[image: image1]Cyclostratigraphy of Lower Permian alkaline lacustrine deposits in the Mahu Sag, Junggar basin and its stratigraphic implication

		ORIGINAL RESEARCH
published: 05 July 2023
doi: 10.3389/feart.2023.1232418


[image: image2]
Cyclostratigraphy of Lower Permian alkaline lacustrine deposits in the Mahu Sag, Junggar basin and its stratigraphic implication
Yong Tang1, Wenjun He1, Ran Wang1, Haijiao Ren1, Zhijun Jin2, Zhuang Yang2,3 and Yuanyuan Zhang2,3*
1PetroChina Xinjiang Oilfield Company, Karamay, Xinjiang, China
2Institute of Energy, Peking University, Beijing, China
3School of Earth and Space Sciences, Peking University, Beijing, China
Edited by:
George Kontakiotis, National and Kapodistrian University of Athens, Greece
Reviewed by:
Yong Zhou, China University of Petroleum, China
Juye Shi, China University of Geosciences, China
* Correspondence: Yuanyuan Zhang, yy-zhang@pku.edu.cn
Received: 31 May 2023
Accepted: 21 June 2023
Published: 05 July 2023
Citation: Tang Y, He W, Wang R, Ren H, Jin Z, Yang Z and Zhang Y (2023) Cyclostratigraphy of Lower Permian alkaline lacustrine deposits in the Mahu Sag, Junggar basin and its stratigraphic implication. Front. Earth Sci. 11:1232418. doi: 10.3389/feart.2023.1232418

The Lower Permian Fengcheng Formation of the Mahu Sag is one of the most potentially petroliferous sequences in China, and its unique alkaline lacustrine deposits provide important information on the paleoclimate and paleoenvironment of the early Permian. However, because of the complexity of the heterogeneous lithology and sedimentary facies in lacustrine deposits, the lateral correlation of lithofacies becomes challenging. Using cyclostratigraphy, we conducted a detailed astronomical cycle analysis of the Lower Permian Fengcheng Formation in the northern Mahu Sag, established an astronomical time scale, and constructed an isochronous sedimentary framework by collating the cycles of the different wells. Nine 405-kyr long-eccentricity cycles in the Fengcheng Formation were identified, and absolute astronomical time scales were established with the anchored point at ∼300 Ma in the Lower member of the Fengcheng Formation. Based on the identification of lithofacies, the spatio-temporal variation in the lithofacies within the Fengcheng Formation was reconstructed. The astronomical time scale has proven to be reliable, and the lithofacies distribution within the isochronal framework is effective for investigating the spatial variation of lithofacies in alkaline lacustrine deposits. Favorable dolomitic mudstones developed in the central and transitional zones, corresponding to the three long-eccentricity cycles in the middle member of the Fengcheng Formation. Tuffaceous mudstones with high potential mainly developed in the lower member of the Fengcheng Formation in the marginal zone of the Mahu Sag. This study demonstrates an approach that can be used to study lithofacies in lacustrine deposits.
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1 INTRODUCTION
With its great exploration potential, lacustrine shale oil has been considered a critical strategic target for increasing hydrocarbon production in China (Jin et al., 2021). Shale oil exploration is primarily associated with saline or brackish lacustrine basins (Hu et al., 2022). Alkaline lacustrine deposits develop in extremely salinized lakes and are prone to host high-quality oil shales (Zhi et al., 2019; Tang Y et al., 2021). The formation of such an alkaline lake is jointly controlled by favorable paleoclimatic, paleotectonic, and paleogeographic conditions (Cao et al., 2020). Alkaline lakes have been proven to be favorable environments for organic matter accumulation and preservation and have been recognized as having high hydrocarbon (Burton et al., 2014; Xia et al., 2022). Therefore, alkaline lacustrine deposits are of great environmental and economic significance in paleoclimatic reconstruction and shale oil exploration (e.g., Smith and Carroll, 2015; Yu et al., 2019) and are characterized by the deposition of alkaline minerals (sodium carbonate minerals) and fine-grained organic-rich sediments (Warren, 2010; Pecoraino et al., 2015). However, the joint controlling factors in the formation of alkaline lakes, rapid facies changes, and variable depositional processes complicate the lithofacies in alkaline lakes, making it challenging to determine the distribution of favorable lithofacies (Li et al., 2019b).
