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Abstract

:

To study the geological environmental records of alpine-karst-type tufa deposits in the eastern margin of the Tibetan Plateau, the calcareous tufa profile exposed by the “8.8” Jiuzhaigou earthquake was taken as the research object and combined with a field geological investigation. Further, the petrography, sedimentology, chronology, and elemental geochemistry of the calcareous tufa were studied and analyzed. The results show the following. (1) The Sparkling Lake calcareous tufa profile was deposited under the background of a warm and humid climate during the Holocene. The growth pattern follows a bottom-to-top deposition. (2) At 750 ± 30–300 ± 30 aB.P., the calcareous tufa layers were gray-black as a whole, and the changes in mineral composition and elemental geochemistry indicate a fluctuating upward trend for temperature and precipitation during this period. (3) The formation of two sets of black peat layers in the upper part of the tufa calcareous profile is due to the synergistic action of multiple factors caused by strong tectonic activity. In conclusion, the deposition mechanism of the calcareous tufa in Jiuzhaigou was controlled by paleoclimate hydrology and glaciation for a long time, while strong tectonic activity over a short period of time considerably changed the color, structure, element content, and mineral composition of the calcareous tufa.
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1. Introduction


Among terrestrial carbonates (calcareous tufa, stromatolitic tufa, and travertines), calcareous tufa represents a good proxy-indicator of Quaternary climatic and environmental conditions [1,2,3,4,5,6,7], widely observed in fluvial areas with calcareous deposits [8]. As tufas are mainly comprised of calcite, they enable direct and precise dating as well as geochemical reconstructions of the past geological environment [7]. Currently, such tufas are being used as a proxy for paleoclimate, paleohydrology, tectonic activity, glaciation, regional geomorphic evolution, human activity, and geoarchaeology studies [2,9,10,11,12,13,14,15,16]. Andrews et al. [2] reviewed paleoclimate records of riverine tufas using stable isotopes, and proposed a synthesis. Tye et al. [17] studied the Long Lake sequence of Marks Tey, Essex, UK, and showed that the δ18O record of the endogenic carbonates from this sequence records the climatic structure of MIS 11. Matsuoka et al. [18] performed high-resolution stable isotopic analyses of an annually laminated tufa from Shirokawa, SW Japan. Zidi et al. [19] argued that the calcareous tufas of Boulaaba are good indicators of tectonic activity, as they are intimately related to the fault network distribution in the region. Tufa is deposited in open ground-surface environments, which leads to a complex deposition mechanism. Therefore, how to accurately use tufa to reconstruct paleoclimate environment still needs a lot of in-depth research [20].



A large amount of tufa with different genetic types is distributed on the Tibetan Plateau [21]. On the eastern margin of the Tibetan plateau, there is a belt-shaped tufa area from northeast to southwest [22], and its distribution area is mainly located at the turning point before the top of the largest topographic step in the eastern Tibetan Plateau. The regional tufa mainly develops in the periglacial landform area at the lower part of the snow line [23,24]. Because of the special geographical location of the Tibetan Plateau, the tufa in this area is strongly indicative of paleoclimate and paleoenvironment [20,25,26,27,28,29,30]. Mischke et al. [31] identified the Mid-Holocene tufa section at an altitude of 3815 m in the Qilian Mountains at the northeastern margin of the Tibetan Plateau as a new and possibly important climate archive. Guo et al. [32] reconstructed regional paleoclimatic and paleohydrological changes during the Early and Mid-Holocene by analyzing the rhythmic nature and hydrochemical proxies of tufa in Jiuzhaigou, eastern Tibetan Plateau. Lei et al. [33] discussed the characteristics of major geochemical elements and paleoenvironmental significance of tufa deposited on the ancient lakeshore terrace of the Ngangla Ringsto Lake in the western Tibetan Plateau. Niu et al. [22] and Wang et al. [20] summarized previous studies on the geological information recorded by travertine and tufa on the Tibetan Plateau and proposed the prospect of future studies.



The Jiuzhaigou deposits are typical examples of calcareous tufa with the highest altitude (2200–2900 m) in the world. Jiuzhaigou calcareous tufas are porous deposits containing plants and algal molds or imprints [16,34,35]. The Jiuzhaigou Tufa Scenic Spot, a World Natural Heritage Site (Aba Tibetan and Qiang Autonomous Prefecture, China), is particularly interesting because of its spectacular large-scale plateau tufa lakes, tufa waterfalls, tufa beach flows, and other landforms. On 8 August 2018, an Mw 7.0 earthquake (hereinafter referred to as the “8.8 earthquake” based on the date) occurred in Jiuzhaigou, China. Following the earthquake, many new calcareous tufa profiles were revealed, such as the Nuorilang Waterfall and Sparkling Lake. Before the earthquake, there was a tufa calcareous dam (locally called the Yanacuo Dam) between the Sparkling Lake and the downstream Double-Dragon Lake. The earthquake caused the dam to break in the central part and exposed a rhythmic structure section. Based on mineral composition, thin section observation, major/trace element content, and stable isotope composition (δ13CV-PDB, δ18OV-SMOW), combined with previous scholars’ research results on calcareous tufa and Jiuzhaigou area, this paper analyzes the mechanism of calcareous tufa deposition in Jiuzhaigou and the influencing factors during the deposition process, and further discusses the geological environment that may be recorded by calcareous tufa deposition.




2. Geographic Setting


The Jiuzhaigou Natural Heritage Scenic Area in Sichuan Province, China (32°54′–33°19′ N, 103°46′–104°14′ N) is located in the conjunction of the Songpan–Ganzi orogenic belt and West Qinling orogenic belt (Figure 1a). The main faults in the surrounding area are the Tazang, Huya, Xueshanliangzi, and Minjiang faults (Figure 1b). The geological structure of the Jiuzhaigou region is complex, with strong neotectonic activity, fold-fault development, and frequent earthquakes (Figure 1b,c). The structural pattern of the scenic spot controls the geomorphological framework in the area and the structural lineaments are mainly distributed in the NW-SE direction (Figure 1c).



