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Lithium ore deposits are divided into pegmatite and brine deposits. The Puna Plateau and the Qinghai–Tibetan Plateau (QTP) are home to the most abundant brine lithium deposits worldwide. Very few studies have investigated the chronology of brine lithium deposits. This paper reports the Optically Stimulated Luminescence (OSL) dating measurements for typical brine lithium deposits at QTP, including East Taijnar Salt Lake, West Taijnar Salt Lake, and Yiliping Salt Lake in the central Qaidam Basin. Combining the results of OSL dating with previous studies and mineral composition obtained by X-ray diffraction analysis (XRD), this study summarizes the age and characteristics of the climatic environment during the formation of brine lithium deposits in the Qaidam Basin. The main results are: 1) Brine lithium deposits in the Qaidam Basin began to form since 40 ka. Brine lithium deposits in South America formed during the middle Pleistocene and late Pleistocene, and are older than the deposits in the Qaidam Basin. The lithium deposits of Tibet formed around 4 ka, are the youngest. 2) The climate in East Taijnar Salt Lake and West Taijnar Salt Lake was extremely cold and dry during 27–4.6 ka, with a relatively humid climatic condition at ∼10 ka. After 4.6 ka, the environment was comparatively more humid around both lakes. Yiliping Salt Lake had a dry climate since 38.09 ka, and the climate in the Three Lakes area is mainly controlled by the westerlies in the Holocene; and 3) East Taijnar Salt Lake, West Taijnar Salt Lake and Yiliping Salt Lake were located in the same secondary basin during the late Pleistocene. However, tectonic activity around 40 ka led to the evolution of Yiliping Salt Lake into an independent basin. East Taijnar Salt Lake and West Taijnar Salt Lake separated around 27 ka, and then deposited the lower salt layers until the Holocene. The substantial amount of detrital minerals that the Nalinggele River brought during the Holocene led to a brief desalination of East Taijnar Salt Lake. The upper salt layer was deposited in East Taijnar Salt Lake and West Taijnar Salt Lake during this period due to the extremely dry climate.
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INTRODUCTION
Lithium, a scarce strategic resource, is widely used in ceramics and glass industries, batteries, lubricating greases, air treatment, and primary aluminum production. Global lithium deposits are estimated at over 17 Mt (million tons) (Yang et al., 2019). There are three main types of lithium deposits: 1) brine deposits in lacustrine evaporite deposits. The most abundant lithium brine deposits are found in South America (Salar de Uyuni and Salar de Atacama) and China (West Taijnar Salt Lake, East Taijnar Salt Lake, and Yiliping Salt Lake); 2) pegmatite deposits in the vein of pegmatite. For example, the Greenbushes lithium deposit in Australia; and 3) sedimentary rock deposits in Cainozoic clay, such as Jadar lithium deposits in Serbia and La Ventana lithium deposits in Mexico (Wang et al., 2015; Zhang et al., 2020). Brines containing lithium account for 66% of the world’s lithium resources (Gruber et al., 2011), primarily in the central Andes and China, with smaller deposits in the western United States and northern Africa (Kesler et al., 2012).
Several existing studies have conducted Quaternary geochronological studies on the Salar de Atacama and the Salar de Uyuni, the two largest brine-producing deposits. However, most studies focus on alluvial fans, deserts, or ice cores nearby these two Salars (Abbott et al., 1997; Klein et al., 1999; Rodbell et al., 1999; Thompson et al., 1999; Baker et al., 2001a; Pfeiffer et al., 2018; Diederich et al., 2020; Walk et al., 2020). Limited research has concentrated on Quaternary geochronology in the Salar de Atacama and the Salar de Uyuni (Baker et al., 2001b; Bobst et al., 2001; Fornari et al., 2001). Additionally, the above-mentioned studies mainly investigated the paleoclimate and evolution of the Salar de Atacama and the Salar de Uyuni. However, the age of formation of lithium deposits remains unconfirmed. The age of brine lithium deposits can help a deeper and broader understanding of the mechanism of mineralization.
Other lithium-rich lacustrine evaporites and brines are found on the Qinghai–Tibet plateau, most of which are distributed in the Qaidam Basin. The Qaidam Basin, at an elevation of 2,800 m a.s.l, is the largest basin on the northeastern Tibetan plateau, covering an area of 2.4 × 105 km2. Thanks to the “higher mountain and lower basin” circumstances and hyper-arid climate (Yuan et al., 1983; An et al., 2012; Yu et al., 2013), the basin has developed a vast area of dry playa capped with salt crust, leading to the deposition of abundant brine resources (Zhang, 1987). Previous research suggests the preservation of a mega–paleolake in the Qaidam Basin before the late Pleistocene (Zhang, 1987; Zhu et al., 1989). Several recent studies (Yu and Lai, 2012; Lai et al., 2014; Yu and Lai 2014) have confirmed the fragmentation of the mega-paleolake to the western (East Tijinaier Salt Lake, West Taijnar Salt Lake, and Yiliping Salt Lake) and eastern parts (Qarhan Salt Lake) (Zhang, 1987; Owen et al., 2006; Zhang et al., 2007) as a result of tectonic evolution and climate change.
