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Abstract

:

The Tibetan Plateau is known as the core area of the third pole of the Earth and is a key area for global climate change research. This study uses the Zabuye Salt Lake travertine dam as the research object and U–Th dating as the chronological framework and proposes that the carbon and oxygen isotopes of travertine can be used as a precipitation index through the analysis of hydrogen and oxygen isotopes of spring water, and petrology, mineralogy, carbon and oxygen isotopes of travertine. The precipitation records of Zabuye Salt Lake over the last 800 years show a dry condition in 1191–1374 AD (Medieval Warm Period), a humid condition in 1374–1884 AD (Little Ice Age), and a dry condition in 1884–1982 AD (Current Warn Period), indicating a warm–dry/cold–moist climate pattern, which is consistent with precipitation records from many places on the Tibetan Plateau. We preliminarily point out that travertine can record the evolution of paleoprecipitation (paleomonsoon) at least on the decadal–centennial scale. The Indian summer monsoon has been the main factor influencing precipitation change in Zabuye Salt Lake over the past 800 years, and the change in evapotranspiration intensity caused by temperature change driven by solar radiation is also an important factor affecting dry–moist change.
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1. Introduction


The Tibetan Plateau is known as the core region of the Earth’s third pole [1]. It is critical to the hemispheric and even the global atmospheric circulation system due to its huge area, geographic location, and high altitude [2], and is a key region of global climate change research [3]. The past 2000 years have been a key period for global climate change research, and a condition in 2000 years ago can be considered as a baseline for current conditions, as the climate has been very similar to the present [4]. The precipitation records of the Tibetan Plateau over the past 2000 years mainly come from tree rings [5,6,7,8], ice cores [9,10], and lake sediments [11,12,13,14]. Trees are mainly distributed in the eastern, northeastern, and southeastern parts of the plateau where the climate is suitable, and ice is mainly distributed at high altitudes where snowfall can be continuously preserved. Chronological control for nearly all published paleolimnological records from the Tibetan Plateau has been based on radiocarbon dating [15]; however, the radiocarbon age of lake sediments may be subject to reservoir effects due to the input of dead carbon from local bedrock or wetlands within the catchment [16]. The reservoir effect has made it challenging to establish reliable chronologies for lake sediment cores from the Tibetan Plateau [15]. Little attention has been paid to high-resolution travertine sequences from the past 2000 years; however, travertine is a relatively common sedimentary phenomenon on the Tibetan Plateau and has great potential for environmental archives [17].



Travertine is a non-marine calcium carbonate deposited around springs, rivers, lakes, or caves, mainly composed of calcite and aragonite, and widely distributed in terrestrial environments [18,19,20,21]. Pentecost et al. divided it into meteogene and thermogene travertine according to the source of CO2 in the environmental water. The former is also called tufa, and its carbon originates from soil CO2 and carbonate rock, with δ13C mostly ranging from −12‰ to −2‰. The carbon of the latter comes from various sources, including hydrolysis and oxidation of reduced carbon and decarbonation of limestone or directly from the upper mantle, with δ13C usually ranging from −2‰ to 10‰ [20,22]. In Ford and Pedley’s classification, tufa corresponds to meteogene travertine and travertine to thermogene travertine [19], and in this paper we use this term for discussion. For a long time, tufa was mainly used for paleoclimate reconstruction [23], and its resolution can reach years, seasons, months, and maybe even weeks [24,25,26]. Recently, more researchers have emphasized the close relationship between travertine distribution and climate [17,27,28,29,30]. Ricketts et al. compiled a global dataset containing 1649 published ages of travertine, which showed that although the deposition of travertine was spatially controlled by crustal faults and fractures, it was temporally regulated by global or regional climate change [31].



In the hinterland of the Tibetan Plateau, previous climate-related research was carried out on ancient travertine, which had ceased to grow and lacked the direct connection between modern spring (lake) water and its deposition [17,32,33,34,35,36]. Wang et al., based on a systematic study and a summary of their research results, proposed that the widely distributed travertine on the Tibetan Plateau could provide a record of paleoclimate (paleomonsoon) evolution at least over the decadal–centennial time scale [37]. Travertine dams are common in caves, springs, and rivers all over the world, ranging in size from millimeters to several meters [38,39].