Owing to the vulnerability of the aquifer in the Jiuzhaigou area, after it is broken under the action of tectonic stress, rock joints and fractures in the fault are developed, with NW trending dominant directions, which conditions for the formation of a fissure crack. The interaction of groundwater infiltration and rock promotes the further expansion of fissures. In addition, the growth of fissures intensifies the infiltration and circulation of groundwater, alternately, and the fissure–karst process is mutually reinforcing, thereby accelerating the karst process. Identified through a field geological survey and the investigation report of the Sichuan Bureau of Geology and Mineral Resources, the lithofacies of the outcrop strata in the Jiuzhaigou Scenic Spot are marine facies, and the lithology is mainly carbonate rocks, ranging in age from the Paleozoic Devonian to the Mesozoic Triassic. Various limestones (including bioclastic limestone, crystalline limestone, argillaceous limestone, and siliceous limestone) and trace amounts of dolomite, slate, and sandstone constitute the material basis of the Jiuzhaigou karst underground runoff system.



The Jiuzhaigou Scenic Spot is distributed in a “Y” shape, with the Shuzheng Valley at the lower branch of the “Y” (Figure 1c). The elevation of the Shuzheng Valley is between 2210 m and 2250 m, and the total length from Entrance to Nuorilang is 13.8 km (Figure 1d). The Jiuzhaigou Scenic Spot has 30 small lakes, including the Sparkling Lake, Lying Dragon Lake, Five Flower Lake, Shuzheng lakes, and so on. The “8.8” earthquake caused serious damage to the two core scenic spots of Jiuzhaigou: the Nuorilang Waterfall and Sparkling Lake. The earthquake caused part of the viewing platform of the Nuorilang Waterfall to collapse. At the downstream of the Shuzheng Valley, the Sparkling Lake burst, forming a trapezoidal gap with a length of approximately 40 m, width of 12 m, and height of 15 m [39] (Figure 2a). The Sparkling Lake dried up almost completely after the “8.8” earthquake, and the calcareous tufa reef and calcareous tufa mound at the bottom of the lake were exposed. Following the collapse of the Sparkling Lake, a layered calcareous tufa profile with a recognizable rhythmic structure was revealed. The exposed profile has clear layers and a continuous deposition (Figure 2b), the color of the layers was mainly off-white, and black peat layers of considerable thickness were sandwiched (Figure 2b,c). The Sparkling Lake calcareous tufa profile provides a good experimental material for this study.




3. Materials and Methods


3.1. Sample Collection


After the “8.8 earthquake”, the Sparkling Lake essentially dried up (Figure 2a). This study chose the fully exposed and partially collapsed central dam as the research object (Figure 2b). To obtain a fresh sample, the outermost layer of the profile was removed, and a steel pipe with a knife edge was used to knock in the calcareous tufa layer perpendicular to the section. According to the color variation, hardness, and structural characteristics of the calcareous tufa section, the samples are continuously and unevenly stratified from bottom to top. The bit distribution and thickness were marked, and the calcareous tufa sample was put into a clean cotton sample bag for coded storage. A sample was collected from each calcareous tufa layer, with each sample weighing approximately 2 kg. In total, 50 samples were collected, which were recorded as 14-2-1~14-2-50; the codes recorded on the three black peat layers were 14-2-23, 14-2-35, and 14-2-42 (Figure 2c).



Through the field geological survey, we observed and measured the formation occurrence and calcareous tufa profile of the strata in the study area. Further, we determined the attitude of rock formation and structural characteristics of the calcareous tufa. The collected samples were brought to the laboratory for analysis. Based on the establishment of the fine depositional time series of the calcareous tufa profile, the depositional environment changes of calcareous tufa in different periods are analyzed systematically, and the controlling factors affecting the change in depositional environment are also expounded.




3.2. Analytical Methods


The mineral phase analysis of calcareous tufa was completed at the Analytical Testing Center, Southwest University of Science and Technology (Mianyang, China), using an X-ray diffractometer (X’Pert Pro, PANalytical B.V.) under the following conditions: a copper target, 40 kV pipe pressure, 40 mA pipe flow, 0.033° step length, 0.2 °/min integration time, and 3–80 scan range. The stable isotope (δ13CV-PDB, δ18OV-SMOW) and major/trace element analysis of calcareous tufa was conducted by the ALS Laboratory Group (Guangzhou, China). The major elements of the rock were analyzed by the X-ray fluorescence spectrometer melting method. The rare earth trace elements were analyzed by an agilent inductively coupled plasma-optical emission spectrometer. Carbon-oxygen isotope analysis was conducted using a Thermo Finnigan Deltaplus XP isotope mass spectrometer. The measured results of δ13C (precisions of 0.1‰, V-PDB standardization) and δ18O (precisions of 0.5‰, V-SMOW standardization) are expressed in ‰. Radiocarbon dating was conducted on the calcareous tufa samples and performed at the BETA Laboratory (Miami, FL, USA) in accordance with ISO/IEC 17025:2017. The IntCal20 calibration curve was used. To eliminate the influence of “dead carbon”, the dating results were calibrated based on the precise dating of carbon in peat layers in the profile. The thin section observation was carried out in the Fundamental Science on Nuclear Wastes and Environmental Safety Laboratory of the Southwest University of Science and Technology (Mianyang, China). The instrument model is the Zeiss upright microscope Axio Scope A1. The technical parameters are as follows: the most advanced IC2S infinity axial, radial double chromatic aberration correction and contrast-enhanced optical system; the analyzer is 360° adjustable, the precision is 0.1°; the magnification is 50~500; and transmission, anti-bireflection light source.





4. Data Analysis


4.1. Calcareous Tufa Mineral Phase Test


Thirteen calcareous tufa samples with layers of different colors were selected for X-ray diffraction (XRD). The diffraction patterns of the obtained samples was compared and analyzed with the powder diffraction file (PDF) card using the MDI Jade 9.0 software. The results show that the diffraction peaks of the calcareous tufa samples are all well fitted with the calcite standard card (PDF#05-0586), indicating that the calcareous tufa was dominated by calcite (Figure 3). The peak position of calcite does not change considerably, with the strongest diffraction peak appearing at 29.4°. The diffraction peak baseline was flat, the peak type was sharp, and the peak was obvious. The corresponding main dominant surfaces are {012}, {104}, {110}, {113}, {202}, {018}, {116}, {122}. After the qualitative information of the mineral is obtained, the Rietveld full-spectrum fitting method is used for semi-quantitative analysis to determine the content of mineral components in calcareous tufa samples of different colors. The analysis results are shown in Table 1. The samples of the Sparkling Lake calcareous tufa profile are shown to contain calcite and quartz. From the 14-2-23 sample upward, the calcite content basically dropped to below 90% and other mineral components appeared (such as Albite, Muscovite, Montmorillonite, and Kaolinite). Table 1 shows that the percentages of calcite in the three sets of black peat calcareous tufa layers are 4.8, 45.9, and 65.8, which are significantly lower than the percentages of about 80 in the gray-brown layers. Silicate minerals are present in all three sets of black peat layers. The content of Muscovite (43.8%) in sample 14-2-23 was even higher than that of calcite.




