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Abstract

:

The Late Ordovician–Early Silurian period was a significant transitional phase in geological history and has garnered global interest. This study focuses on the black shale series of the Wufeng Formation–Longmaxi Formation of the Upper Ordovician–Lower Silurian period in the Sichuan Basin. Based on the logging curves and lithological characteristics of the Yucan-1 Well, 46 black shale samples were collected from the target layer section for clay mineral XRD (46 samples) analysis and whole-rock XRF (14 samples) analysis. The results indicate that three third-order sequences (SQ1, SQ2, and SQ3) are present in the Wufeng Formation–Longmaxi Formation of the Yucan-1 Well, and two subfacies and three microfacies were identified. In conjunction with the characteristics as well as the characteristic parameters of whole-rock oxide and clay mineral content ((I/C), (S + I/S)/(I + C), CIA, CIA-error, CIW, PIA, MAP, and LST), the Wufeng Formation–Longmaxi Formation of the Yucan-1 Well is divided into three intervals. Interval I is the Wufeng Formation. During this interval, weathering intensity, surface temperature, and precipitation gradually decreased, while the climate shifted from warm and humid to cold and dry. This corresponds to two pulse-type biological extinction events and represents an interval of increasing organic carbon burial. Interval II encompasses the bottom-middle part of the Longmaxi Formation. Weathering intensity, surface temperature, and precipitation were characterized by smooth, low values. Subsequently, the climate was predominantly cold and dry. This was the primary interval of organic carbon enrichment. Interval III extends from the upper part to the top of the Longmaxi Formation. Weathering intensity, surface temperature, and precipitation gradually increased. The climate transitioned from cold and dry to warm and humid. Organic carbon burial gradually decreased, while sea levels dropped. This indicates that climate cooling was the primary controlling factor for this biological extinction event. In combination with previous divisions of graptolite zones in the Yucan-1 Well, it is postulated that this biological extinction event may primarily have been pulse extinction. The continuous cooling of the climate in the later period led to the continuous extinction of organisms that survived the disaster. Until approximately 438.76 Ma at the top of the Longmaxi Formation, the climate environment recovered to pre-extinction conditions, with a transition to a warm and humid climate again.
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1. Introduction


The Late Ordovician–Early Silurian period was a unique period in geological history characterized by exceptional surface activity, including the convergence of extremely low glaciers, frequent global sea level fluctuations, active tectonic activity between plates, and localized volcanic eruptions. These major geological events led to revolutionary changes in the marine, continental, and atmospheric environments. Among them, the Hirnantian glaciation at the end of the Ordovician period witnessed the first mass extinction event in the Phanerozoic Eon. Nearly 85% of Earth’s biological species became extinct, with its scale second only to the Permian–Triassic crisis [1,2,3,4,5]. There is ongoing debate regarding the relationship between this extinction event and the glaciation period. Some hypotheses include global cooling during the glaciation period leading to changes in the living environment of organisms and the subsequent extinction of those organisms [6,7] and the convergence of glaciers and sea level decline reducing the habitat of marine organisms [7]. The glaciation and mass extinction may also be related to global volcanic activity [8,9,10,11,12]. Other scholars believe that oceanic hypoxia [13,14], unique paleogeographic locations [15], or even the evolution of land plants [16,17] may have contributed to the extinction. All extinctions are inseparable from major changes in the atmosphere, biosphere, hydrosphere, and terrestrial environment. The fundamental cause of these environmental changes was intense volcanic activity in the Late Ordovician–Early Silurian period [13,15]. However, there is disagreement on how volcanic activity affects the environment [13]. Some scholars believe that volcanic activity leads to global warming, while others believe that it causes glacial movement. Nevertheless, volcanic activity is considered to be the main cause of mass extinction, and a dual-pulse extinction model has been established [18]. The latest high-resolution biodiversity curves [1,7,11] suggest that this extinction was persistent rather than a simple dual-pulse model and revisions have been made accordingly [12]. In addition, this extinction event resulted in the deposition of a set of black shales on a global scale, which has attracted widespread attention from scholars [19]. The deposition of these shales was controlled by multiple factors such as the primary productivity of the ancient ocean and the redox state of the seawater. These factors are intricately linked to this mass extinction event [19]. The degree of seawater circulation is related to the temperature gradient between the poles and the equator. This can explain the cold climate event because greenhouse climates are not conducive to the formation of temperature gradients, which, in turn, weaken seawater circulation. Conversely, a decrease in temperature promotes the formation of temperature gradients, leading to strong seawater circulation [20]. Therefore, Pohl et al. [21] used the fast ocean-atmosphere model (FOAM) to reconstruct the circulation patterns of the ocean surface water and the ocean-atmosphere during the Ordovician period. They found that the Hirnantian glaciation triggered an 11 °C temperature fluctuation, leading to strong seawater circulation. Paleocarbon dioxide content calculation models and biotic–abiotic indicator data [22,23,24] show that the atmospheric CO2 content during this period was 14 to 22 times the current level. The glaciation that occurred during this period was characterized by high CO2 contents [20,25,26]. During the Late Ordovician period, the South China region was located near the equator [27]. From the Late Ordovician to the Early Silurian period, the shallow carbonate platform of the Yangtze region in South China gradually evolved into a deep to shallow continental shelf, depositing a set of black shales [17,19]. Researchers have conducted extensive research on sedimentary facies [28], paleontology [29], and sedimentary environments [30], resolving a series of fundamental geological issues from the Late Ordovician–Early Silurian period in South China. At the end of the Late Ordovician period (Hirnantian phase), a brief glacial event in Gondwana caused a rapid decline in sea levels, accompanied by glacial deposits in high-latitude regions and shallow water deposits in low-latitude regions. The change in sea levels was significant, ranging from 50 to 100 m in Oslo, Norway [31], to 30 to 60 m on Anticosti Island in Quebec Province, Canada [32]. In addition, the change in sea levels was synchronous with that in the Yangtze region of southern China. Fluctuations in sea levels of approximately 20 m also occurred in southern China, along with the occurrence of cold-water fauna in the Guanyinqiao member [33,34,35]. Therefore, the Yangtze region is considered an important window for studying the transitional period from the Late Ordovician to the Early Silurian period. Numerous studies have shown that a climate mutation occurred during the Late Ordovician period [36,37], leading to the expansion of ice caps on the Gondwana supercontinent and strong disturbances of carbon and nitrogen isotopes [38,39,40,41]. Despite profound research on global cooling caused by glaciation and hypoxia and the sulfidation of water bodies, there is a lack of in-depth research on the time scale of climate cooling caused by glaciation.



This research selects the shale of the Wufeng Formation–Longmaxi Formation of the Upper Ordovician (Katian phase) –Lower Silurian (Rhudanian phase) in the Yucan-1 Well of the Sichuan Basin as the research object. The climate during this period was studied by using the clay mineral content, type, and characteristic parameters (I/C and (S + I/S)/(I + C)) of the shale and the weathering index (CIA, CIW, PLA), surface temperature (LST), and surface rainfall (MAP) of major elements. This study aims to provide an explanation for the duration of the cooling (temperature drop) event associated with the glaciation and further enhance the understanding of the factors contributing to the Late Ordovician mass extinction (LOME) event.




2. Regional Geology


2.1. Geological Background


The study area is located in the northeastern part of Chongqing and belongs to the edge depression zone of the Daba Mountain platform on the Yangtze quasi-platform in terms of its tectonic position (Figure 1A). A series of fault-fold belts extending roughly parallel to the Chengkou fault are developed in the area. The Wufeng Formation–Longmaxi Formation is exposed between the Pingba Fault and the Shashi Concealed Fault. During the Late Ordovician–Early Silurian period, the study area was under the tectonic background of the passive continental margin of the northern edge of the Yangtze River [40], and was generally dominated by stable platform construction [19]. Affected by the rapid global sea level rise, the basin quickly changed from an oxidizing environment to a hypoxic environment. A series of black siliceous rocks, siliceous shales, carbonaceous shales, and carbonaceous siltstone shales of the Wufeng Formation -Longmaxi Formation is widely developed in the basin. Pyrite is developed and rich in graptolite shale. Multiple sets of spotted dolomites are commonly found in the Wufeng Formation, while the Longmaxi Formation contains a large number of caliche nodules and develops in layers. Between the black mud shales of the Wufeng Formation–Longmaxi Formation in the area, multiple sets of light gray, gray thin-layered, or lens-shaped muddy limestone, dolomitic sandstone, and fine-grained sandstone are developed. The fine-grained sandstone has developed parallel to the bedding and turns into brownish-yellow paleosols after severe weather. The total thickness of the Wufeng Formation–Longmaxi Formation mainly varies in an east–west direction (Figure 1B). Among them, the sedimentary thickness is the largest in the Tianba area, reaching more than 80 m. The thickness tends to decrease to both the east and west sides, even reducing to approximately 30 m [42].




