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Scholars increasingly support the hypothesis that inertinite in coal is the product of incomplete combustion of plants in coal-forming peat swamps during fire events. In this study, charcoal fragments were extracted from an extremely thick coal seam in the Wucaiwan mining area in the eastern Junggar Basin. The temperatures that caused palaeofires were then estimated using a reflective light microscope. The inertinite reflectance data (average 1.26%) indicated the formation of these charcoal fossils at temperatures of 300°C–400°C. Additionally, the content characteristics of 16 polycyclic aromatic hydrocarbons (PAHs) in the coal rock samples were determined by rapid solvent extraction by analyzing inertinite and reflectance data of samples from the Xishanyao Formation in the eastern Junggar Basin. The palaeofire events experienced by the coal seams during deposition were comprehensively analyzed. The PAH test results showed significant variation in PAH content between layers, ranging from 3,881 to 6,525 ng/g, with an average of 4,433 ng/g. Moreover, different PAHs within the same layer exhibited considerable variations in content. The integration of inertinite content, inertinite reflectance, and PAH characteristics led to the conclusion that the coal seam experienced at least three periods of frequent palaeofires during deposition. Combining these findings with charcoal reflectance data suggested that the palaeofires during these periods were predominantly low-to medium-temperature ground fires.
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1 INTRODUCTION
Palaeofires refer to burning events that occurred prior to the Quaternary Period (Scott, 2000). These events have been widespread since the colonization of land by plants in the Devonian Period and have become an essential component of the Earth’s system. Charcoal is a highly inert and chemically stable product of incomplete biological combustion, well preserved in sedimentary strata. Microscopic charcoal generally indicates regional palaeofire events (Degani-Schmidt et al., 2015; Shukla et al., 2023; Seibert et al., 2024). In contrast, charcoal is not easily transported due to its greater mass and volume and is usually deposited at palaeofire sites or transported by running water in low-lying areas, which is usually indicative of localized palaeofire events (Zhang et al., 2014; Wang et al., 2019; Wang et al., 2021). Additionally, inertinite reflectance has been shown to be positively correlated with formation temperature. When inertinite reflectance exceeds 1%, the formation temperature is greater than 300°C—a threshold that cannot typically be reached by geothermal gradients alone. However, palaeofires in nature can easily reach these temperatures, with large-scale forest palaeofires sometimes exceeding 800°C (Lu, 2023; Xu et al., 2020; Cai et al., 2021; Wang et al., 2021; Xie et al., 2022; Xu et al., 2022; Han et al., 2024). Therefore, determining charcoal reflectance is crucial for distinguishing the occurrence and type of palaeofires.
Polycyclic aromatic hydrocarbons (PAHs) are widely present in environmental media such as soil, air, water, and animal and plant tissues, mainly in aerosol and solid forms; PAHs are not easily degraded or used by organisms due to their chemical stability (Marynowski and Simoneit, 2009; Schachat et al., 2018). Anomalously high concentrations of combustion-derived PAHs in Permian–Triassic boundary sediments have been considered the key evidence for globally frequent and significant palaeofire events in the Late Permian Period (Kaiho et al., 2021; Zhou et al., 2021; Jiao et al., 2024). Venkatesan and Dahl (1989) used PAHs as discriminating evidence when studying Cretaceous palaeofire events in the 1980s. Yunker et al. (2002) classified PAHs into three sources based on their molecular ratios: petroleum-derived, biomass combustion–derived, and fossil fuel combustion–derived. Song et al. (2020) divided PAHs into two categories. One has mainly a combustion origin, and the other has a noncombustion origin. PAHs of combustion origin mainly include phenanthrene (PHE), pyrene (PYR), chrysene (CHR), benzo(k)fluoranthene (BkF), benzo(b)fluoranthene (BbF), benzo(a)pyrene (BaP), indeno (1,2,3-cd)pyrene (IcP) and benzo (ghi)pyrene (BgP). The content of combustion-origin PAHs in the stratigraphy of the Permian–Triassic boundary in Meishan, Zhejiang, and the Triassic–Jurassic boundary in the Sichuan Basin was analyzed, revealing that a high frequency of palaeofires accompanied and facilitated these two biological extinctions. Kubik et al. (2020), also concluded that frequent palaeofire events occurred in the Early Permian Period in Parana Basin, Brazil, by studying anomalies in PAH content. These results indicated the feasibility of using PAHs as a discriminator for palaeofires.
The Junggar Basin deposits thick Jurassic terrestrial strata, and hence is ideal to investigate the paleoenvironmental and paleoclimatic evolution of the Jurassic landmass (Gao et al., 2020). Significant insights have been gained in the reconstruction of the Jurassic terrestrial palaeoenvironment and palaeoclimate in the Junggar Basin through the analyses of depositional environments, palaeobotany, sporology, elemental geochemistry, and organic carbon isotopes (Li et al., 2010; Tong et al., 2016). PAHs indicate palaeoclimate and palaeoenvironment, especially for palaeofire records. Middle Jurassic palaeofires occurred frequently, and PAHs from Middle Jurassic palaeofires have been recorded worldwide. However, reports on the Jurassic palaeofires in the Junggar Basin are few; information on palaeofires from the PAHs recorded in coals is also limited (Hossain et al., 2013; Kaiho et al., 2021; Vachula et al., 2022). Therefore, the present study considered the coal seams of the Middle Jurassic Xishanyao Formation in the Wucaiwan Mine in the eastern coal field of the Junggar Basin as the object. It investigated the distribution characteristics of the PAHs to extract the geologic information, providing strong evidence for the occurrence of the palaeofires in the Junggar Basin during the same period. It also provided a new perspective of molecular geochemistry for reconstructing the paleovegetation and paleoenvironment of the same period.