Most known alkaline lake deposits are Eocene or younger in age (Warren, 2010; Wang T et al., 2020), whereas the Lower Permian Fengcheng Formation of the Junggar Basin is the most ancient well-preserved alkaline lacustrine deposit, which recorded crucial paleoclimate information of the Permian era and is considered a favorable archive of the Late Pale Ice Age (LPIA) (Montañez and Poulsen, 2013; Cao et al., 2020). Understanding the distribution of lithofacies in the Fengcheng Formation is fundamental for further paleoclimatic studies. The lack of an isochronal lithofacies framework hinders the lateral lithofacies correlation. Astronomical analysis of sedimentary sequences has been applied widely to find global signals recorded in strata and investigate the sedimentary responses to paleoclimate change of astronomy forcing, based on the Milankovitch theory (Hinnov, 2000; Hinnov, 2013; Sha et al., 2015), in order to establish the isochronal framework. Recently, ∼405 kyr long-eccentricity cycles were recognized in the Late Permian strata (Huang et al., 2020), extending the astronomical time scale to the Paleozoic era.
In this study, we aimed to establish an astronomical time scale (ATS) for targeted sequences of the Fengcheng Formation and to reconstruct the sedimentary isochronal framework of the Fengcheng Formation in the Mahu Sag by lateral comparison among different wells. In combination with lithofacies identification, this study explored the lithofacies distribution of the alkaline lacustrine Fengcheng Formation in northern Mahu Sag, demonstrating an approach that can be used for the study of lithofacies in lacustrine deposits.
2 GEOLOGICAL BACKGROUND
Located in northwestern China, covering an area of approximately 134,000 km2, the triangular-shaped Junggar Basin is a large petroliferous superimposed basin, in the southern part of the Central Asian Orogenic Belt (CAOB), which is bounded by the Altay Mountain (Mt.) to the north, the Kalamaili Mt. to the east, the Zaire-Hala’alate Mts. at the northwestern margin, and the North Tianshan-Bogda Mts. to the south (Figure 1A). As an intraplate superimposed basin, the Junggar Basin has experienced multistage intraplate deformation after the final amalgamation of the Paleo-Asian Ocean (PAO) (Zhang et al., 2013; Han and Zhao, 2018; Liu et al., 2017, 2019; Zhang et al., 2016). The Junggar Basin consists of six first-order structural units: Wulungu Depression, Luliang Uplift, Central Depression, West Junggar, Northern Tianshan Overthrust Belt, and East Uplift (Figure 1B). The Mahu Sag is located in the northwestern region of the Central Depression (Figure 1C) and is surrounded by the Zhongguai and Dabasong Uplifts to the south and the Zaire and Hala’alate mountains in the northwest margin, along which form three NE-SW trending dextral strike-slip faults (Yu et al., 2016; Tang W et al., 2021).
[image: Figure 1]FIGURE 1 | (A) Location of the Junggar Basin and regional geological map of the Junggar Basin and adjacent regions. (B) The first-order six structural units of the Junggar Basin and the location of Mahu sag (red dotted frame). (C) Simplified geological map of the Mahu sag with well locations. (D) Stratigraphic framework of the Permian to Triassic based on the seismic profiles (modified from Liang et al., 2020). The location of the profile is shown in green line pp’ in Figure 1C.
The Mahu Sag developed on the basement of a Paleozoic remnant ocean basin in West Junggar, and the filling process of the remnant ocean basin lasted until the Late Carboniferous (Chen et al., 2013). With the closure of the remnant ocean, the Mahu Sag transformed from marine to terrestrial sedimentation (Li et al., 2015) and evolved into a rift basin during the Permian (Tang W et al., 2021) (Figure 1D). The Lower Permian Fengcheng Formation of the Mahu Sag is considered an ancient alkaline lacustrine deposit (Cao et al., 2015) and has been demonstrated to be a set of fan-lacustrine sedimentary systems (Tang W et al., 2021). With thinning to the southeast (Figure 1D), the Fengcheng Formation is divided into three members with different lithological associations from bottom to top. The lower member (P1f1) is transitional with underlying volcanic units, dominated by dark gray mudstone, but contains a few tuffaceous mudstones and mafic-intermediate volcanic rocks. The middle member (P1f2) is characterized by alternating beds of evaporite and dolomitic mudstone and contains parts of other lithofacies, such as calcareous mudstone and dolomitic siltstone. Evaporites are dominated by sodium carbonates, which are formed under extremely alkaline water conditions (Yu et al., 2018; Jiang et al., 2023). The upper member (P1f3) is dominated by alternating beds of mudstone and siltstone, representing a phase in which salinity decreases and the input of terrestrial detrital sediments gradually increases, following the middle member (Yu et al., 2018; Wang T et al., 2020; Guo et al., 2021).
