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INTRODUCTION
Landscape evolution responds to climate change and tectonic motions, and this response is usually mediated by sediment transport and landslides (Whipple, 2004; Jerolmack and Paola, 2010). Understanding the transmission of environmental signals is crucial for predicting landscape response to climate change, and interpreting paleoclimate and tectonics from stratigraphy. Landslides and sedimentation are important surface processes, and the sediments contain important tectonic and climatic information.
Previous investigations in landslides and sediments focus mostly on climatic variations at the expense of tectonic inputs (Jiang et al., 2022). Recent investigations from tectonically active regions reveal many seismic events from modern landslides and late Pleistocene lacustrine sediments corresponding to tectonic activities (Howarth et al., 2012; Howarth et al., 2014; Jiang et al., 2014). In this context, it is of great scientific significance to consider the role and interplay of both tectonics and climate in geodynamic evolution as preserved in sedimentary records and landslide hazards.
On the other hand, for a regional scale of landslide hazard assessment, the characteristics of landslide and causative factors can be spatially different due to the sizable study area. The stability of slopes in seismically active areas has become one of the popular Research Topic in the field of geological disaster prevention (Chen et al., 2022). Searching for the environmental context of climatic evolution and tectonism crucially depends on the interpretation of paleoclimate and tectonic archives from outcrop geology, basin sediments, river sediments, soft sediment deformation, landslides, geological hazards, and so on. Linking sedimentological processes to paleo-environmental reconstructions and models becomes increasingly important.
To present the latest achievements in this direction, we organized a Research Topic entitled Environmental change driven by climatic change, tectonism, and landslide. This Research Topic includes seven articles covering seismic and human impacts inferred from lake sediments, tectonic activities on the millennial- and million-year scales, and landslide hazard assessment and seismic amplification of the soil-rock slope, representing the newest progress in this discipline.
SEISMIC AND HUMAN IMPACTS INFERRED FROM LAKE SEDIMENTS
The instrumental and historical earthquake records of a region are generally far too short to adequately evaluate the long-term behavior of seismogenic faults. Paleoseismology helps to fill this gap through detailed analysis of the available geological record along faults. Recently, more attention has been paid to paleoseismic records from lacustrine settings, with a greater emphasis on earthquake sedimentology (Jiang et al., 2017). Magnetic susceptibility, sedimentary structures, geochemistry, particle size, and pollen analyses are the preferred tools for identifying seismic events in lake sediment sequences (Jiang et al., 2014; Jiang et al., 2016; Jiang et al., 2017; Liang and Jiang, 2017; Wei et al., 2021). Intriguingly, different regions usually generate some new indicators for seismic activities.
Based on sedimentary characteristics (color, density, and grain size), organic matter content, and high-resolution XRF element scanning data, Liu et al. identified four seismic events from Lake Mugeco along the Xianshuihe fault zone on the southeastern margin of the Tibetan Plateau over the past 300 years, which are well correlated with four historical earthquakes. This result shows that only earthquakes with seismic intensities from VII to VIII within a 40-km radius can be recorded by lacustrine sediments in Lake Mugeco though the historical records reveal there are frequent earthquakes over Ms6.0 along the Xianshuihe fault.
The Fuyun Fault is a typical slow-slipping fault in northwest China. Whether it left seismic imprints in nearby lake sediments remains uncertain. Fan et al. obtained two long sediment cores from Lake Yileimu and analysis of multi-proxies shows that sorting indices >3 and Si contents >700 counts per second (cps) are two effective tools to identify seismic events. Combined with analyses of sedimentary structures, magnetic susceptibility, elemental composition and carbon content, a total of 20 seismic events are identified by the Y20B core.
Besides seismic signals, lake sediments have the potential to provide excellent archives for long-term human impacts. Vegetation clearance and burning and agricultural and settlement expansion have led to increasing regional soil erosion rates (Arnaud et al., 2012). Moldovan et al. selected Lake Zaton in the Romanian Carpathians as a temporary lake for analysis of the human impact and the results show that, over the past 2,200 years, natural cycles of warm and cold periods changed the oribatid communities around the lake, with warmer cycles of rich fauna alternating with poor fauna during colder periods. However, the increased human occupation in the study area replaced the ecologically diverse fauna with eurytopic taxa in the past few centuries. This work indicates that the combined effects of climate change and long-term human impacts can have deleterious effects on invertebrate species and communities on the regional scale.
TECTONIC ACTIVITIES ON THE MILLENNIAL- AND MILLION-YEAR SCALES
The collision of the Indian plate with the Eurasian plate led to the most complicated active structure in the southeastern margin of the Tibetan Plateau. The Gaoligong Mountain shear zone (GLGSZ) is one large-scale strike-slip fault zone with typical structural features that extend for thousands of kilometers (Allen et al., 1984; Royden et al., 2008). Wang et al. collected in situ samples of fresh gneiss and granite in the transects of the Gaoligong Mountain, Guyong Rock Mass, and Yinghuagu Valley for low-temperature thermochronological analysis. This work reveals that the GLGSZ experienced two rapid exhumation events at ∼14.5 Ma and ∼2.9 Ma. A collective comparison indicates that the deformation processes began in the northern transect and continued southwards and controlled the geomorphological features of the Gaoligong Mountains.
Relative to western China with more earthquakes, eastern China remains relatively stable with fewer earthquakes. However, in recent years, the seismic and geological survey discovered a new active fault-the Kouma Fault in the western Henan Province. Combined with trenching, drilling survey, magnetotelluric sounding and radiometric dating, He et al. conducted a detailed investigation on 12 fault outcrops on the slopes of the loess gullies and revealed two paleoseismic events of the Kouma Fault in the Middle Pleistocene and 40.9–38.8 ka B.P. This work is significant for the potential seismic source zone division, urban and rural land planning, and the assessment and prevention of earthquake disaster risk.
LANDSLIDE HAZARD ASSESSMENT AND SEISMIC AMPLIFICATION OF THE SOIL-ROCK SLOPE
Earthquakes have long been recognized as one of the main triggers for landslides across the Earth (Keefer, 1984; Tian et al., 2022). The earthquake-triggered landslides threaten our society through their direct and indirect, long-term effects such as damaged infrastructure, increased debris flows and floods associated with landslide dam failures and downstream river aggradations (Zhang et al., 2021; Xu et al., 2022). Zhang et al. proposed landslide hazard assessment based on zonation in an attempt to take effective measures to address this problem. The study area is the China-Pakistan Economic Corridor and the main controlling factors for landslides were related to the site’s topography, land use, and distance to an earthquake epicenter. This work shows that the accuracy of hazard assessment maps by zones was higher than that of the whole study area. Wang et al. established a centrifuge shaking table model test of anchored stabilizing piles for strengthening landslides and analyzed the dynamic response characteristics of the pile-anchor-slope under earthquake action. This work shows that the seismic amplification of the complex soil-rock slope varied strongly. The amplification of the pile-anchor cable connection is the largest, and the high-angle soil-rock interface is the smallest. Based on the obtained results, relevant suggestions for engineering design were put forward.
CONCLUDING REMARKS AND PROSPECTS
Landscape evolution deals with climate change, tectonism, and even human impacts, representing a complicated process. In this Research Topic, the seven articles involve multiple studying directions and accumulated much new knowledge for the development of this discipline.
The lacustrine deposition has two advantages, i.e., the innate continuity and reliability of systematic dating. Conventional paleo-seismic studies can reveal tectonic activity in localized locations or short segments, while earthquake limnology can effectively scale into basins and reconstruct seismic sequences through the recovery of sedimentary process over a large area (Jiang et al., 2014; Jiang et al., 2017). These studies make a common sense that the lacustrine deposits are the best archives of a long-term paleoseismic reconstruction and of a great importance for assessing the improvement of seismic hazards and risks in tectonically active regions.
Temporary lakes, such as Lake Zaton, can be used for paleoenvironmental studies, where natural and anthropic processes can significantly affect sediment deposition. Thus, multiple indicators of past environments can be used to assess human presence by decoupling from the rhythmic climate changes. Landslide hazard assessment based on zonation has higher accuracy than that of the whole study area, pointing to a new direction of landslide study in the future.
At the same time, these studies provide some good suggestions, for example, shallow and deep seismic explorations should be conducted in eastern China in the future to understand the tectonic activity of faults like the Kouma Fault. To study slope amplification and the seismic behavior of the pile, more available engineering cases and model test data should be obtained in the future to improve the numerical simulation.
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The Fuyun Fault is a typical intraplate, slow-slipping fault, but has been repeatedly ruptured by surface wave magnitude (Ms) ≥ 8.0 earthquakes. The 11 August 1931 Ms 8.0 Fuyun earthquake resulted in more than 10,000 casualties in the sparsely populated Fuyun area. Cosmogenic 10Be dating of offset landforms produced by prehistoric Ms ≥ 8.0 earthquakes yields an average recurrence interval of 9,700 ± 3,300 years, much longer than previously estimated 2,000–4,500 years, clouding our understanding of the timing and recurrence behavior of past earthquakes originating from the Fuyun Fault. Reflection seismic data reveal widely distributed subaquatic faults in Yileimu Lake, implying high sensitivity of the lake sediments to paleoearthquakes originating from the Fuyun Fault. Two new long sediment cores (Y20A: 267 cm; Y20B: 890 cm) together with previously published two short cores (Y19: 71 cm; Y20: 31.5 cm) from the depocenter and nearshore zone of Yileimu Lake are used for stratigraphic correlations and analyses of sedimentary structures, grain-size distributions, magnetic susceptibility, elemental composition and carbon content. The mass-wasting deposits with underlying soft-sediment deformation structures (SSDS) in the Y20B core indicate six siliciclastic-enriched sandy sediment fluxes from earthquake-triggered landslides of granitic rocks, and isolated SSDS record three additional earthquake-induced in situ deformations. Turbidite-like deposits with sorting indices >3 and Si contents >700 counts per second (cps) are comparable to those of the seismic mass-wasting deposits, and are thus interpreted as seismites from earthquake-induced re-deposition of nearshore sediments. There are a total of 20 seismic events recorded by the Y20B core. Seismic intensity calculation results, combined with historical seismic data, provide potential magnitudes of Ms ≥ 8.0, Ms ≥ 7.0, and Ms ≥ 5.5 for the earthquake-triggered mass-wasting deposits, SSDS, and turbidite-like seismites, respectively, in Yileimu Lake, generally consistent with previously published magnitude thresholds. Radiocarbon dating and stratigraphic correlations constrain the timing of these past earthquakes to ∼28 cal kyr BP. This unique, long lacustrine paleoseismic record suggests a weakly periodic pattern with recurrence intervals between 2,317 and 7,830 years and an average of 5,303 years for potential Ms ≥ 8.0 earthquakes, and reveals an unprecedented high frequency of potential Ms ≥ 7.0 earthquakes originating from the Fuyun Fault in the last 5 kyr, demonstrating the urgent need for an improved assessment of seismic hazards and risks in the Fuyun Fault zone.
Keywords: mass-wasting deposits, soft-sediment deformations, turbidite, shaking intensity, recurrence behavior, intraplate fault
INTRODUCTION
In recent decades, the frequent occurrence of catastrophic earthquakes (e.g., the 17 August 1999 Ms 7.4 earthquake in Turkey, the 8 October 2005 Ms 7.6 earthquake in Pakistan, and the 12 May 2008 Ms 8.0 earthquake in China) produced by sudden stress release of intraplate active faults have resulted in massive casualties, property loss and ecological destruction (Vanholder et al., 2001; Sullivan and Hossain, 2010; Cui et al., 2012). The Fuyun Fault is a typical intraplate fault located at the junction of Tianshan–Altay and Mongolia–Baikal seismic zones, an area with frequent large earthquakes (Pollitz et al., 2003). A rupture along the ∼170-km long Fuyun Fault produced the 11 August 1931 Ms 8.0 Fuyun earthquake with a maximum horizontal coseismic displacement of ∼14 m. It resulted in more than 10,000 casualties, causing great trauma to the sparsely populated Fuyun area (Fuyun County Local Chronicles Compilation Committee, 2003). The Fuyun Fault is a slow-slipping fault but evidence indicates that it ruptured repeatedly generating prehistoric Ms ≥ 8.0 earthquakes (Klinger et al., 2011; Xu et al., 2012). Mapping of the Fuyun Fault offsets using satellite and geomorphological data and cosmogenic 10Be dating of the offset landforms yielded an average recurrence interval of 9,700 ± 3,300 years for the prehistoric earthquakes (Xu et al., 2012). However, such a long recurrence interval is in sharp contrast with the previously estimated interval of 2,000–4,500 years in Xinjiang active tectonic zones (Xu and Deng, 1996).
The short instrumental and historical earthquake records in the Fuyun area is insufficient to determine the long-term recurrence behavior of devastating earthquakes from such intraplate faults (Avşar et al., 2014; Howarth et al., 2014; Moernaut, 2020). Quaternary deposits in the Altay region are sporadic, limiting the investigation of paleoseismic trenches for the Fuyun Fault. Dendroseismological studies can provide absolute ages for past earthquakes associated with the Fuyun Fault (Lin and Lin, 1998). However, seismic intensity thresholds for tree-ring responses are poorly constrained in the fault area due to the scarcity of historical earthquake events (e.g., Fan et al., 2020a), and dendrochronological studies may be limited to a much shorter time span than the long return periods of multiple great earthquakes. Therefore, paleoseismic records with a long time span and containing information regarding earthquake size are urgently needed to gain a better understanding of seismic activities on the Fuyun Fault.
Continuously deposited lake sediments in fault-bounded basins potentially contain detailed information on the occurrence and age of paleoearthquake events (e.g., Strasser et al., 2006; Berryman et al., 2012; Hubert-Ferrari et al., 2020; Kremer et al., 2020; Moernaut, 2020; Oswald et al., 2021). Previous lacustrine paleoseismic studies have provided some intensity thresholds for earthquake-induced sedimentary and deformation processes: a Modified Mercalli Intensity (MMI) of 5–6 induced turbidite deposition in Rara Lake, western Nepal (Ghazoui et al., 2019); an intensity of 6–7 MMI produced soft-sediment deformation structures (SSDS) in Lungerer Lake, Seelisberg Lake and Baldegger Lake, central Switzerland (Monecke et al., 2004); and a violent shaking intensity of 9 MMI caused extensive landslides and triggered mass-wasting deposits in Mapourika Lake, Paringa Lake and Ellery Lake, New Zealand (Howarth et al., 2016). The intensity thresholds for earthquake-induced lacustrine sedimentary events provide a means to investigate the location and magnitude of past earthquakes and to determine the recurrence pattern of earthquake events of different intensities (Moernaut et al., 2018; Lu et al., 2020).
Yileimu Lake is bounded by the Fuyun Fault (Figure 1A), making this site particularly sensitive to seismic activities originating from the fault. A recent study based on a 71-cm long sediment core from Yileimu Lake provided a 450-years continuous paleoseismic record related to the Fuyun Fault (Fan et al., 2020b). Here, we present an extended history of this paleoseismic record to ∼28 cal kyr BP, through high-resolution analyses of chronology and sedimentary events including mass-wasting deposits, SSDS and turbidite-like deposits in an 890-cm long sediment core from Yileimu Lake, and through careful statistical analysis of grain-size data, and elemental composition. The sedimentary events in this unique, long paleoseismic record are constrained by different shaking intensities, providing an in-depth understanding of the magnitude, frequency and recurrence behavior of past earthquakes on the Fuyun Fault since ∼28 cal kyr BP.
[image: Figure 1]FIGURE 1 | (A) Locations and characteristics of the Fuyun Fault, Yileimu Lake, and historical earthquakes around the fault. The average strike-slip rate was ∼0.8 mm year−1 in the late Pleistocene (Bai et al., 1996; Xu et al., 2012). Fault and earthquake data were first published by Fan et al. (2020b). Digital Elevation Model (DEM) is from http://www.gscloud.cn/. (B) Bathymetric map of Yileimu Lake, and locations of sediment cores. Bathymetric data are from Fan et al. (2020b). Inset images show the sediment coring.
MATERIALS AND METHODS
Study Area
The Fuyun Fault is a ∼170-km long intraplate strike-slip fault in southern Altay, northern Xinjiang, which is on the border of China, Mongolia and Russia (Figure 1A). It consists of two segments: one is a ∼50 km-long normal fault, constituting the northern segment; the other is a ∼120 km-long right-lateral slip fault with a thrust component, constituting the southern segment (Figure 1A) (Ding, 1985; Klinger et al., 2011; Xu et al., 2012). The southern segment of the fault is more active, in response to the southeastward movement of the Mongolia and Siberia blocks and to the far-field effect of India-Eurasia collision (Shen et al., 2003). The average strike-slip rate was ∼0.8 mm year−1 in the late Pleistocene (Bai et al., 1996; Xu et al., 2012). Historical earthquake records cover only 120 years, but document an Ms 8.0 earthquake that ruptured the whole Fuyun Fault and triggered extensive landslides in 1931 AD (Figure 1A) (Fuyun County Local Chronicles Compilation Committee, 2003).
Yileimu Lake is a permanent lake formed by depression of the northern segment of the Fuyun Fault (Klinger et al., 2011). It is fed by the Kayierte and Irtysh Rivers and is discharged by the Huerci River (Figure 1B). The current lake level is mainly controlled by an artificial dam (20.8 m above the ground) located ∼0.5 km downstream along the Huerci River (Figure 1B). The dam was built in 1958–1967 AD (Fuyun County Local Chronicles Compilation Committee, 2003). Yileimu Lake has a maximum water depth of ∼9 m in the depocenter, and the lake floor is flat in the north and relatively steep in the south (Figure 1B) (Fan et al., 2021). Hills of granitic rocks with an average slope of ∼35° occur along the Fuyun Fault, bounding the western margin of the lake (Figures 1A,B, Supplementary Figure S1A). The lake is surrounded by lacustrine plains along the northern, northeastern, southeastern and southern shores (Figure 1B). The catchment area has ∼300 m of relief between the mountain peaks and lake surface, and landslides appear on the slopes to the southwest of the lake. Chemical weathering is relatively weak in the Altay Mountains, limiting the sediment sources for the lake to some extent (Fan et al., 2021).
Reflection Seismic Survey and Sediment Coring
A reflection seismic survey was conducted along nine seismic lines across Yileimu Lake in May 2021 (only three lines A, B and C in Supplementary Figure S1A have relatively clear seismic reflectors). Reflection seismic data were acquired using an Applied Acoustics Engineering (AAE) CSP–D2400 system in combination with a GeoAcoustics 5210A system. A Receiver Model 5210A was used to collect seismic data from an AA301 boomer seismic sound source (200 J) and a 20-unit hydrophone (100–4,000 Hz), and to collect differential Global Positioning System (DGPS) data. A band-pass filter of 200–15,000 Hz was applied and seismic data interpretation was performed using SonarWiz 7 (v7.07.04) software.
In September 2020, a 267-cm long sediment core (Y20A; 47.176°N, 89.740°E) and an 890-cm long sediment core (Y20B; 47.165°N, 89.764°E) were retrieved from the depocenter (at a water depth of 9.21 m) and nearshore zone (at a water depth of 2.00 m) of Yileimu Lake, respectively (Figure 1B), using a Wink S5 sonic drill system (Canada). The sediment cores had a diameter of 55 mm. The nearest offshore distances of the Y20A and Y20B cores were ∼1.2 and ∼0.4 km, respectively (Figure 1B). The Y20A and Y20B cores were split for X-ray fluorescence scanning, and then sampled at 0.5-cm intervals for physical and chemical analyses. In addition, a 31.5-cm long sediment core (Y20) was retrieved near the Y20B core, and a 71-cm long sediment core (Y19; 47.175°N, 89.729°E) was retrieved from the depocenter of the lake (Figure 1B), using a UWITEC gravity corer (Austria). The lithology, chronology and grain-size data from the Y19 (which was named “Y19B” in the previous study of Fan et al. 2020b) and Y20 cores were published (Fan et al., 2021) and are used for stratigraphic correlations in this study.
Accelerator Mass Spectrometry (AMS) Radiocarbon Dating 
A total of eight bulk samples from organic-rich horizons of the Y20B core, plus one branch sample at 223 cm depth and one wood sample at 264 cm depth within the Y20A core, were selected for AMS 14C dating. This was carried out at the Guangzhou Institute of Geochemistry, Chinese Academy of Sciences and the Beta Analytic Testing Laboratory, United States (Table 1). Organic matter from bulk samples was extracted through an AAA pretreatment process (washing with acid, alkali and acid) (Brock et al., 2010). Conventional 14C ages were calibrated using the OxCal 7.1 calibration program (Bronk Ramsey and Lee, 2013) with IntCal20 calibration data (Reimer et al., 2020). An age–depth profile was constructed using a Bayesian Accumulation Model (Blaauw and Christen, 2011).
TABLE 1 | Accelerator Mass Spectrometry (AMS) 14C ages for the Y20A and Y20B cores.
[image: Table 1]X-Ray Fluorescence (XRF) Scanning
One half of each of the Y20A and Y20B cores was smoothed, and then scanned on an Itrax core scanner. Radiographic images were scanned at a resolution of 0.1 cm, using an Rh tube at 60 kV voltage and 35 mA current. Relative element intensities were obtained at 30 kV voltage and 55 mA current with an exposure time of 3 s for every 0.5 cm. Principal component analysis (PCA) was conducted on the standardized proxy data (Si, K, Ti, Fe, Zr, Al, Mn, Ca, Rb, Sr) of the Y20B core, using the software SPSS (Fan et al., 2016), in order to discriminate different sedimentary facies associated with different sedimentary processes, based on their distinguishable compositional characteristics (Praet et al., 2020; Wils et al., 2021). The main factor values (PCA F1 and F2) for each sample were calculated following the method of Fan et al. (2016).
Analyses of Grain-Size Distributions and Magnetic Susceptibility (SUS)
A total of 534 samples from the Y20A core and 1780 samples from the Y20B core were used for grain-size distribution analysis, and the Y20B core was also used for analysis of magnetic susceptibility. Grain-size data were measured using a Malvern Mastersizer 3000 laser grain-size analyzer, and SUS data were measured using a Bartington MS2 susceptibility meter at the Institute of Geology, China Earthquake Administration, following the method of Fan et al. (2020b). The Mastersizer 3000 automatically outputs the volume percentage of 100 grain-size fractions. Sorting index of each grain-size distribution was calculated using the GRADISTAT program (Blott and Pye, 2001). SUS values were normalized by the sample weight.
Analysis of Total Inorganic Carbon (TIC) Content
The Y20B core was sampled at 5-cm intervals (178 samples) for analysis of TIC content, using an Elementar Rapid CS Cube analyzer at the Institute of Geology, China Earthquake Administration. Each sample was separated into two subsamples. One subsample was used for the measurement of total carbon (TC) content, and the other was pretreated with 1 M HCl to remove carbonates and then used for the measurement of total organic carbon (TOC) content, following the method of Fan et al. (2020b). TIC content was calculated as the difference between the TC and TOC contents.
RESULTS
Seismic Stratigraphy and Core Lithology
Seismic profiles from three lines across Yileimu Lake cover a maximum sediment depth of ∼15 m (Supplementary Figures S1A–D). The poor penetration of seismic reflection may be related to the presence of highly reflective sediments such as coarse gravels (Wils et al., 2021). Nevertheless, several subaquatic faults are clearly imaged by reflection offsets and changes in reflector characteristics in the same horizons (Supplementary Figures S1B–D). In contrast to subaquatic faults, river channels are characterized by a grooved shape without lithological differences of the same horizons (Supplementary Figure S1C).
The Y20B core is close to a subaquatic fault in the southeast of Yileimu Lake (Supplementary Figure S1B). It generally consists of a continuous lacustrine sequence. The sediments can be divided into six units (Figures 2A,B): 890–775 cm, greyish-brown sandy silt with coarse sand and scattered gravel at 793.5–790 cm; 775–650 cm, brown silt; 650–495 cm, brown sandy silt with silty sand at 624.5–611.5 cm; 495–240 cm, brown clayey silt with silt and scattered gravel at 323.5–319 cm; 240–110 cm, greyish-brown sandy silt with sand and scattered gravel at 228–215.5 cm; 110–0 cm, greyish-brown clayey silt with sand and scattered gravel at 68.5–53 cm and sandy silt at 2–0 cm.
[image: Figure 2]FIGURE 2 | (A) Optical image and (B) lithology and conventional 14C ages of the Y20B core. (C–H) Soft-sediment deformation structures (SSDS) from radiographic images of the Y20B core, with overlying sandy deposits (mass-wasting deposits). (C,E,F) Linear waves. (D) Micro-faults. (G) Convolute structures. (H) Linear waves and clastic dykes. The mass-wasting deposits are generally characterized by high sand percentages, sorting indices and Si contents, and relatively low Mn contents. Note that the sedimentary structures are not clear in optical images, potentially due to the low sedimentation rates. Sharp erosive bases can be found at the interfaces of typical mass-wasting deposits and the underlying SSDS in (D,E). The mass-wasting deposits overlying the SSDS in (C) are related to the 11 August 1931 Ms 8.0 Fuyun earthquake. (I,J) Isolated SSDS without overlying mass-wasting deposits. (I) Linear waves. (J) A clastic dyke (upper) and linear waves (lower). (K) Cross bedding. (L) Horizontal laminations (background sediments). Cps, counts per second. High sorting indices indicate poor sorting of sediments.
The Y20A core can be divided into two units (Supplementary Figure S2): 267–160 cm, brownish-grey silty sand with coarse gravel and abundant plant residues at 267–260 cm, plus coarse sand and scattered fine gravel at 260–254 cm; 160–0 cm, greenish-grey clayey silt with occasional black bands. The occurrence of coarse gravel at the bottom of the Y20A core hinders access to longer sediment cores in the depocenter of Yileimu Lake.
AMS Radiocarbon Ages of Sediment Cores
The conventional 14C age of organic matter from the top of the Y20B core is 890 ± 30 years BP, much older than the sampling date (Figure 2B; Table 1). The age data from the upper 450 cm of the Y20B core are generally consistent with stratigraphic order (Figure 2B; Table 1). The 14C ages of organic matter at the depths of 45, 50, 200, 375 and 450 cm of the Y20B core are 8,800 ± 60, 8,820 ± 30, 13,600 ± 100, 16,460 ± 150 and 24,270 ± 80 year BP, respectively (Figure 2B; Table 1). Organic matter from the depth of 850 cm within the Y20B core has a 14C age of 15,340 ± 50 years BP, much younger than the age of 20,110 ± 60 years BP found at 650 cm (Figure 2B; Table 1). The branch and wood from the depths of 198 and 264 cm of the Y20A core have conventional 14C ages of 3,090 ± 35 and 3,180 ± 35 years BP, respectively (Supplementary Figure S2; Table 1).
Sedimentary Structures From XRF Radiographic Images
Sedimentary structures are obtained from painstaking searches of radiographic and optical images at 0.1-cm intervals throughout the Y20B and Y20A cores. The Y20B core contains 9 horizons of soft-sediment deformation structures (SSDS; Figures 2C–J), and six horizons of mass-wasting deposits overlying the SSDS (Figures 2C–H). The SSDS are 1–6.5 cm in thickness, and consist mainly of clayey silt (Figures 2C,I,J) and sandy silt (Figures 2D–H). They include linear waves (Figures 2C,E,F,I,J), micro-faults (Figure 2D), a liquefied diaper or convolute structures (Figure 2G), linear waves and clastic dykes (Figure 2H), and a clastic dyke (Figure 2J). The mass-wasting deposits are generally composed of poorly sorted medium- to coarse-sand with a massive structure and scattered gravel dispersed in (red bars in Figure 3). They are 2 cm (Figure 2C), 15.5 cm (Figure 2D), 14.5 cm (Figure 2E), 4 cm (Figure 2F), 13.5 cm (Figure 2G) and 8.5 cm (Figure 2H) in thickness, respectively. Except for the mass-wasting deposits at 624.5–611 cm depths, the others generally have normally graded sequences and clear lithological interfaces with the underlying SSDS (Figures 2C–H). There are no Bouma divisions, no horizontal or cross bedding, and no signs of bioturbation in the mass-wasting deposits. Sharp erosive bases can be found at the interfaces of typical mass-wasting deposits and the underlying SSDS (Figures 2D,E). The sediments consisting of sandy silt with clear cross-bedding structures and normally graded bedding sequences in the Y20B core are regarded as flood-like deposits (Figure 2K). The flood-like deposits are well sorted, and are less than 7 cm in thickness (green bars in Figure 3). In contrast, the sediments consisting of normally graded sandy silt without cross-bedding structures are regarded as turbidite-like deposits. The turbidite-like deposits have a wide range of thickness (1–19.5 cm) (yellow bars in Figure 3). The background sediments in the Y20B core mainly comprise laminated silt without graded sequences (e.g., Figure 2L). The Y20A core contains a horizon of mass-wasting deposits at 267–254 cm and a horizon of isolated SSDS layers (linear waves and convolute structures) at 171.7–168.2 cm (Supplementary Figure S2).
[image: Figure 3]FIGURE 3 | Percentages of >63, 4–63 and <4 µm fractions, sorting index, magnetic susceptibility (SUS), major elemental contents, Rb/Sr ratio and total inorganic carbon (TIC) of the Y20B core. Red, green and yellow bars indicate the horizons of mass-wasting deposits (corresponding to Figures 2C–H), flood-like deposits and turbidite-like deposits, respectively. Flood-like deposits have cross bedding structures and turbidite-like deposits generally have normally graded bedding sequences.
