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Abstract

:

Lacustrine sedimentary processes exhibit high sensitivity to paleoenvironmental changes, often manifesting as high-frequency sedimentary cycles that control the complex variations in sedimentary structure, mineral composition, and element distribution. However, the intricate co-variation mechanism among paleoclimate and paleowater properties at a high precision level (centimeter to meter scale) is still controversial. This study focuses on conducting a high-frequency cycle analysis of lacustrine mixed rocks from the Eocene Lower Ganchaigou Formation (LGCG) in the Qaidam Basin, employing petrology, mineralogy, organic geochemistry, and elemental geochemistry techniques. The lithological variation was characterized by the superposition of three lithofacies types from the bottom to the top with a single sequence: massive sandstone, laminated silty shale, and bedded calcareous dolostone. Geochemical data revealed cyclical variations in the paleoenvironment in the vertical profile, which conformed to the high-frequency lithofacies cycles. Based on the reconstruction of the lake level and paleowater properties, a synthesized paleoclimate–sedimentary model that comprised three consecutive periods within an individual sequence was established. From the bottom to the top of each cycle, the Eocene paleoenvironment varied from reduction and desalination to oxidation and salinization, which was controlled by a decline in the lake level resulting from a transformation of the paleoclimate from warm and humid to cold and arid. The variations in petrology and geochemistry observed in the Eocene Qaidam Basin play a crucial role in comprehending the sedimentary response to paleoenvironmental changes at high precision levels within lacustrine settings.
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1. Introduction


The integration of Earth science and astronomy research has revealed the cyclic variations in Earth’s climate controlled by changes in Earth’s orbital parameters [1,2,3]. These cyclical variations in paleoclimate signals can be recorded in sedimentary systems that are sensitive to paleoenvironment changes [4,5]. The sedimentary cycle refers to a sequence of sediments formed by sedimentation and deposition conditions in the same order, resulting in periodic changes in the structure, lithology, and lithofacies of sediments. High-frequency sedimentary cycles are high-frequency cyclical responses to sea-level fluctuations and climate oscillations driven by periodic changes in Earth’s orbital forcing [5,6]. Additionally, high-frequency sedimentary cycles play a significant control role in organic matter enrichment and the distribution of carbonate pore spaces [7]. Therefore, the analysis of high-frequency sedimentary cycles is not only beneficial for uncovering essential scientific questions related to paleoclimatic evolution and paleoenvironmental reconstruction, but also can provide valuable guidance for oil and gas exploration practices. In particular, the co-variation mechanism of paleoclimate and paleowater properties in saline lake basins at a high precision level remains to be explored.



Mixed sedimentary systems are widely developed in various sedimentary environments, including marine environments [8,9,10], freshwater lakes [11], and saline lakes [12]. The formation of mixed rocks is typically the result of the interaction and coupling of numerous factors, such as clastic material supply, paleoclimate, water body conditions, and water level fluctuations [13,14]. Moreover, mixed sedimentation holds significant implications in petroleum exploration. In particular, fine-grained mixed sedimentation often exhibits favorable source–reservoir relationships, such as proximity to source rocks or coeval source–reservoir systems, providing a foundation for hydrocarbon accumulation within mixed sediments [15]. Therefore, comprehensive research on mixed sedimentation is of great significance for paleoenvironment reconstruction and related oil and gas exploration. Previous studies on mixed depositional systems have primarily focused on marine environments [8,10,16], with relatively fewer investigations into lacustrine settings. Moreover, the traditional genesis types of mixed sedimentation, proposed for shallow marine shelf environments, fail to accurately explain the mechanisms of complex mixed sedimentation in continental basins, as they only consider the manner in which sediments are mixed [15]. In recent years, the significance of lacustrine mixed rocks has been increasingly highlighted, as they have been identified as high-quality reservoirs for hydrocarbon accumulation [17]. Currently, high-frequency sedimentary cycle analyses are predominantly applied to clastic rocks and carbonate rocks, with relatively limited focus on mixed rocks [18,19]. The formation of mixed rocks is controlled by multiple factors, resulting in greater research challenges compared to clastic or carbonate rocks, especially concerning the reconstruction of sedimentary environments. Therefore, the distinctiveness of high-frequency cycle analysis may hold the key to addressing scientific questions regarding lacustrine mixed rocks.