2.2. Stratigraphic and Sedimentary Environment


The lithology of the Wufeng Formation–Longmaxi Formation in the Yucan-1 Well is mainly composed of carbonaceous shale, siliceous shale, siltstone shale, and siltstone. Li [43] divide44d the interval into eight graptolite zones based on graptolite fossils (Figure 2). According to the characteristics of the logging curve, the Wufeng Formation–Longmaxi Formation of the Yucan-1 Well is divided into two subfacies—deep-water continental shelf and shallow-water continental shelf—and four microfacies—deep-water cemented continental shelf, deep-water sandy continental shelf, shallow-water cemented continental shelf, and shallow-water sandy continental shelf [43]. Based on sedimentary facies, lithology, and logging characteristics, it is further divided into three third-order sequences (SQ1, SQ2, and SQ3) (Figure 2).



	(1)

	
Sequence SQ1 corresponds to the Wufeng Formation and developed the transgressive systems tract (TST). The TST was mainly composed of gray-black siliceous shale (Figure 2a) and supplied black carbonaceous shale (Figure 2b). In the TST, the sea level rose, the available space increased, and the input of detritus became insufficient. The process of increasing the mud content upwards formed a set of fine-grained deposits dominated by black mudstone, black carbonaceous shale, and black siliceous rock. Horizontal bedding was developed on shale (Figure 2b), and graptolite-rich shale can be observed in the Wufeng Formation (Figure 2a), corresponding to the deep-water cemented continental shelf microfacies. The thin mudstone at the top of the Wufeng Formation is the regressive systems tract (RST) (Figure 2), which corresponds to the global ice epoch event with the lowest sea level.




	(2)

	
Sequence SQ2 corresponds to the bottom-middle part of the Longmaxi Formation (depth 1204–1160 m). From 1204 to 1192 m is the TST, corresponding to the deep-water cemented continental shelf microfacies. The sea level rose, the available space increased, and the supply of detritus became insufficient. The TST process was a rise in the mud content. From 1192 to 1160 m was the RST, corresponding to the deep-water sandy continental shelf and deep-water cemented continental shelf microfacies. The RST reflects the decline in sea levels, reduction in available space, increase in detritus supply, and process of decreasing mud content and increasing sand content upwards (Figure 2). The lithology is composed of carbonaceous shale, siliceous carbonaceous shale, carbonaceous siltstone sandstone, and carbonaceous shale. Calcareous nodules can be observed (Figure 2c).




	(3)

	
Sequence SQ3 corresponds to the middle-upper part of the Longmaxi Formation (depth 1160–1080 m) and developed a TST and RST (1160–1080 m). Among them, the lithologies of the 1160–1146 m section are composed of siltstone cemented rock, carbonaceous mud shale (Figure 2d), siltstone shale, carbonaceous siltstone sandstone, and muddy siltstone sandstone. The siltstone shale developed horizontal bedding (Figure 2e). The TST corresponds to the deep water sandy continental shelf, reflecting the rising sea level, increasing available space, and insufficient debris supply. The RST developed two subfacies—deep-water continental shelf subfacies and shallow-water continental shelf subfacies—and four microfacies—deep-water cemented continental shelf, deep-water sandy continental shelf, shallow-water cemented continental shelf, and shallow-water sandy continental shelf microfacies (Figure 2). The natural gamma value increases from bottom to top, reflecting a decrease in mud content from bottom to top. The sea level decreased and the supply of terrestrial detritus filled the accommodation space.









3. Materials and Methodology


3.1. Materials


Forty-six shale samples were collected from the Wufeng Formation–Longmaxi Formation of the Yucan-1 Well in the Chengkou area of Chongqing City (Figure 2). Based on the vertical changes of lithology, 14 shale samples were selected for major element testing (Figure 2, red square), and all shale samples were selected for clay minerals (Figure 2, green line).




3.2. Methodology


Sample pre-treatment: Fresh drilling core samples were collected and crushed in the pre-treatment room. The samples were ground into powder using an electromagnetic sample crusher (DF-4), sieved through a 200-mesh sieve, packed into sample bags, sealed, and tested. Major elements and clay minerals were analyzed and tested at the Chongqing Mineral Resources Supervision and Testing Center of the Ministry of Natural Resources.



	(1)

	
Whole-rock major element testing







A ZSX Primus II wavelength dispersive X-ray fluorescence spectrometer (XRF) produced by Rigaku of Japan was used with a 4.0 kW end-window rhodium target X-ray tube. The test conditions were 50 kV voltage and 60 mA current. The analysis lines for major elements were all Kα. The standard curve was established using the national standard substance rock series GBW07101-14, soil series GSS07401-08, and water and sediment series GBW07302-12. Data correction was performed using the theoretical α coefficient method. The relative standard deviation (RSD) of the test was <2%.



	(2)

	
Whole-rock TOC testing







A total of 100 mg of the sample ground using a 200-mesh sieve was weighed and placed in a centrifuge tube. A total of 4 mol/L HCl was added and shaken to combine. After soaking and dissolving for 24 h, the tube was centrifuged and the supernatant was poured off. Deionized water was added and centrifuged again. This process was repeated three times. After the pH of the supernatant was found to be neutral using pH test paper, the sample was dried in a freeze dryer for 48 h. A total of 30 mg of the dried sample was weighed, wrapped in tin foil, folded and compacted, and placed in a MAT-253 elemental analyzer–isotope ratio mass spectrometer for testing. The analysis error was less than 0.2‰.



	(3)

	
Whole-rock clay mineral testing







X-ray diffraction analysis (XRD) was used to determine the type and relative content of clay minerals in the sample. The sample was extracted using the sedimentation method. After crushing the sample to a particle size of <0.2 mm, it was soaked in distilled water for more than 48 h. The clay mineral suspension was drawn off and the resulting clay minerals were made into natural oriented slices (N slices), ethylene glycol saturated slices (EG slices), and high-temperature slices (T slices) and treated by heating (550°/2 h) for experimental analysis. The measuring instrument was a Panaco X’pert diffractometer from the Netherlands: Cu target radiation, X-ray tube working voltage of 40 kV, current of 40 mA, RS = 5.5 mm, scanning angle (2θ) range of 3~30°, scanning speed of 10°/min. Different clay minerals have specific layer shapes and interlayer substances, resulting in different basal spacing (d) and basal diffraction intensities of clay minerals [44]. For example, the d (001) of the chlorite group is 1.41~1.435 nm, the d (001) of illite is 0.995~1.00 nm, and the basal spacing of the montmorillonite group varies greatly (1.2~1.6 nm) [44]. Only after treatment with ethylene glycol can the d (001) of montmorillonite expand to 1.7 nm [44]. Therefore, the type of clay mineral can be determined based on the difference in basal spacing (d (001)) and basal diffraction intensity [44]. The weight coefficients commonly used are those of Johns et al. [45] and Biscaye [46]. The weight peak intensity standards they used are as follows: the intensity of the 1.7 nm diffraction peak treated with ethylene glycol multiplied by 1 is the weight peak intensity of montmorillonite; the intensity of the 1.0 nm diffraction peak multiplied by 4 is the weight peak intensity of illite; and the intensity of the 0.7 nm diffraction peak multiplied by 2 is the weight peak intensity of kaolinite plus chlorite. The content ratio between kaolinite and chlorite can be directly calculated from the ratio of the intensities of the 0.353 nm diffraction peak (chlorite) and the 0.356~0.358 nm diffraction peak (kaolinite) [45,46]. Illite crystallinity was measured using the Kübler index, using Jade software to measure the half-height width of the Illite d (001) diffraction peak [47,48].




3.3. Index Reliability Evaluation


	(1)

	
Chemical Index of Alteration (CIA)







The chemical index of alteration (CIA) indicates the degree of chemical weathering of soils and sediments and can be used for paleoclimate reconstruction [49]. During the chemical weathering process, as the climate becomes warmer and more humid, the reduction of free cations produces higher CIA values. The formula is as follows:


CIA = [Al2O3/(Al2O3 + CaO* + Na2O + K2O)] × 100



(1)




where all oxides are expressed in moles, and CaO* represents the CaO in the silicate component. The correction steps for CaO* followed the method of McLennan [50]: Use P2O5 data to correct for CaO in apatite (CaO = CaO−10/3 × P2O5). If CaO is greater than Na2O, then CaO* is equal to Na2O; if CaO is less than Na2O, then CaO* is equal to CaO. The characteristic of unweathered bedrock is a low CIA value (45–55), which approaches 100 as weathering progresses and mobile elements are lost. The K2O content of rocks can be affected by the alteration of potassium elements, and this secondary sedimentation process can result in potassium ions being absorbed by burial fluids in severely altered rocks [49]. The CIA value can be corrected using the method of Panahi et al. [51].


