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Knowledge of the hydroclimatic changes in Southwest China since the Last Glacial Maximum (LGM) is crucial for disentangling the long-term evolution of the Asia Monsoon and predicting the future fate of the mountain peat deposit in the Asia Monsoon region. In this study, we obtained a 530-cm-long peat core from the Ganchi wetland in Southwest China and analyzed its geochemical indices, including total nitrogen (TN), total organic carbon (TOC), stable carbon isotope composition of organics (δ13Corg), and the concentration of several major elements, to investigate the sedimentary and hydroclimate evolution since the LGM. We found that the peat strata in the Ganchi wetland have developed gradually from 13.7 cal kyr BP, which is likely ascribed to the warm climate during the Bølling-Allerød (B/A) period. TOC, δ13Corg, K/Ti, and Fe/Mn records showed notable paleoclimate shifts since the last deglaciation. The first warming period after the LGM was observed starting at 18.2 cal kyr BP, which is consistent with other records from Southwest China. The reconstruction results show that the western margin of the Sichuan Basin during the last deglaciation was most affected by the East Asia summer monsoon (EASM), and less affected by the Indian summer monsoon (ISM). The climate of the early Holocene (11.2–7.5 cal kyr BP) was affected by both the ISM and EASM, resulting in more complex local climatic features. The Holocene Megathermal period observed from 7.5 to 3.5 cal kyr BP, is consistent with the timing detected in other records of Southwest China.
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Introduction

Southwest China is one of the most susceptible areas to climate changes owing to its diverse geomorphology that is adjacent to the Qinghai-Tibetan Plateau (QTP) and influenced by the East Asia summer monsoon (EASM) and the Indian summer monsoon (ISM) (Zhang, 1988; Zheng and Li, 1990; Zhang et al., 2015b; Liu, 2016). The climate of Southwest China, being superimposed by a series of abrupt warming/cooling events at a millennial to centennial timescale, has undergone long-term warming since the Last Glacial Maximum (LGM) (Alley and Clark, 1999; Shakun and Carlson, 2010). Many studies have focused on exploring the duration and mechanisms of warm and cold changes since LGM (Clark et al., 2009; Denton et al., 2010). However, the mechanism of abrupt climate changes in Southwest China since the LGM remains poorly explored due to the low number of geological archives. For instance, it is still debated whether Heinrich 1 (H1), Bøllinge-Allerød (B/A), and Younger Dryas (YD) events have been adequately detected in the paleoclimatic records in Southwest China (Shen and Xiao, 2018). Thus, more archives that cover the LGM from Southwest China are desired for a better understanding of the long-term hydroclimatic changes and driving mechanisms in this region.

Sichuan Basin in Southwest China, located on the southwestern margin of the QTP and adjacent to the Yunnan-Guizhou Plateau, has a population of over 100 million and was the cradle of many ancient Chinese civilizations such as the Sanxingdui culture and the Baodun culture (Huo, 2022). However, most of the paleoclimate reconstructions in Southwest China are concentrated in the Yunnan-Guizhou Plateau. While the majority of these researches were based on lake sediments (Cook et al., 2012; Wang et al., 2014; Xiao et al., 2014a; Wu et al., 2015; Zhang et al., 2015a; Zhang et al., 2017, 2018) and cave stalagmites (Dykoski et al., 2005), studies on peat core records are still minimum (Zhu et al., 2010; Gong et al., 2019; Liu et al., 2022). Besides, most of these researches only cover the last deglaciation or Holocene period, and studies on the LGM are relatively scarce (Devry, 1993; Hong et al., 2014; Peng et al., 2021). The relationship between monsoon evolution and paleoclimatic variability since the LGM in this area is still unclear both temporally and spatially.

Organic matter in peat is mainly derived from the continuous and stable stratigraphic accumulation of local plant residues. Since the vegetation combination varies in response to climate variability, it is thus expected that the development of peatland and its succession processes have recorded changes in the surrounding environment, regional climate, and dominant vegetation (Blackford, 2000; Chambers and Charman, 2004; Xu et al., 2006; Zhao et al., 2011, 2016; Chambers et al., 2012; Zhou et al., 2002). Alpine peat and lake sediment records in the southwest Sichuan Basin have shown several abrupt changes that may associate with the climate changes in the high northern latitudes (Hong et al., 2014; Peng et al., 2021). However, the locations of these records are a bit far away from the Sichuan Basin and are often affected by the local climate of Hengduan Mountain. To investigate the complexity of the climate in the Sichuan Basin since the LGM, more archives that are adjacent to or within the Sichuan basin are needed. Here we present a study of the stable carbon isotope composition of organics (δ13Corg), total nitrogen (TN), total organic carbon (TOC), and element geochemistry of a 26,200 years old peat archive from Dawa Mountain, which is located at the west margin of Sichuan Basin. The objectives of this study are (1) to investigate the environmental evolution of peatland near the Sichuan Basin since the LGM, (2) to reconstruct the LGM hydroclimate of the Sichuan Basin, and (3) to explore the links between abrupt environmental/climate changes and historical civilizations in Southwest China.