Most previous Quaternary chronological studies in the Qaidam Basin primarily used U-series disequilibrium dating methods and radiocarbon dating (14C) (Figure 1 and Supplementary Table S1). Chronological data of salt lakes in the Qaidam Basin over the past 250 ka and 10 ka are shown in Figure 1 (Shen et al., 1993; Liang and Huang, 1995; Huang and Han, 2007; Fan et al., 2010; Sun et al., 2010; Ma et al., 2011; Fan et al., 2013; Liang and Han, 2013; Han et al., 2014; Chen et al., 2017; Zeng and Xiang, 2017; Wang et al., 2019; Wang, 2020; Zhang and Liu, 2020). On the one hand, previous chronological works have focused especially on the east Qaidam Basin, while the central and western Qaidam Basins are still insufficiently studied. On the other hand, most previous chronological analyses mainly used 14C dating and 230Th dating. Chronological studies generally use different types of methods to verify each other, thereby infer the geological evolution accurately. There are 24 OSL ages for the salt lakes in the Qaidam Basin, in which there are only 6 ages for the central Qaidam Basin. The limited ages data has hiatus the understanding of the formation and evolution of salt lakes at the Qaidam Basin. In this study, we excavated three sections in the center of the Qaidam Basin. The sections were suitable for OSL dating due to the thick deposition of detrital minerals, including quartz. Our study demonstrates the applicability of OSL dating in salt lakes and complements data on the age of salt lakes in the central Qaidam Basin, providing key information on the origin and evolution of lakes.
[image: Figure 1]FIGURE 1 |  Summary of published chronological data of the salt lakes in the Qaidam Basin over the past 250 ka (A) and 10 ka (B). The records are mainly from the east (E), center (C), and west (W) of the Qaidam Basin. For more detailed information, see Supplementary Table S1 in the supplementary material.
The lithium content in brines in the Qaidam basin is concentrated and has the highest values in West Taijnar Salt Lake, East Taijnar Salt Lake and Yiliping Salt Lake, collectively called “The Three Lakes”. Studies on the origin and formation of brine lithium deposits in the Qaidam Basin are scarce. Three different hypotheses can be drawn from previous research. The first hypothesis suggests a multi-source lithium contribution to the resource with two possibilities: 1) the residual brines formed during the most recent Pliocene in the saline lakes located in the western Qaidam Basin and substantially contributed to the lithium deposits; and 2) the residual brine interacted with Li-rich waters from deep underground connate brines, facilitating lithium enrichment in the salt lakes since the late Pleistocene (Zhang, 1987). The second hypothesis emphasizes the important contribution of lithium from two ancient lakes, Nalinggele Lake and Kunlun Lake. These lakes possibly existed as large intermontane lakes in the Kunlun Mountains until 30 kaBP. The former was in the Nalinggele River valley, while the latter was south of Nalinggele Lake, receiving hot spring water rich in Li, B, and K (Zhu et al., 1989). The tectonic activity induced drainage of these two ancient saline lakes and several others in the eastern Kunlun Mountains in the Qaidam Basin probably led to evaporite deposition, eventually becoming the source of Li, B, and K. The third view from Yu et al. (2013) reported that the hydrothermal fields where the two active faults converged in the upper reach of the Hongshui River are a source of lithium in the Qaidam Basin. Overall, regardless of the source of lithium, it was enriched simultaneously with the evaporite formation, which implies that both were of identical age.
There are few other Quaternary chronological studies for the Three Lakes area. Zhang et al. (2001) indicated that the salt was formed in East Taijnar Salt Lake during one of the driest periods of the Holocene. However, the sampling sites were not in the center of East Taijnar Salt Lake, which led to limitations in the evolution of the lake proposed in the study. Chen et al. (2017) discussed salt deposits and their relationship to the Quaternary glacial period and tectonic movement in Yiliping Salt Lake. However, the time scale was more than a million years, which is not suitable for researching the evolution and age of lithium in the lake since the late Pleistocene. Wang et al. (2019) dated two cores in West Taijnar Salt Lake using OSL and radiocarbon dating (AMS 14C). The condition experiments of OSL dating were conducted, and the feasibility of two methods was also discussed. However, the dating results are not enough to conclude the lake evolution. Zeng and Xiang (2017) studied the chronology of West Taijnar Salt Lake using OSL and AMS 14C. However, the analyzed part was located in the northeastern West Taijnar Salt Lake, near the Bayanwuer anticline, which might have perturbed the stratum sequence. Therefore, the dating results from this study are also not suitable for an accurate illustration of the lake evolution. Chang et al. (2017) dated the terraces of the Nalinggele River, where is the provenance of the Three Lakes. In general, very few studies have analyzed the Three Lakes, especially during the formation of the lithium deposits since the Holocene. The Three Lakes could provide significant insights into the formation and evolution of the central Qaidam Basin due to their location. This study aims to combine the dating results (OSL dating method), mineral compositions (using XRD), and previous studies to conclude the age of lithium deposits and geomorphic processes in the central Qaidam Basin.
