the result of the protective function of vegetation, in the first two cases, with a sharp increase in the load on lichens under technogenic impact, and in the second and third cases, when favorable conditions arise for initial soil formation, but under conditions of toxic content of heavy metals and arsenic.
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1. Introduction


Biomineralization is central to geomycological processes, including the circulation of nutrient materials, transformation of rocks, minerals and metals, bio-weathering and mycogenic mineral formation [1,2]. At present, there are about a hundred biominerals of various genesis, with oxalates being one of the representatives. They are quite widespread in nature and in the human body; the most common of the oxalates are calcium oxalates: whewellite—Ca(C2O4)·H2O and weddellite—Ca(C2O4)·2H2O. The third unstable form—caoxite Ca(C2O4)·3H2O—is extremely rare [3,4].



They have been found in calcium oxalates in higher and lower plants of Scotland, Italy, Israel, Mexico, Bulgaria, Morocco, France, Australia, and other countries [5,6,7,8,9,10,11,12]. Note the oxalate findings in the extreme environment of Antarctica: (i) in the sediments of the Weddell Sea in the form of minuscule, colorless tetragonal crystals—”envelopes” [13], (ii) in microbial communities in areas with a predominance of the first lichens (cryptoendolites) in the Ross Desert, which exist due to the solar heating of the rock surface and microscopic greenhouse conditions during the melting of snowfalls [14]. It is essential to note that most of the published works describe the formation of oxalates in tropical, subtropical, and very rarely in arid climates.



In Russia, the findings of calcium oxalates were discovered in the following areas: in the Leninskaya formation in Kuzbass, which was formed in alluvial, basin, and bog environments [15]; on the marble and limestone surfaces of buildings and monuments in Crimea [16]; in quartz-carbonate Pb-Zn veins of the Murmansk coast; in the Kolsky region [17]; on the surface of apatite-nepheline rocks of the Khibiny alkaline massif [18]; and in lichen thalli on scoria cones of Tolbachik volcano on the Kamchatka Peninsula [19]. In Yakutia, two oxalate findings were recorded in the brown coal mines of the Tyllakh and Chai-Tumus deposits (the left bank of the Olenkhinsky channel and the mouth of the Lena River, Bulunsky district). This finding was described by P.I. Glushinsky [20] as stringers in brown coal saturated in the permafrost zone, associated with calcite and dolomite. Other oxalates have also been found there—glushinskite, stepanovite, zhemchuzhnikovite [21]. We have described and studied in detail weddellite, found in the form of an extensive plaque in the Daldynsky kimberlite field [22].



The role of calcium oxalates in plants and fungi is still very much under discussion. Typically, the formation of oxalates is associated with the carbon cycle and vital activity of plants [23,24,25]. Some authors suggest that the primary function of the biosynthesis of Ca-oxalate is the regulation of ionic equilibrium and osmotic pressure in cells [26,27]. Others believe that it is essential for controlling the calcium and oxalic acid concentrations [28,29,30]. Still, others accept that the formation of oxalates is a means of essential ion preservation that is either confined to the mechanical support and protection of plants or to the exclusion of metals and reduction of their toxic effects [31,32].



The objective of our research is to describe the oxalate findings and to analyze the geochemical specifics of the calcium oxalate formation in soils and rocks that occurred under the conditions of hyper-continental climate, permafrost, and taiga vegetation.




2. Materials and Methods


During a five-year study of the geoecological conditions in the mining regions of Yakutia, among more than two thousand sampling points, only four points were identified to contain calcium oxalates that were formed during the interaction of vegetation with soil minerals and rock (Figure 1).



2.1. Characteristics of Oxalate Formation Sites


Two samples were collected on the territory of the Udachninsky Mining and Processing Plant of PJSC ALROSA in the Daldyn kimberlite field, the Anabar anteclise. The first sample (sample 151) was found in the upper horizon of Skeletic Cryosol (Thixotropic) at the top of the watershed, in the southwestern part of the Udachny (66°23′44.9″ N, 112°11′53.3″ E). The second sample (sample 984) was found in a microdepression on the ground cover surface of the Stagnic Cryosols Reductaquic, 1.5 km to the north of the tailing dump (66°24′00.0″ N, 112°17′00.0″ E).



The third sample (sample 1663) was found on the border of vegetation and the upper organic horizon of Humic Fluvisol alluvial soils in the area of the lower reaches of the Markha River (left tributary of the Vilyui River) in the Central Yakutian lowland, the Vilyui syneclise (63°32′48.56″ N, 118°20′03.72″ E).



The fourth sample (sample KM-6-21) was found on the coastal outcrop of the Allakh-Yun River of the gold deposits of the Sellyakh-Khotun ore node of the Allakh-Yun metallogenic zone, the South-Verkhoyansk synclinorium (61°04′08.08″ N, 138°04′31.35″ E).




2.2. Natural and Climatic Conditions


The climate of Yakutia is sharply continental, characterized by hot, short, dry summers with high insolation and long, extremely harsh, low-snow winters. Due to the extreme continentality of the climate, there are large temperature fluctuations between winter and summer (the absolute annual amplitude of the air temperature is 95 °C), and between daytime and night-time (average amplitude of air temperature 15 °C), especially in autumn and spring [33]. The territory is located in the permafrost zone, which, according to the National Snow and Ice Data Center, has the largest thickness in the world [34].



The Daldyn kimberlite field (Anabar anteclise) is composed of deposits of the Lower Paleozoic. They are represented by homogeneous strata of carbonate rocks of the Morkoka formation (upper division of the Cambrian system)—∈3mr and the Oldonda formation (lower division of the Ordovician system)—O1ol (limestones, dolomite limestones, dolomites), soft quaternary strata and igneous rocks of the tholeiitic basalts, as well as ultrabasic rocks—kimberlites [35,36]. The territory of the Daldyn kimberlite field, due to a rather warm but short summer and very low winter temperatures, has a negative average annual temperature (−13.3 °C), which leads to a favorable environment for the preservation of the permafrost. Permafrost is widespread, and the thickness of the active layer, depending on the exposure of the slopes and their forest cover, ranges from 0.2 to 1.5 m. Therefore, in conditions of low humidity, high summer temperatures, and insufficient precipitation (247 mm), the summer thawing of the permafrost contributes to the constant soil moistening. Thus, the mottled and bumpy cryogenic microrelief with a well-marked permafrost cracking is pronounced in the territory. The territory is located in the subzone of open larch woodland taiga of Larix dahurica; dwarf shrubs are represented by the lean birch Betula exilis, alder Alnus fruticosa, black crowberry Empetrum nigrum, and wild rosemary Ledum palustre [37].