This paper studied travertine based on U–Th dating, petrology, mineralogy, and carbon and oxygen isotopes as well as hydrogen and oxygen isotopes of spring (lake) water, taking the growing Zabuye Salt Lake travertine dam as the research object. We discussed the significance of travertine to the paleoenvironment in order to provide a basis for better use of travertine in reconstructing the climate of the Tibetan Plateau.




2. Geological Setting


Zabuye Salt Lake (31°14′47″ N−31°33′10″ N, 83°52′34″ E−84°23′47″ E) is located in the southwest of the Tibetan Plateau, at the intersection of the westerlies and the Indian summer monsoon (Figure 1), and is very sensitive to climate change. According to the meteorological data of the Long-Term Observation Station from 1991 to 2020, the annual average temperature in the Zabuye Salt Lake area is 3.1 °C, the annual average precipitation is 168.7 mm, and the annual average evaporation is 2579.1 mm. Precipitation is concentrated in the rainy season from early July to mid-September, which accounts for more than 90% of the total annual precipitation [40], indicating that summer monsoon rainfall dominates annual precipitation in the Zabuye Salt Lake area.



The Carboniferous and Permian strata are mainly distributed in the northern part of the Zabuye Salt Lake area, which consist of clastic and carbonate rocks. The Cretaceous is exposed in the south and southwest and the Paleogene in the east, and both are composed of clastic and volcanic rocks. The Neogene is distributed in the west and is a set of pyroclastic rocks. The Quaternary is mainly distributed around the lake, including residual slope, fluvial, lacustrine, and travertine deposits. The intrusive rocks in the salt lake area are mainly intermediate-acid rocks, ranging from diorite to granite (Figure 1c). The main structures are NW, NE, and nearly NS trending faults [42].



Zabuye Salt Lake covers an area of 243 km2 at an average elevation of about 4421 m. It is a semi-dry salt lake with a combination of surface brine and salt flats. Large-scale ancient travertine accumulation developed in the middle of the lake and formed a travertine island (Figure 1c). From the travertine island as the starting point to the west, a sand embankment was formed that divides Zabuye Lake into south and north lakes, and there is a waterway connecting the two on the east side. The springs around and in the lake are relatively well developed, and those on the travertine island have the largest water inflow [43].




3. Materials and Methods


3.1. Research Materials


There are many springs on Zabuye travertine island. The spring water flows into the salt lake and forms a travertine dam at the junction of the lake water. In this study, samples of spring water, lake water, and travertine were collected from a travertine dam with good topographic conditions (Figure 2). A 23.5 cm section was carved from the travertine dam, and a horizontal travertine bedding was developed (Figure 2e). A total of 24 samples (ZD01-24) were taken from top to bottom. Lake water samples (ZH01) and spring water samples (ZQ01) were taken from both sides of the travertine dam (Figure 2d), and one water sample (ZQ02) was taken from the spring hole. Travertine samples were transported back to the lab and dried in a drying oven at 50 °C.




3.2. Analytical Methods


3.2.1. U–Th Dating


Four travertine samples were collected for U–Th dating. Pure and compact calcite was selected as a test sample, and the impurities were washed with alcohol and hydrogen peroxide in an ultrasonic cleaning machine. The procedures for chemical separation and purification of uranium and thorium were similar to those in previous studies [44,45]. The 230Th/232Th atomic ratio of Zabuye Salt Lake water as the initial 230Th/232Th atomic ratio of (6.7 ± 0.67 × 106) was used to correct the initial 230Th amount. These samples were analyzed on a Thermo Fisher Neptune Plus multi-collector inductively coupled plasma mass spectrometer (MC-ICP-MS) at the Institute of Geology and Geophysics, Chinese Academy of Sciences, Beijing, China.