The Fengcheng Formation in the Mahu Sag is divided into three lateral areas (Cao et al., 2020; Ni et al., 2023), namely, a central zone with substantial deposition of sodium carbonate minerals and dolomitic mudstone, a transitional zone dominated by alternating dolomitic mudstone and siltstone, and a marginal zone dominated by siltstone and coarser sandstone, and quite a few volcanics, which correspond to the lateral changes of the fan-lacustrine sedimentary system.
3 DATA AND METHODS
3.1 Logging data
A number of geophysical log series have been utilized in the effort to recover long, continuous, and high-resolution stratigraphy signals (Hinnov, 2000; Li et al., 2019a). Natural Gamma Ray (NGR) logging data have been widely applied in sedimentology and stratigraphy, based on the radiogenic isotope uranium, thorium, and potassium content within sediments. Generally, K consists of minerals such as clays, mica, and feldspar; U and Th commonly exist in minerals such as clays, feldspar, and several heavy minerals; and U is also relatively concentrated in organic matter (Schnyder et al., 2006; Wang M et al., 2020). A high GR is generally attributed to fine-grained facies, such as mudstone and siltstone, whereas a low GR is related to coarser facies such as sandstone (Cantalejo and Pickering, 2015; Li et al., 2019a). Because all the above are associated with relative clay abundance, which is sensitive to environmental and climatic change, NGR log data of outcrops and drill wells are valuable tools for cyclostratigraphy and effective proxies for paleoclimate analysis (Huang et al., 2021). In addition, caliper and resistivity well logging data were utilized to assist in lithologic identification due to the different intrinsic physical and electric features of sodium carbonates and common rock-forming minerals.
In this study, the NGR profiles of the Fengcheng Formation from four wells, M1, F4, X202, and X203, in the northern Mahu Sag were used to conduct cyclostratigraphy analysis. Stratigraphic cyclicity and paleoclimate quasi-periodicity changes of astronomical forcing could be recognized, horizontal comparison of the astronomical time scale (ATS) performed, and even the establishment of a sedimentary isochronal framework of the whole sag could be conducted. Among the four wells, M1 and F4 were close to each other and approached to the depocenter, and X202 and X203 were close to the lake margin (Figure 1C). The vertical thickness of the four well profiles of the Fengcheng Formation was approximately 300–400 m, and the sampling rate of all the NGR profiles was 0.125 m. Then logging data from 12 wells widespread in the northern the Mahu Sag were used for lithological identification, from which three lateral profiles of the Fengcheng Formation were established in this study.
3.2 Time series analysis methods
Firstly, raw NGR data was screened from the perturbation of events and detrended. Then the spectral analysis of the detrended NGR was conducted to find periodic or quasi-periodic components. The data series in the depth domain were transformed into time domain by astronomical tuning in order to extract potential 405-kyr eccentricity cycles.
3.2.1 Pretreatment of raw NGR data
Climate proxy variations consist of long-terms, 103–106 year-scale orbital (eccentricity, obliquity, and precession) cycles, in addition to being punctuated by isolated events of sedimentary perturbation, such as storm, flooding, and volcanism, so-call sedimentary noises (Hinnov, 2013; Li et al., 2018a), which are more intense and frequent in lacustrine than marine. Therefore, quantitative cyclostratigraphic analysis should differentiate astronomical signals from spectral noise (Huang et al., 2020). Before the time series analysis, obvious isolated event perturbations were removed from the raw NGR data. Volcanism was the most widespread sedimentary perturbation event in the Fengcheng Formation of the northern Mahu Sag, particularly in M1, X202, and X203. Tuff layers and tuffaceous mudstone, characterized by their unusually high NGR values, were recorded in the sections, resulting in the prominent deviations in time series analysis. Then the screened NGR data from the Fengcheng Formation were detrended by subtracting a 35% weighted average to remove long-term trends (Li et al., 2019a).