2 GEOLOGICAL BACKGROUND
The Junggar Basin is located in the northern region of Xinjiang, between the Altai Mountains and the Tian Shan Mountains (Li et al., 2023). The geotectonic position belongs to the southern part of the Central Asian orogenic belt, which is situated in the intersection area of the Siberian Plate, the Kazakhstan Plate, and the Tarim Plate (Figure 1). The west side of this basin is defined by the western mountainous area, and its east side reaches the foothills of the Beita Mountain. The basin exhibits an irregular triangular shape, with a terrain tilted to the west. As a result, the northern part is at a slightly higher elevation than the southern part. A series of syndepositional faults were developed by the intra-plate extrusion of the basin in the east–west direction, forming a series of NE or NS alternating convex and concave structures. This sag zone is beneficial to the development of the coal-bearing formation, although the salient area is unfavorable for the development of coal measures. As a result, the Junggar Basin is rich in coal and hydrocarbon resources.
[image: Map showing the Junggar Basin in China. The top left inset highlights its location within China, showing provincial boundaries and a red rectangle indicating the study area. The top right inset provides a colored topographic view of the basin. The main map below details geographic features and tectonic plates, including the Altai Siberian Plate and the Tarim North China Plate, with a compass for orientation. Labels indicate features like the Plate Suture Zone and key cities such as Urumqi and Turpan. Elevation is indicated by color gradients in the legend.]FIGURE 1 | Location map of the study area.The Eastern Junggar Coal Field is located on the northern margin of the eastern continental coal-bearing basin of Junggar, Xinjiang, and on the southern foothill of Kalamari Mountain (Huang et al., 2024). The Wucaiwan mining area is located in the northwest region of the Eastern Junggar Coal Field (Figure 1). The area neighbors the southern foothills of Kalamkari Mountain on the north and the Shazhang fold zone on the east. The coal-bearing stratum belongs to the upper Xishanyao Formation, Aalenian stage of the Middle Jurassic series, and has a coal-bearing seam thickness of 62 m. The stratum has a stable thickness and is widely distributed, possessing high-quality coal with low ash, low sulfur content, and high heat. The proven reserve of this stratum is substantial, and hence the seam has an extremely high commercial value.
3 SAMPLING AND ANALYTICAL METHODS
The data for this study were derived from the detailed petrographical, geochemical, and mineralogical analyses of 60 coal samples collected from the Eastern Junggar Coal Field. The samples from 12 coal seams were systematically collected based on the development characteristics and depth of Xishanyao Formation coal seams in the Wucaiwan mining area, Eastern Junggar Coal Field. Five samples were collected from each of the No. 3, No. 5, No. 6, No. 7, and No. 11 coal seams. Four samples were collected from each of the No. 9, No. 10, and No. 13 coal seams. Seven samples were collected from both the No. 2 and No. 4 coal seams. Six samples were collected from the No. 8 coal seam. Three samples were collected from the No. 1 coal seam. These 60 samples were numbered from beginning to end based on their original depths, such as the shallowest one numbered ZS-1 and the deepest one numbered ZS-60 (Figure 2).
[image: Geological chart depicting various stratigraphic layers and depths from 140 to 260 meters in the Bajocian Stage. The chart includes coal seams and different rock types, symbolized by colors and patterns: medium sandstone, fine sandstone, mudstone, coal, dark lithotype, medium dark, and medium light. Two magnified images show charcoalified plant fragments. Depth markers and sample IDs are provided alongside a legend.]FIGURE 2 | Lithology of the borehole with sample details.Coal petrological analysis was primarily conducted via microscopic observation: Polished pellets were prepared according to ISO 7404–2 (2009), and examined using a Zeiss AxioScope A1 microscope equipped with ×10 ocular lenses and ×50 oil-immersion objectives. Fluorescence excitation in the violet range was applied during liptinite observation. Each polished pellet contained uniformly distributed measurement points (>500 counts). Vitrinite reflectance was determined using the identical microscope configuration coupled with a J&M MSP200 microspectrophotometer.
Soluble organic matter in coal was extracted via Soxhlet extraction, followed by group composition separation. Gas chromatography–mass spectrometry analysis of the aromatic hydrocarbon fractions can be used to determine their molecular composition and relative content. PAHs in coal were extracted and detected as previously described by Zakrzewski et al. (2020). The PAHs were extracted using a rapid solvent extraction device and then further purified using a Florisil solid-phase extraction column after nitrogen purging and concentration. The external standard solutions of 16 PAHs were diluted to the concentrations of 0.0, 0.1, 1.0, 2.0, 4, and 10 μg/mL with acetone–hexane mixture in the ratio of 1:1 by volume for generating calibration curves. The internal standard solution comprised five deuterated PAHs. Considering the high organic matter content and high density of the coal rock samples, the amount of sample should be reduced to 5 g during pretreatment, a 33-mL extraction tank should be used, and the size of coal rock particles should be controlled below 0.150 mm.
4 RESULTS
4.1 Macroscopic coal characteristics
The extremely thick coal seams in the Junggar Basin of Xinjiang were primarily composed of semidull and dull coal lithotypes, exhibiting grayish-black to deep black coloration with massive and banded structures that displayed silky to bituminous luster (Figure 3B). Samples contained thin fusain layers characterized by silky luster and fibrous texture, appearing as charcoal-like fragments with grayish-black hue and soft, porous, friable properties (Figures 3A,C). Macroscopically, both physical characteristics and chemical features demonstrate striking similarities to wildfire-derived pyrogenic charcoal. Applying Scott (2010) macroscopic identification criteria for fossil charcoal, this study confirmed abundant charcoal occurrence within the Xishanyao Formation coal seams, manifesting as cubic blocks, bands, and elongated strips in the coal matrix.