3.2.2. Petrography and Mineralogy


Petrographic and mineralogic observations of the travertine were conducted using a Leica DM4500P polarizing microscope on polished thin sections, and an FEI Nova NanoSEM 450 scanning electron microscope (with working condition of 20 kV and beam current of 15 μA) on carbon-coated samples. Thin sections were prepared and photographed at the MNR Key Laboratory of Saline Lake Resources and Environments, Beijing, China. The mineralogical composition analysis of travertine was performed by using a Bruker D2-PHASER X-ray diffractometer (Cu Kα, 30 kV, 10 mA, 7°–90° 2θ, 0.02° 2θ step size, 6°/min) at the Sichuan University of Science and Engineering, Zigong, China. Quantified mineral results were analyzed with MDI Jade 6.5 software (Materials Data, Inc., Livermore, CA, USA). The MgCO3 content of the carbonate minerals was calculated from the shift of d-spacing of the (104) reflection peak of calcite from their stoichiometric peak positions in the diffraction spectra [46,47]. Calcite with <5 mol% MgCO3 is classified as low-magnesium calcite (LMC), and calcite with >5 mol% MgCO3 is considered high-magnesium calcite (HMC). These are often denoted simply as calcite and magnesium calcite [48].




3.2.3. Stable Isotopes


Travertine carbon and oxygen isotopes were analyzed by using a Finnigan MAT 253 mass spectrometer. Carbon and oxygen isotopes were analyzed by the 100% phosphoric acid method, and analytical precision was ±0.1‰ for δ13C and ±0.2‰ for δ18O. The measurement results of carbon and oxygen isotopes were scaled by the V-PDB standard. Spring (lake) hydrogen and oxygen isotopes was measured by isotope ratio mass spectrometry. For the measurement of the 18O/16O ratio, the CO2 equilibration method was employed; for the D/H ratio, H2 was generated by the Zn-reduction method. Isotope ratios of CO2 and H2 were measured using a MAT-253 mass spectrometer, and the results are reported relative to V-SMOW with a standard deviation of ±0.5‰ and ±0.1‰. This work was done at the Analytical Laboratory of the Beijing Research Institute of Uranium Geology, Beijing, China.






4. Results


4.1. Chronology


The U–Th dating results are shown in Table 1 and Figure 3. The 230Th/232Th activity ratio of all samples is lower than 20, indicating that they are contaminated by 230Th debris, so the age error has great uncertainty [49], and debris correction must be carried out [50]. The 230Th/232Th in Zabuye Lake water can represent the average value of detrital 230Th/232Th of the terrigenous detrital material transported into the lake from the periphery of the catchment basin. In this study, 230Th/232Th in Zabuye Salt Lake (6.7 ± 0.67 × 106) is used as the initial value of travertine for correction. ZD02 did not get effective age correction. Although the errors of ZD10, ZD17, and ZD24 age values are large, they have a good age sequence of lower old and higher new. By fitting the ages of ZD10, ZD17, and ZD24 samples to make the time-depth trend line of the travertine profile (Figure 3), the following formula can be obtained: Age = 3.6305 × D + 2.678 (R2 = 0.9766), where D is depth (mm) and R2 is the square of the correlation coefficient. In this study, samples were collected in the field in 2020, and the top (0 mm) of the travertine profile was deposited, with a theoretical age of 0 years (−20 yr BP). According to the trend formula, the age of the top (0 mm) of the travertine profile was calculated to be 2.678 yr BP, with a difference of only about 23 yr. This indicates that U–Th dating can represent the age of travertine to a certain extent.



The trend line formula was used to calculate the ages at 0 mm of travertine section. Combined with the measured ages of ZD10, ZD17, and ZD24, the deposition rate of each section was calculated (2.4–4.4 mm/yr). The ages of other samples were obtained by linear interpolation (Figure 3).




4.2. Petrography and Mineralogy


Among the travertine lithotypes proposed by Guo and Riding [51], the crystalline crust was recognized in Zabuye Salt Lake travertine. The travertine was formed from abiotic feather dendrite, radiating dendrite, micrite, and intraclast (Figure 4). The inner clasts are composed of travertine clasts, quartz, and feldspar grains. Travertine stratification is good, with overall density and few voids. The interaction between micrite and microsparry is more reflective of the difference in water environment. The formation of sparry calcite was under hydrodynamic conditions of high flow velocity, and the formation of micrite calcite was under hydrodynamic condition of low flow velocity.



XRD analysis of 24 samples shows that the mineral composition of the travertine profile is simple, mainly calcite, and some samples contain a small amount of quartz and feldspar. The calcite content ranges from 95.2% to 100%, with an average of 98.3%. Quartz content varies from 0.5% to 3.8%, with an average of 1.6%. Feldspar content ranges from 0.5% to 1.6%, with an average of 1.2%; feldspar content is very low, and specific feldspar species can no longer be distinguished. Quartz and feldspar are detrital mineral grains of rocks around the basin carried mainly by wind and rain. The presence of small amounts of authigenic quartz and feldspar also cannot be ruled out. The range of MgCO3 content in calcite (mol%) in the travertine dam is 0.5 to 3.6%, with an average of 1.8%, all of which is LMC (Figure 5).