The Qaidam Basin, located in the northeastern part of the Tibet Plateau, is a Cenozoic saline basin in China (Figure 1a). Its thick and high-frequency variational mixed sediments of the Neogene serve as crucial archives for studying the paleoclimate, paleoenvironment, and tectonic uplift of the Tibet Plateau since the collision between the Indian and Eurasian plates [12]. Additionally, the Yingxiongling area of the Qaidam Basin exhibits globally distinctive giant saline lacustrine shale oil reservoirs within the Paleogene Lower Ganchaigou Formation (LGCG), indicating promising prospects for oil and gas exploration [17]. Currently, due to the significant discoveries and favorable exploration prospects of unconventional oil and gas in the LGCG, numerous scholars have focused on the characterization, identification, and evaluation of the mixed rock reservoirs in this area [20,21,22,23]. However, studies related to the subdivision of sequences in fine-grained sediments, and the paleoclimatic significance of this extensive and thick mixed rock succession, are still lacking and remain controversial. For instance, ref. [24] employed evaporites as a primary marker layer to identify the initial lake flood surface area and subdivide the high-frequency sequence of the evaporite-bearing series in the LGCG. However, this subdivision scheme has regional limitations, and may not be applicable in areas where evaporites are absent. The authors of [25] suggested that the LGCG was located in a dry, cold, and anoxic reducing environment. Furthermore, ref. [12] demonstrated that the initial uplift of the Altyn Mountains in the Eocene and global cooling led to a reduction in moisture transport to the Qaidam Basin. The authors of [26] also observed that the uplift of the Tibetan Plateau resulted in a significant burial of organic and inorganic carbon due to the accumulation of substantial amounts of silicates in the lake. The highly crystalline silicate debris streams from the Altyn Tagh Mountains accumulated in the lake, releasing N, S, K, Na, and trace elements, which provided materials for the carbonate-rich and eutrophic lake. However, rare reports have been found in these studies regarding the analysis of paleoenvironment and paleoclimate variations within the high-frequency cycles.



In this study, a combination of petrological, mineralogical, and geochemical analysis for the lacustrine mixed rocks of the LGCG was conducted to reconstruct the sedimentary processes and paleoenvironment of the Qaidam Basin. Our research offers a new perspective for understanding the high-frequency paleoenvironmental changes and climatic fluctuations resulting from the uplift of the Tibet Plateau in the Eocene.




2. Geological Settings


The Qaidam Basin is situated in the northern Tibet Plateau, surrounded by the East Kunlun Mountains, Qilian Mountains, and Altyn Tagh Mountains, with an average elevation of 2950 m (Figure 1a). It covers an area of 9.6 × 104 km2, and was a large lacustrine intermountain basin in western China with hydrocarbon-bearing formations in the Cenozoic [17,27]. Since the Cenozoic, under the tectonic movement of the Himalayas and the intense uplift of the Tibet Plateau, the basin’s current structural features have gradually been formed through the joint control of the sinistral strike-slip faults of the Eastern Kunlun and the Altyn Fault [28,29] (Figure 1a). The continuous uplift of the Tibet Plateau had significant effects on the paleo-sedimentary environment, paleo-tectonic pattern, and basin evolution. The paleo-altitudes around the basin have been continuously rising, resulting in basin closure and a progressively drier and colder climate [30]. Against this backdrop, during the sedimentary period of the LGCG in the western Qaidam basin, the paleoclimate was relatively arid, with intense evaporation, and the water body became weakly saline for an extended period. Additionally, due to simultaneous terrestrial input from the peripheral delta sedimentary system, the mineral composition in the western Qaidam Basin is complex and diverse, displaying typical characteristics of mixed sedimentation [31]. Influenced by the difference in tectonic compression during different periods, this area exhibited distinct paleotopographical characteristics with alternating uplifted and subsided regions. Therefore, in the whole sedimentary environment of semi-deep to shallow lake subfacies, microfacies types such as gypsum pans, sandy shoals, saline lakes, and muddy dolomitic semi-deep lakes can be observed [32] (Figure 1b).



The Cenozoic strata in this area can be divided into six formations from bottom to top: Lulehe Formation (E1+2), LGCG (E3), Upper Ganchaigou Formation (N1), Lower Youshashan Formation (N21), Upper Youshashan Formation (N22), and Shizigou Formation (N32) (Figure 2). The upper section of LGCG (E32) represents the maximum flooding period with the deepest water level and the finest sediment grain size, making it the primary target for unconventional oil and gas exploration in the western Qaidam Basin [33]. The lithological and mineralogical composition of this unit is complex, consisting of terrigenous clastics, clay minerals, carbonate minerals, and evaporite minerals [34,35]. Notably, terrigenous clastic–carbonate mixed rocks are the predominant lithology in the LGCG. Additionally, the sedimentary responses affected by fluctuations in the lake level in the LGCG are sensitive and significant. The composition and structure of the rock change frequently and are well preserved, reflecting a cyclical high-frequency vertical superimposed lake level fluctuation sedimentary cycle; thus, the rock is an important material reflecting the sedimentary environment and paleoclimatic evolution.