K2Ocorr = [mAl2O3 + m(CaO* +Na2O)]/(1−m)



(2)






m = K2O/(Al2O3 + CaO* + Na2O + K2O)



(3)







By replacing K2O in Equation (1) with K2Ocorr, the corrected CIA (CIAcorr) can be calculated. When CIAcorr < CIA, CIA can more accurately reflect the weathering intensity; otherwise, CIAcorr has higher credibility.



The land surface temperature (LST) can be calculated using the formula of Yang et al. [52]:


LST = 0.56 × CIA−25.7



(4)




where LST is in ℃ and the standard error (SE) = ±8.66 °C. When CIA is between 50 and 90, this formula is reliable (corresponding to −3.83~26.35 °C). A three-point moving average is used to smooth the LST record to reflect the time-averaged conditions at each point while taking into account the variability of the sampling resolution [52].



	(2)

	
Chemical Weathering Index (CIW)







Since excessive K2O is frequently found in sedimentary rock units [49], the CIA value is greatly affected by the alteration of potassium elements. Harnois [53] proposed an alternative index, the chemical weathering index (CIW), which is based on the same principle as CIA but removes K2O. The formula is as follows:


CIW = [Al2O3/(Al2O3 + CaO* + Na2O)] × 100



(5)







Sheldon et al. [54] proposed the relationship between CIW and the mean annual precipitation (MAP) as follows:


MAP(mm/yr) = 221.12e0.0197(CIW) (SE = ±1.01 mm)



(6)







CIW is not suitable for samples with a high K content as the research object [53,55]. Due to the large magnitude of K, its removal not only results in insignificant numerical changes but also leads to higher values. Therefore, many scholars prefer to use CIA to indicate the degree of rock weathering. However, variations in individual components of CIA, such as K, can affect the results. Additionally, the content of Al can be altered by chemical deposition. Consequently, CIA may not be applicable to all sedimentary environments [56]. To mitigate the influence of diagenesis and later diagenetic processes on estimating the degree of chemical weathering, Fedo et al. [57] proposed the use of the plagioclase alteration index (PIA), which can also be employed to correct for plagioclase weathering [57]. The expression for PIA is as follows:


PIA= [(A12O3-K2O)/(Al203 + CaO* + Na2O-K2O)] × 100



(7)







In conclusion, by calibrating the CIA, CIW, and PIA parameters, the results presented in Table 1 were obtained. Furthermore, using the calibrated CIA and CIW values, parameters for land surface temperature (LST) and mean annual precipitation (MAP) were calculated. These results are considered reliable and can be utilized to reflect the variations in paleoclimate, paleotemperature, and precipitation during the Late Ordovician to Early Silurian period.





4. Result


4.1. TOC and Major Elements Characteristics


The TOC content of the Wufeng Formation in the Yucan-1 Well ranges from 1.01 to 3.15%, with an average value of 1.85% (Table 1, Figure 3a). The TOC content of the Longmaxi Formation ranges from 0.24 to 6.11, with an average value of 3.42% (Table 1, Figure 3b). In the Wufeng Formation, the TiO2 content is 0.15%, FeO is 2.41%, Fe2O3 is 1.04%, Na2O is 0.27%, MgO is 0.59%, SiO2 is 87.65%, K2O is 0.62%, CaO is 0.83%, P2O5 is 0.11%, and Al2O3 is 15.29% (Figure 3a). The range of TiO2 in the Longmaxi Formation is between 0.14 and 0.64%, with an average value of 0.30; the range of FeO is between 0.14 and 0.64%, with an average value of 1.79%; the range of Fe2O3 is between 1.04 and 4.18%, with an average value of 2.06%; the range of Na2O is between 0.27 and 1.19%, with an average value of 0.60%; the range of MgO is between 0.59 and 9.71%, with an average value of 2.79%; the range of SiO2 is between 41.87 and 88.67%, with an average value of 75.07%; the range of K2O is between 0.62 and 3.41%, with an average value of 1.53%; the range of CaO is between 0.39 and 12.17%, with an average value of 3.37%; the range of P2O5 is between 0.10 and 0.29%, with an average value of 0.16%; and the range of Al2O3 is between 3.11 and 15.29%, with an average value of 7.94% (Figure 3b). Overall, it can be observed that both the Wuying and the Longmaxi Formations have high characteristics of silicon, iron, calcium, potassium, and aluminum and low characteristics of phosphorus, sodium, and titanium (Figure 3).




4.2. Chemical Weathering Index Characteristics


In the Wufeng Formation, the CIA-error content is 93.07, CIA is 92.95, CAW is 96.59, PIA is 96.45, LST is 26.35 °C, and MAP is 222.12 mm/yr (Table 1). In the Longmaxi Formation, the range of CIA-error is between 41.67 and 80.49, with an average value of 66.07; the range of CIA is between 39.06 and 79.60, with an average value of 63.36; the range of CIW is between 58.89 and 93.28, with an average value of 81.53; the range of PIA is between −35.22 and 91.47, with an average value of 57.94; the range of LST is between −3.83 and 18.87 °C, with an average value of 9.38 °C; the range of MAP is between 224.31 and 227.82 mm/yr, with an average value of 226.26 mm/yr (Table 1). Overall, the CIA-error, CIA, CIW, PIA, MAP, and LST of the Wufeng and Longmaxi Formations can be observed to be negatively correlated with LST.




4.3. Clay Mineralogy Content Characteristics


The kaolinite (K) content of the clay minerals in the Wufeng Formation ranges from 1.00 to 3.00%, with an average value of 1.67%. The chlorite (C) content ranges from 2.00 to 3.00%, with an average value of 2.83%. The illite (I) content ranges from 7.00 to 18.00%, with an average value of 10.14%. The crystallinity varies from 0.43° to 0.54°, with an average value of 0.48. The illite/montmorillonite interlayer (I/S) content ranges from 63.00 to 84.00%, with an average value of 78.14%. The chlorite/montmorillonite mixed layer (C/S) content ranges from 4.00 to 22.00%, with an average value of 9.17%. The illite/montmorillonite interlayer (I/S) content in the mixed layer ratio ranges from 5.00 to 8.00%, with an average value of 6.86%. The chlorite/montmorillonite mixed layer (C/S) content in the mixed layer ratio ranges from 14.00 to 17.00%, with an average value of 15.33% (Table 2, Figure 4a). The kaolinite (K) content of clay minerals in the Longmaxi Formation ranges from 1.00 to 3.00%, with an average value of 1.75%. The chlorite (C) content ranges from 1.00 to 9.00%, with an average value of 2.72%. The illite (I) content ranges from 5.00 to 22.00%, with an average value of 9.23%. The crystallinity varies from 0.42° to 0.63°, with an average value of 0.53°. The illite/montmorillonite interlayer (I/S) content ranges from 57.00 to 95.00%, with an average value of 87.00%. The chlorite/montmorillonite mixed layer (C/S) content ranges from 1.00 to 9.00%, with an average value of 3.85%. The illite/montmorillonite interlayer (I/S) content in the mixed layer ratio ranges from 6.00 to 9.00 %, with an average value of 7.64%. The chlorite/montmorillonite mixed layer (C/S) content in the mixed layer ratio ranges from 10.00 to 24.00%, with an average value of 15.25% (Table 2, Figure 4b). In summary, both the Wuying and Longmaxi Formations are dominated by illite/montmorillonite interlayer (I/S) minerals, followed by illite, chlorite, and kaolinite.



TOC is relatively low in the Wufeng Formation and increases in the Longmaxi Formation, with a decreasing trend towards the top of the muddy limestone. The kaolinite, chlorite, and chlorite/montmorillonite mixed layer show an increasing–decreasing trend from the bottom of the Wufeng Formation–Longmaxi Formation to the middle of the Longmaxi Formation, where none of these three minerals are present. Towards the top of the Longmaxi Formation, there is an increasing-decreasing trend (Figure 5). Illite shows an overall increasing-decreasing-increasing–decreasing trend in the Wuying–Longmaxi Formation (Figure 5). The illite/montmorillonite mixed layer shows an overall decreasing–increasing–decreasing–increasing trend in the Wufeng Formation–Longmaxi Formation (Figure 4). In summary, it was found that the kaolinite, chlorite, illite, and chlorite/montmorillonite mixed layer have a positive correlation with each other and a negative correlation with the illite/montmorillonite mixed layer. The vertical variation of TOC is positively correlated with the illite/montmorillonite mixed layer.