Materials and methods


Coring and sampling

Dawa Mountain, located in the southern part of Sichuan Province, China, is situated in the transition zone between the southwest margin of the Sichuan Basin and the Yunnan-Guizhou Plateau. The landform of this region is dominated by scattered karst landforms, such as karst basins and corrosion lakes. The Dawa Mountain region has gentle topographical relief and is not significantly affected by runoff erosion (Luo, 2003; Wang and Chen, 2014). The Ganchi wetland (29°23′ 69The Gan°1′ 54The Ganchi wet1,805 m) was formed due to this topography and its high precipitation. The peat strata in Ganchi of Dawa Mountain was formed by the paludification of karst wetland, with no riverine input from its surrounding (Figure 1).
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FIGURE 1
Locations of the research area and the related research sites. (A) Map of the research area indicating the location of the peat site (black triangle) at the intersection between the Sichuan Basin, Yunnan-Guizhou Plateau, and QTP. The red circles indicate the location of related research sites cited in this study: (1) Core SK218 in the Indian Ocean (Govil and Divakar Naidu, 2011); (2) core NC08/01 in Nam Co Lake on the QTP (Zhu et al., 2015); (3) core LG08 in Lugu Lake, Yunnan Province (Zhang et al., 2018); (4) core TCYL1 in Tiancai Lake, Yunnan Province (Xiao et al., 2014b); (5) core TCK1 in Qinghai Lake, Tengchong County, Yunnan Province (Xiao et al., 2015); (6) core XY08A in Xingyun Lake, Yunnan Province (Wu et al., 2015); (7) core from Yilong Lake, Yunnan Province (Li et al., 2018); (8) Baoan peat core in Sichuan Province (Hong et al., 2018); (9) peat borehole NT03 in Caohai, Guizhou Province (Gong et al., 2019); and (10) stalagmites in Dongge Cave, Guizhou Province (Dykoski et al., 2005). (B) Aerial photo of the Ganchi wetland with the location of the GC core shown as a solid white circle; and (C) a physical picture shows the geomorphic environment around the sampling site.


A 530-cm-long peat core (GC) was collected from the middle of Ganchi wetland using a Russian peat corer. The 50-cm long peat cores were packaged into PVC tubes and transported to the laboratory. These peat cores were sliced into 1-cm intervals, resulting in a total of 530 samples. The strata were divided into five layers based on the sedimentary characteristics: (1) 0–10 cm: dark- brown peat topsoil with abundant grass roots; (2) 10–230 cm: dark-brown peat containing a large number of undecomposed plant roots; (3) 230–380 cm: dark-gray peat with a small number of plant roots; (4) 380–505 cm: gray-black peat mixed with clay; (5) 505–530 cm: Light gray clay mixed with sand and gravel (the bottom of this layer was close to the bedrock).



Methods


Dating

Both plant fragments and pollen residues were extracted from the peat samples for radiocarbon dating. A total of 14 samples were selected from different depths of the GC core for AMS14C dating based on the stratum lithology. Eleven and three samples were tested at the Xi’an Accelerator Mass Spectrometry Center, Institute of Earth Environment, Chinese Academy of Sciences, and Beta analytic Inc., respectively. The age data was then calibrated to calendar ages using Calib7.0.4 (Reimer et al., 2013). The winbacon2.2 R package (Blaauw and Christen, 2011) based on the Bayes formula was used to establish an accurate and complete age-depth model for the GC core and to calculate the deposition rate (Figure 2).
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FIGURE 2
Stratigraphy and age-depth model of the GC core.




Elemental geochemistry

After being transported to the lab, the GC core was first tested using the non-destructive X-ray fluorescence (XRF) core scanning technic, which is a widely used in stratigraphic comparison and paleoclimate research across different depositional environments (Haug et al., 2001; Kido et al., 2006; Cuven et al., 2010; Cheng et al., 2011; Hennekam and de Lange, 2012; Liang et al., 2012; Peros et al., 2017). Major element compositions in the GC core were measured by an Avaa-tech system in the Key Laboratory of Surficial Geochemistry, Ministry of Education, Nanjing University. During the analysis, scanning voltages of 10 KV and 30 KV were selected at a resolution of 1 cm, and the samples were scanned for 10 s to obtain the counts of Ti, K, Si, Al, Fe, Mn, Sr, Zr, Ca, S, and Cl. The elemental concentration results were considered semi-quantitative due to the influence of core water content, grain size, cracks, and surface flatness on the X-ray (Weltje and Tjallingii, 2008).



