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Lake-Level Oscillation Based on Sediment Strata and Geochemical Proxies Since 11,000 Year From Tengger Nuur, Inner Mongolia, China
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A 794-cm section was collected from Tengger Nuur in the Inner Mongolian Plateau. Accelerator mass spectrometry 14C data were determined to set an age-depth model after removing about 1920 years of the carbon reservoir effect. Based on the multi-proxies grain size, carbonate-content, total organic carbon-content, ratio of C/N, ratios of Mg/Ca and Sr/Ca, and carbonate carbon and oxygen isotopes, paleoenvironmental changes since the last deglaciation were reconstructed. Tengger Nuur was very shallow during the last deglaciation under a cool and wet climate, especially during the interval of the cold Younger Dryas event. Although, temperature and humidity increased from the early Holocene (∼10,450–8750 cal a BP), low lake levels indicated that the summer monsoon was not sufficiently strong to reach the modern monsoon boundary in Inner Mongolia. High monsoon precipitation caused lake expansion during 8750–5000 cal a BP, but the lake level oscillated in a shallow state under high evaporation. A low lake-level event occurred with the interval of a cold-wet climate during 5450–5100 cal a BP. The summer monsoon receded gradually to maintain a deep lake under high effective humidity during 5000–2000 cal a BP, punctuated by low lake-level events at intervals of 4300–3980 cal a BP and 3700–2750 cal a BP. With the arrival of the cold and dry westerly after 2000 cal a BP, lakes shrank gradually to become salinized or completely desiccated, but their levels oscillated at shallow depths during the four periods of 1900–1800 cal a BP, 1500–1050 cal a BP, 550–400 cal a BP (Little Ice Age), and 100 cal a BP–AD 1985. Therefore, the eastern summer monsoon was weak in the early Holocene, and lake-level oscillation was controlled by effective humidity in arid and semi-arid areas.
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INTRODUCTION

The region of mid and eastern Mongolia, which lies at the boundary of the modern summer monsoon, is controlled by the winter, summer monsoon, and westerlies. The interplay between the eastern monsoon and westerlies has been significantly affecting the ecological environment of this region since the last deglaciation. Therefore, reconstructions of the paleoenvironmental change have high significance in understanding the evolution and mechanism of the eastern monsoon. The fragile ecological system at the monsoon boundary is sensitive to the monsoon, and thus a large number of lake-filling events triggered by the summer monsoon precipitation record the paleoenvironmental change. Such records based on lake and terrestrial sediments help in understanding the interplay between the climate and environment, and monsoon mechanisms since the last glaciation (Wang, 1992; Chen et al., 2003, 2010; Xiao et al., 2004), and the development of the ecological environment in arid and semi-arid regions in the future.

In the past several decades, several lakes at the modern eastern monsoon boundary of Inner Mongolia, i.e., Daihai Lake (Li et al., 1992; Xiao et al., 2004; Zheng et al., 2010; Zeng et al., 2013), Wulagai Lake (Yu et al., 2014), Baahar Nuur Lake (Guo et al., 2007), Dali Nor Lake (Wang et al., 2004), Haolaihure Paleolake (Liu et al., 2018), Diaojiao Lake (Song et al., 1996; Yang et al., 1997; Yang, 1998), Huangqihai (Li et al., 1992), Hulun Lake (Yang and Wang, 1996; Zhang and Wang, 2000; Wen et al., 2010), Dabusu Lake (Jie et al., 2001), and Angulinao (Zhai et al., 2000), had been used to reconstruct paleoenvironmental changes based on pollen and geochemical proxies. However, although the paleoenvironment records provided much information about environmental changes since last deglaciation, a few these studies did remove the carbon reservoir effect in the age-depth model established for lakes, for example, Xiao et al. (2004); Guo et al. (2007), Wen et al. (2010); Liu et al. (2018), and some of them did not calibrate the tree-ring calendar year. Nevertheless, they provided deep insight into the interplay eastern monsoon and westerlies in this region.

Tengger Nuur, which lies at the modern eastern Asian monsoon boundary in Inner Mongolia, is impacted both by the Asian summer and winter monsoons and westerlies (Figure 1). Studying lake-level fluctuations in Tengger Nuur would provide records of the Asian monsoon and its variability and linkage with the global climate change in the Holocene.
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FIGURE 1. Map of Asian monsoon region showing locations of paleoclimate records used in this study. ➀ Tengger Nuur, ➁ Daojiaohaizi, ➂ Dali Lake, ➃ Hulun Lake, ➄ Yanhaizi, ➅ Baahar Nuur, ➆ Daihai Lake, ➇ Bayanchagan Lake, ➈ Gun Nuur, ➉ Haolaihure, ⑪ Angulinao, ⑫ Huangqihai. Lines indicate modern extent of East Asian and Indian monsoons (dashed lines) and maximum area extent of monsoons during the Holocene (solid line), as mapped by Winkler and Wang (1993).




GEOLOGICAL SETTING, SAMPLING AND LITHOLOGICAL STRATIGRAPHY

Tengger Nuur, which means “sky lake” in Mongolian (Nuur means lake or swag) (110°38′–110°42′E, 42°24′–42°28′N, 1077.60 m asl), is located in northern Darhan Muminggan United Banner of Ulanqab League. Aeolian deposition is widely distributed around the lake shoreline. Tengger Nuur, a tectonic fault depression terminal lake, is 8.4 km long and 6.2 km wide, with a mean width of 3.4 km and an area of approximately 28.6 km2. The maximum catchment area has been reported to be about 53 km2 (Wang and Dou, 1998).