4.2. Calcareous Tufa Radiocarbon Dating


The chemical index of alteration (CIA), an important index to evaluate the weathering history of sediments, is defined as Al2O3/(Al2O3 + CaO* + Na2O + K2O) × 100, where the oxide is the molar mass percentage and CaO* is only CaO in silicate [41,42,43]. Because of the difficulty in accurately separating silicate minerals in the sample, the correction method proposed by McLennan [44] was used to calculate the CIA value. Correlation analysis refers to the measurement of the degree of correlation between variable elements [45,46]. Here, Pearson correlation analysis was performed on the stable isotopes and major/trace elements using the IBM SPSS Statistics 25 software, which intuitively reflected the dependence and correlation degree of each indicator.



The lowest layers and three sets of black peat layers of the calcareous tufa profile were selected for radiocarbon dating. The age of the calcareous tufa profile of the Sparkling Lake was measured to be 2340 ± 30–210 ± 30 aB.P. (Figure 2c), belonging to the Late Holocene. Combined with the warm–humid climate corresponding to the CIA value (60–80) (Table 2), this indicates that the calcareous tufa is the product of deposition in the warm–humid climate of the Late Holocene. Based on the superposition relationship and occurrence measured in the field, the Sparkling Lake calcareous tufa dam shows a bottom-up sequence from old to new, with sedimentary continuity, and the 14C apparent age data are consistent, enabling a more detailed chronological sequence for the calcareous tufa deposition in Jiuzhaigou Scenic Spot.




4.3. Thin Section Observation


In the thin-section results, lamellar limestone is evident in Figure 4a. The distribution side around the organic matrix is sparry calcite (Figure 4b–e). Outside, micrite and sparry calcite are distributed around the formed shell. Figure 4f shows sparry calcite and micrite around petioles. In the absence of organisms, there was a mix of micrite and sparry calcite around the void (Figure 4f). The void shape was irregular, which may be related to the recrystallization of micrite calcite. It is speculated that a microbial community exists in the litter accumulation and that the calcareous tufa is preferentially deposited by these organic matrices as a template. Around the organic matrices, bright crystal calcite is formed, and a cryptocrystalline structure dominated by muddy crystal is distributed around it. The calcareous tufa in Jiuzhaigou contains a large amount of algae and microorganisms (Figure 4g). Figure 4h shows the Sparkling Lake red algae population under the light microscope (400 times magnification). The thin-section results show that the tube bundle-shaped calcareous tufa formed by algal filaments and leaves as templates is dominated by splendid calcite on the inside and mainly micrite, microsparkle, and a mixture of the two on the outside. The difference of the crystal structures around the organic matrix indicates that the tubular channels were left during the decomposition of biomass from the inside to the outside. Further, there are gaps between the calcareous tufa inclusions formed by biological templates. In both cases, water flow with slow mobility passes through, which is conducive to recrystallization to form sparry calcite owing to excessive calcite saturation SIc (Figure 4i).




4.4. Results of the Major/Trace Element Analysis of Calcareous Tufa


From the calcareous tufa mineral composition analysis, the major/trace element contents in different color layers were further determined. The peaks of K, Ca, Na, Mg, Al, K/Ca, K/Al, and CIA in the calcareous tufa profile coincide with the black peat layers. In general, their peak values have a good correspondence with the black peat layers (Figure 5). The average values of K (0.97 g/kg), Na (0.36 g/kg), Mg (0.59 g/kg), Al (3.22 g/kg), K/Ca (10.00), K/Al (0.30), and CIA (74.62) in black peat layers were considerably higher than those in other color layers. Furthermore, the average value of Ca (14.66 g/kg) decreased considerably, about 20 g/kg (Table 2). Moreover, the Na/Al, Mg/Al, and Ca/Al peak values are diametrically opposite to the black peat layers (Figure 5). The average values of Na/Al (0.11), Mg/Al (0.19), and Ca/Al (5.19) were considerably lower (Table 2).



The deposition process of calcareous tufa mineral elements is affected by the changes in the geological environment. Therefore, a statistical analysis of major/trace elements can determine the correlation between calcareous tufa mineral elements and the possible origin of the elements. It was observed that the K in the calcareous tufa profile was considerably positively correlated with Na, Mg, Al, K/Ca, K/Al, and CIA (p < 0.01) (Table 3 and Figure 6), with a correlation coefficient greater than 0.5, and the variation trend was the closest. This indicates similar sources of the four elements, i.e., silicate minerals, which often occur in soil. Ca showed a considerable negative correlation with K, Na, Mg, Al, CIA, K/Ca, and K/Al, indicating the dilution effect of other elements on Ca. A linear relationship between Al and K, Na, Ca, and Mg was observed, while Al has an exponential relationship with the CIA (Figure 6). These chemical element indexes provide important data for distinguishing different colors of calcareous tufa layers. The results show that the three black peat layers of the calcareous tufa profile have the characteristics of low Ca content and Na/Al, Mg/Al, and Ca/Al ratios, and higher levels of K, Na, Mg, Al, K/Ca, K/Al, and CIA.




4.5. Calcareous Tufa Carbon-Oxygen Isotope Test


Three sets of black peat and seven sets of gray-brown calcareous tufa were selected for carbon-oxygen isotope testing (Table 4). The δ13CV-PDB values of the calcareous tufa samples range from −0.62‰ to 0.50‰ (average −0.17‰). The δ18OV-SMOW values are between 17.78‰ and 19.23‰ (average 18.15‰). The δ13CV-PDB values of calcareous tufa black peat layer range from −0.62‰ to −0.10‰ (average −0.36‰). The lowest δ13CV-PDB value of the 4-2-35 sample is −0.62‰, corresponding to the second layer of black peat in the calcareous tufa profile. The δ18OV-SMOW values of calcareous tufa in black peat layer vary slightly in the range of 17.78‰ to 18.09‰ (average 17.94‰). The correlation diagram shows that δ18OV-SMOW has a weak positive correlation or no obvious correlation with δ13CV-PDB (Figure 6). The correlation coefficient R2 = 0.27. Carbon-oxygen isotopes were weakly correlated with K, Na, Ca, Mg, Al, CIA, and their ratios (K/Ca, K/Al, Na/Al, Mg/Al, and Ca/Al) (Table 3 and Figure 6).