Total organic carbon, total nitrogen, and δ13Corg analysis

A total of 265 samples were selected at 2-cm intervals for the TOC, TN, and δ13Corg analysis. The pretreatment and measuring were conducted in the Key Laboratory of Surficial Geochemistry, Ministry of Education, Nanjing University. The selected samples were firstly oven-dried, and then grounded and sieved using an 80-mesh sieve. The samples were then treated with 10% HCl for 24 h to remove carbonates. Subsequently, the samples were washed with distilled water to achieve neutrality and dried at low temperature. For TOC and TN measurements, 50 mg of the pre-treated samples were weighed and then tightly wrapped in tin foil and then loaded into the VarioMacro-CHNS elemental analyzer. Phenylalanine was used as the standard sample, and a national standard (GBW04408) was analyzed after 5 samples for quality control of the instrument. The instrument had an analytical accuracy of 0.5%. The ratio of TOC to TN (C/N) was calculated based on the contents of TOC and TN. δ13Corg was determined using a Picarro laser spectrum carbon isotope analyzer (G2131-i). The carbon isotope results are expressed as the per mil (‰) deviation from Vienna Pee Dee Belemnite (VPDB), with a precision of less than 0.3%.





Results


Chronology and sedimentation rate

The AMS14C data of the GC core are shown in Table 1, and the age-depth model and sedimentation rate are shown in Figure 2. The sedimentation rate of the GC core varied greatly at different depths. The average sedimentation rate of the whole core was 27 cm/kyr. The maximum deposition rate (average of 48 cm/kyr) occurred at 107–226 cm depth, and the minimum deposition rate (average of 8.9 cm/kyr) occurred at 282–365 cm depth. Overall, the sedimentation rate varied significantly during the Holocene, but showed little variability from the LGM to the Holocene.


TABLE 1    AMS14C dating results of the GC core.
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Scanning X-ray fluorescence results

As shown in Figure 3, the variation trends in Al, Ti, and Fe concentrations were similar, while the trends of Si and Mn showed low variability. The changes in these elements and the Al/Si ratio can be divided into three stages. The first stage is the LGM (26.2–18.2 cal kyr BP, 530–372 cm), which can be divided into two sub-stages: Stage I-1 (26.2–25.2 cal kyr BP, 530–505 cm) and Stage I-2 (25.2–18.2 cal kyr BP, 505–372 cm). In Stage I-1, all indexes fluctuated sharply, and in stage I-2, Al, Ti, Mn, and Cl are relatively stable, while other elements and ratios fluctuated slightly. In stage II (18.2–11.2 cal kyr BP, 372–310 cm), Si and Mn remained stable, the strength of other elements was significantly enhanced, and the Si/Al value gradually increased. In stage III (since 11.2 cal kyr BP, 310–0 cm), the element strength remained relatively stable, but showed great fluctuations at time nodes such as 9.0 kyr BP and 6.0 kyr BP. The Si/Al ratio reaches the maximum value of the profile at this stage.
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FIGURE 3
Scanning intensity and chromaticity curves of elements from the GC core.


The correlations between the analyzed elements are shown in Table 2. The correlations between Zr, Sr, Si, Fe, K, Ti, Mn, and Al were generally high, and the correlation coefficients of Zr, Sr, Si, Fe, K, and Ti are above 0.6. While S, Cl, and Ca showed low correlation with other elements, Cl was the only element that negatively correlated with the other elements. The factor analysis results identified three principal components controlling the deposition of chemical elements, with a cumulative contribution rate of 83.5% to the total variance (Figure 4). Factor 1 contributed 57.0% to the total variance and was therefore the main influencing factor in the GC core. Factor 2 and Factor 3 contributed 17.4 and 9.1% to the total variance, respectively. S and Fe had a high common factor load in Factor 2, while Ca and Cl had a high common factor load in Factor 3.


TABLE 2    Correlation coefficients between elements in the GC core.
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FIGURE 4
Factor analysis component loads of elements in the GC core.




Total organic carbon, total nitrogen, and δ13Corg

The GC record can be divided into the same three stages as Figure 3 based on the various characteristics of TOC, TN, C/N, and δ13Corg (Figure 5). In Stage I-1 (26.2–25.2 cal kyr BP, 530–505 cm), the indicators fluctuated sharply, with average TN and TOC values being 0.3 and 4.2%, respectively. The average values of C/N and δ13Corg were 22.7 and –18.6‰, respectively, which were the maximum values in the core. At Stage I-2 (25.2–18.2 cal kyr BP, 505–372 cm), TN was relatively stable, with an average value of 1.1%. TOC and C/N values showed an increasing trend but remained relatively low, with average values of 15.1% and 13.8, respectively. In addition, δ13Corg showed an increasing trend throughout the entire stage, with an average value of –23.4‰.
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FIGURE 5
δ13Corg, TN, TOC, and C/N curves in the GC core.


Stage II represents the last deglaciation (18.2–11.2 cal kyr BP, 372–310 cm), during which the TN, TOC, and C/N values showed an overall increasing trend with average values of 1.3%, 28.7%, and 21.1, respectively. The δ13Corg values were generally more negative with an average value of –27‰.