Sedimentary Proxies
There is no overall trend up the core in the variations of percentages of grain-size fractions, sorting index, SUS, major elemental contents or Rb/Sr ratio of the Y20B core (Figure 3). The average percentages of >63, 4–63 and <4 µm fractions are 24.7%, 69.3% and 6.0%, respectively. Sorting index and SUS have average values of 2.9 and 66.9 × 10−8 m3 kg−1, respectively. The average contents of Si, K, Ti, Zr, Mn and Ca are 721, 3,522, 2,617, 778, 940 and 10,696 counts per second (cps), respectively. Rb/Sr ratios and TIC contents have averages of 0.46% and 0.77%, respectively. There are a total of 32 horizons characterized by significantly high percentages of the >63 µm fraction (minimum peak value exceeds 30%). Among them, six horizons (red bars in Figure 3) correspond to the mass-wasting deposits (Figures 2C–H) and six other horizons correspond to the flood-like deposits (green bars in Figure 3). The remaining 20 horizons are turbidite-like deposits (yellow bars in Figure 3), generally characterized by abrupt increases in the percentages of >63 µm fraction at the bottom and gradual decreases upwards. The mass-wasting deposits also have remarkably high sorting indices (generally higher than 3) (high sorting indices indicate poor sorting of sediments), low SUS values (minimum valley value is only 14 × 10−8 m3 kg−1) and high Si contents (generally higher than 700 cps with minimum peak value exceeding 890 cps) (Figures 2C–H, 3, 4). In addition, PCA F1 and F2 account for 43.4% and 19.8% of the total variance within the elemental dataset of the Y20B core, respectively (Figure 5A). Three clusters can be defined: the first is dominated by Si, representing a quartz origin; the second is controlled by Ca and Sr, reflecting a plagioclase and/or carbonate origin; and the third is composed of K and other terrigenous elements (Ti, Fe, Rb, Mn, Al and Zr), with the K likely related to a K-feldspar origin (Figure 5A). The mass-wasting deposits have PCA F2 values generally lower than zero, and possess the minimum values of both PCA F1 (–12) and F2 (–4.9) throughout the Y20B core (Figure 5B). In contrast, the flood-like deposits have relatively low sorting indices (generally lower than 3), low Si contents (generally lower than 700 cps), and relatively high PCA F2 values (generally higher than zero) (Figures 2K, 3–5). The turbidite-like deposits have wide ranging sorting indices (2.1–4.1) and Si contents (497–868 cps) (Figures 3, 4), and have PCA F2 values generally lower than zero when their sorting index is higher than 3 (Figure 5B).
[image: Figure 4]FIGURE 4 | Correlations between (A) percentage of >63 µm fraction and sorting index, (B) percentage of >63 µm fraction and SUS, (C) percentage of >63 µm fraction and Si content, (D) sorting index and SUS, (E) sorting index and Si content, and (F) SUS and Si content of the mass-wasting deposits, flood-like deposits and turbidite-like deposits from the Y20B core.
[image: Figure 5]FIGURE 5 | (A) Variables factor map and (B) individuals factor map for principal component analysis (PCA) performed on the standardized elemental data of the Y20B core.
The Y20A core has ranges of mean grain size (Mz), percentages of >63 µm fraction, and Si content from 9.1 to 321.4 µm, 0%–79.8%, and 193–1376 cps, respectively (Supplementary Figure S3). The 260–158 cm depths of the Y20A core is characterized by relatively high values and decreasing trends of Mz, percentages of >63 µm fraction and Si content, equivalent to the 70–40 cm depths of the Y20B core (orange bar in Supplementary Figure S3). The peak values of Mz and Si content at 254 cm within the Y20A core correspond to those at 65.5 cm within the Y20B core (Supplementary Figure S3). The radiocarbon sampling depths of 198 and 264 cm within the Y20A core can be cautiously correlated with the depths of 50 and 72 cm within the Y20B core, respectively (Supplementary Figure S3). The upper 2 cm of the Y20B core, the upper 5 cm of the Y19 core, and the upper 2.5 cm of the Y20 core can be confidently correlated with one other (Supplementary Figure S3). The age at 5 cm depth within the Y19 core is 1931 AD, corresponding to the 11 August 1931 Ms 8.0 Fuyun earthquake (Fan et al., 2020b); therefore, the age at 2 cm depth within the Y20B core can also be inferred as 1931 AD (Supplementary Figure S3).
DISCUSSION
Sedimentary Record of Paleoearthquakes
Subaquatic faults are present in Yileimu Lake (Supplementary Figures S1A–D). These subaquatic faults should not be parts of the Fuyun Fault (Figure 1A, Supplementary Figure S1A). They were probably produced by seismic shaking from the Fuyun Fault, because the Fuyun Fault was the most active fault in the study area, and the lake was bounded by the Fuyun Fault (Figure 1A). The existence of these subaquatic faults suggests that the lake sediments are very sensitive to local seismic activities. However, there may be differences in the sedimentary response to seismicity in different areas of the lake. The Y20B core is located near a subaquatic fault in the nearshore zone of Yileimu Lake (Figure 1B, Supplementary Figure S1B), potentially representing a promising site to record past earthquakes. The Y20A core is located in the depocenter of Yileimu Lake (Figure 1B, Supplementary Figure S1C), a location characterized by a flat lake floor and lack of coarse sediments.
Soft-sediment deformation structures (SSDS) in lake sediments (deformed sediments relative to the background sediments) can be triggered by co-seismic (Sims, 1973) and non-seismic processes such as gravity (Van Daele et al., 2014) and wave loading (Migeon et al., 2017). Yileimu Lake is bounded by the Fuyun Fault which produced at least 4 prehistoric Ms ≥ 8.0 earthquakes (Klinger et al., 2011), and the SSDS consisting of linear waves, were related to the 11 August 1931 Ms 8.0 Fuyun earthquake (Figure 2C) (Fan et al., 2020b). Some SSDS in the Y20B core contain high-angle micro-faults, a liquefied diaper or convolute structures, linear waves and clastic dykes, and a clastic dyke (Figures 2D,G,H,J), comparable to those produced by experimental and historical earthquakes (e.g., Jiang et al., 2016, 2017). Previous studies indicated that micro-faults were related to seismic-induced brittle failure of carbonate mud with a high initial lithification rate and a considerable strength and density shortly after deposition (Monecke et al., 2004 and references therein). The sedimentary layers of micro-faults at 74–68 cm depths of the Y20B core have much higher TIC (carbonate) contents than those of other types of SSDS (Figures 2C–J, 3). These micro-faults can be produced by an oscillatory movement of the water column and surface sediments during seismic shaking (Migeon et al., 2017). Changes in hydrodynamic conditions should have not been responsible for micro-faults, as evidenced by the absence of micro-faults in other layers of the Y20B core, and in lake sediments which experienced significant changes in hydrodynamic conditions and hardly affected by seismic activities in North China (e.g., Fan et al., 2019). Convolute structures were complex forms of load structures and interpreted as a combination of bulk-density heterogeneities and fluidization associated with water-escape structures during seismic shaking (Suter et al., 2011 and references therein). Linear waves were considered as the results of horizontal movement with different velocities of the laminated layers at water–sediment interfaces, associated with the occurrence of shear energy induced by earthquakes (Lu et al., 2020; Wetzler et al., 2010). Clastic dykes were interpreted as the infillings of hydrofractures during the upward escape of seismic-induced fluidized sediments, when water pressures in the basal layer exceeded the overlying layer (Chen et al., 2009; Moretti, 2000). Therefore, the repeated occurrence of SSDS in the sediments of Yileimu Lake is most likely seismic origin (Figures 6A,B). The co-occurrence of some SSDS at the corresponding depths of the Y20A and Y20B cores (Supplementary Figures S2, S3) provides support for seismic origin of these widely distributed SSDS in Yileimu Lake. In contrast, gravity-induced SSDS should produce a dominant and regular direction of clastic materials (Van Daele et al., 2014), and wave loading-induced SSDS should produce parallel or regular cross bedding (Beck, 2009; Migeon et al., 2017). There are a total of 9 distinct horizons of SSDS in the Y20B core (Figures 2C–J), with each separated by non-seismic horizontal laminations (e.g., Figure 2J), indicating 9 past earthquakes originating from the Fuyun Fault (E1–E5, E7, E10, E15 and E19 in Figure 7).
[image: Figure 6]FIGURE 6 | A conceptual model showing (A) sedimentary processes in response to seismic shaking and (B) earthquake imprints on a sediment core from the nearshore zone of the lake. Mass-wasting deposits include sediments transported by debris flows and hyperpycnal flows.
[image: Figure 7]FIGURE 7 | Sedimentary record of past earthquakes inferred from the mass-wasting deposits with underlying SSDS (E1, E3, E7, E10, E15 and E19), isolated SSDS (E2, E4 and E5) and turbidite-like seismites (E6, E8–E9, E11–E14, E16–E18 and E20) from the Y20B core. Lithological legends and conventional 14C ages are same as Figure 2.
Mass-wasting deposits in sediments from small lakes in tectonically active regions were interpreted as the products of coseismic landslides and/or subaqueous slope failures (e.g., Howarth et al., 2014; Lu et al., 2017; Van Daele et al., 2017). In order to distinguish landslide-related deposits from those subaqueous origins in Yileimu Lake, mass-wasting deposits are regarded only as post-seismic deposits from landslides in the lake catchment in this study. Mass-wasting deposits were commonly seen in sediments from small lakes in tectonically active regions (e.g., Howarth et al., 2014; Oswald et al., 2021). The 6 horizons of mass-wasting deposits in the Y20B core consist of poorly sorted sand and scattered, irregularly shaped gravel, and have no Bouma divisions or signs of bioturbation (Figures 2C–H, 3, 4). The mass-wasting deposits in Yileimu Lake can be interpreted as post-seismic deposits transported by debris flows and/or hyperpycnal flows, reflecting coarse sediment fluxes from earthquake-triggered landslides from surrounding high and steep mountains (Figures 6A,B) (e.g., Howarth et al., 2012; Moernaut, 2020). The mass-wasting deposits overlying the SSDS in Yileimu Lake (Figures 2C–H) supports the seismic origin of landslides in the lake catchment and in situ deformations within the lake (e.g., Lu et al., 2021a). The sharp erosive bases at the interfaces of typical mass-wasting deposits and the underlying SSDS (Figures 2D,E) may have resulted from the horizontal movement of bottom water in the lake, induced by shear energy during seismic shaking. The mass-wasting deposits at the top of the Y20B core correspond to the 11 August 1931 Ms 8.0 Fuyun earthquake (Figure 2C, Supplementary Figure S3). The thickness of these deposits is only 1.5 cm, much thinner than the other 5 horizons of mass-wasting deposits (Figures 2C–H). Flood events in the 1900s AD may have expanded the size of the lake (Fan et al., 2021), possibly resulting in increasing distance between the site of the Y20B core and landslide sources, and thereby reducing the sediment flux to the core site. Increased water storage in Yileimu Lake after reservoir construction in the 1950s AD (Fan et al., 2020b) may have also reduced the sedimentation rate in the lake. These factors may therefore have reduced the thickness of the mass-wasting deposits related to the 11 August 1931 Ms 8.0 Fuyun earthquake. The flood-like deposits are well sorted and have clear cross-bedding structures (e.g., Figures 2K, 3, 4), similar to those flood deposits formed in strong hydrodynamic conditions (Benito et al., 2003).
Yileimu Lake is surrounded by hills of granitic rocks on the west and east (Figure 1B). The 11 August 1931 Ms 8.0 Fuyun earthquake caused extensive landslides, providing a large amount of siliciclastic-enriched clastic materials in the lake catchment, and thereby producing the Si-enriched mass-wasting deposits at the top of the Y20B core (Figure 2C). The other 5 horizons of mass-wasting deposits have even higher Si content than those at the top of the Y20B core (Figures 2D–H, 3), potentially implying more serious landslides caused by prehistoric great earthquakes. Mn content is generally low in the mass-wasting deposits (Figures 2C–H, 3), indicating oxygen-depleted sedimentary environments and rapid accumulation for these post-seismic deposits (Wils et al., 2021). TIC content is generally low and exhibits an increasing trend throughout the Y20B core, and there are no systematic correlations between the Ca and TIC contents (Figure 3). Therefore, a large amount of Ca (as well as Sr) should originate from plagioclase in addition to carbonates (Figure 5A). Rb/Sr ratio is generally low in the mass-wasting deposits (Figure 3), reflecting weak chemical weathering in the lake catchment (Fan et al., 2021). These data indicate that sediment sources for mass-wasting deposition in Yileimu Lake should have mainly been provided by earthquake-related landslides of weakly weathered granitic rocks. Overall, the mass-wasting deposits overlying the SSDS in the Y20B core reflect 6 past earthquakes (E1, E3, E7, E10, E15 and E19 in Figure 7).
Lacustrine turbidites are characterized by gradually upward decreasing grain size, and can be produced by earthquake-induced slope failures and/or slumps in tectonically active regions (e.g., Bertrand et al., 2008; Howarth et al., 2021; Moernaut et al., 2014). However, turbidites can also be formed by flood events (Beck, 2009; Migeon et al., 2017; Praet et al., 2020). Earthquake-related turbidites were commonly characterized by rapidly accumulated and poorly sorted deposits, while flood-induced turbidites were usually well sorted and contain cross-bedding structures and normally graded bedding sequences (Migeon et al., 2017; Moernaut et al., 2014) (e.g., Figure 2K). In this study, the deposits having similar grain-size structures to those turbidites are regarded as “turbidite-like” deposits. It is noted that earthquake-induced mass-wasting deposits have sorting indices >3, Si contents >700 cps and PCA F2 < 0 that can be distinguished from flood-like deposits (sorting indices <3, Si contents <700 cps and PCA F2 > 0) in Yileimu Lake (Figures 3–5). Therefore, turbidite-like deposits with sorting indices >3, Si contents >700 cps and PCA F2 < 0 are interpreted as seismites in Yileimu Lake (Figure 7). When compared with the mass-wasting deposits, the turbidite-like seismites have relatively lower Si contents (Figures 3, 4), implying that the main sediment sources for these turbidite-like seismites were unlikely to be the Si-enriched clastic materials from extensive landslides of granitic rocks in the lake catchment. These turbidite-like seismites may have mainly been related to the re-deposition of nearshore sediments after intense shaking of the lake. Seismic shaking could cause an oscillatory movement of the water column (a seiche effect), and disturb the surface sediments at water-sediment interface (Migeon et al., 2017), resulting in successive re-deposition of sand, silt and clay, forming the turbidite-like deposits. Subaquatic slumps or slope failures within the lake should be secondary factors, because the lake floor is not very steep (Figure 1B) (e.g., Schnellmann et al., 2002). The turbidite-like seismites in the Y20B core indicate 11 potential earthquakes (E6, E8–E9, E11–E14, E16–E18 and E20 in Figure 7).
Potential Magnitudes for Paleoearthquakes
The 11 August 1931 Ms 8.0 Fuyun earthquake caused extensive landslides of granitic rocks and triggered mass-wasting deposits in the Yileimu Lake catchment (Fan et al., 2020b). Seismic intensity calculation results based on intensity prediction equations (IPEs) from Wang et al. (2000) and Dowrick and Rhoades (2005) were consistent with the published seismic intensity map of the 11 August 1931 Ms 8.0 Fuyun earthquake based on field survey by Shi et al. (2010). These data indicated that an intensity of 8.6 MMI (epicentral distance 50 km) was required for past earthquakes to trigger extensive landslides in the Yileimu Lake catchment (Fan et al., 2020b) (Figures 8A,B). Similarly, a minimum intensity of 9 MMI was required for earthquakes produced by the Alpine Fault to cause extensive landslides in the Ellery Lake catchment (Howarth et al., 2016). The small difference of intensity thresholds for landslides in the above two lake catchments may be related to the different slope angles and rock types. A local intensity of 8.6 MMI in Yileimu Lake could be produced by distant large earthquakes or proximal small earthquakes, making it difficult to determine the magnitudes of prehistoric earthquakes.
[image: Figure 8]FIGURE 8 | (A) Shaking intensity variations with epicentral distance and (B) calibrated isoseismal modelling results for different magnitudes of earthquakes from different sites along the Fuyun Fault. The pink, red, brown, blue and green circles in (A,B) are in one-to-one correspondence. The intensity prediction equations (IPEs) used in (A,B) are from Wang et al. (2000), and Dowrick and Rhoades (2005), respectively. MMI, Modified Mercalli Intensity.
The Fuyun Fault is the main seismogenic fault in the study area. It generally consists of a ∼50 km-long normal fault segment in the north and a ∼120 km-long thrust-slip fault segment in the south (Figures 1A, 8B) (Klinger et al., 2011; Xu et al., 2012). All historical Ms ≥ 7.0 earthquakes in the study area occurred in the thrust-slip segment (Figure 1A). Therefore, it is the southern segment of the Fuyun Fault that seems to have the great potential to trigger large earthquakes. Based on the IPEs from Wang et al. (2000) and Dowrick and Rhoades (2005), an intensity of 8.6 MMI in Yileimu Lake could be generated by an Ms 7.7/8.9 earthquake at the north/south end of the southern fault segment (epicentral distance 30/136 km) in the geological past (Figures 8A,B), assuming these earthquakes had similar hypocentral depth, strike, dip and rake to those of the 11 August 1931 Ms 8.0 Fuyun earthquake (Fan et al., 2020b). In addition, characteristic dextral offsets of terraces and stream channels produced by prehistoric Ms ≥ 8.0 earthquakes from the Fuyun Fault are mainly distributed in the central part of the southern fault segment (Klinger et al., 2011). Hence, it is likely that great earthquakes occurred mainly in the central part of the southern segment of the Fuyun Fault (epicentral distance ∼90 km). Therefore, an intensity of 8.6 MMI in Yileimu Lake should be produced by prehistoric Ms ≥ 8.0 (perhaps Ms 8.5) earthquakes from the Fuyun Fault (Figures 6B, 8A,B).
Previous studies suggested that an intensity of 6.5 MMI was required for past earthquakes to produce in situ SSDS of linear waves in the Dead Sea, according to the computational fluid dynamics modelling results (Lu et al., 2020). However, these modelling results cannot be simply applied to Yileimu Lake because the lithology, sediment compaction and SSDS in the Y20B core, and the water depth of Yileimu Lake are significantly different from those in Dead Sea. In northern Xinjiang, a minimum intensity of 6.35 MMI could trigger slight SSDS (e.g., linear waves), and an intensity of 7 MMI was able to cause extensive soil liquefaction (Li et al., 2012). Therefore, a local intensity of 6.35 MMI was used as a threshold to trigger SSDS of linear waves in Yileimu Lake. An intensity of 6.35 MMI in Yileimu Lake was likely induced by an Ms ≥ 7.0 earthquake from the central part of the southern segment of the Fuyun Fault (epicentral distance 92 km) (Figures 8A,B). There was no evidence for historical Ms < 7.0 earthquakes being able to produce SSDS in the Yileimu Lake catchment (Fan et al., 2020b). In addition, the SSDS of micro-faults (Figure 2D), convolute structures (Figure 2G) and linear waves and clastic dykes (Figure 2H) underlying the mass-wasting deposits in Yileimu Lake, indicates that an intensity of 8.6 MMI (potential Ms ≥ 8.0 earthquakes) was sufficient to trigger these SSDS. Therefore, the isolated SSDS of linear waves (Figures 2I,J) and a clastic dyke (Figure 2J) should indicate prehistoric 7.0 ≤ Ms < 8.0 earthquakes (Figure 6B).
Turbidite seismites were triggered by a minimum shaking intensity of 5.3–5.7 MMI in Rara Lake in the central Himalaya (Ghazoui et al., 2019). In southern Altay, a historical Ms 5.8 earthquake (epicentral distance 30 km) induced turbidite-like seismites in Yileimu Lake which indicated an intensity threshold of 5.51 MMI (Fan et al., 2020b). In contrast, there was no evidence that historical Ms < 5.5 earthquakes could trigger turbidite-like seismites in Yileimu Lake (Fan et al., 2020b). Therefore, a minimum magnitude Ms 5.5 earthquake within a maximum distance of 25 km from Yileimu Lake appears to be required to cause turbidite-like seismites in the lake (Figure 6B), based on the IPEs from Wang et al. (2000) and Dowrick and Rhoades (2005). In addition, previous studies suggested a linear correlation between shaking intensity and turbidite thickness in the south central Chilean lakes (Moernaut et al., 2014). However, distinct lake morphologies and sediment lithology may cause different sedimentary responses to past earthquakes, producing unique intensity thresholds for various turbidites in specific lakes (Moernaut et al., 2014; Lu et al., 2021a). The lack of temporal correlation between historical earthquakes and turbidite-like seismites in Yileimu Lake makes it very difficult to assess the potential magnitudes of prehistoric earthquakes. Since there were no SSDS associated with these turbidite-like seismites, a magnitude Ms < 7.0 was tentatively considered as the maximum threshold.
Timing and Recurrence Behavior of Paleoearthquakes
The 14C age of organic matter from the top of the Y20B core is much older than the sampling date (Figure 2B; Table 1), possibly reflecting reservoir effects (e.g., Zhou et al., 2009). However, this 14C age is not suitable for calibrating the reservoir effects of the Y20B core, because human- activities (for example, reservoir construction in Yileimu Lake, mine exploitation in Koktokay about 7 km east of Yileimu Lake, and agricultural activities such as grazing in the lacustrine plains) in recent decades (Fuyun County Local Chronicles Compilation Committee, 2003) should have significantly changed the reservoir effects in the shallow water regions of Yileimu Lake. The linearly fitted age–depth curve of the Y20B core shows an intercept of 8,052.1 year (Supplementary Figure S4), indicating a potential reservoir effect of thousands of years for the Y20B core. Great earthquake events such as Ms ≥ 8.0 earthquakes could cause significant changes in the sediments of the whole lake (e.g., Howarth et al., 2014; Wils et al., 2021), allowing for stratigraphic correlations between event layers in the Y20A and Y20B cores (Supplementary Figure S3). The branch at 198 cm depth within the Y20A core has a 14C age of 3,090 ± 35 years BP (Supplementary Figures S2, S3; Table 1). The 14C age of organic matter at 50 cm depth within the Y20B core is 8,820 ± 30 years BP (Supplementary Figures S2, S3; Table 1). The depth of 198 cm within the Y20A core corresponds to the depth of 50 cm within the Y20B core (Supplementary Figure S3), therefore, the age difference between these two corresponding depths (5,730 years) is used as the reservoir correction factor (Table 1).
In addition, the linearly fitted age–depth curve of the Y20B core also shows an anomalously old 14C age at 450 cm depth and an anomalously young 14C age at 850 cm depth within the Y20B (Supplementary Figure S4; Table 1). The sediments at 450 cm depth within the Y20B core were deposited immediately after the earthquake event E11 (Figure 7) which may have produced excessive input of old carbon into the lake through remobilization of buried soils in the lake catchment. In addition, the organic matter at 850 cm depth within the Y20B core was very low, and the anomalously young 14C age of organic matter at 850 cm depth within the Y20B core may have been caused by the incorporation of young carbon into the sediments, potentially sourced from near-surface groundwater. Therefore, the 14C ages obtained from 450 to 850 cm depths within the Y20B core are not used. Hence, a total of 7 age data points, including the sampling date of –70 cal year BP at the core top, the 14C ages of the branch and wood at 198 and 264 cm depths within the Y20A core (corresponding to 50 and 72 cm depths within the Y20B core), and the 14C ages of organic matter at 45, 200, 375 and 650 cm depths within the Y20B core, are used in the Bayesian age–depth model. The four 14C ages of organic matter are corrected through subtracting the reservoir correction factor, and then calibrated to the calendar ages (Figure 9A; Table 1).
[image: Figure 9]FIGURE 9 | (A) Lithology, calibrated 14C ages and sedimentary record of past earthquakes from the Y20B core. Red and yellow bars indicate the horizons of mass-wasting deposits and turbidite-like seismites, respectively. Lithological legends are same as Figure 2. (B) Bayesian age–depth model of the Y20B core. Red dashed line indicates weighted mean age. The Bayesian ages (cal year BP) of earthquake events (E1–E20) are given in parentheses. (C) Recurrence intervals of potential Ms ≥ 8.0 earthquakes (E1, E3, E7, E10, E15 and E19). Red circles indicate weighted mean recurrence intervals, and red line indicates average recurrence interval (5,303 years). (D) Coefficient of variation (COV) for potential Ms ≥ 8.0 earthquakes. Red circles indicate weighted mean ages of earthquakes, and red line shows the COV value (0.57).
The SSDS, mass-wasting deposits and turbidite-like seismites within the Y20B core record a total of 20 potential paleoearthquakes (E1–E20) originating from the Fuyun Fault (Figure 7). Post-seismic sediments are rapidly deposited (e.g., Howarth et al., 2014; Avşar et al., 2016; Wils et al., 2021), as evidenced by the almost same ages within the seismites (Fan et al., 2020b). Therefore, the thickness of the mass-wasting deposits and turbidite-like seismites are removed to normalize the depth of the Y20B core. In contrast, the flood-like deposits and the turbidite-like non-seismites are relatively thin and occur frequently; these sediments are not excluded in the age–depth model (Avşar et al., 2015). The Bayesian age–depth model based on the normalized core depth and 7 age data points shows an almost linear curve, indicating that there were no significant discontinuities in the Y20B core, consistent with the lithological characteristics (Figures 2A,B). The age–depth model indicates a 14C age of 18.8 cal year BP at 2–0.5 cm depths of the Y20B core, corresponding to the 1931 Ms 8.0 Fuyun earthquake (Figures 2, 6, 9A,B). The Y20B core covers the past 28 kyr (Figures 9A,B). The sedimentation rate in the last 3 kyr (∼0.15 mm/year) is slightly lower than the preceding period (∼0.34 mm/year).
The sedimentary proxies, except for the TIC content, of the Y20B core spanning the past 28 kyr did not exhibit the typical climate fluctuations during the Last Glacial Maximum (LGM)–Deglaciation–Holocene periods (Figure 3). The catchment of Yileimu Lake is surrounded by high mountains to the northeast which are covered with perennial snow and ice 3,000 m above sea level (a.s.l.). Therefore, possible snow and ice melting during warming seasons in the geological past may have increased the transport of coarse particles into the lake, concealing the climate characteristics (cold and wet in the LGM and Deglaciation, and warm and dry in the Holocene) of the Westerlies-dominated arid Asia (e.g., Sun et al., 2013), including the Altay region, and reducing the difference in the percentages of >63 µm fraction between the seismic horizon of the E15 event and the adjacent non-seismic horizons (Figure 7). The TIC in the Y20B core was mainly from carbonates produced by inorganic precipitation within the lake water, because there were no carbonate rocks in the Yileimu Lake catchment. The TIC contents cannot be ignored throughout the Y20B core (Figure 3), implying a dominant subaquatic environment. The Bayesian age–depth model of the Y20A core indicates that the sedimentation rates in the nearshore zone of Yileimu Lake were much lower than those in the depocenter (Supplementary Figures S2, S3). This was probably because the depocenter of Yileimu Lake was closer to the rivers entering the lake (Figure 1B).
The 6 potential Ms ≥ 8.0 earthquakes indicated by the mass-wasting deposits overlying SSDS in the Y20B core occurred 15–22, 3,132–3,535, 7,824–9,396, 10,084–11,910, 17,425–20,868 and 22,307–26,665 cal year BP, respectively, based on the Bayesian age-depth model (Figure 9B). The recurrence intervals for these earthquakes were between 2,317 and 7,830 years with an average of 5,303 years (Figure 9C), much longer than the dating uncertainties (Figures 9B,C), and much shorter than the previously published recurrence interval of 9,700 ± 3,300 years for prehistoric Ms ≥ 8.0 earthquakes originating from the Fuyun Fault (Xu et al., 2012). The timing of these earthquakes was weakly periodic, with a coefficient of variation (COV) of 0.57 (Figure 9D) (Moernaut, 2020). The three potential Ms ≥ 7.0 earthquakes reflected by the three isolated SSDS in the Y20B core occurred 2,376–3,166, 4,059–5,104 and 4,169–5,270 cal year BP, respectively (Figure 9B). The minimum recurrence interval of these earthquakes was 110 years, comparable to the previously published interval of 96 years (Fan et al., 2020b). The 11 potential Ms ≥ 5.5 earthquakes implied by the turbidite-like seismites in the Y20B core occurred between 6,813 and 8,310 and 23,213–27,734 cal year BP, and mainly occurred before 14,084–16,705 cal year BP (Figure 9B).
Low sedimentation rate may hinder the identification of sediment features produced by earthquakes with relatively short recurrence intervals (Moernaut et al., 2014). However, a much higher frequency of potential Ms ≥ 7.0 earthquakes were recorded by the SSDS in the Y20B core over the last 5 kyr, during which time the sedimentation rate of the Y20B core was even lower than the preceding period (Figure 9B). Future studies on multi-lake paleoseismic records from different parts of the Fuyun Fault may reveal an even more accurate recurrence pattern of past earthquakes, since small, distant earthquakes (e.g., Ms ≥ 5.5) may not be recorded in a single lake, and individual lakes with different morphologies, lake levels, sedimentation rates, sediment sources and catchment reliefs may also have different sensitivities to past earthquakes (Moernaut et al., 2014; Hubert-Ferrari et al., 2020; Lu et al., 2021b).
CONCLUSION
Lake sediments in tectonically active regions can provide a complementary paleoseismic record. Widely distributed subaquatic faults in Yileimu Lake, imaged by reflection seismic profiles, indicate that the lake was very sensitive to past earthquakes originating from the Fuyun Fault. The mass-wasting deposits overlying SSDS in an 890-cm long sediment core from Yileimu Lake reveals six paleoearthquakes with potential magnitudes of Ms ≥ 8.0, and isolated SSDS reflect three additional potential Ms ≥ 7.0 paleoearthquakes. Potentially seismic turbidite-like deposits can be distinguished from those with non-seismic origins by sorting indices >3 and Si contents >700 cps. The turbidite-like seismites record 11 potential Ms ≥ 5.5 paleoearthquakes. Radiocarbon dating and stratigraphic correlations constrain the timing of these past earthquakes to ∼28 cal kyr BP. This paleoseismic record suggests a weakly periodic pattern with recurrence intervals between 2,317 and 7,830 years and an average of 5,303 years for potential Ms ≥ 8.0 earthquakes, and reveals an unprecedented high frequency of potential Ms ≥ 7.0 earthquakes originating from the Fuyun Fault in the last 5 kyr. These data provide new insights into the recurrence behavior of large earthquakes from intraplate, slow-slipping faults, and highlight the urgent need for an improved assessment of seismic hazards and risks in the Fuyun Fault zone. Future studies on lake sediments with higher sedimentation rates and with wider spatial coverage may help to obtain a more complete paleoseismic record.
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The lacustrine deposition with continuity and chronological reliability is one of the important archives to establish paleo-seismic sequences. In this study, sediment short cores were obtained from Lake Mugeco, located in the Selaha section of the Xianshuihe fault zone on the southeastern margin of the Tibetan Plateau. The chronology is established using 210Pb/137Cs and AMS14C dating results. Seismic events are identified based on sedimentary characteristics (color, density, and grain size), organic matter content, and high-resolution XRF element scanning data for the past 300 years. There are four whitish turbidites in the sediments of Lake Mugeco, which are characterized by a high content of clay fraction and detrital elements (K, Rb, Ca, Sr, Ti, and Si) and low organic matter content. These four turbidites were dated in 1944–1956 C.E., 1919–1932 C.E., 1673–1837 C.E., and 1507–1739 C.E., with dating errors, possibly corresponding to large historical earthquakes of 1955 (Ms 7.5), 1932 (Ms 6), 1786 (Ms 7 ¾), and 1725 (Ms 7) recorded in the Selaha section of the Xianshuihe fault zone. This study provides scientific evidence for further reconstructing longer-temporal seismic events in the Xianshuihe fault zone inferred from sediments of Lake Mugeco.