3.2.2 Spectral analysis and tuning
Spectral analysis is primarily used to recognize periodic or quasi-periodic components in a data series (Li et al., 2019a). Prior to analysis, the NGR data were analyzed using multi-taper method (MTM) spectral estimator with robust red noise models, which could achieve an optimal trade-off between frequency resolution and statistical confidence for uniformly spaced time series. Evolutionary spectral analysis was applied to the NGR data to detect the evolution of frequencies through succession, by setting a specific sliding window and a step to detect the targeted frequencies according to the spectral characteristics of the well. Filtering is an efficient way to isolate specific frequency components (according to the results of spectral analysis) in a data series, and frequencies with high significance levels may be related to Milankovitch forcing frequencies. All analysis steps were conducted using Acycle v2.0 software (Li et al., 2019a). Astronomical tuning is a necessary step when original data, usually in the depth domain, must be transformed into the time domain. A filter signal from the data series can be used to reconstruct the age model by assigning the maximum (or minimum) depth of each filtered series to a time value that is generally obtained from radioisotopic dating (Li et al., 2019a). The absolute astronomical time scale was constructed by anchoring the floating ATS to the U-Pb age of widespread volcanic rocks in the lower member of the Fengcheng Formation at ∼300 Ma (Li et al., 2023), which was taken as the anchored point for the absolute time scale in this study.
3.2.3 Evolutional correlation coefficient
The Acycle v2.0 software includes tools for simultaneously testing the astronomical forcing of paleoclimate data series and mean sedimentation rate with a correlation coefficient (COCO) approach, with an extension for testing the evolution of the sedimentation rate (eCOCO) along the data series (Li et al., 2018b; Li et al., 2019a). The NGR data were analyzed using the COCO approach to find the most likely sedimentation rate and the eCOCO approach to test the evolution of the sedimentation rate along the data series with a given sliding window and step. ρ (correlation coefficient), H0 significance level, and number of contributing astronomical frequencies are three key indices for evaluating the availability and significance level of the simulated results (Li et al., 2018b). The sedimentation rate most likely corresponded to the highest correlation coefficient (ρ). A null hypothesis (H0), that no astronomical frequencies existed, was adopted in the data series, which helped determine whether astronomical forcing existed (Li et al., 2018b). All analysis steps were conducted using Acycle v2.0 software (Li et al., 2019a).
3.3 Lithofacies identification based on logs data
Based on the log data and drill core samples, lithofacies’ identification was performed for 12 wells (Figure 1C). We summarized the distinct lithofacies of the Fengcheng Formation based on the different characteristics of the logging data. Combined with a previous study (Qian et al., 2022), there are three remarkable indices from the logging data to distinguish several different lithofacies (Table 1). 1) Caliper (CAL) is a log index used to measure the size change of the borehole. In general, rocks of different physical natures respond differently to the pressure generated from drilling and the breakout of the well wall increasing in size, whereas the standard borehole size is approximately 9 cm. In the Fengcheng Formation, lithofacies bearing sodium carbonate minerals have a prominent feature: the caliper (CAL) log index is higher than 9, which distinguishes it from other lithofacies. 2) Natural Gamma Ray (NGR) is a reliable index for detecting clay content in different lithofacies, which can help distinguish mudstone from siltstone at a value of approximately 69 GAPI. 3) Resistivity (Rt) is a logs index used to measure the resistivity of the original strata, which could help to distinguish “calcareous” lithofacies from those of “dolomitic.” In general, “calcareous” is classified with an Rt value of 15–80 Ωm, while “dolomitic” is identified with a value higher than 80 Ωm. Detailed integrated logging characteristics of the different lithofacies are listed in Table 1.
TABLE 1 | Summary of criterion of the identification of lithofacies based on the logging data (adapted from Qian et al. (2022)).