3. Materials and Methods


The lithofacies of C13 changes frequently and the coring is complete, characterized by high-frequency cyclic deposition in the whole Eocene LGCG, which is suitable for high-frequency cycle analysis. To characterize the paleoenvironmental changes in high-frequency cycles, 23 samples were collected continuously at a depth interval of 4225–4231 m from the LGCG of Well C13 in the western part of the Qaidam Basin for element geochemical and isotope analysis. This 6 m core is representative of a set of cycles from a much larger cyclical interval (Figure 2). To determine mineralogical variations within the cycles, 22 samples were consecutively collected from the same depth interval for whole-rock X-ray diffraction (XRD) testing. Corresponding core photos and micrographs were obtained from the digital core library, Exploration and Development Institute of PetroChina Qinghai Oil Field Company, Dunhuang, China, to identify the high-frequency sedimentary cycles.



3.1. Mineralogical Measurements


The whole-rock XRD test was conducted using an Empyrean Ruiying diffractometer with monochromatic Cu and Kα radiation. Pretreatment and analytical procedures were performed on all samples at the Laboratory Center, Exploration and Development Institute of PetroChina Qinghai Oil Field Company, Dunhuang, China.




3.2. Carbon and Oxygen Isotopes


The inorganic carbon and oxygen isotopes in the 23 samples were tested using a multi-purpose online gas preparation instrument (GasBench-II, Thermo Fisher Scientific Inc., Bremen, Germany) linked to a stable isotope mass spectrometer (MAT 253Plus, Thermo Fisher Scientific Inc., Bremen, Germany) at the SWPU Division of Key Laboratory of Carbonate Reservoirs, China National Petroleum Corporation, Chengdu, China. Firstly, a fixed mass of powder sample (100 mg) was added to the reaction flask and sealed, and the flask was vacuumized with high-purity He gas to eliminate the effect of air in the flask on the determination of isotope ratios. The carbonate was then reacted with phosphoric acid at 70 °C, and the released gases were passed through a gas chromatographic column to separate CO2 from other impurity gases. Finally, the separated CO2 was carried by He gas to a stable isotope mass spectrometer for isotope ratio detection. The δ13CCaCO3 and δ18OCaCO3 ratios were analyzed using the international standard Vienna Peedee Belemnite as the reference standard with a laboratory precision of ±0.2%.




3.3. Element Geochemical Analysis


Considering the complexity of the mineral composition of mixed rocks in the Ganchaigou area, major and trace element analysis was performed on three different fractions of the bulk samples, acetic leachate, acetic residue, and whole rock, to evaluate the elemental chemical properties of carbonate minerals and clastic minerals, respectively. The 23 samples were separated evenly into two groups. One group of the whole rock was melted at 1050 °C for 15 min for whole-rock major element analysis. The flux was lithium tetraborate–lithium metaborate–lithium fluoride (45:10:5), the oxidant was ammonium nitrate, and the release agent was lithium bromide. The loss on ignition (LOI) was obtained by measuring the weight loss after melting the sample. The prepared glass pellets were subjected to whole-rock major element analysis using a wavelength-dispersive X-ray fluorescence spectrometer (ZSXPrimus II) produced by Rigaku Corporation, Japan. The Kα lines were employed for the analysis of major elements, and the standard curve was constructed using the national standard reference material series, with a relative standard deviation (RSD) of <2%. For trace element analysis of acetic leachate and acetic residue, another group of the whole rock was dissolved in mol L−1 at 60 °C for 24 h. Then, the supernatant leachate and residue were collected separately by centrifugation and drying. For final analysis, the prepared leachate and residue were reacted, respectively, with a mixture of high-purity nitric acid and hydrofluoric acid at 190 °C for 24 h. The prepared reaction solution was used for trace element analysis using an ELEMENT ICP-MS (Agilent 7700e, Agilent Technology Co., Ltd., Santa Clara, CA, USA) at the Wuhan SampleSolution Analysis Technology Co., Ltd., Wuhan, China.





4. Results


4.1. Lithology


Three primary lithofacies have been identified based on the rock structure and mineral composition.



4.1.1. Massive Sandstones


In the core, massive sandstone exhibits a light gray color with a massive (>1 m) and positive grain sequence structure, and erosional surfaces are commonly observed at the base of the lithofacies (Figure 3A,J). Under the microscope, it displays a sandy texture, mainly composed of feldspar, quartz, and rock debris, with moderate sorting and rounding, and the pore space is infilled with calcite and mud (Figure 3a,i). At the top of this lithofacies, there is a transition to laminated silty shale, while at the bottom, there is an abrupt change into bedded calcareous dolostone.




4.1.2. Laminated Silty Shales


In the core, laminated silty shale exhibits a dark gray color and a laminated structure (<1 cm, Figure 3B,D,F,G). Under the microscope, this lithofacies is mainly composed of clay minerals, silt-sized siliciclastic fragments, and a minor amount of micritic carbonate minerals, and the silt-sized siliceous debris is mostly horizontally distributed (Figure 3b,d,f). The top of the lithofacies abruptly changes into bedded calcareous dolostones, and the bottom is connected with massive clastic rocks or bedded calcareous dolostones.