[image: A grid of nine images labeled A to I. Images A, B, and C show dark rock samples next to a centimeter scale. Images D, E, F, G, H, and I display microscopic views of the rock samples. D and G highlight lattice structures, E and F show complex patterns with contrast, and H and I feature circular formations, each with a 20-micrometer scale.]FIGURE 3 | Fusain and Maceral Components in Coal. (A–C) Fusian (Charcoal) in the coal (D) Fusinite (f). (E) Semifusinite (sf) and pyrite (py). (F) Inertodetrinite (id). (G) Fusinite (f) and semifusinite (sf). (H) Macrosome (Ma). (I) Natural charcoal (nc).4.2 Inertinite in coal
The qualitative observations and quantitative analysis of the macerals obtained from the coal of interest indicated that the maceral sample in this study was dominated by vitrinite and inertinite, with a tiny proportion of exinite (Table 1). In particular, the vitrinite content was 12.65%–82.64% (averaged at 55.78%), and the inertinite content was 12.23%–84.34% (averaged at 41.29%). The vitrinite in various layers was dominated by desmocollinite and vitrodetrinite, with a small amount of telocollinite. The inertinite was dominated by semi-fusinite and inertodetrinite, with few microsomes. Clay was rarely developed, and the mineral fraction was mainly dominated by pyrite with an average content of 2.67%.
TABLE 1 | Maceral analysis in eastern Junggar Basin, China.	Coal seam	Sample amount	Vitrinite	Inertinite	Mineral	Exinite (%)	Clay (%)
	Teli-nite	Telocoll-inite	Corpocol-linite	Desmocol-linite	Vitrodet-rinite	Vitrin-ite	Fusi-nite	Semifus-inite	Macros-ome	Micros-omal	Sclerot-inite	Inertodet-rinite	Inerti-nite	Pyrite
	(%)	(%)	(%)	(%)	(%)	(%)	(%)	(%)	(%)	(%)	(%)	(%)	(%)	(%)
	1	3	0.00	0.00	0.00	5.40	7.20	12.60	3.00	41.80	0.80	0.00	0.00	38.40	84.00	2.20	0.40	0.80
	2	7	0.39	26.27	1.18	28.04	2.35	58.24	1.37	25.29	0.39	0.20	0.39	11.96	39.61	1.37	0.59	0.20
	3	5	3.27	2.12	2.12	17.50	19.81	44.81	8.46	12.50	0.96	7.31	1.15	17.31	47.69	6.54	0.19	0.77
	4	7	1.13	0.75	0.94	28.30	13.21	44.34	6.23	15.09	2.08	4.53	0.75	22.45	51.13	3.58	0.38	0.57
	5	5	0.70	3.84	0.35	35.08	10.99	50.96	7.50	13.96	0.70	2.44	0.00	19.55	44.15	3.49	0.70	0.70
	6	5	0.00	2.78	1.48	21.89	18.18	44.34	6.68	15.77	0.00	2.97	0.37	23.93	49.72	5.75	0.19	0.00
	7	5	0.00	5.20	1.87	26.82	8.52	42.41	2.08	41.16	0.00	0.00	0.00	13.10	56.34	0.83	0.42	0.00
	8	6	0.54	9.04	1.08	24.77	18.26	53.71	0.18	29.66	0.00	0.00	0.00	15.19	45.03	0.72	0.54	0.00
	9	2	1.21	7.66	0.81	38.91	28.83	77.42	0.81	13.71	0.00	0.00	0.00	6.45	20.97	0.81	0.81	0.00
	10	6	1.73	8.86	0.39	48.75	28.71	88.44	0.19	8.67	0.00	0.00	0.00	1.16	10.02	1.16	0.39	0.00
	11	4	0.76	8.95	0.95	41.90	14.10	66.67	2.10	22.86	0.00	0.00	0.00	7.62	32.57	0.38	0.38	0.00
	12	5	0.99	7.89	0.79	48.13	24.85	82.64	0.39	8.68	0.00	0.00	0.00	3.16	12.23	5.13	0.00	0.00


The main targets for reflectance measurements of inertinite were microscopic forms of charcoal, that is, filamentous, semi-filamentous, and inertodetrinite (Figure 3). The characterization and extent of palaeofire events in coal seams were revealed by determining the reflectance of these microscopic components. The results of the reflectance measurements of the inertinite showed significant differences in reflectance among the samples. Especially the maximum reflectance ranged from 1.86% to 3.17%, indicating that the degree of heat exposure of different coal seams during palaeofires varied significantly. However, the differences between the average and minimum reflectance values of the samples were within 0.5%, indicating that these coal seams had a more consistent reflectance profile overall. In addition, the standard deviations ranged from 0.29 to 0.54, further illustrating the relative stability and consistency of the reflectance data.
4.3 Coal facies analysis
The maceral content of a coal seam is a key indicator of its genesis and serves as a crucial criterion for classifying coal facies. We adopted the genetic parameter method involving a quantitative analysis of maceral evidence for classifying coal facies types, in part because it is the most popular method for coal facies analysis at present.
The coal-forming swamp was analyzed using tissue preservation index (TPI), gelification index (GI) (Diessel, 1982; Diessel, 2012), groundwater influence index (GWI), vegetation index (VI) (Calder et al., 1991), and T-D-F triangular diagram. In addition, the vitrinite/inertinite (V/I) ratio, woodland index, framework/matrix (F/M) ratio, oxidation index (Gorbanenko and Ligouis, 2015), transfer index, breaking index, and mobility index were adopted to analyze the coal-forming swamp with palynological assemblage characteristics in the research area (O’Keefe et al., 2013). The latter parameters reflected the vegetational forms of the coal-forming swamp, the changes in the swamp water coverage depth, and the strength of the hydrodynamic force in the research area so that the conclusion was more accurate and reliable (Sen et al., 2016; Silva et al., 2008; DiMichele et al., 2017).