4.4. Clay Mineral Indices Characteristics


When using clay minerals for paleoclimate reconstruction, it is important to ensure that the selected samples have not undergone significant diagenesis and to evaluate variations in provenance. Only when the samples have a low degree of diagenesis and the provenance location has not undergone significant changes can clay minerals be considered to reflect the paleoclimatic evolution in the study area [58,59]. Illite crystallinity (IC) is widely used as an indicator of metamorphic degree, with a threshold of 0.42° and 0.25° for the Kübler index of illite crystallinity. The metamorphic degree is divided into three regions: unmetamorphosed (>0.42°), incipient metamorphism (0.25°–0.42°), and shallow metamorphism (<0.25°). Only when clay minerals have not undergone significant metamorphic alteration can they be used to indicate paleoclimatic changes [58,59]. In this study, the crystallinity of illite was measured using Jade software by calculating the full width at half maximum (FWHM) of the illite d (001) peak. The results show that the illite crystallinity of the Wufeng Formation–Longmaxi Formation in the study section was greater than 0.42°, indicating an unmetamorphosed zone. Therefore, it is considered that clay minerals in the study area are not affected by diagenesis. Additionally, major elements, as well as their ratios, are commonly used to study the provenance characteristics of sedimentary materials. The migration rates of elements in sediments vary significantly in different depositional environments. Al2O3 and TiO2 are stable in water and can represent the input of terrigenous materials. Ratios of these elements with other elements can indicate whether there have been changes in the provenance area [60,61,62]. The fluctuation range and amplitude of the Al2O3/TiO2 ratio in the study samples were small (Table 3 and Figure 6), indicating that there have been no significant changes in the provenance location in this area. Therefore, it is concluded that the clay minerals in the study area have a low degree of diagenetic alteration and the provenance has not undergone significant changes, making it effective in recording the paleoclimatic evolution in the Sichuan Basin during the Late Ordovician to Early Silurian period.



By calibrating and combining the chemical weathering indices of major elements and the climate indices derived from clay mineral composition ratios, it is possible to effectively reflect the relationship between weathering degree and paleoclimate in the study area. This approach can reveal the patterns of paleoclimatic changes in the Late Ordovician to Early Silurian period in the Sichuan Basin (Table 3).





5. Discussion


5.1. Clay Mineral Content and Paleoclimate


Clay minerals are usually produced by weathering in the weathering crust and can be used to indicate the degree of weathering and paleoclimate characteristics. Different mineral combinations and changes in content are sedimentary responses to the evolution of paleoclimate. Kaolinite is formed by the intense leaching of feldspar, pyroxene, and mica [63], and is formed under warm and humid high weathering conditions. Chlorite is unstable under oxidizing conditions [64] and can only be preserved in environments where chemical weathering is inhibited [63]. It is generally believed that an increase in the relative content of chlorite and illite indicates a gradual drying of the climate [58]. Illite is formed under cold and dry climatic conditions [58,65]. If the climate further becomes warm and humid, illite will be transformed into kaolinite [66,67,68]. The Late Ordovician–Early Silurian period in the Sichuan Basin experienced the first mass extinction event since the Phanerozoic, with complex climate and environmental evolution. The shale of the Wufeng Formation–Longmaxi Formation in the study section in the study area records the relationship between complex climatic, environmental, and geological events during this period. Therefore, through the characteristics of oxides and clay minerals in the shale of the Wufeng Formation–Longmaxi Formation in the study section, the relationship between climate evolution and geological events during this period is revealed. Through the study of the clay mineral types and content characteristics of the Wufeng and Longmaxi Formations in the study section, it was found that montmorillonite, chlorite, illite, and Illite/montmorillonite mixed layer minerals were dominant (interval I), with relatively stable changes in relative trends. Some samples did not have kaolinite and chlorite minerals (Figure 5). There were low contents of illite at the bottom of the Wufeng Formation, which increased significantly at the boundary between the Wufeng Formation and the Longmaxi Formation and then decreased again. Organic carbon (TOC) contents changed from being poor in the Wufeng Formation to being enriched at the bottom of the Longmaxi Formation, indicating that warm–humid and cold–dry climates alternated during the early Wufeng Formation–Longmaxi Formation period. Chemical weathering and rainfall also alternated or coexisted, consistent with the rainfall index (MAP) shown in Figure 5, which was conducive to organic carbon enrichment. In the middle of the Longmaxi Formation (interval II), illite and illite/montmorillonite mixed layers were dominant, while kaolinite, chlorite, and chlorite/montmorillonite mixed layer minerals were absent (Figure 5). The absence of kaolinite indicates a decrease in rainfall and a colder climate. Terrestrial feldspar, pyroxene, and mica-lacked rainwater and did not undergo leaching; thus, they could not be transformed into kaolinite, consistent with the land surface rainfall index (MAP). The absence of chlorite and chlorite/montmorillonite mixed layers indicates that chemical weathering was inhibited, which was not conducive to the preservation of chlorite and also indicates a low degree of weathering and a cold and dry climate. Organic carbon (TOC) remained at an enriched level. This indicates a cold and dry climatic environment with a low chemical weathering capacity of terrestrial sources and relatively stable and low rainfall (Figure 6), which is conducive to organic carbon enrichment. In the upper part of the Longmaxi Formation (interval III), kaolinite, chlorite, illite, chlorite/montmorillonite mixed layer, and illite/montmorillonite mixed layer minerals were dominant (Figure 5), all showing an increasing–decreasing trend upwards. The rainfall index (MAP) also showed an increasing–decreasing trend (Figure 6). Organic carbon (TOC) contents changed from being enriched to being low, indicating that the climate in the upper part of the Longmaxi Formation changed from warm–humid–rainy to cold–dry–rainy to warm–humid–rainy. The chemical weathering degree of terrestrial material became stronger and stronger, which was not conducive to organic carbon (TOC) enrichment.




5.2. Clay Mineral Specific Values and Paleoclimate


In addition to the types of clay minerals that can be used to indicate different climatic environments, some ratios of clay mineral content can also be used as weathering indices to measure the degree of chemical weathering (montmorillonite/illite ratio, clay mineral/quartz ratio, illite chemical index). Higher values of these indices indicate stronger chemical weathering [66]. In addition, diagenesis is also an important factor affecting the composition of clay minerals. The value of illite crystallinity can be used to measure its degree of alteration and effectiveness [65]. As discussed in Section 4.1, the crystallinity of illite is greater than 0.42 degrees, indicating that the parameter indicators of clay minerals are reliable and effective. In the early phases of soil formation by weathering, chlorite is easily weathered into vermiculite, montmorillonite, vermiculite/chlorite mixed layer minerals, and other clay minerals. Illite is easily preserved due to its high resistance to weathering and the weathering rate of chlorite is greater than that of illite. Therefore, the illite/chlorite (I/C) and (montmorillonite + illite/montmorillonite mixed layer)/(illite + chlorite) (S + I/S)/(I + C) indices are used to determine the weathering intensity and soil-forming environment of clay minerals. The larger the I/C and (S + I/S)/(I + C), the warmer and more humid the climate; otherwise, the climate is cold and dry [58,69]. The overall trend of I/C and (S + I/S)/(I + C) in clay minerals in the study section is increasing–decreasing–stable–increasing–decreasing (Table 3 ). The I/C and (S + I/S)/(I + C) values of clay minerals in the bottom of the Wufeng Formation–Longmaxi Formation in the study section (interval I) are increasing–decreasing. Organic carbon (TOC) content changes from being low to being enriched, indicating a transition from a cold–dry to a warm–humid climatic environment from the bottom of the Wufeng Formation–Longmaxi Formation, followed by a return to a cold–dry climatic environment, which is conducive to organic carbon (TOC) enrichment. In the middle part of the Longmaxi Formation (interval II), the I/C and (S + I/S)/(I + C) values of clay minerals did not change much and were relatively stable (Figure 6). Organic carbon (TOC) remained at a stable enriched level, indicating that this section maintained the cold–dry climatic environment during sedimentation at the bottom of the Longmaxi Formation, which was conducive to organic carbon (TOC) enrichment. In the upper part of the Longmaxi Formation (interval III), the gradual decrease in both the (I/C) and (S + I/S)/(I + C) values of clay minerals indicates a shift towards a colder and drier climate. This shift was accompanied by a transition from organic carbon (TOC) enrichment to depletion, suggesting an unfavorable environment for TOC accumulation. The overall climatic pattern of the Wufeng Formation–Longmaxi Formation follows a sequence of cold and dry, warm and humid, and then returning to cold and dry conditions. The transition from cold and dry to warm and humid in the Wufeng Formation aligns with a subsequent sudden cooling event, which correlates with the global glaciation during the Huronian Period. While the lower part of the Longmaxi Formation still maintained the cold climate environment from the Huronian Period, the upper part experienced a shallower sea and a shift towards a warmer and more humid climate. However, at the top of the Longmaxi Formation, the climate became relatively colder and drier. This climatic shift is supported by the lowest values of (I/C) and (S + I/S)/(I + C) for clay minerals, which are consistent with the climatic indications based on clay mineral content. Moreover, this indicates a significant accumulation of organic carbon (TOC) following the Huronian glaciation that occurred after the Wufeng Formation. As the upper part of the Longmaxi Formation transitioned from cold and dry to warm and humid conditions, weathering intensified, and sea levels decreased. These factors hindered the enrichment of organic carbon (TOC), impeding its accumulation.