GEOLOGICAL AND GEOGRAPHIC SETTING
The Qaidam Basin is the largest closed basin on the northeastern Tibetan Plateau. This hyperarid inland basin, with an area of 2.4 × 105 km2, is surrounded by the Altun-Qilian Shan Mountains (Mts) in the north, the Ela Shan Mts in the east, and the Kunlun Shan Mts in the south. In the basin, mean annual temperatures range from 0 to 5°C and mean annual precipitation (MAP) ranges from 100 mm in the east to less than 20 mm in the west. The potential mean annual evaporation is over 20 times higher than the MAP. Gravel desert, playa and salt crust, saline lakes and salt marshes and various yardang landforms are widespread in the basin, forming a striking desert landscape (Figure 2).
[image: Figure 2]FIGURE 2 | Location of study sites in the western Qaidam Basin (DT, XTW, and YLP sections).
East Taijinar Salt lake, West Taijinair Salt lake and Yiliping Salt Lake lie in sub-depressions of low-lying land along the middle of the central Qaidam Basin in hyperarid conditions with precipitation limited to 15–35 mm/y and potential evaporation to precipitation ratio greater than 100:1. The Three Lakes in the Qaidam Basin, which is fed by the Nalinggele River, are significantly enriched with lithium and boron that are key resources for the regional economy (Zhang, 1987; Zhu et al., 1989; Yu et al., 2013). Before the late Pleistocene, the Three Lakes and the Qrahan salt lake were consolidated freshwater shallow lakes. Neotectonics led to the separation of the Three Lakes from Qarhan salt lake and the subsequent formation of the terminal lake at the end of the Nalinggele River. Quaternary sediments, extending several hundreds of kilometers, are the main deposits in the Three Lakes. The Taijnar tectonic belt and the Bayanwuer tectonic belt, including faults and anticlines, are located north of East Taijnar Salt Lake and West Taijnar Salt Lake. Few tectonic zones surround Yiliping Salt Lake, while some minor faults are in the south (Figure 3).
[image: Figure 3]FIGURE 3 | Map of major tectonic and sedimentologic features. Legend: 1. Lakes and rivers; 2. Neogene; 3. Palaeogene; 4. Early Pleistocene-Middle Pleistocene; 5. Epipleistocene–Holocene; 6. Reverse fault; 7. Normal fault; 8. Trike-slip fault; 9. Fault observed by remote sensing; 10. Anticline; and 11. Syncline. Study sites are marked with red dots.
SAMPLE COLLECTION
Fieldwork was conducted in 2017, and three sections were explored, including DT (in East Taijnar Salt Lake), XTW (in West Taijnar Salt Lake), and YLP (in Yiliping Salt Lake). The East Taijnar Salt Lake section, named the DT section (37°27’47.11” N, 93°57’09.71” E; 2,686 m a.s.l.), lies in the central part of the lake (Figure 1). The section was excavated to a depth of 13.4 m (Figure 2). The lithology of the DT section from top to bottom is as follows: salt crust from 0 to 0.2 m, with one XRD sample in this layer (0.1 m) and 45 other XRD samples taken for X-ray diffraction analysis (XRD) from 0.3 to 13.4 m, at a distance of 0.3 m; clay-silt from 0.2 to 8.4 m, with 16 optical dating samples collected at intervals of 0.5 m from 0.45 to 7.95 m (Figure 4A); clay-silt with white halite from 8.4 to 8.7 m; and white halite from 8.7 to 13.4 m.
[image: Figure 4]FIGURE 4 | Stratigraphy, OSL sample site, and dating results for the Three Lakes: (A) Section DT in East Taijnar Salt Lake; (B) Section XTW in West Taijnar Salt Lake; (C) Section XT2-1 in West Taijnar Salt Lake (Wang et al., 2019); and (D) Section YLP in Yiliping Salt Lake.
The XTW section (37°43’54.98” N, 93°20’33.10” E; 2,686 m a.s.l.) lies west of West Taijnar Salt Lake. The section was excavated to a depth of 1.7 m. The XTW section is divided into 5 strata, which are: salt crust from 0 to 0.1 m; clay from 0.1 to 0.3 m; silt from 0.3 to 0.7 m, one sample was taken at 0.5 m and another at 0.6 m for OSL dating; white halite with silt from 0.7 to 1.6 m; and silt with halite from 1.6 to 1.7 m. Another sample for dating was taken at 1.65 m (Figure 4B).
West of Yiliping Salt Lake, a 2.7 m long section was discovered and named the YLP section (37°58’3.83” N, 93°13’7.80” E; 2,685 m a.s.l.). The YLP section lies in the western Yiliping Salt Lake. It consists, from top to bottom, of a salt crust layer, halite with silt layer, halite layer, halite with silt layer, and halite layer. We obtained a dating sample at 2.5 m (Figure 4D).
All OSL samples were collected by driving iron tubes (diameter 5 cm, length 25 cm) in newly cleaned vertical sections. The tubes were covered with a black cloth and sealed in black plastic bags, then wrapped with tape to avoid exposure to light. Each XRD sample, weighing about 50 g, was taken in clean bags.