The Central Yakutian lowland (Vilyui syneclise) is composed of alluvial deposits of inequigranular sands of the Karginsky and Sartan horizons of the Quaternary system (Q4), and sandstones of quartz–feldspar composition with carbonate cement of the Yakut formation of Jurassic deposits (J1-2sn) [38]. The average annual air temperature of the territory is negative (up to −11.1 °C). The annual amount of precipitation varies from 257 to 354 mm [33]. The low average annual temperature of rocks in relation to the negative radiation balance leads to the frost penetration of the upper horizons of the lithosphere and the formation of permafrost strata, with a thickness of 400–700 m. Permafrost is widespread, and the thickness of the active layer on the Lena–Vilyui plain is 0.2 m [39]. The vegetative cover is formed by middle taiga larch forests with Larix dahurica mixed with Picea obovata, reed-sedge bogs and forbs-grass, and often salt meadows, while willow Salix rossica predominates in plant communities of the rivers and lakes [40].



Bank sediments of the Allah-Yun River of the Sellakh-Khotun ore cluster (South-Verkhoyansk synclinorium) is represented by interstratified beds of calcareous sandstones and siltstones of the Surkechan formation of the Upper Carboniferous (C3sr1). The climate of the southwestern part is sharply continental with contrasting differences of summer and winter temperatures ranging from +35 °C to −60 °C. The average annual air temperature over the past 5 years was −12.2 °C [41]. The annual precipitation is 400–500 mm, primarily occurring in July–August. Permafrost rock in the coastal part of the territory is discontinuous and insular in distribution, with a thickness ranging from 5 to 70 m. The active layer thickness on the slopes of the southern exposure reaches 3–5 m, and decreases to 1–0.3 m in the north. The watershed slope vegetation is developed in the form of larch Larix dahurica, cedar elfin Pinus pumila, wild rosemary Ledum palustre, and dwarf birch Betula nana with a moss-lichen cover of varying degrees of density [42].




2.3. Objects of Research


The objects of study are calcium oxalates and the conditions for their formation. In the aspect of research, soils and rocks are components of the ecosystem on which oxalates are formed at the boundary between the vegetation cover and the upper organogenic horizon. According to the classification system of the IUSS WRB working group [43], soil profiles were classified as Skeletic Cryosol (Thixotropic) (Figure 2a), Stagnic Cryosol Reductaquic (Figure 2b), and Humic Fluvisol (Figure 2c), respectively. The rock is represented by siltstone (Figure 2d).




2.4. Research Methods


Coating, soil material, and rocks were analyzed at the Multiple-access Center of the Diamond and Precious Metal Geology Institute, Siberian Branch, Russian Academy of Sciences (Yakutsk) (MAC DPMGI SB RAS) and Arctic Innovation Center of the North-Eastern Federal University (Yakutsk) (AIC NEFU). The classical wet chemical method was used to determine the chemical composition of soil [44,45] (analysts L.T. Galenchikova, A.S. Vasilyeva).



The soil pH was measured in soil–water suspension (1:2.5) at room temperature using a Seven Compact Advanced pH meter (Mettler Toledo, Greifensee, Switzerland) according to the state standard [46,47]. The photoelectric colorimetric method (KFK-2 UHL 4.2 Russia) was used to identify soil organic carbon (SOC) according to the state standard [48,49] (MAC DPMGI SB RAS, analyst A.N. Nikolaeva).



Identification of calcium oxalates and determination of the mineralogical composition of soils was performed by X-ray phase analysis on the D2 PHASER diffractometer (Bruker, Karlsruhe, Germany). The samples were shot on a tube with a copper anode (CuKα), at a voltage of 30 kV and a current strength of 10 mA, with a step of 0.05°, a shooting interval of 4.5–65° (2θ°), rotation of 30 rpm, and exposure of 1 s at a point. The PDF-2 database was used.



The sample photographs were taken on a MT9430L polarization microscope of (Meiji Techno, Saitama, Japan) by M.V. Kudrin (DPMGI SB RAS).



Crystal morphology was studied on a JEOL JSM-7800F electron scanning microscope (JEOL Ltd., Tokyo, Japan) with Oxford X-MAX-20 energy dispersion spectrometer, accelerating voltage 2 kV (AIC NEFU, analyst A.A. Diakonov), and on a JEOL JSM-6480LV (JEOL Ltd., Tokyo, Japan) with energy dispersion spectrometer Energy 350 Oxford, accelerating voltage 20 kV, probe current 1 nA (MAC DPMGI SB RAS, analyst A.V. Popov).



Thermogravimetric characteristics of the studied samples were identified on an NETZSCH-STA 449C Jupiter (NETZSCH, Selb, Germany) synchrotron thermal analysis device. The samples in powder form were heated from room temperature to 1000 °C at a heating rate of 10 S/min in an inert argon medium (MAC DPMGI SB RAS, analyst N.N. Emelyanova).





3. Results


The main parameters of the chemical and mineralogical composition of the samples are presented in Table 1, Table 2 and Table 3.



The amount of CaO in the upper soil horizons is not related to the calcite content, as the quantity of CO2 in the same horizons is significantly lower. Probably, the increase in the amount of CaO is associated with soil organic carbon. All soils and rocks have a neutral or slightly alkaline medium, with a pH ranging from 6.1 to 7.8. The SOC content of soils is sufficiently high; the organic matter is mostly of coarse humus composition, and the SOC content in siltstone is explained by the penetration of small remnants of moss-lichen cover into the sample. When comparing soils and rocks containing oxalates with soils and rocks from the same environment that do not have oxalates, no clear differences could be found. The primary minerals of the parent rock of Skeletic Cryosol (Thixotropic) and Stagnic Cryosol Reductaquic are quartz, feldspar, dolomite, calcite, mica, and chlorite. Humic Fluvisol consists of quartz, feldspar, dolomite, montmorillonite, chlorite, and mica. The minerals composing siltstone are quartz, feldspar, chlorite, and mica. Thus, the sources of calcium for lichens are probably the carbonates of the Oldonda (O1ol) and the Morkoka (∈3mr) formations of the Cambrian and Ordovician, of the Suntar Formation (J1-2 sn) of Jurassic deposits for micromycetes of Humic Fluvisol, and calcareous sandstones of the Surkechan Formation (C3sr1) of the Upper Carboniferous deposits for siltstone.



Calcium oxalates were detected only in surface samples taken from organo-mineral horizons at the vegetation boundary. Weddellite was detected in the Daldyn kimberlite field soil at the top of the watershed of the interfluve of the Svetly and Chuzhoy streams, and the rocks of the coastal outcrop of the Allakh-Yun River (Table 1 and Figure 3b,d). Whewellite was detected in samples 1.5 km north of the 1 stage tailings dump and the lower reaches of the Markha River (Table 1 and Figure 3a,c). In the first case, weddellite is associated with quartz, feldspar, calcite, and dolomite; in the second—with quartz, feldspar, mica, and chlorite. Whewellite is associated with quartz, dolomite, feldspar, chlorite, and mica. In sample 1663, only quartz was detected together with whewellite, since the upper horizon consisted solely of alder plant litter and semi-decomposed organic matter.