Since the travertine dam is basically composed of calcite, the presence of aragonite and other calcium carbonate minerals was not observed, and the influence of the change of carbonate mineral facies on the change of carbon and oxygen isotopes of travertine can be excluded.




4.3. Hydrogen and Oxygen Isotopes of the Water Samples


Two spring samples (ZQ01-02) and one lake water sample (ZH01) were used for hydrogen and oxygen isotope analysis. The δDV-SMOW values ranged from 12.5‰ to 15.9‰, δ18OV-SMOW from −118.9‰ to −136.6‰ (Table 2). Craig first found a linear correlation between δD and δ18O in atmospheric precipitation: δD = 8δ18O + 10 [52,53], which is also called the global meteoric water line (GMWL) on the graph of the relationship between δD and δ18O. The δD and δ18O test data of the three water samples collected were combined with the δD and δ18O data of the two spring waters samples of the travertine island [43] to draw the δD-δ18O diagram (Figure 6). It can be seen that for the GMWL, the data of the sampling point have a slight 18O drift, but it is not far from the GMWL, indicating that the hot groundwater comes from atmospheric precipitation but has a certain 18O exchange with rocks and minerals during the deep cycle.




4.4. Carbon and Oxygen Isotopes


Twenty-four travertine samples were used for carbon and oxygen isotope testing. δ13CV-PDB values ranged from 0.5‰ to 2.6‰, with an average of 1.0‰, and δ18O values ranged from −12.4‰ to −6.4‰, with an average value of −10.3‰. There is a good correlation between δ18O and δ13C (r = 0.92). All carbon isotope data of travertine are within the range of thermogenic travertine.



The δ13C value of travertine can be used to calculate the carbon isotopic composition of the parent CO2 gas, using the empirical equation: δ13CCO2 = 1.2 × δ13Ctravertine − 10.5 [54]. Applying this equation to the carbon isotope data of the travertine dam, the obtained δ13CCO2 values ranged from −9.9‰ to −7.4‰, with an average of −9.3‰.



There are three major CO2 sources for travertine: soil, magma, and limestone decarbonation [39]. The δ13C of soil CO2 is controlled by the predominant vegetation type in the region. Globally, the δ13C of C3 plants varies from −37‰ to −20‰, with an average of −28.7‰ [55]; the δ13C of C4 plants varies from −15‰ to −9‰, with an average of −13‰ [56]. The δ13C of CO2 from the mantle generally ranges from −8‰ to −3‰ [57] or from the δ13C of magmatic CO2 generally ranges from −7‰ to −5‰ [58]. The δ13C of CO2 from typical limestone metamorphic sources is −1‰ to 2‰ [59]. Comparing the carbon and oxygen isotopes to the data [60] indicates that the CO2 originated from carbonates or igneous rocks (Figure 7).



Based on the above analysis and taking into account that C4 plants are scarce in high-elevation regions [61], according to the current data, it is suggested that the parent CO2 of the travertine dam mainly originated from thermal decarbonation of carbonates and intermediate–basic volcanic rocks around the basin, partly from magmatic mantle degassing and soil CO2. The fault system developed in the Zabuye Salt Lake area, and soil CO2 in the basin was transferred into the groundwater cycle through atmospheric precipitation and mixed with CO2 from deep underground sources. Since the δ13C of soil CO2 is obviously negative, even a small change in soil CO2 will cause obvious changes to δ13C in travertine.





5. Discussion


5.1. Paleoclimatic Implications


The premise of travertine deposition is flowing water rich in dissolved CO2 [62]. When high pCO2 groundwater discharges from the spring, due to the low atmospheric pCO2, CO2 will be degassed rapidly, resulting in oversaturation of calcite, then calcite precipitation [63]. Travertine deposits can retain geochemical characteristics inherited from the parent fluid, so it is considered to be a favorable object for reconstructing paleoclimate and paleofluid characteristics [64].