Keywords: lacustrine sediment, seismic event, Xianshuihe fault, Lake Mugeco, turbidite
INTRODUCTION
The Xianshuihe fault zone is regarded as one of the most tectonically active regions with high seismicity in China (Wen et al., 2008; Bai et al., 2018). Historical earthquake data and instrumental monitoring have recorded more than 20 earthquake events with a magnitude of [image: image] since 1700 C.E., over ten of which have a magnitude of above Ms 7.0 (Writing Group of Compilation of Sichuan Earthquake Data, 1980a; Writing Group of Compilation of Sichuan Earthquake Data, 1980b; Wen et al., 1989). Previous studies have discerned the paleoseismic events and inferred their recurrence periodicity and interval of strong earthquakes through techniques of trenching and dating in the Xianshuihe fault zone for the past 20,000 years (Sun et al., 2007; Liang, 2019).
Continuous lacustrine sediments can provide supplementary information to whole earthquake records in an active fault zone (Ghazoui et al., 2019; Vandekerkhove et al., 2019; Fan et al., 2020; Hubert-Ferrari et al., 2020; Gastineau et al., 2021; Wils et al., 2021). Seismic shaking can induce subaqueous slope failure and remobilization of surficial, previously deposited sediments to be transformed into the subaqueous turbidity currents and debris or mudflows flowing into the lakebed (Bryn et al., 2005; Moernaut et al., 2017; Praet et al., 2017). It may also trigger sedimentary instabilities such as onshore landslides and deltaic slope failures, resulting in mobilized masses and turbidity currents (Howarth et al., 2014; Van Daele et al., 2015). Sediment formed by these earthquake-induced turbidity currents is called seismoturbidite or homogenite (Sturm et al., 1995; Chapron et al., 1999; Shiki et al., 2000; Beck, 2009; Howarth et al., 2014; Van Daele et al., 2015; Moernaut et al., 2018; Lu et al., 2021; Polonia et al., 2021). Moreover, an earthquake can induce deformation, such as microfaults (Topal and Ozkul, 2014; Avşar et al., 2015; Jiang et al., 2016), microfolds (Monecke et al., 2004), liquefaction, and flowage (Beck, 2009; Topal and Ozkul, 2014). In addition, earthquake-induced water oscillation (i.e., seiche) can erode shallow material or resuspend sediments from the steepening parts of the lake basin and form oscillating bottom currents, influencing in situ soft sediment deformation and mass-transport deposits (Alsop and Marco, 2012; Lu et al., 2020). However, the aforementioned characteristics of sedimentation are not generated only by seismic events, as rainstorms and windstorms caused by climate change and spontaneous landslides due to overloading of subaqueous slopes can also result in sedimentary disturbances (Chassiot et al., 2016a; Kinder, et al., 2019; Rapuc et al., 2020; Sabatier et al., 2017; Wilhelm et al., 2012; Wilhelm et al., 2022; Wils et al., 2021). Therefore, it is crucial to correctly distinguish seismic events from other events preserved in lake sediments. Here, we first establish the chronology based on 210Pb/137Cs and accelerator mass spectrometry (AMS) 14C dating of a short core from Lake Mugeco. Then, the sedimentary characteristics (including sediment color, density, and grain size), organic matter, and element content are employed to identify event layers preserved in several short cores from Lake Mugeco. Finally, four earthquake events different from one flood event are identified on short lake sediment cores that span a period with known historical earthquake and flood events.
STUDY AREA
The Xianshuihe fault is a giant left-lateral strike-slip fault on the southeastern margin of the Tibetan Plateau (TP) (Figures 1A,B). At Huiyuan Monastery, the fault is halved into NW and SE sections based on their respective structural styles (Qian et al., 1988; Wen et al., 1989). The former, with a simple geologic structure, includes the Luhuo segment, the Daofu segment, and the Qianning segment, while the latter, with complicated construction, consists of the Yalahe segment, Selaha segment, Zheduotang segment, and Moxi segment to the south of Kangding city (Figure 1B). It is considered that the Xianshuihe fault was formed 2–13 Ma ago and the cumulative length of slip reaches ∼60 km (Roger et al., 1995; Wang et al., 1998; Wang et al., 2012; Yan and Lin, 2015). The long-term horizontal slip rate of 10–20 mm/yr estimated by different scholars is explicitly higher than others in southeastern margin of TP (Allen et al., 1991; Qiao et al., 2004; Xiong et al., 2010), so the Xianshuihe fault is regarded as a high-velocity strike-slip fault.
[image: Figure 1]FIGURE 1 | Location of the study area. Location of the Xianshuihe fault in TP (A). Seven fault segments and historical earthquakes along the fault (B). Bathymetric map of Lake Mugeco and the location of sediment cores (C).
Lake Mugeco (30°08′N, 101°50′E) is located in Yala Town of North Kangding city, Sichuan Province, near the Selaha segment of the mid-Xianshuihe fault (Figure 1B). Formed by regional taphrogeny and dispersion, the lake is the largest fault lake on the Xianshuihe fault. There is a steep slope bounding the southeastern side of the basin that Lake Mugeco fills, and relatively flat terrain in the northwest. The NW-SE major direction of the lake basin is consistent with the extensions of the Xianshuihe fault (Figure 1C). The batholith is dominated by medium-coarse-grained granite in the catchment. Controlled by the fault of the Selaha segment, intensive shattering spreads out and extensive fractures develop on the southwest bank of the basin (Zhou et al., 2001). Lake Mugeco lies in the transitional zone between the East Asian Summer Monsoon and the Indian Summer Monsoon region. Meteorological data from Kangding station (30°1′48″ N, 101°34′48″) show that mean annual temperature is 7.2°C and mean annual precipitation is 830 mm with most of the annual precipitation falling from May to September. Lake Mugeco and its catchment cover an area of 1.8 and 75 km2, respectively, (Hu et al., 2015; Sun et al., 2015; 2016). The lake is at an elevation of 3780 m. The maximum water depth we measured in 2020 was 34.4 m. It is a hydrologically open lake, mainly fed by a river from the northwest. There is one outlet flowing into the Yala River on the northeast side of the lake (Figure 1C) (Sun et al., 2016; Ni et al., 2019).
MATERIALS AND METHODS
Sediment Coring
In July 2019, a 3.9-m-long sediment core (MGC-2) from the centre of Lake Mugeco was recovered by an Uwitec drilling platform at a depth of 30.5 m (Figure 1C). Then, in May 2021, four short sediment cores were obtained using a piston gravity corer at different depths varying from 23 to 30.5 m. These short cores were respectively named of MGC21A (31 cm-long), MGC21B (27 cm-long), MGC21C (25 cm-long), and MGC21D (32 cm-long) (Figure 1C).
Laboratory Analysis
All short sediment cores were split along the central axis with a core-cutting machine in our laboratory. Halved cores were photographed, and the lithology was described. This study focuses mainly on short-core MGC21A for dating, XRF core scanning, and analyses of grain size, total organic carbon (TOC), and total nitrogen (TN). For MGC21B, MGC21C, and MGC21D, XRF core scanning was used to get X-radiographic images and element variations.
210Pb/137Cs and 14C Dating
The subsamples of core MGC21, sampled at intervals of 0.5 cm, were vacuum freeze dried for 48 h, then ground to powder as fine as ca 150 μm with a mortar and pestle. The activities of 137Cs, 226Ra, and 210Pb of the samples at different depth were measured by Ortec high purity germanium gamma spectrometer. Herein the excess 210Pb activity (210Pbex) was computed by subtracting the 226Ra activity from the total activity of 210Pb, as 226Ra was assumed to be in equilibrium with supported 210Pb (210Pbsup). The constant flux constant sedimentation rate (CFCS) model method is given to estimate sediment age within ca 150 years (Appleby and Oldfield, 1978; Robbins, 1978; Bruel and Sabatier, 2020). Plant remains were selected at a depth of 50 cm from the long core MGC-2 for AMS14C dating at Beta Analytic Testing Laboratory, United States.
XRF Core Scanning
The surfaces of halved cores were smoothed to give a flat surface and covered with a thin Ultralene film to prevent desiccation during core scanning. The cores were scanned by the Itrax Core Scanner (Cox Analytical Instruments) equipped with an Rh X-ray tube to get optical images, X-radiographic images, and element variations. A voltage of 60 kV, a current of 35 mA, a step size of 20 μm and an exposure time of 200 ms were set to get X-radiographic images. A voltage of 30 kV, a current of 55 mA, a step size of 200 μm and an exposure time of 5 s were set to get element variations expressed as counts per second (CPS). Elements with low raw counts are excluded, as they are close to the detection limits of ITRAX and may be even measurement noise. In order to avoid the matric effect, a centered log-ratio (CLR) transformation was applied to calibrate the elements (Weltje et al., 2015). Principal component analysis (PCA) is a statistical approach that can transform a large number of variables (concentration of elements) into fewer independent variables (Sabatier et al., 2010). PCA is performed by SPSS software.
Measurement of Grain Size
Samples of core MGC21A were sliced at 0.5 cm intervals, and ∼0.5 g wet samples were used for the measurement of grain size. For the removal of organic matter and carbonates, samples were pretreated with 10% H2O2 and with 10% HCl, and then dispersed in an ultrasonic vibrator for 15–20 min with 10% (NaPO3)6. Last, the grain-size distributions of the MGC21A core were measured using a Malvern Mastersizer 3,000 laser grain-size analyzer.
Measurement of TOC and TN
About 1 g of samples were first treated with 10% HCl to remove carbonates, rinsed with deionized water, and dried in the drying oven prior to analysis. The dried samples were ground into 100-μm-fine powder. Finally, ∼3–5-mg samples were analyzed by the EURO EA 3,000 elemental analyzer to determine TOC and TN content.
RESULT
Sedimentary Characteristics
The deposits of the MGC21A core mainly consist of greyish-brown and light greyish-black clayey silt. Percentages of silt and clay range from 75.15 to 85.13% and 13.37–23.15%, with an average of 82.34 and 16.09%, respectively (Figure 2). The proportion of sand is less than 2.96% on average. It is found that the variation of clay is the opposite to that of silt. Also, the median diameter ranges from 9.33–11.40 μm with an average of 10.37 μm, in accordance with the variation of silt. Besides, Rad values are associated with grain size variations, which means that overall low Rad values respond to high content of clay fraction, and vice versa (Figure 2). There are three whitish layers presented as dark bands in the X-radiographic image at the depths of 6.5, 17, and 22 cm in the MGC21A core (shown as E1, E3, and E4 in Figure 2). They are also characterized by relatively high clay content and low silt content, and the median diameter and Rad values decrease correspondingly as well. At a depth of 9.5 to 8.5 cm, there are two whitish layers characterized by dark bands in the X-radiographic image and low Rad values. Due to the closeness of these two layers, we named them E2 (Figure 2). Given that the resolution of grainsize is low, clay and silt content do not have variations, but X-radiographic images present dark and Rad values decrease in the E0 layer.
[image: Figure 2]FIGURE 2 | Optical and X-radiographic images, and different proxy variations with depth in the core MGC21A. E0- flood event labeled as a light grey bar; E1, E2, E3, and E4- earthquake events labeled as light blue bars.
TOC, TN, C/N Ratio, and Inc/coh
In the core MGC21A, the contents of TOC and TN vary from 1.88 to 7.22% and from 0.29 to 0.78%, respectively, and their variations are consistent with each other. Carbon/nitrogen atomic (C/N) ratios are generally less than 10 (Figure 2). The incoherent/coherent scattering intensity ratios (inc/coh ratios) display a similar trend with TOC and TN as well (Figure 2). Contents of TOC, TN, and inc/coh ratios rapidly decrease in E2–E4 layers while they do not show obvious decreasing trend in E0 and E1 due to their thin layer or low resolution of TOC and TN (Figure 2). E2 also shows a double wiggle on variations of inc/coh ratios.
Element Variations
Variations of elements transformed by CLR in the core MGC21A are shown in Figure 3. PCA results show that the first two principal components together capture 65.29% of the variance (PC 1: 55.64%, PC 2: 9.65%) (Figure 4A). PCA 1 has positive loadings for elements of K, Rb, Ca, Sr, Ti, and Si, most of which belong to detrital elements. PCA 2 has positive loadings for Fe and negative loadings for Mn (Figure 4A), possibly reflecting the redox status of Mugeco Lake. It is discovered that the contents of K, Rb, Ca, Sr, Ti, Si, and PCA 1 values increase sharply in the base of four whitish layers and decrease upward, labeled as E0, E1, E3, and E4, especially in the E1, E3, and E4 layers (Figure 3). E2 also shows a double wiggle on the content of detrital elements and PC 1 values (Figure 3).
[image: Figure 3]FIGURE 3 | Variations of element contents and PC1 values in the core MGC21A. E0- flood event; E1, E2, E3, and E4- earthquake events.
[image: Figure 4]FIGURE 4 | PCA results in the cores MGC21A (A), MGC21B (B), MGC21C (C), and MGC21D (D).
Generally, there are the same sedimentary characteristics in the E1, E2, E3, and E4 layers. The sediment colors in these layers turn white, and their dark X-radiographic images suggest increasing clay content (Croudace et al., 2006), decreasing median diameter, a higher density, and lower Rad values than other parts (Figure 2). As the sediment accumulation rate of the core is very low (0.91 mm/yr) and the highest resolution we can achieve for grainsize analysis is at a 0.5 cm interval, which spans ca. 6 years, it is impossible for grainsize data to show the graded bed with coarser sediment at the base finning upward in E0–E4 layers. However, the coarse sediment fractions are often rich in detrital elements (K, Rb, Ca, Sr, Ti, and Si), which can reflect the mm-scale changes in grain size (Avşar et al., 2014; Gastineau et al., 2021; Wilhelm et al., 2022). Sharp increasing of these detrital elements and PCA 1 values in the base of E1–E4 layers and decreasing upward well indicate coarser sediment at the base finning upward, which suggests that E1–E4 layers are characterized by turbidites. In order to avoid the one-core occasionality and to validate the universality of E0–E4 layers, three short cores (i.e., MGC21B, MGC21C, and MGC21D) in different parts of Lake Mugeco were analyzed and compared with the core MGC21A (Figure 2). It is found that all short cores contain five layers characterized by darker X-radiographic images, decreased Rad values, and PC 1 representing detrital element content (Figures 4B–D), and decreased inc/coh ratios, which can represent organic matter content (Figure 5).
[image: Figure 5]FIGURE 5 | Comparison of E0-E4 event layers characterized by Rad values, inc/coh ratios, and PC1 among the different cores in Lake Mugeco.
Sediment Chronology
A logarithmic plot of 210Pbex activity shows a general linear trend with depth (Figure 6A). The exponential decay pattern of 210Pbex activity along the depth is employed to develop a chronology by applying the CFCS model (Bruel and Sabatier, 2020), indicating a low sediment accumulation rate (SAR) of 0.91 mm/yr (Figure 6A). The artificial isotope 137Cs has been mainly released from atomic bomb tests, nuclear industrial emissions, or accidents (Foucher et al., 2021). After release, it can enter the atmosphere, and then be precipitated and preserved on land or water. The 137Cs activity increases upward from the depth of 7 cm in the core of MGC21A and reaches its highest values (∼160 Bq/kg) at 5 cm (Figure 6A), which could be related to the most intense period of nuclear testfallout. And the values gradually decrease upward from a depth of 5 cm. Nuclear tests started in 1955 C.E. and reached their climax around 1963 C.E. (Foucher et al., 2021), thus the peak at 5 cm-depth is fixed at 1963 C.E. (Figure 6A) (Norris et al., 1994). The 137Cs age of 1963 C.E. at 5 cm is consistent with the CFCS model result (Figure 6A). The 14C age dated on the plant remains at 50 cm in the long core MGC-2 parallel to the short core MGC21A, which is 1230 ± 30 BP. Combined with the age model derived from 210Pb/137Cs and AMS14C dating, the chronology is established by the Bacon 2.5.7 procedure in R software using the Bayesian method (Blaauw and Christen, 2011; Reimer et al., 2020) for the upper 50 cm sediment of Lake Mugeco (Figure 6B).
[image: Figure 6]FIGURE 6 | Chronology model for cores MGC21A and MGC-2. 210Pb/137Cs dating results of the core MGC21A (A). Age-depth model derived from 210Pb/137Cs dating of the core MGC21A and AMS14C dating of the core MGC-2 (B). E0- flood event; E1, E2, E3, and E4- earthquake events.
DISCUSSION
Seismic Events Recorded in Lake Mugeco
Previous studies indicate that turbidites can be produced by flood, landslide, deltaic collapse, or earthquake (Brocard et al., 2014; Ghazoui et al., 2019; Vandekerkhove et al., 2019; Wils et al., 2021). Flood-induced turbidities usually contain multitudes of allochthonous detrital materials and present a fining-upward unit and a better sorting in grain-size (Vandekerkhove et al., 2019; Zhang et al., 2015). Furthermore, floods and landslides have a short recurrence interval (Archer et al., 2019). It was documented that lasting heavy precipitation in June and July 1995 caused rising water levels in the Yala River and Zheduo River, which originates from Lake Mugeco and Gongga Mountain, respectively. This heavy precipitation induced a flood occurring in 1995 in Kangding city that has encountered the most serious flood since 1776 (Xie et al., 1997). E0 at a depth of ∼2.0 cm in the core of MGC21A is characterized by a dark X-radiographic image, a slight decrease in Rad and inc/coh ratios, and an increase in PC1 and elements of K, Rb, Ca, Sr, Ti, and Si. The E0 layer in other short cores also has the same characteristics. The 137Cs/210Pb dating suggests that the E0 layer is dated to 1995–1998 C.E. and was presumably triggered by the flood in 1995 (Figure 6A). The proxies in the E0 layer are similar to those in the E1–E4 layers (Figure 5), but have much little variations, which indicate that the E1–E4 layers are impossible to trigger by a flood event. Landslide-induced subaqueous deposits are generally rich in terrestrial organic matter (Avşar et al., 2014; Bussmann and Anselmetti, 2010), but with low C/N ratios in E1–E4 layers, that organic matter is endogenous (Figure 3). So, the E1–E4 layers are not landslide-induced deposits in Lake Mugeco. Turbidites induced by slope failure are either similar to or coarser than the background sediment as they originate in the slope areas (Moernaut et al., 2014; Van Daele et al., 2015; Wilhelm et al., 2016). E1–E4 layers with higher clay content indicate that they are unlikely to be induced by slope failure (Figure 2).
At the bottom of turbidite layers, there is a sharp increase in detrital element content at the base and fine-grained matter in these layers (Figures 2, 3, 5). In terms of these observations, we suggest that E1–E4 turbidite layers in Lake Mugeco are considered the result of earthquake-induced seiches (Chapron et al., 1999; Rapuc et al., 2018; Schwab et al., 2009). Beck (2009) and Aurelia et al. (2013) attributed fine-grained whitish muddy turbidites to earthquake-induced subaqueous deposits (Aurelia et al., 2013; Beck, 2009). Due to the small and narrow surface of Lake Mugeco, the seiches are prone to being triggered when an earthquake takes place (Avşar et al., 2014; Barberopoulou, 2006). Seiche waves erode surface materials from the lakeshore, and coarse grains are moved and then deposited in shoal water while separated and suspended fine grains are transported to the central lake. Meanwhile, the surficial soft sediments on the lakebed are remobilised and resuspended. Under the effect of gravity separation, fine grains are precipitated more slowly than coarse ones, and transformed into a whitish silt homogenites layer that is rich in detrital elements. From XRF core scanning, inc/coh ratios usually increase in agreement with concentrated organic matter (Woodward and Gadd, 2019), and thus Woodward et al. (2018) used inc/coh ratio as a proxy index of organic matter to reveal seismic events recorded in Lake Chappa’ai in the Southern Alps, New Zealand (Woodward et al., 2018). However, the MGC21A core shows a decrease in the inc/coh ratios, TOC and TN contents in E1–E4 layers, which means that during the formation of homogenites, suspending organic matter is oxidised and decomposed in the water column before precipitation (Schwestermann et al., 2020). Moreover, the lower C/N ratio in E1–E4 layers could indicate a lacustrine origin through mass reworked deposits related to earthquake-trigged seiches rather than a terrestrial origin characterized by higher C/N attributed to floods (Figure 2) (Howarth et al., 2012).
Chronology of Seismic Activities Matched With Historic Records
To further validate that the deposits in the E1, E2, E3, and E4 event layers of MGC21A were generated by earthquakes, their ages based on our chronology model were compared with the records of past earthquakes occurring in the study area. Four turbidite layers (E1-E3) are dated to 1944–1956 C.E., 1919–1932 C.E., 1673–1837C.E., and 1507–1739 C.E. respectively (Figure 6A). On April 14th, 1955,a Ms 7.5 earthquake happened in the Zheduotang segment (101.8°E, 30°N) to the 17 km southeast of Lake Mugeco (Figure 1B), its shaking intensity was measured as X at the epicentre and VII in the study area referring to the Chinese Seismic Intensity Scale (1980) (Wang et al., 1996; Yan et al., 2019). This earthquake produced a 43-km-long surface rupture to the east of the epicentre, spreading from Kangding to Wasigou, where the seismic intensity was also measured as VII. Such natural hazards as collapse, landslides, and rockfall were also triggered at Nanmenguan and Angzhou, in Luding County to the southeast (Wang et al., 1996). Based on the 137Cs and 210Pb chronology, the E1 layer may coincide with the Ms 7.5 earthquake in 1955 (Figure 6A). According to data from the National Earthquake Data Center, there was another Ms 6.0 earthquake in southwest Ganzi County, Sichuan Province (101.8°E, 30.1°N) on 3rd May, 1932. The epicentre was only about 7 km from Lake Mugeco, and the earthquake intensity exceeds VII. As there were no other earthquakes from 1919 to 1932 C.E., the E2 layer, which consists of two whitish layers, may be an amalgamated turbidite resulting from a synchronous trigger by an earthquake in 1932. There were Ms 7.8 and Ms 7.0 earthquakes with the earthquake intensity of Ⅸ at the epicentre in Dajianlu (nowadays known as Kangding) on 1st June 1786, and on 1st August, 1725, respectively (Writing Group of “Compilation of Sichuan Earthquake Data”, 1980) (Figure 1B). Based on the chronology model (Figure 6B), the E3 and E4 layers are possibly related to the Ms 7.8 and Ms 7.0 earthquakes in 1786 and 1725, respectively. Generally, within dating errors, E1–E4 layers coincide with the Ms 7.5 earthquake in 1955, the Ms 6.0 earthquake of 1932, the Ms 7.8 earthquake in 1786, and the Ms 7.0 earthquake in 1725, respectively (Figure 6).
The sensitivity of the lacustrine sediment to seismic activity depends on the magnitude of the earthquake and the distance between the position of the lake and the epicentre. Chassiot et al. (2016b) found that maar Lake Pavin was imprinted by earthquakes with a seismic intensity of Ⅴwithin a 15-km radius. Ghazoui et al. (2019) discovered that a minimum Ms 5.6 earthquake within a 15-km radius or more than a Ms 6.5 earthquake within an 80-km radius could be recorded by the sediment of Lake Rara (Ghazoui et al., 2019). It was shown that earthquake-triggered water oscillation (seiche) occurs when the earthquake magnitude exceeds 7.0 (Alsop & Marco, 2012; Avşar et al., 2014). Although there are lots of earthquakes with different magnitudes around Lake Mugeco, only four earthquakes of Ms 6.0–7.5 within a 40-km radius have been well-preserved in the sediment of Lake Mugeco, and the earthquake intensity has been greater than Ⅶ in Lake Mugeco during the last 300 years. It is clear that Lake Mugeco can only record strong earthquakes with a short epicentre distance.
CONCLUSION
Lacustrine deposits are mainly composed of greyish–brown and light greyish–black silt in Lake Mugeco over the past 300 years. There are four obvious turbidite layers characterized by highly-dense whitish silt, low content of organic matter, high content of clay fraction, and detrital elements (K, Rb, Ca, Sr, Ti, and Si). The formation of these four turbidite layers is related to seiche-triggered erosion of the lakeshore and sedimentation after subaqueous surficial sediment remobilization and resuspension. Chronological results reveal that the ages of the turbidite layers are compatible with four seismic events along the Selaha segment of the Xianshuihe fault zone, i.e., Ms 7.5 earthquake in 1955, Ms 6.0 earthquake in 1932, Ms 7.8 earthquake in 1786, and Ms 7.0 earthquake in 1725. Although historical records show that there are frequent earthquakes over Ms 6.0 along the Xianshuihe fault, only earthquakes with seismic intensities from VII to VIII within a 40-km radius can be recorded by lacustrine sediments in Lake Mugeco. Our study can provide scientific evidence for a long-term paleoseismic reconstruction along the Xianshuihe fault based on lacustrine sediments of Lake Mugeco.
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Three continent-scale ductile shear zones trending N-S are distributed in the southeast margin of the Qinghai–Tibet Plateau. Their tectonic deformation and exhumation histories are of great significance to understanding the orogenic processes within the continent and the growth as well as expansion mechanism of the plateau. The Gaoligong shear zone (GLGSZ) is the westernmost zone near the boundary of the Indian subduction plate and is less well studied than the Ailaoshan–Red River shear zone (ASRRSZ) in the east. In this study, low-temperature thermochronological methods including apatite (U-Th)/He (AHe), zircon (U-Th)/He (ZHe), and apatite fission track (AFT) were used to date the vertical profile samples from the Gaoligong Mountain to understand the exhumation processes that occurred in the late Cenozoic. Our results show that the GLGSZ has experienced two stages of rapid exhumation events since the late Cenozoic: in the middle Miocene (∼14.5 Ma) and early Pleistocene (∼2.9 Ma). Based on our data, we divided the late Cenozoic tectonic deformation and exhumation processes in the Gaoligong Mountain area into two stages: 1) From the middle to the late Miocene, large-scale regional dextral strike-slip movements and lateral compressions controlled the ductile shear zone and continuously denuded the mountain surface; 2) in the Pleistocene, rapid river erosion and undercutting caused by fluctuations of the monsoon system, together with the continuous activity of brittle faults, drove the latest rapid exhumations. A comparison of the thermochronological data of the different areas along the Gaoligong Mountain shows that the exhumation rate in its northern transect is significantly higher and the time of the onset of exhumation is earlier than that in the southern transect. These results indicate that the deformation processes began in the north and continued southwards and controlled the geomorphological characteristics of the Gaoligong Mountain, whose elevation is higher in the northern part than in the southern part.
Keywords: southeastern tibet, gaoligong ductile shear zone, low-temperature thermochronology, exhumation, geomorphological evolution
INTRODUCTION
The collision between the Indian plate and the Eurasian plate in the Cenozoic era shortened the crust of the Asian continent by approximately 2,000–2,500 km (Dewey et al., 1989; Yin and Harrison, 2000). This created the Qinghai–Tibet Plateau, the largest and highest plateau in the world, and led to extensive intracontinental deformations in the Eurasian plate (Dewey et al., 1989; Yin and Harrison, 2000). With the uplift of the Qinghai–Tibet Plateau, the plateau materials have been continuously pushed towards the southeast, and the southeast edge of the plateau forms a landform slope with high north and low south (Clark and Royden, 2000; Liu-Zeng et al., 2008). The boundary between the Indian plate and the Eurasian plate is also the most complicated active structure causing geomorphic features of the southeastern expansion and growth of the plateau. Therefore, the Qinghai–Tibet Plateau has both thrust faults and large strike-slip faults that are oblique to the boundary of the plateau, and it is difficult to explain all observed phenomena using a single continental dynamic model. Currently, the time, velocity, and mode of migration of plateau materials to the southeast are still under debate. The hypotheses on the tectonic deformation and uplift mechanism in the southeastern margin are: 1) The lower crustal flow model that emphasises consistent plateau height and continuous deformation (Royden et al., 1997; Clark and Royden, 2000); 2) extrusion along large strike-slip faults or large shear zones as the main mechanism proposed by the continental escape model (Molnar and Tapponnier, 1978; Tapponnier et al., 1982, 2001); 3) based on the brittle block model (England and Molnar, 1990), Wang et al. (2012) suggested that the outward expansion of the plateau materials occurred in the middle and late Miocene (∼10 Ma), which was caused by the delamination of the lithosphere at the bottom of the plateau and the equilibrium rebound caused by it. Wang et al. (2018) quantitatively analysed the longitudinal profile of the Nu River and considered that the accelerated river cutting and rapid rock exhumation due to the climate change in the late Miocene was of great significance to the tectonic and geomorphological evolution of the southeastern margin of the plateau. Liu et al. (2009) believed that this area was mainly dominated by tectonic uplift in the Neogene, whereas erosion dominated in the Quaternary.
The Gaoligong Mountain shear zone (GLGSZ), Chongshan shear zone (CSSZ), and the Ailaoshan–Red River shear zone (ASRRSZ) are large-scale strike-slip fault zones with typical structural features that extend for thousands of kilometres across the southeastern margin of the Qinghai–Tibet Plateau (Allen et al., 1984; Clark et al., 2005, 2006; Royden et al., 2008; Wang et al., 2018; Wang et al., 2020; Shen et al., 2021; Figure 1). The GLGSZ is a large-scale structural zone in the southern transect of the Bangong Lake–Nu River suture zone, which was formed by the southward extrusion of blocks in the southeastern margin of the Qinghai–Tibet Plateau and consists of large-scale strike-slip faults between the blocks. The orogenic process and geomorphic evolution of these continental-scale shear zones are of great significance for revealing the deformation mechanism of the Indo-Asian Cenozoic collision inside the Asian continent (Houseman and England, 1993; Wang et al., 1998; Tapponnier et al., 2001; Liu-Zeng et al., 2008, 2018). Little research has been conducted on the GLGSZ, which is located in southwest Yunnan, owing to its relatively difficult natural environment; therefore, studies have mainly focused on geometry, kinematics, petrography, and geochronology (Ji et al., 2000; Akciz, 2004; Zhang et al., 2010; Zhang et al., 2012). Research on the exhumation, uplift, and tectonic geomorphological evolution of the GLGSZ has only started recently (Liu-Zeng et al., 2018; Liu-Zeng et al., 2018; Wang et al., 2018, 2020; Dong et al., 2021; Shen et al., 2021). These studies provide information regarding the orogenic process of the Gaoligong Mountain (Glotzbach et al., 2011).to identify the southeast migration pattern of materials in the Qinghai–Tibet Plateau and the deformation pattern of the crust in the southeast margin.