The appearance of the selected samples and micrographs revealed that the samples 151, 984 and KM-6-21 are fine-grained fragments. Sample 1663 is represented by weakly decomposed organic material, which is covered by a mineral crust consisting of whewellite (Figure 4e,f). Dipyramidal weddellite was detected in sample 984 (Figure 4c,d). Whewellite in sample 1663 (Figure 4e,f) and weddellite in sample KM-6-21 (Figure 4g,h) are probably represented as prisms.



Thermogravimetric analysis showed that endothermic effects observed in the sample are associated with the release of hygroscopic and chemically bounded water, as well as the breakdown and dissociation of carbonates, and with the gradual breakup of minerals, including oxalates [51,52]. Exothermic effects are associated with the combustion of various plant residues typical of the bonitet of the studied area [53,54]. Whewellite (Figure 5a) was detected in the upper organic horizon of Skeletic Cryosol (Thixotropic) and in the form of a film on the surface of plant residues of Humic Fluvisols (Figure 5c); therefore, there is a distinct exothermic effect in the range of 200–400 °C associated with the combustion of organic matter [54]. The additional endothermic effect in the samples taken on the Stagnic Cryosol Reductaquic (sample 984) (Figure 5b), Humic Fluvisols (Figure 5c), and siltstone (sample KM-6-21) (Figure 5d) in the area of 200–600 °C is probably related to the presence of other components (for example, iron hydroxides typical of soil and oxidized outcrops), not detected by XRD (Figure 3b–d), possibly due to their amorphous character [53].




4. Discussion


For the formation of oxalates, environmental conditions play a significant role, which primarily depend on climate and soils. Among the soil conditions, high humidity, pH, and the presence of calcium-containing minerals are distinguished [55,56,57,58]. The studied territory is characterized by a sharply continental cryoarid climate, which negatively affects the vital activity of plants and microorganisms, particularly in determining their growth characteristics [59]. However, the biochemical transformation of various organic compounds during the life cycle is rather evident. Soil parameters mostly determine the reserves of resources for biota.



The moisture necessary for cryomorphic soils is ensured by seasonal thawing of the permafrost, the knob-and-basin or polygonally jointed microrelief of the studied areas, as well as periodic flooding of nearby rivers. The first two samples were selected on the territory in which the knob-and-basin microrelief is almost ubiquitous. The soils in which oxalates are detected occupy the bottom of the depressions; therefore, they develop in conditions of high hydromorphism. They are also characterized by a relatively high content of coarse organic matter. The third sample was taken on the surface of alluvial soil located a few meters from the water level of the Markha River. The river’s nourishment is primarily snow and rain. The role of underground nourishment is small; spring and summer–autumn floods are observed, occurring 3–4 times during the warm season, hence Humic Fluvisol soils are characterized by the high moisture content of soil organogenic material. The fourth sample was located on a coastal outcrop that is also exposed to quite extensive river overflow in the warm season. The presence of carbonates also provides for the formation of oxalates. The parent rock of Cryosols is composed of carbonate rocks; alluvial soil contains a small amount of dolomite and montmorillonite, which provides a slightly alkaline and slightly acidic acid–alkali medium on the surface of the sites. Although the presence of carbonates was not detected during the X-ray phase analysis of the siltstone rock, the studied outcrop in general has carbonate veinlets. Thus, in all the above samples, the mineral composition, high humidity, and neutral or slightly alkaline pH of the soil solution predetermined the formation conditions for calcium oxalates. Nevertheless, we note only isolated findings of calcium oxalates, rather than their widespread distribution. Consequently, there must be another requirement that would contribute to the occurrence of calcium oxalates.



All samples were taken within the preserved soils on the technogenically transformed landscapes. Weddellite and whewellite were found on the territory of the Daldyn kimberlite field at the boundary of the organic horizon and moss-lichen cushion in the industrial site of the mining and processing plant. Sample 984 was found on the territory located between the slurry pipeline of highly mineralized water disposal in a natural permafrost reservoir and a complex designed for the storage or disposal of waste from kimberlites [60]. Therein the largest amount of coating consisting of weddellite was found. It should be noted that dead lichens were found in the areas with coating. Sample 151 was found far beyond the disposal of drainage waters, man-made landfills, and tailing dumps. Nevertheless, in relation to the extraction of diamonds, the studied territory has been developed for a prolonged period of time, thus the influence of man-made impacts is observed throughout the area. For example, the landfills of underground brine disposal and penetration of drainage water to them act as an additional strain on the ecosystem. It is possible that an underground landfill and a tailings dump could indirectly affect the state of the vegetation of the territory and contribute to the formation of oxalate, since highly mineralized waters possess a calcium chloride composition; their release could trigger excessive accumulation of calcium in lichens. Results of the study of the formation conditions of calcium oxalates on the territory of the Daldyn kimberlite field revealed that calcium oxalates synthesize lichens, therefore demonstrating a protective reaction due to changes in the micro- and macronutrient composition of natural soils [61]. Lichens change the shape of the growth of thalli and accumulation of a high number of oxalates, which also according to [11] occurs during granulation of the thallus; in this case, the podecia covered with granules show a higher capacity for the accumulation of heavy metals.



Sample 1663 was found in the form of a film on the surface of plant residues; according to [62,63], it was probably formed by micromycetes in the process of primitive soil formation of alluvial soil. A distinctive characteristic of the alluvial soils is periodic inundation by thawing waters, which is accompanied by the penetration and deposition of new mineral material on the soil surface as well as the burial of the horizon and formation of a new one, sometimes with a completely different composition. Therefore, it is probably the case that micromycetes have developed a mechanism for the synthesis of calcium oxalate as a way of adapting to the frequently changing composition of the underlying rock. According to the works of [64,65,66], it was discovered that the biocrystallization of oxalates contributes to the detoxification or mitigation of water, salt, and temperature stresses, providing tissue hardness and mechanical support.



Weddellite on the surface of siltstone is also a product of initial soil formation and is possibly associated with the vital activity of micromycetes; however, its abundant manifestation could also represent an intoxication method. It has been established that an increase in the synthesis of oxalic acid in plants is possible as a form of adaptation mechanism to the environmental conditions, consequent to heavy metal intoxication [9,12,24,67]. The rocks with a coating formed on their surface (sample KM-6-21) are characterized by the presence of arsenic, a major component of gold-bearing ores in the form of arsenopyrite. As is known, under the effects of atmospheric precipitation and humidity from the nearby river, gradual destruction of the rock occurs on the outcrops. At the same time, sulfides and other minerals begin to oxidize, releasing contained iron, sulfur, and arsenic.