MATERIALS AND METHODS
Optically Stimulated Luminescence Dating
Sample preparation and OSL measurements were performed in the Luminescence Dating Laboratory of the Qinghai Institute of Salt Lakes, Chinese Academy of Sciences. First, two sides of each luminescence dating sample tube were removed to measure the concentration of the radioactive element and the water content. The unexposed middle part of the tube was used to extract minerals to determine the equivalent dose (De). All samples were treated with 10% HCl and 30% H2O2 to remove carbonates and organic matter. Thereafter, the samples were passed through a wet sieve to obtain a grain fraction of 38–63 μm. Polymineral grains of 4–11 μm were separated according to the Stokes’ Law settling. Then, the quartz fraction of 38–63 μm was treated with 35% hydrofluorosilicic acid (H2SiF6) for about two weeks, while the quartz fraction of 4–11 μm was treated with 35% H2SiF6 for 3–5 days. Both fractions were then treated with 10% HCl to remove any fiuorides. The purity of the extracted quartz was checked by IR stimulation. In case of obvious IR signals, quartz grains were retreated with H2SiF6 to avoid underestimation of age (Duller, 2003; Lai and Brückner, 2008). Samples of pure quartz were then mounted on stainless steel disks (diameter ∼0.97 cm), using silicone oil, with an area of about 0.7 cm in diameter.
The OSL signal was measured using an automated Risø TL/OSL-DA-20 reader. The reader was equipped with blue diodes (λ = 470 ± 20 nm) and IR laser diodes (λ = 830 nm). Laboratory irradiation was performed using 90Sr/Y90 sources mounted in the reader, with a dose rate of 0.089 Gy/s. Luminescence, stimulated by blue LEDs at 130°C for 40 s, was detected using a photomultiplier tube with an OSL signal passing through 7.5 mm thick U-340 filters. Equivalent De was measured using a single-aliquot regenerative-dose (SAR) (Murray and Wintle, 2000) and the standardized growth curve (SGC) method (Roberts and Duller, 2004; Lai, 2006). The sample was preheated to 260°C for 10 s and cut-heat to 220°C for 10 s. The signals of the first 0.64 s stimulation are integrated to build a growth curve after background subtraction (last 8 s).
The concentration of U and Th in all samples was measured by ICP-MS, while the K content was measured by ICP-OES. For grains of 38–63 μm, the alpha efficiency value was taken as 0.035 ± 0.003 (Lai et al., 2008). For grains of 4–11 μm, the alpha efficiency value was assumed to be 0.04 (Ree-Jones, 1995). The calcuation of the cosmic dose rate is based on Prescott and Hutton (1994). The water content (%) was determined by the ratio of the weight of water in the sediment to the weight of dry sediments. A 5% error was added to the water content when calculating the dose rate for each sample.
X-ray Diffraction Analysis
Mineral compositions of 45 samples, grounded into powder (<75 μm) using ball mill, were analyzed using a Panalytical X-pert Pro diffractometer at the Qinghai Institute of Salt Lakes, Chinese Academy of Sciences. The relative volume percentage of minerals was calculated using the formula from Chung (1974) based on the diffraction intensity of the sample.
RESULTS AND DISCUSSION
The results of the OSL dating with their Equivalent dose (De) values are given in Table 1 and Figure 4. The obtained ages are generally in line with their geomorphic sequences (Figure 4). The OSL decay curves and the regenerative-dose growth curves fitted by a single saturation exponential plus linear function are presented in Figure 5. Mineral composition of section DT is summarized in Figure 6. Quartz, alite, muscovite, and chlorite were identified as detrital minerals in the DT section. The average content of these detrital minerals was approximately 49.71%. The average carbonate content was 9%, and consisted mainly of calcite and dolomite, while aragonite occurred in limited horizons. The evaporite salt minerals in section DT were mainly halite and gypsum, with a small amount of sylvine (10–13.4 m). Detrital minerals, carbonates and gypsum were generally abundant between 0.4 and 9.1 m. For comparison, halite appeared mainly at 9.4–13.4 m and its content exceeded 70% (Figure 6 and Supplementary Table S2).
TABLE 1 | | Results of the OSL dating of sections DT, XTW and YLP in the Three Lakes. The OSL age of the DT10 sample could not be analyzed due to quartz deficiency.
[image: Table 1][image: Figure 5]FIGURE 5 | Mineral composition and dating results in the Section DT in East Taijnar Salt Lake.
[image: Figure 6]FIGURE 6 | OSL regenerative-dose growth curves (A) and decay curves (B) for samples DT14.