Stage III was the Holocene (since 11.2 cal kyr BP, 310–0 cm), during which the average values of TN, TOC, and C/N were 2%, 47%, and 23.7, respectively; the δ13Corg values were more negative, with an average value of –28.4‰.




Discussion


Sediment and organic matter sources

Lake and wetland sediments have two dominant sources: (1) Exogenous components via erosion in the basin, and (2) endogenous precipitation produced by chemical and biological processes in the lake (Hakanson and Jansson, 2002; Shen, 2013). The correlation between elements is controlled by their geochemical behavior in the supergene environment. The source of substances can therefore be distinguished by the correlation between different elements, where a high correlation indicates similar occurrence conditions and sources of elements (Loring and Asmund, 1996; Ma et al., 2014). Factor analysis can also determine the source and contribution of geochemical elements in the sediments (Lawrence and Upchurch, 1982; Yang and Li, 1999; Zhang et al., 2015c). The loading values of, Al, Mn, Si, K, Ti, and Zr in Factor 1 in the GC core were relatively high, which is consistent with the results of the correlation analysis (Figure 4). These elements are rock-forming elements that are mostly transported and deposited in lakes by runoff in the form of terrigenous debris (Cheng et al., 2011; Wu et al., 2011). Therefore, exogenous detritus was likely the main source of the GC core sediments.

TOC generally indicates the level of organic matter in wetland sediments. Moreover, TOC can indicate the productivity of wetlands and their preservation ability in sediments (Meyers and Lallier-Vergès, 1999). TOC sources can be divided into exogenous terrestrial plants and endogenous aquatic plants, which can be roughly determined by the C/N ratio. C/N ratio that is smaller than 10 suggests that organic matter was mainly derived from algae and planktonic organisms and submerged and emergent plants in lakes (Meyers, 1997; Meyers and Lallier-Vergès, 1999); A C/N ratio greater than 20 suggests that the main organic matter source was terrestrial higher plants (Meyers, 1994; Talbot and Laerdal, 2000; Lamb et al., 2006; Morrill et al., 2006; Díaz et al., 2017). Our record higher than 20 for most samples shows that terrestrial higher plants are the dominant source of TOC in the Ganchi wetland.

Different plants exhibit different δ13Corg values. For example, C3 plants exhibit a δ13Corg value between –32 and –20‰, with the highest frequency being –27‰; meanwhile, C4 plants exhibit a δ13Corg value between –15 and –9‰, with the highest frequency being –13‰ (O’Leary, 1981, 1988; Zhou et al., 2016). The δ13Corg values of submerged plants range from –20 to –12‰, with an average of –15%, which is close to the average δ13Corg value of C4 plants (–14‰). Finally, the δ13Corg values of emergent plants are between –30 and –24‰ (Lei et al., 2014). The δ13Corg value in sediments is therefore sensitive to the changes in organic matter sources and vegetation.

The δ13Corg value during the LGM Stage 1–1 (26.2–25.2 cal kyr BP) was relatively higher values (average value of –18.6‰, Figure 6), inferring the dominance of submerged plants. The δ13Corg values of the other stages were relatively more negative (average value of –28.1‰), which is consistent with the sediment isotope values in Caohai (Gong et al., 2019) and Lugu Lake (Zhang et al., 2018). The vegetation features in these areas are dominated by C3 plants, which suggests that the vegetation in Ganchi expands to C3 plants after 25.2 cal kyr BP. The average C/N of the GC core was > 10, especially after ∼13.7 cal kyr BP (∼23.6), which suggests that terrestrial plants were the dominant source of sedimentary organic matter. This also indicates the transition from a lake to a swamp environment in Ganchi after 13.7 cal kyr BP.
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FIGURE 6
Comparison of paleoenvironmental indicators since the LGM in the GC core.


The above findings are in good agreement with the results of the major element concentrations. After ∼13.7 cal kyr BP, the intensity of Ti, Zr, and other elements related to exogenous output in Factor 1 gradually decreased (Figure 3). Due to the difference in the redox conditions between Fe and Mn, the Fe/Mn ratio can be used to evaluate the redox conditions of sediments. A higher Fe/Mn value indicates an unfavorable redox environment for oxidation, reflecting a deeper water environment. In contrast, a lower value indicates oxidation environments of shallower water levels (Wersin et al., 1991; Meng et al., 2018). We observed a high Fe/Mn ratio before 13.7 cal kyr BP (Figure 6), which then decreased sharply, reflecting a significant decline in the water level at approximately 13.7 cal kyr BP. Ti is a representative element of exogenous clastic sediments. The strength of the Ti element also began to decrease significantly during this stage (Figure 3), which may be ascribed to the decreased contribution of exogenous clastic sediments after the drying of the lake basin.