[image: Table 1]4 RESULTS
4.1 Times series analysis
The 2π multitaper (MTM) power spectrum of 4-wells NGR series shows significant peaks above 99% confidence level at wavelengths of 37.0 m, 14.6 m for M1, 43.5 m, 15.1 m for F4 and 46.8 m, 3.4 m for X203, and 40.5 m for X202 respectively (Figure 2). Then Low-pass Gaussian filters were used to recognize and isolate the low-frequency and secular trend components though the entire NGR series, and the filter outputs of specific frequencies for targeted series intervals were shown above the detrended NGR curves (Figure 2). Nine cycles were identified in the Fengcheng Formation of F 4; those of the other wells were at least eight.
[image: Figure 2]FIGURE 2 | Spectral analysis and filter outputs of four wells: M1, F4, X203, and X202 (A–D). Raw NGR data (red curve) and standardized NGR data (black curve) after pretreatment of detrending and removing event perturbations and filter outputs (blue wave line) by isolating specific frequency. (E–H) The main filtered cycles with more than 99% confidence level of four sections were calculated and identified by the 2π multi-taper method (MTM) spectral estimator. The red shades in (A–D) represent the widespread and simultaneous volcanism in the lower member of Fengcheng Formation, which is as an anchored point for absolute time scale in this study.
The correlation coefficient (COCO) approach can help estimate the most likely sedimentation rate, and the studied section and two representative wells, M1 and X203, were applied to this COCO approach. Three potential sedimentation rates at 3.5 cm/kyr, 9–12 cm/kyr, and 14–15 cm/kyr of M1 have null hypothesis (H0) significant levels of less than 0.01, indicating the null hypothesis of no astronomical signal can be rejected at a 1% (H0 value < 2–10). In other words, the significance level of the presence of an astronomical signal was 99%, but the sedimentation rate at 9–12 cm/kyr yields correlation coefficient values higher than 0.4, which were generally higher than those of the other two sedimentation rates (Figure 3A). Together, these two indices indicate that the most likely sedimentation rate of M1 varies between 9 and 12 cm/kyr. The results of the COCO analysis of well X203 showed that the most likely sedimentation rate varies between 11 and 12 cm/kyr (Figure 3B). The evolutional correlation coefficient (eCOCO) and evolutional null hypothesis significance level (eH0SL) maps show the change of the sedimentation rate through the data series (Figures 3C, D); a relatively stable sedimentation rate at 10–15 cm/kyr is significantly identified in the lower part of the targeted section with upwards reducing to 9–10 cm/kyr slowly, and at the top of the targeted section, the sedimentation rates are significantly increased to about 15 cm/kyr.
[image: Figure 3]FIGURE 3 | Sedimentation rate estimations of the Fengcheng Formation of wells M1 and X203 based on COCO and eCOCO analysis. (A,B) With the highest correlation coefficient value and smallest null hypothesis (H0) significance level, the most likely sedimentation rates are 9–12 cm/kyr and 11–12 cm/kyr for M1 and X203 respectively. (C,D) Changes in sedimentation rates along the sections of both wells were demonstrated with the evolutional correlation coefficient (eCOCO) map and the evolutional null hypothesis significance level map.
4.2 Astronomical tuning and floating astronomical time scale
Based on both the filtered outputs of the NGR data series and the corresponding estimation of the most likely sedimentation rate, a simple calculation can be conducted by dividing the wavelength of the filtered output by the sedimentation rate, which generates the duration time of a single cycle. Taking wells M1 and X203 as examples, with filtered outputs of 37 m/cycle and 46.8 m/cycle and sedimentation rates of 9–12 cm/kyr and 11–12 cm/kyr, the duration time of a single cyclicity is generated ranging between 308–412 kyr and 390–468 kyr respectively, and almost the same duration ranges were obtained from the other two NGR log data. Numerical models indicate that the ∼405 kyr long-eccentricity cycles can be recognized through the Late Permian (Wu et al., 2013). Collectively, we tuned these filtered outputs extracted from several NGR data series by fixing the duration time of every single cycle to a 405 kyr long-eccentricity (Figure 4) and yield a ∼3.6 Ma long floating astronomical time scale of (ATS) for the Fengcheng Formation in the northern Mahu Sag.