4.1.3. Bedded Calcareous Dolostones


In the core, bedded calcareous dolostone exhibits a gray color and bedded structure (several centimeters to tens of centimeters, Figure 3C,E,H,I). Under the microscope, it mainly consists of carbonate minerals with a micritic texture and minor amounts of silt-sized siliciclastic fragments (Figure 3c,e,g). At the top of this lithofacies, there is a sharp transition to clastic rocks, while at the bottom, it transitions to laminated silty shale. Glauberite–anhydrite aggregates are frequently observed at the top of this lithofacies, appearing as white clusters in the core (Figure 3H,I) and exhibiting coarse crystal structures and individual forms under the microscope, ranging from 2 mm to 1 cm in size (Figure 3h).




4.1.4. High-Frequency Sedimentary Cycle Division


Based on periodic and frequent changes in the sediment stacking pattern and mineral composition, the profile of Well C13 was divided into three high-frequency cycles (Cycles I–III) with a thickness of 1–2 m (Figure 3). Above the interface of individual cycles, the initial sedimentation of a new cycle predominates, characterized by relatively quiet and low-energy sedimentary conditions. This includes laminated silty shale or terrigenous debris deposits brought in by the initial flooding of the lake, which has distinct lithofacies mutations with the bedded gypsum-bearing calcareous dolostone below the interface. Below the interface of individual cycles, there are predominantly bedded gypsum-bearing calcareous dolostones, reflecting the shallowing of the lake water and increased salinity during the late stage of a single sedimentary cycle.





4.2. Mineralogy


A mineral composition ternary plot is shown in Figure 4, indicating a complex mixture of sediments composed of carbonate, clay, and siliceous clasts. Further information can be found in the Supplementary Materials under Table S1. The vertical distribution of mineral composition along the well section is illustrated in Figure 3, suggesting a clear periodic and frequent superposition of mineral compositional variations with the high-frequency sedimentary cycles. In the lower part of a single high-frequency sedimentary cycle, the main minerals are clay (avg. 27.0%) and quartz (avg. 21.3%), followed by calcite (avg. 18.4%) and dolomite/Fe-dolomite (avg. 13.1%), with lesser amounts of plagioclase (avg. 8.7%), pyrite (avg. 3.4%), gypsum (avg. 3.2%), and K-feldspar (avg. 1.3%). In the upper part of high-frequency sedimentary cycles, the dominant minerals are dolomite/Fe-dolomite (avg. 47.2%), followed by calcite (avg. 14.2%), clay (avg. 13.5%), and quartz (avg. 11.8%), with minor amounts of plagioclase (avg. 6.3%), pyrite (avg. 4.5%), gypsum (avg. 1.3%), and K-feldspar (avg. 0.4%).




4.3. C and O Isotopes Analysis


Overall, 23 samples from Well C13 yield δ13C values ranging from −1.70‰ to −0.69‰ (avg. −1.20‰, VPDB) and δ18O values ranging from −7.97‰ to −1.78‰ (avg. −4.89‰, VPDB). Further information can be found in the Supplementary Materials under Table S2. The vertical distribution of each parameter is shown in Figure 5. It is evident that these parameters exhibit cyclic and frequent superposition variations with the high-frequency sedimentary cycles. In the upper part of the high-frequency sedimentary cycles, TOC (avg. 0.25%) shows relatively low values, while porosity (avg. 5.48%), δ13C (avg. −1.01‰, VPDB), and δ18O (avg. −3.06 ‰, VPDB) exhibit relatively high values. In the lower part of the high-frequency sedimentary cycles, TOC (avg. 0.37%) shows relatively high values, whereas porosity (avg. 0.71%), δ13C (avg. −1.42 ‰, VPDB), and δ18O (avg. −6.82‰, VPDB) display relatively low values.




4.4. Element Geochemistry


The measured concentrations of major, trace, and rare-earth elements in the samples are listed in Table S3. Among them, the measured values of major elements and trace and rare-earth elements are derived from bulk samples and acetic leachate, respectively. Meanwhile, the enrichment index calculations using the mean of post-Archean Australian Shale (PAAS; data from [36]) are plotted in Figure 6.



Among the major elements, the contents of MgO and CaO are much higher than in the post-Archean Australian Shale (PAAS), and the contents of Na2O are slightly higher than in the PAAS, whereas the contents of the remaining major elements are relatively lower than those in the PAAS (Figure 6a). Relatively high contents of MgO and CaO are probably related to the high contents of carbonate minerals in the mixed rocks of LGCG, especially in the upper part of the high-frequency cycles (Figure 3).