Salt Crust Formation in Central Western Qaidam
The salt crust of the DT section, located in East Taijnar Salt Lake, was 0.2 m thick. The result of OSL dating of DT01 (0.45 m at the DT section) revealed that the age of the salt crust in East Taijnar Salt Lake is about 0.35 ka (Figure 4A). The thickness of the salt crust in West Taijnar Salt Lake was recorded as 0.1 m in the section XTW. Dating samples (XTW01A and XTW01B) collected at a depth of 0.5 m were dated to about 0.7 ± 0.1 ka and 0.5 ± 0.1 ka, respectively (Figure 4B). These ages indicate that the salt crust in West Taijnar Salt Lake developed after 0.67 ka. The dating results of several sections analyzed by Wang et al. (2019) showed that the age of the salt crust in West Taijnar Salt Lake is younger than at least 0.4 ka, and the age of the crust is even younger than 0.3 ka in some sections. Combining these observations with our results, it can be concluded that the salt crust in West Taijnar Salt Lake developed for several years and is younger than hundreds of years. The results of Zeng and Xiang (2017) show that the age of the surface crust of West Taijnar Salt Lake is approximately 57.9 ka, which does not agree with the results of our study and with the results of Wang et al. (2019). This disagreement could be the result of the fact that the lake section analyzed by Zeng and Xiang (2017) was not in West Taijnar Salt Lake, but in the north of West Taijnar Salt Lake, near the Bayanwuer anticline (Figure 3). The YLP section, which lies at Yiliping Salt Lake, has developed a 0.2 m thick salt crust. A limited number of quartz grains resulted in a lack of dating samples, which prevented the assessment of the age of the salt crust. However, the age of the salt crust in Yiliping Salt Lake was obtained by analysis of Huang and Han (2007). This study analyzed the age of borehole 82CK1 in the center of Yiliping Salt Lake by radiocarbon dating and reported the age of the surface salt crust younger than 2.10 ± 0.25 ka.
The salt crust in Chahansilatu playa was explored by Han et al. (2014). Their work shows that the depth of the salt crust in Chahansilatu is about 2.0 m. The age of the three samples with depths of 0.5, 1.0, and 1.9 m was reported as 77.8 ± 4.0 ka, 78.9 ± 4.8 ka and 92.9 ± 5.1 ka, respectively, which confirms the formation of the salt crust in Chahansilatu at 90 ka. The salt crust is 0.21 m thick in Dalangtan salt lake. Ma et al. (2011) analyzed section D26 in Dalangtan salt lake. Their results showed that the salt crust in Dalangtan salt lake is 0.21 m thick. From the sample's age at a depth of 0.47 m it can be concluded that the salt crust in Dalangtan salt lake developed by 118 ka at most. The thickness of the salt crust in Kunteyi salt lake was recorded as 0.1 m, while the age is between 14.1 ka and 24.4 ka (Huang and Han, 2007). Previous studies definitely reveal the variability of salt crust thickness in the Qaidam Basin. The salt crust thickness is less than 0.2 m in the Three Lakes, which is thinner than the salt crust in the western Qaidam Basin, such as Chahansilatu and Dalangtan salt lake. In addition, the salt crust in Chahansilatu, Dalangtan, and Kunteyi salt lakes formed earlier than the salt crust in the Three Lakes.
Age of Lithium Deposits Formation
The brine lithium deposits are distributed in the Three Lakes in the Qaidam Basin. The formation of lithium from evaporites indicates that the age of formation of the lithium deposits is the same as the age of salt formation. Stratigraphy of boreholes from south to north and from east to west in East Taijnar Salt Lake shows that lithium deposits can be classified into two types: 1) phreatic brine lithium deposits in the upper halite layer, and 2) confined brine lithium deposits in the lower halite layer.
Furthermore, Figure 7 reveals that the deposition center of the lake is close to the CK264 core, which is also the deposition center of the confined brine lithium deposits. The DT section is close to CK264, which implies that the dating results from the DT section can reflect the age of formation of the confined brine lithium deposits. The confined lithium brine deposits are found in the lower halite layer below 8.4 m in the DT section. The dating results of the clayey sand located above the lower halite layer reveal that the confined brine lithium deposits formed before 4.6 ka (Figure 4A). Liang and Han (2013) indicated that the age of the Upper Pleistocene sediments is 27 ka. Therefore, we infer that the age of the confined brine lithium deposits is between 27 and 4.6 ka. Since the depositional center of the phreatic lithium deposits is in the northwestern East Taijnar Salt Lake (Figure 7A), we can only conclude that it was formed after 4.6 ka at the most. According to the similarity of the evolution of West Taijnar Salt Lake and East Taijnar Salt Lake from the Late Pleistocene (Zhu et al., 1989), the age of formation of the brine lithium deposits of the two lakes is the same. Lithium deposits in Yiliping Salt Lake are found in surface halite above 2.3 m (Figure 4D). Wang (2020) revealed that the upper halite layer began to deposit at 40 ka, which is in line with our conclusions. This not only confirms the accuracy of our dating results, but also suggests that the lithium deposits formed after 40 ka.
[image: Figure 7]FIGURE 7 | Stratigraphy and distribution of lithium deposits in East Taijnar Salt Lake: (A) from south to north, and (B) from west to east.