Travertine is a comprehensive product of interactions between underground materials (mantle-derived carbon dioxide, magmatic water, surrounding rocks involved in groundwater circulation), atmospheric precipitation, and surface materials (soil carbon dioxide, major and trace elements). The information carried by travertine can reflect surface information when the subsurface material remains basically unchanged. That is, when the magmatic and tectonic activities in a certain area are stable, the area maintains relatively stable hydrothermal activity. The travertine formed against this background is relatively stable under the influence of mantle-derived CO2 and CO2 and magmatic water formed by decarburization of surrounding carbonate rocks. The carbon and oxygen isotope change in travertine is less affected by the above, but more controlled by the change in soil CO2 supply and atmospheric precipitation, which are directly affected by climatic factors. The amount of groundwater infiltration by atmospheric precipitation is directly related to the rainfall in the region, the soil CO2 is related to the type and density of vegetation in the region, and the climatic conditions determine the vegetation.



Studies based on the hydrogen and oxygen isotopes of geothermal spring water indicate that geothermal springs are mainly supplied by meteoric precipitation and water from melted glaciers/ice, and most geothermal spring water circulates rapidly deep underground with a cycle time of only 20–40 years [65,66,67]. The Zabuye Salt Lake area is structurally stable, and no earthquakes of magnitude 5 or greater have been recorded [68]. The average age of travertine samples from the edge stone dam of the lake is about 33 yr. From the perspective of chronology, travertine can reflect the geological information carried by atmospheric precipitation in the water cycle process in this region.



The δ13C and δ18O of travertine show an obvious positive correlation (r = 0.922), indicating that the two are affected by the same or similar factors. In a continuous high-resolution (monthly) study of stable isotopes of δ13C and δ18O in travertine in Baishuitai, there is a strong correlation between carbon and oxygen isotopes (r = 0.75); Liu et al. believe that rainwater is the main factor causing the seasonal variation of δ13C and δ18O [69]. This indicates that δ13C and δ18O of the Zabuye Salt Lake travertine dam can reflect changes in the surface climate environmental system.



Under the condition of relatively stable tectonic movement, CO2 from deep sources and the hydro-rock interaction of hot springs are relatively fixed. In arid climates, it is difficult to form a suitable plant cover, while in humid climates, δ13C in travertine shifts to negative values when biomass develops more [70]. The δ18OH2O value of hot springs depends on the δ18O value of atmospheric precipitation. Because the temperature of Zabuye spring is stable and less affected by air temperature [43] and the travertine dam is located only a few meters from the spring hole (Figure 2), the effect of water temperature change on its δ18O during the deposition of travertine is negligible. Therefore, the variation of δ18O of Zabuye Salt Lake travertine dam can reflect the variation of δ18O of atmospheric precipitation.



In the transition region between the westerlies and Indian summer monsoon (30°N–35°N) over the Tibetan Plateau, the factors that influence atmospheric precipitation isotope change are complex and are sensitive to the water vapor source and transport process [71]. In this region, the δ18O in precipitation formed by water vapor from Indian summer monsoon entering the southern plateau is lower, and the stronger monsoon activity lowers the δ18O in precipitation. The δ18O values of water vapor from the northern Tibetan Plateau and precipitation formed by local evaporation water vapor are higher [71,72,73].



Based on the above discussion, in this paper we believe that the δ13C of travertine dam can be used as an index of precipitation change: lighter (heavier) δ13C indicates increased (decreased) precipitation; δ18O mainly indicates variations of monsoon intensity and water vapor source, and lighter (heavier) δ18O indicates increased (decreased) Indian summer monsoon precipitation.




5.2. Precipitation Changes at Zabuye Salt Lake over the Past 800 Years


With the exception of a warm period in the 20th century, which occurred simultaneously all over the globe, the changes in warm and cold phases around the world before the Industrial Revolution were not synchronized. Based on previous research results [74,75,76,77], in this paper we roughly divide the temperature stages of the Tibetan Plateau over the past thousand years into the Medieval Warm Period (MWP, 800–1400 AD), Little Ice Age (LIA, 1400–1900 AD), and Current Warm Period (CWP, 1900–2000 AD).