It is interesting that in one case, a monohydrate whewellite was formed, while in the other—a dihydrate. Oxalates are commonly found in the form of whewellite; significantly less often, weddellite is also recorded [8]. The occurrence of unstable weddellite can be explained by the peculiarities of natural and climate factors. For example, it was previously established that the crystallization of weddellite is aided by low temperatures and high humidity with little exposure to sunlight, as well as an excess of calcium ions in the medium [55,56,57,58,67]. These conditions are typical for the knob-and-basin microrelief of the studied territory: moisture accumulates in the depressions, sparse vegetation and dense moss-lichen cover prevents sunlight penetration. Due to the host carbonate rocks of the Daldyn kimberlite field, a high content of calcium ions and optimal redox conditions of the soil environment for the formation of oxalate are observed in the soils. Thus, favorable conditions are established for the formation of weddellite in the depressions of the microrelief.



The soil containing sample 151 was located in the forest, although not in a depression, which is presumably the reason why only monohydrate oxalate was detected there. Similarly, with higher or lower humidity conditions, the formation of whewellite on alluvial soil and weddellite on rock can be explained. The alluvial soil is located a few meters from the Markha River and was the least flooded at the time of sampling, while sample KM-6-21 was located relatively closer to the Allah-Yun River, wherein dense vegetation overlies the outcrop providing shade and serving to preserve moisture.



The samples described above are characterized by different soil genesis, yet they possess similar soil moisture conditions, close pH values, and calcium carbonate content. In addition, a certain degree of impact on soils was observed, which led to an increase relative to the background contents of a wide range of trace elements. In all the cases described, calcium oxalates are recorded in the following form: a salt crust on the surface of the soil formed in the depression, in the form of a film at the boundary of the moss-lichen cover and organic horizon, in the form of a coating on the outcrop at the initial stage of soil formation. Therefore, with a certain probability, it can be assumed that calcium oxalates are soil neoformations that signify special conditions or man-made impact.



The discovery of weddellite and whewellite on the territory of Yakutia (Russia) under conditions of a sharply continental cryoarid climate, permafrost, and taiga vegetation expands the area of oxalate finds and the conditions for their formation.




5. Conclusions


The impact of a sharply continental cryoarid climate on the vital activity of plants and microorganisms in the region is significant; however, the required humidity is provided by seasonal thawing of the permafrost, the microrelief depression of the studied territory, and the proximity of rivers that undergo waterlogging multiple times during the warm period of the year.



We suggest that the detected oxalates have a different genesis, with the first two samples being products of lichen’s vital activity, and the third and fourth samples being products of initial soil formation by micromycetes.



We cannot exclude the protective function of oxalates, since the samples were found in the technogenically transformed territory of long-term diamond mining, areas exposed to the industrial waste, and in the oxidized gold-bearing territory composed of siltstones that contain arsenopyrite and pyrite.







Author Contributions


Conceptualization, T.I.V. and Y.B.L.; writing–original draft preparation, T.I.V.; writing—review and editing, Y.B.L. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the Diamond and Precious Metals Geology Institute FUEM-2019-0003 “Evolution of the earth’s crust of the North Asian craton, basic-ultrabasic and kimberlite magmatism, diamond content of the Yakutian kimberlite province”.




Data Availability Statement


Not applicable.




Acknowledgments


The authors are grateful to N.V. Zayakina and M.V. Kudrin for help and advice.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Gadd, G.M.; Bahri-Esfahani, J.; Li, Q.; Rhee, Y.J.; Wei, Z.; Fomina, M.; Liang, X. Oxalate production by fungi: Significance in geomycology, biodeterioration and bioremediation. Fungal Biol. Rev. 2014, 28, 36–55. [Google Scholar] [CrossRef]

	



Wilson, M.J.; Jones, D. Lichen weathering of minerals: Implications for pedogenesis. Geol. Soc. 2007, 11, 5–12. [Google Scholar] [CrossRef]

	



Echigo, T.; Kimata, M. Crystal chemistry and genesis of organic minerals: A review of oxalate and polycyclic aromatic hydrocarbon minerals. Can. Mineral. 2010, 48, 1329–1358. [Google Scholar] [CrossRef]

	



Basso, R.; Lucchetti, G.; Zefiro, L.; Palenzona, A. Caoxite, Ca(H2O)3(C2O4), a new mineral from the Cerchiara mine, northern Apennines, Italy. Neues Jahrb. Fur Mineral. 1997, 2, 84–96. [Google Scholar] [CrossRef]

	



Wilson, M.J.; Jones, D.; Russell, J.D. Glushinskite, a naturally occurring magnesium oxalate. Mineral. Mag. 1980, 43, 837–840. [Google Scholar] [CrossRef]

	



Mandarino, J.A. Weddellite from Lutterworth Township, Haliburton country, Ontario. Can. Mineral. 1983, 21, 509–511. [Google Scholar]

	



Cowgill, U. A naturally occurring alpha magnesium oxalate dihydrate from the northern Jordan Valley (Israel). Mineral. Mag. 1989, 53, 505–507. [Google Scholar] [CrossRef]

	



Malainine, M.E.; Dufresne, A.; Dupeyre, D.; Mahrouz, M.; Vuong, R.; Vignon, M.R. Structure and morphology of cladodes and spines of Opuntia ficus-indica. Cellulose extraction and characterisation. Carbohydr. Polym. 2003, 51, 77–83. [Google Scholar] [CrossRef]

	



Nakata, P.A. Advances in our understanding of calcium oxalate crystal formation and function in plants. Plant Sci. 2003, 164, 901–909. [Google Scholar] [CrossRef]

	



Minčeva-Stefanova, J.; Kostov, I.; Petrussenko, S.; Kostov, R. Organic minerals from the upper soil layer and rock surfaces on the territory of Bulgaria. Geochem. Mineral. Petrol. 2008, 46, 9–29. [Google Scholar]

	



Osyczka, P.; Boron, P.; Lenart-Boron, A.; Rola, K. Modifications in the structure of the lichen Cladonia thallus in the aftermath of habitat contamination and implications for its heavy-metal accumulation capacity. Environ. Sci. Pollut. Res. 2018, 25, 1950–1961. [Google Scholar] [CrossRef] [PubMed]

	



López-Macías, B.M.; Morales-Martínez, S.E.; Loza-Cornejo, S.; Reyes, C.F.; Terrazas, T.; Patakfalvi, R.J.; Ortiz-Morales, M.; Miranda-Beltrán, M.L. Variability and composition of calcium oxalate crystals in embryos-seedlings-adult plants of the globose cacti Mammillaria uncinata. Micron 2019, 125, 102731. [Google Scholar] [CrossRef] [PubMed]

	