Based on the statistical calculations, the variations in each coal facies parameter in the study area were characterized as follows: the TPI ranged from 0.23 to 1.21, with a mean value of 0.55; the GI ranged from 0.16 to 8.83, with a mean value of 2.45; the GWI ranged from 0.07 to 1.48, with a mean value of 0.57, and the overall GWI was on the lower side. In addition, the VI ranged from 0.24 to 3.22, and the V/I ratio ranged from 0.15 to 8.83, with a mean value of 2.4.
4.4 Determination of PAHs
The 16 PAHs in the 60 samples extracted were naphthalene (NAP), acenaphthylene (ACY), acenaphthene (ACP), fluorene (FLR), phenanthrene (PHE), anthracene (ANT), fluoranthene (FLT), PYR, benzo(a)anthracene (BaA), chrysene (CHR), benzo(k)fluoranthene (BkF), benzo(b)fluoranthene (BbF), benzo(a)pyrene (BaP), indeno (1,2,3-cd)pyrene (IcP), dibenzo (a,h)anthracene (DhA), and benzo (ghi)pyrene (BgP). The range of variation in ΣPAHs among different samples in the study area was relatively large (Table 2), ranging from 3,881 to 6,525 ng/g, with a mean value of 4,433 ng/g. The contents of different types of PAHs in the same sample varied significantly. Classified by the number of PAH rings, two-ring aromatic hydrocarbons accounted for 4.51%, three-ring aromatic hydrocarbons accounted for 28.69%, four-ring aromatic hydrocarbons accounted for 23.57%, five-ring aromatic hydrocarbons accounted for 24.83%, and six-ring aromatic hydrocarbons accounted for 18.41%.
TABLE 2 | Contents of 16 PAHs in coal seam (ng/g).	Coal seam	1	2	3	4	5	6	7	8	9	10	11	12
	NAP	274.8	171.4	252.8	190.2	194.8	287.4	178.2	176.8	178.6	179.0	306.4	170.8
	ACY	234.0	232.6	233.0	232.4	232.4	234.0	232.6	232.2	233.0	232.4	234.2	232.4
	ACP	233.6	233.8	234.8	233.6	233.4	237.6	233.4	233.4	233.8	233.6	235.2	233.4
	FLR	244.2	243.6	246.2	243.8	244.6	249.2	243.4	243.4	243.8	243.4	245.2	243.4
	PHE	261.4	256.4	262.4	255.6	258.6	271.4	255.4	254.4	256.2	255.8	261.2	255.4
	ANT	427.0	302.6	309.4	301.6	301.8	318.2	298.0	300.2	300.6	300.2	322.4	299.6
	FLT	282.6	270.4	294.2	270.4	272.0	292.4	270.0	271.6	272.4	271.2	294.2	269.8
	PYR	267.8	259.6	282.8	260.8	262.2	281.8	258.6	261.4	262.4	261.2	273.4	261.4
	BaA	291.6	285.6	309.2	286.2	284.8	301.2	284.4	284.4	284.4	284.8	292.6	283.8
	CHR	227.2	210.6	297.4	208.2	208.8	230.2	201.6	208.8	211.4	204.4	275.6	201.0
	BkF	282.2	303.8	637.6	271.8	276.2	696.0	272.8	358.8	478.2	364.6	1286.6	294.0
	BbF	409.6	354.0	529.0	288.6	305.8	841.8	344.2	305.2	366.0	385.6	858.6	467.0
	BaP	196.2	211.2	295.0	198.0	209.8	301.0	207.6	204.4	221.0	225.8	405.8	220.2
	IcP	302.8	289.6	441.4	237.4	271.8	657.2	281.6	255.6	299.6	316.4	583.6	368.4
	DhA	221.4	218.8	236.2	215.0	216.6	254.0	216.6	215.2	220.6	221.2	248.2	223.4
	BgP	227.4	214.0	293.0	187.6	206.4	425.2	215.2	201.2	214.4	227.4	402.4	252.6
	ΣPAHs	4383.8	4058.0	5154.4	3881.2	3980.0	5878.6	3993.6	4007.0	4276.4	4207.0	6525.6	4276.6


Note: ACP, acenaphthene; ACY, acenaphthylene; ANT, anthracene; BaA, benzo(a)anthracene; BaP, benzo(a)pyrene; BbF, benzo(b)fluoranthene; BgP, benzo (ghi)pyrene; BkF, benzo(k)fluoranthene; CHR, chrysene; DhA, dibenzo (a,h)anthracene; IcP, indeno (1,2,3-cd)pyrene; FLR, fluorene; FLT, fluoranthene; NAP, naphthalene; PHE, phenanthrene; PYR, pyrene.
5 DISCUSSION
5.1 Evidence of palaeofires
5.1.1 Evidence from coal petrology experiment
Coal petrology was first used to describe inertinite macerals. Hence, whether all inertinites were of fire origin was under continuous discussion. Xu et al. (2020) determined palaeofire types and their climatic impacts in the Jurassic Ordos Basin through inertinite content and reflectance analysis of coals, while Wang et al. (2019) employed similar methodology to analyze paleowildfire extent, types, and intensity in Early Cretaceous Northeast China, concurrently inferring contemporary paleoclimatic conditions. Falcon (1989), Hunt (1989), and Taylor et al. (1998) suggested that the high-frequency distribution of inertinite composition in coal was not due to the thermal action of combustion. Based on available evidence, Scott (1989), Scott (2000), Scott (2002), Scott (2010), Scott and Glasspool (2007), and Hudspith et al. (2012) showed that almost all inertinite macerals with high reflectance were charcoal, namely, charcoal fossils formed by burning ancient plants.