Overall, there are significant differences in the concentrations of trace elements in the acetic leachate, ranging from 0.001 μg/g to 1000 μg/g (Figure 6b), which indicates that the leachate was separated relatively cleanly and the debris were rarely mixed. Among them, only the Sr content (avg. 946 μg/g) is notably higher than that of PAAS, which is possibly related to the depositional environment of the saline lake basin in the LGCG. Additionally, the concentrations of Zr, Nb, and Cs are particularly low, with average values of 0.036, 0.004, and 0.018 μg/g, respectively.



The total amount of rare-earth elements (∑REE) in the LGCG samples was determined to range from 13.1 to 52.5 μg/g, with an average of 35.7 μg/g (Figure 6), which is lower than the PAAS (184.77 μg/g; data from [36]). The mean value of light rare-earth elements (LREEs: La–Eu) is 31.5 μg/g, which is higher than the heavy rare-earth element (HREEs: Gd–Lu) content (avg. 4.2 μg/g). The high ΣLREE/ΣHREE values (avg. 7.4) also show an obvious differentiation between the LREE and HREE. In addition, it was found that the PAAS-normalized REE patterns of all samples are similar, showing upper sloping LREE and lower sloping HREE trends (Figure 6c).





5. Discussion


5.1. Water Hydrochemistry in Paleolake Basin


5.1.1. Paleosalinity


During the Eocene, the Qaidam Basin was a saline lacustrine environment in an intermontane basin [12,37,38]. Using petrographic observation and mineralogical analysis, three superimposed high-frequency sedimentary cycles were identified in the sampling section from the LGCG (Figure 3). Generally, a complete sequence consists of massive argillaceous sandstones in the lower part, followed by laminated silty shales, and then is dominated by thin- to thick-bedded calcareous dolostones in the upper part. The presence of glauberite–anhydrite aggregation in the bedded calcareous dolostones indicates an increase in water salinity within the high-frequency cycle.



The isotopic signals of carbonate precipitated from original water are widely used as reliable proxies for analyzing water salinity and environmental changes [39]. During the process of evaporation, based on the isotope fractionation effect, the vapor phase becomes enriched in light isotopes, while the liquid concentrate becomes enriched in heavy isotopes. In modern open freshwater lakes, the δ13C and δ18O of primary carbonates are negative and fall into the third quadrant in the cross-plot of δ13C and δ18O, whereas the δ13C of closed saline lakes is largely positive and falls into the first or second quadrant [40,41,42]. In these three high-frequency cycles, the δ13C and δ18O values of all carbonate components are negative, and fall collectively in the transition zone between closed saline lakes and open freshwater lakes (Figure 7). Inside the cycles, the carbon and oxygen isotope values of the bedded calcareous dolostones in the upper part of the cycles are significantly higher than those of the massive sandstone and laminated silty shales in the lower part of the cycles (Figure 7a). Moreover, the carbon and oxygen isotope values of the massive sandstone and laminated silty shale mostly fall within the range of open freshwater lakes, while the carbon and oxygen isotope values of the bedded calcareous dolostones predominantly fall within the range of closed saline lakes (Figure 7b). This observation suggests a gradual restriction and salinization of the water body within individual sedimentary cycles. This conclusion was also supported by previous studies. By comparing the carbon and oxygen isotopic compositions of the western Qaidam Basin with typical modern lacustrine carbonate sediments, refs. [12,43] concluded that the western Qaidam Basin is a semi-closed lacustrine environment. However, their studies lack a discussion of changes in the water environment inside the high-frequency cycles.




5.1.2. Redox Conditions


Trace elements have been widely employed in reconstructing redox environments [45,46,47]. Some redox-sensitive elements will exhibit different geochemical behaviors, such as precipitation or dissolution, in different redox environments [48,49,50]. Therefore, the concentrations and ratios of these elements could be used as effective proxies for paleoredox environment reconstruction [51,52]. The use of these paleoredox indicators was suggested based on the premise that these elements are authigenic without exogenous input effects [53,54]. The elemental composition of carbonate components in mixed deposits is more suitable for paleoredox analysis than that of bulk samples [12]. In this study, the redox-sensitive elements (U, V, and Cr) of the bulk phase show a highly positive relationship (R2 > 0.77) with immobile elements (Al and Ti) derived from detrital sources (Figure 8). On the contrary, there is no significant correlation between Al and these redox-sensitive elements of the leachate treated with acetic acid (R2 < 0.47, Figure 8b–d). Therefore, the measured element concentrations of acetic leachate in this study have removed the influence of exogenous debris input and can be used for paleoenvironmental reconstruction. Generally, U and V are dissolved with a high valence state in lake water under oxidizing conditions, while they are precipitated with a low valence state in deposits under reducing conditions [53,55]. Hence, a higher U/Th or V/Cr ratio from the leachate phase indicates a shallower and more oxic lake water environment. In our study, the V/Cr ratios and δU (δU = 2U/(U + Th/3)) in the upper of three high-frequency cycles are all significantly higher than those in the lower part (Figure 5), which indicates the relatively low lake level and oxic conditions in the upper part of high-frequency cycles.