The lake area belongs to the middle temperate zone, which falls under a continental arid climate, and experiences a mean annual temperature of 3.4°C. The mean temperature in January is −15.9°C when the extreme minimum temperature can be as low as −41.0°C. In July, the mean temperature is 20.5°C, and the extreme maximum temperature could reach up to 36.6°C. The mean annual sunshine time reaches 2986 h, and the frost-free period is about 106 days. The annual precipitation ranges from 142.6 to 400.3 mm, which mean is about 236.6 mm, chiefly occurring between July and August. The evaporation is about 2360 mm. The lake depends on the supply of rainfall and surface runoff. Currently, seasonal Aibugai River is the only one flowing into the lake. The river is 154 km long, feeding the basin from Daqingshan in the south.

From 1979 onward, the water level of Tengger Nuur has been dropping gradually as the volume of runoff of Aibugai River decreased and wetlands shrunk to become almost completely desiccated in 1985, as historical records suggest. However, the lake began to rise again to reach the recorded highest level in 2018, and the water volume increased to 1 × 108 m3.

A sediment stratum of 794 cm length (TGN-05, 42°27′7.7″N, 110°42′3.6″E, 1052 m asl), including 398 cm digging section and 396 cm core drilled with a UWITEC piston corer “Niederreiter 60”, was obtained from Lake Tengger Nuur in 2005. The groundwater depth is about 398 cm. About 397 samples were collected at intervals of 2 cm. However, sediments in the interval of 346–374 cm were missed in the sampling.

The lithological strata of TGN-05 are as follows: a brown mud layer at 0–389 cm (in this paper, mud indicates sediment grain sizes less than 4 μm); a gray-black mud layer at 389–398 cm; a dark gray mud layer at 398–401 cm; a green-gray silt layer at 401–448 cm; a layer of well-sorted coarse sand with highly rounded fine gravel at 401–448 cm; a dark gray muddy silt layer at 469–521 cm; a blown gray coarse sandy mud layer at 521–540 cm; a layer of well-sorted and highly rounded bluish-gray coarse muddy sand at 540–602 cm; a bluish-gray mud layer 602–609 cm; a layer of highly rounded coarse sandy fine gravel at 609–620 cm; a muddy silt layer at 620–685 cm; a layer of alternating bluish-gray coarse sand and poorly sorted, highly rounded fine gravel at 685–757 cm; a brown silty mud layer at 757–794 cm.



AGE DATA AND AGE-DEPTH MODEL

A total of 11 samples of bulk organic matter were used for radiocarbon dating of TGN-05 in 14C radioactivity isotope labs, BETA in United States and Beijing University in China. However, the total organic carbon (TOC) contents of the last three samples, TGN-05-828 (828–830 cm), TGN-05-704 (704–706 cm), and TGN-05-792 (792–794 cm), were too low for analysis (Table 1).


TABLE 1. Radiocarbon dating results for section TGN-05 determined in the BETA 14C Lab (BETA) and Beijing University 14C Lab (BA).
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Recently, several studies found that the lake carbon reservoir effect (LCRE, also “dead carbon” or “old carbon” or “hard water” effect) can result in anomalously old 14C ages of lacustrine sediments. Therefore, LCRE correction should be applied before the construction of an age-to-depth model. Lake carbon reservoir effect has a great spatial and temporal change. For example, that is very small in the Qingtu Lake (Long et al., 2011). Five hundred and seventy year of the age of Lake Bayanchagan in Inner Mongolia could be attributed to LCRE (Jiang et al., 2006), 685 year in Hulun Lake (Wen et al., 2010), 2570 year in Haolaihure Paleolake (Liu et al., 2018), that of Baahar Nuur has been reported to be around 1935 year (Guo et al., 2007), the ca. 360 year can be considered to result from the hard water effect on the radiocarbon dating of Daihai Lake sediments as extrapolated linearly to the core depth of 0 m (Xiao et al., 2004). Chen et al. (2003) regarded that LCRE of Lake Yanhaizi in the Mu Us Desert to be about 879 year according to comprehensively analyzed 14C age of surface and lacustrine core sediments, and pollens. The hard water effect was estimated at 1000–2000 year for lakes in Inner Mongolia (Ren, 1998). Hou et al. (2012) discussed the spatial and temporal pattern of LCREs in Tibetan lakes, and found that they mostly range from 1000 to 3000 14C years.

Lake carbon reservoir effect is generally identified by the difference of macrophyte remains and TOC in bulk lake sediments. However, a large number of analysis results show that macrophyte remains in lacustrine sediments could also be affected by the hard water effect. For instance, Li et al. (2017) used surface macrophyte remains and determined the LCRE of Lake Koucha as 1812 ± 22 year. Therefore, the 14C dating value of organic matter from lacustrine surface sediments could be roughly recognized as the value of LCRE (Chen et al., 2003; Xiao et al., 2004; Jiang et al., 2006; Guo et al., 2007; Li et al., 2017). In addition, 210Pb-137Cs of lacustrine sediments could be occasionally used to calibrate the 14C ages of surface sediments (Zhang et al., 2004). Otherwise, when 14C ages of lacustrine horizons of sediments cannot be measured directly, LCRE data can be obtained through linear extrapolation to the top (Chen et al., 2003; Xiao et al., 2004).

According to the analysis values of the 14C ages of Tengger Nuur (Figure 2), there are measurable differences between the 14C ages of the upper stratum around 200 cm, which are 3050 ± 30 a BP (72–74 cm) and 4520 ± 30 a BP (172–174 cm), and the lower stratum. Meanwhile, the mean grain size of the upper deposits remains at around 6 μm, and the carbonate content is stable at approximately 10% (Figure 2), indicating that the sedimentary environment and the sedimentary rate are relatively consistent. Consequently, the linearly extrapolated 14C age of surface sediments was 1920 a BP, which can also be considered as the LCRE of Tengger Nuur. The Daqingshan Mts, which serve as the water source to Tengger Nuur, also supply water to Diaojiao Lake as the main source. The 14C ages of Diaojiao Lake were estimated at 2380 ± 90 a BP (Song et al., 1996) and 2170 ± 70 a BP (Yang et al., 1997) from shallow lacustrine sediments at 3–5 cm. That of Hulun Lake was 685 ± 21 a BP from sediment at 0–1 cm (Wen et al., 2010).
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FIGURE 2. Lithologic section of TGN-05 and the depth-age model based on accelerator mass spectrometry 14C data.