As Ganchi has a relatively closed topography without any notable river input, the presence of exogenous clastic sediments in the GC core was likely caused by the fluctuation of the lake water level, which transported exogenous clastic sediments to the coring site. After gradual paludification, the exogenous clastic sediments were likely transported to Ganchi by temporary sheet flow or surface runoff.



Response of total organic carbon and δ13Corg to paleoclimatic changes

In the monsoon climate region, climate changes significantly influence the formation and development of peat. Previous studies have shown that the monsoon and sunlight are important factors affecting the expansion of peatlands in the Hengduan Mountains (Liu et al., 2020), and the humid monsoon climate is also conducive to peatland expansion (Xing et al., 2015). TOC content in peatland sediments is closely related to the accumulation of organic matter, which can reflect the development of peatlands. The TOC records from the Dajiuhu peatland at a latitude similar to Ganchi indicated the close relationship between TOC and EASM strength, with higher TOC correlating with stronger EASM (Zhang, 2017). The TOC records of the Zoige and Hongyuan peatlands in the southeastern margin of the Tibetan Plateau also reflected the Holocene monsoonal changes (Zhou et al., 2002; Wang et al., 2010). The Ganchi sedimentary environment transitioned from a lake to a wetland at ∼13.7 cal kyr BP, resulting in the gradual development of peat, which is consistent with the initial peak timing (14.5–13.0 cal kyr BP) of peat development in the Hengduan Mountain area due to the Bølling-Allerød warm climate (Liu et al., 2022). The variation trend of TOC in the GC core during the last deglaciation is consistent with the variation trend of monsoon intensity, as reflected by sunlight and stalagmite oxygen isotope records from Dongge and Hulu cave (Wang et al., 2001; Figure 7C). Therefore, the TOC variation in this study can be used as an indicator of the strength of the monsoon and the resulting paleoclimatic changes.
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FIGURE 7
Comparison of the paleoenvironmental records in the GC core with that of other areas since the LGM. (a) Principal component1 (PC1) scores of the pollen in the GC core (orange curve, Deng et al., 2022), this curve can be used as temperature index, the higher the temperature, the smaller the value. TOC percentage content (green curve) of the GC core (this study); (b) δ13Corg records of the Baoan peat (Blue curve, Hong et al., 2018), (c) δ18O stalagmite record from Dongge Cave (red curve, Dykoski et al., 2005) and Hulu Cave (purple curve, Wang et al., 2001); (d) TOC percentage in sediment core NC08/01 from NamCo Lake, QTP (black curve, Zhu et al., 2015) and the PC1 scores of pollen in core TCK1 from Qinghai Lake, Tengchong (green curve, Xiao et al., 2015); (e) sea surface δ18O record from core SK218 in the Indian Ocean (blue curve, Govil and Divakar Naidu, 2011) and δ13Corg record in sediment core LG08 from Lugu Lake, Yunnan Province (black curve, Zhang et al., 2018); (f) 30° N summer insolation curve (red dotted line, Berger and Loutr, 1991) and δ18O record from the GISP2 ice core in Greenland (black curve, Stuiver and Grootes, 2000). The black dotted line indicates the first warming period after the LGM at different locations; the blue band indicates the H1 and YD cold events; and the pink band indicates the B/A warm period. The orange band indicates the Holocene Megathermal.


After 13.7 cal kyr BP, the TOC changes in the GC core were negatively correlated with Ti/Ca, Fe/Mn ratios and terrigenous clastic sediments, but positively correlated with a sedimentation rate (Figure 6). During the warm periods of 13.7–12.0 cal kyr BP and 7.5–3.5 cal kyr BP, the TOC and vegetation coverage increased, and the peat accumulation and deposition rates were more rapid (Liu et al., 2020). As the soil and water were effectively conserved, the amount of exogenous clastic sediments entering the dry pool via water inflow decreased. During the cold and dry periods of 12.0–11.2 cal kyr BP, 9.0 cal kyr BP, and 6.0 cal kyr BP, the vegetation coverage, TOC, peat accumulation rate, and deposition rate all decreased. During these cold and dry stages, the increase in detrital sediments in Ganchi may be related to the loss of soil and water and the increase of atmospheric dust deposition (Peng et al., 2021).

The δ13Corg values in wetland sediment core reflect both vegetation evolution and paleoclimatic changes. Moreover, the organic carbon isotope composition of plants reflects the type of photosynthesis, atmospheric CO2 concentrations (Francey and Farquhar, 1982; Meyers and Ishiwatari, 1993), and climatic conditions (Hong et al., 2010; Xue et al., 2014). Therefore, the environmental signal reflected by the δ13Corg value is complex. In this study, the δ13Corg value was generally more negative during the last deglaciation, which is consistent with the variations in TOC and oxygen isotopes derived from Dongge cave and Hulu cave stalagmites, and with the δ13Corg trend from Baoan peatland, which reflects the variation in the Asian monsoon (Figure 7). Therefore, the δ13Corg trend and TOC record in the GC core likely reflect monsoon intensity and the subsequent paleoclimate changes. The paleoenvironmental indicators in this study are consistent with the paleoclimate changes recorded by the GC core high-resolution pollen (Deng et al., 2022; Figure 7A).