Bannister, F.A.; Hey, M.H. Report on some crystalline components of the Weddell sea deposits. Discov. Rep. 1936, 19, 60–69. [Google Scholar]

	



Johnston, C.G.; Vestal, J.R. Biogeochemistry of oxalate in the Antarctic cryptoendolithic lichen-dominated community. Microb. Ecol. 1993, 25, 305–319. [Google Scholar] [CrossRef] [PubMed]

	



Peldyakov, N.I.; Karpenko, M.V. About whewellite in Kuzbass. Proc. Russian Miner. Soc. 1983, 1, 83–85. (In Russian) [Google Scholar]

	



Frank-Kamemetskaya, O.; Rusakov, A.; Barinova, E.; Zelenskaya, M.; Vlasov, D. The Formation of Oxalate Patina on the Surface of Carbonate Rocks Under the Influence of Microorganisms. In Proceedings of the 10th International Congress for Applied Mineralogy, Trondheim, Norway, 1–5 August 2011; Broekmans, M., Ed.; Springer: Berlin/Heidelberg, Germany, 2012; Volume 27, pp. 213–220. [Google Scholar] [CrossRef]

	



Voloshin, A.V.; Karpov, S.M.; Chernyavsky, A.V.; Kompanchenko, A.A. New data on minerals. Issue 4. The first finds in Russia and in the Kola region. In Proceedings of the Fersman Scientific Session of the State Institute of the Kola Science Centre of the Russian Academy of Sciences, Apatity, Russia, 1–3 April 2018; Springer: Apatity, Russia, 2018; Volume 15, pp. 95–102. (In Russian) [Google Scholar] [CrossRef]

	



Frank-Kamenetskaya, O.V.; Ivanyuk, G.Y.; Zelenskaya, M.S.; Izatulina, A.R.; Kalashnikov, A.O.; Vlasov, D.Y.; Polyanskaya, E.I. Calcium oxalates in lichens on surface of apatite-nepheline ore (Kola Peninsula, Russia). Minerals 2019, 9, 656. [Google Scholar] [CrossRef]

	



Chernyshova, I.A.; Vereshchagin, O.S.; Zelenskaya, M.S.; Vlasov, D.Y.; Frank-Kamenetskaya, O.V.; Himelbran, D.E. Calcium and Cuprum Oxalates in Biofilms on the Surface of the Scoria Cones of Tolbachik Volcano. In Proceedings of the XIII General Meeting of the Russian Mineralogical Society and the Fedorov Session, St. Petersburg, Russia, 5–7 October 2021; Springer: St. Petersburg, Russia, 2021; Volume 1, pp. 17–24. [Google Scholar] [CrossRef]

	



Zhemchuzhnikov, Y.A.; Ginzburg, A.I. Fundamentals of Coal Petrology; Akad. Nauk USSR: Moscow, Russia, 1960; 185p. (In Russian) [Google Scholar]

	



Pekov, I.V. Minerals First Discovered on the Territory of the Former Soviet Union; Ocean Pictures Ltd.: Moscow, Russia, 1998; 416p, ISBN 978-5900395166. [Google Scholar]

	



Vasileva, T.I.; Zayakina, N.V.; Legostaeva, Y.B.; Shadrinova, O.V. Discovery of weddellite in Western Yakutia. Proc. Russian Miner. Soc. 2022, 2, 100–108. (In Russian) [Google Scholar]

	



Syed, S.; Buddolla, V.; Lian, B. Oxalate Carbonate Pathway—Conversion and fixation of soil carbon—A potential scenario for sustainability. Front. Plant Sci. 2020, 11, 591297. [Google Scholar] [CrossRef]

	



Cuéllar-Cruz, M.; Pérez, K.S.; Mendoza, M.E.; Moreno, A. Biocrystals in plants: A short review on biomineralization processes and the role of phototropins into the uptake of calcium. Crystals 2020, 10, 591. [Google Scholar] [CrossRef]

	



Gómez-Espinoza, O.; González-Ramírez, D.; Méndez-Gómez, J.; Guillén-Watson, R.; Medaglia-Mata, A.; Bravo, L.A. Calcium oxalate crystals in leaves of the extremophile plant Colobanthus quitensis (Kunth) Bartl. (Caryophyllaceae). Plants 2021, 10, 1787. [Google Scholar] [CrossRef]

	



Ruiz, L.P.; Mansfield, T.A. A Postulated role for calcium oxalate in the regulation of calcium ions in the vicinity of stomatal guard cells. New Phytol. 1994, 127, 473–481. [Google Scholar] [CrossRef]

	



Volk, G.M.; Lynch-Holm, V.J.; Kostman, T.A.; Goss, L.J.; Franceschi, V.R. The role of druse and raphide calcium oxalate crystals in tissue calcium regulation in Pistia stratiotes leaves. Plant Biol. 2002, 4, 34–45. [Google Scholar] [CrossRef]

	



Graustein, W.C.; Cromack, K., Jr.; Sollins, P. Calcium oxalate: Occurrence in soils and effect on nutrient and geochemical cycles. Science 1977, 23, 1252–1254. [Google Scholar] [CrossRef] [PubMed]

	



Glasauer, S.M.; Beveridge, T.J.; Burford, E.P.; Harper, F.A.; Gadd, G.M. Metals and metalloids, transformation by microorganisms. In Encyclopedia of Soils in the Environment; Hillel, D., Rosenzweig, C., Powlson, D.S., Scow, K.M., Singer, M.J., Sparks, D.L., Hatfield, J., Eds.; Elsevier: Amsterdam, The Netherlands, 2005; pp. 438–447. [Google Scholar] [CrossRef]

	



Prasad, R.; Singh-Shivay, Y. Oxalic Acid/Oxalates in plants:from self-defence to phytoremediation. Curr. Sci. 2017, 112, 1665–1667. [Google Scholar] [CrossRef]

	



Mazen, A.M.A.; El Maghraby, O.M.O. Accumulation of cadmium, lead and strontium, and a role of calcium oxalate in water hyacinth tolerance. Biol. Plant. 1997, 40, 411–417. [Google Scholar] [CrossRef]

	



Boi, M.E.; Medas, D.; Aquilanti, G.; Bacchetta, G.; Birarda, G.; Cappai, G.; Carlomagno, I.; Casu, M.A.; Gianoncelli, A.; Meneghini, C.; et al. Mineralogy and Zn chemical speciation in a soil-plant system from a metal-extreme environment: A study on Helichrysum microphyllum subsp. Tyrrhenicum (Campo Pisano Mine, SW Sardinia, Italy). Minerals 2020, 10, 259. [Google Scholar] [CrossRef]

	



Savvinov, D.D. Hydrothermal Regime of Soils in the Permafrost Zone; Nauka: Novosibirsk, Russia, 1976; 254p. (In Russian) [Google Scholar]

	