5.3. Chemical Weathering Index and Paleoclimate


The values of CIA (chemical index of alteration), CIW (chemical index of weathering), and PIA (plagioclase index of alteration) typically range from 50 to 100. A CIA value of 50 indicates minimal chemical weathering, while higher CIA values indicate a greater degree of loss of mobile elements through leaching [44,70]. The migration of elements is closely related to climate, and different climatic environments result in distinct CIA values. Generally, higher CIA values indicate a warmer and more humid climate, while lower values correspond to colder and drier conditions. The presence of potassium elements leads to an increase in CIA values, and, to provide a comprehensive assessment, Nesbitt [61] proposed the use of the CIW index, which reflects the paleoclimate of the source area and has a tendency towards warm and humid conditions. However, Fedo et al. [57] suggested that CIW, which excludes K2O, does not account for the influence of the Al element in potassic feldspar. For samples rich in potassic feldspar in the source rocks, regardless of weathering processes, the CIW values would be high. In such cases, a separate weathering index, PIA (plagioclase index of alteration), is needed to assess the weathering of easily weathered plagioclase. Generally, higher PIA values indicate a warm and humid climate, while lower values suggest cold and arid conditions. Studies have shown that CIA values can effectively reflect the climate evolution between glacial and interglacial periods [69], and the Late Ordovician to Early Silurian period experienced a global Hirnantian glaciation event [31]. Therefore, in this study, CIA, CIA-error, CIW, and PIA indices were employed to investigate the paleoclimate evolution during the Late Ordovician to Early Silurian period and reveal the climatic controlling factors of the first mass extinction event.



At the bottom of the Yucan-1 Well, in the Wufeng Formation–Longmaxi Formation (interval I), the values of chemical weathering indices (CIA, CIA-error, CIW, and PIA) are high (Figure 6), indicating a warm climate with increased mean annual precipitation (MAP) and land surface temperature (LST). After the Hirnantian glaciation, the values of CIA, CIA-error, CIW, and PIA rapidly decreased, along with a decrease in LST and an increase in MAP, indicating a shift to a cold and arid climate. This suggests that the climate did not return to its previous warm and humid state after the Hirnantian glaciation, which may have been a controlling factor in the first mass extinction event at the end of the Late Ordovician to Early Silurian. Additionally, this climate shift favored the enrichment of organic carbon (TOC), transitioning from depletion to accumulation. In the middle section (interval II) of the Longmaxi Formation, compared to the previous period, the values of CIA, CIA-error, CIW, PIA, MAP, and LST are relatively higher (Figure 6), indicating a shift towards a warm and humid climate. Subsequently, these values gradually decrease, indicating a transition to a cold, arid, and less rainy climate. The TOC content remains consistently enriched, suggesting that the middle section of the Longmaxi Formation (interval II) was mainly characterized by a cold and arid climate with reduced weathering. Rainfall and surface temperature remained relatively stable, favoring the accumulation of organic carbon (TOC). In the upper section (interval III) of the Longmaxi Formation in the study section, the curves of CIA, CIA-error, CIW, PIA, MAP, and LST show a fluctuating trend of increase and decrease (Figure 6). Compared to the bottom (interval I) and middle (interval II) sections of the Wufeng and Longmaxi Formations, the weathering indices CIA, CIA-error, CIW, PIA, MAP, and LST decrease, indicating a significant reduction in chemical weathering and a colder and drier climate (Figure 6). Towards the uppermost part of the Longmaxi Formation, the climate changed to a warm and humid environment, accompanied by noticeable increases in rainfall and surface temperatures and enhanced surface weathering. The organic carbon content (TOC) shifts from enrichment to depletion. This indicates that the climate in the upper section of the Longmaxi Formation was cold and arid, gradually recovering to the warm and humid environment of the Wufeng Formation period at the top, which was unfavorable for the enrichment of organic carbon (TOC).



In summary, the characteristics of clay mineral content, clay mineral ratios, chemical weathering indices, surface temperature, and atmospheric precipitation in the shale of the Wufeng Formation–Longmaxi Formation in the Yucan-1 Well show that the climate transitioned from warm and humid to cold and dry from the Wufeng Formation to the bottom of the Longmaxi Formation (interval I). The climate in the middle part of the Longmaxi Formation (interval II) was relatively stable, dominated by cold and dry conditions, with relatively lower rainfall and surface temperatures. The climate in the upper part of the Longmaxi Formation (interval III) became colder and drier. Surface temperature first decreased and then increased. Surface rainfall first decreased and then increased. The climate at the top became warmer and returned to the climatic environment of the Wufeng Formation period. The transformation of organic carbon (TOC) from depletion to enrichment and then back to depletion from the Wufeng Formation–Longmaxi Formation also indicates that a warm and humid environment is not conducive to the enrichment of organic carbon (TOC), while a cold and dry climate is conducive to the enrichment of organic carbon (TOC). Climate cooling is also proven to be the main cause of the Late Ordovician (Hernantian) mass extinction.




5.4. Late Ordovician–Early Silurian Climate Cools


The Late Ordovician–Early Silurian transition period was an important geological historical period, during which the first and only mass extinction event involving glaciers occurred in the Phanerozoic [12], accompanied by geological events such as oceanic anoxia, sea level rise and fall, and glaciation [12,31,40]. Positive isotope shifts occurred in carbonate rock carbon isotopes and sulfate rock sulfur isotopes in the late Katian phase [71], negative shifts occurred in sedimentary uranium isotopes [12,72], and paleomagnetic data from the South China Plate and other global plates [72] indicate that the mass extinction event was related to changes in the marine ecosystem and terrestrial climate. The chemical weathering indices CIA-error, (S + I/S)/(I + C), MAP, and LST of the Wufeng Formation–Longmaxi Formation shale in the study section in South China indicate that the overall transition from the Wufeng Formation to the Longmaxi Formation was from warm and humid to cold and dry, with a significant decrease in temperature and rainfall and a transition from deep sea shelf to shallow sea shelf. The first section (interval I) shows that the climate of the Wufeng Formation was relatively warm and humid, transitioning from high to low temperatures. Surface weathering was strong, rainfall was low, organic carbon was low, and seawater oxidation was strong, consistent with global sedimentary U and S isotope changes during this period. Sea levels decreased to their lowest point in the late Wufeng Formation, with the appearance of terrestrial glaciers [12,73]. This indicates that the climate of the Wufeng period in South China turned cold and dry, with a decrease in surface temperature. Qiu et al. [74] believed that this period transformed from oxygen-rich to oxygen-deficient, leading to a large extinction of marine organisms that were not adapted to cold environments. Kozik et al. [12] believed that this extinction event experienced two phases of pulse extinction: LOME-1 and LOME-2, both related to climate cooling and consistent with the results of this study. The second section (interval II) shows that the CIA-error, (S + I/S)/(I + C), MAP, and LST indicators of the Longmaxi Formation were relatively stable compared to the first section (interval I), showing an overall process of gradual change. Among them, CIA-error and LST showed a significant positive correlation. As chemical weathering decreased, the climate became colder and drier and temperature decreased. Organic carbon (TOC) showed a significant positive correlation with (S + I/S)/(I + C) and MAP. Rainfall increased and sea levels recovered from low to high, consistent with global changes during this period (Figure 7A–G). This indicates that the early Longmaxi Formation continued the cold and dry climate of the Hirnantian Ice Age. The enrichment of organic matter during this period was due to multiple volcanic activities [75]. Volcanic ash containing large amounts of sulfides drifted into the atmosphere and fell into the ocean with rainwater, causing oceanic anoxia (sulfidation) and preserving a large amount of organic matter. The third interval (interval III) shows that compared to the second interval, there were significant changes in CIA-error, (S + I/S)/(I + C), MAP, and LST indicators in the upper part of the Longmaxi Formation. Overall, organic carbon (TOC) showed a positive correlation with (S + I/S)/(I + C) and MAP. It experienced a rising–falling–rising trend. Weathering degree (CIA-error) and LST were correlated. There was a strengthening–weakening–strengthening process and sea levels decreased. This indicates that in the upper part of the Longmaxi Formation (interval III), the climate changed from warm–humid to cold–dry, and rainfall decreased. The input of volcanic ash carried by rainfall into the ocean decreased. Seawater became shallower. The amount of oxygen dissolved in seawater increased due to increases in atmospheric oxygen, leading to the transformation of the oceanic environment from anoxic (sulfidation) to oxygenated (oxidation) [1,40]. Organic matter decomposed and organic matter content decreased.