In rare-earth elements, Ce and Eu anomalies can also be used to identify the redox environment; they are also dissolved in lake water under oxic conditions and enriched in deposits under reducing conditions [56,57]. In this study, the δCe and δEu values show evident positive anomalies in the upper part of the high-frequency cycles, with an average of 1.04 and 1.14, respectively. In contrast, they present negative anomalies at the bottom and average 0.98 and 0.80, respectively (Figure 5). These rare-earth element indicators also prove the process of the gradual decline in and oxidation of lake water within high-frequency cycles.





5.2. Paleoclimate Reconstruction


5.2.1. Constraints from Element Geochemistry


The depletion or enrichment of trace elements in water and deposits is not only related to the physical and chemical conditions of sedimentary media, but is also controlled by paleoclimate conditions [58]. Therefore, the content and ratio of trace elements in deposits can provide reliable information on paleoclimatic changes [45,51]. Cu and Al are generally transported to basins through organic matter and terrigenous debris, so they are highly sensitive to the paleoclimate and weathering conditions of the source area [12,46]. Conventionally, the wetness of the climate is inversely proportional to the Na/Al and Sr/Cu ratios [46,59], but is proportional to the Rb/Sr ratio [60,61]. The Al2O3/MgO ratio of major elements in deposits can also reflect the changes in the paleoclimate. Under arid climates, a large amount of Mg is precipitated from the lake water, which is attributed to the alkaline enhancement of the lake water caused by strong evaporation. Hence, a higher Al2O3/MgO ratio reflects warm and humid climates, and a lower ratio indicates arid climates [62,63]. The mixed deposits of the LGCG exhibit a trend of Sr/Cu and Na/Al ratios gradually decreasing and then increasing within a single high-frequency cycle, while the Rb/Sr and Al2O3/MgO ratios show the opposite (Figure 9). This suggests a strong coupling between climate changes and the high-frequency cyclic sedimentation of mixed rocks. Within a single high-frequency cycle, the paleoclimate became warm and humid with the transgression in the early stage, and then gradually became arid with the decrease in water level in the later stage. The period of laminated silty shale deposition corresponds to the most humid and warm climate conditions.




5.2.2. Chemical Weathering Intensity


Studies have suggested that changes in paleoclimate often result in a series of disturbances in terrestrial ecosystems around the basin. For example, warm and humid climates can intensify the chemical weathering of rocks and soils, leading to alterations in the living environment of terrestrial organisms [59,64,65]. As the loss of alkaline substances during weathering process is relatively easy to measure, parameters related to major elements are commonly used by scholars to quantitatively analyze the weathering intensity and paleoclimate of the source area, including chemical index of alteration (CIA), chemical index of weathering (CIW), and plagioclase index of alteration (PIA) [59,66,67,68]. Among them, CIA, calculated using Equation (1), has been widely used to investigate the intensity of weathering caused by paleoclimatic changes and ‘deep-time’ major climatic events [69,70,71]. The CIA value is directly proportional to the weathering intensity caused by paleoclimatic change. The authors in [67] proposed that CIA values within the range of 50 to 60, 60 to 80, and 80 to 100, correspond to weak weathering, moderate weathering, and strong weathering, respectively.


  C I A = A  l 2   O 3  /   A  l 2   O 3  +  K 2  O + N  a 2  O + C a  O ∗    × 100 ,  



(1)






  C a  O ∗  = m i n   C a O − 10 / 3 ×  P 2   O 5  ,   N  a 2  O    
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(3)






  T e m p = 0.56 × C I A − 25.7  



(4)







To exclude the influence of CaO contained in carbonate and phosphate minerals that are not closely related to weathering, only CaO in the silicate minerals was selected as CaO* in our study, following the approach of [66]. Subsequently, Equation (2), proposed by [72], was utilized to calculate the CIA values. In addition, the effects of sedimentary differentiation and recycling also need to be considered when using CIA values to determine the weathering intensity in a source area. In this study, the index of compositional variability (ICV), calculated using Equation (3), was employed to exclude the effect of recycling on the CIA value. Samples with an ICV value greater than 1 represent immature argillaceous rocks containing high amounts of non-clay silicate minerals, which are the initial deposits under tectonic activity and can eliminate the influence of recycling [73,74]. All of the mixed rock samples from the LGCG in this study showed ICV values greater than 1 (Figure 9), indicating that none of the samples had undergone a recycling process. As shown in Figure 9, the CIA values of the lower part of the three high-frequency cycles are distributed between 60% and 70%, with an average of 63.5%, indicating a moderate degree of weathering. However, the CIA values of the upper part of the cycles range from 50% to 60% and average 56.8%, which suggests weak weathering [67].