Inertinite analysis revealed contents ranging from 12.23% to 84.34% (mean: 41.29%) in the samples. The most prevalent inertinite macerals identified during this investigation were fusinite, semifusinite, and inertodetrinite, with extensively distributed fusain components (Figure 3). Key characteristics include: (1) Fusinite displaying well-preserved cellular structures, partially degraded plant tissues, and elevated reflectance, indicating thermal alteration of vegetation (Figures 3A–C); (2) Semifusinite occurring as banded or fragmented particles with moderately high reflectance and partially preserved lignocellulosic structures, frequently associated with cubic or spheroidal pyrite aggregates exhibiting bright metallic luster (Figures 3D,F); (3) Angular black fragments demonstrating high reflectance, anisotropic optical properties, and disordered cellular remnants (Figure 3E); (4) Abundant natural charcoal exhibiting densely distributed, irregularly shaped vesicles (Figures 3G–I). Contemporary research confirms that fusinite and semifusinite in coal originate from wildfire-induced thermal alteration of organic matter, displaying significantly higher reflectance than vitrinite in low-rank coals. Consequently, this study interprets these macerals as charcoal and proposes inertinite as a paleowildfire indicator. While not excluding possible pre-oxidation scenarios, we classify oxidized-then-combusted fusinite as pyrogenic in origin. The Middle Jurassic peat deposits along the eastern Junggar Basin margin recorded extensive regional forest fires.
5.1.2 Evidence for PAHs
Shen et al. (2011) provided high-resolution records of palaeofire events through analysis of PAH molecular composition and concentration fluctuations, combined with indicators such as black charcoal reflectance and mercury anomalies. The spatiotemporal coupling of these events with volcanic activity, climatic aridification, and ecosystem collapse revealed wildfire’s multifaceted role in environmental crises during the Permian-Triassic transition, offering molecular geochemical evidence for understanding mass extinction mechanisms. Similarly, Zhang (2020) demonstrated through analysis of high-molecular-weight polycyclic aromatic hydrocarbons (PAHs) in Yan’an Formation coal seams of the Ordos Basin that macromolecular PAHs can indicate peat wildfire events. Consistently elevated inertinite content and pyrolytic PAH concentrations throughout the studied coal seams collectively indicate widespread peatland wildfires during the Aalenian stage of the Middle Jurassic in the Ordos Basin.
Thermal events, biodegradation, and weathering can lead to the degradation of PAHs. Hence, we should exclude these three factors while using PAHs as the indicators of palaeofire events (Scott, 2009; Wang and Liu, 2015; Zhan et al., 2011). The amount of a particular PAH should be relatively stable among samples under the same geologic conditions. However, the occurrence of palaeofires can alter this stabilizing trend by generating some specific types of PAHs. In this study, we referred to the classification scheme for PAHs proposed by Song et al. (2020), and categorized the 16 PAHs into combustion and noncombustion origin. PAHs of combustion origin included PHE, PYR, CHR, BkF, BbF, BaP, IcP, and BgP. The amount of combustion-induced PAHs was low in most sediments. However, when the PAH content suddenly increased in a certain stratum, it indicated that a palaeofire event occurred during the sedimentary period.
The variations in the amount of combustion-induced PAHs in the samples in the study area ranged from 49.7% to 66.6%, except for No. 3, No. 6, and No.11 coal seams with a significantly higher amount of combustion-induced PAHs (more than 58.5%). The amount of combustion-induced PAHs in the remaining samples was less than 54.9%. Eight combustion-related PAHs were significantly enriched in the No. 3, No. 6, and No.11 coal seams (Figures 4, 5). We concluded that the No. 3, No. 6, and No. 11 coal seams experienced a high frequency of palaeofire events during deposition. We substituted the experimental data into the model of Yunker et al. (2002) to identify the source of PAHs. It was concluded that the main source of PAHs in all samples was organic biomass combustion, indicating good overall uniformity. Although the model showed that the source of PAHs in all the samples was biomass combustion, they were all on the boundary between fossil fuel combustion and biomass combustion, with no clear-cut boundary with fossil fuel combustion. This was consistent with the finding of FL/PYR ratio that both were pyrolytic in origin.
[image: Bar and line graph showing the concentration of ΣPAHs, with contributions from combustion sources, across 12 coal seams. Bars represent ΣPAHs and combustion sources, ranging from 2000 to 7000 ng/g. A line graph overlays, indicating the ratio of combustion sources, fluctuating between 0.35% and 0.65%. The highest ΣPAHs and combustion source concentrations occur at seams 3 and 11, with corresponding increases in combustion source ratios.]FIGURE 4 | Distribution maps of different types of PAHs.[image: Three-dimensional graph displaying polycyclic aromatic hydrocarbons (PAHs) concentrations across twelve coal seams. The chart is colored by PAH type, with content measured in nanograms per gram, ranging from red for PHE to blue for BkF. Peaks show variation in concentration, with the highest peak reaching 1,286.6 ng/g.]FIGURE 5 | Amount of PAHs in each coal seam.Peat swamps are capable of developing palaeofires. Plants in the peat swamps burn to form charcoal, which is then deposited into the swamps. Combining the evidence from coal lithology and PAHs, it was clear that high-frequency palaeofires occurred in the peat bogs during the deposition of the No. 3, No. 6, and No. 11 coal seams in at least three periods.