The characteristics of CIA-error, (S + I/S)/(I + C), MAP, and LST indicators in the shale of the Wufeng Formation–Longmaxi Formation in the study section show an overall decreasing trend, indicating that during the Wufeng Formation period, the climate changed from warm and humid to cold and dry. The cooling of marine biology led to the unavailability of marine organisms to adapt to the new environment. This was accompanied by volcanic eruptions that lead to oceanic anoxic and sulfuric events [75]. The cold and dry climate may have persisted until approximately 438.76 Ma (Stimulograptus sedgwickii Zone) (Figure 7), leading to the continuous extinction of organisms. This is consistent with Kozik et al.’s [12] results on weathering intensity and glaciation-induced climate cooling promoting mass extinction in multiple global basins. The study of the climate cooling event in South China further verifies that two climate cooling events led to mass extinctions. The subsequent continuous cooling may also have led to the extinction of some organisms, but not to extinction events as significant as the LOME extinction event.





6. Conclusions


	(1)

	
Based on logging curves and lithological characteristics, the Wufeng Formation–Longmaxi Formation in the Yucan-1 Well is divided into three third-order sequences: SQ1, SQ2, and SQ3. SQ1 is located in the Wufeng Formation and developed TST and RST, dominated by deep-water calcareous shelf microfacies and shallow-water calcareous shelf. SQ2 mainly developed TST and RST, dominated by deep-water calcareous shelf and deep-water sandy shelf microfacies. SQ3 mainly developed TST and RST, dominated by deep-water sandy shelf, deep-water calcareous shelf, shallow-water calcareous shelf, and shallow-water sandy shelf microfacies. In the Guanyinqiao member, the sea level was at its lowest point, and then recovered to the sea level height of the early Wufeng Formation, followed by a decrease in sea levels. This reflects the overall fluctuation in sea levels from high–low–high–low in the Wufeng Formation–Longmaxi Formation.




	(2)

	
Based on the characteristics of TOC, clay minerals and oxide content, (I/C), (S + I/S)/(I + C), CIA, CIA-error, CIW, PIA, MAP, and LST parameters in the shale of the Wufeng Formation–Longmaxi Formation, the Wufeng Formation–Longmaxi Formation is divided into three sedimentary periods. The first period is the Wufeng Formation. Weathering degree, surface temperatures, and rainfall gradually decreased. The climate changed from warm and humid to cold and dry. This corresponds to two pulse mass extinction events and was a stage of increasing organic carbon burial. The second period is the bottom of the Longmaxi Formation. Weathering degrees, surface temperatures, and rainfall were at low levels. Later, the period was dominated by a dry and cold climate. It was the main stage of organic carbon burial. The third period is from the upper part to the top of the Longmaxi Formation. Weathering degrees, surface temperatures, and rainfall gradually increased. The climate changed from cold and dry to warm and humid. Organic carbon burial gradually decreased and sea levels decreased.




	(3)

	
Based on the paleoclimate evolution characteristics of the shale of the Wufeng Formation–Longmaxi Formation, the study of the climate cooling event in the late Ordovician–Early Silurian period has deepened our understanding of the first pulse mass extinction event in the Phanerozoic. It is believed that after the pulse mass extinction at the end of the late Ordovician period (LOME-1, LOME-2), the cold and dry climate may have persisted until approximately 438.76 Ma (Stimulograptus sedgwickii Zone), causing a second extinction of organisms that escaped the late Ordovician extinction. The extent may not be as severe as the LOME extinction. Afterwards, the climate returned to the warm and humid climatic environment from before the LOME extinction.
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Figure 1. The study area and locations of profiles [19,42]. (A) Geological map of the Upper Yangzi region. (B) Shale thickness and sampling well locations of the Wufeng Formation-Longmaxi Formation in the study area. 
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Figure 2. Lithostratigraphic column and sampling location of the Yucan-1 Well [43]. (a) Gray-black siliceous shale. (b) Horizontal shale. (c) Carbonaceous shale with calcareous nodules. (d) carbonaceous mud shale. (e) Siltstone shale with horizontal bedding. 
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Figure 3. Histogram of the content of TOC and oxides in the Wufeng Formation–Longmaxi Formation of the Yucan-1 Well. (a) Histogram of TOC and major elements in the shale of the Wufeng Formation. (b) Histogram of TOC and major elements in the shale of the Longamxi Formation. 
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Figure 4. Histogram of the content of black TOC and shale clay minerals in the Wufeng Formation–Longmaxi Formation. (a) Histogram of clay mineral content in the shale of the Wufeng Formation. (b) Histogram of clay mineral content in the shale of the Longmaxi Formation. 
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Figure 5. The vertical variation of black TOC and shale clay minerals in the Wufeng Formation–Longmaxi Formation. 
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Figure 6. The relationship between weathering degree in Yucan-1 Well, land surface temperature (LST), and surface precipitation. 
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Figure 7. The relationship between the degree of land surface weathering during the late Ordovician Silurian period and sea levels, land surface temperatures, land surface rainfall, biological extinction, and climate. (A) The δ13C data are replotted from Kozik et al. [12]. (B) The δ238U data are replotted from Bartlett et al. [72] (purple dots) and Lu et al. [76] (purple triangles). (C) The δ34SCAS datasets from this study are the green dots/lines representing the Kärdla drill core and the orange dots/lines representing the Monitor Range section. The blue dots/lines are from the western Anticosti Island section (replotted from Jones and Fike [71]); brown inverted triangles are brachiopod-CAS; brown squares are bulk-CAS data from Kampschulte and Strauss [77]; yellow stars are brachiopod-CAS; and yellow triangles are bulk-CAS from Present et al. [78]. Note the clear overlap in δ34SCAS values from bulk- and brachiopod-CAS datasets throughout the upper Katian-Hirnantian phases. (D) Generalized changes in the extent of global marine anoxia. (E) Generalized changes in the extent of global marine euxinia. (F) Average sea surface temperature data replotted from Finnegan et al. [5]. (G) Eustatic sea levels from Goldman et al. [79]. 
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Table 1. Major elements and their characteristic ratios of Yucan-1 Well in the study area.
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Sample