Anisimov, O.A.; Anokhin, Y.A.; Lavrov, S.A.; Malkova, G.V.; Myach, L.T.; Pavlov, A.V.; Romanovsky, V.A.; Streletsky, D.A.; Kholodov, A.L.; Shiklomanov, N.I. Continental permafrost. In Methods for Assessing the Impacts of Climate Change on Physical and Biological Systems; Semenov, S.M., Ed.; Research Center “Planet”: Moscow, Russia, 2012; pp. 301–359. (In Russian) [Google Scholar]

	



State Scientific and Technical Publishing House of Literature on Geology and Protection of Mineral Resources. Geological Map of the USSR, Scale 1:200,000. Anabar Series. Sheet Q-49-XVII. Explanatory Letter; State Scientific and Technical Publishing House of Literature on Geology and Protection of Mineral Resources: Moscow, Russia, 1960; 68p. (In Russian) [Google Scholar]

	



Salikhov, R.F.; Salikhova, V.V.; Ivanyushin, N.V.; Okhlopkov, V.I. State Geological Map of the Russian Federation. Scale 1:200,000. Verkhnevilyuyskaya Series. Sheet Q-49-XXI, XXII (Aikhal). Explanatory Note, Cartographic Factory VSEGEI: St. Petersburg, Russia, 2013; 284p. (In Russian)

	



Nikolin, E.G.; Yakshina, I.A. Distribution of some woody species at the northern boundary in Ust’-Lenskiy nature reserve (Yakutia). Communication i. Kayander larch Larix cajanderi Mayr. Sib. J. For. Sci. 2019, 2, 16–31. (In Russian) [Google Scholar] [CrossRef]

	



Dukardt, Y.A.; Blazhkun, D.V. State Geological Map of the Russian Federation. Scale 1:200,000. Verkhnevilyuyskaya Series. Sheet P-50-II. Explanatory Letter, MF VSEGEI: Moscow, Russia, 2013; 78p. (In Russian)

	



Semyonov, V.P.; Zheleznyak, M.N. Geothermal conditions of the Vilyui syneclise. Earth’s Cryosphere 2013, 17, 3–10. (In Russian) [Google Scholar] [CrossRef]

	



Skryabin, S.Z.; Karavaev, M.N. Green Cover of Yakutia; Publishing House: Yakutsk, Russia, 1991; 176p. (In Russian) [Google Scholar]

	



Rozhina, M.S.; Sysolyatin, R.G.; Zheleznyak, M.N.; Guly, S.A. Dynamics of geocryological conditions in the continental and coastal areas of the southern part of northeast Asia. In Proceedings of the Environmental and Infrastructure Integrity in Permafrost Regions, Yakutsk, Russia, 28–30 September 2020; Publishing House Permafrost Institute named after P.I. Melnikov SB RAS: Yakutsk, Russia, 2020; pp. 154–157. (In Russian) [Google Scholar]

	



Ershova, E.D. Geocryology of the USSR. Eastern Siberia and the Far East; Nedra: Moscow, Russia, 1989; p. 515. (In Russian) [Google Scholar]

	



IUSS Working Group WRB. World Reference Base for Soil Resources. International Soil Classification System for Naming Soils and Creating Legends for Soil Maps, 4th ed.; International Union of Soil Sciences (IUSS): Vienna, Austria, 2022; 234p. [Google Scholar]

	



Arinushkina, E.V. Manual on Soil Chemical Analysis; Moscow University Publ.: Moscow, Russia, 1970; 488p. (In Russian) [Google Scholar]

	



Mamontov, V.G. Chemical Analysis of Soils and the Use of Analytical Data; Lan’ Publ.: St. Petersburg, Russia, 2021; 328p. (In Russian) [Google Scholar]

	



46. GOST-26483-85; Soils. Preparation of Salt Extract and Determination of Its pH by CINAO Method. State Standard of the Union of SSR. GOST: Moscow, Russia, 1985. (In Russian)

	



NF X-31-109; Determination du Carbone Organique par Oxidation Sulfochromique; Qualite des Sols. Association Française de Normalization: Paris, France, 1993.

	



NF X-31-103; Determination du pH dans l’eau—Methode Electrometrique; Qualite des Sols. Association Française de Normalization: Paris, France, 1998.

	



GOST-26213-91; Soils. Methods for Determination of Organic Matter. State Standard of the Union of SSR. GOST: Moscow, Russia, 1991. (In Russian)

	



Warr, L. IMA–CNMNC approved mineral symbols. Mineral. Mag. 2021, 85, 291–320. [Google Scholar] [CrossRef]

	



Frost, R.; Weier, M. Thermal treatment of weddellite—A raman and infrared emission spectroscopic study. Thermochim. Acta 2003, 406, 221–232. [Google Scholar] [CrossRef]

	



Perez-Rodriguez, J.L.; Duran, A.; Perez-Maqueda, L.A. Thermal study of unaltered and altered dolomitic rock samples from ancient monuments. J. Therm. Anal. Calorim. 2011, 104, 467–474. [Google Scholar] [CrossRef]

	



Földvári, M. Handbook of Thermogravimetric System of Minerals and Its Use in Geological Practice; Geological Institute of Hungary: Budapest, Hungary, 2011; Volume 213, 180p, ISBN 978-963-671-288-4. [Google Scholar]

	



Wendlandt, W.W. Thermal Methods of Analysis; John Wiley & Sons: New York, NY, USA, 1974; 505p, ISBN 978-0471933663. [Google Scholar]

	



Izatulina, A.R.; Golovanova, O.A.; Punin, Y.O.; Voitenko, N.N.; Drozdov, V.A. Study of the factors affecting the crystallization of calcium oxalate monohydrate. Bull. Omsk. Univ. 2006, 3, 45–47. [Google Scholar]

	



Kuz’mina, M.A.; Rusakov, A.V.; Frank-Kamenetskaya, O.V.; Vlasov, D.Y. The influence of inorganic and organic components of biofilms with microscopic fungi on the phase composition and morphology of crystallizing calcium oxalates. Cryst. Rep. 2019, 64, 161–167. [Google Scholar] [CrossRef]

	



Sazanova, K.V.; Frank-Kamenetskaya, O.V.; Vlasov, D.Y.; Zelenskaya, M.S.; Vlasov, A.D.; Rusakov, A.V.; Petrova, M.A. Carbonate and oxalate crystallization by interaction of calcite marble with Bacillus subtilis and Bacillus subtilis–Aspergillus niger association. Crystals 2020, 10, 756. [Google Scholar] [CrossRef]

	



Rusakov, A.V.; Kuz’mina, M.A.; Frank-Kamenetskaya, O.V. Biofilm Medium Chemistry and Calcium Oxalate Morphogenesis. Molecules 2021, 26, 5030. [Google Scholar] [CrossRef] [PubMed]