[image: Figure 4]FIGURE 4 | Astronomical tuning and astronomical time scale of wells F4 and M1. (A) F4, Tuning the cycle 43.5 m by fixing its duration to 405-kyr long-eccentricity (blue wave line), and anchoring the floating astronomical time scale at the widespread volcanism event (red shade) to establish the absolute time scale. Evolutional power spectra (colored plot) calculated using an 80-m running window. 2π MTM power spectrum is also shown on the top. (B) M1, different cycle thickness (37.0 m) but with the same duration time 405-kyr long-eccentricity, indicating the different sedimentation rates from F4 in Fengcheng formation. (C) evolution sedimentation rate map with eCOCO*eH0SL values indicating the most likely sedimentation rates’ estimation with the presence of astronomical forcing.
5 DISCUSSION
5.1 Astrochronology of the Fengcheng Formation
An absolute astronomical time scale (ATS) can be constructed by anchoring a floating ATS to the absolute time (Li et al., 2019a). Widespread volcanism in the lower Fengcheng Formation of the northern Mahu Sag was discovered by identification of the lithofacies based on log data series, marked by a combination of basalt and an underlying tuff layer, which are characterized by unusually low GR and unusually high GR values, respectively (Figures 2, A,B). The absolute astronomical time scale was constructed by anchoring the floating ATS to the U-Pb age of volcanism (∼300 Ma) in the lower member of the Fengcheng Formation (Li et al., 2023). The common anchored time of the ATS and the same duration of cycles form an established isochronal framework of the northern Mahu Sag, by calibrating the beginning of the time series and the long-eccentricity cycles of adjacent wells.
Frequency ratio is a common approach to test whether the observed cycles in data series were formed by astronomical forcing (Hinnov, 2000). Except for the 405-kyr long eccentricity cycle, no other prominent astronomical cycles were discovered in the spectral analysis, such as short-eccentricity, obliquity, and precession (Figure 4). Therefore, we cannot use frequency ratios to calibrate the long eccentricity to tune other astronomical cycles. The results of the time series analysis show that the long-eccentricity cycles are remarkable in the lower part of the targeted Fengcheng Formation (Figures 4A, B), but upward ambiguous cycle signals complicate the interval, and the long-eccentricity cycle signals become less certain (with depth of 4300–4400 m of F4 in Figure 4A and 4650–4730 m for M1 in Figure 4B), which indicates more intense sedimentary perturbations. Based on both the evolutionary spectral analysis and the evolutionary sedimentation rate map of M1 well (Figure 4), the intervals with clear and robust astronomical cycle signals have sedimentation rate estimations with stable variation and a high significance level. The sedimentation rate in the upper part of the Fengcheng Formation was higher than that in the lower part, as indicated by the estimation of the eCOCO*eH0SL map (Figure 4C).
5.2 Sedimentary isochronal framework and spatial variation of lithofacies
Based on the absolute astronomical time scale of 12 wells in the northern Mahu Sag and the criterion of lithofacies’ identification, a sedimentary isochronal framework involving the absolute time scale, distribution, and variation of lithofacies was constructed (Figure 5). Although the Fengcheng Formation has been recognized as having a heterogeneous lithology and sedimentary facies (Tang Y et al., 2021), this sedimentary isochronal framework provides an approach for investigating and describing the distribution and spatial variation of lithofacies.
[image: Figure 5]FIGURE 5 | Distribution of lithofacies within the astronomical isochronal framework of profile I (A), II (B), and III (C), see the profile location in Figure 1C.