	
F m

	
Depth

	
TiO2

	
FeO

	
Fe2O3

	
Na2O

	
MgO

	
SiO2

	
K2O

	
CaO

	
P2O5

	
Al2O3

	
CIA-Error

	
CIA

	
CIW

	
PIA

	
LST

	
MAP/mm/yr






	
YC1-1

	
Long

maxi

	
1105.80

	
0.64

	
3.27

	
2.37

	
1.16

	
2.29

	
66.65

	
3.41

	
0.64

	
0.24

	
9.24

	
68.94

	
67.69

	
90.23

	
85.36

	
12.21

	
227.40




	
YC1-5

	
1109.38

	
0.51

	
1.17

	
3.23

	
0.95

	
1.18

	
74.82

	
2.12

	
0.39

	
0.20

	
9.34

	
77.83

	
76.98

	
93.28

	
91.47

	
17.41

	
224.31




	
YC1-14

	
1116.54

	
0.58

	
1.56

	
3.33

	
1.19

	
1.89

	
62.16

	
2.94

	
2.51

	
0.28

	
3.41

	
41.67

	
39.06

	
58.89

	
16.49

	
−3.83

	
225.50




	
YC1-24

	
1126.10

	
0.60

	
1.58

	
4.18

	
0.95

	
1.97

	
61.09

	
3.38

	
1.02

	
0.28

	
3.11

	
45.04

	
41.32

	
75.00

	
−35.22

	
−2.56

	
225.36




	
YC1-35

	
1135.30

	
0.59

	
1.48

	
3.71

	
1.13

	
1.93

	
63.02

	
3.38

	
0.81

	
0.23

	
3.22

	
44.28

	
41.42

	
73.29

	
−15.79

	
−2.50

	
226.51




	
YC1-44

	
1141.39

	
0.49

	
0.84

	
4.1

	
1.06

	
1.58

	
68.72

	
2.64

	
1.25

	
0.22

	
9.27

	
69.60

	
68.73

	
85.46

	
80.79

	
12.79

	
224.75




	
YC1-54

	
1148.10

	
0.45

	
1.54

	
2.76

	
0.84

	
4.43

	
56.23

	
2.455

	
6.31

	
0.20

	
3.18

	
52.87

	
43.47

	
65.43

	
30.15

	
−1.36

	
226.90




	
YC1-63

	
1156.65

	
0.27

	
0.47

	
2.52

	
0.52

	
0.76

	
78.51

	
1.37

	
1.38

	
0.19

	
8.43

	
78.59

	
77.77

	
89.02

	
87.16

	
17.85

	
226.87




	
YC1-74

	
1166.10

	
0.38

	
0.45

	
3.93

	
1.00

	
0.91

	
69.79

	
2.00

	
1.09

	
0.28

	
9.18

	
75.42

	
74.41

	
88.81

	
86.13

	
15.97

	
225.71




	
YC1-84

	
1173.84

	
0.29

	
0.64

	
3.48

	
0.67

	
9.71

	
41.87

	
1.513

	
12.17

	
0.29

	
4.58

	
71.18

	
61.62

	
77.36

	
69.59

	
8.81

	
226.38




	
YC1-94

	
1182.51

	
0.24

	
0.74

	
2.07

	
0.78

	
0.67

	
81.06

	
1.2

	
1.03

	
0.19

	
6.32

	
73.46

	
72.67

	
84.30

	
81.31

	
15.00

	
227.01




	
YC1-104

	
1190.52

	
0.25

	
1.13

	
1.69

	
0.62

	
0.79

	
77.99

	
1.32

	
0.98

	
0.20

	
8.43

	
79.56

	
78.91

	
90.03

	
88.40

	
18.49

	
226.87




	
YC1-114

	
1198.27

	
0.14

	
1.54

	
1.05

	
0.35

	
0.78

	
88.67

	
0.72

	
1.1

	
0.10

	
5.54

	
80.49

	
79.60

	
88.78

	
87.32

	
18.87

	
227.82




	
YC1-126

	
Wufeng

	
1209.13

	
0.15

	
2.41

	
1.04

	
0.27

	
0.59

	
87.65

	
0.62

	
0.83

	
0.11

	
15.29

	
93.07

	
92.95

	
96.59

	
96.45

	
26.35

	
222.12
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Table 2. Clay mineral content and characteristic ratios of Yucan-1 Well in the study area.
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F m

	
Sample

	
Depth

	
TOC

	
Clay Mineral Content (%)

	
Mixed-Layer Ratio (S%)




	
K

	
C

	
I

	
S

	
I/S

	
C/S

	
I/S

	
C/S






	
Longmaxi

	
YC1-1

	
1105.80

	
0.24

	
3

	
5

	
13

	
/

	
74

	
5

	
6

	
17




	
YC1-5

	
1109.38

	
2.03

	
2

	
4

	
11

	
/

	
79

	
4

	
6

	
21




	
YC1-7

	
1110.90

	
0.50

	
3

	
9

	
22

	
/

	
57

	
9

	
6

	
12




	
YC1-9

	
1112.30

	
2.37

	
1

	
4

	
14

	
/

	
76

	
5

	
7

	
12




	
YC1-12

	
1115.00

	
1.72

	
3

	
5

	
15

	
/

	
68

	
9

	
6

	
14




	
YC1-14

	
1116.54

	
2.10

	
1

	
3

	
8

	
/

	
82

	
6

	
7

	
12




	
YC1-17

	
1119.36

	
2.14

	
2

	
4

	
13

	
/

	
76

	
5

	
8

	
16




	
YC1-19

	
1121.00

	
0.95

	
2

	
1

	
8

	
/

	
84

	
5

	
8

	
11




	
YC1-24

	
1126.10

	
2.09

	
/

	
/

	
13

	
/

	
87

	
/

	
9

	
/




	
YC1-26

	
1127.50

	
3.05

	
1

	
2

	
9

	
/

	
86

	
2

	
8

	
11




	
YC1-29

	
1130.05

	
3.65

	
1

	
2

	
7

	
/

	
88

	
2

	
6

	
15




	
YC1-32

	
1133.10

	
3.98

	
1

	
2

	
10

	
/

	
85

	
2

	
8

	
24




	
YC1-35

	
1135.30

	
3.62

	
/

	
1

	
9

	
/

	
88

	
2

	
8

	
20




	
YC1-39

	
1138.00

	
2.79

	
1

	
2

	
11

	
/

	
83

	
3

	
9

	
11




	
YC1-41

	
1139.60

	
4.09

	
/

	
1

	
7

	
/

	
89

	
3

	
9

	
17




	
YC1-44

	
1141.39

	
3.31

	
/

	
1

	
7

	
/

	
89

	
3

	
7

	
10




	
YC1-47

	
1142.80

	
4.00

	
/

	
1

	
10

	
/

	
88

	
1

	
8

	
12




	
YC1-49

	
1144.20

	
2.78

	
/

	
/

	
9

	
/

	
89

	
2

	
7

	
19




	
YC1-52

	
1146.60

	
2.64

	
/

	
1

	
11

	
/

	
86

	
2

	
7

	
14




	
YC1-54

	
1148.10

	
3.17

	
/

	
/

	
6

	
/

	
93

	
1

	
8

	
15




	
YC1-58

	
1151.50

	
2.90

	
/

	
/

	
5

	
/

	
95

	
/

	
9

	
/




	
YC1-61

	
1154.60

	
2.96

	
/

	
/

	
7

	
/

	
93

	
/

	
8

	
/




	
YC1-63

	
1156.65

	
3.41

	
/

	
/

	
7

	
/

	
93

	
/

	
9

	
/




	
YC1-68

	
1160.36

	
3.33

	
/

	
/

	
7

	
/

	
93

	
/

	
8

	
/




	
YC1-72

	
1164.03

	
5.97

	
/

	
/

	
8

	
/

	
92

	
/

	
8

	
/




	
YC1-74

	
1166.10

	
4.64

	
/

	
/

	
11

	
/

	
89

	
/

	
6

	
/




	
YC1-78

	
1168.70

	
4.26

	
/

	
/

	
7

	
/

	
93

	
/

	
6

	
/




	
YC1-81

	
1171.35

	
4.90

	
/

	
/

	
6

	
/

	
94

	
/

	
8

	
/




	
YC1-84

	
1173.84

	
6.11

	
/

	
/

	
6

	
/

	
94

	
/

	
9

	
/




	
YC1-86

	
1176.16

	
5.31

	
/

	
/

	
7

	
/

	
93

	
/

	
7

	
/




	
YC1-89

	
1179.05

	
3.97

	
/

	
/

	
6

	
/

	
94

	
/

	
9

	
/




	
YC1-92

	
1181.40

	
5.13

	
/

	
/

	
8

	
/

	
92

	
/

	
9

	
/




	
YC1-94

	
1182.51

	
3.26

	
/

	
/

	
17

	
/

	
83

	
/

	
7

	
/




	
YC1-96

	
1184.59

	
4.87

	
/

	
/

	
6

	
/

	
94

	
/

	
9

	
/




	
YC1-102

	
1189.10

	
3.02

	
/

	
/

	
9

	
/

	
91

	
/

	
7

	
/




	
YC1-104

	
1190.52

	
4.74

	
/

	
/

	
8

	
/

	
92

	
/

	
8

	
/




	
YC1-109

	
1195.13

	
4.38

	
/

	
/

	
8

	
/

	
92

	
/

	
7

	
/




	
YC1-114

	
1198.27

	
4.36

	
/

	
1

	
7

	
/

	
86

	
6

	
9

	
22




	
YC1-118

	
1201.20

	
4.69

	
/

	
/

	
7

	
/

	
93

	
/

	
7

	
/




	
Wufeng

	
YC1-121

	
1204.00

	
3.15

	
1

	
2

	
8

	
/

	
83

	
6

	
7

	
16




	
YC1-123

	
1206.70

	
2.70

	
2

	
3

	
10

	
/

	
63

	
22

	
7

	
17




	
YC1-126

	
1209.13

	
1.30

	
1

	
3

	
12

	
/

	
75

	
9

	
5

	
15




	
YC1-128

	
1211.07

	
1.01

	
/

	
/

	
18

	
/

	
82

	
/

	
6

	
/




	
YC1-132

	
1214.95

	
1.47

	
2

	
3

	
7

	
/

	
81

	
7

	
7

	
16




	
YC1-134

	
1217.00

	
2.18

	
1

	
3

	
8

	
/

	
84

	
4

	
8

	
14




	
YC1-136

	
1219.00

	
1.12

	
3

	
3

	
8

	
/

	
79

	
7

	
8

	
14








Notes: K = Kaolinite; C = Chlorite; S = Smectite; I = Illite; I/S = Illite/Smectite mixed layer; % S of S in %S-I/S.
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Table 3. Characteristics of clay minerals and oxide weathering indices.