Considering that potassium metasomatism during diagenesis can lead to an underestimation of CIA values, the Al2O3–(CaO* + Na2O)–K2O (A-CN-K) ternary diagram and CIAcorr values were introduced to correct the CIA value of the samples that experienced potassium metasomatism, following the approach of [66,75] (Figure 10). In this study, no significant difference was observed between the corrected CIAcorr value and the original CIA value. The results also show that the laminated silty shales and massive sandstones at the bottom of the cycles have relatively high CIAcorr values, indicating warm and humid paleoclimates. In contrast, the bedded calcareous dolostones in the upper part of the cycles have relatively low CIAcorr values, reflecting cold and arid paleoclimates (Figure 10). This phenomenon implies a decrease in paleotemperature and an increase in drought intensity within a single high-frequency cycle, which is consistent with the paleoclimate change characteristics indicated by the trace element ratio.



In order to quantify the relationship between paleoclimates and chemical weathering intensity, Equation (4) was proposed by [68] to calculate the temperature of land surface (Temp, °C) based on CIA values, and has been extensively used in paleoclimate reconstructions [76,77,78,79]. The changes in surface temperature during the high-frequency cycles of the LGCG are illustrated in Figure 9. The average surface temperature in the early stage of the high-frequency cycles is 11.2 °C, which is significantly higher than the average temperature of 6.1 °C in the later stage.




5.2.3. Terrigenous Clastic Input


As the oxides of Al and Ti are mostly present in detrital minerals (clay and heavy minerals) of terrigenous origin, the contents of Al2O3 and TiO2 have been widely used to characterize the input of terrigenous debris [59,80]. In this study, the Al2O3 and TiO2 contents in the early stage of the high-frequency cycles are significantly higher than those in the later stage, with average values of 12.2% and 0.6%, respectively (Figure 9). This observation indicates a greater input of terrigenous debris during the lake transgression process, encompassing both clay minerals and heavy minerals. Coupled with the changes in paleoclimate and water properties discussed earlier, the elevated terrigenous debris input during the lake transgression period aligns well with the intensification of weathering and the increase in surface runoff resulting from the warm and humid paleoclimate. This conclusion is consistent with findings from other continental basins, such as the Lucaogou Formation in the Junggar Basin [81] and the Santanghu Basin [80].





5.3. Synthesized Paleoclimate–Sedimentary Model


The western Qaidam Basin was a plateau saline lake in the Eocene, and it featured a series of high-frequency superimposed mixed sedimentary sequences with a cumulative thickness exceeding 1200 m [17,82]. In the study of mixed sediments from the Yingxi area of the Qaidam Basin, ref. [83] demonstrated that the high-frequency deposition sequences were largely influenced by lake level changes resulting from paleoclimate variations. The lithological and geochemical evidence presented in this study further confirms the high-frequency periodic variations in water properties and paleoclimate during the Eocene in the Qaidam Basin. Hence, building upon the variations in the lake level and corresponding paleowater properties in the Eocene western Qaidam Basin, and considering previous research on lacustrine mixed rocks in the Qaidam Basin [12,26,83], we established a synthesized paleoclimate–sedimentary model in lacustrine mixed rocks for three consecutive periods within a whole high-frequency cycle (Figure 11).



During the initial flooding period, the lake basin was in a semi-open state, and the paleoclimate was temperate and semi-humid, accompanied by moderate weathering and land runoff (detrital input). Under these paleoclimatic conditions, rainfall slightly exceeded evaporation, causing the lake level to rise, resulting in a dysoxic–suboxic and desalinated water condition. At the bottom of the lake, numerous laminated limestone-bearing silty shales and some massive sandstones were deposited (Figure 11a).



During the maximum flooding period, the lake basin was open, and the climate became warm and humid, characterized by intense weathering and land runoff (terrestrial input). With the change in paleoclimatic conditions, rainfall greatly exceeded evaporation, and the lake water level reached its peak within a high-frequency cycle, resulting in an anoxic and fresh paleowater environment. An abundance of terrigenous debris and nutrients was brought into the basin by intense chemical weathering and land runoff. Dark gray laminated silty shales were predominantly developed at the bottom of the lake (Figure 11b).



During the lake regression period, the lake basin was in a closed state, and the paleoclimate was cold and arid, accompanied by weak chemical weathering and detrital input from land runoff. With the transformation of the paleoclimate, the evaporation surpassed the rainfall, resulting in a continuous decline in the lake level and an oxic paleowater environment. At the bottom of the lake, gray bedded gypsum-bearing calcareous dolostones were predominantly deposited (Figure 11c).