To produce an age-depth model for TGN-05, we first subtracted the reservoir age of 1920 year from all the original 14C ages, assuming that it is constant throughout the stratum, and then performed calibrations on the reservoir-effect-free 14C dates. The conventional ages were converted to calibrated ages using the OxCal 4.2 and IntCal13 calibration curves (Reimer et al., 2013). An age-depth model was then created with the linear relation and sedimentation rate. The sedimentation rate between 400 and 460 cm was about 0.14 cm/a. Because the sediments consist of coarse sand and fine gravel below 550 cm, which is the same as the 400–460 cm interval, we assumed the sedimentation rate of 0.14 cm/a and extrapolated the 14C age-depth model below 550 cm (Figure 2). The sedimentation rate in the offshore lake of the Bojianghaizi Lake near the Tennger Nuur is about 1.62 and 0.92 mm/a to the center (Zhai et al., 2000).



MATERIALS AND METHODS

Paleoenvironmental proxies, TOC-content, C/N, carbonate-content, carbon and oxygen isotope, element, and grain size were analyzed for sediment samples from TGN-05.

Total organic carbon was determined using the anti-titration method, which uses concentrated sulfuric acid (H2SO4) and potassium dichromate (K2Cr2O7), with an error of less than ±0.5%. Both carbonate and TOC content were determined in the environmental lab of the School of Resources and Environmental Sciences, Lanzhou University. The content of carbon (C), nitrogen (N) in the organic matter were determined by a Vario EL III Elemental Analyzer (at the Chemistry Department of Lanzhou University) after the samples were treated with 1 N HCl.

A common method to analyze carbonate content in soils is the so-called “Scheibler method,” in which samples are treated with hydrochloric acid and the released CO2 is volumetrically determined, and the volume of CO2 is then converted into carbonate concentration (%) (Tatzber et al., 2007). Error is less than ±1%.

For carbonate stable isotopic analyses, all the organic matter were removed by roasting the finer portion (<200 μm) of the samples at about 300°C in a vacuum system before analysis. For carbon and oxygen isotopic composition analyses, 100% phosphoric acid at 90°C was added to the pre-treated samples, and then the acid-produced CO2 gas was purified and transferred into a Finnigan 253 mass spectrometer. The analyses were conducted at the Lanzhou Institute of Geology (Chinese Academy of Sciences) and the isotopic values are reported as the standard δ-per mil notation in V-PDB standard calibrated with NBS-19 (δ18O = −2.20‰, δ13C = + 1.95‰). The sample error is less than 0.3‰.

Metal elements of the bulk lake sediments were determined by the XRF method (PW2403 X, Netherlands) in the Key Laboratory of Western China’s Environmental System (Ministry of Education), Lanzhou University. Then the paleoclimatic indicator Sr/Ca and Mg/Ca ratios (Chivas et al., 1985, 1986; Zhang et al., 2013), a widely used proxy for lake temperature and salinity, were calculated to infer relative environmental change.

The grain sizes of bulk samples were measured using a Malvern Mastersizer 2000 laser granulometer, which was fitted to the limit of grain sizes lower than 2000 μm, and the traditional manual sieve method to determine the weight percentages of three parts, <63–900 μm, and 900–20,000 μm as the fixed hole sizes of sieves 63, 900, and 20,000 μm. After sieving off particles larger than 900 μm, the samples were used for laser granulometer analysis using the following method: (1) adding H2O2 to remove organic matter and soluble salts, (2) using diluted 1N HCl to remove carbonate, and (3) using Na-hexametaphosphate as the dispersing agent to disperse the aggregates. The final results include three part percent concentration, that is <4 μm standing for mud, 4–63 μm for silt, and 63–900 μm for sand, and each part was calibrated with the total weight.



RESULTS AND DISCUSSION


Proxies


Grain Size

The grain size of Tengger Nuur sediments (TGN-05) showed obvious changes since the last deglaciation from sand and fine gravel layers in the low part (400–794) (Figure 3) to fine silty mud layer (0–400 cm) in the upper part, punctuated by several coarse particle layers (Figure 4). Gravels are based on quartz grains with high roundness and poor sorting, reflecting off-nearshore shoreline shallow lake deposition.
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FIGURE 3. Gravels in the Tengger Nuur lake sediments at depth of 450–756 cm, removed particle parts less than 63 μm size.
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FIGURE 4. Grain size changes in TGN-05 sediments since the last deglaciation.


Generally, hydrodynamic force controls the distribution of the lake sediment particles. Under ideal condition, gravel and silt to clay size sediments deposit from the shoreline to the center of lake following hydrodynamic weakness. Xiao et al. (2013) and Fan et al. (2016) analyzed the grain size distribution of the modern sediments from Daihai Lake and Dali Lake, respectively, which site near the Tengger Nuur. The results showed that particles of sediments declined gradually from shoreline to the center of lake, and five distinct belts are nearshore suspension fine sand, saltation medium sand, offshore suspension fine silt, medium to coarse silt, and long term suspension clay. The percentage of the nearshore components displays a negative correlation with water depth across the modern lakebed. And, that of the nearshore component increases in the annual precipitation decreasing based on the field observation. Guo et al. (2016) analyzed the modern surface sediments from 68 lakes and reservoirs in the Inner Mongolia Autonomous Region, Gansu Province and Ningxia Hui Autonomous Region, they found that the sediments near lake center mainly contain clay (0.4–1.9 μm), clay-to-fine silt (2.0–12.0 μm) and medium-to-coarse silt (17–58 μm). The sediments in the transitional area (shallow lake) mainly include medium-to-coarse silt (17–58 μm) and fine sand (70–150 μm). The sediments near the shoreline mainly contain medium-to-coarse sands (170–500 μm). The grain sizes of sediments near the regions of river filling are more than 600 μm.