[image: Figure 1]FIGURE 1 | Tectonics and regional topography of the Three Rivers Region and surrounding areas. (A) Simplified tectonic framework of the Tibetan Plateau. Modified from Deng et al. (2014). (B) Digital elevation model (DEM) of the topography and active faults in the Three Rivers Region, showing the study area (red rectangle) and sample locations in this study (red circles). DEM data is based on ∼90 m Shuttle Radar Topography Mission (SRTM). Previous thermochronological ages marked by dark circles are also shown (Akciz, 2004; Wang et al., 2008; Lin et al., 2009; Song et al., 2010; Zhang et al., 2012; Liu et al., 2015; Xu et al., 2015; Tang et al., 2016; Zhang et al., 2017; Wang et al., 2018; Tang et al., 2020). GLGSZ: The Gaoligong shear zone; CSSZ: Chongshan shear zone; ASRRSZ: Ailaoshan–Red River sheer zone. Red square is the study area shown in Figure 2.
In addition, the three largest rivers in Asia, namely, the Salween River, Mekong River, and Yangtze River, originate in the Qinghai–Tibet Plateau, and flow through the nearest part of the southeast edge of the plateau by only a few tens of kilometres apart and are parallel to each other, cutting through the bedrock canyon landform of approximately 3 km (Clark et al., 2005; Liu-Zeng et al., 2008; Yang et al., 2015). Distinct geomorphic features such as high mountains and deep valleys manifest at the uplift of the Cenozoic Indo-Asian collision plateau in the southeast margin. Currently, there is little research on the timing of the geomorphic processes and on whether the erosion and undercutting process of rivers must contribute to the rapid exhumation of the large-scale structural zone in the southeastern margin of the Qinghai-Tibet Plateau. From this perspective, this study provides a quantitative assessment of the thermal history of the GLGSZ through low-temperature thermochronology. In situ samples of fresh gneiss and granite were collected in the transects of the Gaoligong Mountain, Guyong Rock Mass, and Yinghuagu Valley. Apatite (U-Th)/He (AHe) and zircon (U-Th)/He (ZHe) and apatite fission track (AFT) were performed, and an age-elevation vertical transect was established. A discussion on the exhumation and uplift process of the Gaoligong mountain range is provided based on the newly acquired low-temperature chronology data to outline the tectonic deformation history and landform formation of the southeast margin of the Qinghai–Tibet Plateau.
GEOLOGICAL SETTING
There are three tectonic subzones in the study area: the Gaoligong Mountain metamorphic complex belt, Tengchong Block, and Baoshan Block (Figure 1). The Gaoligong Group is distributed from Jiali Fault in the north to Sagaing Fault in the south, and its east and west sides are bounded by major faults manifested as the Salween River and Longchuan River, respectively. Petrological facies containing high-grade metamorphic rocks in the inner belt, which tend to be shallower from the middle to both sides, are alternately observed. Rock types are complex, including biotite plagioclase granulite, plagioclase amphibolite, eyeball-shaped striped migmatite, mixed gneiss, marble, and quartzite. Migmatization is so strong that it is impossible to distinguish between the sequences. Inner faults are extremely developed, dynamic metamorphism is strong, and tectonized rocks (fault breccia and mylonite) are common. Well-developed strata with large thicknesses are observed in the Baoshan Block, and they are distributed on both sides of the Nu River Valley and Longling–Luxi area to the east of the Gaoligong Mountain. Overall, the Baoshan Block is characterised by clastic rock, carbonate and dolomite deposits of shallow sea, coastal, and lagoon facies, and volcanic deposits. After the Jurassic period, the marine history ended and turned into continental deposits with parallel unconformity contact relationship among all systems. The stratigraphic characteristics of the Tengchong Block differ considerably from those of the Baoshan Block, with underdeveloped strata and low thickness, and the main body is coastal clastic rock deposits. The Palaeozoic strata are primarily of Silurian, Devonian, and Carboniferous origin, the Mesozoic strata are only of Triassic origin, and the Cenozoic volcanic rocks are particularly developed. This indicates that the Tengchong Block has been a terrestrial environment for a long time.
Since the Cenozoic, strike-slip faults have been the most developed tectonic structure in the study area and its surroundings. Among them, the Nabang strike-slip zone (Najman et al., 2020) on the western edge is a dextral strike-slip fault of the same scale and nature as that of the Gaoligong strike-slip zone. Dextral strike-slip faults of different scales and levels are also exposed between the two fault zones. Gaoligong strike-slip fault zone extends to the east Himalayan tectonic section in the north, turns to the south via Fugong and Lushui to Longling, and turns to the south via Ruili to the Sagaing fault in the west, with a total width of approximately 8–12 km. Gaoligong strike-slip zone in the north of Longling is distributed in the north-south direction, while in the west it turns to the north-east direction. Its altitude exceeds 3 km, and its elevation gradually decreases from north to south. It is also the watershed between the Longchuan River in the west and the Nu River in the east, and it divides the Baoshan Block and the Tengchong Block. The mountain is mainly composed of high-grade metamorphic rocks and granite (Zhong et al., 1991; Wang et al., 1998). The east of the shear zone consists of shallow metamorphic rocks of the Palaeozoic Gongyanghe Group, in which fold cleavage and cataclastic structures are developed. The deep mylonite of the Paleoproterozoic Gaoligong Mountain Group is exposed to the west, which is composed of granite mylonite, various light-coloured veins, cataclastic rocks, and mylonite. The deformation of the mountain is strong. The Gaoligong strike-slip zone consists mainly of a dextral strike-slip as evidenced by combining the lineation and foliation of the shear zone (Socquet and Pubellier, 2005; Tang et al., 2016). Under the action of near east–west compressional shear, the right-lateral strike-slip GLGSZ was bent and connected with the Sagaing fault, and since the Miocene, the compression of the Indian plate to the Eurasian plate intensified (Yang et al., 2006, 2011). According to the results measured by the K-Ar method of muscovite and Ar/Ar method of amphibolite and biotite, it is estimated that the ductile strike-slip deformation age of Gaoligong is 32–22 Ma (Ji et al., 2000; Wang et al., 2006). The quaternary GLGSZ sides are mainly characterised by the strike-slip movement of brittle faults. In the southern section, some normal faults are observed, forming a series of graben and semi-graben basins (Wang et al., 2008), which may be related to the formation of a series of NE-trending faults in the region. The frequent earthquake events in this area in modern times (An et al., 2009. Chang et al., 2011) indicate that the faults in this area are still active. The Nabang strike-slip fault zone, which starts from the vicinity of Xima-Tongbiguan in the east and reaches the east side of the Cenozoic basin in Myanmar in the west, is an integral part of Myanmar’s Magu belt (Mitchell, 1993), and is characterised by dextral strike-slip and thrust faults. The main periods of activity are 24–19 Ma and 14–11 Ma (Ji et al., 2000). The Gaoligong fault zone constitutes an important structural transformation zone for block extrusion and uplift in the southeast margin of the Qinghai–Tibet Plateau. Three large rivers in Asia, namely, the Salween, Mekong, and Yangtze Rivers, flow south along the southeast margin of the plateau, shaping deep canyon landform. In this Three Rivers region, there are many studies about evolution, bed rock profile, and clastic rocks of the river. (Ouimet et al., 2010; Yang et al., 2015; Shen et al., 2021).
SAMPLING AND METHOD
Sampling Strategy
Low-temperature thermochronology is a quantitative study of the thermal history of rocks. Information regarding the cooling process of the upper crust can be obtained by the time–temperature relationships of minerals. The geological applications of low-temperature thermochronology include absolute dating of rocks and tectonic processes, exhumation history of various geological backgrounds, long-term geomorphological evolution process, and basin analysis. AHe, fission track (FT), and ZHe are the most widely used low-temperature thermal chronological methods, and their closure temperatures ranges are 60–80°C, 100–120°C, and 180–200°C, respectively. Assuming that the paleogeothermal gradient is ∼30°C/km, they record the exhumation process of rocks passing through ∼6 km of the upper crust by low-temperature thermal chronological methods (Farley, 2000; Reiners, 2005; Guenthner et al., 2013). Therefore, we used low-temperature thermal chronological age data of 10 samples collected from the Gaoligong vertical transect (GLG), Guyong rock transect (GY), and Yinghuagu transect (YHG) to discuss the exhumation history of the Gaoligong Mountain by simulating the time-age process (Figure 2). The lithology of the shear zone mainly comprises gneiss and granite. Four samples were collected in the vertical transect of the Gaoligong Mountain, and the collection route was from Linjiapuzi in the west of the Gaoligong Mountain to Shangshan Road in the Nanzhai Public House with a horizontal distance of approximately 5 km and an elevation difference of 945 m (from 2,210 to 3,164 m, 20TC08-20TC11). No large-scale brittle fault transect was found in the geological map or in the field.
[image: Figure 2]FIGURE 2 | Simplified geological map superimposed on shaded relief of the Tengchong area. Locations of samples collected for this study are shown.
U-Th/He Analysis
At first, we tested the ages of AHe and ZHe for the above samples. Three to five mineral grains were analysed for each sample. There may be some differences between the ages of each grains, which may be related to the differences in crystal sizes (Reiners and Farley, 2001), the influence of zircon zonation (Ault and Flowers, 2012), radiation damage (Flowers et al., 2009), and experimental conditions. The AFT age was determined by laser ablation inductively coupled plasma mass spectrometry (LA-ICPMS) to directly determine the concentration of single particle 238U in the sample, and then calculate the age of the sample by combining it with the spontaneous track density. Errors in the calculated spontaneous track density caused by the small number of tracks in the tested sample might exist and affect the accuracy of the estimated age. We analysed 10 samples using the Ahe method. Apatite grains were separated using the conventional heavy liquid method. Automorphic crystal grains with complete shape and no visible impurities were selected under a polarizing microscope. Only those crystal grains with a length and width of >60 µM were considered suitable for (U-Th)/He dating. Each mineral grain was wrapped in a 1 mm × 1 mm platinum bag and placed in a laser cavity. 4He was degassed at 800–1000°C, and its abundance was measured using a quadrupole mass spectrometer. After degassing, the mineral particles were dissolved in concentrated HNO3, and then the U-Th-Sm concentration of each dissolved particle was measured using mass spectrometry. Each particle was corrected by FT (Farley, 2002) to obtain the best age estimate. The error in age is caused by the analytical uncertainty of He, U, Th, and Sm measurements and the variance in the age of a single grain.
In the GLG transect, the ages of AHe were measured in the range of 3.6–4.4 Ma (Figure 2, Figure 3, Table 1). The ages of ZHe were in the range of 4.7–5.9 Ma (Table 2). Changes in age values at different elevations of the same transect may be affected by an active fault. The estimated ages of all standard samples used in the experiment are within the error range of international reports. The ages of AHe and ZHe are mostly young, and we found that there is no significant correlation between the single grain age and eU, which means that radiation damage has little effect on age. Both AHe and Zhe age-elevation maps show a steep positive correlation, which indicates that the rock mass cooled rapidly at this stage. Three samples were collected in Guyong (GY) and Yinghua Valley (YHG) transects and analysed by AHe. GY transect samples TCFT03, TCFT07, and TCFT08 were collected at elevations of 1,760 m, 2,273 m, and 2,147 m and indicate ages of 10.9 ± 0.8 Ma, 21.9 ± 4.3 Ma, and 17.4 ± 1.7 Ma (Figure 3) (Table 3), respectively. YHG profile samples 19 TC 05, 19 TC 04, and 19 TC 03 were collected at elevations of 1,430 m, 1,744 m, and 2,052 m and indicate ages of 19.1 ± 16.4 Ma, 12.6 ± 1.0 Ma, and 16.8 ± 1.6 Ma (Figure 3) (Table 3), respectively. We abandoned two estimates that had significant errors (Tables 1, 3). Generally, the age of vertical profile samples increases gradually with the increase in elevation, or the change is small and concentrated in a certain time scale. The relationship between the elevation above sea level and the age estimate based on low-temperature chronology represents the average exhumation rate of this time scale. In this study, by combining AHe and ZHe age data of the GLG transect, the long-term exhumation rate was estimated using the relationship between age and elevation (Figure 4). The average ages of AHe and ZHe in this transect are closely related to altitude (Figure 4), and therefore the least square method was used to fit the relationship between age and altitude (Glotzbach et al., 2011). Results show that the exhumation rate of the YHG transect that is located in the footwall of the Gaoligong shear zone is the lowest, with approximately 74 m/Ma at 18–12 Ma. At 6–2 Ma, the exhumation rate at GLG transect is 667–1,069 m/Ma, which is 9–14 times that of the former. This finding reveals the significant difference between the Ailaoshan mountain and the Gaoligong Mountain. The GY transect is located in the west of the Tengchong Basin, which may be affected by the Nabang fault, resulting in a high exhumation rate.
[image: Figure 3]FIGURE 3 | Topographic cross section of Tengchong area (Figure 1: A,B). The numbers in the figure represent the ages of AHe. GY, Guyong transect; YHG, Yinghua Valley transect; GLG, Gaoligong transect; Nu F, Nujiang fault; LC F, Longchuangjiang fault.
TABLE 1 | Results of the apatite single particle (U-Th)/He analysis in the Gaoligong ductile shear zone (GLGSZ).
[image: Table 1]TABLE 2 | Results of the zircon single particle (U-Th)/He analysis in the Gaoligong ductile shear zone (GLGSZ).
[image: Table 2]TABLE 3 | Results of the apatite single particle (U-Th)/He analysis in the GY and YHG transects.
[image: Table 3][image: Figure 4]FIGURE 4 | Age–elevation relationship diagram of low-temperature thermochronological data of Ahe and Zhe.
Fission Track Analysis
Apatite fission track (AFT) analyses of samples of GLG transect were conducted at the Neotectonic Geochronology Laboratory at the Institute of Geology, China Earthquake Administration. Apatite fission track ages were obtained using the LA-ICPMS method (Hasebe et al., 2004; Lisker et al., 2009; Hasebe et al., 2013) and calculated by the zeta calibration method (Pang et al., 2017). Age-calibration standard is Durango apatite (31.4 ± 0.5 Ma). The National Bureau of Standards trace element glass NIST612 were used as an external standard to measure the signal intensity the test. Uranium measurement was carried out under the LA-ICPMS equipment. Spontaneous fission tracks in apatite were etched in 5.5N HNO3 at 21°C for 20 s. Fission tracks and track-length measurements were counted on a Zeiss Axioplan2 microscope, using a dry objective with magnification of 1000. All analyses were performed by J. Z Pang whose lab had a weighted mean zeta of Apatite-Zeta NIST612=1940 ± 50 while using the above methods and standards. Apatite fission track data are listed in supplement Table 4.
TABLE 4 | Results of the fission track analysis of apatite in the Gaoligong ductile shear zone(GLGSZ).
[image: Table 4]In the GLG transect, The AFT ages were from 3.2 to 8.1 Ma (Figure 5 and Table 4). All ages have passed the P(χ2) test, and the discrete value is low, indicating a single age group. Owing to the small number of tracks in all samples, only one sample, 20TC10, had a track length, and its average track length was 12.18–16.02 µm. The Dpar values of all samples were between 1.3 and 2.1 µm. Together with the AFT data of Wang et al. (2018) (Figure 4A), we found that the exhumation rate of the south section of GLGSZ is ∼40 m/Ma and the exhumation rate of the north section is ∼109 m/Ma. We collected some samples at the top of the north section (altitude >2,800 m), and the exhumation rate is approximately 281 m/Ma. Therefore, since the Miocene, the exhumation rate in the north section of GLGSZ has become significantly faster than that in the south section, and the exhumation rate at the top of the north section is faster than that at the bottom (Figure 6). The two samples at the top of the vertical transect are abnormally young, and it may be related to the activity of the fault at elevations of about 2,700 m (Figure 6).
[image: Figure 5]FIGURE 5 | Apatite fission-track radial plots of study samples using Radial Plotter (Vermeesch, 2009). 20TC08 is sample number, Central value is median age of each sample, Dispersion is single grain dispersion, P(χ2) is result of the chi-square test.
[image: Figure 6]FIGURE 6 | Age–elevation relationship diagram of AFT data in different transects of the Gaoligong shear zone.
Modeling
In order to study the history of thermal evolution of the GLG, we used the QTQt program, which uses the Markov chain Monte Carlo method. To simulate the thermal history (Gallagher et al., 2005; Gallagher, 2012) of the GLG, we inverted the thermochronological ages of different elevations. In this study, AHe, ZHe, and AFT data of the GLG profile were also modelled using the QTQt program. According to the published 40Ar/39Ar ages of granite and mylonite-biotite, we set the initial temperature of the GLG transect at 330 ± 70°C and the corresponding age at 17 ± 5 Ma (Akciz, 2004; Lin et al., 2009; Zhang et al., 2010; Zhang et al., 2012). The simulation was carried out for 400,000 iterations, of which 200,000 each were used for burn-in inversion and joint simulation of three types of data. Using a higher number of iterations did not significantly improve the simulation results.
The inversion simulation of the GLG profile revealed two stages of rapid cooling (Figure 7). The first stage occurred between 14.5 and 8.8 Ma, and some samples even reached the partial retention zone (PRZ) of zircon, and then experienced a slow cooling process lasting approximately 6 Ma. Subsequently, the cooling rate began to increase at ∼2.9 Ma, and all the samples were denuded to the near surface. The rate of the second cooling was much higher than that of the first. According to the thermal history model, the two cooling temperatures are similar. The estimation of the exhumation quantity depends on the low-temperature gradient, but this parameter is often unknown. Here, we assume that the range of the low-temperature gradient is 30–40°C/km, which is similar to related research conducted in nearby areas (Clark et al., 2005; Wang et al., 2018), and conclude that the shear zone may have experienced 5–6 km of exhumation at this stage. In summary, the inversion results of the GLG profile show that the GLGSZ experienced two rapid exhumation stages in the Miocene and Pliocene.
[image: Figure 7]FIGURE 7 | Thermal modelling of the GLG transect using QTQt (Gallagher, 2012). The grey box indicates the initial constraint. For the uppermost thermal history, the thin blue lines depict 95% confidence intervals, reflecting the uncertainty in the inferred thermal history alone. For the lowermost thermal history, the thin red lines show 95% confidence intervals, reflecting combined uncertainties in the inferred thermal history and temperature offset. The provided AHe ages are uncorrected for the comparison of observed and predicted data.
DISCUSSION
History of Exhumation of the Gaoligong Shear Zone
The GLGSZ divides the Baoshan and Tengchong Blocks and is mainly composed of high-grade metamorphic rocks and intrusive granite. The foliation and mineral lineation parallel to the mountain’s strike show significant stretching and the movement direction of the dextral shear (Socquet and Pubellier, 2005; Qi et al., 2012). The U/Pb age of high-temperature metamorphic zircon in the Gaoligong right strike-slip shear zone is 52–46 Ma (Xu et al., 2015), which indicates that the initial time of the India–Asia oblique collision outside the East Indian tectonic segment may be around 50 Ma. 40Ar-39Ar dating shows that the right strike slip of the Gaoligong shear zone started at 32 Ma, and its main activities were in three stages during 27–29 Ma, 18–17 Ma, and 14 Ma (Wang et al., 2008). The mylonite of the Gaoligong Group thrusted on to the Eocene strata (Qi et al., 2012), which also indicated that the GLGSZ was uplifted after the Eocene. The data of zircon U-Pb and mica K-Ar show that the GLGSZ has rapidly cooled 18 Ma ago (Lin et al., 2009). Ji et al. (2000) measured the main active ages of the Gaoligong strike-slip fault zone, and their active ages were estimated at 24–19 Ma and 14–11 Ma, respectively. In the Middle Miocene (∼18 Ma), the GLGSZ was connected with the Jiali fault zone and began to cooperate with a dextral strike-slip movement (Lin et al., 2009). The dextral shear process of the GLGSZ caused partial melting of the crust, resulting in the intrusion of many light-coloured granites with U-Pb ages of ∼24–21 Ma (Song et al., 2010). The 40Ar/39Ar dating of muscovite and biotite recorded rapid exhumation of the GLGSZ at 18–11 Ma (Akciz, 2004; Wang et al., 2006; Lin et al., 2009; Zhang et al., 2012). Mylonitization of rocks occurred at 20–12 Ma (Zhong et al., 1991; Wang et al., 1998), which is the same period as when rapid exhumation and dextral ductile shear of the GLGSZ occurred. Therefore, in the early Eocene, the outer side of the East Indian tectonic node began to collide with the Lhasa plate, and dynamic metamorphism formed high-grade metamorphic rocks with significant directional minerals and intrusion of magma. The GLGSZ actively responded to the continuous compression of the northeast corner of the Indian plate and moved synchronously with the Eastern Himalayan syntaxis (EHS). The early–middle Miocene EHS activity dominated the evolution of large strike-slip fault zones in this area. The GLGSZ experienced dextral shear, rapid exhumation, mylonitization, and magmatic intrusion of the mountain at the same time. In the early Miocene, the time of activity of the GLGSZ coincided with that of the Honghe River–Ailao Mountain ductile shear zone in the east, and it was connected with the Jiali fault and began to cooperate with the dextral strike-slip movement. In the middle Miocene, the expansion of the Andaman Sea and the dextral strike-slip movement of the Shijie fault were consistent. From the Jiali fault to Gaoligong ductile shear zone and then to the Sagaing fault, a huge western boundary of the Indosinian block was formed. After experiencing the complex tectonic movement in the Miocene, the basic geomorphic pattern of the southeastern margin of the Qinghai–Tibet Plateau was laid.
Possible Contribution of the Quaternary Glaciation to the Rapid Exhumation of the GLGSZ
Low-temperature thermal chronological data of AHe, ZHe, and AFT showed that the GLGSZ stopped rapid cooling at ∼10 Ma, which is also in good agreement with our modeling results. However, ZHe data of the Chongshan Mountain ductile shear zone shows that its rapid cooling also stopped at ∼10 Ma (Wang et al., 2018), which indicates that the large-scale ductile shear zone in the southeastern margin of the Qinghai–Tibet Plateau almost moved in concert in the Miocene. The rapid uplift of the surface in western Sichuan occurred during 8–1 Ma (Kirby et al., 2002; Clark et al., 2005), but it may be later than 5 Ma in the Three Rivers Region (Schoenbohm et al., 2006). The simulation of thermal history using comprehensive data shows that the latest rapid cooling event of the GLGSZ began at 2.9 Ma, which was difficult to discern in past research because of the influence of the precision of testing instruments and equipment and the quality of samples. This cooling event lasted for ∼1 Ma, and the cooling rate was faster than that in the Miocene. Assuming that the low temperature gradient was 30–40°C/Km, the stratum exhumation thickness of this event reached 5–6 km at 2.9 Ma. This period is very close to the period of the global Quaternary glaciation. Glacial landforms such as U-shaped valleys are widely distributed in the study area, which is one of the most extensive glacier areas in the southeastern margin of the Qinghai–Tibet Plateau (Fu et al., 2013). The study area is located in the upper reaches of the Three River Basin, and this rapid cooling event is related to the rapid downcutting by the river (Yang et al., 2015). This period was also a period of intense activity of volcanoes and active faults, which may also have accelerated the cooling process of the GLGSZ. Yang et al. (2015) tested seven blocks of AHe samples near EHS and believed that the erosion in this area significantly accelerated at ∼2 Ma. Therefore, as the global climate in the early Pleistocene entered the ice age, the ice erosion in the study area intensified, and the glacier landform developed widely. Affected by the uplift of mountains and climate, water vapor from the Pacific Ocean and the Indian Ocean was blocked to form rainfall, which accelerated the erosion of landforms and the undercutting of rivers. In addition, brittle faults and volcanic activities were also significantly intensified. The Baoshan Block located in the east of the GLGSZ is fragmented by fault depression. The Tengchong Block located in the west of the GLGSZ is mainly composed of granite and basalt. Hundreds of volcanic cones are scattered inside the basin, and volcanic activities are mainly concentrated in the Pleistocene (Li et al., 2019). At an altitude of 2,200 m, the average exhumation rate of the GLGSZ is 3–4 times that of the Tengchong Block. Then, under the combined action of climate, river erosion, fault activity, and overall uplift of the crust, the study area underwent rapid cooling in the early Pleistocene (Figure 8).
[image: Figure 8]FIGURE 8 | A simplified conceptual model illustrating the tectonic evolution and uplift and exhumation process of the Gaoligong shear zone (GLGSZ). During the Eocene–Early Oligocene, the crust might have been shortened and thickened in the southeastern margin of the Qinghai–Tibet Plateau, resulting in the weakening of the rheology of the middle and lower crust. Right-lateral ductile shear occurred from the Middle Oligocene to Late Miocene. During this time, the GLGSZ acted as a channel for vertical extrusion of low-viscosity crustal materials in the deep. Since the early Pleistocene, the Gaoligong Mountain has been further uplifted and exposed, the middle and upper crust has been dominated by brittle deformation, the plates have been staggered by active faults, and magmatic activity has been enhanced.
Dynamic Model of Growth and Propagation of the Plateau
In terms of the genesis of the unique geomorphological features in the southeastern margin of the Qinghai–Tibet Plateau and its geodynamic model, our results comparatively support the lower crustal flow model. The key geological and geomorphological supporting evidence in this model is that there is a “plane-like structure” in the southeast edge of the plateau that stretches for thousands of kilometres in the region before uplift, from the boundary line of the internal/external water system in the plateau to the low altitude of the South China Sea. This remains in the deep valley highland (Clark et al., 2006). Recent geophysical research results explain that there are two uniform low-velocity zones in the middle and lower crust at the EHS (Yao et al., 2010; Sun et al., 2014; Bao et al., 2015). The low-speed zone on the west side is located below the GLGSZ and CSSZ (Bao et al., 2015). Although these results cannot accurately define the uplift process of the plateau during the Quaternary period, inferences can be drawn based on other factors. The uplift process is caused by different exhumation rates in the north and south of the GLGSZ, gravity creep flow rising from the middle of the plateau to its edge, occurrence of tilting uplift in the southeast direction, and upward pushing force generated by the continuous thickening of the middle and lower crust providing the main source of material and power in the southeast edge, and spontaneous river attack and accelerated exhumation since Pliocene leading to unloading and acceleration of erosion to break the balance of the crust. In addition, Wang et al. (2018) suggested that the GLGSZ is high in the north and low in the south, which is the result of gravity collapse, but the present study does not support this conclusion. According to data presented in Figure 9, the exhumation rate in the north of the GLGSZ is higher than that in the south, and hence, the closer to the north, the higher the corresponding altitude. Yang et al. (2015) estimated the erosion rate in this area through the longitudinal profile of the river. Similarly, the erosion rate in the north is higher than that in the south, and no re-heating process was evident based on our thermal chronological data. If the rapid exhumation of the GLGSZ in the Pliocene is related to the influx of lower crust materials, then our low-temperature thermochronology data recorded the events of this process accurately. This can also explain the special topography of the GLGSZ, which is high in the north and low in the south, and the spatiotemporal variations show that the uplift gradually reduces from north to south.
[image: Figure 9]FIGURE 9 | Summary of thermochronological data for the Gaoligong shear zone (GLGSZ). Ages are compiled from Wang et al. (2008, 2018), Akciz et al. (2008), Gilley et al. (2003), Lin et al. (2009), Zhang et al. (2012, 2017), Xu et al. (2015), Ji et al. (2000), Ding (1991), Tang et al. (2016, 2020), and this study. A synthesis of these data suggests differential thermal histories along the latitude. (A) The GLGSZ experienced prominent and rapid cooling from a high temperature of >500–190°C at a rate of 20–80°C/Ma during 30–15 Ma at 25° north latitude. A lower-magnitude accelerated cooling event took place during 15–0 Ma at 24.5°–26° north latitude. (B) Age-temperature relationship of different thermochronological data of the GLGSZ.
CONCLUSION
In this study, the history of thermal evolution of the ductile strike-slip shear zone in the Gaoligong Mountain in the southeast margin of the Qinghai–Tibet Plateau was analysed using AHe, ZHe, and AFT to reveal the rapid cooling process in two stages of the early Miocene–middle Miocene (∼14.5 Ma) and early Pleistocene (∼2.9 Ma). In the Eocene, the northeast corner of the Indian plate collided obliquely with the Eurasian plate in the eastern structure, and the lithosphere of the eastern syntaxis in the region thickened and started the dextral strike-slip movement synchronously. During the early Miocene–middle Miocene period, influenced by the plateau uplift and structural adjustment of the EHS, the GLGSZ continued the dextral shear movement, and was rapidly exposed. In the early Pleistocene, under the combined action of rapid incised erosion of rivers and continuous activity of brittle faults, the GLGSZ was rapidly denuded again, and at this time, the exhumation rate significantly increased, and the rocks were denuded to the surface. The exhumation and erosion rates of the GLGSZ were different at different latitudes, and this tilting type of the uplift has formed a special landform that is high in the north and low in the south.
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Over the last thousands of years, human impact led to significant changes in the landscape, with impacts on the environment and the functioning of the ecosystems. We assumed that even small human settlements developed around water bodies might have a substantial impact that surpasses the natural cycles of climate change in an area, especially linked to forest cutting. We have chosen a temporary lake in the Romanian Carpathians as temporary lakes are overlooked in paleoclimatic studies, although they have potential as hotspots for paleoenvironmental research studies. Zăton Lake has exposed riverbank sediments dated with radioactive lead and optical stimulated luminescence techniques, analyzed for sediments and paleomagnetism, and sampled for fossil Oribatida mites. The results show that for the last 2,200 years, natural cycles of warm and cold periods changed the oribatid communities around the lake, with warmer cycles of rich fauna alternating with poor fauna during colder periods. However, in the last few centuries, the increased human occupation in the area replaced the ecologically diverse fauna with eurytopic taxa, more similar to the colder periods of the environmental evolution around the lake. Even if the human occupation around the lake was negligible, probably a few hundred to ∼2,500 people as in the present, the impact on the area is drastic, with ecologically nonspecific species becoming dominant. In conclusion, even small and temporary water bodies can contain unique and valuable information on past histories of climate change and human impacts. At regional scales, the combined effects of climate change and long-term human impacts in local areas can have deleterious effects on invertebrate species and communities.