On the one hand, the amounts of both total PAHs and the eight common PAHs considered as the cause of combustion were significantly higher in the aforementioned three samples than in the other samples (Figures 4–6). On the other hand, biomass combustion was the most dominant source of PAHs in the coal. Finally, the inertinite reflectance of the No. 3, No. 6, and No. 11 coal seams showed a significant increase, with a high degree of agreement between them compared with the PAH data (Figure 6). High inertinite contents were more indicative of high-frequency and in situ–semi-in situ combustion (Figure 6). A comparison of PAH data revealed a high degree of agreement between the two (Figure 6). Overall, the available research findings indicated that high-frequency palaeofire events occurred in the peat swamps of the study area during the deposition of No. 3, No. 6, and No. 11 coal seams.
[image: Graph with eight line charts showing average reflectivity and concentrations of PAHs across twelve coal seams. Peaks highlighted in columns labeled C1, C2, and C3. PAHs include BgP, IcP, BaP, BbF, BkF, CHR, PYR, and PHE measured in nanograms per gram.]FIGURE 6 | Comprehensive analysis chart of inertinite and PAH characteristics.5.2 Characteristics of coal facies
The results of quantitative calculations and comprehensive analyses of the model parameters showed that the TPI values of the samples were generally less than 1, except for the No. 2 coal seam (Figure 7). This result suggested that herbaceous plants were the main coal-forming plants and the depositional environment was mainly a low peat swamp. The microscopic composition of coal seams deposited in this environment is characterized by a more fragmented cellular structure. In addition, the magnitude of TPI also indicated the pH of water. The bacterial activity is weaker and does not decompose plant remains as strongly in low-pH water environments; in contrast, decomposition is more intense at higher pH levels. Therefore, the TPI of the coal samples in the study area indicated that the water environment during coal formation was acidic and the plant cellular structure was not well preserved. The GI of the samples was generally greater than 1 and less than 5, suggesting that the coal-forming swamps were relatively humid and occluded. However, gelatinization was not pronounced and some of the vitrinite still retained cellular structure.
[image: Graph depicting the relationship between Gelification Index (GI) and Tissue Preservation Index (TPI) with forest index. Regions include Marsh, Telmatic, Wet Forest Swamp, Dry Forest Swamp, and Limnic, each with specific GI and TPI values. Data points are numbered from 1 to 12 across different sections of the graph.]FIGURE 7 | TPI-GI diagram of the Aalenian stage, Junggar Basin.The analysis revealed that the GWI of all samples, except No. 1 and No. 3 coal seams, was less than 0.5 (Figure 8). This indicated that the hydrodynamic intensity was weak. The influence of groundwater on the coal-forming swamps was small, providing favorable conditions for the stable and continuous development of the coal-forming swamps. Conversely, the higher hydrodynamic intensity of the depositional period in the No. 1 and No. 3 coal seams resulted in the destruction of plant remains. Overall, groundwater is not a major factor influencing coal phase changes. Most of the coal seams in the study area were distributed in wetland swamp facies where herbaceous plants were the primary source of their coal formation. However, the No. 1, No. 2, and No. 7 coal seams belonged to the forest facies whose coal-forming plants were mainly woody plants. The bottom–up approach revealed the transitional characteristics of the depositional environment from the wetland swamp facies to the overlying water forest facies. The genesis of the coal seams in the study area was primarily associated with herbaceous plants. However, woody plants were also crucial in specific depositional environments, and groundwater was not a dominant factor.
[image: Scatter plot categorizing vegetation types based on Groundwater Influence Index (GWI) and Vegetation Index (VI). Quadrants labeled: Inundated Marsh, Inundated Forest, Swamp, Swamp Forest, Bog, and Bog Forest, with data points numbered from 1 to 12.]FIGURE 8 | VI-GWI diagram of the Aalenian stage, Junggar Basin.5.3 Types of palaeofires
The reflectance of charcoal increases with the increase in carbonization temperature (Liu et al., 2022). The reflectance of charcoal from modern palaeofires is related to the type of combustion and temperature at which the plant is burned, with reflectance ranging from 0% to 7.6%. Scott and Glasspool. (2007) determined the reflectance of charcoal formed at different combustion times and temperatures. As shown in Figure 9, when the combustion temperature was higher than 300°C, the charcoal reflectance gradually increased with the increase in time to stabilize; at the same combustion time, the charcoal reflectance increased with the increase in combustion temperature. Despite no perfectly linear relationship between the reflectance of inertinite and the burning temperature, the burning temperature of a forest palaeofire could be calculated using the following linear regression equation (Jones, 1997):
T=184.10+117.16×Ro r2=0.91(1)
where T is the combustion temperature, Ro is the reflectance of inertinite, and r2 is the coefficient of determination.
[image: Graph showing mean random reflectance (%) over time (hours) at four temperatures: 300°C, 400°C, 500°C, and 600°C. Reflectance increases with higher temperatures, stabilizing over time.]FIGURE 9 | Change in mean random reflectance with time of the experimental charcoal formation from Sequoia sempervirens wood (Scott and Glasspool, 2007).Based on the combustion of pines and mangroves, Ascough et al. (2010) developed a plot of charcoal reflectance versus formation temperature, revealing a linear relationship between these factors. Their findings were used to project the average and maximum reflectance values of the charcoal tested in this study (Figure 10). Based on the calculation using Formula 1, The maximum temperature for the formation of charcoal was 350°C in the No. 3 coal seam (samples from ZS-11 to ZS-15) of the Eastern Junggar Coal Field, 364°C in the No. 6 coal seam (samples from ZS-28 to ZS-32), and 347°C in the No. 11 coal seam (samples from ZS-52 to ZS-55). Scott (2000) demonstrated that plant cell walls undergo homogenization at charring temperatures exceeding 300°C–325°C. Observations of inertinite in key coal seams within the study area (Figures 3D,G) revealed significant homogenization of fusinite cell walls, directly indicating that widespread Middle Jurassic forest wildfires in the eastern Junggar Basin exceeded 300°C.