5. Discussion


5.1. Response of Tufa Deposition to Paleohydrological Changes and Glaciation


Several authors have investigated the water source of the Jiuzhaigou Scenic Spot [38,47,48]. The Jiuzhaigou Scenic Spot is considered an independent karst hydrogeological structure unit where atmospheric precipitation (including atmospheric snowfall) is the only source of water supply. Therefore, isotope composition of the calcareous tufa in the study area reflects the changes in rainfall and temperature (Figure 2d,e). During 750 ± 30–300 ± 30 aB.P., the carbon isotope value of calcareous tufa showed a continuous decreasing trend. However, there is a weak positive correlation or no obvious correlation between carbon-oxygen isotopes in calcareous tufa (Table 3 and Figure 6), which is the same as the record of cave carbonate deposits in Southwest China [49,50]. Carbon-oxygen isotopes are consistent with precipitation and temperature changes recorded in the Guliya Ice Core [40] (before 750 ± 30 aB.P., it was a long cold and dry period, after which the precipitation and temperature showed a fluctuating upward trend) (Figure 2e). Carbon-oxygen isotopes records are consistent with the hydrological changes recorded in a compilation of 2000-year flood historical data in Sichuan [51]. Therefore, the analysis suggests that the information recorded by the calcareous tufa profile in the Sparkling Lake clearly reflects the heavy rainfall and the ablation of glaciers since the Holocene.



On the one hand, the isotope“dilution effect”caused by high rainfall conditions is extremely obvious in the Jiuzhaigou Valley [52,53,54,55]. That is, the light carbon isotope in the rain has played a “dilution role” in the heavy carbon isotope in calcareous tufa, making the carbon isotope in calcareous tufa lower. Before 750 ± 30 aB.P., the calcareous tufa carbon isotope values of Sparkling Lake were higher (average −0.09‰) (Table 4). It shows that the rainfall is relatively stable at this stage, and the water and soil are kept in good condition. At 750 ± 30 aB.P., the content of calcareous tufa carbonate dropped sharply, which was insufficient for the determination of carbon isotope. The content of calcite and Ca elements reached the lowest value (Table 1 and Table 2). This period may result from flooding caused by heavy rains over a long period of time. After 750 ± 30 aB.P., the calcite and Ca contents decreased as a whole. However, the contents of other minerals and elements such as K, Na, Mg, and Al have increased to different degrees (Table 2 and Figure 5). The color of the calcareous tufa layers deepens, mainly to gray-black and brown (Figure 2b,c). The δ13CV-PDB value showed a decreasing trend. Around 300 ± 30 aB.P., the carbon isotope value reaches the lowest (−0.624‰) (Table 4). The occurrence of this phenomenon may be related to soil leaching. Heavy rainfall in the Jiuzhaigou area is speculated to have led to increased erosion; as a result, the water body that washed the soil carried large amounts of impurities (plants, organisms, minerals, and organic debris) (Figure 4). These impurity-carrying water bodies reduce the deposition rate of calcite and the increase in colored elements in its impurities, which makes the calcareous tufa layers at this stage darker than the calcareous tufa formed in the cold and dry period, showing a gray-black or brown color. After 300 ± 30 aB.P., The δ13CV-PDB value continues to rise (Table 4). This indicates that rainfall decreases at this stage. At 210 ± 30 aB.P., a thinner layer of black peat appears. It is presumed to be related to the influence of tectonic activity or intensified human activity. During this period, vegetation was destroyed, soil erosion intensified, and the environment deteriorated.



On the other hand, the calcareous tufa in Jiuzhaigou was formed by multi-period accumulation. Previous studies suggested that the early tufas were accumulation landforms formed by alpine karstification in multiple periglacial environments [56,57]. Early trufa in Jiuzhaigou formed in a periglacial environment 520,000~30,000 years ago. After 30,000 years, the temperature in the region showed a fluctuating increase. Jiuzhaigou gradually withdrew from the periglacial environment. However, it was still covered by seasonal ice and snow. Currently, the runoff replenishment source of Jiuzhaigou is mainly rainfall, supplemented by seasonal snow melt water, which has obvious periodicity. However, the change in snow and ice is more sensitive to temperature than rainfall change, so ice and snow change has a better response to temperature change. Melting ice and snow increases free CO2 in runoff, so the dissolution capacity is enhanced [58]. Part of the meltwater from ice and snow forms surface runoff and flows to the low-altitude Shuzheng Valley (Figure 1d). As water seeps further underground to become pore water, crevice water migrates along the fault direction. The strong dissolution of snowmelt runoff causes soil erosion, and the introduction of impurities such as soil particles and plant organic debris darkens the calcareous tufa layers (Figure 4). At the same time, the impurities deposited on the snow surface are washed out of the snow layer during the snowmelt period and migrate with the surface runoff and groundwater, which can replenish and dilute the elements in groundwater and surface water. The meltwater impurities contain more K, Na, Mg, and Al, which dilute the Ca content, affecting the elemental composition in the calcareous tufa layers (Table 2 and Figure 5). Due to the apparent isotopic fractionation during snow and ice melting, the light isotopic composition of the snow melt water is abundant [59], and the magnitude of contribution to the Jiuzhaigou Valley affects the stable isotope in the calcareous tufa. In summary, it can be concluded that the change in the meltwater flow of ice and snow caused by temperature changes directly or indirectly affects the deposition of calcareous tufa layers with different colors.




5.2. Response of Calcareous Tufa Deposition to Tectonic Activity


Calcareous tufa is highly sensitive to climate change. Therefore, calcareous tufas are often used as reliable climate proxies in many geological settings. Conversely, the research on the response of calcareous tufa to tectonic activity and earthquakes is rather limited. Pazzaglia et al. [60] concluded that the presence of calcareous tufas in the Ellera basin successfully allowed the disclosure of a wide array of paleoenvironmental and tectonic information and could be potentially extended to similar depositional contexts. The findings of Martini et al. [61] indicate that calcareous tufa deposits could serve as a sensitive proxy for tectonics when such deposits are associated with coarse-grained clastic deposits.