Keywords: Oribatida, climate change, human impact, paleoenvironments, indicator species
INTRODUCTION
Human land use during the Holocene has led to some drastic changes in soil stability and productivity, the functioning of river ecosystems, and lateral transfer of sediments and carbon, with possible effects also on the local climate (Montgomery, 2007; Borrelli et al., 2017; Wang et al., 2017). Vegetation clearance and burning and agricultural and settlement expansion have led to increasing regional soil erosion rates (Arnaud et al., 2012; Roberts et al., 2018). Jenny et al. (2019) have found that a significant portion of the Earth’s surface had already shifted to human-driven soil erosion 4,000 years ago, following land deforestation. Land-use changes also impact the aquatic ecosystems that provide unique communities and numerous services. Their vulnerability is also enhanced because most of the world’s human populations develop around water bodies (Williamson et al., 2008). Lake sediments have the potential of providing excellent archives for long-term human impacts, although only recently, research on lake sediments switched from generating climate records to detecting human impacts caused by the exploitation of both land and water (Dubois et al., 2018). For many European lakes, the pristine conditions pre-date the forest clearance and introduction of agriculture between the Neolithic and Bronze Age with an intensification caused by industrialization and population growth in the 19th century (Bennion et al., 2010). The paleolimnological analysis in northwestern Europe considered human impact minimal before the pre-industrial period (1800–1850 A.D.), a period which is a reference for the lack of impacts (Bennion et al., 2010; Rose et al., 2011; Battarbee et al., 2012; Bennion et al., 2012; Bennion et al., 2012). However, more recently, research has shown that significant metal pollutions from 600 BCE onward occurred in the Balkans, with gradually increasing values in metals of anthropogenic origin until a peak at ∼1,620 CE (Longman et al., 2018). This pollution includes a prominent, likely medieval lead peak and extended periods of metal production in the region after the Roman occupation. These early peaks were followed by recent (1850–present) enrichment in all elements.
Nevertheless, the separation of human impacts from other natural causes, such as climate change or other environmental signals, varies significantly between sites and can be subject to false interpretation (Bennion et al., 2010). For example, climate change impacts on freshwaters can be similar to the effects of eutrophication (Jeppesen et al., 2014). The use of lake proxies to cover at least some of the important climate changes that preceded the industrial impacts of the 19th century can overcome such erroneous interpretation and other constraints of paleolimnological studies given by a poor dating control and low preservation of the appropriate proxies. By studying sediments from caves using a multi-proxy approach, we found that these can provide paleoclimatic and paleoenvironmental archives for periods poorly covered by the surface sediments and offer biological proxies in a good state of preservation (Moldovan et al., 2011, 2016).
Temporary lakes are a neglected category of water bodies because they are not stable water and food sources. They are also neglected by studies on climate change and human impact, even if they have been recognized important in carbon processing (Morris et al., 2013; Catalan et al., 2014; Bartolotti et al., 2016). Temporary lakes develop in shallow depressions with varying surfaces and experience dry periods of various lengths, with occasionally predictable onset and duration.
Zăton Lake (Southern Carpathians, Romania) has exposed riverbank sediments during periods of low water and a small and stable human population in the surrounding basin that dates to at least the 14th century. A preliminary investigation on short sequences of sediments deposited in the meanders of Bulba Cave (Southwestern Carpathians) provided calibrated radiocarbon ages from 1671 to 1995 A.D. (unpublished data). As the cave belongs to the karstic system connected to Zăton Lake, we decided to concentrate our attention on the latter to understand the evolution of the subterranean system. Zăton Lake is temporary, with alternating regimes of water accumulation and slow drainage, and it is a source of sediments for the cave system. The scope of this article was to study the temporal dynamics and resilience of Zăton Lake by the combined effects of human impacts and climatic changes using sediments and fossil mites (Acari: Oribatida) as paleoenvironmental indicators. We have chosen this simple system for our investigation with few known environmental data to verify the assumption that human impacts prevail over climate change, at least in small systems with low resilience. The stratigraphic and quantitative studies on oribatid mites are fewer than those on insects and mollusks due to their more recent recognition as paleoecological indicators and the much lower number of specialists (Solhøy & Solhøy 2000). Nevertheless, recent studies have shown their presence even in very old karstic sediments and their important paleoenvironmental information when cross-correlated with coeval proxies (Moldovan et al., 2011, 2016).
There are studies showing changes in the lake sediments worldwide caused by nutrient enrichment starting with the Bronze Age but mostly of increased acidification after the 19th century and decreased total organic carbonic carbon over the last 200 years (Bennion et al., 2010). Renberg (1990) showed that natural acidification over the early and middle Holocene was followed by a period of elevated pH associated with forest clearance and early agriculture during the Bronze Age and two phases of recent acidification associated with re-acidification caused by land abandonment, forest regeneration, and acid deposition. In a high-altitude lake (above 2000 m a.s.l.) in the Southern Carpathians, Vincze et al. (2017) found evidence of human impact only after 4,200 cal yr B.P., during the Bronze Age. At a lower altitude, in a northern lake in Romania, Peters et al. (2020) found the first anthropogenic impacts after 5,000 cal yr B.P., slightly stronger between 2,300 cal yr B.P. and the 12th century A.D., with large scale forest clearings in the lowlands, foothills, and intensified agriculture. The impact intensified during the Iron Age and the Medieval Period, around 2,600 cal yr B.P. For the last 100–150 years, several natural and anthropogenic drivers of the changes observed in lake sediments or peat bogs were mentioned for sites in Romania (Feurdean et al., 2013, 2015; Haliuc et al., 2019, 2020) in northern, northeastern, and northwestern Romania.
MATERIAL AND METHODS
Study Area
Located in the northeastern part of the Mehedinți Plateau, in the Southern Carpathians (44°58′24.6″N, 22°45′20.8″E; Figure 1), the Zăton basin (19.5 km2) is the largest temporary karst lake in Romania. Its watershed lies at elevations ranging between 810 and 327 m a.s.l. The lower point corresponds to a sink located at the limit between the impervious and karstic deposits. It is a temporary lake formed in a semi-closed depression, flooded during periods with high precipitation or snow melting, and formed at the contact between impervious and karstic deposits. Its slopes are used for agriculture and cattle farming. The lake can extend more than 2.5 km, while its depth may exceed 20 m. Granitic and metamorphic formations of the Danubian Unit and impervious sedimentary deposits (Upper Cretaceous; Miocene), especially including shales and siliciclastic rocks, form the lake bed.
[image: Figure 1]FIGURE 1 | (A) Location of the Zăton Basin in the S.W. part of the Romanian Carpathians. (B) Zăton Lake and the connected cave system. (C) Schematic representation of the long section of the cave system and its functioning when Zăton depression fills with water. The E and F positions of the two geophysical profiles are marked with red arrows. 1 = quaternary sediments; 2 = scree debris; 3 = limestone; 4 = impervious rocks; 5 = talus fan; and 6 = lake. (B,C) Modified from Goran, 1978.
The lake is supplied by the Valea Mare and Valea Gheorgheştilor streams and small tributaries. During the dry season, the lake dries down, and the scarce stream waters sink into one or more swallet holes on contact with a stripe of massive limestone of the Upper Jurassic–Lower Cretaceous. The waters drain through karst conduits in the lower level of the Podului Cave (∼750 m long) toward the west to further reach the passages of Bulba Cave (>5 km-long). The sink and karst conduits cannot drain all the flow during the wet season, and a reservoir forms upstream.
The water accumulation strongly depends on the amount of precipitation and the drainage capacity of the karst conduits, with years when the lake does not form at all. Maximum water levels are usually recorded during the spring and late autumn. The main stream has a meandering course incised within the terrace deposits at low water levels. Short tributaries have steeper and more rugged profiles, typical for ravines (Figure 2).
[image: Figure 2]FIGURE 2 | Google Earth images of Zăton Lake taken in May 2014 (A) and May 2018 (B), with and without water, respectively. The pictures shown as follows were taken in November 2010 of the Zaton2 profile (C) and in June 2013 of the Zaton3 profile (D).
The climate is temperate continental with a mean annual temperature of 9.1°C, a mean summer temperature of 19.2°C, and a mean winter temperature of −1.1°C. Annual mean precipitations are 670 mm (Fick and Hijmans, 2017). Southwestern Romania is located in a transition zone with a regional climate dominated by the influence of the Carpathian mountain topography and westerly driven circulation patterns (Micu et al., 2015). Most studies display substantial inter-site variability to indicate the complexity of climate in the Romanian Carpathians in southeastern Europe (Roberts et al., 2012; Longman et al., 2017).
The vegetation around the lake is represented by scarce patches of forest and shrubs with rocky surfaces covered with grass and agricultural fields. The forest is represented mainly by deciduous trees with some planted coniferous.
Analyzed Sections
Three profiles (Figures 1, 2) were sampled in the Zăton basin. Zaton1 was a ∼4 m-long core drilled on a small terrace located between Valea Mare and Valea Gheorgheștilor. The borehole intercepted the local aquifer, and part of the samples (mainly sands) were lost and highly disturbed. The retrieved samples were very recent sediments; hence, Zaton1 was used as a reference for modern sediments, but it will not be used in this study.
Zaton2 was a trench excavated within a natural outcrop on a left-hand side tributary of the main stream, immediately upstream of the sink of the lake. It is mainly composed of coarse sediments and has a thickness of ∼4 m.
Zaton3 was another trench excavated within a meander inner bank of the main stream. This 4.8 m-thick section includes various sediments ranging from clays through gravels. Both Zaton2 and Zaton3 were sampled during the dry season at low water levels.
Sedimentary Facies Analysis
In the field, Zaton2 and Zaton3 sections were described (Figures 2C,D), following the principles of facies analysis (Walker and James, 1992; Miall, 1985, 1996). These included the separation and description of the facies, interpretation of sedimentary processes, and separation and interpretation of facies associations in terms of the geometry of the fluvial and lake sedimentary architecture.
Geophysical Measurements
Resistivity methods calculate the electrical apparent resistivity distribution in the subsoil (Daily and Lytle, 1983). Integrated resistivity and ground-penetrating radar (GPR) surveys have been widely used to highlight, at different scales, the heterogeneity and morphology of fluvial deposits (Kostic and Aigner, 2007; Wozniak et al., 2018; Yogeswar et al., 2019), a key factor for groundwater flow modeling in valley-fill deposits. The GPR method is a high-resolution technique that uses high-frequency electromagnetic pulses to map shallow subsurface contrasts in dielectric properties (Jeffy et al., 2019). Both methods allow a noninvasive investigation of the sedimentary units in the near subsurface.
Vertical electrical soundings undertaken in profiles E and F (Figure 1B) were performed to characterize the resistivity variation within the Zăton infill deposits. For both profiles, the maximum depth of investigation was about 26.67 m. An ABEM SAS 1000 resistivity-meter with a Schlumberger type array was used for data recording. Along with profile E, a GPR profile was recorded using a GSSI Sir 3,000 system with a 200-Mhz antenna. The acquisition parameters for the resistivity survey were carefully established to increase the signal/noise ratio. The error limit between the repeated measurements was set to 0.2%, and for each measurement, a number between minimum 1 and maximum 4 repetitions was automatically performed in case the error limit was not reached. The GPR acquisition parameters were chosen after performing several tests on site. A total of 1024 samples/scans were used to increase the vertical resolution and a time window of 50 ns. The chosen value for the dielectric constant was 8, and the number of scans/units was set to 60. The calibration of the wheel was realized at a distance of 20 m.
In order to emphasize the resistivity distribution in the subsurface, the acquired resistivity data were inverted by using Res2DInv (Loke and Dahlin, 2002). The inversion routines are based on the smoothness-constrained least-squares method (Silvester and Ferrari, 1990; Loke and Barker, 1995), and the forward resistivity calculations were executed by applying an iterative algorithm based on the finite element method.
GPR data were processed with RADAN 6.6 (radar data analysis) provided by GSSI, and after the time-zero offset correction, the usage of a horizontal high pass filter (background removal) was involved in order to remove the low-frequency features. The multiple reflections caused by radar energy reverberations were attenuated using a deconvolution filter. The penetration depth was limited to 3m, but features below the saturated zone could not be detected.
Paleomagnetism of the Zaton3 Section
Paleomagnetic analysis was possible only on the Zaton3 profile due to its fine sediments in opposition to the coarser sediments of Zaton2.
For rock-magnetism, samples were collected in plastic cylinders (∼11 cm3) specially designed to avoid the rotation of the sample during sampling or measurements. The cylinders were oriented using a magnetic compass corrected for the local declination, excavated, capped, and packaged to avoid the loss of humidity during the transport. We sampled only undisturbed horizontal fine sediments (clay or silt), which allowed us to press the cylinders into the clean face of the outcrop. In the laboratory, the samples were kept in a refrigerator to preserve the original humidity as much as possible.
In the Paleomagnetic Laboratory of the University of Bucharest, we analyzed the structure of natural remanent magnetization by alternating field (AF) demagnetization. AF demagnetization was performed using an LDA-3A–A.F. demagnetizer (AGICO) in several steps up to a maximum of 100 mT. After each demagnetization step, remanent magnetization was measured using a JR6 spinner magnetometer (AGICO). Demagnetization results were analyzed on orthogonal demagnetization diagrams (Zijderveld, 1967), and magnetization components were isolated by principal component analysis (Kirschvink, 1980) by Remasoft 3.0 software (Chadima and Hrouda, 2006). The line fits were based on the following restraints: (1) a minimum of 4 demagnetization steps; (2) the line fit was anchored to the origin; and (3) the maximum angular deviation was <10°. From 30 samples, 26 samples gave results that fit these criteria. The typical results are presented in the Supplementary Material.
Dating of the Profiles
Optically stimulated luminescence (OSL) and 210 Pb methods were used for age determination of the sediments of Zaton2 and Zaton3, respectively. 210Pb isotope with a half-life of 22.2 years was used to estimate sediment rates for the last 100 years on the Zaton2 section. The OSL method was used for sediments that were presumed to be older than 100 years.
For 210Pb, samples taken from section Zaton2 were sealed in plastic bags and stored for at least 28 days prior to measurements. The measurements were performed at the Institute of Geological Sciences, Polish Academy of Sciences, Warsaw, Poland. The activity of unsupported (allogenic) 210Pb was calculated by extraction of the supported 210Pb activity from the total activity of 210Pb. The constant rate of supply (CRS) model was applied to age calculation (Appleby, 2001). An age-depth function was calculated using the randomization method and was fitted using the LOESS procedure (Clevland and Devlin, 1988).
Sediment samples for OSL dating were collected by hammering 25 cm-long, opaque plastic tubes (20 cm) into the sediment sections under no-light conditions. The measurement protocol was the single aliquot regeneration (SAR) applied on quartz (Murray and Wintle, 2003; Wintle and Murray, 2006). The OSL dating was performed at the Dating and Luminescence Dosimetry Laboratory, Babes-Bolyai University, Cluj-Napoca, Romania.
Fauna Sampling
For fossil invertebrates, a total of 22 samples were taken from Zaton2 and 15 samples from Zaton3 sections and analyzed. The selection of samples was made according to the succession of sedimentary layers by sampling each possible layer. Approximately 1 kg of sediment was taken from each sampling point and placed in sealed and labeled plastic bags. In the laboratory, the samples were kept in 10% KOH for 30 min and washed successively through sieves of 250 μm, 125 μm, and 40 μm with filtered water. Sub-samples for each sieve dimension were examined separately under an Olympus SZX2 stereomicroscope in 90° alcohol, and each specimen was identified under an Olympus BX51 microscope. Identification of the species was carried out following the specific methods for Oribatida mites (Weigmann, 2006).
For the ecological characterization of the identified oribatids, the following references were used: Weigmann and Kratz (1982), Lytle (1983), Schatz (1983), and Miko (2016).
Mites have been used in paleoclimatic and paleoenvironmental studies, especially in the last decades (Krivolutsky and Druk, 1986; Erickson, 1988; Elias, 1994; Coetzee and Brink, 2003; Erickson et al., 2003; Krivolutsky and Sidorchuk, 2003; Solhøy, 2001; Erickson and Platt, 2007; Moldovan et al., 2011, 2016). The choice of oribatid mites for paleoenvironmental studies has several rationalities: (i) abundant in karstic sites, such as the Zăton Lake basin; (ii) narrow ecological niches reflecting the paleoenvironments thoroughly; (iii) flightless, reflecting the structure of past in situ communities; (iv) trophically diverse and, thus, have a high species diversity; and (v) very sensitive to habitat evolution and various kinds of disturbance, including chemical pollution by metals or synthetic products, land use, management, and fires (Van Straalen, 1998; Behan-Pelletier, 1999; Behan-Pelletier & Newton, 1999; Solhøy & Solhøy, 2000; Fountain & Hopkin, 2001; Henig-Sever et al., 2001; Lindo & Visser, 2004; Migliorini et al., 2005; Migliorini, 2009; Erdmann et al., 2007).
RESULTS
Sediment Thickness and Distribution
The thickness of the sedimentary filling and its boundary with the bedrock were estimated using the inverted resistivity sections, which are displayed and described in Supplementary Figure S1.
Facies and Facies Associations, Processes, and Environmental Evaluation
Following the principles of facies analysis, lithological logs were drawn for Zaton2 and Zaton3 sections, allowing for the description of five sedimentary facies and two types of facies associations (Figure 3) based on grain-size characteristics (Supplementary Material), sedimentary textures/structures, and thickness.
[image: Figure 3]FIGURE 3 | Sedimentological logs of Zăton Lake. (A) Zaton2 (see Figure 1E for location). (B) Zaton3. (C) The distribution graph of depth and the granulometric parameters C (maximum particle size) and median (Md). The grain size categories on the top of logs: M–mudstone, S–sand, Gg–gravel (granules: 2–4 mm), and Gp–gravel (pebbles: 4–64 mm). The facies codes on the right side of the log are described in the text: Gm, Sh, Sp, Fl, and Fm.
Massive or crudely stratified gravel (Gm) is characteristic of the Zaton2 profile but was also found in the lower part of the Zaton3 section. It comprises a layer of decimeter and centimeter thickness of poorly sorted gravel. The largest clasts reach 7–10 cm. The shape of the clasts is mainly sub-angular or sub-rounded. The internal structure is massive, sometimes with normal grading or horizontal parallel stratification. Imbrication of larger clasts has rarely been observed. Occasional changes from clast-supported to matrix-supported have been encountered. The matrix consists of sand or, sometimes, mud. This facies suggests a bed load of higher density tractive stream flows. They are typical for alluvial bars (Miall, 1985, 1996) but also for the distal parts of the alluvial fans.
Horizontally stratified sand and gravelly sand (Sh) were abundant in the section of Zaton2. In Zaton3, it was encountered as decimetric layers toward the top. It includes sand, sometimes with granular gravels (2–4 mm). The clasts rarely exceed 1 cm in diameter. It shows an organized character, laminated or stratified parallel to the general stratification of the sedimentary filling of the basin. This facies suggests the bottom load of tractive currents, characteristic of sandy river bars (Miall, 1985). Planar stratified gravelly sand (Sp) was found only once in the upper part of the Zaton3 section. It has a thickness of 20 cm. It consists of coarse, poorly sorted sand and coarse clasts of gravel. The internal structure was organized and tabularly oblique stratified. In a lower flow regime, it is a tractive facies specific to river bars. Small scale massive and laminated sand (Sl): this facies subordinated as the frequency was met in the median part of the basin Zaton3 section. It is associated with fine facies (Fm). It consists of sub-centimeter layers of sand from coarse to fine with different structures, massive or parallel laminated, and rarely with ripples on the top. These are sandy sheets in the overbank or alluvial plain deposits formed during floods (Miall, 1985). Massive silty mud or mud (Fm) is a facies that dominates the middle part of the Zaton3 section. It is composed of clays and silt with a massive structure. The layers are usually thick in centimeters but sometimes may exceed 10 cm. The facies suggest suspension settling processes on the alluvial plain during occasional floods.
The described facies can be associated in two categories. Association I consists of coarser facies (Gm, Sh, and Sp). It constitutes the main part of the Zaton2 profile and the lower part of the Zaton3 section. It is interpreted in terms of gravelly and sandy bars of river channels. Association II consists of the fine facies (Fm and Sl). The association dominates the middle and upper sectors of the Zaton3. It suggests flooding and overflow processes and suspension settling during lake stages (Supplementary Figure S2).
Sedimentary Evolution and Depositional Conditions
From both macroscopic geomorphological observations and analyses, it is clear that in the history of sediment filling of the Zăton depression, the fluvial phases alternated with lacustrine phases. Thus, periods of accumulation alternated with periods of erosion, and for the last 4 m analyzed in the vicinity of the top, next to the Zaton3 section, fluvial facies, canals, ridges (overbank), and finer lake facies were identified (Figure 3). The control factors must have been the climatic and hydrological regime, the position, and the width of the cave system siphons.
The GPR survey (Supplementary Figure S3) proved to be a helpful tool for characterizing the spatial distribution of the depositional elements, their geometry, and their bounding surface within the vadose zone. The high conductivity saturated zone of the sediment filling of the lake acted as a shield for the radar waves; therefore, the features below the vadose zone could not be detected due to the high attenuation of the signal.
The high amplitude reflectors, which can be vaguely observed also below the saturated zone, are present on the radargram between X.T. = 0 m and X.T. = 25 m in the southeastern part of the profile and between X.T. = 80 m and X.T. = 100 m in the northwestern part of the profile, having a concave-up shape, and can be associated with buried channels filling depositional elements. These high amplitude reflectors bound packages of parallel or oblique reflectors having low lateral continuity, which may be associated with different cycles of the channel filling. The middle part of the radargram shows reflectors having a low inclination and moderate amplitude. We can remark the alternation in the depth of continuous reflectors with reflectors having poor lateral continuity. The latter is being faded by the presence of other reflectors and may be associated with finer overbank, alluvial, or lacustrine facies, characterized by low angle cross-stratification alternation of gravel to fine grain, thus highlighting the alternation of fluvial phases with lacustrine phases.
Age Control of the Sections
Zaton2
The total specific activity of 210Pb ranged from 54.8+/−1.2 Bq kg-1 at the sediment surface to 0.14 +/– 0.28 Bq kg-1 at 56 cm (Figure 4A). The calculated activity of supported 210Pb was 0.30+/−0.25 Bq kg-1, and the supported lead level was reached at 40 cm. The age-depth model (Figure 4B) showed that the uppermost 50 cm of the sediment sequence was deposited during the last 190 years.
[image: Figure 4]FIGURE 4 | (A) Total specific activity of 210 Pb in sediments of Zaton2; the solid line is a calculated value of supported 210 Pb. (B) Age-depth model (solid line) with the 2SD confidence band (dashed lines) for the Zaton2 sediment sequence based on 210Pb dating.
Zaton3
For further information on the age of the sediments, we used a paleomagnetic record (Figure 5). We have obtained two reliable OSL ages at a depth of 265 cm (1.71 ± 0.17 ka) and 360 cm (1.90 ± 0.20 ka).
[image: Figure 5]FIGURE 5 | Paleomagnetic dating of sediments in the Zaton3 section using the correlation of the measured declinations and inclinations (Dec; Inc.; red lines) with the reference paleosecular variation curve for Bulgaria (Kovacheva et al., 2014) based on the Bayesian approach (black line = reference curve; dotted lines = confidence limits). Blue lines mark expected declination and inclination based on the geocentric axial dipole hypothesis. OSL ages are marked with orange lines. Dotted purple lines mark suggested correlation points.
Paleomagnetic Dating
The characteristic paleomagnetic directions at the sampling site are presented in Figure 5, separately for declination and inclination. The typical demagnetization results are presented in Supplementary Figure S4. These data were compared for paleomagnetic dating with the paleosecular variation curve from Bulgaria (Kovacheva et al., 2014), the nearest regional reference curve (∼300 km south of the study site). Comparing the measured inclination and the expected declination, it is evident that the measured inclination is shallower than the expected inclination based both on the reference curve and the geocentric axial dipole hypothesis. Such inclination shallowing can happen during sediment deposition related to factors such as particle shape, viscosity, pH, and current shear or during compaction of sediments (Li and Kodana, 2016). Due to this inclination shallowing, we mainly used the declination values to date the sediments. Assuming quasi-continuous sedimentation produced by seasonal flooding episodes, we have identified similar oscillations on the measured and reference declination curves. The correlation of inflection points around zero declination between these two curves is marked with dotted arrows in Figure 5. Such correspondence agrees with the two available OSL ages. Since the sampling density was not uniform along the section due to the presence of coarse sediments, this time model must be regarded as a crude one. Based on this preliminary time model, we estimated that the age of the sediments is between the present and ∼ 2.2 ka for the sampled section.
Fossil Oribatid Mites
The Zaton2 section had 136 individuals belonging to 40 species (Supplementary Table S1), with only three species having more than 10 individuals (Table 1). Two layers were richer in individuals, located in the lower part of the section with Zygoribatula exarata as the most abundant species. Along with the profile, the layers with fossils were cyclically intercalated with layers without fossils (Supplementary Table S1).
TABLE 1 | Identified Oribatida in the Zaton2 section (Supplementary Table S1) for species with more than 10 individuals; most abundant depths are vertically marked in gray. Color legend: yellow = dry/xerophile, dark blue = halotolerant, and light blue = open area.
[image: Table 1]The Zaton3 section had 742 individuals belonging to 89 species of oribatid mites, with 23 species represented by more than 10 individuals (Table 2; Supplementary Table S2; Figure 6). Two principal successions of layers in the section were especially rich in fauna, between 116 and 200 cm and between 290 and 439 cm in depth. Tectocepheus velatus, a cosmopolitan and eurytopic species, was the most abundant species, with 182 individuals in the entire section. In abundance was also Microppia minus, a forest generalist present in most of the section, Opiella nova, eurytopic, and Punctoribates hexagonus, living in moist habitats and which was only found in the lower half of the section.
TABLE 2 | Identified Oribatida in the Zaton3 section (Supplementary Table S2) for species with more than 10 individuals; most abundant depths are vertically marked in gray. Color legend: dark green = forest, light green = shrub, light red = eurytopic, yellow = dry/xerophilic, dark blue = halotolerant, light blue = open area, and white = nonspecific.
[image: Table 2][image: Figure 6]FIGURE 6 | Some of the identified oribatid fossils in Zăton Lake sediments. (A) Tectocepheus velatus; (B) Oppiella nova; (C) Dissorhina ornata; (D) Zygoribatula exarata; (E) Scutovertex minutus; (F) Zygoribatula undulata; (G) Punctoribates hexagonus; (H) Protoribates monodactylus; (I) Micreremus brevipes; (J) Liebstadia pannonica; (K) Scheloribates laevigatus; (L) Eueremaeus sp.; (M) Ctenobelba sp.; (N) Peloptulus phaenotus; (O) Ramusella insculpta; (P) Confinoppia confinis; (R) Oppiella uliginosa; (S) Punctoribates punctum.
Some of the levels in the Zaton3 section were very poor in fossils, that is, the upper part down to 75 cm, a fine clay layer at −200 cm, and a layer between 470 and 500 cm in depth. The section was dominated by eurytopes, a species with large ecological spectra, while their dominance increased drastically in its upper part. At depths of ∼190 cm, 450 cm, and 520 cm, the dominance of species characteristic for open areas and of those halotolerant was visible. Forest and shrub species were mainly below −290 cm, with the highest representation at ∼450 cm depth.
Zaton2 is contemporaneous with the upper part of Zaton3 (Figure 7). From the ecological point of view, most of the species in Zaton2 are in the lower part of the section (between 220 and 265 in depth) and are represented by xerophytic or open area species (Figure 7). Above −220 cm, in the upper section, very few species are characteristic for open areas. In the lower part of Zaton3 (between 300 and 450 cm in depth), eurytopic species are abundant, with species characteristics for grassland and open areas and forest and shrub species. In the middle part of the profile (between 116 and 200 cm in depth), the forest species became less abundant, with a reduction of xerophilous and dry habitat species. Eurytopic species became dominant at this depth. The upper part of the section (0–75 cm in depth) is almost depleted of mites, with only three species represented in a very low number, Micreremus brevipes, Microppia minus (forest generalist), and Phauloppia sp. (soil inhabitant) species.
[image: Figure 7]FIGURE 7 | Age and the corresponding sedimentary profiles (A,C) in Zăton Lake with the distribution of oribatid mites (only species with more than 10 individuals) in Zaton2 (B) and Zaton3 (D) according to their environmental requirements.
DISCUSSION
Sedimentary Environment Changes in the Last 2,200 Years
The facies and grain size analysis suggested a variability of the sediment characteristics from the median section, Zaton3, dominated by fine sediments of alluvial plain (facies association II) and secondary by channel fill and gravelly bars (facies association I) toward the marginal section, Zaton2, dominated by the coarse channel fill of the tributary systems alternating with the fine sediments of the alluvial plain of the main Șipot Creek (Supplementary Figures S1, S2). The tractive and suspension processes could also be interrupted by mass flows forming alluvial cones from the torrential tributary systems, which are reflected in the Gm facies and lack the internal structure, especially in the marginal sectors. Throughout the last 2,200 years, during which the last 4.5 m of the sedimentary filling of the Zăton basin was accumulated, the periods of channel fill bars accumulation alternated with periods of sedimentation of fine facies, overbank, or lake. These changes could have been possible due to the change of sedimentation regime in this type of basin. The periods of total flooding and drying have led to the alternation of the accumulative and erosional processes. Even though the flood periods are dicyclic, the number of flood days per year must also be variable. Other control factors are the drainage system and the communication with the cave where the stream flows. The position of the siphon and the drainage capacity controlled the accumulation and erosion processes and the style of the fluvial systems. If, at present, the streams are meandering (Figure 8B), in 1976, the basin included two streams with a relatively linear flow (Figure 8A). As it appears recorded on the columns shown in Figure 3, this sedimentation style has certainly worked since the beginning of the filling history of the basin. All these factors of the hydrodynamic regime and sedimentation regime must have been affected by the vegetation around the lake and the Oribatida mites’ communities.
[image: Figure 8]FIGURE 8 | Aerial images of the Zăton Basin taken in 1976 (A); source: The Emil Racovita Institute of Speleology archive); and in 2019 (B); source: Google Earth). It shows a variable morphology through time from a relatively straight fluvial style in 1976 to a meandering style in 2019. The difference in the forest cover around the lake from 1976 to 2019 should be noted, with a slight increase more recently.
Paleoenvironmental Inferences
The two analyzed sections were different in abundance and in the diversity of Oribatida. Zaton2, which covered the last ∼ 600 years, was generally poor in species, and its abundances were from zero (in nine layers) to very low (with only three layers with more than five specimens). The sediment accumulation in this profile is evidence of changes in the lake surroundings, with increased soil erosion in the last six centuries. The Zaton2 profile is characterized by the cyclical alternation of layers with few species and no fauna. The layers without fauna in Zaton2 are those with higher granulometry and those resulting from the cyclic soil erosion of the adjacent slope. Zaton2 is similar in environmental information to the upper part of Zaton3.