[image: Bar and line chart showing Mean Random Reflectivity (%) and Temperature (°C) for twelve coal seams. Reflectivity is represented by pink bars, ranging from 0.8% to 1.6%. Temperature is shown by a red line, varying between 300°C and 360°C. Reflectivity and temperature exhibit fluctuating patterns across the coal seams.]FIGURE 10 | The Rimean in each coal seam and its corresponding forming temperature. Modified from Ascough et al. (2010).Using reflectance to determine the type of palaeofires is not the most accurate method because, irrespective of the intensity of palaeofires, areas of inadequate combustion and low temperature are always observed during palaeofires. These areas do not accurately represent the overall reflectance of the location, making the method less reliable. Hence, the data should be carefully processed when assessing palaeofire types, especially when distinguishing between surface and crown fires. However, how to process and correct the data when using the inertinite reflectance to distinguish the types of palaeofires remains unclear. Also, a large number of indoor experiments and data analyses should be conducted to solve this problem. Given the current lack of mature processing solutions, this study still adopts the mainstream method used in the field, performing fire type analysis through mean inertinite reflectance. We simultaneously acknowledge that this method requires refinement through integration with multiple indicators. As shown in Figure 10, the combination of relatively high inertinite content in coal seam samples from the study area and combustion-derived polycyclic aromatic hydrocarbons suggests that palaeofire temperatures during peat deposition in the eastern Junggar Basin’s Xishanyao Formation were concentrated between 300°C and 400°C. This further suggests that the dominant palaeofire types were low-to-medium temperature ground fires.
5.4 Relationship between jurassic palaeofires and palaeoclimate
5.4.1 Palaeofires indicative of atmospheric oxygen levels
Fire, fuel, and oxygen are necessary for the occurrence of palaeofires. Belcher and McElwain (2008) indicated that vegetation with high water content required a minimum oxygen content of 15% to sustain combustion. Jasper et al. (2013) concluded that wood with a moisture content greater than 12% required no less than 16% oxygen to burn, whereas wood with a moisture content less than 2% required 12% oxygen to burn. Many scholars have modeled the oxygen content of the atmospheric groups during various geologic periods of the Mesozoic Era (Figure 11). As shown in the figure, the predictions of Berner (2006) and Falkowski et al. (2005) for the atmospheric oxygen content in the Jurassic Period were relatively low, with the oxygen content of about 12%–15% and 12%–17%, respectively. The oxygen content in the Middle Jurassic Period, was around the lowest point of 12%, but such a low oxygen content could not sustain the burning of vegetation. Bergman et al. (2004) showed that the atmospheric oxygen content ranged from about 20% to 22% in the Jurassic Period and 21% in the Middle Jurassic Period. Glasspool and Scott (2010) suggested that the atmosphere in the Jurassic Period was oxidized by a relatively high amount of oxygen, ranging from 23.5% to 28%.
[image: Line graph showing atmospheric oxygen levels from 250 to 90 million years ago across the Triassic, Jurassic, and Cretaceous periods. The graph includes data from multiple studies, illustrating fluctuations in oxygen percentages. A red dashed line at 15 percent indicates the minimum oxygen for sustained burning. An orange vertical band marks the Xishanyao Formation.]FIGURE 11 | Variations in the content of paleoatmospheric O2 in Mesozoic Era.Glasspool and Scott (2010) constructed a curve of atmospheric oxygen content spanning 400 million years based on the proportion of inertinite in coal. Glasspool et al. (2015). Subsequently refined the prediction model based on this study. The inertinite and oxygen content data in coal were fitted as shown in the following equation:
I=1.5−1.5⁡cosπo−ominomax−ominnomin< o < omax(2)
where I is the inertinite content, o is the atmospheric oxygen content, omin is the atmospheric oxygen content when the inertinite content is 0, omax is the atmospheric oxygen content when the inertinite content is 100%, and n controls the maximum steepness of the curve. The average inertinite content of all coal samples in the Xishanyao Formation was 42.1%. The Formula 2 shows that the atmospheric oxygen content during the depositional period of the Xishanyao Formation was as high as 27.1% (Figure 12). This result coincided with the oxygen content of the period (28.3%) derived by the creator of the model.
[image: A graph shows the relationship between percentage of inertinite and percentage of oxygen partial pressure (pO2). The x-axis represents pO2 ranging from 0 to 40, and the y-axis represents inertinite from 0 to 100 percent. Three S-shaped curves are present, with the middle curve highlighted in red and annotated at 27.1 pO2 and 40 percent inertinite, indicated by dashed lines and a dot.]FIGURE 12 | Calibration curve of inertinite content versus O2 content (Glasspool et al., 2015).Diessel and Gammidge (1998), Diessel (2010), and Hamad et al. (2012) detailed the global palaeofire events that occurred at the turn of the Jurassic and Cretaceous periods. The findings might help in understanding the variations in atmospheric oxygen content (PO2) during palaeofires. The Junggar landmass resided in a warm and humid subtropical climate for a long time during the Aalenian stage of the Mesozoic Middle Jurassic series. This led to the development of numerous large lakes with vast areas of vegetation growing on the rims of the lakes throughout the basin, thus providing a large amount of fuel for such a wildfire event (Scotese et al., 2021). The phytocommunity of the Aalenian stage was rich in lignin and hence might have provided a low fire initiation point and a high ignition rate for activation (ignition). Therefore, the basin had a higher chance of burning under those conditions than in a modern fire (Hollaar et al., 2024).