Numerous modern process researches testify that the lake-level decreases with coarse grain sediments increasing, and that deposits under the dry and cold condition. Chen et al. (2003) regarded that coarse sediments were deposited during a shrinkage phase of Lake Yanhaizi in Mongolia under an arid environment, whereas fine sediments were deposited during a period of high lake-level in a humid environment. The lake-level of Qinghai Lake was low and particle was focused on coarse size, and the percents of medium and grain size more than 64 μm were high all during Younger Dryas (YD) event (Liu et al., 2003).

However, aeolian activity can impact the lake near the desert and grain size of sediment loads change with it. For example, a strong storm event can blow coarse particles near the shoreline of lakes into the center of lakes. Fan et al. (2016) analyzed the particles on the surface ice of Dali Lake in the winter, and found that mode grain size of particles is main 17.4 μm or so, and has a small coarse part of mode size 400 μm. Aeolian particles fixed in the sediments of shallow lakes under the cold and dry climate background, but it is difficult to distinct them from the lake sediments in the Tengger Nuur.



Organic Matter

Organic matter as an important fraction of lake sediments originates mainly from the complex mixture non-vascular plants that contain little or no carbon-rich cellulose and lignin, such as phytoplankton, and vascular plants that contain large proportions of these fibrous tissues, such as grasses, shrubs, and trees. So, it can be an effective proxy to interpret the lacustrine paleoenvironments, histories of climate change, and the effects of humans on local and regional ecosystems around the catchments (Meyers and Vergés, 1999). Higher TOC indicates a warm and humid environment, whereas lower TOC indicates a cold and dry environment. The limiting factor of plant growth is effective humidity in semi- and arid areas. Changes in the lake water level have also impacted the organic matter content, and it is low in the shallow water, and the C/N ratios can indicate the type of organic matter delivered to the lake sediments (Meyers and Vergés, 1999; Müller and Ulrike, 1999). Normally, algae typically have atomic C/N ratios between 4 and 10, lacustrine sedimentary C/N ratios of between 10 and 20 represent a mixture of aquatic and higher plant material, whereas C/N ratios >20 indicate higher plant dominance (Meyers, 1994). Plankton has average C/N ratios of ∼6, withmost diatoms varying between 5 and 8 (Lerman, 1979).

As shown in Figure 5, TOC was relatively low (0.1–0.2%) in TGN-05 before 8750 cal a BP (794–540 cm); it was slightly higher at 0.3–0.8% during 8750–2750 cal a BP (540∼200 cm). Since 2750 cal a BP, TOC increased in the range of 0.8–2.2% and reached the maximum value of 2.5–5% under the influence of the marsh environment and human activity.
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FIGURE 5. Changes in geochemical proxies in TGN-05 since the last deglaciation. The ratio of Sr/Ca amplifies 100 times to fit for the figure show.


The C/N ratios of Tengger Nuur sediments are at 3–11 and the preponderant value is at 5–6 since the last deglaciation in Figure 5. The ratio is a little higher to 8–11 after about 2000 cal a BP. That inferred the organic matter came from the algae and aquatic plants, but some land higher plants maybe mixed since 2000 cal a BP.



Carbonate

Lacustrine carbonates form mainly in warm and alkaline water bodies. According to the study of lakes in western China, calcite forms in most shallow freshwater environments with low percentages in sediments, and low-Mg calcite and high-Mg calcite to aragonite form with increasing lake depth and salinity (Zhang et al., 2013).

The carbonate content can be divided into several stages, as shown in Figure 5. Carbonate contents were low (1–4%) in the 3 layers formed during 10,920–10,450 cal a BP, 10,050–8750 cal a BP, and 5450–5100 cal a BP with coarse sand to fine gravel. Most of the carbonate was authigenic, forming in western Chinese lakes with fine size, and coarse quartz and feldspar particles in the sediments can dilute the values of carbonate-content such that the determined values become lower than the true values (Zhang et al., 2013). The low content of carbonates during ∼10,920 cal a BP and 10,450–10,050 cal a BP suggests shallow freshwater lake and low-temperature conditions. The high carbonate content (13–8%) during 8750–2750 cal a BP indicates a relatively warm and saline water. Since 2750 cal a BP, carbonate content has been decreasing gradually from 14 to 10% or so, indicating decreases in temperature lowering and salinity.



δ13C and δ18O of Carbonate Bulk Sediments

δ13C and δ18O values are shown in the Figure 5. Lake water chemical conditions and sources can be well traced using carbon and oxygen isotopic signatures (δ13C and δ18O) in lacustrine carbonates. They are controlled by many factors, among which the salinity and temperature of lake water are the leading ones. The controlling factors on δ13C variations in lake sediments are inflow δ13C value, biological productivity, respiration within the lake, exchange of CO2 between the lake and atmosphere, groundwater input, residence time, and changes in the vegetation cover of watersheds (Li and Ku, 1997). Among these, the residence time and biogeochemical features of the lake water are generally considered the most important factors affecting δ13C (Leng and Marshall, 2004). The oxygen isotope compositions of water in lakes (δ18Owater) are dominantly controlled by the local evaporation/precipitation (both rain and snowfall), inflow water (both river and groundwater), and lake water temperature (Talbot, 1990; Menking et al., 1997). The oxygen isotopic composition of the water in a closed lake basin is largely dependent on the ratio of evaporation over precipitation in arid to semi-arid areas. The covariance between δ13C and δ18O can well describe the closed conditions of lakes (Talbot, 1990). Normally, δ13C and δ18O will be synchronously increase with water residence time in lakes (Leng and Marshall, 2004). However, it is also well documented that the two may change asynchronously when extreme temperature or evaporation/precipitation control the isotopic fractionation processes; that is, temperature and evaporation/precipitation have much stronger control over δ18O fractionation than over δ13C fractionation (Wu and Wang, 1997).