The Zaton3 section covers more than the last 2,200 years and shows a change from a mixture of eurytopic, forest, and grassland with open areas in the lower part to dominant eurytopic species in the middle part of the profile and almost lack species in the upper, most recent part of the section. The increased abundance and diversity for oribatid mites in the Zaton3 section are associated with warmer periods in the last 2,200 years (Figure 9). Colder periods are scarce in species and have a very low number of individuals, except for the colder period around 250 A.D., with no species. Another exception is the Modern Warm Period (1870 A.D.—present), when no fossils could be extracted. The correspondent upper layers of Zaton2 contained a mixture of a low number of halotolerant, open space, and xerophilic species (Punctoribates hexagonus, P. punctum, and Zygoribatula exarata) and a new species with no known ecology (Ramusella cf. sengbushi).
[image: Figure 9]FIGURE 9 | Distribution of the oribatid mites’ abundances (B) and diversity (C) in the Zaton3 profile and the corresponding temperature anomaly (A) from PAGES 2k Consortium, 2013). Warmer (red) and colder (blue) periods alternate along time.
The lower part of the profile has particular species often found in soils with salinization, probably due to the presence of fine sediments with high capillarity overflown by water in spring and then drying on hot summer sunny weather, much similar to the dynamic of the lake in the present. However, the species association in the lower part of Zaton3 suggested a more humid environment with more water in the system, perhaps even swampy areas. Eurytopic species dominance in the middle part of the profile indicated a change from the lower part of the section surrounded by trees to a more open landscape that is less humid, maybe with some shrublands and individual trees, but indeed not a period with larger forested areas. The almost depleted fauna layers correspond to colder periods, except for the upper part of the section (Figure 9). A scarcity of species in the upper, more recent part of the section resembles the colder periods more and can be explained by the alteration of the forest cover, which at present is only maintained in small areas with planted trees. For the Zaton3 profile, the thickest layer with no oribatid fossils was around 250 A.D. with a colder climate and possibly more extended periods of water accumulation in the lake, as suggested by the fine sediments, especially the mixture of clay and silt.
Thus, five periods could be identified in the evolution of the lake environments from sediment granulometry and facies, together with Oribatida mites’ communities (Table 3). These periods can be related to the area’s less or more dense human presence:
1. ∼250 B.C.–∼ 200 A.D. Neolithic and Bronze Age sites in the area (data from the National Archeologic Repertoire) attest to human settlements in the region even before the deposition of the studied sediments in the lake. The Roman occupation that lasted in the region between 96 B.C. and 275 A.D. has left no archeological trace. However, if human settlements were established around the lake before and during the Roman occupation, they were probably formed from small or temporary populations with less impact on the area. Oribatida species were abundant and specific for a mixture of forest and open areas in this period of warmer climate. We found a different age limit for the historically established climatic events when considering the Oribatid fauna in Zaton3. For example, the Roman Warm Period in the Zăton basin started earlier than ∼250 B.C. and extended to earlier than ∼250 A.D., which is in contrast to the attributed limits to this climatic period, 250 B.C.–400 A.D. (Cambell et al., 1998).
2. Around 250 A.D. A strong signal of colder weather was observed in our data, with significant deposition of sediments and almost no oribatids. Loehle (2007) also mentioned this climatic anomaly from 18 multi-proxy long series in different regions on Earth.
3. ∼950 A.D.–∼1250 A.D. Human settlements were probably present, but we have no archeological data on the occupation in the area. The effects of a change in the environment are already attested by almost exclusively eurytopic species, characteristic of disturbed environments with some shrubs and trees, corresponding to the Medieval Warm Period.
4. ∼1300 A.D.–∼1870 A.D. The cold period called the “Little Ice Age” in Europe is observed in the scarcity of oribatids in the lake sediments, with taxa characteristic for a mixture of trees, shrubs, and open areas, much more like the landscape in the present (Figure 2). A more significant human population in the area can be traced back to 1766 and 1792, the foundation dates of two wooden churches (now historical monuments). Local information also mentions a former wooden church dating back to the 14th century. These are time landmarks for more organized human settlements and agricultural practices in the very proximity of Zăton Lake. Alterations of the forest cover were probably contemporaneous with the need for more land for agricultural purposes in a generally rocky and dry karstic area. The Little Ice Age also appeared differently in our study on Zaton2. It started around 1300 but ended sooner, in the 17th century, not during the 15th–19th centuries, as in other parts of Europe. However, such differences can be caused by a poor age control for the two analyzed profiles.
5. ∼1870 A.D.–present. The modern period has a warmer climate, and one would expect a relatively abundant oribatid fauna as in other warm periods of the last millennia. We did not expect high diversity of taxa but at least many specimens due to a favorable climate and better chances of preservation of fossils of such young ages. On the contrary, we obtained no abundant or diversified oribatid representatives. The growing human population has, even more, impacted the already installed degradation of the initial environment around the lake in the last two centuries, with intense use of the land around the lake and in the region. More substantial anthropogenic impacts in the last 100–150 years were also documented for other northern, northeastern, and northwestern Romanian lake sediments or peat bogs (Feurdean et al., 2013, 2015; Haliuc et al., 2019, 2020).
TABLE 3 | Tentative correlation of historical time events and paleoenvironment during the last 2,200 years (Wikipedia, 2021) in the Zăton Lake area, as inferred from fossil oribatids and sediment data. Blue = colder periods; red = warmer periods.
[image: Table 3]CONCLUSION
Climate has an essential role in lakes’ water availability and evolution, especially for temporary lakes such as Zăton, whose evolution depends on the precipitation amount and duration. However, vegetation, especially forests, can play an essential role in water availability, protection from desiccation, and buffering the impact of climate. For Zăton Lake, this natural cycle was interrupted by establishing human settlements around the lake, the forest cutting in the region, and the use of land for agriculture and cattle. Soil erosion is also enhanced due to reduced vegetation on the lake slopes, especially the northern, steeper slopes. The Zaton2 profile, formed in the last 600 years, might have resulted from forests cut around the lake during the Little Ice Age combined with establishing more significant human settlements in the area, beginning with the 14–18th century. Most probably, forest cuttings were more intense at the beginning of the human occupation, and disturbances continue to be strong at present with more populations in the area (2,425 in the village around the lake in 2011, with more than double the populations in the area after the WWII), whose living is partly based on agriculture.
Temporary lakes, such as Zăton Lake, can be a good model for paleoenvironmental studies, where natural and anthropic processes can drastically influence the shape, annual dynamics, and sediment deposition. Zăton Lake has become an important site for paleoenvironmental reconstruction covering the last 2,200 years, a period poorly documented for the Romanian Carpathians. As a biological proxy, Oribatida mites have proven once again to be a good indicator of past environments and indirectly assess the human presence in a relationship or decoupled from the rhythmic climate changes. Minor differences in the past climate at local levels are of utmost importance to understand regional climatic influences and can be used to model future regional impacts for the sustainable use of local natural resources.
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In this article, a centrifuge shaking table model test of anchored stabilizing piles for strengthening landslides was established, and the dynamic response characteristics of the pile–anchor–slope under earthquake action were analyzed. On this basis, combined with the fuzzy gray relational analysis and the rank-sum ratio method, the correlation between the amplification of the acceleration response of the heterogenous slope and the dynamic response of the support structure was explored. Based on the obtained results, relevant suggestions for engineering design were proposed. The results showed that the seismic amplification of the complex soil–rock slope reinforced by the pile–anchor structure was not uniform and the amplification coefficient had strong variability. Among them, the amplification coefficient of the slope, dynamic earth pressure, and dynamic bending moment of the pile near the connection of the pile–anchor cable continued to increase; the correlation between the seismic amplification and the seismic behavior of the pile–anchor structure is different at different positions of the slope. The measurement points with a higher comprehensive ranking of correlation are mainly concentrated in the pile–anchor connection, the middle of the slope, and the high-angle soil–rock interface. It is related to the geometric characteristics of the model and the high seismic amplification of the slope; for the pile–anchor connection part and the high-angle soil–rock structure surface of the slope, the shock absorption measures and grouting strength of the anchor cable’s anchoring section should be considered in the engineering design.
Keywords: centrifuge shaking table test, anchored stabilizing pile, fuzzy gray relational grade, rank sum ratio method, data mining
1 INTRODUCTION
Strong earthquake action and complex geological conditions inevitably lead to a large number of earthquake landslides. Landslides induced by large earthquakes have a strong disaster-causing capacity. In the early 21st century alone, tens of thousands of people have been killed and billions of dollars have been lost (Huang and Li, 2009; Halder et al., 2021; and Hu H. Q et al., 2021). Therefore, utilizing reinforcement technologies to improve the stability of slopes in seismically active areas has become one of the popular research topics in the field of geological disaster prevention (Liu et al., 2021; Chen et al., 2022).
As a new reinforcement technology, anchored stabilizing piles can effectively improve slope stability and thus have been applied to treat large or super large landslides in many countries (Wang, 1998; Zhao, et al., 2017). The Wenchuan earthquake damage investigation found that the slope reinforced with pre-stressed anchored stabilizing piles was not damaged when the fortification intensity of the structure was exceeded and has good seismic resistance (Zhou et al., 2010). So far, the quasi-static method has been adopted in the seismic design of anchored stabilizing piles, which lacks a recognized and reasonable method system and ignores the influence of the seismic dynamic effect. Due to the complex stress system of the structure, the action mechanism of the anchor cable and the dynamic interaction of pile–anchor–soil mass are still unclear. The seismic response law of the anchored stabilizing pile is to reveal the seismic mechanism and failure mode of the anchored stabilizing pile, the dynamic interaction law of the pile–anchor–slope mass, and establish a scientific foundation for the seismic design method. Therefore, the research on the dynamic response of anchored stabilizing piles has an important theoretical value.
Field measurement and physical model tests are the most reliable methods to study the mechanical properties of anchored stabilizing piles. Recently, a series of 1-g large-scale shaking table tests have been conducted to analyze the mechanical characteristics of anchored stabilizing piles and slope deformation (Ma et al., 2019; Hu M. M et al., 2021). However, these tests can only qualitatively reveal the seismic response law of the anchor–pile structures because the 1-g shaking table test cannot simulate the actual stress–strain relationship in the field (Garala and Madabhushi, 2019). Especially in tests related to slope stability, the influence of the slope self-weight is significant. Meanwhile, the nonlinear change in the in situ modulus and the modulus with a strain in the soil has a strong impact on soil–structure interaction (Finn et al., 1986). This can also affect the deformation and displacement of the slope, thus making the dynamic behavior of retaining structures unreliable. In contrast, the centrifuge test can simulate real gravity through the centrifuge force formed by high-speed rotation. Therefore, this technology can effectively reflect the stress field of the prototype and has been widely applied to many fields (Zelikson et al., 1983; Ghosh and Madabhushi, 2007). Unfortunately, only a few studies have used this technology to analyze the seismic performance of anchored stabilizing piles. Zheng et al. (2016) conducted a centrifuge shaking table test to discuss the seismic response characteristics of a slope reinforced by anchored stabilizing piles and determined the distribution of soil pressure and the bending moment of the pile and its variation laws with different input ground motions. Huang et al. (2020) used a silica gel model instead of soil to examine the seismic stress characteristics and ultimate failure mode of the pile–anchor structures when the slope continued to slide along the circular arc sliding surface. In addition, the theoretical calculation model is also one of the reference methods to explore the pile–soil interaction. Ni et al. (2017) proposed the deflection model of the pile under transverse load and deduced the distribution mode of surrounding soil displacement and earth pressure.
The existing tests based on a 1-g shaking table or the centrifuge shaking table mainly focused on the seismic capacity of the retaining structure but ignored the influence of the slope response on the structures. Recent studies have demonstrated that the propagation of a ground motion in nonuniform slopes is very complex and can significantly affect the mechanical behavior of structures (Veletsos and Younan, 1997; Gazetas et al., 2004; Psarropoulos et al., 2005). This may cause the actual response of the project to not meet the expectations and has been confirmed in many earthquake investigations (Zhang et al., 2012; Liu et al., 2016). Therefore, it is necessary to study the correlation between the seismic response of the slope and the seismic behavior of the anchored stabilizing piles.
The methods of analyzing data relevance generally include mathematical statistics, machine learning, and gray relational analysis. However, there are some problems in mathematical statistics, such as regression analysis, analysis of variance, and principal component analysis. This method does not apply to the dynamic response model test results with a complex and no obvious probability distribution form. With the development of computers, machine learning has been gradually introduced into the field of geotechnical engineering and has played an important role in many directions (Ni et al., 2018; Ni and Mangalathu, 2018; Ni et al., 2020). However, due to limited data of the centrifugal shaking table test of anchored stabilizing piles, this method has not been applied. Fortunately, gray relational analysis solves this problem well. This method is also applicable to the number of samples and whether the samples are regular (Deng, 2002).
In this study, centrifuge shaking table tests of reinforcing an accumulation landslide with anchored stabilizing piles are conducted. Based on the test results, the correlation between the slope seismic response and pile mechanical parameters was discussed using fuzzy gray relational analysis (FGRA). In addition, combined with the rank-sum ratio (RSR) method, the influence classification of the amplification effect of different slope positions was further divided to give targeted suggestions for engineering design and reinforcement. The results may provide a reference for the optimal design of anchored stabilizing piles.
2 CENTRIFUGE SHAKING TABLE TEST
The test model adopted the large-scale geotechnical centrifuge physical simulation system of Zhejiang University, including the ZJU400 geotechnical centrifuge, electro-hydraulic servo shaking table, and rigid wall model box. The reliability of this test system has been verified many times (Sun et al., 2020; Yan et al., 2020). The relevant design parameters of the ZJU400 centrifuge and its shaking table are referred to in some previous studies (Zheng et al., 2016).
It is worth noting that because the model box belongs to finite boundary conditions during dynamic tests such as the seismic loading test, the input ground motion will be reflected when it propagates to the boundary of the model box, resulting in data distortion. Some scholars have developed a layered shear model box which effectively eliminates the reflection of the ground motion boundary under its small shear resistance, but this model box has little effect on the model with large stiffness. Therefore, after comprehensively considering the test model and test equipment in this study, we decided to adopt the fixed-wall rigid model box bearing model. In addition, to avoid the influence of possible boundary effects brought by the rigid model box on the test results, we used DUXSEAL to absorb the ground motion transmitted to the boundary. This method draws on previous related studies (Heron et al., 2015; Cilinger and Madabhushi, 2011). In this research, the absorbing material with a thickness of 25 mm was used. In addition, vaseline was applied on the left and right sides of the model box in the vertical loading direction to reduce the friction between the geotechnical model and the box.
Although the research purpose of this study is not to evaluate the seismic capacity of specific projects, the establishment of the test model has been referred to the anchored stabilizing pile reinforcement project found by Liu et al. (2016) so that the research results can be used as a reference in the design of other similar projects. The centrifuge acceleration of the test was set to 50 g, and the scaling laws are given in Table 1. The selection of the centrifugal similarity scale is referred to in previous related studies (Yan et al., 2020). The geometric dimensions and sensor positions of the test model are shown in Figure 1. A variety of sensors were used to obtain the test records of different parameters, including earth pressure sensors (0–1 MPa, 1 %FS), bending moment strain gages (2000 microstrain, 0.1%), axial force sensors (Zheng et al., 2016), micro acceleration sensors (0–50 g, ≤5%), and displacement sensors (±20 mm, 0.03%FS). All types of sensors were calibrated before the test and connected with the automatic acquisition equipment of the centrifuge during the test.
TABLE 1 | Similarity scale of the test model.
[image: Table 1][image: Figure 1]FIGURE 1 | Model structure and sensor distribution.
The sliding mass and bedrock were simulated by the remolded prototype slope Xigeda soil and cement soil (silty clay: cement: quartz sand: water = 1: 0.55: 1: 0.25). To obtain the total shear strength parameters (cohesion c and internal friction angle φ) of the simulated material, the failure strength of specimens under different confining pressures was obtained by the unconsolidated undrained triaxial test; then, the Mohr circle and shear strength envelop of the sample were drawn according to the Mohr–Coulomb criterion, and the relevant parameters were obtained. The shear strength parameters of the sliding surface were obtained through the quick shear test in which the cohesion and internal friction angle of the soil rock contact surface is 3.58 kPa and 14.7,° respectively. Other parameters are shown in Table 2. It is worth noting that in this test, the bedrock only plays the role of support, so it does not involve problems similar to the prototype. The selection of material strength is referred to in some previous studies (Zheng et al., 2016).
TABLE 2 | Model material parameters.
[image: Table 2]The model pile and anchor cable are simulated by five hollow aluminum alloy pipes with a wall thickness of 2.5 mm and a steel strand with a diameter of 1 mm. The ratio of pile spacing to pile width is S/D = 3.33. The dimensions of the reinforced structure, such as length of the pile, length of the anchor cable, and anchorage position, are shown in Figure 1.
Model preparation was conducted in a rigid model box. First, the slope contour was drawn inside the model box, the pile position was designed in advance, and the model pile was fixed. The slope was formed through dynamic compaction and slope cutting. In the process, the model pile was constantly examined to see if it deviated from the predesigned pile position. In the bedrock forming process, the anchor cable was embedded. When the model was accomplished, the box was installed on the shaking table.
The input ground motion adopted the Qingxi bedrock wave of the Wenchuan earthquake provided by Liu et al. (2013). According to the ground motion loading scheme presented in Table 3, the maximum amplitude range of the input ground motion in seven stages (i.e., EQ1–EQ7) was between 0.1 and 0.4 g. Not only the increase in the seismic intensity at the 0.1-g interval adopted in most studies was considered but also the same intensity (EQ4, EQ6, and EQ7) was set in three stages. As an example, the acceleration time history and Fourier spectrum of A0 at EQ1, with a PGA = 0.118 g, are shown in Figure 2. It is worth noting that the cumulative loading and continuous loading mentioned here only refer to whether the input ground motion peak value is the same as that of the previous stage and does not refer to different loading methods. Its purpose is mainly to enrich the variation of ground motion.
TABLE 3 | Ground motion loading scheme.
[image: Table 3][image: Figure 2]FIGURE 2 | Acceleration time history and Fourier spectrum of A0 during EQ1.
3 TEST RESULTS
3.1 Displacement
The displacement and settlements of the pile head and slope at each event are presented in Figure 3, where it can be seen that the displacement of the pile head is positive in the direction away from the slope, while the settlement of the slope is positive in the downward direction. The settlement and displacement here refer to the dynamic peak value in the response stage and not the cumulative value. In the whole process, the periodic displacements of the top and the shoulder of the slope show a similar movement trend. When the earthquake intensity increased, the settlement of the slope also increased, but when the intensity was unchanged, the settlement decreased. One possible reason for this change is considered to be that the ground motion of the previous stage makes the slope material more compact, thereby reducing the peak dynamic settlement (displacement) in the next adjacent stage of the same input strength. The slope settlement in the loading growth stage is much larger than that in the adjacent stable stage. Even for EQ6 and EQ7 with high strength, the settlement deformation decreases gradually. It should be stated that the test results in this study are displayed after being converted to the prototype size.
[image: Figure 3]FIGURE 3 | Model displacement and settlement results.
Before EQ5, the variation trend of the pile head’s horizontal displacement with seismic intensity is the same as that of the slope settlement. However, during multiple high-intensity earthquakes (EQ5–EQ7), the pile head displacement continued to increase, even when there is only a small increase. It is worth noting that the first high-intensity earthquake EQ5 causes a more obvious settlement of the slope than earthquakes EQ1–3. Although the subsequent settlement decreased, the settlement is still larger than that of the medium- and low-intensity earthquakes. This also makes the pile body tilt out to resist slope sliding, resulting in a continuous increase in the pile head displacement.
3.2 Slope Amplification
Acceleration measuring points are divided into three groups according to their spatial position, as shown in Figure 4A: Group A (GA) includes three measuring points, which are located behind the pile, representing the upper, middle, and lower parts of the cantilever section of the pile body. Measuring points A4 and A6 are close to the soil rock contact surface and anchor cable, respectively. Group B (GB) comprises measuring points on the slope surface and slope top, where the amplification effect is obvious. Group C (GC) includes the measuring point A9 which is located at the center of the slope and measuring points A8, A11, and A14 which are near the bedrock surface.
[image: Figure 4]FIGURE 4 | PGA amplification factor results: (A) Grouping of acceleration measuring points; (B) the results of GA; (C) the results of GB; and (D) the results of GC.
The variation curve of the amplification factor of GA with elevation is presented in Figure 4B, where it can be seen that the peak ground acceleration (PGA) amplification factor shows a significant elevation amplification effect, which increases with the elevation. With the change in the input ground motion intensity, the change in each measuring point shows different trends. The amplification factor of the measuring points increases with the earthquake intensity but decreases slightly under a high-grade earthquake with the same intensity. The amplification factor of A6 is the largest, especially under high-intensity earthquakes, when it can reach more than 3.0. This is due to the topographic effect, site conditions, and dynamic interaction of the structure and slope.
As shown in Figure 4C, the amplification factor of measuring points in GB also increases with the earthquake intensity but decreases in varying degrees under subsequent earthquakes with the same intensity. The amplification factors of this group are concentrated between 1.25 and 2.25, showing an obvious topographic amplification effect. This is because the measuring points of GB are found near the free surface of the slope surface. The magnification effect becomes more pronounced as the distance from special terrains such as slope corners decreases.
In contrast to general expectations, the acceleration amplification factor of the measuring point on the slope in GC does not increase with the elevation, as shown in Figure 4D. This phenomenon could be attributed to the influence of the slope structure on seismic wave propagation. The reflection and refraction, including the surface and bedrock surface, and the phase difference of the seismic waves during the wave propagation could reduce the acceleration amplification effect to a certain extent. Similar phenomena have been noted by Bouckovalas and Papadimitriou, 2005.
In general, different from the homogenous slope amplification, the slope with a complex soil–rock interface strengthened by a pile–anchor structure is very uneven, and the amplification factor shows strong variability. This means that a quasi-static method may have a higher risk in the seismic design of slopes similar to the model considered in this study because the nonuniformity of the ground motion distribution is not considered (Seed and Whiteman, 1970).
3.3 Structure Response
3.3.1 Dynamic Earth Pressure
The peak value variation of the pile with the earthquake intensities is shown in Figure 5A, where it can be seen that dynamic earth pressure increased with the elevation. T1 near the anchor cable is the largest, and T4 near the bedrock surface is the smallest. With the change in the earthquake intensity, the change law of different measuring points is different. T1 continued to increase, even under the high-strength processes EQ5–EQ7, which could be related to the pile–soil compression caused by anchor cable traction. For other measuring points, at medium and low intensities, the dynamic earth pressure increases and decreases under continuous action of the same intensity. This trend is consistent with the dynamic settlement of the slope. Under large earthquakes (EQ5–EQ7) with a PGA of 0.4 g, the dynamic earth pressure of T2 continues to increase, while that of T3 and T4 either decreases or remains unchanged. This indicates that the pile–soil compression caused by the anchor cable traction decreased with the elevation, but it significantly affected the stress on the upper part of the pile at a high seismic intensity.
[image: Figure 5]FIGURE 5 | Variation curve of the peak value of pile dynamic behavior with input ground motion intensity: (A) The peak dynamic earth pressure of the pile; (B) The peak dynamic bending moment of the pile; (C) The peak axial force of the anchor cable.
3.3.2 Dynamic Bending Moment
The variation curve of the pile dynamic bending moment with seismic intensity is shown in Figure 5B. In this study, the bending moment is positive when the pile body is pulled on the side of the slope. Except for Y1, which has a negative bending moment, the other measuring points have positive bending moments. The dynamic bending moment first increased and then decreased from the pile top to the end, and Y4 reached the maximum in the middle of the pile. The negative bending moment near the anchor cable indicates that the tension of the anchor cable makes the pile deform inward. The variations of different measuring points with the earthquake intensity can be divided into two categories: Y1, where variations continued to increase and are not sensitive to the seismic intensity changes, and the category that included all other measuring points, where variations increase when the earthquake intensity changes but decrease when the earthquake intensity is unchanged.
3.3 3 Anchor Force
The peak axial force of the anchor cable obtained under different seismic events is shown in Figure 5C. Regardless of the seismic intensity being increased or staying unchanged, the peak axial force of the anchor cable always increases and is not sensitive to the input ground motion loading mode. This trend may affect the behavior of the piles near the anchor cable so that the dynamic earth pressure and dynamic bending moment near the anchor cable have similar changing trends.
4 DATA MINING METHODS
The centrifuge model test results show that there may be some fuzzy correlations between the seismic response of the slope and the behavior of the pile–anchor structure. This ambiguous correlation can be used for data mining by using the gray relational analysis (GRA). Compared with other data mining methods, the gray relational analysis method is equally applicable to the size of the sample and regularity of the sample. Therefore, it is suitable for the analysis and evaluation of a slope under an earthquake, which is limited, complex, and highly uncertain.
4.1 Gray Relational Analysis
GRA is an integral part of the gray system theory. Compared with Pearson’s correlation coefficient, maximum mutual information coefficient (MIC), and other evaluation methods with high requirements for data linearity or sample number, the main advantage of GRA is that it can be used in the case of limited data to determine the correlation between various change and reference factors. The correlation is expressed in gray relational grade, and the greater the gray relational grade is, the better the correlation is. The essence of this method is to explore the correlation between different factors by comparing the similarity of the curves. The specific calculation method is as follows (Deng, 2002):
Let the reference sequence be [image: image] and the comparison sequence be [image: image], where [image: image] and [image: image]. Then, the gray relational coefficient of [image: image] to [image: image] is given by
[image: image]
where [image: image]; [image: image]; [image: image]; [image: image] is the identification coefficient, and [image: image], and usually used as 0.5.
The gray relational grade can be obtained by averaging the gray relational coefficient, which can be expressed as follows:
[image: image]
4.2 Identification Coefficient Optimization
In Eq. 1, the identification coefficient is usually determined subjectively, and there has been no general solution to the resolution coefficient, which greatly affects the correlation degree value and ranking results, so it is not applicable to most cases. To address this problem, this study further processes data using many improved methods (Xu and Xu, 2011; James et al., 2013; Gao et al., 2018; Ren et al., 2020), which are explained in the following section.
In practical problems, the dimension and order of magnitude of the reference and comparison sequences are usually different, and their effects on the mechanical characteristics of the support structure are also different, which requires further analysis. The usual approach is to normalize data using positive, negative, and other types of normalization. However, such an approach can significantly change the original characteristics of the curve, and the data considered in this study cannot adopt the evaluation criteria of “the larger, the better” or “the smaller, the better.” Therefore, the initial value processing method was adopted for comprehensive consideration, which was given by Gao et al., (2018)
[image: image]
According to Eq. 1, the identification coefficient [image: image] actually acts as a weight of [image: image]. Therefore, to consider the integrity of the correlation degree fully, namely, to not only consider the correlation between the correlation degree coefficient and xi(k) and yj(k) but also the influence of other factors, the identification coefficient was determined by the following method (Su et al., 2012):
[image: image]
where m and n denote the number of comparison sequences and the amount of sequence capacity, respectively.
When [image: image], the value range of the identification coefficient is [image: image]. In addition, according to different situations, the resolution coefficient should also meet the following two conditions:
[image: image]
[image: image]
At this point, [image: image] and [image: image]. The advantage of determining the identification coefficient in this way is that when the difference at a certain point is large (i.e., the correlation of other values is strong), the identification coefficient will obtain a smaller value to strengthen the integrity of the gray relational grade and avoid inaccurate calculation results in extreme cases.
4.3 Gray Relational Grade Optimization
The traditional gray average correlation degree calculation method considers that the sum of gray relational coefficients remains unchanged, ignoring the fact that local similarity is the premise of overall similarity, which can lead to wrong conclusions. The data in Table 4 are taken as examples and drawn in Figure 6. For sequences X1, Y1, and Y2, it can be seen that the development trends of Y1 are much closer to those of X1 than of Y2. However, the gray relational grade of the two is 0.7542 and 0.7544, respectively, indicating the opposite result from the figure and is unreasonable. Therefore, this study selects the gray Euclidean relational grade (Yang et al., 2011) for calculation, which is given by
[image: image]
where [image: image] is the Euclidian distance and [image: image] is the fuzzy gray relational grade between sequences [image: image] and [image: image]. Using the improved correlation degree calculation method, it can be inferred that [image: image].
TABLE 4 | Example sequence of the fuzzy correlation degree.
[image: Table 4][image: Figure 6]FIGURE 6 | Comparison chart of the variation trend of example sequences.
4.4 Comprehensive Discrimination Based on the RSR Method
The gray relational grades of the reference and comparison sequences can be obtained through the fuzzy gray relational grade analysis, however, when the reference sequence changes, the ranking of the gray relational grade may be different and not conducive to comprehensively judging the correlation of the system factors. Fortunately, the rank-sum ratio (RSR) method can effectively carry out a comprehensive discrimination for complex sorting.
The RSR method (Wang et al., 2015) performs an overall ranking based on the dimensionless statistics of 0–1 obtained from the average value of the rank sum of the corresponding comparison sequence under each index. In the experiment, the rank of the same comparison sequence is taken under each relevant reference sequence; the method of summing and taking the average value was used to observe the impact of a group of comparison sequences on the whole. In this way, the problem that the fuzzy gray relational grade had too many results when dealing with the ranking and evaluation of multiple comparison sequences and multiple reference sequences of a whole, which made obtaining the overall view difficult, was solved. In addition, because the gray relational grade only had practical significance in relative comparison and sorting, the disadvantage of losing a certain amount of the original data in the calculation process of the RSR method has also been addressed. The calculation formula of the RSR value is as follows:
[image: image]
where j is the number of evaluated units (or the jth comparison sequence); i is the number of evaluation indicators (or the ith reference sequence); and Rij is the rank of the jth comparison sequence under the ith reference sequence. In particular, the higher the RSR value is, the higher the ranking is.
5 RESULT ANALYSIS
According to the types of seismic response parameters of the pile–slope-anchor system, the pile head seismic peak displacement (PPERD), peak dynamic bending moment (Y1–Y6), peak dynamic earth pressure (T1–T4), and peak axial force (PC) of the anchor cable are determined as a reference sequence, and the comparison sequence is designated as the PGA amplification factor of the measuring points at different positions, as presented in Table 5. The sample size of each sequence is 7 due to the test events. It is worth noting that the formulation rules of the comparison sequence made the correlation ranking associated with the spatial position of the measuring points. The gray relational grade is calculated by Eqs 1–6. Figure 7 shows the contour maps at some typical points, while the sorting results of all parameters are given in Table 6.
TABLE 5 | Summary of the fuzzy gray relational analysis sequences.