Jiuzhaigou is located in the transition zone of the deep and large fault zone, where tectonic activity is intense and earthquakes occur frequently (Figure 1a,b). Tufa development is closely related to this strong tectonic activity. Hence, calcareous tufa can be used to determine the occurrence time of faults or seismic activities and reveal more tectonic activity characteristics and evolution [20,22,23,62,63]. Three sets of black peat layers with a thickness of 5–20 cm developed in the calcareous tufa profile, aged 750, 300, and 210 ± 30 aB.P. Based on historical records [64,65], during the formation of the upper two sets of black peat layers, a series of large earthquakes of magnitude above 6.0 occurred around the area where Jiuzhaigou is located (Figure 1b). The analysis suggests that the formation of the black peat layers in the calcareous tufa profile may be related to strong seismic activities in the study area. The strong fault activity led to the fragmentation of underground rocks and the development of underground fractures and broken zones in addition to inducing surface landslides and rock collapse and enhancing chemical weathering. The dissolution amount of the related minerals increased, affording an increase in K, Na, Mg, and Al contents in the black peat layers (Table 2 and Figure 5). Moreover, the strong tectonic activity triggered mountain collapse and soil erosion in the valleys, resulting in a large number of sources (broken rocks, vegetation, and particles of soil) mixed into the surface runoff. As a result, the hydrochemical environment was affected, and a large number of sources were accumulated during the deposition of calcareous tufa (Figure 4). Zheng et al. [66] compared the water chemistry and calcareous tufa deposition before and after the “8.8” earthquake in Jiuzhaigou, revealing the algal enrichment caused by enhanced soil erosion, which also caused the calcareous tufa deposits to become loose and porous. Moreover, the strong tectonic activity led to an abrupt change in the calcareous tufa deposition environment, the collapse of calcareous tufa dams, and the diversion of water bodies. A large amount of surface water leakage, aquatic algae death, the growth of airborne cyanobacteria, and weathering continues to increase, surface calcareous tufa will then disintegrate and desertification occurs, resulting in the loss of water and black calcareous tufa. The effects of strong earthquakes can persist for 10~20 years or more, after which calcareous tufa deposits enter the state of “normal deposits” (no longer affected by strong earthquakes to deposit) with a rhythmic structure. Dang et al. [67] and Qiao et al. [68] clarified that the “8.8” earthquake increased the degree of soil erosion and changed the water regulation effect of vegetation in the watershed. Soil erosion in the watershed has increased, a substantial number of sources such as sediment and wood have entered the body of water, and aquatic plants such as fir-leaf algae have grown in large numbers, resulting in turbid lakes and silted water bodies. Finally, the hydrochemical environment of calcareous tufa deposition is affected. Level changes as well as disappearances of groundwater in tectonically active regions due to earthquakes have been reported [69,70], suggesting that hydrological changes and depositional breaks in calcareous tufa in this area may also be caused by earthquakes. Qiu et al. [71] also proved the influence of the tectonic activity and earthquake on the Dawan travertine deposition in Huanglong (100 km away from the Jiuzhaigou Scenic Spot).



In summary, the formation of black peat layers in the calcareous tufa profile is the result of many factors caused by strong tectonic activity. Due to the lack of relevant studies on similar calcareous tufa profiles, a systematic comparative analysis cannot be conducted. Therefore, further studies are required to verify the above conclusions.





6. Conclusions


From the analysis of sedimentology, petrography and elemental geochemical characteristics of the differently colored layers of calcareous tufa in the Jiuzhaigou Scenic spot and 14C dating results, combined with regional tectonic characteristics and geological environment changes, the following conclusions are drawn.



(1) The radiocarbon age of the calcareous tufa profile in the Sparkling Lake is 2340 ± 30–210 ± 30 aB.P. Therefore, the calcareous tufa of the Sparkling Lake belongs to the Late Holocene with a warm and humid climate. The sedimentary sequence of the calcareous tufa profile is the normal bottom-up sequence from old to new with good sedimentary continuity.



(2) Based on the dating results and geochemical analysis, it is believed that the deposition process of the calcareous tufa profile was controlled by paleoclimate and glaciation. The layers’ color in the upper part of the tufa profile is significantly darker, suggesting a weak positive correlation of carbon-oxygen isotopes and the trend of change at or above centennial scale. The paleoclimate and glaciation changes reflected by these features are consistent with climate changes recorded in the ice cores on the Tibetan Plateau, carbonate cave deposits in Southwest China, and literature records. Therefore, this indicates that the information recorded in the calcareous tufa profile of the Sparkling Lake clearly reflects the heavy rainfall and the ablation of glaciers since the Holocene.