Ratio of Mg/Ca in Bulk Sediments

Ratio of the Mg/Ca in bulk sediments is shown in Figure 5. In closed and semi-closed lakes, authi-chemogenic carbonate minerals are formed widely. In general, biogenic and chemogenic carbonates from calcite to low-magnesium calcite, high- magnesium calcite, and aragonite form with increasing Mg/Ca ratio in water (Müller et al., 1972). Mg/Ca has a positive relationship with salinity and can indicate the characteristic of residence time due to the evaporation effect in the closed to semi-closed lakes in northwestern China (Zhang et al., 2013). However, the higher the lake waterbody temperature is, the higher the evaporation is, that leading to higher salinity in closed-lakes. The dominating carbonate mineral in Las Coladas Lake in the south of the San Francisco Basin, Argentina, is aragonite because of the high Mg/Ca ratio of the lake water (Valero-Garces et al., 1995). So, Mg/Ca and Sr/Ca ratio have a positive relationship in lake sediments, indicating residence time and evaporation effect.




Paleoenvironment

The characteristics of TGN-05 sediment particles can be inferred from the lake-level oscillation history of Tengger Nuur since the last deglaciation. Coarse sediments indicate a shallow lake, and fine sediments indicate a stable lake. The results of the grain size analysis of TGN-05 showed that the lake was shallow in the periods of 10,920–8750 cal a BP and 5450–5100 cal a BP, deep and relatively stable during 8750–5450 cal a BP and 5100 cal a BP to present. The chemical characteristics of water differed during different periods owing to the different climate setting (Figure 5).

About >757 cm (∼10,920 cal a BP), fine-grained sediment layer, low Mg/Ca and Sr/Ca ratios indicate a shallow lake with freshwater formed under a cool climate and much higher water supply than evaporation and rudimentary vegetation.

About 757–685 cm (10,920–10,450 cal a BP), coarse sand and fine gravel sediment layer, heavy δ13C and δ18O, high Mg/Ca and higher Sr/Ca ratios represent a shoreline lake with very shallow shoreline brackish-water lake under cold climate and long residence time. This corresponds to the global cold YD event (Hughen et al., 1985; Mikolajewicz et al., 1997), which happened during the Last Glacial Termination recorded the onset of YD was dated to 10,800–10,600 14C years BP and that the end was dated to 10,000–10,050 14C years BP (Ammann and Lotter, 1989; Björck et al., 2003; Muscheler et al., 2008). It was at 11–10 ka BP cooling of Europe and eastern North America (Mathewes, 1993). After calibrating based on the tree-ring chronology, YD was a millennial-scale cold period between approximately 12,900 and 11,500 year BP (Muscheler et al., 2008). The beginning of the YD event recorded at stalagmite of Yamen Cave was nominally at 12,850 ± 50 a BP and the end of the YD dates to 11,500 ± 40 a BP (Yang et al., 2010). And YD event recorded at Hulu Cave from 12,823 ± 60 a BP to 11,473 ± 100 a BP (Wang et al., 2001). However, the YD event recorded in Qinghai Lake was 11.3–10.8 cal ka BP calibrated by the tree-ring (Shen et al., 2005). The Younger Dryas cooling event recorded in the Tibet lakes occuring in 11,000-10,000 a BP, and coldest period was at 10.5–10.7 ka BP (Shen et al., 1996). Cooling wet-type YD event was at 10.80–10.50 ka BP recorded at Inner Mongolian salt lakes (Chen et al., 1996). The duration of the YD is 300 years as recorded at the salt lakes of Inner Mongolian (Chen et al., 1996) to 1350 years at the stalagmites from Hulu Cave and Yamen Cave (Wang et al., 2001; Yang et al., 2010). But till to now, the timing and length of the Younger Dryas remain controversial.

The cold and extremely low lake-level records in Tengger Nuur also had been found in the other lakes around this area. It was a cold desert during 10,950–10,300 a BP, as recorded in Daojiaohaizi sediments; the temperature was 5°C lower and precipitation was 100 mm lower than those today (Yang et al., 1997). The level of Daihai Lake ascended during 13–11 ka BP and declined sharply from 11 to 10 ka BP (Sun et al., 2009). The lake-level of Jalai Nur fell rapidly at the YD event during 10.9–10.6 ka BP, the flaser and lenticular bedding coarse sediment sets suggested the near shore environments (Wang et al., 1994). The aeolian sand layer correlated with the cold and dry YD event at 11.6-11.3 cal ka BP in the Haolaihure Paleolake (Liu et al., 2018). Grain size at 16-64μm in the Qinghai Lake sediments increased obviously during YD event at 11,000–10,400 a BP (Liu et al., 2003). Low lake-level and prevailing aeolian sediment deposition at Gun Nuur under dry conditions were recorded during the earliest Holocene (>10,800–10,300 cal a BP) (Zhang et al., 2012). The 14C age was unequivocal and uncertainty, but we correlated this gravel layer (757–685 cm) to the YD event (10,920–10,450 cal a BP) in Tengger Nuur.