Three crossing profiles were constructed within an isochronal framework to demonstrate the variation in lithofacies in the northern Mahu Sag. The two NE-SW trending profiles show variation in the lithofacies along the provenance direction (Figures 5A, B), and the NW-SE trending profile shows lithofacies’ variation subvertical to the provenance direction (Figure 5C). According to profile I, widespread volcanism occurred in the lower member of the Fengcheng Formation in the northern Mahu Sag and upward, the lithofacies were principally composed of calcareous and dolomitic mudstone and siltstone. The distinct facies change from the marginal fan to the central deep lake, especially in the middle member of the Fengcheng Formation. For example, in the M2 well, the facies changed from calcareous mudstone or siltstone in the marginal fan to dolomitic mudstone in the central deep lake environment and a large mass of sodium carbonate minerals emerged in the middle member of the Fengcheng Formation. In the upper Fengcheng Formation, the lithofacies consist of calcareous mudstone and siltstone, with small amounts of dolomitic mudstone and siltstone. The coarser grain size from the lower member to the upper member indicates a trend of the lake level gradually becoming shallower, especially the remarkable facies change in wells F14, F4, and M1 (Figure 5A), corresponding to the change in the sedimentation rate of the evolutional correlation coefficient analysis (Figure 4). In addition, the lateral variations in lithofacies showed favorable continuity within the framework, which is consistent with the astronomical time scale. Profile II has a similar trend with profile I from the marginal to the central zone but reveals more distinct facies changes. In the middle member of the Fengcheng Formation, an apparent change in lithofacies from sandstone interbedded with mudstone to dolomitic siltstone is displayed, and the lithofacies upward become more complex, indicating more intense sedimentary perturbations. Well X1 in the central zone of the Mahu Sag also shows the accumulation of sodium carbonate minerals under deep lacustrine conditions.
Profile III demonstrates a direction vertical to the trend of profiles I and II, and reveals different variations of lithofacies’ characteristics. The lithofacies in profile III (Figure 5C) gradually changed vertically from dolomitic mudstone chiefly to interbedded dolomitic and calcareous mudstone and transformed into calcareous mudstone chiefly in the upper member. The lateral distribution of lithofacies revealed better continuity and stability than in profiles I and II. There are no prominent changes in lithofacies in the lower and middle parts of the Fengcheng Formation. However, there is a remarkable terrigenous supply from the NW to SE, as shown by the F5 well in the upper member of the Fengcheng Formation (Figure 5C), indicating that the lake level became shallow and sedimentary perturbations gradually intensified.
Among the three profiles, the lithofacies’ identification results were consistent with the absolute astronomical time scale. In other words, based on the cyclostratigraphy, the correlation of lithofacies of the alkaline lacustrine deposits can be established. Therefore, the ATS is reliable and the lithofacies’ distribution within the isochronal framework is effective for investigating the spatial variation of lithofacies of alkaline lacustrine deposits in the northern Mahu Sag, providing a reference for understanding the sedimentation process. Lateral continuity and variation contribute to the search for favorable intervals in the lithofacies. Dissolved pores in dolomites and microfractures associated with laminae can greatly contribute to the pore volume of dolomitic mudstones. Tuffaceous mudstones have plenty of dissolved pores in feldspars. Therefore, dolomitic and tuffaceous mudstones have been shown to have better resource potential (Tang et al., 2022). Dolomitic mudstones developed in the central and transitional zones corresponding to three long-eccentricity cycles in the middle member of the Fengcheng Formation. Tuffaceous mudstones are mainly developed in the lower member of the Fengcheng Formation in the marginal zone of the Mahu Sag. The factors controlling the lithofacies’ distribution should be further investigated in the future. This study goes beyond the demonstration of variations in lithofacies in Lower Permian alkaline lacustrine deposits through a cyclostratigraphy study and attempts to establish an approach to demonstrate lithofacies’ framework in lacustrine deposits.
6 CONCLUSION
The alkaline lacustrine deposits of the Fengcheng Formation in the northern Mahu Sag record the sedimentary response of paleoclimatic change to astronomical forcing. Based on cyclostratigraphic analyses of the NGR, nine 405-kyr long-eccentricity cycles in the Fengcheng Formation were identified, and the absolute astronomical time scales could be established with the anchored point at ∼300 Ma in the Lower member of the Fengcheng Formation. By calibrating the ATSs of different wells, an isochronal framework of the Fengcheng Formation was constructed for the northern Mahu Sag.
Combined with the identification of lithofacies from logging data, the lithofacies’ correlation of alkaline lacustrine deposits was well established. The ATS is reliable and the distribution of the lithofacies within the isochronal framework is effective for investigating the spatial variation in the lithofacies of the alkaline lacustrine deposits in the northern Mahu Sag. Favorable lithofacies with high potential are well demonstrated in the spatio-temporal lateral lithofacies’ framework. This study demonstrates an approach that can be used in the study of lithofacies in lacustrine deposits.
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