The most classic and abundant lithium brine deposits are distributed in South America and the Qaidam Basin, so we compare their age of lithium deposits. Previous chronological studies in South America can help us estimate the age of lithium deposits formation. The current lithium production comes from the Salar de Atacama in Chile, with an area of about 3,000 km2. The lithium-bearing brine fills the upper part of the salt layer at a depth of about 35 m (Garrett, 2004). From a chronological study of a 100 m long salt core in the central part of the Salar de Atacama (Bobst et al., 2001), it is assumed that the age of formation of lithium deposits in halite above 35 m is about 60.7 ka (Figure 8A). Another well-known brine lithium deposit in South America is located in the Salar de Uyuni. The Salar de Uyuni contained 11 lacustrine layers (L1-L11) and 12 salt layers (S1-S12) (Figure 8B). Ericksen et al. (1978) indicated that lithium deposit is located in the halite layer at depths of 0–10 m. Lithium levels at depths below 10 m have not been analyzed, which limited the analysis to salt layers above 10 m. Fornari et al. (2001) showed that the salt layers above 10 m formed since 16.1 ka (Figure 8B). In contrast, Baker et al. (2001b) indicated the age of the salt layer above 10 m is 18.92 ka BP, implying that the age of formation of lithium is at least 18.92 ka. Lithium deposits below a depth of 10 m may be older than 18.92 ka.
[image: Figure 8]FIGURE 8 | Stratigraphy, sample site, and dating results for salt lakes in South America: (A) core in the Salar de Atacama, the dating results being analyzed by the radiocarbon dating method Bobst et al. (2001); and (B) core in the Salar de Uyuni, for which the U-series disequilibrium dating method is used. The blue squares represent the salt layers and the white squares represent the lacustrine layers Fornari et al. (2001).
Zabuye Lake is located in the southwestern region of the Tibetan Plateau, which is another region with the brine lithium deposits in the surface lakes. Liu and Zheng (1999) hypothesized that Zhabuye Lake became a salt lake at 8.9 ka. Therefore, strong evaporation around 4 ka led to the deposition of brine lithium.
In summary, the brine lithium deposits in South America formed during the Middle Pleistocene. In contrast, the lithium deposits in the Qaidam Basin are younger as they formed between the Late Pleistocene and Holocene. The youngest lithium deposits in Tibet are 4 ka old.
Formation of Salt Deposits and Climate Change
There are two periods of salt formation in the Qaidam basin: 1) the first period is in the Late Tertiary Pliocene, and 2) the second period is in the Late Quaternary Pleistocene (Zhang, 1987). The Three Lakes evolved into salt lakes in the second salt-forming period (Zhu et al., 1989).
A previous investigation by the Qaidam Integrated Geological Exploration Institute of Qinghai Province reported two periods of salt formation in East Taijnar Salt Lake, during which two thick layers of halite were deposited due to dry climate. The climate briefly changed to relatively humid during the first period of salt formation, leading to the deposition of a thin layer of clay in the middle of the lower halite layer (Figure 7). Liang and Han (2013) reported that the age of the Upper Pleistocene clay below the lower halite layer is 27 ka, indicating that the lower halite layer formed after 27 ka in East Taijnar Salt Lake. Hence, the dry climate facilitated the deposition of halite since 27 ka. The halite layer below 8.4 m in the DT section represents the top of the lower halite layer. Abundant halite deposition below 8.4 m shows that this was a period of salt formation in East Taijnar Salt Lake. Analysis of OSL dating shows that this period of salt formation lasted from 27 to 4.6 ka, during which East Taijnar Salt Lake witnessed intensely dry conditions that led to significant deposition of halite and gypsum (Figure 4A and Figure 6). Liang and Han (2013) and Zhang et al. (2001) pointed out that the salt deposits in East Taijnar Salt Lake formed about ten thousand years ago. Since the samples of this study were from the east of East Taijnar Salt Lake, it can be concluded that the age obtained by the study was from a layer of clay in the middle of the lower halite.
The assimilation of the above discussions shows the prevalence of extremely dry climate during 27–4.6 ka, which is the period of salt formation in East Taijnar Salt Lake. However, the climate briefly changed around 10 ka. An increase in relative humidity around 10 ka led to the deposition of a thin layer of clay due to increased runoff. As lithology shows, a clast layer with an average detrital mineral content of 85.1% is deposited in the DT section since 4.6 ka. This layer was deposited by the Nalinggele River. It shows that the climate was relatively humid since 4.6 ka, and the hydrodynamic conditions in the Nalingele River became stronger, which led to the transport of abundant clastic minerals. Yang (2015) reported frequent catastrophic palaeofloods by the Nalinggele River during 4.7–3.5 ka, confirming our conclusion. Although the climate became relatively humid since 4.6 ka, dry conditions still existed, which is also shown by the existence of halite (average content 6.9%) and gypsum (average content 6.7%). The progress of salt formation did not stop since 4.6 ka. From 0.3 ka, the runoff volume of the Nalinggele River decreased and East Taijnar Salt Lake evolved into a landscape as it is today.