(3) The anomalous black peat layers in the calcareous tufa profile are related to strong regional tectonic activity (strong seismic activity). The ages of the three sets of black peat layers in the upper part of the Sparkling Lake calcareous tufa profile are 750, 300, and 210 ± 30 aB.P., respectively, measured by 14C dating. Among them, the ages of 300 and 210 ± 30 aB.P. are consistent with the time when a series of earthquakes with a magnitude above 6.0 occurred around Jiuzhaigou (1630~1900). The analysis shows that under the synergism effect of various factors caused by strong tectonic activities, the dissolution amount of related minerals is increased, and large amounts of vegetation, sediment, and other sources are mixed into the calcareous tufa for accumulation, affecting the hydrochemical environment of calcareous tufa deposition and forming a large amount of plant debris accumulation. In addition, strong tectonic activity led to the collapse of the calcareous tufa dam; moreover, water bodies were diverted, the calcareous tufa lost water and oxidized, the vegetation grew, and finally, black peat layers were formed.
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Figure 1. Geological background map of study area. (a) Regional tectonic geological map [36]. EKF = East Kunlun fault; XSF = Xianshuihe fault; QTT = QiangTang terrane; BNS = Bangong-Nujiang suture; LSB = Lhasa block; YZS = Yarlung-Zangbo suture; MFT = main frontal thrust; NJF = Nujiang fault; RRF = Red River fault; SYRB = Sichuan-Yunnan rhombic block; XJF = Xiaojiang fault; LMF = Longmenshan fault; SGB = Songpan-Ganzi Block. The green frame is the area in (b). (b) Regional structure and distribution of magnitude M ≥ 6.0 earthquakes in the Jiuzhaigou vicinity between 1630 and 1900 [37]. The blue frame shows the location of the Jiuzhaigou Scenic Spot. GDF = Guanggaishan-Dieshan fault; BLF = Bailongjiang fault; EKF = East Kunlun fault; MJF = MinJiang fault; TZF = Tazang fault; XLF = Xueshanliangzi fault; LMF = Longmenshan fault; HYF = Huya fault; LRF = Longriba fault; HQDF = Hanan-Qingshanwan-Daoqizi fault. The blue five-pointed star is the epicenter of the “8.8” earthquake. (c) Outline of the geological structure of the Jiuzhaigou Scenic Spot (from Sichuan Provincial Regional Geological Survey Team 2006). The yellow frame shows the location of Shuzheng Valley. The location of Sparkling Lake is indicated by a blue five-pointed star. LXF = Long Lake-XuanquanValley Fault; HCF = Hawk Claw Fault; FFLF = Five Flower Lake Fault; RLF = Rhinoceros Lake Fault. (d) Schematic of the Shuzheng Valley geological profile [38]. RA = Russian Anticline. The orange frame shows the location of the Sparkling Lake in the Shuzheng Valley profile. 
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Figure 2. Collected calcareous tufa deposition profile at the Sparkling Lake. (a) The lake dried up after the earthquake. The red frame shows the sampling location. (b) Sparkling Lake calcareous tufa sampling profile. (c) Calcareous tufa characteristics and dating data. (d) Changes in 18O and glacier accumulation recorded by Guliya ice cores over the last millennium (data from Yao et al. [40]). (e) Carbon-oxygen isotope analysis of the calcareous tufa profile. The blue dots represent experimentally measured carbon-oxygen isotope data. The red dots represent the location of the black peat layer. 
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Figure 3. XRD patterns of calcareous tufa profile in Sparkling Lake. 
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Figure 4. Thin-section results of Sparkling Lake calcareous tufa sample. (a) Lamellar limestone. (b–d) Surrounding the organic matrix distribution side is sparry calcite. (e) Calcite sparry and micrite around petiole. (f) Around the void with no living organisms involved. (g,h) Sparkling Lake red algae population. (i) Recrystallization forms sparry calcite. Spr = sparry, Mic = micrite, Ms = microspar, Org = organic. 






Figure 4. Thin-section results of Sparkling Lake calcareous tufa sample. (a) Lamellar limestone. (b–d) Surrounding the organic matrix distribution side is sparry calcite. (e) Calcite sparry and micrite around petiole. (f) Around the void with no living organisms involved. (g,h) Sparkling Lake red algae population. (i) Recrystallization forms sparry calcite. Spr = sparry, Mic = micrite, Ms = microspar, Org = organic.
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Figure 5. Element (Ca, K, Al, Na, Mg) composition content, element ratios (K/Ca, K/Al, Na/Al, Mg/Al, Ca/Al) and CIA value of calcareous tufa. The black dots indicate the location of the black peat layers. 
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Figure 6. Correlation map of the main elements and carbon-oxygen isotopes of the calcareous tufa profile in the Sparkling Lake. It shows the correlation between elements (K, Na, Al, Mg, Ca, and CIA) and the plots of δ13CV-PDB and δ18OV-SMOW. 
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Table 1. Mineral percentage of calcareous tufa profile in Sparkling Lake.
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	Sample Number
	Quartz

(%)
	Calcite

(%)
	Clinochlore

(%)
	Albite

(%)
	Muscovite

(%)
	Montmorillonite

(%)
	Kaolinite

(%)





	14-2-2
	1.8
	98.2
	-
	-
	-
	-
	-



	14-2-4
	2.0
	98
	-
	-
	-
	-
	-



	14-2-5
	4.4
	95.6
	-
	-
	-
	-
	-



	14-2-11
	1.8
	98.2
	-
	-
	-
	-
	-



	14-2-22
	3.4
	96.6
	-
	-
	-
	-
	-



	14-2-23
	27.5
	4.8
	10.8
	3.3
	43.8
	4.6
	5.2



	14-2-26
	8.9
	74.3
	-
	0.4
	11.6
	-
	4.8



	14-2-30
	2.1
	97.9
	-
	-
	-
	-
	-



	14-2-34
	5.3
	93.2
	-
	1.5
	-
	-
	-



	14-2-35
	20.9
	45.9
	4.7
	3.8
	19.1
	1.8
	3.8



	14-2-37
	3
	81.1
	-
	-
	9.4
	-
	6.5



	14-2-42
	11.7
	65.8
	-
	1.6
	18.3
	-
	2.6



	14-2-50
	4.1
	95.9
	-
	-
	-
	-
	-
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Table 2. Content and ratios of major/trace elements in calcareous tufa of Sparkling Lake.
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	Sample Number
	K

(%)
	Na

(%)
	Ca

(%)
	Mg

(%)
	Al

(%)
	K/Ca
	K/Al
	Na/Al
	Mg/Al
	Ca/Al
	Al2O3

(%)
	K2O

(%)
	Na2O

(%)
	CaO

(%)
	MgO

(%)
	CIA





	14-2-1
	0.05
	0.06
	38.5
	0.24
	0.19
	0.13
	0.26
	0.32
	1.26
	202.63
	0.32
	0.07
	0.08
	54.0
	0.37
	58.18



	14-2-2
	0.09
	0.07
	37.5
	0.25
	0.32
	0.24
	0.28
	0.22
	0.78
	117.19
	0.57
	0.11
	0.09
	52.8
	0.42
	66.28



	14-2-3
	0.09
	0.07
	38.5
	0.26
	0.31
	0.23
	0.29
	0.23
	0.84
	124.19
	0.53
	0.11
	0.09
	53.7
	0.42
	64.63



	14-2-4
	0.17
	0.07
	37.0
	0.28
	0.61
	0.46
	0.28
	0.11
	0.46
	60.66
	1.14
	0.21
	0.09
	52.1
	0.48
	74.51



	14-2-5
	0.21
	0.09
	36.9
	0.30
	0.75
	0.57
	0.28
	0.12
	0.40
	49.20
	1.37
	0.26
	0.12
	50.6
	0.50
	73.26



	14-2-6
	0.15
	0.07
	38.1
	0.27
	0.53
	0.39
	0.28
	0.13
	0.51
	71.89
	0.97
	0.18
	0.09
	52.4
	0.43
	72.93



	14-2-7
	0.09
	0.06
	37.6
	0.25
	0.30
	0.24
	0.30
	0.20
	0.83
	125.33
	0.56
	0.11
	0.08
	53.7
	0.42
	67.47