[image: Table 5][image: Figure 7]FIGURE 7 | Contour map of the gray relational grades at some typical measuring points: (A) The results of PPERD; (B) The results of T1; (C) The results of Y1; (D) The results of PC.
TABLE 6 | Results of gray relational sorting.
[image: Table 6]As presented in Figure 7, the distribution of the gray relational grades for different reference sequences shows the same trend. In detail, all the calculation results are greater than zero, and the shape of the isolines is crooked. That means the seismic responses at all positions of the slope contribute to the dynamic behavior of the pile, but the correlations are different, which is related to the position of the acceleration measuring point. The measuring points with a higher comprehensive ranking of correlation are A6, A10, A14, A9, and A8. Among the measuring points, A6 has the largest gray relational grade. It is located where the interaction of slope, vertical free surface, and pile–anchor structure is significant and where the amplification factor is significantly high and abnormal. The peak dynamic earth pressure of the pile near A6 is the largest, and the peak dynamic bending moment shows a reversal from positive to negative. A8–A10 were located in the middle of the slope, and the amplification factors of the three points are greater than those of the surrounding points, especially when the earthquake intensity increased. During the test, obvious cracks between the slope and the bedrock were observed near A14, which could be attributed to the large contact angle. The other measuring points in the ranking have no special phenomenon on the ground motion parameters and slope failure.
From the model test results, it is not difficult to find that the slope acceleration amplification varied nonlinearly, while it can be divided into three categories according to the maximum, minimum, and median values. The three types of results are shown in Figure 8 as descending orders and can be considered the most dangerous, safest, and relatively moderate seismic action experienced by the slope, respectively. It can be seen that about 60%–70% of the PGA amplification factor obtained by deploying the measuring points is greater than the minimum amplification factor of 1.2, which has been specified in Eurocode 8 (CEN European Committee for standardization, 2003). This indicates that the actual slope seismic response has exceeded the provisions of the specification, which would affect engineering safety. If the seismic design is fully considered according to the maximum acceleration amplification factor, the engineering economy may be unacceptable. Therefore, to comprehensively evaluate the influence of slope amplification on the pile–anchor–slope reinforcement system, the ranking results of the gray relational grade and the classification results of slope acceleration amplification factor should be considered together during the RSR assessment, and the result is shown in Figure 9A.
[image: Figure 8]FIGURE 8 | PGA amplification factor ordering: (A–B–C) in the figure is the ranking result of the maximum value, minimum value, and median value of the PGA amplification factor.
[image: Figure 9]FIGURE 9 | Comprehensive evaluation results: (A) RSR ranking histogram (B) Slope risk zoning map.
Figure 9A shows that the high correlation is related to the high amplification factor and the distance from the measuring point to the pile, which conforms to St. Venant’s principle. In the RSR ranking, A6 and A8–A10 are in the top five, indicating that the high acceleration response inside the slope has a significant contribution to the dynamic behavior of the pile–anchor structure. Except the aforementioned measuring points, A14 ranked fourth, and the large inclination of the bedrock surface near this point is not conducive to the stability of the slope. Although A4 and A5 are close to the pile, the amplification factors are just 1.13–1.47 and 0.92–1.05, respectively. In addition, although the amplification on the slope crest has a limited effect on the reinforced structure, it may influence the structures built on the slope top which has been confirmed by Brennan and Madabhushi (2009).
The RSR ranking results also show that some positions inside the slope need special consideration in seismic design, rather than assuming that the slope is subjected to the consistent seismic force based on the quasi-static method. According to the acceleration amplification effect and RSR ranking result, the slope can be divided into three risk areas, as shown in Figure 9B. The high-risk and potential-risk areas denoted areas where the RSR value is higher than 0.6. The former is the area where the acceleration is significantly amplified, while the latter is related to the slope instability caused by the geometric parameters of the bedrock surface. It may be one of the more possible strategies to add shock absorption materials to high-risk areas with abnormal acceleration amplification. Some 1-g shaker test results suggest that additional shock-absorbing material is a possible treatment (Ma et al., 2019; Pai and Wu, 2021). This can not only eliminate the occurrence of unknown factors to a certain extent but also reduce economic waste. For the potential-risk areas, it is necessary to ensure that the grouting strength of the embedded section of the anchor cable meets the design standard to prevent the anchor cable from being pulled out from the bedrock.
6 CONCLUSION
To study the correlation between slope amplification and the seismic behavior of the pile, a centrifugal shaking table test was established considering the effect of different seismic intensities, and the slope amplification factor and pile mechanical parameter data of the pile–anchor–slope reinforcement system were obtained. On this basis, combined with the fuzzy gray relational analysis and the rank-sum ratio method, the correlation between the amplification of the acceleration response of the heterogenous slope and the dynamic response of the support structure was explored. Based on the obtained results, relevant suggestions for engineering design were put forward. The main conclusions and suggestions are summarized as follows:
1) The acceleration amplification of the slope body is uneven, the amplification of the pile–anchor cable connection is the largest, and the high-angle soil–rock interface is the smallest. The variation law is consistent, and it increases or decreases with the change of the input ground motion intensity. Slope amplification inhomogeneity may cause actual earthquake damage not to meet the design expectations of the quasi-static method.
2) The peak value of the peak dynamic earth pressure of the pile increases with the increase of the relative elevation and the soil mass is squeezed by the pile-anchor joint, resulting in the largest dynamic earth pressure near the top of the pile, and the smallest T4 near the bedrock surface; the peak dynamic bending moment of the pile is negative near the top of the pile, gradually becomes positive as the elevation decreases, reaches the maximum value near the bedrock surface, and then gradually decreases; except for the continuous increase of the dynamic soil pressure, dynamic bending moment, and peak axial force at the pile–anchor connection, the other measurement points increase when the input ground motion intensity increases but decrease when the input ground motion intensity remains the same.
3) The comprehensive ranking of the FGRA-RSR method shows that the magnification of different positions has different effects on the seismic force of the pile. The positions of the top 50% of the ranking are located in the pile–anchor connection part, the middle of the slope, and the high-angle soil–rock interface. Most of these locations have high soil magnification or have obvious geometric features. Therefore, it is necessary to consider the shock absorption measures of the pile–anchor cable connection and ensure the grouting strength of the anchor cable anchoring section in the actual design.
The research in this article still has some limitations. This mainly focuses on the lack of more available engineering cases and model test data. Undoubtedly, more cases will make the ranking results of the comprehensive evaluation more convincing and can provide more valuable suggestions for engineering practice. Unfortunately, there are, indeed, some objective difficulties. In the follow-up, it may be considered to obtain data in more cases using numerical simulation after calibration based on model tests (Ni et al., 2018; Ni and Mangalathu, 2018; Ni et al., 2020).
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The Kouma Fault, located at the northern foot of the Mangshan Mountain in Luoyang City, Henan Province, China, is an active fault newly discovered in the field seismic geological survey. The Kouma Fault is a normal fault that is approximately 30 km in length, near the east-west strike, and the north dip. The study on the nature of the Quaternary activity of the Kouma Fault is of great significance to the potential seismic source zone division, urban and rural land planning, site selection for major projects, the assessment and prevention of earthquake disaster risk. Through a series of seismic geological surveys, 12 fault outcrops were discovered, which were all distributed on the slopes of the loess gullies. The Kouma Fault cuts loess, clay, sand, and gravel. The fault planes and scratch can be seen clearly. The filling in the fault zone is dominated by clay, loess, and pebbles, among others. When the width of the fault zone is smaller (10–30 cm), most clay in the zone is laminated in occurrence. The laminated surface is almost parallel to the fault plane and the long axis direction of pebbles in the fault zone is almost parallel to the fault plane. When the width of the fault zone is greater (for instance, 1.6 m), the clay and loess in the fault zone are massive. The composite drilling geological section and trench reveal two paleoseismic events of the Kouma Fault, the paleoseismic event I occurred at the fault in the Middle Pleistocene; the paleoseismic event II occurred at the fault in the later period of the Late Pleistocene, and the vertical offset of the upper Pleistocene bottom boundary is 13.57 m. Based on the OSL age data in the fault G1 outcrop of the fault and TC1 and TC2 trenches, the latest activity age of the Kouma Fault may be defined within the range of (38.84 ± 4.69) to (40.90 ± 4.45) kaB.P. The latest active age of the Kouma fault is the late of Late Pleistocene. The average vertical slip rate of the fault during the Late Pleistocene has been 0.11 mm/a.
Keywords: active fault, trenching, composite drilling geological section, OSL, loess, Mangshan Mountain, Kouma fault
1 INTRODUCTION
The Kouma Fault is a newly discovered and named active fault by the seismic and geological survey works conducted in recent years, located at the northern foot of the Mang Mountain in Luoyang, Henan, China, and adjacent to the Yellow River in the northern direction (He, 2022). The Western Henan where the Kouma Fault is located features dense cities and towns, large populations, and a prosperous economy. The local people have high demands on their safety and prevention against earthquake disaster risks. It is of great significance for the division of potential hypocenters in Western Henan, urban and rural land planning, siting of significant projects, and evaluation, prevention, and control of earthquake disaster risks to research on the Late Quaternary activity of the Kouma Fault. The seismic and geological survey, trenching, drilling, and radiometric dating are substantial means to research on the fault activity, and abundant achievements have been obtained (Jiang et al., 2000; Ran et al., 2014a; Ran et al., 2014b; Ran et al., 2018; Wang et al., 2015; Min et al., 2016; Sun et al., 2016; Cao et al., 2018; Li et al., 2019). Some scholars (Wang et al., 2004; Pan et al., 2005; Bi et al., 2018; Ran et al., 2018; Li et al., 2020; Luo et al., 2020; Ma et al., 2020; Yu et al., 2020; Chang et al., 2021; Ha et al., 2021; Li et al., 2021; Liu et al., 2021; Lu et al., 2022; Shi et al., 2022) have established the loess-paleosol series of the Mang Mountain through research on loess and paleomagnetic test data of the mountain. Some scholars have obtained the occurrence of the Kouma Fault at the buried position (He, 2022), but the activity of the Kouma Fault is not demonstrated. Based on the seismic and geological survey, trenching, drilling, and radiometric dating, among others, this study carries out comprehensive research on the Late Quaternary activity of the Kouma Fault, providing scientific evidence for earthquake prevention and disaster reduction in this region.
2 GEOLOGICAL SETTING
Kouma fault is surrounded by the Jiyuan sag on the north and Mangshan mountain on the south (Figures 1A,B). The south of Mangshan mountain is Luoyang sag. In the study area, the major Quaternary faults includ Xinan-Jiaxian fault, Fengmenkou-Wuzhiling fault, Luohe fault, Pangusi-Xinxiange fault, Yanshi fault, and Wenxian-Mengzhou fault. Among them, the Xinan-Jiaxian fault, the Fengmenkou-Wuzhiling fault, the Luohe fault, the Yanshi fault, the Pangusi-Xinxiange fault, and the Wenxian-Mengzhou fault are the early and middle Pleistocene faults. In addition, the last active times of the Pangusi-Xinxiang fault are the early and middle Pleistocene in the western section, the late Pleistocene in the middle section, and the early and middle Pleistocene in the eastern section (outside the figure) respectively. The Yanshi fault belongs to one of the northern marginal faults of the Luoyang sag.
[image: Figure 1]FIGURE 1 | The seismic and geological map of the study area. (A) Distribution map of main faults and earthquakes in study area. (B) The seismic and geological map of Kouma rigion. (C) The location map of fault outcrop points and trench. (D) The location map of trench and drills.
The Kouma Fault is located in the western part of the Henan Province, China, which ranges from the Mabu Village, Mengjin County in the west to the Kouma Village, Mengjin County in the east. The Kouma Fault is a normal fault, with a strike of almost west-east, and a dip of the north (Figure 1B). The length of the Kouma Fault is calculated based on the distance from the outcrop of the fault at the most western end to that at the most eastern end, namely, and is approximately 30 km.
The Kouma fault is one of the southwest marginal faults of the Jiyuan sag, which is an inherited subsidence basin in the Mesozoic and Cenozoic, with a subsidence range of 6,000–9,000 m. The subsidence rate of Jiyuan sag has weakened since the Neogene and formed a tilted basin rising in the north and falling in the south, with the corresponding deposit thickness is 200–400 m.
The maximum historical earthquake in the study area is the 1767 B.C Yanshi Earthquake, which had a magnitude of 6 (Figures 1A,B).
3 MATERIAL AND METHODS
Using the method of seismic and geological survey, 12 fault outcrops (Figures 1A,B) have been found in the Kouma Fault through the seismic and geological survey, all of which are located on the slope of the loess gully. There are 11 outcrops (G1–G11) in the southeastern part of the Kouma Village, and there is one outcrop (G12) at the eastern part of the Mabu Village. Among them, the fault plane in some fault outcrops occurs in the valleys and steep cliffs, and those in other fault outcrops are covered by slope deposits that have to be exposed by manual excavation. The Kouma Fault cuts loess, clay, sand, and gravel. The fault planes and scratch can be seen clearly. From a top view, the Kouma fault is hidden in Malan loess. The typical fault outcrops are introduced hereunder.
The G5 and G8 outcrops of the fault with the existence of the Late Pleistocene loess (Malan Loess) were selected to carry out trenching work, and the numbers of the trenches are TC1 and TC2 (Figures 1C,D), respectively. After the excavation of every trench and leveling-down treatment of the trench wall, we hung the square grid line with a side length of 1 m on the surface of the trench wall, then carried out the measurement, geological record, photography, and age sampling and testing, and then carried out comprehensive research. The OSL age was tested at Key Laboratory of Crustal Dynamics, Institute of Crustal Dynamics, CEA, and the ESR age was tested at Measurement and Testing department of China Institute of Atomic Energy.
In TC1 and TC2 trenches, the equivalent stratum in the footwall (hanging wall) of the fault has not been revealed. The drilling survey was carried out on the hanging wall of the TC2 trench, and seven holes were drilled with a depth of 21–42 m (Figure 1D) to obtain the vertical fault throw and slip rate of the fault.
In order to detect the deep structure of the Kouma fault, a 48.36 km magnetotelluric sounding line named MT1, was arranged across the Kouma fault and Mangshan Mountain (Figure 1B). The V8 networked multi-function electrical instrument of Phoenix geophysical company of Canada was used for field data acquisition, and 14 broadband magnetotelluric sounding points were completed, of which 2 are inspection points. The collected frequency range is 320–0.000137 hz. Five electromagnetic field components of Ex, Ey, Hx, Hy, and Hz were collected on the magnetotelluric sounding points.
4 RESULTS
4.1 Seismic and Geological Survey
The typical fault outcrop points discovered through seismic and geological survey are introduced as follows.
4.1.1 G1 Outcrop of Fault
As shown in Figures 2A–C, the footwall (hanging wall) stratum revealed by the G1 outcrop of fault is almost consistent with the loess-paleosol series of the Mang Mountain (Wang et al., 2004). Among them, the U4 paleosol stratum is S11; the U11 loess stratum is L8, and the paleomagnetism B/M boundary located at the bottom of L8; the U16 paleosol stratum is S5; the U23 loess stratum is L2, where the age data of 1 OSL is (74.75 ± 8.79) ka.
[image: Figure 2]FIGURE 2 | The photographs and explanation of the typical outcrops of Kouma Fault. (A) The geological profile of G1 outcrop. (B) The panoramic photographs of G1. (C) The photographs of fault zone of G1 outcrop. (D) The geological profile of G2 outcrop. (E) The photographs of fault zone of G2 outcrop. (F) The panoramic photographs of G2. (G)The eological profile of G3 outcrop. (H) The panoramic photographs of G3. (I) The photographs of fault zone of G3 outcrop. (J) The geological profile of G6 outcrop. (K) The photographs on the left of G6. (L) The photographs on the middle and right of G6. (M) The photographs of fault zone of G6 outcrop.
The surface of the hanging wall (footwall) of the fault is the U13 loess stratum, where the age data of 1 OSL is (95.13 ± 10.67) ka (Figure 2A; Table 1). Subject to the offset impact of the fault, there are some missing points for the U22 paleosol stratum of the hanging wall of the fault located adjacent to the fault; the thickness of the U21 paleosol stratum varies greatly, and the paleosol stratum is up-warping towards the near-fault direction in terms of spatial distribution (Figures 2A,B).
TABLE 1 | OSL dating results of the Kouma Fault.
[image: Table 1]The fault revealed by the G1 outcrop is a normal fault, and the fault plane and fault zone are clear (Figures 2A–C). The width at the middle-upper part of the fault is within the range of 2–8 cm, and the width at the lower part may reach 30 cm. The filling in the fault zone is dominated by the grayish-yellow and yellowish-brown loess, which is massive. The latest stratum offset by the fault is the loess at the U23 stratum, and the overlying stratum is lacking above the fault up-break point.
At the G1 outcrop of the fault, the measured occurrence of the fault plane is 15°∠59°.
4.1.2 G2 Outcrop of Fault
As shown in Figure 2D, the footwall stratum of the fault revealed by the G2 outcrop of the fault is the Lower Pleistocene Series clay stratum, and the Middle Pleistocene Series paleosol stratum and loess stratum. The hanging wall stratum of the fault is the Middle Pleistocene Series paleosol stratum and loess stratum. Among them, the thickness of the U9 paleosol stratum varies greatly; there are two pieces of paleosol belts in the U10 loess stratum, the upper part of which is spread approximately in parallel with the fault plane, and the lower part of which has less inclination. The spatial spread shape of the paleosol belt in the U10 loess stratum is related to the offset activity of the fault.
The fault revealed by the G2 outcrop fault is a normal fault, and the fault plane and fault zone are clear (Figures 2D–F). The width of the fault zone is within the range of 10–20 cm. The fault zone becomes convergent upwards and narrows down, and then pinches out at the bottom of the U11 loess stratum of the Middle Pleistocene Series. The filling of the fault zone is dominated by red clay and yellowish-brown loess, which are laminated in occurrence. The laminated surface is distributed almost in parallel with the fault plane.
The G2 outcrop reveals that the latest active age of the fault is the Middle Pleistocene. At the G2 outcrop of the fault, the measured occurrence of the fault plane is 350°∠50°.
4.1.3 G3 Outcrop of Fault
As shown in Figure 2G, the footwall stratum of the fault revealed by the G3 outcrop of fault is the clay, silty-sand, and pebble stratum of the Lower Pleistocene Series. The hanging wall stratum of the fault is the Middle Pleistocene Series paleosol stratum and loess stratum.
The fault revealed by the G3 outcrop is a normal fault, and the fault plane and fault zone are clear (Figures 2G–I). The width of the lower part of the fault zone is 1.6 m and the fault zone becomes convergent upwards and narrows down. Subject to the blocking effect of slope surface deposits at the upper part of the fault outcrop, the location of the fault up-breakpoint is relatively fuzzy. According to the preliminary judgment, the fault up-breakpoint will pinch out upwards on top of the U7 loess stratum of the Middle Pleistocene Series. The filling in the fault zone is dominated by the grayish-yellow, which is massive; it contains the purple-red clay mass, whose surface is developed with the grayish-black ferromanganese thin film. It contains a few pebbles with good roundness and also contains the grayish-white calcium mass, grayish-yellow, and grayish-green silty sand mass.
The G3 outcrop reveals that the latest active age of the fault is the Middle Pleistocene. At the G3 outcrop of the fault, the measured occurrence of the fault plane is 12°∠80°.
Therefore, the G3 outcrop of fault is covered by the slope surface deposits of loess valleys, which are exposed by manual excavation only.
4.1.4 G6 Outcrop of the Fault
As shown in Figure 2J, the footwall stratum of the fault revealed by the G6 outcrop of fault is pebble, calcium soil, clay, paleosol, and loess clay stratum of the Lower Pleistocene Series. The hanging wall stratum of the fault is the Middle Pleistocene Series paleosol stratum and loess stratum.
The fault revealed by the G6 outcrop is a normal fault, and the fault plane and fault zone are clear (Figures 2J–M). The width of the upper part of the fault zone is 20 cm, and the fault zone pinches out upwards at the bottom of the U11 loess stratum of the Middle Pleistocene Series. The filling in the fault zone is dominated by the brownish red loess, which is massive but includes a few pebbles. The upper fault plane is brownish-red, and the striations of the fault are clear and longitudinal.
The G6 outcrop reveals that the latest active age of the fault is the Middle Pleistocene. At the G6 outcrop of the fault, the measured occurrence of the fault plane is 348°∠54°.
Notably, a landslide exists on the left side of the G6 outcrop of the fault (Figure 2K), and the landslide body consists of the U6 paleosol stratum, the U7 loess stratum, and the U10 paleosol stratum. Seemingly, this landslide looks like a normal fault, which is prone to cause misjudgment. The landslide body is located at the slope of the loess valley, namely, the free face, and the sliding surface of the landslide is almost in parallel with the slope surface of the loess valley.
4.2 Trenching
4.2.1 TC1 Trench
The TC1 trench is 11 m long and 6.4–8.8 m high (deep). See Figure 3A for the geological section of the trench wall and Figure 3B for the splicing photos of the trench wall. See Table 2 for the main strata revealed by the TC1 trench, Table 1 for OSL age data, and Table 3 for ESR age data.
[image: Figure 3]FIGURE 3 | The photographs and explanation of TC1 Trench (Left) and TC2 Trench (Right) of Kouma Fault. (A) The geological profile of TC1 trench. (B) The splicing photograph of TC1 trench. (C) The photograph of fault zone of TC1 trench. (D) The photograph of up-break point of TC1 trench. (E) The geological profile of TC2 trench. (F) The splicing photograph of TC2 trench. (G) The photograph of fault zone of TC2 trench. (H) The photograph of fault zone of TC2 trench.
TABLE 2 | Main strata revealed by TC1 trench.
[image: Table 2]TABLE 3 | ESR dating results of the kouma Fault.
[image: Table 3]In the U8 stratum of the hanging wall, the grain size of weak paleosol mass ranges from 1 to 3 cm (smaller ones) to 30–40 cm (larger ones), and they are distributed in the grayish-yellow loess in the shape of scattered beads, and the weak paleosol belt is spread approximately in parallel with the fault plane; alternatively, its lower end is arc-shaped, extends northwards, and gradually levels off (Figure 3A); the spatial distribution characteristics of the weak paleosol mass or belt are caused by the offset of the fault.
The fault revealed by the TC1 trench is a normal fault, with a clear fault plane and fault zone (Figures 3A–D). The fault zone is generally wide at the bottom and narrow at the top, becomes convergent upwards, and then narrows down on top of the U8 loess stratum (Figures 3B,D), meaning the upper breakpoint of the fault is located on top of the U8 loess stratum. The overlying stratum of the up-breakpoint is the U9 loess stratum. The ages of three OSL samples are (38.84 ± 4.69), (44.49 ± 4.81), (40.36 ± 3.70) ka, respectively (Figure 3A; Tables 1, 2). The latest active age of the fault is the late of Late Pleistocene revealed by TC1 trench. The width of the middle-up part of the fault zone is within the range of 5–10 cm. The filling is dominated by clay, which is reddish-brown, and laminated in occurrence. The laminated surface of the filling is distributed almost in parallel with the fault plane (Figures 3B,C). The striations on the fault plane are clear and almost vertical to the strike line of the fault plane. The medium laminated clay of the fault zone is mainly developed by the clay in the hanging wall of the fault (footwall) during the offset process. The filling at the lower part of the fault zone is dominated by the loess, which is grayish-yellow and 40 cm wide (thick). It contains white caliche nodules and a brownish-red clay mass. The loess in the lower part of the fault zone is loess in the hanging wall (footwall) of the fault zone that is residual in the new fault zone during the offsetting process. The age of the loess OSL sample in the fault zone is (80.22 ± 10.32) ka, but it does not indicate the offsetting age of the fault. The main cause is that the loess at this location is not fully exposed during the offsetting process.
At the TC1 trench, the measured occurrence of the fault plane is 353°∠70°.
4.2.2 TC2 Trench
The TC2 trench is 8 m long and 8.0–8.6 m high (deep). See Figure 3E for the geological section of the trench wall and Figure 3F for the splicing photos of the trench wall. See Table 4 for the main strata revealed by the TC2 trench.
TABLE 4 | Main Strata Revealed byTC2 Trench.
[image: Table 4]It should be noted that: 1) the U7 stratum consists of the U7-1 stratum, U7-2 stratum, and U7-3 stratum. 2) There is a path on top of the TC2 trench, and a scarp at the height of 2.6–3.4 m above the road surface is located on the western side of the path (Figure 1D), which reveals the U18 loess stratum (Figure 4).
[image: Figure 4]FIGURE 4 | The comprehensive interpretation map of trench and composite drilling geological section.
The fault revealed by the TC2 trench is a normal fault, and the fault plane and fault zone are clear (Figures 3E–H). The fault zone is generally wide at the bottom and narrow at the top, becomes convergent upwards and then narrows down on top of the U17 loess stratum (Figures 3E,F), that is, the overlying stratum of the upper breakpoint of the fault is the U18 loess stratum. The ages of two OSL samples are (42.06 ± 3.83) and (43.84 ± 4.24)ka, respectively (Figure 4; Tables 1, 5). The latest active age of the fault is the late of Late Pleistocene revealed by TC2 trench. The width of the fault zone is within the range of 10–20 cm. The filling is dominated by clay, which is reddish-brown and dark-brown in color, and laminated in occurrence. The laminated surface of the filling is distributed almost in parallel with the fault plane (Figure 3H); the medium laminated clay of the fault zone is mainly developed by the clay in the hanging wall of the fault (footwall) during the offset process. The local filling is of pebble (with a grain size of 10–15 cm), and the long axis of the pebble is almost in parallel with the fault plane (Figure 3G). The fault zone contains the white calcium mass and laminated clay inclusive of grayish-black ferrimanganic content; the striations on the fault plane are clear and almost vertical to the strike line of the fault plane.
TABLE 5 | Main strata revealed by drilling.
[image: Table 5]At the TC2 trench, the measured occurrence of the fault plane is 355°∠65°.
4.3 Drilling Survey
The obtained combined composite drilling geological section, the TC2 trench profile sketch, and the geological profile of the scarp on the western side of path on top of the TC2 trench (Figure 1D) were drawn together, as shown in Figure 4. The main strata revealed by the combined drilling geological profile are shown in Table 5.
As shown in Figure 4, the top interfaces of the U1 pebble stratum (in borehole ZK10), the U3 clay stratum (in boreholes ZK7 and ZK9), and the U5 clay stratum (in boreholes ZK8 and ZK12) are fault planes. On the top and bottom of the fault plane, the lithologic characteristics of the stratum in a borehole may vary greatly. The fault plane occurrence revealed by the drilling has a good consistency with that revealed by the TC2 trench (He, 2022).
The stratum surface of the hanging wall of the faults such as the U10 paleosol stratum, U11 loess stratum, and U12 paleosol stratum revealed by drilling are uneven; the paleosol mass and weak paleosol mass exist in the loess stratum. These phenomena are related to fault activity.
In terms of the ESR age data, the ESR age [(1,337.7 ± 227.6) ka] for the U6 fine sand stratum of the hanging wall of the fault revealed by drilling is closer to that [(1,488.2 ± 340.7) ka] for the U6 fine sand of the footwall of the fault revealed by TC2 trench. Through the comparison and analysis conducted in combination with the lithologic characteristics of the stratum, it is found that the U6 fine sand stratum, U7 pebble stratum, and U8 clay stratum of the hanging wall of the fault revealed by drilling (Figure 4; Table 5) are the equivalent strata (strata of the same age) with the U6 fine sand stratum, U7 pebble stratum and U8 clay (Figure 3E, Figure 4, Table 4) stratum of the footwall of the fault revealed by drilling, respectively.
According to the measurement of the composite drilling geological section and the TC2 trench, the elevation difference of the top interface of the U8 clay stratum (bottom interface of the U13 loess stratum) is 29.02 m, and the elevation difference of the bottom surface of the U17 loess stratum is 13.57 m.
4.4 Magnetotelluric Sounding
Non-linear Conjugate Gradient Inversion was used to process the magnetotelluric sounding data and the magnetotelluric two-dimensional electrical interpretation map was obtained (Figure 5). In the upper part of the profile with a depth of 5 km, the apparent resistivity value directly below Mangshan is significantly higher than that of Luoyang sag and Jiyuan sag on both sides. The Yanshi fault interpreted between Mangshan and Luoyang sag, is regarded as a normal fault apparent dipping to the south. Between Mangshan and Jiyuan sag, a fault can also be interpreted, named the Kouma fault, it is a normal fault with an apparent dip to the north. Mangshan is a bulge relative to Luoyang sag and Jiyuan sag. Mangshan is a bulge relative to Luoyang sag and Jiyuan sag, which form a horst structure.
[image: Figure 5]FIGURE 5 | The magnetotelluric two-dimensional electrical interpretation map.
5 DISCUSSION
5.1 Evidence of Kouma Fault
According to the seismic and geological survey, 12 Quaternary outcrops were discovered along the Kouma fault (Figures 1B,C, 2). From the perspective of landform, there seems to be a loess landslide sliding northward (towards the Yellow River) at the north edge of Mangshan Mountain in the southeast of Kouma village, however, through the investigation of all the Loess gullies developed in the north-south direction (some with a depth of 96 m), there is no sliding surface of landslide sliding in the north direction with steep upper part and gentle lower part. In addition, landslides sliding eastward (towards the gully) have also been discovered in the loess slopes on both sides of the Loess Gully (Figures 2J,K).
The composite drilling geological section located in the hanging wall of the Kouma fault also indicates the existence of the fault (Figure 4).
Magnetotelluric sounding MT1 section also reflects the existence of faults on the northern edge of Mangshan Mountain (Figure 5C).
Certainly, further work is needed on the research of Kouma fault, such as shallow seismic exploration and drilling.
5.2 Activity Analysis of the Kouma Fault
Through the above works such as trenching, drilling, and radiometric dating, among others, the composite drilling geological section and the TC2 trench reveal two paleoseismic events of the Kouma Fault (Figure 6).
[image: Figure 6]FIGURE 6 | (A) Schematic diagram of paleoseismic eventI. (B) Schematic diagram between paleoseismic eventI and paleoseismic eventII. (C) Schematic diagram of paleoseismic eventII. (D) Schematic diagram of present geological profile.
Event I: In the Middle Pleistocene, the paleoseismic events occurred at the fault, and both the hanging wall and the footwall of the fault are the Middle Pleistocene stratum and the Lower Pleistocene stratum (Figure 6A). After the Middle Pleistocene stratum of the fault footwall was completely eroded, it accumulated the eolian loess of the Late Pleistocene (Figure 6B). In Event I, the vertical fault throw for the bottom interface of the Middle Pleistocene (the bottom interface of the U13 loess stratum in Figure 4) is 15.45 m.