About 685–620 cm (10,450–10,050 cal a BP), sandy silt sediment, light δ13C and δ18O, low Mg/Ca and Sr/Ca ratios indicate gradual increase in lake area to a shallow lake under a low-temperature freshwater environment with evaporation less than water supply.

About 620–540 cm (10,050–8750 cal a BP), silty sand and fine gravel sediment, heavy δ13C and δ18O, and high Mg/Ca and Sr/Ca ratios reflect lake-levels dropped, fluctuating between a shoreline and shallow lake due to a high ratio of evaporation/filling water under increasing temperature. According to the paleoenvironment recorded from Tengger Nuur lake sediments, the Holocene started from 10,050 cal a BP and with the characteristics of temperature increase. However, Tengger Nuur was very shallow with slightly high salinity and high evaporation during 10,050–8750 cal a BP. Several paleoenvironmental records around Tengger Nuur suggest this phenomenon. Hulun Lake was shallow and sand blowing activity strengthened in the early Holocene (10,000–7200 a BP) under cold-dry to warm-dry climate conditions (Zhang and Wang, 2000). According to diatom data, Hulun Lake shrank gradually (Yang et al., 1995). Huangqihai experienced transgressions under a cold and wet climate in the early Holocene (11,000–8000 a BP), and Daihai also had a low level during 12,000–8000 a BP (Li et al., 1992). At the same time, Li et al. (1992) considered Daihai to be brackish water or have slightly high salinity based on ostracod components. They also considered lake level to have dropped to form a river environment under a cold and dry climate during 9000–8000 a BP, and lake level retreated again under a warm climate condition after 8000 a BP. In contrast, Sun et al. (2009) suggested that the lake level of Daihai expanded temporarily as effective precipitation increased under the summer monsoon-related humid climate during ca. 10–9 ka BP.

About 540–469 cm (8750–5450 cal a BP), sandy silt sediment, light δ13C and δ18O, high Mg/Ca and Sr/Ca ratios indicate a gradually increase in lake area to a shallow lake under relatively warm water and evaporation slightly higher than water supply. The temperature increased and vegetable was abundant. However, a low lake-level event interrupted with a cold-wet climate during 5450–5100 cal a BP. Around this area, Lake Baahar Nuur was under a warm and humid climate between ∼7.65 and ∼5.40 ka BP (Guo et al., 2007). Temperature and humidity increased synchronously in the course of 8200–6350 a BP, and then, the climate oscillated from wet to dry from 6350 to 5100 a BP (Song et al., 1996).

The Holocene climatic optimum in the Huangqihai region can be placed between 8000 and 6000 a BP when the temperature was much more than 2–3°C, precipitation was high, and the lake level was also high (Li et al., 1992). Angulinao was deep during 8400–5500 a BP, warming during 8.4–7.3 ka BP, stable during 7.3–6.2 ka BP, and fluctuating during 5.5–5.0 ka BP (Zhai et al., 2000). Effective humidity in the Dali Nor region reached the maximum prior to ∼8000 years BP (Wang et al., 2004). Paleosol thickness reached the maximum in the Mu Us desert during 7000–5500 a BP; and it was in the extreme state in the Ordos Plateau during 6500–5500 a BP (Yang et al., 1997).

About 469–401 cm (5450–5100 cal a BP), coarse sediment layer, heavy δ13C and light δ18O, and low Mg/Ca and Sr/Ca ratios indicate a rapid lake-level decline to form a shoreline lake, and interrupted by a shallow lake during 5300–5100 cal a BP under a low temperature and evaporation environment.

About 401–0 cm (5100 cal a BP ∼AD 1985), silty mud or muddy silt sediments, heavy δ13C and δ18O, high Mg/Ca and Sr/Ca ratios indicate a relatively stable deep lake at the interval 5100–1800 cal a BP. After 1900 cal a BP, lighter δ13C and δ18O, low Mg/Ca and Sr/Ca ratios indicate a freshwater environment under low evaporation with relatively higher effective humidity. Tengger Nuur was completely desiccated in 1985 as history recorded due to a gradual decrease in water supply. It was punctuated by several centennial- to millennial-scale shallow lake events, 330–300 cm (4300–3980 cal a BP), 240–200 cm (3700–2750 cal a BP), 150–140 cm (1900–1800 cal a BP), 120–85 cm (1500–1050 cal a BP), 40–30 cm (550–400 cal a BP), 10–0 cm (100 cal a BP ∼AD 1985). A layer of dark mud in the 389–398 cm interval (4960–4850 cal a BP) suggests a short–stage tidal flat environment as the lake-level started to increase.

Tengger Nuur expanded quickly to reach a high lake level during 5000–2000 cal a BP, under the condition of effective humidity increasing with decreasing temperature in oscillation. This implies that humidity and temperature fluctuated in the opposite directions. Gun Nuur was deep in the mid-Holocene (7000–2500 cal a BP), but three periods of low lake levels and significantly drier conditions were recorded between 7000–5700, 4100–3600, and 3000–2500 cal a BP (Zhang et al., 2012).

Tengger Nuur shrank gradually and became completely desiccated under a cool climate from 2000 cal a BP to 1985 AD, and the period of 1050–550 cal a BP corresponds to the Medieval Warm Period (MWP). Four periods of low lake levels were recorded during 1900–1800 cal a BP, 1500–1050 cal a BP, 550–400 cal a BP (Little Ice Age), and 100 cal a BP–AD 1985. Owing to the retention of a very shallow lake level over a long time, a marsh environment formed around Lake Tengger Nuur and various aquatic plants such as reeds increased TOC of the sediments. The paleoenvironment of most regions in Inner Mongolia indicate a dry climate and gradual shrinking of lakes. For instance, Baahar Nuur Lake was under a dry climate characterized by complete desiccation of the lake after 3700 a BP (Guo et al., 2007). According to paleoenvironmental records of Haolaihure, the regional environment deteriorated after 2.2 cal ka BP as the climate shifted to generally cooler and drier conditions, with a brief return to a warm and wet climate during the MWP (AD 800–1100) (Liu et al., 2018). Daihai and Huangqihai shrank sharply and several periods of retreat have been oscillating since 3000 a BP (Li et al., 1992).