	



Joswig, J.S.; Wirth, C.; Schuman, M.C.; Kattge, J.; Reu, B.; Wright, I.J.; Sippel, S.D.; Rüger, N.; Richter, R.; Schaepman, M.E.; et al. Climatic and soil factors explain the two-dimensional spectrum of global plant trait variation. Nat. Ecol. Evol. 2022, 6, 36–50. [Google Scholar] [CrossRef]

	



Legostaeva, Y.B.; Ksenofontova, M.I.; Popov, V.F. Geoecological monitoring on the territory of underground disposal sites of highly mineralized waters in Western Yakutia. Ecol. Ind. Russ. 2019, 4, 58–63. [Google Scholar] [CrossRef]

	



Gololobova, A.; Legostaeva, Y.; Popov, V.; Makarov, V.; Shadrinova, O. Geochemical Characteristics of Soils to the Impact of Diamond Mining in Siberia (Russia). Minerals 2022, 12, 1518. [Google Scholar] [CrossRef]

	



Hervé, V.; Simon, A.; Randevoson, F.; Cailleau, G.; Rajoelison, G.; Razakamanarivo, H.; Bindschedler, S.; Verrecchia, E.; Junier, P. Functional Diversity of the Litter-Associated Fungi from an Oxalate-Carbonate Pathway Ecosystem in Madagascar. Microorganisms 2021, 9, 985. [Google Scholar] [CrossRef]

	



Martin, G.; Guggiari, M.; Bravo, D.; Zopfi, J.; Cailleau, G.; Aragno, M.; Job, D.; Verrecchia, E.; Junier, P. Fungi, bacteria and soil pH: The oxalate-carbonate pathway as a model for metabolic interaction. Environ. Microbiol. 2012, 14, 2960–2970. [Google Scholar] [CrossRef]

	



Wadsten, T.; Moberg, R. Calcium oxalate hydrates on the surface of lichens. Lichenologist 1985, 17, 239–245. [Google Scholar] [CrossRef]

	



He, H.; Veneklaas, E.J.; Kuo, J.; Lambers, H. Physiological and ecological significance of biomineralization in plants. Trends Plant Sci. 2014, 19, 166–174. [Google Scholar] [CrossRef] [PubMed]

	



Dutton, M.V.; Evans, C.S. Oxalate production by fungi: Its role in pathogenicity and ecology in the soil environment. Can. J. Microbiol. 1996, 42, 881–895. [Google Scholar] [CrossRef]

	



Rosseeva, E.V.; Frank-Kamenetskaya, O.V.; Vlasov, D.Y.; Zelenskaya, M.S.; Sazanova, K.V.; Rusakov, A.V.; Kniep, R. Crystallization of calcium oxalate hydrates by interaction of calcite marble with fungus Aspergillus Niger. Am. Mineral. 2015, 100, 2559–2565. [Google Scholar] [CrossRef]








[image: Minerals 13 00659 g001 550] 





Figure 1. Overview map of the study area location: 1—territory of Daldyn kimberlite field, samples 151 and 984; 2—territory of Markha River in the Central Yakutian lowland, sample 1663; 3—territory of Allakh-Yun River in the Sellakh-Khotun ore cluster, sample KM-6-21. 
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Figure 2. Photo of general view of study area, soil profiles and denudation: (a) crowberry–blueberry larch woodland, moss-lichen cover, Skeletic Cryosol (Thixotropic) soil cover, (b) technogenically transformed larch forest with moss-lichen cover, Stagnic Cryosols Reductaquic soil cover, (c) bank of the Markha River, with alder–rosehip grass vegetation, Humic Fluvisol soil cover, and (d) outcrop on the Allakh-Yun river, composed of siltstone. 
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Figure 3. Powder X-ray diffraction patterns: (a) upper soil horizon of the Daldyn kimberlite field, sample 151; (b) cover on soil of Daldyn kimberlite field, sample 984; (c) plant litter on the Markha riverbank, sample 1663; and (d) siltstone cover of outcrop on the Allakh-Yun River, sample KM-6-2. Abbreviations [50]: Wed—weddellite, Whe—whewellite, Qz—quartz, Fsp—feldspar, Mca—mica, Chl—chlorite, Dol—dolomite. 
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Figure 4. Photo of coatings (a,c,e,g) and scanning electron microscopic images (b,d,f,h): in samples of the upper soil horizon, sample 151 (a,b); coating on the soil, sample 984 (c,d); plant litter on the bank, sample 1663 (e,f); and coating on the siltstone of the outcrop, sample KM-6-21 (g,h). 
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Figure 5. Thermal curves: (a) Skeletic Cryosol (Thixotropic) (sample 151); (b) Stagnic Cryosol Reductaquic (sample 984); (c) Humic Fluvisol (sample 1663); (d) siltstone (sample KM-6-21). 
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Table 1. Chemical composition and mineral compounds of the Cryosols without oxalates and with oxalates.
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Cryosol Nature

	
Cryosol with Oxalates in the Organic Horizon




	
Section

	
Skeletic Cryosol (Humic)

(Sample 1181)

	
Skeletic Cryosol

(Thixotropic)

(Sample 151)

	
Stagnic Cryosol Reductaquic

(Sample 984)






	
Depth, cm

	
0–9 (10)

	
9 (10)–14 (18)

	
14 (18)–23 (46)

	
23 (46)–49

	
0–6 (9)

	
6 (9)–38

	
0–1 (3)

	
1 (3)–13 (16)

	
13 (16)–33 (41)