6. Conclusions


Variations in the paleoenvironment and paleoclimate in high-frequency cycles of the plateau saline lake were explored through integrated analyses of the petrology, mineralogy, organic geochemistry, and elemental geochemistry of mixed rocks from the Eocene LGCG in the southwestern Qaidam Basin. The following conclusions were drawn:




	(1)

	
The mixed rocks of the Eocene LGCG in the southwestern Qaidam Basin are characterized by high-frequency cyclic sedimentation. A complete single high-frequency cycle is composed of three lithofacies from bottom to top: massive sandstone, laminated silty shale, and bedded calcareous dolostone.




	(2)

	
Regular and superimposed variations in the paleoenvironment and paleoclimate were revealed in the mixed depositional systems, which exhibit high coherence with high-frequency sedimentary cycles.




	(3)

	
From the bottom to the top of the cycles, there was a change in the water properties, from desalination and reduction to salinization and oxidation, which was controlled by the decrease in the lake level caused by the paleoclimate’s transformation from warm and humid to cold and arid.
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Figure 1. (a) Satellite images of the Tibet Plateau. The yellow box indicates the extent of the Tibetan Plateau, and the light yellow shading indicates the location of the Qaidam Basin. The blue rectangle marks the location of (b); (b) paleogeographic map and distribution of mixed rocks of the southwestern Qaidam Basin during deposition of the LGCG in the Eocene. 
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Figure 2. Schematic stratigraphic column of the Yingxiongling area (based on [17]) and sedimentary profile of Well C13. Lithofacies in the lithology channel of Well C13 refer to the legend shown on the right side of the figure. 
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Figure 3. Lithologic characteristics of the high-frequency cycles in Well C13. (A) core, positive grain sequence structure, 4230.25 m; (B) core, 4229.77 m; (C) core, 4229 m; (D) core, 4228.5 m; (E) core, 4228.1 m; (F) core, 4227.74 m; (G) core, 4227.4 m; (H) core, 4226.45 m; (I) core, 4226.18 m; (J) core, positive grain sequence structure, 4225.95 m; (a) thin section within (A), massive sandstone; (b) thin section within (B), laminated silty shale; (c) thin section within (C), bedded calcareous dolostone; (d) thin section within (D), laminated silty shale; (e) thin section within (E), bedded calcareous dolostone, (f) thin section within (G), laminated silty shale; (g) thin section within (H), bedded calcareous dolostone; (h) thin section within (I), bedded calcareous dolostone with glauberite-anhydrite aggregates; (i) thin section within (J), massive sandstone. 






Figure 3. Lithologic characteristics of the high-frequency cycles in Well C13. (A) core, positive grain sequence structure, 4230.25 m; (B) core, 4229.77 m; (C) core, 4229 m; (D) core, 4228.5 m; (E) core, 4228.1 m; (F) core, 4227.74 m; (G) core, 4227.4 m; (H) core, 4226.45 m; (I) core, 4226.18 m; (J) core, positive grain sequence structure, 4225.95 m; (a) thin section within (A), massive sandstone; (b) thin section within (B), laminated silty shale; (c) thin section within (C), bedded calcareous dolostone; (d) thin section within (D), laminated silty shale; (e) thin section within (E), bedded calcareous dolostone, (f) thin section within (G), laminated silty shale; (g) thin section within (H), bedded calcareous dolostone; (h) thin section within (I), bedded calcareous dolostone with glauberite-anhydrite aggregates; (i) thin section within (J), massive sandstone.



[image: Minerals 14 00079 g003]







[image: Minerals 14 00079 g004] 





Figure 4. Ternary diagram of the mineralogical compositions of the studied bulk samples. 
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Figure 5. Stratigraphic distribution of the C and O isotopes, trace elements in high-frequency cycles. 
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Figure 6. Concentration coefficient of the samples versus post-Archean Australian Shale (PAAS): (a) major elements; (b) trace elements; (c) rare-earth elements. 
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Figure 7. Cross-plot of δ13C and δ18O values of the carbonate components of the samples from the LGCG formation: (a) cross-plot from three lithofacies in high-frequency cycle; (b) a comparison of the southwestern Qaidam with typical modern lakes (the range of modern lakes is based on [12], with data originating from [40,44]. 
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Figure 8. Scatter plots of (a) Al and Ti; (b) Al and U; (c) Al and V; (d) Al and Cr. The blue and orange spheres indicate the elemental composition of the bulk samples and the acetic leachate, respectively. 
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Figure 9. Vertical variations in proxies of paleoclimate, weathering degree, and debris input in the LGCG. 
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Figure 10. Ternary phase diagram of A-CN-K and CIAcorr changes in the samples of the LGCG. 
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Figure 11. Synthesized paleoclimate–sedimentary model of lacustrine mixed rocks within high-frequency cycles of LGCG. (a) model of initial flooding period; (b) model of maximum flooding period; (c) model of regression period. 
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