Paleoclimate

The northern region of the East-Asian monsoon transition zone, where Daqingshan is a boundary in the mid-eastern part of Inner Mongolia, is controlled by the westerly and Siberian-Mongolian high winter monsoon winds (WSMHM), and the southern region is controlled by the Eastern Asian Summer monsoon (EASM; Figure 1; Winkler and Wang, 1993). Paleoenvironmental records show that the climate was dry and cold and precipitation was less during the last deglaciation than that today in the WSMHM area of Gun Nuur (Zhang et al., 2012), Daojiaohaizi Lake (Yang et al., 1997), Haolaihure (Liu et al., 2018), feet of the Daqingshan (Cui and Song, 1992), and Baahar Nuur (Guo et al., 2007). The Qingtu paleolake westward of the Tengger Sandy Desert was an aeolian non-lake environment (Zhao et al., 2008). Influenced by EASM Daihai Lake had a low lake-level under the dry and cold climate (Sun et al., 2009). Kutzbach and Street-Perrott (1985) suggested that solar radiation culminated at 11–10 a BP since 18 ka BP in the Northern Hemisphere. Paleoenvironmental records of Tengger Nuur and other lakes testified that the summer monsoon did not strengthen to pass the modern monsoon boundary of Inner Mongolia. However, India’s summer monsoon strengthened since 14–12 ka BP in the India monsoon dominated region of the Tibetan Plateau. Temperature and humidity increased greatly after interrupted by the short YD cold climate event. It became dry after 5 ka BP (He et al., 2004). Selin Co was a deep closed lake that formed stably for a long period with abundant vegetation under a warm and humid climate background from 15.5 to 10.4 cal ka BP (Zhang C. J. et al., 2018). The temperature and humidity increased quickly and lake-levels of Ximenco in eastern Tibetan Plateau (Zhang et al., 2009), Lake Naleng Co (Opitz et al., 2015), Koucha Lake (Mischke et al., 2008), and Luanhaizi in the Qilian Mountain (Mischke et al., 2005), etc., expanded since about 13,000 cal a BP in the interplay of EASM and the Indian monsoon.

Temperature and humidity increased and lakes expanded gradually with the strengthening of solar radiation since the early Holocene according to records, such as in Greenland Ice cores (Greenland Ice-core Project (GRIP) Members, 1993), stalagmites of Dongge cave in the EASM-dominated region (Dykoski et al., 2005), loess sequences (Zhou et al., 2014), and Qinghai Lake (Liu et al., 2007). However, the humidity (Chen et al., 2019) and lake-level oscillation (Guo et al., 2014) in the Arid Central Asia (ACA) the westerly dominated region, Indian Summer Monsoon (ISM)-dominated region, and Eastern Asian Summer Monsoon (EASM)-dominated region had different spatio-temporal characteristics (Figure 6). The lake surface area of Daihai Lake in the southern part of Daqingshan in the modern Eastern Asian monsoon boundary expanded temporarily according to the amelioration of monsoon-related effective precipitation and a relatively humid climate during 10–9.0 ka BP (Sun et al., 2009; Wen et al., 2010). The wettest climate occurred between 10,500 and 6500 cal a BP, during which annual precipitation was up to 30–60% higher than today recorded by Bayanchagan Lake sediments (Jiang et al., 2006). At the same time, in this study, Tengger Nuur in the northern part of Daqingshan was found to have a low lake level during 10,050–8750 cal a BP. Hulun Lake was also had a low lake level and strong aeolian activity under a warm-dry climate in the early Holocene during 10,000–7200 a BP (Yang et al., 1995; Zhang and Wang, 2000; Wen et al., 2010). Haolaihure was under a cool and dry period from 12.2 to 8.7 cal ka BP (Liu et al., 2018). Baahar Nuur Lake (Guo et al., 2007) and Qingtu Lake in the Tengger Sandy Desert (Zhao et al., 2008) had not formed in the early Holocene. Sediments at the feet of Daqingshan recorded a cold climate (Cui and Song, 1992). It was obvious that lake that did not form or low-lake-level sediments were derived from the northern part of the modern summer monsoon boundary and the climate was cold in the early Holocene. Nevertheless, lakes expanded and achieved high levels under a relatively warm-wet climate in the southern part of the modern summer monsoon boundary.


[image: image]

FIGURE 6. Paleoenvironmental records in different climate regions. (A) westerlies-dominated climatic regime (WDCR), ACA, Eastern Asian Summer Monsoon (EASM), and Indian Summer Monsoon (ISM) (Chen et al., 2019), (B) GRIP (Greenland Ice-core Project (GRIP) Members, 1993), (C) Dongge Cave (Dykoski et al., 2005), (D) Luochuan Loess (Zhou et al., 2014), (E) Qinghai Lake (Liu et al., 2007), (F) Central Asia (ACA) westerly dominated region (Guo et al., 2014), (G) Eastern Asian Summer Monsoon (EASM)-dominated region (Guo et al., 2014), (H) Tengger Nur (this paper), (I) Daihai (Xiao et al., 2004), (J) Daihai (Sun et al., 2009), (K) solar irradiation in the Northern Hemisphere.