Depositional environmental and vegetation evolution since the Last Glacial Maximum in Ganchi

According to the changes in the paleoenvironmental proxies, the evolution of the depositional environment since the LGM (recorded in the GC core) in Ganchi can be divided into three stages (Figure 6): (1) the LGM (26.2–18.2 cal kyr BP), (2) last deglaciation (18.2–11.2 cal kyr BP), and (3) Holocene (since 11.2 cal kyr BP).


Last Glacial Maximum (26.2–18.2 cal kyr BP)

Figure 6 shows that the LGM stage can be divided into two sub-stages. During 26.2–25.2 cal kyr BP, the mean values of TOC, C/N, and δ13Corg were 4.2%, 22.7, and –18.6‰. Organic matter accumulation in the study area was less, mainly in terrestrial higher plants and submerged plants. During 25.2–18.2 cal kyr BP, the TOC value increased, the δ13Corg value reached –23.4‰, and the C/N value was between 10 and 20, which reflected the change of vegetation type in the study area., The contribution of C3 plants gradually increased and become dominant from this stage, but there were also some aquatic plants. The high Fe/Mn ratios indicate a wetland environment. The concentration of Ti, Zr, and other elements indicate the small fluctuation of exogenous clastic sediments, which infers a relatively stable sedimentary environment, with a low and less variable deposition rate.



Last deglaciation (18.2–11.2 cal kyr BP)

In this stage, δ13Corg values showed a more negative trend (mean –27.0u), and TOC and C/N values exhibited increased fluctuations. Particularly from 13.7 cal kyr BP, the average C/N value was greater than 20, TOC increased significantly, and the intensities of Ti and Zr decreased significantly (Figures 3, 6). This indicates that since 13.7 cal kyr BP, the exogenous clastic sediments in the study area decreased significantly; Terrestrial higher vegetation represented by C3 plants further increased, and various algae, phytoplankton, submerged macrophytes, and emergent macrophytes gradually decreased. The Fe/Mn ratio gradually decreased from 13.7 cal kyr BP, indicating a decreasing water level in Ganchi and the transition of the sedimentary environment from wetland to peatland. This is consistent with previous research results on the timing of peat development in the southern Hengduan Mountains, which mostly occurred before the Holocene (Liu et al., 2020).



Holocene (since 11.2 cal kyr BP)

During the Holocene, the intensities of Si, Fe, K, and Ti were relatively low, indicating the lower transport of exogenous clastic sediments to the study area. TOC and C/N increased to maximum levels, and the δ13Corg (mean –28.4 ‰) was more negative, which suggests that terrestrial C3 plants were the dominant organic matter sources and that the Ganchi wetland had completely evolved into peatland.




Paleoclimate evolution and driving mechanisms since the Last Glacial Maximum in the southern margin of the Sichuan Basin


First warming period after the Last Glacial Maximum

Studies (Wang et al., 2014; Xiao et al., 2014a; Jin et al., 2015; Zhu et al., 2015; Li et al., 2018) have shown that the LGM climate in Southwest China was generally cold and dry, and the first period of warming after the LGM occurred between 19 and 17 kyr BP (Cook et al., 2012; Wu et al., 2015; Zhang et al., 2018). Similar paleoclimatic changes were recorded in the GC core. During the LGM, due to the cold and dry climate, the organic matter accumulation is less, the TOC was relatively low, and δ13Corg was relatively higher values. Since 18.2 cal kyr BP, the TOC increased significantly, and δ13Corg showed an obvious more negative trend, indicating a warming climate. Therefore, the timing of the first warming period after the LGM in Ganchi (the southern margin of the Sichuan Basin) was 18.2 cal kyr BP, which is consistent with the timing of the first warming period in Southwest China. However, the timing of the first warming in Southwest China notably differed from that recorded in the Northern Hemisphere high latitudes (Johnsen et al., 1992) and the EASM region (Wang et al., 2001), but was similar to that recorded in the Indian Ocean region (Govil and Divakar Naidu, 2011; Figure 7E). This suggests that the first warming in Southwest China was not controlled by the changes in the high-latitude ice sheets of the Northern Hemisphere but was likely related to the strengthening of the ISM caused by increasing solar radiation in 30°N since 21 kyr BP (Figure 7F), which further affected Southwest China (Shen and Xiao, 2018).



Climate changes during the last deglaciation

The climate was generally warm in the study area during the last deglaciation (18.2–10.9 cal kyr BP), which was superimposed by several abrupt climate change events.