5.4.2 Palaeofire-climate feedback mechanisms and carbon cycle implications
Palaeofires are influenced by a combination of factors such as vegetation, atmospheric oxygen levels, and wet and dry climates, besides the regional and global climate. Palaeofires produce large quantities of greenhouse gases that effectively prevent surface heat from escaping, thus exacerbating the greenhouse effect. An increase in the greenhouse effect raises average global temperatures, leading to higher surface evaporation and making surface vegetation somewhat drier and thus more susceptible to ignition. Additionally, the increased greenhouse effect promotes vegetation growth, with large amounts of carbon dioxide accelerating vegetation growth through photosynthesis and large-scale vegetation providing more fuel for palaeofires. Extensive growth of vegetation produces large amounts of oxygen, increasing atmospheric oxygen levels and reducing the likelihood of palaeofires. Moreover, palaeofires release large amounts of charcoal fragments, plant tissues, and elements such as carbon, phosphorus, and sulfur into rivers, lakes, and oceans through the water cycle, driving primary productivity in these areas and further increasing atmospheric oxygen levels. Hydrophobic hydrocarbons produced during combustion condense on topsoil aggregates, forming a water-repellent interface subject to downward leaching and deposition under rainfall, thus increasing rainy-season surface runoff from forested areas (Arcenegui et al., 2008; DeBano, 2000). The loss of the leaf litter r enhances the impact of rainfall on the soil and increases surface soil erosion (Marcos et al., 2000). Eroded soils carry large amounts of organic matter into water bodies, promoting primary productivity within the aquatic environment (Figure 13).
[image: Isometric illustration depicting the impact of wildfires on vegetation, greenhouse effects, and peat accumulation. The diagram shows burning areas with smoke, surrounded by various vegetation types like broad-leaved trees, coniferous trees, ferns, and shrubs. A cycle connects wildfires, vegetation, greenhouse effects, and peat accumulation. A legend indicates nitrogen, phosphorus, sulfur presence, and vegetation types.]FIGURE 13 | Palaeofire model map of eastern Junggar Basin.Available data suggests a net cooling effect of peat accumulation on global climate during the Holocene Epoch. Since the Jurassic Period, like the Holocene Epoch, is a globally significant coal-forming period, we suggest that this cooling event is, in some way, related to the massive deposition of peat (Frolking and Roulet, 2007; Frolking et al., 2011). Palaeofires in peat deposition areas can disturb carbon stocks, leading to soil carbon loss (Salimi et al., 2021) while slowing down the removal of greenhouse gases. However, further research is needed to determine whether the deposited peat can ignite under the influence of palaeofires or other factors (atmospheric oxygen content, temperature, and heating time). If so, peatlands could become a major source of atmospheric CO2, significantly affecting the global carbon cycle.
5.4.3 Response of regional paleoclimate characteristics to global climate change events
During the Early Jurassic, the supercontinent Pangaea began fragmenting into Laurasia in the north and Gondwana in the south, with the gradual formation of the Atlantic Ocean. This continental fragmentation led to extended coastlines and the inundation of low-latitude regions by shallow seas, which increased the ocean’s moderating influence on climate and rendered many inland areas more humid. Compounded by extensive volcanic activity releasing vast amounts of carbon dioxide, the greenhouse effect intensified. This combination established the Jurassic as a period characterized by a typical greenhouse climate state in Earth’s history, featuring a warm, humid global background alongside regional aridity (Dera et al., 2009; Brigaud et al., 2009; Sellwood and Valdes, 2000). Although the Jurassic overall existed within a greenhouse climate state, it experienced multiple significant temperature fluctuations. On shorter timescales, particularly during the early Toarcian, several transient magmatic events occurring within the Jurassic injected large volumes of CO2 into the atmosphere. This caused a pronounced perturbation of the carbon cycle that persisted for an extended period, ultimately leading to a hyperthermal event during the Toarcian (Dera et al., 2011). δ18O and δ13C data indicate that the fluctuating temperature recovery during the Aalenian induced seasonal aridity (Dera et al., 2011), which promoted frequent regional low-to-medium temperature surface fires. These fires acted synergistically with greenhouse gases released by the waning indirect volcanic activity of the Karoo-Ferrar Large Igneous Province and the North Sea Event, thereby exacerbating both the magnitude and frequency of climatic warming. Charcoal fragments generated by wildfires were transported by rivers to peat swamps during humid periods, forming the distinctive high-inertinite layers within the exceptionally thick coal seams of the eastern Junggar Basin coalfield. This process reveals a chain-response mechanism linking Aalenian climatic oscillations (warming → drought → wildfire → charcoal deposition) to coal formation, demonstrating that the climate-ecosystem response mechanism in the eastern Junggar Basin represents an exemplary feedback to global carbon cycle perturbations and warming events.
6 CONCLUSION
	(1) Combining evidence from coal petrology and PAHs, it was found that a high frequency of palaeofires occurred in the coal seam during at least three periods, that is, the depositional periods of No. 3, No. 6, and No. 11 coal seams. The formation temperatures of the samples corresponding to the reflectance were 350°C, 364°C, and 347°C, indicating that the deposition of these three coal seams was dominated by low-to medium-temperature ground fires.
	(2) The evidence from this study suggested that charcoal was less associated with seasonal drought during deposition and therefore could not be used to determine the transition to an arid climate. Many continental palaeoenvironments were moist, and humidity had little effect on the ignition performance of fuel loads. Even wet plants could burn in the eastern Junggar Basin during the Aalenian stage. The reconstruction of atmospheric oxygen content during the early Middle Jurassic depositional period, based on the inertinite content of the coals, suggested that the atmospheric oxygen content at that time was as high as 27.1%.
	(3) The impact of wildfires on climate varied under different conditions. The destruction of vegetation by wildfires and the release of greenhouse gases slowed down the weakening of the greenhouse effect.
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