Based on the changes in δ13C and δ18O of travertine in this study, we reconstructed the precipitation records of Zabuye Salt Lake over the past 800 years (1191–1982 AD). The results show a dry condition in 1191-1374 AD (MWP), a humid condition in 1374-1884 AD (LIA), and a dry condition in 1884-1982 AD (CWP), indicating a warm–dry/cold–moist climate pattern (Figure 8). Zhang et al. [74] studied climate change over the past 300 years at Taro Co, 10 km south of Zabuye Salt Lake (Figure 1c), and showed that the climate was humid during 1750–1860 AD and was dry from 1860 AD to the present [78], which is consistent with our reconstruction results.



We compared the precipitation records of Zabuye with other typical precipitation records of the Tibetan Plateau (Figure 1b and Figure 8), including the accumulated records of the Guliya glacier in the northwestern part of the plateau [41], annual mean precipitation based on quantitative pollen reconstruction at Yamzhog Yumco Lake in the southern part of the plateau (MAP) [11], precipitation records reconstructed from tree rings in Linzhou [7], and June to September (JJAS) precipitation based on grain size reconstruction in Ngamring Tso [13]. These records are very similar to the precipitation records of Zabuye Salt Lake, and are also characterized by a warm–dry/cold–moist pattern. In addition, Lugu Lake [79] and Erhai Lake [80], which are subjected to seasonal risk control in the southeast of the Tibetan Plateau, both showed warm–dry/cold–moist climate characteristics in the MWP/LIA. This climatic pattern appeared not only in areas controlled by the westerlies, but also in wider areas controlled by Indian summer monsoon. In southern Oman, the stalagmite δ18O record from Qunf Cave shows higher values during the MWP than the LIA, indicating a weakening of Indian summer monsoon intensity during the MWP [81]. Over the past 100–200 years, the Indian summer monsoon has gradually decreased in intensity, and the climate has become drier under warmer conditions [82,83,84]. In the entire monsoon region, the climate conditions during the MWP and the past 100–200 years were significantly dry and during the LIA were relatively humid, and this pattern was prevalent [79].
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Figure 8. Comparison of climatic records from Zabuye Salt Lake travertine dam with other climatic records. (a) Carbon isotopes of carbonate of travertine dam. (b) Oxygen isotopes of carbonate. (c) Mean annual precipitation (MAP) at Yamzhog Yumco Lake [11]. (d) June to September (JJAS) precipitation at Ngamring Tso [13]. (e) Tree ring precipitation anomalies at Linzhou [7]. (f) Ice core accumulation at Guliya [41]. (g) Solar radiative forcing [85]. MWP, LIA, and CWP refer to Medieval Warm Period, Little Ice Age, and Current Warm Period, respectively. 
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Monsoons and westerlies interact with each other over the Tibetan Plateau at glacial–interglacial, millennial, decadal, and seasonal scales, bringing water vapor to different areas of the plateau [86]. Although the climate characteristics of warm–dry, cold–wet in the Zabuye Salt Lake area are similar to those recorded in the Guliya ice core, the oxygen isotopes of travertine become lighter in humid periods (LIA) and heavier in dry periods (MWP and CWP) (Figure 8a,b), indicating that climate change in the Zabuye Salt Lake area in the past 800 years has mainly been controlled by the influence of the Indian summer monsoon. In addition, the temperature change driven by solar radiation will lead to a change in evaporation intensity, and then affect the dry and wet climate change of the Tibetan Plateau [11]. The precipitation records for the Zabuye Salt Lake area are consistent with the solar radiation (Figure 8g). This study argues that during the MWP, the Zabuye Salt Lake region had higher temperatures, strong evaporation, and less precipitation, resulting in an arid climate during this period; during the LIA, the temperature was low, evaporation was inhibited, and there was more precipitation, so the climate was humid.