The most notable climate fluctuation occurred during 13.7–12.0 cal kyr BP and 12.0–11.2 cal kyr BP (Figure 6). The study area belongs to the carbonatite area. The K, Ca and other soluble elements in the carbonatite are easily leached and migrated, resulting in a relative loss of content, while the Ti element is relatively stable. Therefore, the K/Ti ratio can reflect the chemical weathering intensity of the study area, thus indicating climate change (Qu and Huang, 2019). During 13.7–12.0 cal kyr BP, the TOC increased significantly and the K/Ti ratio decreased, reflecting the warm climate and strong chemical weathering during this period, which likely indicates the Bølling-Allerød warm period in this region.

During the period of 16.5–13.7 cal kyr BP and 12–11.2 cal kyr BP, TOC and δ13Corg were decreased and biased, especially during the period of 12–11.2 cal kyr BP. The K/Ti ratio also increased significantly during 12–11.2 cal kyr BP. The changes in the above indicators reflect that there were relatively obvious climate cooling events in these two periods, which may correspond to H1 and YD events, respectively. Al/Si ratio can be used as an indicator of sediment particle size. In general, with higher Al/Si ratio indicating finer grain size (Bloemsma et al., 2012; Babek et al., 2015). In the above two periods, the Al/Si ratio showed obvious low values, which may mean that the cold and dry climate in these two periods, due to the low vegetation cover, flowing water erosion brought more coarse-grained sediments. These millennial-scale fluctuations are consistent with the δ18O records of the GISP2 ice core in Greenland (Stuiver and Grootes, 2000; Figure 7F), the SK218/1 core in the Bay of Bengal (Govil and Divakar Naidu, 2011; Figure 7E), and the Hulu cave stalagmite in eastern China (Wang et al., 2001; Figure 7C). The significant weakening of the ISM during the H1 and YD periods was also recorded in other lake sediments (Wang et al., 2014; Xiao et al., 2014b; Zhang et al., 2015a) and stalagmites (Dykoski et al., 2005) in Southwest China.

The climate change recorded in the GC core is similar to that observed in the records of Southwest China, except for the precise start and end time of the climate intervals and the degree of change. These differences may be related to the sensitivity of the different regions to climate change as well as the possible uncertainties in chronology (Shen and Xiao, 2018). In addition, due to the topography of the QTP, the climate of different regions in the southwest may be more complex and diverse. For example, the peat records of Caohai, south of the QTP, indicate that the region was sensitive to the B/A warm period but not to the H1 and YD cold events (Gong et al., 2019), which may be more affected by the ISM. However, the signals for H1, YD, and B/A recorded by the pollen of Xingyun Lake, located in the east of the Qinghai Tibet Plateau were relatively weak, which may be more affected by the ISM and EASM (Shen and Xiao, 2018). Therefore, the southwest of the Sichuan Basin may be more affected by the EASM, especially when the ISM is relatively weak.

The gradual temperature rises during the last deglaciation may have been predominantly affected by the gradual increase in low-latitude summer solar radiation since ∼21 kyr BP (Figure 7E), which in turn led to the strengthening of the ISM (Shen and Xiao, 2018). The millennial-scale cooling events (H1 and YD) may have been related to the weakening of the monsoon in response to the weakening of the Atlantic Meridional Overturning Circulation (AMOC), which would have changed the sea surface temperature (Broecker, 2003; Mohtadi et al., 2014, 2016; An et al., 2015). The monsoon began to increase significantly during the B/A, and the emergence of the B/A warm period may be related to the significant increase in radiative forcing produced by greenhouse gases dominated by CO2 during this period (Clark et al., 2012; Hong et al., 2014).



Holocene climate characteristics

The climate of the Holocene (since 11.2 cal kyr BP) was generally warm and humid, with intensified climate fluctuations. It can be seen from Figure 6 that TOC increases first and then decreases between 11.2 and 7.5 cal kyr BP, the δ13Corg value showed a gradually higher trend, and the Al/Si ratio fluctuated rapidly, especially reaching the minimum value of about 9.0 cal kyr BP. These changes reflect the climate generally cooled and showed significant fluctuations during the early Holocene (11.2–7.5 cal kyr BP); this is in contrast to the slow and early temperature increase in the Holocene that is reflected by the sporopollen records of Qinghai and Lugu Lake, Yunnan (Xiao et al., 2015; Shen and Xiao, 2018), and to the rapid rise in temperature in the Holocene reflected by the sporopollen records of Wuxu Lake, which is closer to the EASM area (Zhang et al., 2016). Several paleoenvironmental records (Chen et al., 2015; Jia et al., 2015; Zhang, 2017; Kang et al., 2020) in the EASM area indicate a generally warm and humid climate of the early Holocene, which is likely related to the relatively strong EASM during this period. The difference in early Holocene climate characteristics in Southwest China may be related to the relatively strong EASM and the fact that some areas were simultaneously affected by both the EASM and ISM. Therefore, climate change during this period shows regional and complex characteristics.