	14-2-8
	0.16
	0.07
	36.9
	0.28
	0.55
	0.43
	0.29
	0.13
	0.51
	67.09
	1.03
	0.19
	0.09
	52.4
	0.47
	73.57



	14-2-9
	0.26
	0.09
	35.3
	0.31
	0.98
	0.74
	0.27
	0.09
	0.32
	36.02
	1.81
	0.31
	0.12
	50.2
	0.51
	76.69



	14-2-10
	0.18
	0.08
	36.9
	0.29
	0.71
	0.49
	0.25
	0.11
	0.41
	51.97
	1.27
	0.22
	0.11
	51.7
	0.48
	74.27



	14-2-11
	0.12
	0.07
	38.8
	0.28
	0.48
	0.31
	0.25
	0.15
	0.58
	80.83
	0.85
	0.15
	0.09
	53.1
	0.45
	72.03



	14-2-12
	0.64
	0.16
	31.7
	0.45
	2.55
	2.02
	0.25
	0.06
	0.18
	12.43
	4.76
	0.77
	0.22
	42.7
	0.75
	79.73



	14-2-13
	0.22
	0.08
	36.8
	0.29
	0.85
	0.60
	0.26
	0.09
	0.34
	43.29
	1.53
	0.26
	0.11
	50.9
	0.48
	76.12



	14-2-14
	0.16
	0.07
	35.7
	0.27
	0.61
	0.45
	0.26
	0.11
	0.44
	58.52
	1.13
	0.20
	0.09
	52.4
	0.46
	74.83



	14-2-15
	0.27
	0.09
	35.9
	0.30
	0.92
	0.75
	0.29
	0.10
	0.33
	39.02
	1.73
	0.32
	0.12
	50.3
	0.50
	75.55



	14-2-16
	0.26
	0.09
	35.7
	0.31
	0.91
	0.73
	0.29
	0.10
	0.34
	39.23
	1.61
	0.31
	0.12
	50.0
	0.51
	74.54



	14-2-17
	0.13
	0.07
	36.2
	0.26
	0.45
	0.36
	0.29
	0.16
	0.58
	80.44
	0.83
	0.16
	0.09
	52.0
	0.43
	70.94



	14-2-18
	0.09
	0.06
	37.7
	0.24
	0.31
	0.24
	0.29
	0.19
	0.77
	121.61
	0.54
	0.11
	0.08
	53.3
	0.39
	66.67



	14-2-19
	0.17
	0.08
	36.8
	0.26
	0.57
	0.46
	0.30
	0.14
	0.46
	64.56
	1.04
	0.20
	0.11
	51.7
	0.43
	71.23



	14-2-20
	0.23
	0.08
	36.0
	0.28
	0.78
	0.64
	0.29
	0.10
	0.36
	46.15
	1.43
	0.27
	0.11
	50.7
	0.47
	74.48



	14-2-21
	0.15
	0.07
	37.6
	0.26
	0.51
	0.40
	0.29
	0.14
	0.51
	73.73
	0.92
	0.18
	0.09
	52.5
	0.43
	71.88



	14-2-22
	0.35
	0.09
	33.9
	0.30
	1.21
	1.03
	0.29
	0.07
	0.25
	28.02
	2.27
	0.43
	0.12
	48.7
	0.51
	77.21



	14-2-23
	1.06
	0.35
	4.64
	0.62
	3.52
	22.84
	0.30
	0.10
	0.18
	1.32
	7.47
	0.70
	0.47
	6.80
	1.14
	76.30



	14-2-24
	0.60
	0.23
	28.8
	0.40
	1.98
	2.08
	0.30
	0.12
	0.20
	14.55
	3.74
	0.80
	0.31
	41.5
	0.69
	73.91



	14-2-25
	0.67
	0.34
	28.4
	0.45
	2.24
	2.36
	0.30
	0.15
	0.20
	12.68
	4.17
	0.63
	0.46
	39.2
	0.78
	70.80



	14-2-26
	0.52
	0.23
	30.1
	0.40
	1.75
	1.73
	0.30
	0.13
	0.23
	17.20
	3.23
	0.34
	0.31
	42.5
	0.69
	72.10



	14-2-27
	0.28
	0.11
	34.3
	0.33
	0.96
	0.82
	0.29
	0.11
	0.34
	35.73
	1.81
	0.24
	0.15
	49.5
	0.56
	73.88



	14-2-28
	0.20
	0.07
	36.1
	0.30
	0.67
	0.55
	0.30
	0.10
	0.45
	53.88
	1.22
	0.20
	0.09
	51.2
	0.48
	74.39



	14-2-29
	0.16
	0.07
	37.5
	0.29
	0.55
	0.43
	0.29
	0.13
	0.53
	68.18
	0.99
	0.26
	0.09
	52.3
	0.48
	72.26



	14-2-30
	0.22
	0.08
	36.3
	0.30
	0.76
	0.61
	0.29
	0.11
	0.39
	47.76
	1.39
	0.70
	0.11
	51.2
	0.51
	74.33



	14-2-31
	0.29
	0.10
	34.1
	0.31
	1.00
	0.85
	0.29
	0.10
	0.31
	34.10
	1.88
	0.35
	0.13
	49.2
	0.53
	75.50



	14-2-32
	0.26
	0.10
	35.8
	0.31
	0.90
	0.73
	0.29
	0.11
	0.34
	39.78
	1.64
	0.31
	0.13
	50.3
	0.53
	74.21



	14-2-33
	0.27
	0.09
	36.2
	0.32
	0.95
	0.75
	0.28
	0.09
	0.34
	38.11
	1.74
	0.33
	0.12
	50.0
	0.51
	75.32



	14-2-34
	0.39
	0.12
	33.6
	0.35
	1.36
	1.16
	0.29
	0.09
	0.26
	24.71
	2.58
	0.48
	0.16
	48.0
	0.60
	76.33



	14-2-35
	1.16
	0.44
	16.15
	0.64
	3.83
	7.18
	0.30
	0.11
	0.17
	4.22
	7.52
	1.44
	0.59
	22.7
	1.16
	74.16



	14-2-36
	0.38
	0.14
	33.3
	0.36
	1.24
	1.14
	0.31
	0.11
	0.29
	26.85
	2.31
	0.46
	0.19
	46.9
	0.61
	73.33