	
33 (41)–61




	
SiO2, %

	
6.24

	
49.13

	
19.82

	
39.48

	
46.93

	
41.94

	
5.43

	
3.50

	
40.52

	
35.70




	
Al2O3, %

	
1.19

	
10.23

	
4.74

	
8.36

	
11.39

	
10.69

	
0.79

	
1.40

	
7.83

	
8.78




	
Fe2O3, %

	
0.45

	
1.83

	
3.49

	
2.48

	
4.84

	
4.84

	
1.03

	
0.52

	
0.05

	
3.02




	
K2O, %

	
0.48

	
3.90

	
1.52

	
3.39

	
4.34

	
4.18

	
0.32

	
0.38

	
3.05

	
3.40




	
Na2O, %

	
0.02

	
0.22

	
0.02

	
0.13

	
0.23

	
0.16

	
0.24

	
0.02

	
0.17

	
0.09




	
CaO, %

	
1.36

	
6.81

	
5.34

	
12.41

	
4.72

	
13.7

	
8.96

	
6.42

	
10.57

	
12.98




	
MgO, %

	
0.68

	
6.66

	
1.78

	
10.13

	
3.07

	
5.35

	
0.91

	
1.05

	
8.21

	
10.91




	
MnO, %

	
0.01

	
0.07

	
0.04

	
0.05

	
0.10

	
0.05

	
0.02

	
0.01

	
0.09

	
0.06




	
CO2, %

	
1.88

	
9.57

	
1.86

	
18.73

	
2.23

	
13.42

	
1.57

	
1.13

	
14.91

	
19.76




	
PPP, %

	
64.39

	
4.72

	
53.98

	
18.73

	
16.85

	
4.38

	
66.62

	
73.88

	
14.91

	
19.76




	
pH

	
6.2

	
7.8

	
7.4

	
7.9

	
6.5

	
7.2

	
7.8

	
7.4

	
7.8

	
7.8




	
SOC, %

	
>30

	
6.34

	
0.22

	
1.80

	
11.10

	
1.50

	
23.80

	
20.20

	
6.10

	
1.80




	
Mineral

compounds

	
Quartz

	
Quartz

	
Quartz

	
Dolomite

	
Quartz

	
Quartz

	
Weddellite

	
Quartz

	
Quartz

	
Dolomite




	
Dolomite

	
Dolomite

	
Dolomite

	
Quartz

	
Feldspar

	
Feldspar

	
Quartz

	

	
Dolomite

	
Quartz




	

	
Feldspar

	
Feldspar

	
Feldspar

	
Whewellite

	
Dolomite

	
Calcite

	
Feldspar

	
Feldspar




	
Chlorite

	
Chlorite

	
Chlorite

	
Chlorite

	
Calcite

	
Dolomite

	
Chlorite

	
Chlorite




	
Mica

	
Mica

	
Mica

	
Mica

	
Mica

	

	
Mica

	
Mica




	

	

	

	
Calcite

	
Chlorite

	








Note: here and below SOC—soil organic carbon.
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Table 2. Chemical composition and mineral compounds of the Fluvisols without oxalates and with oxalates.
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Fluvisol Nature

	
Fluvisol with Oxalates in the Organic Horizon

	




	
Section

	
Humic Fluvisol (Sample 1671)

	
Humic Fluvisol (Sample 1663)

	






	
Depth, cm

	
0–10

	
10–20

	
20–30

	
30–58

	
58–91

	
91–131

	
0–2

	
2–10

	
10–15(20)

	
15(20)–23(25)

	
23(25)–27(30)

	
27(30)–75(78)

	
76(78)–110

	
110–195




	
SiO2, %

	
71.12

	
72.45

	
72.19

	
71.05

	
70.01

	
69.42

	
2.36

	
64.64

	
69.97

	
69.36

	
68.98

	
72.15

	
73.2

	
73.52




	
Al2O3, %

	
12.14

	
11.99

	
11.04

	
10.64

	
10.09

	
11.6

	
0.44

	
14.28

	
15.94

	
15.95

	
16.31

	
15.26

	
14.88

	
14.65




	
Fe2O3, %

	
0.95

	
1.14

	
1.04

	
1.24

	
1.85

	
1.67

	
1.13

	
1.15

	
0.41

	
0.54

	
0.65

	
0.29

	
0.4

	
0.16




	
K2O, %

	
3.03

	
3.08

	
2.95

	
2.70

	
2.54

	
2.91

	
0.04

	
3.34

	
3.79

	
3.75

	
3.82

	
4.29

	
3.94

	
3.98




	
Na2O, %

	
2.74

	
2.85

	
2.67

	
2.27

	
2.14

	
2.60

	
0.03

	
2.97

	
3.45

	
3.51

	
3.5

	
4.03

	
3.79

	
3.77




	
CaO, %

	
2.53

	
2.43

	
2.81

	
3.33

	
3.64

	
2.73

	
4.08

	
3.63

	
1.63

	
1.72

	
1.74

	
1.71

	
1.66

	
1.72




	
MgO, %

	
0.93

	
1.15

	
0.94

	
1.75

	
2.63

	
2.31

	
0.15

	
1.37

	
0.06

	
0.22

	
0.33

	
0.08

	
0.15

	
0.15




	
MnO, %

	
0.04

	
0.03

	
0.05

	
0.05

	
0.07

	
0.04

	
0.02

	
0.03

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01




	
CO2, %

	
0.74

	
0.51

	
0.34

	
1.09

	
1.06

	
0.88

	
0.22

	
2.23

	
0.19

	
0.16

	
1.26

	
0.06

	
0.40

	
0.10




	
PPP, %

	
2.44

	
1.96

	
1.91

	
2.11

	
1.05

	
2.08

	
90.57

	
3.55

	
2.88

	
2.92

	
1.72

	
0.62

	
0.48

	
0.65




	
pH

	
6.9

	
6.9

	
7.3

	
7.4

	
7.1

	
7.1

	
6.5

	
6.9

	
6.9

	
6.9

	
6.7

	
6.8

	
6.8

	
6.8




	
SOC, %

	
1.64

	
1.32

	
1.29

	
1.42

	
0.71

	
1.41

	
25.9

	
2.40

	
0.90

	
1.20

	
1.20

	
0.10

	
0.10

	
0.10




	
Mineral

compounds

	
Quartz

	
Quartz

	
Quartz

	
Quartz

	
Quartz

	
Quartz

	
Whewel-

lite

	
Quartz

	
Quartz

	
Quartz

	
Quartz

	
Quartz

	
Quartz

	
Quartz




	
Feldspar

	
Feldspar

	
Feldspar

	
Feldspar

	
Feldspar

	
Feldspar

	
Quartz

	
Feldspar

	
Feldspar

	
Feldspar

	
Feldspar

	
Feldspar

	
Feldspar

	
Feldspar




	
Dolomite

	
Dolomite

	
Dolomite

	
Dolomite

	
Dolomite

	
Dolomite
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Table 3. Chemical composition and mineral compounds of the siltstone without oxalates and with oxalates.






Table 3. Chemical composition and mineral compounds of the siltstone without oxalates and with oxalates.





	
Section

	
Siltstone

(Sample XYu-1-21)

	
Siltstone

with Weddellite

(Sample KM-6-22)






	
SiO2, %

	
60.57

	
58.29




	
Al2O3, %

	
15.64

	
21.23




	
Fe2O3, %

	
6.88

	
7.59




	
K2O, %

	
2.69

	
7.35




	
Na2O, %

	
1.88

	
2.31




	
CaO, %

	
0.77

	
0.20




	
MgO, %

	
2.06

	
1.53




	
MnO, %

	
0.03

	
0.10




	
CO2, %

	
0.97

	
0.10




	
PPP, %

	
5.78

	
0.10




	
pH

	
7.3

	
6.1




	
SOC, %

	
1.35

	
3.60




	
Mineral

compounds

	
Quartz

	
Quartz




	
Feldspar

	
Feldspar




	
Mica

	
Weddellite




	
Chlorite

	
Chlorite




	

	
Mica
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