The XTW section in West Taijnar Salt Lake is 1.7 m thick. We extracted quartz from the bottom of the section for dating (Figure 4B). Dating results and frequent cases of halite deposition show that the climate was dry during 1.64–0.67 ka. Section XT2-1 in West Taijnar Salt Lake is dated using OSL and radiocarbon dating (AMS 14C) (Wang et al., 2019). As the results of their study show, West Taijnar Salt Lake deposited a large quantity of halite during 8.33–0.25 ka (Figure 4C), which is similar to the deposition in East Taijnar Salt Lake. However, West Taijnar Salt Lake has fewer clast minerals. East Taijnar Salt Lake receives a larger inflow from the Nalinggele River than West Taijnar Salt Lake, reducing the transport of clast to the latter. The depth of the section YLP in Yilingping Lake is approximately 2.7 m. Data on dating and large halite deposition show that Yiliping Salt Lake is dry since 38.09 ka.
To summarize, the period of salt formation in East Taijnar Salt Lake and West Taijnar Salt Lake began 27 ka ago. During this period, the climate was extremely dry. At the beginning of the period (27–4.6 ka), cold and dry climatic conditions were maintained. The humid climate occurred around 10 ka. In the later stages of the salt formation period (after 4.6 ka ago), the climate was relatively humid, but remained dry. The salt-forming age of Yiliping Salt Lake is 38.09 ka, which testifies to a dry climate since 38.09 ka.
Comparison With Climate in Arid Central Asia and Monsoon Asia
The Qaidam Basin lies close to the border between the Asian Summer Monsoon (ASM) and the mid-latitude westerlies (Chen et al., 2008). Sediments from the Three Lakes in the transition zone between arid Central Asia and monsoon Asia provide insight into the controlling influence of the summer monsoon and the westerlies on the climate in the central Qaidam Basin.
Figure 9 shows the synthesized Holocene effective-moisture evolution in arid central Asia (ACA) and monsoon Asia. ACA as a whole experienced synchronous and coherent changes in moisture during the Holocene, namely the dry early Holocene, the wetter (less dry) early to mid-Holocene, and the moderately wet late Holocene (Chen et al., 2008). As discussed in Comparison With Climate in Arid Central Asia and Monsoon Asia Section the dry climate in the early Holocene and relatively humid climate in the late Holocene in the Three Lakes area is similar to the effective moisture history in ACA. The effective-moisture history in monsoonal Asia is out-of-phase with that of the ACA, as shown in Figure 9. Thus, we can conclude that the Three Lakes area is mainly controlled by the westerlies in the Holocene.
[image: Figure 9]FIGURE 9 | The synthesized Holocene effective-moisture evolution in arid Central Asia (ACA) and monsoon Asia (Chen et al., 2008).
Geomorphic Processes since the Late Pleistocene
In the early Late Pleistocene, the Three Lakes were located in the same secondary basin, as evidenced by the consistency of the bottom sediments of the late Pleistocene and the continuity of the stratigraphic distribution (Rong, 2002). Due to the uplift of the Bayanwuer anticline and the Taijnar anticline, as well as other anticlines after that, Yiliping Salt Lake changed into an independent basin and deposited the upper salt layer since the middle-late Pleistocene. This separation explains the differences in depositions between Yiliping Salt Lake, West Taijnar Salt Lake and East Taijnar Salt Lake since the late Pleistocene. Wang (2020) indicated the age of formation of the upper halite at 40 ka. Combining this with our dating results from the YLP section, we conclude that the upper halite began to form at 40 ka. Yiliping Salt Lake evolved into an independent basin at 40 ka. In contrast, East Taijnar Salt Lake and Wset Taijnar Salt Lake were a unitive basin fed by the Nalinggele River. Unitive deposition of East Taijnar Salt Lake and West Taijnar Salt Lake was halted by tectonic activity between the late Pleistocene and Holocene, leading to the division of the unitive basin into two lakes in the Holocene (Zhang, 1987; Zhu et al., 1989). The top layer of the late Pleistocene sediments is exposed to the east of East Taijnar Salt Lake (Figure 7B). This means that the central and thickest part of the late Pleistocene deposits is between East Taijnar Salt Lake and West Taijnar Salt Lake, which shows that these two lakes were not divided before the late Pleistocene. Liang and Han (2013) reported that the age of the top layer of the late Pleistocene sediments is 27 ka. Therefore, East Taijnar Salt Lake and West Taijnar Salt Lake partitioned at 27 ka, and the lower layer of salt was deposited until the Holocene. The climate in the Holocene evolved from dry to relatively humid, facilitating the transport and deposition of clastic sediments in East Taijnar Salt Lake and West Taijnar Salt Lake (Figure 4). Since 4 ka, East Taijnar Salt Lake and West Taijnar Salt Lake deposited the upper salt layer due to dry climate.
CONCLUSION
By combining the results of OSL dating of sections in the Three Lakes with previous studies related to other salt lakes, we conclude that salt crusts in the Qaidam basin have different thicknesses. The thickness of the salt crust in the Three Lakes is less than 0.2 m, which is thinner than the salt crust in the western Qaidam basins, such as Chahansilatu and Dalangtan salt lake. The salt crust in the salt lakes Chahansilatu, Dalangtan and Kunteyi was formed earlier than the salt crust of the Three Lakes.