The Holocene Megathermal is from 7.5 to 3.5 cal kyr BP in the GC records. During this period, the climate was the warmest and wettest, but the climate fluctuation intensified. The environmental indicators in Figure 6 have obvious responses to climate change in this period. Especially at ∼6.0 cal kyr BP, TOC, δ13Corg, Al/Si, and K/Ti ratio showed the most obvious fluctuations since the Holocene, suggesting that this was the most serious climate fluctuation event during the Holocene Megathermal, which is consistent with the results of the Baoan peat records (Hong et al., 2018; Figure 7B) in the adjacent area. The climate cooling in the Middle Holocene is also believed to be closely related to the origin and development of civilization in the Chengdu Plain area in the western Sichuan Basin. Under this climate background, some ancient people from the upper reaches of the Minjiang River migrated to the Chengdu Plain and gave birth to Baodun culture (Huang et al., 2019). The peat records in the east of the QTP also indicate that the 6.0 cal kyr BP climate cooling event is more significant than the 8.2 ka event, which is likely related to the sudden weakening of the EASM around 6.2 kyr BP (Yu et al., 2006). The paleoclimate records of the GC core suggest that the Holocene Megathermal mainly occurred during the mid-Holocene (Figure 7), which is consistent with the timing observed in other records of the surrounding ISM areas (Xiao et al., 2015; Zhang et al., 2018; Figures 7C,E). The Holocene Megathermal timing in our record also lagged that of most EASM areas, which appeared to have started in the early Holocene (Dykoski et al., 2005; Chen et al., 2015; Figure 7B). The Holocene evolution of the EASM and ISM was mainly controlled by the changes in the equatorial Intertropical Convergence Zone (ITCZ), which gradually migrated southward under the control of summer solar insolation in the Northern Hemisphere (Dong et al., 2006). Since the Holocene, the summer solar insolation in the Northern Hemisphere has continually decreased. However, the Holocene Megathermal in Southwest China lags behind the peak solar radiation, which may be related to the continuous melting of glaciers after the solar radiation peak, resulting in a rise in the sea level (Griffiths et al., 2009) and sea surface temperatures (Overpeck et al., 1996). In addition, the research (Yan, 2022) shows that the enhancement of glacier ablation caused by the temperature rise in the middle Holocene exceeded the increase of glacier accumulation caused by the increase of precipitation, which led to the significant retreat of glaciers in Asia’s alpine regions during this period. Therefore, during the Holocene Megathermal, the western Sichuan Basin became wetter due to the melting of glaciers on the QTP.

The research area experienced a cooling period in the late Holocene after 3.5 cal kyr BP. TOC and δ13Corg in the GC core recorded a strong cooling event at ∼1.0 cal kyr BP, which was also recorded in the Baoan peatland and Qinghai Lake (Figure 7). However, the GC core did not significantly respond to the 4.2 cal kyr BP cooling event, which is the most detected late-Holocene cooling event globally.





Conclusion

The sedimentary environment and hydroclimate evolution of the southern margin of the Sichuan Basin since the LGM were reconstructed from the Ganchi wetland core based on concentrations in major and trace elements, TOC, and δ13Corg. During LGM(26.2–18.2 cal kyr BP), the climate is cold and dry, and the study area was a wetland sedimentary environment. Except for some aquatic plants, C3 vegetation began to dominate from this stage. Since the last deglaciation (18.2–10.9 cal kyr BP), the sedimentary environment of Ganchi transitioned from wetland to peatland, and the C3 vegetation further increased, while the aquatic plants decreased. Peat started to develop in Ganchi at ∼13.7 cal kyr BP, which coincided with the first peak of peat development in the Hengduan Mountains. During the last deglaciation, the climate in the study area was generally warm but was affected by several abrupt climate events. Similarly, the climate of the Holocene (since 11.2 cal kyr BP) was generally warm and humid, with intensified climate fluctuations.

The hydroclimate in the southwest Sichuan Basin since the LGM showed similar regional evolution characteristics to that observed in Southwest China from the LGM to the Holocene, but exhibited local and more complex climatic characteristics during the Holocene. The climate of the LGM was cold and dry, and the first warming period after the LGM occurred at 18.2 cal kyr BP, which was consistent with the timing of the first warming period in other records of Southwest China. The climate warmed during the last deglaciation, and the abrupt cooling during H1, B/A, and YD was detected in the GC core. Affected by the topography of the QTP, The climate change pattern during the last deglaciation in the southwestern margin of the Sichuan Basin is mainly affected by the EASM and less affected by the ISM. During the Holocene, the climate was generally warm and humid, but the climate fluctuation intensified. The early Holocene climate may have been affected by both the ISM and the EASM, resulting in more complex local climate characteristics. The timing of the Holocene Megathermal (7.5–3.5 cal kyr BP) in our record was consistent with its timing in other records of the ISM region. The climatic cooling event during this period was closely related to the beginning of Baodun Culture in the Chengdu Plain. The research area then entered a cold period during the late Holocene.
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