An atmospheric general-circulation model simulated a maximum summer solar radiation (7% more than the present value) at interval 11,000–10,000 cal a BP, during which precipitation increased in the Northern Hemisphere, such that lake-levels increased across parts of Africa, Arabia, and India between 10,000 and 5000 a BP (Kutzbach, 1981; Kutzbach and Street-Perrott, 1985). Summer monsoon strengthening was followed by high solar irradiation in the early Holocene, especially in correlation with the lake-level rise in China (Bond et al., 2001). Various paleoclimatic records show that a wetter condition prevailed during the early Holocene since ∼10,000 a BP in China (An, 2000; Chen et al., 2003). However, the low lake-level record in Tengger Nuur showed that the summer monsoon was not sufficiently strong to reach northward of the monsoon boundary, and thus, precipitation was low. A little warm paleoclimate based on pollen and diatom data indicates that solar radiation led to temperature increases in this area in the early Holocene (Chen et al., 2003; Liu et al., 2018).

According to our paleoenvironmental record of Gun Nuur in Mongolia, the lake expanded in the early Holocene (ca. 10.3 cal ka BP), but the significant moisture was probably not related to the northward shift of the present summer monsoon boundary or the moisture delivery from the northern Atlantic through the westerlies. The water source was melting snow, ice and frozen ground or the generation of precipitation from the local recycling of moisture (Zhang et al., 2012). Therefore, solar radiation strengthened in the early Holocene to drive summer monsoon to the modern monsoon boundary in Inner Mongolia, but monsoon precipitation did not influence the northern area of Daqingshan, where the summer monsoon should occur. It is inferred that the summer monsoon was not sufficiently strong to pass the boundary in the early Holocene. Furthermore, this can be deduced that the Daqingshan (height of 2338 m asl at the highest peak) was not covered by ice-snow during the last glacial maximum, and thus, the temperature increase in the early Holocene could not thaw enough ice and snow to fill Tengger Nuur.

Yang and Wang (1996) considered that the westerlies prevailed in the Hulun Lake area at intervals 10.0–7.0 ka BP and 5.0–3.0 ka BP, and eastern monsoon winds reached the northwest region of the summer monsoon boundary at about 7.0–5.0 ka BP. This also shows that the eastern summer monsoon was weak in the early Holocene.

Tengger Nuur started to expand during 8750–5000 cal a BP with high evaporation and a brackish water environment and entered a stable deep state during 5000–2000 cal a BP, punctuated by several millennial- and centennial-scale low lake levels. As researched in the past, the summer monsoon strengthened from the early Holocene to mid-Holocene, the most humid conditions occurred at approximately 5500–2700 cal a BP (Xiao et al., 2002), or 8200–5700 cal a BP in southern Inner Mongolia (Zhou et al., 2001). The summer monsoon exceeded the modern monsoon boundary to the northward region to Mongolia. Abundant precipitation led to the expansion of almost all lakes in the Mongolia Plateau. For example, the boundary of the eastern monsoon winds reached the Hulun Lake region during about 7.0–5.0 ka BP (Yang and Wang, 1996); Angulinao was deep during 8400–5500 a BP and cooled down from 3.0 ka BP to present (Zhai et al., 2000) and aeolian activity strengthened (Zhang and Wang, 2000); Daihai and Huangqihai had high lake levels during 8500–3500 a BP and shrank gradually since 5000 a BP (Li et al., 1992), and grasses and birch forests expanded during 8000–6400 cal year BP, implying a remarkable increase in the monsoon precipitation (Wen et al., 2010). However, the Yanhaizi region was dry between 8.0 and 4.3 ka BP. Chen et al. (2003) regarded that enhanced evaporation over higher monsoon precipitation reduced the effective humidity in the warm climate.

Cold events during 5450–5100 and 4300–3980 cal a BP recorded in Tengger Nuur significantly impacted human activities in northwestern China. Denton and Karlen (1973) defined 5800–4900 a BP as the second neoglaciation and 3300–2400 a BP as the third neoglaciation in the Holocene. Human activity had greatly been set back in the farming-animal husbandry zigzag zone of northern China at this stage of late Yangshao Culture (5500–5000 a BP) (Yang and Suo, 1996). The cold event in northwestern China during 4300–3500 a BP also contributed to the advancement of the Qijia Culture (Zhang H. R. et al., 2018).

After 2000 cal a BP, the Tengger Nuur region was controlled by the westerly current (Chen et al., 2019). The lake shrank gradually with decreasing water supply under the cold and dry climate, and it was completely desiccated in 1985. Moreover, several centennial-scale lake-level oscillations occurred during this stage.




CONCLUSION

Paleoenvironmental records from Tengger Nuur sediments (TGN-05) showed that solar radiation strengthened to stimulate the strengthening of the eastern monsoon in the Northern Hemisphere since the last deglaciation. However, the eastern summer monsoon in the early Holocene was not sufficiently strong to influence the northern region of the modern monsoon boundary in the Inner Mongolian Plateau. Water from the thawing of ice and snow covering the Daqingshan mountains was not sufficient to fill Tengger Nuur and other lakes in this region. The summer monsoon passed to the northward and northwestward regions of the monsoon boundary during 8750–5000 cal a BP. Lakes expanded rapidly under the associated high monsoon precipitation, but lake levels oscillated in a shallow state owing to high evaporation under high temperatures during this period. The summer monsoon receded gradually during 5000–2000 cal a BP. Nevertheless, lakes entered a stable deep state under high effective humidity with decreasing temperature, punctuated by several centennial-scale low lake-level events. The westerlies influenced this region and the climate was cold and dry after 2000 cal a BP. Lakes changed gradually to become salinized or completely desiccated. The lake state and vegetation cover have a close relationship with effective humidity in the arid Mongolian Plateau.
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