Table 3. Characteristics of clay minerals and oxide weathering indices.





	
Fm

	
Sample

	
TOC

	
[(S + I/S)/(I + C)]

	
I/C

	
CIA-error

	
CIA

	
CIW

	
PIA

	
LST (°C)

	
MAP/mm/yr

	
Al2O3/TiO2






	
Longmaxi

	
YC1-1

	
0.24

	
0.72

	
2.60

	
68.94

	
67.69

	
90.23

	
85.36

	
12.21

	
227.40

	
14.44




	
YC1-5

	
2.03

	
0.73

	
2.75

	
77.83

	
76.98

	
93.28

	
91.47

	
17.41

	
224.31

	
18.31




	
YC1-7

	
0.50

	
0.71

	
2.44

	
/

	
/

	
□/

	
□/

	
□/

	
□/

	
□/




	
YC1-9

	
2.37

	
0.78

	
3.50

	
/

	
/

	
□/

	
□/

	
□/

	
□/

	
□/




	
YC1-12

	
1.72

	
0.75

	
3.00

	
/

	
/

	
□/

	
□/

	
□/

	
□/

	
□/




	
YC1-14

	
2.10

	
0.73

	
2.67

	
41.67

	
39.06

	
58.89

	
16.49

	
−3.83

	
225.50

	
5.88




	
YC1-17

	
2.14

	
0.76

	
3.25

	
/

	
/

	
□/

	
□/

	
□/

	
□/

	
□/




	
YC1-19

	
0.95

	
0.89

	
8.00

	
/

	
/

	
□/

	
□/

	
□/

	
□/

	
□/




	
YC1-24

	
2.09

	
0.93

	
13.00

	
45.04

	
41.32

	
75.00

	
−35.22

	
−2.56

	
225.36

	
5.18




	
YC1-26

	
3.05

	
0.82

	
4.50

	
/

	
/

	
□/

	
□/

	
□/

	
□/

	
□/




	
YC1-29

	
3.65

	
0.78

	
3.50

	
/

	
/

	
□/

	
□/

	
□/

	
□/

	
□/




	
YC1-32

	
3.98

	
0.83

	
5.00

	
/

	
/

	
□/

	
□/

	
□/

	
□/

	
□/




	
YC1-35

	
3.62

	
0.90

	
9.00

	
44.28

	
41.42

	
73.29

	
−15.79

	
−2.50

	
226.51

	
5.46




	
YC1-39

	
2.79

	
0.85

	
5.50

	
/

	
/

	
□/

	
□/

	
□/

	
□/

	
□/




	
YC1-41

	
4.09

	
0.88

	
7.00

	
/

	
/

	
□/

	
□/

	
□/

	
□/

	
□/




	
YC1-44

	
3.31

	
0.88

	
7.00

	
69.60

	
68.73

	
85.46

	
80.79

	
12.79

	
224.75

	
18.92




	
YC1-47

	
4.00

	
0.91

	
10.00

	
/

	
/

	
□/

	
□/

	
□/

	
□/

	
□/




	
YC1-49

	
2.78

	
0.90

	
9.00

	
/

	
/

	
□/

	
□/

	
□/

	
□/

	
□/




	
YC1-52

	
2.64

	
0.92

	
11.00

	
/

	
/

	
□/

	
□/

	
□/

	
□/

	
□/




	
YC1-54

	
3.17

	
0.86

	
6.00

	
52.87

	
43.47

	
65.43

	
30.15

	
−1.36

	
226.90

	
7.07




	
YC1-58

	
2.90

	
0.83

	
5.00

	
/

	
/

	
□/

	
□/

	
□/

	
□/

	
□/




	
YC1-61

	
2.96

	
0.88

	
7.00

	
/

	
/

	
□/

	
□/

	
□/

	
□/

	
□/




	
YC1-63

	
3.41

	
0.88

	
7.00

	
78.59

	
77.77

	
89.02

	
87.16

	
17.85

	
226.87

	
31.22




	
YC1-68

	
3.33

	
0.88

	
7.00

	
/

	
/

	
□/

	
□/

	
□/

	
□/

	
□/




	
YC1-72

	
5.97

	
0.89

	
8.00

	
/

	
/

	
□/

	
□/

	
□/

	
□/

	
□/




	
YC1-74

	
4.64

	
0.92

	
11.00

	
75.42

	
74.41

	
88.81

	
86.13

	
15.97

	
225.71

	
24.16




	
YC1-78

	
4.26

	
0.88

	
7.00

	
/

	
/

	
□/

	
□/

	
□/

	
□/

	
□/




	
YC1-81

	
4.90

	
0.86

	
6.00

	
/

	
/

	
□/

	
□/

	
□/

	
□/

	
□/




	
YC1-84

	
6.11

	
0.86

	
6.00

	
71.18

	
61.62

	
77.36

	
69.59

	
8.81

	
226.38

	
15.81




	
YC1-86

	
5.31

	
0.88

	
7.00

	
/

	
/

	
□/

	
□/

	
□/

	
□/

	
□/




	
YC1-89

	
3.97

	
0.86

	
6.00

	
/

	
/

	
□/

	
□/

	
□/

	
□/

	
□/




	
YC1-92

	
5.13

	
0.89

	
8.00

	
/

	
/

	
□/

	
□/

	
□/

	
□/

	
□/




	
YC1-94

	
3.26

	
0.94

	
17.00

	
73.46

	
72.67

	
84.30

	
81.31

	
15.00

	
227.01

	
26.32




	
YC1-96

	
4.87

	
0.86

	
6.00

	
/

	
/

	
□/

	
□/

	
□/

	
□/

	
□/




	
YC1-102

	
3.02

	
0.90

	
9.00

	
/

	
/

	
□/

	
□/

	
□/

	
□/

	
□/




	
YC1-104

	
4.74

	
0.89

	
8.00

	
79.56

	
78.91

	
90.03

	
88.40

	
18.49

	
226.87

	
33.70




	
YC1-109

	
4.38

	
0.89

	
8.00

	
/

	
/

	
□/

	
□/

	
□/

	
□/

	
□/




	
YC1-114

	
4.36

	
0.88

	
7.00

	
80.49

	
79.60

	
88.78

	
87.32

	
18.87

	
227.82

	
39.58




	
YC1-118

	
4.69

	
0.88

	
7.00

	
/

	
/

	
□/

	
□/

	
□/

	
□/

	
□/




	
Wufeng

	
YC1-121

	
3.15

	
0.80

	
4.00

	
/

	
/

	
□/

	
□/

	
□/

	
□/

	
□/




	
YC1-123

	
2.70

	
0.77

	
3.33

	
/

	
/

	
□/

	
□/

	
□/

	
□/

	
□/




	
YC1-126

	
1.30

	
0.80

	
4.00

	
93.07

	
92.95

	
96.59

	
96.45

	
26.35

	
222.12

	
101.93




	
YC1-128

	
1.01

	
0.95

	
18.00

	
/

	
/

	
□/

	
□/

	
□/

	
□/

	
□/




	
YC1-132

	
1.47

	
0.70

	
2.33

	
/

	
/

	
□/

	
□/

	
□/

	
□/

	
□/




	
YC1-134

	
2.18

	
0.73

	
2.67

	
/

	
/

	
□/

	
□/

	
□/

	
□/

	
□/




	
YC1-136

	
1.12

	
0.73

	
2.67

	
/

	
/

	
□/

	
□/

	
□/

	
□/

	
□/
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