The confined lithium deposits in East Taijnar Salt Lake were formed before 27–4.6 ka. In comparison, the age of the phreatic lithium deposits in East Taijnar Salt Lake is at most 4.6 ka. Given that the evolutionary processes of West Taijnar Salt Lake and East Taijnar Salt Lake were identical, it could be assumed that the age of the lithium deposits in the former could be 27 ka. The age of the lithium deposit in Yiliping Salt Lake is 40 ka. The brine lithium deposits in South America are older than the corresponding deposits in the Qaidam Basina and probably formed between the middle Pleistocene and late Pleistocene. The youngest lithium deposits in Tibet formed around 4 ka.
According to the OSL dating and the mineral composition analysis of the Three Lakes, the period of salt formation in East Taijnar Salt Lake and West Taijnar Salt Lake began 27 ka ago. The climate was extremely dry during this period. The climatic conditions in the beginning (27–4 ka) could be characterized as cold and dry. A brief, relatively humid event occurred around 10 ka. During the later stages in the period of salt formation (after 4 ka ago), the conditions were relatively humid in the two lakes. However, the climate was predominantly dry as suggested by the crystallization of halite and gypsum. The salt-forming age of Yiliping Salt Lake is 38.09 ka, which has had a dry climate since 38.09 ka. A comparison of the climate with the synthesized Holocene effective-moisture evolution in arid Central Asia and monsoon Asia shows that the Three Lakes area is mainly controlled by the westerlies in the Holocene.
East Taijnar Salt Lake, West Taijnar Salt Lake, and Yiliping Salt Lake were situated in the same secondary basin during the late Pleistocene. By 40 ka, Yiliping Salt Lake evolved into an independent basin due to tectonic activity. The unitive deposition of East Taijnar Salt Lake and West Taijnar Salt Lake was completed gradually from the later period of the late Pleistocene. These two lakes partitioned completely at 27 ka, and then they deposited the lower layers of salt until the Holocene. The Nalinggele River brought abundant detrital minerals during the Holocene, especially in East Taijnar Salt Lake, which led to a brief desalination of the lake. The upper salt layer was deposited in East Taijnar Salt Lake and West Taijnar Salt Lake due to the extremely dry climate during the Holocene.
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253 + 0.04
273+ 0.04
2.49 + 0.04
3.08 + 0.04
2.08 + 0.04
3.16 + 0.04
263 +0.04
292 +0.04
283 +0.04
1.92+0.04
2.00 + 0.04
1.69 + 0.04
2.41+0.04
172+ 0.04

Th (ppm)

10.61 + 0.70
11.96 + 0.70
11.26 + 0.70
9.07 + 0.60
10.87 + 0.70
11.36 + 0.70
10.37 + 0.70
10.56 + 0.70
12.21 +0.70
9.81 + 0.60
14.76 + 0.70
12.58 + 0.70
12.65 + 0.70
12.60 + 0.70
9.19 + 0.60
11.16 + 0.70
5.86 + 0.50
9.62 + 0.60
3.88 £ 0.40

U (ppm)

3.37 + 0.40
5.73 + 0.50
3.07 + 0.40
3.35 + 0.40
291 + 040
3.02 + 0.40
3.24 + 0.40
3.72 + 0.40
3.11 £ 0.40
5.26 + 0.50
3.31 £ 040
2.94 + 0.40
4.21 £ 040
5.18 + 0.50
217 + 0.40
4.06 + 0.40
3.98 + 0.40
9.28 + 0.60
4.03 £ 040

Water
content
(%)

16+5
12+ 5
15+5
1445
18+5
1645
17+5
1445
18+5
1345
17+5
15+5
9+5
19+5
14+5
12+5
1x5
18+5
415

Dose
rate
(Gy/ka)

3.49 +0.25
5.24 +0.38
443 +0.31
343+025
413 +0.29
3.98 +0.29
4.10 + 0.30
4.16 +0.30
4.40 +0.31
3.93 +0.30
4.71+033
3.92+0.29
511 +£0.37
461 +0.34
293+023
3.81+0.28
324 £024
5.02 +0.36
337 £025

De (Gy)

118+ 0.14
3.18 + 0.41
6.09 + 0.37
5.66 + 0.43
10.17 + 0.44
9.65 + 0.29
9.93 + 0.56
13.13 + 0.64
16.86 + 0.59
10.08 + 0.32
16.37 + 1.92
14.32 + 0.50
19.23 +1.21
19.18 + 1.21
13.35 + 0.41
145.01 + 5.68
218 £+ 0.15
229+ 0.15
552 +0.41

OSL age
(ka)

0.34 + 0.06
0.61 +0.09
1.37 £ 0.13
1.65+0.17
246+ 021
243+0.19
242+022
3.16+0.28
3.60 + 0.29
257 +0.21
3.47 + 0.48
3.66 + 0.30
3.77 £ 0.36
4.16 + 0.40
4.56 + 0.38
38.09 + 3.16
0.67 + 0.07
0.46 + 0.04
164 +£0.17
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