6. Conclusions


Based on U–Th dating of a travertine dam, this study establishes the chronology of Zabuye Salt Lake travertine over the past 800 years, preliminarily discusses the carbon and oxygen isotopes of travertine as a precipitation index, and points out that travertine might record the evolution of paleoprecipitation (paleomonsoon) on at least a decadal–centennial scale. The precipitation records of Zabuye Salt Lake over the past 800 years show a dry condition in 1191–1374 AD (MWP), a humid condition in 1374–1884 AD (LIA), and a dry condition in 1884–1982 AD (CWP), indicating a warm–dry/cold–moist climate pattern. The Indian summer monsoon has been the main factor influencing precipitation change at Zabuye Salt Lake over the past 800 years, and the change in evapotranspiration intensity caused by temperature change driven by solar radiation is also an important factor affecting the dry–moist change. It should be pointed out that our precipitation reconstruction index is relatively single and lacks evidence from other proxy indices. Whether the westerlies have an influence and to what extent still needs further study.
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Figure 1. Maps of study site, Zabuye Salt Lake. (a,b) Zabuye Salt Lake and some related research sites on Tibetan Plateau: Guliya ice core [41], Ngamring Tso [13], Yamzhog Yumco Lake [11], and Linzhou tree rings [7]. EASM stand for the “East Asian summer monsoon”, ISM stand for the “Indian summer monsoon”, and DEM stand for the “Digital Elevation Model”. Black arrows indicate climate systems. (c) Simplified geological map of lake area. 
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Figure 2. Outcrops of Zabuye Salt Lake. (a) Travertine dam formed by spring. (b) Spring outlet. (c–e) Close-up of travertine sampling sites, indicated by red circles. Black squares indicate the positions of (b,c,e). 
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Figure 3. Age-depth profile based on U–Th dating from Zabuye Salt Lake travertine dam. The doted lines represent the value calculated using the age formula. 
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Figure 4. Textures of travertine of Zabuye Salt Lake. (a) Travertine profile with good stratification. (b) Sample at top of profile (ZD01) with higher porosity. (c) Dense middle section sample (ZD12). (d) Clastic nuclei are composed of travertine clasts, quartz, and feldspar grains. (e) Generation growth relationship exists between base of microsparry and micrite. (f) Crystalline dendrite textures showing wavy and banded internal zonations. The length of the red line segment is 500 μm. 
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Figure 5. X-ray diffraction patterns of travertine samples. (a) X-ray diffraction patterns of samples ZD01-ZD12. (b) X-ray diffraction patterns of samples ZD13-ZD24. 
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Figure 6. Plot of δD-δ18O of Zabuye spring samples. Blue dot indicates data from [43]. 
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Figure 7. Results of stable isotopes overlain on clusters. All dots plotted within hypogean travertine area of Teboul et al. [60], with CO2 derived from carbonates or an igneous source. 
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Table 1. 230Th dating results for profiles in study area (±2σ).
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Sample

	
238U

	
232Th

	
230Th/232Th

	
d234U

	
230Th/238U

	
230Th Age (yr)

	
230Th Age (yr)

	
d234UInitial

	
230Th Age (yr BP)




	
(ppb)

	
(ppt)

	
(Atomic × 10−6)

	
(Measured)

	
(Activity)

	
(Uncorrected)

	
(Corrected)

	
(Corrected)

	
(Corrected)






	
ZD10

	
4518 ± 16

	
379,893 ± 7712

	
7.6 ± 0.2

	
748.8 ± 4.1

	
0.0389 ± 0.0003

	
2452 ± 17

	
304 ± 308

	
749 ± 4

	
283 ± 308




	
ZD17

	
3660 ± 11

	
469,369 ± 9489

	
8.1 ± 0.2

	
751.9 ± 3.8

	
0.0628 ± 0.0004

	
3972 ± 25

	
689 ± 470

	
753 ± 4

	
668 ± 470




	
ZD24

	
3759 ± 13

	
669,952 ± 13,565

	
7.9 ± 0.2

	
746.7 ± 3.9

	
0.0851 ± 0.0005

	
5430 ± 36

	
830 ± 660

	
748 ± 4

	
809 ± 660








d234U = ([234U/238U]activity − 1) × 1000. d234Uinitial was calculated based on 230Th age (T), i.e., d234Uinitial = d234Umeasured × eλ234 × T. Corrected 230Th ages assume the initial 230Th/232Th atomic ratio of 6.7 ± 0.67 × 10−6. Those are the values for the modern lake water. The errors are arbitrarily assumed to be 10%. B.P. stands for “Before Present”, where the “Present” is defined as the year 2000 AD.
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Table 2. Hydrogen and oxygen isotope data of Zabuye water samples.
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	Sample
	δDV-SMOW (‰)
	δ18OV-SMOW (‰)





	ZQ-01
	−132.9
	−14.5



	ZQ-02
	−136.6
	−15.9



	ZH-01
	−118.9
	−12.8
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