	14-2-37
	0.28
	0.11
	35.2
	0.32
	0.91
	0.80
	0.31
	0.12
	0.35
	38.68
	1.67
	0.34
	0.15
	49.3
	0.53
	72.29



	14-2-38
	0.28
	0.10
	34.5
	0.32
	0.93
	0.81
	0.30
	0.11
	0.34
	37.10
	1.69
	0.34
	0.13
	48.8
	0.52
	73.80



	14-2-39
	0.30
	0.09
	34.5
	0.32
	0.97
	0.87
	0.31
	0.09
	0.33
	35.57
	1.84
	0.37
	0.12
	49.4
	0.55
	75.10



	14-2-40
	0.82
	0.31
	17.55
	0.55
	2.74
	4.67
	0.30
	0.11
	0.20
	6.41
	5.58
	1.05
	0.32
	25.9
	1.02
	76.75



	14-2-41
	0.71
	0.27
	20.9
	0.51
	2.39
	3.40
	0.30
	0.11
	0.21
	8.74
	4.67
	0.88
	0.36
	30.3
	0.91
	74.48



	14-2-42
	0.69
	0.28
	23.2
	0.50
	2.31
	2.97
	0.30
	0.12
	0.22
	10.04
	4.47
	0.86
	0.38
	33.4
	0.88
	73.40



	14-2-43
	0.49
	0.19
	29.6
	0.43
	1.65
	1.66
	0.30
	0.12
	0.26
	17.94
	3.08
	0.60
	0.26
	42.2
	0.75
	73.33



	14-2-44
	0.40
	0.16
	31.4
	0.39
	1.34
	1.27
	0.30
	0.12
	0.29
	23.43
	2.53
	0.49
	0.22
	45.2
	0.69
	73.12



	14-2-45
	0.20
	0.10
	36.3
	0.33
	0.69
	0.55
	0.29
	0.14
	0.48
	52.61
	1.26
	0.24
	0.13
	51.0
	0.57
	71.59



	14-2-46
	0.18
	0.08
	33.7
	0.32
	0.62
	0.53
	0.29
	0.13
	0.52
	54.35
	1.13
	0.22
	0.11
	50.5
	0.56
	71.97



	14-2-47
	0.21
	0.10
	33.6
	0.34
	0.75
	0.63
	0.28
	0.13
	0.45
	44.80
	1.38
	0.26
	0.13
	49.6
	0.60
	72.63



	14-2-48
	0.08
	0.05
	36.4
	0.30
	0.27
	0.22
	0.30
	0.19
	1.11
	134.81
	0.45
	0.09
	0.07
	52.3
	0.49
	66.18



	14-2-49
	0.07
	0.06
	35.8
	0.28
	0.25
	0.20
	0.28
	0.24
	1.12
	143.20
	0.44
	0.09
	0.08
	52.7
	0.46
	63.77



	14-2-50
	0.11
	0.08
	34.0
	0.30
	0.37
	0.32
	0.30
	0.22
	0.81
	91.89
	0.70
	0.14
	0.11
	50.8
	0.52
	66.04
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Table 3. Pearson correlation matrix of main elements, element ratios, and isotopes (δ13CV-PDB and δ18OV-SMOW) in the calcareous tufa profile.
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	Element
	K
	Na
	Ca
	Mg
	Al
	CIA
	K/Ca
	K/Al
	Na/Al
	Ca/Al
	Mg/Al
	δ18OV-SMOW
	δ13CV-PDB





	K
	1
	
	
	
	
	
	
	
	
	
	
	
	



	Na
	0.962 **
	1
	
	
	
	
	
	
	
	
	
	
	



	Ca
	−0.927 **
	−0.905 **
	1
	
	
	
	
	
	
	
	
	
	



	Mg
	0.975 **
	0.955 **
	−0.954 **
	1
	
	
	
	
	
	
	
	
	



	Al
	0.997 **
	0.949 **
	−0.914 **
	0.971 **
	1
	
	
	
	
	
	
	
	



	CIA
	0.467 **
	0.284 *
	−0.320 *
	0.391 **
	0.492 **
	1
	
	
	
	
	
	
	



	K/Ca
	0.727 **
	0.670 **
	−0.86 6**
	0.727 **
	0.716 **
	0.248
	1
	
	
	
	
	
	



	K/Al
	0.289 *
	0.327 *
	−0.333 *
	0.279 *
	0.231
	−0.024
	0.211
	1
	
	
	
	
	



	Na/Al
	−0.418 **
	−0.237
	0.261
	−0.342 *
	−0.437 **
	−0.982 **
	−0.195
	−0.056
	1
	
	
	
	



	Ca/Al
	−0.722 **
	−0.621 **
	0.573 **
	−0.671 **
	−0.728 **
	−0.869 **
	−0.384 **
	−0.231
	0.865 **
	1
	
	
	



	Mg/Al
	−0.677 **
	0.569 **
	0.501 **
	−0.594 **
	−0.687 **
	−0.890
	−0.342 *
	−0.180
	0.880 **
	0.980 **
	1
	
	



	δ18OV-SMOW
	−0.238
	−0.561 **
	0.125
	−0.144
	−0.251
	−0.561 *
	−0.172
	0.278
	0.515
	0.291
	0.445
	1
	



	δ13CV-PDB
	−0.529
	0.046
	0.384
	−0.425
	−0.529
	−0.481
	−0.506
	−0.138
	0.488
	0.461
	0.566 *
	0.529
	1







Note: * Correlation is considerable at p < 0.05 (two-tailed). ** Correlation is considerable at p < 0.01 (two-tailed).
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Table 4. Carbon-oxygen isotope data of Sparkling Lake calcareous tufa profile.
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	Sample Number
	δ13CV-PDB

(‰)
	δ18OV-SMOW

(‰)





	14-2-2
	−0.13
	17.88



	14-2-5
	0.30
	18.19



	14-2-11
	−0.24
	17.91



	14-2-22
	−0.28
	17.91



	14-2-23
	the content of carbonate is low enough to measure C isotope
	the content of carbonate is low enough to measure O isotope



	14-2-26
	−0.33
	18.00



	14-2-30
	−0.35
	18.09



	14-2-34
	−0.21
	18.01



	14-2-35
	−0.62
	18.09



	14-2-37
	−0.36
	18.62



	14-2-42
	−0.10
	17.78



	14-2-50
	0.50
	19.23
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