Event II: In the later period of the Late Pleistocene, the paleoseismic events occurred to the fault again, which offset the loess stratum of the Late Pleistocene (Figure 6C). After the fault scarp was completely eroded, it continued to accept the loess deposits of the Late Pleistocene (Figure 6D). Afterward, no further activity occurred to the fault. Subject to the effects of the loess slope erosion and human activities (for instance farming and road building), the present microgeomorphic landscape has been developed.
The faults zone revealed by TC2 trench is very clear (Figures 3E,F). The long axis of pebbles within the fault zone is basically parallel to the fault plane (Figure 3G), and the thin-layer clay is basically distributed parallel to the fault plane (Figure 3H). The fault zone is well preserved, it indicate that the time of fault dislocation (Paleoseismic event II) is the same as that of U17 loess sliding and covering the fault zone. The lithology and sedimentary age are completely different between U17 loess in the hanging wall of the fault and U7 pebble, U8 clay, U9 clay, U10 pebble, U11 calcareous soil, and U12 in the footwall of the fault (Figures 3E,F and Figure 4). In Figure 4, the weak paleosol mass in U17 layer could also be related to Paleoseismic event II. Paleoseismic event II is also revealed by TC1 trench and G1 fault outcrop.
It may be considered that paleoseismic events II have been revealed by the G1 outcrop of fault, TC1, and TC2 trenches, in view of the difference in sampling locations of OSL samples and the data errors of radiometric dating.
In the G1 outcrop of fault, the OSL sample age (74.75 ± 8.79) ka B.P in the latest offset, the U23 loess stratum can be used as the upper limit age data of the paleoseismic events II. In trial TC1 trench, the OSL sample age (64.19 ± 6.90) ka B.P in the latest U8 loess stratum offset by the fault may be used as the upper limit age data of the paleoseismic events II; the OSL sample age (38.84 ± 4.69) ka B.P, (40.36 ± 3.70) ka B.P and (44.49 ± 4.81) ka B.P in the overlying U9 loess stratum of the fault may be used as the lower limit age data of the paleoseismic events II. In trial TC2 trench, the OSL sample age (40.90 ± 4.45) ka B.P in the latest U17 loess stratum offset by the fault may be used as the upper limit age data of the paleoseismic events II; the OSL sample age (42.06 ± 3.83) and (43.84 ± 4.24) kaB.P in the overlying U18 loess stratum of the fault may be used as the lower limit age data of the paleoseismic events II. Based on these age data, the time of the paleoseismic events II may be defined within the range of (38.84 ± 4.69) to (40.90 ± 4.45) kaB.P (Figure 7). The latest active age of the Kouma fault is the late of Late Pleistocene.
[image: Figure 7]FIGURE 7 | The progessive constrained paleoseismic event in Kouma Fault.
In Paleoseismic event II, the vertical fault throw for the bottom interface of the Upper Pleistocene (the bottom interface of the U17 loess stratum in Figure 4) is 13.57 m, and the average vertical slip rate of the fault during the Late Pleistocene has been 0.11 mm/a.
5.3 The 1767 B.C. Yanshi Earthquake
The 1767 B.C. Yanshi earthquake had a magnitude of 6. According to “Historical strong earthquake catalog in China” (Department of earthquake disaster prevention, CEA, 1995), the 1767 B.C. Yanshi earthquake occurred in the southwest of Yanshi, Henan Province, with the epicenter (34.2°N, 112.0°E) near Song county (Figure 1A). Through the subsequent verification, Dong Ruishu (Dong et al., 2010) believes that the epicenter of the 1767 B.C. Yanshi earthquake is located at the Erlitou cultural site (the capital site of Xia Dynasty) in the south of Yanshi (Figure 1B). The author considers that the seismotectonics of the 1767 B.C. Yanshi earthquake could related to the Kouma fault.
6 CONCLUSION AND SUGGESTIONS

(1) The Kouma Fault is a normal fault, with a dip of the north, a strike of almost east-west, and a length of approximately 30 km. As shown by the results obtained through the seismic and geological survey, trenching, drilling, radiometric dating, and comprehensive analysis—the paleoseismic events occurred at the fault in the Middle Pleistocene (event I); the paleoseismic events occurred at the fault again in the later period of the Late Pleistocene (event II). Based on the OSL age data in the G1 outcrop of the fault and the TC1 and TC2 trenches, the latest activity age of the Kouma Fault may be defined within the range of (38.84 ± 4.69) to (40.90 ± 4.45) kaB.P. The latest active age of the Kouma fault is the late of Late Pleistocene. The vertical fault throw for the bottom interface of the Upper Pleistocene (the bottom interface of the U13 loess stratum) of the Kouma Fault is 13.57 m, and the average vertical slip rate of the fault during the Late Pleistocene has been 0.11 mm/a.
(2) The filling in the fault zone of the Kouma Fault is dominated by clay, loess, and pebble, among others. When the width of the fault zone is smaller (10–30 cm), most clay in the fault zone is laminated in occurrence. The laminated surface is almost in parallel with the fault plane, and the long axis direction of pebbles in the fault zone is almost parallel to the fault plane. When the width of the fault zone is greater (for instance, 1.6 m), the clay and loess are massive.
(3) In the loess valley region, some outcrops of the fault are covered by slope deposits; the sliding surfaces of landslides on some loess valley side slopes are very similar to the sliding surfaces of the fault. They shall be carefully identified during the field geological survey process.
(4) Geological data is inadequate for the middle and deep part of the Kouma Fault, and it is recommended to carry out further research with shallow and deep seismic explorations, and to conduct the Kouma Fault seismic hazard evaluation based on those results.
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Distribution of landslide is controlled by various causative factors that have different impacts on the occurrence of landslide in different regions. Using one single model to build the hazard assessment is not enough to fully reflect the spatial differences of landslide controlling factors especially for large area. Landslide hazard assessment based on zonation was therefore proposed in this study with an attempt to take effective measures to address this problem. The China–Pakistan Economic Corridor was taken as the study area where landslide hazard assessment was carried out. Based on the features of geological structure, topography, and climate, the study area was divided into three zones. The controlling factors were further analyzed by the geographical detectors method. It was found that the main controlling factors for landslides in these three zones were related to the site’s topography (altitude, slope gradient, and relief amplitude), land use, and distance to an earthquake epicenter. Furthermore, different factors for landslide hazard assessment were selected based on the result of a controlling factor analysis. An artificial neural network model was employed to build the hazard assessment models, and hazard assessment maps were generated. Validations were conducted, showing that the accuracy of hazard assessment maps by zones was higher than that by the whole study area, despite there was no significant difference during the modeling process.
Keywords: China–Pakistan Economic Corridor, landslide, controlling factor, hazard assessment, artificial neural networks
INTRODUCTION
The China–Pakistan Economic Corridor (CPEC) is an important geographical linkage that strengthens the transportation, energy, and communication between China and Pakistan. Due to special geological, geomorphic, and climatic conditions, geo-hazards are frequent and widely distributed along the corridor, causing disasters to major infrastructure establishments and projects. For example, the Karakoram Highway (KKH) constructed between 1966 and 1979 was often broken due to highly frequent geo-hazards until 2007. On 8 October 2005, a 7.6 magnitude earthquake in Northern Kashmir triggered a large number of landslides which caused damages to the KKH (Sato et al., 2007; Aydan et al., 2009). Subsequently, in 2010, a huge landslide occurred in Attabad village and formed a large landslide lake, disrupting the traffic for 5 years (NDMA, 2010). Therefore, it is necessary to carry out landslide hazard assessment for this area.
Landslide hazard assessment at the regional scale was carried out for CPEC in this research. These regional-scale landslide hazard assessment methods include expert experience method (Ercanoglu et al., 2008; Thiery et al., 2014), statistical analysis (Lee and Min, 2001; Demir, 2018; Barella et al., 2019), and physical-based model (van Beek and van Asch, 2004; Xie et al., 2004; Rana and Babu, 2022). In recent years, data mining and machine learning methods, such as artificial neural network (ANN) (Yilmaz, 2009; Liu, 2010), logistic regression models (Xu et al., 2013; Meten et al., 2015; Zhang et al., 2019a), and support vector machine (SVM) (Su et al., 2015; Zhang et al., 2019b) were widely used to assess landslide hazard and showed satisfactory results in practice.
There are already plethora of studies on earthquake and rainfall-triggered landslide inventories, as well as related landslide risk and hazard assessments, that have been carried out in the region, mainly in Pakistan (Dunning et al., 2007; Khattak et al., 2010; Ahmed and Rogers, 2015; Basharat et al., 2016; Khan et al., 2019; Imtiaz et al., 2022). In recent years, landslide-oriented research has been extended to the entire CPEC, especially for landslides along the KKH (Bacha et al., 2018; Rashid et al., 2020; Chang et al., 2021; Hussain et al., 2021; Maqsoom et al., 2022; Su et al., 2021). Hazard and risk assessments of some large-sized landslides were also carried out in this area, such as the Attabad landslide (Chen et al., 2017), where landslide dam breach and its hazards to the KKH project construction site downstream was discussed.
Generally, landslide hazard assessment only builds one model for one area. However, for a regional scale of landslide hazard assessment, the characteristics of landslide and causative factors can be spatially different due to the large size of the study area. One hazard model is thus not able to represent the situation of landslides. In the case of CPEC, for example, landslides are widely distributed in the northern high mountains including the Hindu Kush Mountains, the Himalayas, and the Karakoram Mountains. These regions are characterized by complex geological structures, steep terrains, and intense glacier activities. In addition, landslides also occur in the Sulaiman Mountains, Central Barhui Range, Kirthar Range, and Central Makran Range in the west and southwest of CPEC. However, these landslides are small due to gentle slopes and low precipitation. Hence, the study area was first divided into different zones to account different environmental background factors and distribution of landslide. Then landslide hazard assessment models were built for each zone. In doing so, the accuracy of the regional-scale landslide hazard assessment of this study was improved.
STUDY AREA
Spanning two countries, the study area of CPEC starts from Kashgar in Xinjiang Uygur Autonomous Region of China in the north and reaches Gwadar in Pakistan in the south. It is adjacent to Afghanistan to the west and India to the East. With an area of as large as 1.06 million square kilometers (Figure 1), CEPC has a large area with a wide north–south span with different environmental and landslide characteristics.
[image: Figure 1]FIGURE 1 | Location of the study area.
Geological structure
CPEC passes through the western edge of the Tibetan Plateau and is located at the junction of the Western Himalayan and Pamir syntaxes, which is one of the most tectonically active regions worldwide (Kumar et al., 2013). The main active faults of CPEC include the Kashir River Fault, Tashikurgan Fault, Karakorum Fault, Main Himalayan Thrust (MHT), and Pamir Frontal Thrust. The structural deformation is mainly concentrated in the Karakoram strike-slip fault zone and the Tashikurgan Fault (Martin, 2017).
Geomorphology
The landform type of CPEC from north to south include Kashgar Plain, northern high mountain area, western low mountain area, Baluchistan Plateau, Potwar Plateau, and Indus Plain (Yang and Liu, 2005). The northern high mountain area covers the Karakoram Range and Himalayan and Hindu Kush ranges, with K2 and Nanga Parbat, two mountain peaks of higher than 8000 m located in this region. The Baluchistan Plateau, located in the western part of the corridor, is mainly composed of north–south parallel ranges with an average altitude above 3000 m, and the plateau is at an altitude between 500 and 2000 m. The Potwar Plateau is bounded by Hazara Mountain and Pirpanjai Mountain in the north; Salt range in the south; and Indus River and its tributary Jelum River in the west and east, respectively. The area of the Potwar Plateau is 4,350 km2 and the altitude is around 500 m (Xu et al., 1982; Miller and Craig, 1996).
Climate
The climate of CPEC is affected by the interaction of Westerly and Southwest monsoons. Most of the area has an arid and semiarid climate, except the western coast where the climate is tropical monsoon. Annual precipitation increases first and then decreases from south to north. The maximum annual precipitation is exceeding 1200 mm and the minimum rainfall is less than 100 mm (Yu et al., 2021).
DATA SOURCE AND METHODOLOGY
Data source
Causative factors
Based on the distribution and characteristics of landslides in this region, causative factors (e.g., topography, geology, and land use) and triggering factors (e.g., earthquake and rainfall) were considered for the landslide hazard assessment in this study. Altitude, slope gradient, slope aspect, relief amplitude, distance to fault, distance to epicenter, and annual precipitation were selected as alternative landslide hazard assessing factors.
Topographic factors including slope gradient, slope aspect, and relief amplitude were calculated based on SRTM DEM, with spatial resolution of 30 m. Fault data of CPEC were obtained from the Geological Map of North Pakistan and Adjacent Areas of Northern Ladakh and Western Tibet with a scale of 1:650,000 (Searle and Asif Khan, 1997; Yaseen et al., 2021), based on which the distance to fault was calculated. The average annual precipitation was calculated on historical monthly weather data from year 2010 to 2018 by WorldClim with resolution of 2.5 min (Harris et al., 2014). The historical seismic data of CPEC were obtained from the USGS Earthquake Disaster Project, including epicenter location, magnitude, and occurrence time of earthquakes with magnitude above three since 1960, based on which distance to epicenter was calculated. Land use data were obtained from global land use data of Tsinghua University in 2017 with resolution of 10 m (Gong et al., 2019). All these factors were rasterized with a grid size of 0.5 × 0.5 km.
Landslide inventory
A dataset including 2045 rockfalls and landsides that occurred from 1970 to 2020 was utilized in this research (Yi et al., 2021). Landslide inventory mapping was supported by the project of “Comprehensive Investigation and Assessment of Natural Disasters along the China–Pakistan Economic Corridor”. High resolution images from Google Earth were utilized to identify the location and boundary of landslide by the artificial interpretation method in the study area, and then a field investigation was conducted along the Karakoram Highway (KKH) in 2019 to validate the landslide data and obtain more information including landslide triggers, volumes, height differences, and so forth.
Methodology
Geographical detectors method
The geographical detectors method (Wang et al., 2010) was employed to detect the controlling factors for landslides in different regions. Geographical detectors are a set of statistical methods utilized to detect the spatial heterogeneity of geographical phenomena and find the driving forces. The geographical detectors method is based on the assumption that if an independent variable has an important influence on a dependent variable, the spatial distribution of the independent variable and the dependent variable should be similar. In this study, the differentiation and factor detection were utilized to detect the spatial differentiation of dependent variable Y (numbers for landslide), so as to probe how strong the influence of independent variable X (causative factors for landslide) on Y, which was measured by q value with the equation:
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In this equation, h = 1...; L is the classification or partition of variable Y or factor X; Nh and N are the number of classification and the number of units in the study area, respectively; [image: image] and [image: image] are the variances of h and Y value, respectively; and SSW and SST are Within Sum of Squares and Total Sum of Squares, respectively. The range of q value is (0, 1), and the larger q value is, the more obvious the spatial differentiation of Y will be, otherwise weaker. The q value of one indicates that factor X completely controls the spatial distribution of Y, while the q value of 0 indicates that factor X has no influence on Y.
Artificial neural networks
Artificial neural networks (ANN) have also been utilized for landslide hazard assessment (Figure 2). The artificial neural network model is based on the principle of multilayer perceptron, which is composed of three layers of neurons: input layer, hidden layer, and output layer. Neurons are the basic components of neural networks, and the connection between neurons is realized by synaptic weights wij. Generally, the greater the value of wij, the higher contribution given by the factor. A positive value of wij indicates that the factor is positively correlated with the hazard assessment result, otherwise negatively.
[image: Figure 2]FIGURE 2 | Artificial neural networks and landslide hazards assessment.
In this study, an open-source GIS-integrated tool, r.landslide was used to carry out the hazard assessment based on the ANN model in the GIS software named Geographic Resources Analysis Support System (GRASS) (Bragagnolo et al., 2020; GRASS Development Team, 2017). The tool was written in Python language and works on the ANN model and landslide database. The sigmoid activation function, defined in Eq. 4, was used in r.landslide to depict a balance between linear and non-linear behaviors.
[image: image]
In this equation, x refers to the input value of the intermediate or output layer neuron after weight-bearing by the synaptic weights; β is the slope parameter; and sigmoid functions with different slopes are obtained by assigning varied β values.
Training of ANNs was performed by using the back-propagation algorithm, which the weight is calculated by evaluating the error between the response value obtained by propagation and the known true value (Haykin, 1999). During the training process, each sample is given a corresponding output value O, which is compared with the reference value OD. T stands for the transpose, which defines the error function by Eq. 5:
[image: image]
Moreover, Δwij is the increment of synaptic wij, and it is calculated by Eq. 6:
[image: image]
where α is the learning rate which controls the adjustment strength related to the synaptic weights. The objective of the back-propagation algorithm is to adjust the synapse weights so that the error function E is minimized during the training process.
Integrated natural zonation
An integrated natural zonation was carried out based on mountain ranges, main fault systems, and precipitation in this research. The study area was divided into three zones (Figure 3; Table 1). Zone 1 is located in the northernmost of CPEC, where the topography is mainly dominated by the Karakoram Mountains with an annual precipitation less than 200 mm. The Main Karakoram Thrust and Main Mantle Thrust are the main fault systems in this area. In Zone 2, the mountains include the Hindu Kush and the Himalayas, and the main fault is the Main Boundary Thrust. This region has the highest annul precipitation between 200 and 1600 mm. Zone 3 covers the southern part of CPEC, with the Sulaiman Mountains, Central Barhui Range, Kirthar Range, and Central Makran Range located in this region. The main faults in this zone are the Chaman Fault and Zhob Valley Thrust (ZVT). The annual rainfall in this region is less than 500 mm. The quantities of landslides are counted by zones. From the landslide inventory, 37.4, 20.4, and 42.3% landslides fall in Zone 1, Zone 2, and Zone 3, respectively.
[image: Figure 3]FIGURE 3 | Zonation in CPEC [(A) Attabad landslide with coordinates of N 36°18'48.66", E 74°49'6.43"; (B) Maiun landslide with coordinates of N 36°14'34.71", E 74°25'11.98"].
TABLE 1 | Zonation of CPEC.
[image: Table 1]CONTROLLING FACTORS OF LANDSLIDE DISTRIBUTION
Causative factors
Landslide causative factors are chosen as the parameters of the hazard assessment model. At present, there is no unified causative factor system for landslide hazard assessment. Mostly, researchers select landslide causative factors through field investigation and characteristics analysis of landslide distribution in the study area. In this study, landslide triggering conditions and environmental background conditions are considered. Precipitation and earthquake were mainly considered as the triggering conditions, and geology, topography, and land cover were considered as the environmental background conditions. Finally, a total of eight factors were selected as landslide causative factors.
Classifications were carried out on eight causative factors: altitude (x1), slope gradient (x2), slope aspect (x3), relief amplitude (x4), distance to fault (x5), distance to epicenter (x6), land use type (x7), and annual precipitation (x8) (Figure 4). In specific, the altitude was classified into six classes by an interval of 1000m; and the slope gradient was classified into six classes by an interval of 10°.
[image: Figure 4]FIGURE 4 | Landslide hazard assessment factors of CPEC [(A) altitude; (B) slope gradient; (C) slope aspect; (D) relief amplitude; (E) distance to fault; (F) distance to epicenter; (G) land use; and (H) annual precipitation].
According to the statistics of the area for each factor classification and landside quantities, it can be seen that the environmental conditions and distribution of landslides are different in three zones. In terms of altitude factor (Figure 5A), in Zone 1, there is a large area with the altitude between 1000 and 2000 m. The altitude in Zone 2 is mostly below 5000 m. The altitude of Zone 3 is mostly below 3000 m, and the proportion of the area with an altitude less than 1000 m is especially high, accounting for almost 80%. There are also significant differences for the distribution of landslides. In Zone 1, landslides are most distributed in the area with an altitude of 2000–3000 m, while in Zone 2, landslides are mostly distributed in the altitude of 1,000–2000 m. In Zone 3, landslides are mainly distributed in the area with an elevation less than 1000 m.
[image: Figure 5]FIGURE 5 | Classification of different factors and distribution of landslides in each zone [(A) altitude; (B) slope gradient; (C) slope aspect; (D) relief amplitude; (E) distance to fault; (F) distance to epicenter; (G) land use; and (H) annual precipitation).
Slope gradient is considered as one of the most significant factors for landslide. If the slope gradient is larger than the natural angle of repose of the substrate, landslide may occur when there is no enough cohesion (Kamp et al., 2008). Proportions of slope gradient divisions are consistent in Zone 1 and 2, but different in Zone 3. The distribution of landslides also shows the same tendency. In Zone 1 and 2, more landslides are distributed in the area with a slope gradient of 30°–40°, while in Zone 3, more landslides tend to be distributed in areas with a slope gradient of 10°–20°(Figure 5B). The proportions of slope aspect in different classes are highly consistent in each zone, but the proportions of landslides distributed in slope aspect divisions are different in three zones (Figure 5C).
The relief amplitude factor represents the gravitational potential energy of the slope. The greater relief amplitude value is, the greater the gravitational potential energy of the slope will be, which may cause higher susceptibility and large scales of landslides. Proportions of relief amplitude are similar in Zone 1 and Zone 2, but there is a big difference in Zone 3, where the proportion of relief amplitude with a value less than 200 is particularly high. The correlation between landslides and relief amplitude is explained as, there are large numbers of landslides distributed in the area with relief amplitude of 400–600 m in Zone 2, more landslides distributed in the area with relief amplitude of 200–400 m in Zone 1, but in Zone 3 most landslides are distributed in the area with relief amplitude of less than 200 m (Figure 5D).
The distance to faults, whether area proportion or landslide quantity, are consistent in the three zones (Figure 5E). The distance to an earthquake epicenter reflects the influence of the earthquake, and the proportion of the earthquake-affected areas in Zone 2 is higher.
Earthquake is one significant trigger for landslides. Earthquake with big magnitude can cause a large number of co-seismic landslides, and it can also destroy the stability of slope and lead more sliding after the shake. Historical earthquake epicenters were concentrated in north–west of CPEC in China, North high mountain area and western low mountain area in Pakistan.
Generally, the quantity of landslides shows a gradual decreasing trend against the distance from the earthquake (Figure 5F). Since land use types of bare land and grassland cover large areas in CPEC, therefore more landslides are distributed in the area of these land use type (Figure 5G). Finally, annual precipitation is low in Zone 1 and Zone 3. Hence, the effect of annual precipitation on landslides is not significant in both zones. However, the number of landslides is increased in Zone 2 as a result of the zone’s higher annual precipitation (Figure 5H).
Controlling factor analysis
The landslide controlling factor was defined as the most significant causative factors, which affect the distribution of landslides at the regional scale. The landslide controlling factor analysis was carried out based on landslide inventory and causative factors. First, the study area was divided into small units by the size of 10 × 10 km (Figure 6). Then the number of landslides was counted in each unit of the eight causative factors that are associated with landslide occurrence. Finally, the q value was calculated by geographical detectors, and the main controlling factors were analyzed for landslide in each zone.
[image: Figure 6]FIGURE 6 | Controlling factors analysis by geographical detectors.
Results showed that the controlling factors are different in each zone (Table 2). Topographical factors including altitude, slope gradient, and relief amplitude are controlling factors in Zone 1, especially for the altitude factor. In addition, land use factor also plays a significant role on the distribution of landslides. The q values for all these four factors are larger than 0.04. In Zone 2, altitude is also the most significant factor for landslide, followed by relief amplitude and slope gradient. But the q values of these three factors are smaller than in Zone 1. Large differences for controlling factors are showed in Zone 3, where the distance to the epicenter is the most significant factor, which means earthquake affects strongly on the occurrence and distribution of landslide in this region. Other main controlling factors are topographical factors including relief amplitude, altitude, and slope gradient in Zone 3. But all the q values in this region are smaller than either Zone 1 or Zone 2. When it comes to the entire study area, topographical factors including altitude, relief amplitude, and slope gradient are the top controlling factors for landslide, followed by the distance to the epicenter.
TABLE 2 | Landslide controlling factors in different zones.
[image: Table 2]LANDSLIDE HAZARD ASSESSMENT
Hazard assessment
Landslide hazard assessment was conducted for each zone. In order to make a contrast, landslide hazard assessment in the whole study area was also carried out.
Based on the analysis of main controlling factors, the top six factors ranked by q values were selected as the hazard assessment factors in different zones. Altitude, slope gradient, land use, relief amplitude, distance to fault, and distance to epicenter were selected for Zone 1; altitude, relief amplitude, slope gradient, annual precipitation, distance to fault, and land use were selected for Zone 2; and distance to epicenter, altitude, relief amplitude, slope gradient, annual precipitation, and land use were selected for Zone 3. For the whole study area, altitude, relief amplitude, slope gradient, distance to epicenter, distance to fault, and annual precipitation were selected as the hazard assessment factors.
The artificial neural network is defined as a supervised classification model that determines part of landslide samples that need to be selected to train and build the hazard model. In this study, the landslide inventory was divided into two parts in each zone. In addition, 80% of landslides were selected randomly for building the model, and the other 20% samples were taken for validation. The hazard assessment models of landslides were modeled by using the artificial neural network method based on r.slope. Proportions of the dataset for the training, validation, and test of the ANN were 70, 15, and 15%, respectively. A three-layer neural network was used to train the data. The input layer had six neurons, the hidden layer had 14 neurons, and the number of iterations was 200.
Finally, landslide hazard assessment maps were generated by the hazard assessment models for the three zones as well as the whole region (Figure 7). The value of hazard assessment map ranged from 0 to 1, and it was classified into four classes by the intervals of 0–0.25, 0.25–0.5, 0.5–0.75, and 0.75–1. The hazard levels were defined as very low, low, high, and very high. Areas of very high and high landslide hazard levels in three zones were very similar, accounting for 17.2, 17.4, and 17.6%, respectively. But for the hazard assessment map by the whole region, the proportion of very high and high landslide hazard levels reaches 23.6%. Obvious differences could be recognized between two assessment maps, especially in Zone 3. Areas near the earthquake epicenters showed very high or high landslide hazard level.
[image: Figure 7]FIGURE 7 | Landslide hazard assessment maps [(A) landslide hazard assessment map by zones; (B) landslide hazard assessment map of the whole region].
Landslide hazard assessment model validation
The receiver operating characteristic (ROC) curve was utilized to validate the landslide hazard assessment models for three zones and the whole region, and the area under curve (AUC) value was calculated for each curve to compare the accuracy of each model quantitatively (Figure 8). The result shows that all the AUC values were greater than 0.5, indicating that all these models were effective. A larger AUC value indicates a higher accuracy of the model. The AUC values of landslides for three zones and the whole region were very similar.
[image: Figure 8]FIGURE 8 | ROC curve and AUC value for ANN models.
Validation of landslide hazard assessment maps
By using the 20% samples of landslides not involved in the model construction, the proportion of hazards located in different hazard zone levels was counted to validate the hazard assessment results. If more landslide samples are located in high and very high hazard level region, it means that the hazard assessment map has a higher accuracy (Table 3).
TABLE 3 | Landslide hazard assessment maps validation.
[image: Table 3]Comparing the accuracy level of landslide hazard assessment maps in three zones and the whole region, some phenomena were found: 1) the accuracy of hazard assessment by zone was higher than that of the whole region. Accuracies of hazard assessment in three zones were 87.6, 90.4, and 85.6% respectively, and average accuracy in the whole region could reach 87.3%, but the accuracy for the whole region by one landslide hazard model was only 84.4%. 2) Compared with Zone 1 and 2, the accuracy of hazard maps for Zone 3 was relatively low.
The validation of the landslide hazard assessment map of Zone 3 showed the lowest accuracy (Figure 9). Not as same as high mountains and deep valleys in Zone 1 and Zone 2, the topography in Zone 3 is much gentler. Misevaluated landslides are mostly located in the front edge of the slope area or on the sides of the gullies. Due to low precision of topographic factors, especially slope gradient, relief amplitude, the micro-geomorphology and characteristics of these areas could not be described precisely. Therefore, the landslide hazard could not be incorrectly assessed in these areas. In addition, the area of Zone 3 is the largest during three zones, and the landslide quantity is also the largest one. Hence, the effect on landslide by causative factors on landslide may vary in different areas of this zone.
[image: Figure 9]FIGURE 9 | Validation landslide samples [(A) correctly assessed landslide; (B) wrongly assessed landslide].
RESULTS ANALYSIS
The landslide hazard assessment models were applied to different zones to analyze the applicability for each model (Figures 10, 11). Landslide hazard model built in Zone 1 was applied to Zone 2 and Zone 3. The landslide hazard map shows that the proportion of very high hazard zones in these two zones were much larger than in Zone 1, reaching more than three times and nearly two times, respectively. By using the landslide hazard model built in Zone 2 to Zone 1 and Zone 3, the proportion of very high hazard area in Zone 1 and Zone 3 exceeded 50% due to the influence of precipitation, which was in fact inconsistent with the situation of landslide activities. The landslide hazard model built in Zone 3 was applied to Zone 1 and Zone 2, and the proportion of very high hazard area was 36.4 and 44.0%, respectively, which was also much higher than the proportion of very high hazard in Zone 3.
[image: Figure 10]FIGURE 10 | Landslide hazard maps base on different models [(A) landslide hazard model built in Zone 1 applied in the whole region; (B) landslide hazard model built in Zone 2 applied in the whole region; and (C) landslide hazard model built in Zone 3 applied in the whole region].
[image: Figure 11]FIGURE 11 | Proportion of landslide hazard levels in different zones.
The accuracy level of landslide hazard assessment result was compared by using landslide validation samples (Table 3). The landslide hazard assessment model built in Zone 1 had a very high accuracy in Zone 2, while a very low accuracy in Zone 3. The landslide hazard assessment model built in Zone 2 had a very high accuracy in both Zone 1 and 3. However, it was due to the extremely large proportion of a very high hazard level area in Zone 1 and 3, the high accuracy in both zones was of no practical significance. The landslide hazard assessment model built in Zone 3 had a low accuracy in both Zone 1 and Zone 2.
Therefore, it suggests that the landslide hazard model should be built within the subzones of a study area, which suits for specific environmental backgrounds of landslides in the region. If the model is applied to other regions, especially for the places that have significant differences from the modeling region, it could lead to decreased landslide evaluation accuracy, and even erroneous results.
CONCLUSION
From this research, the following conclusions were drawn.
1) The controlling factors for landslides vary in different area of CPEC. Considering diverse features of geological, topography, and precipitation, the study area was divided into three zones. Geographical detectors were utilized to analyze the controlling factors for landslides in different zones. Landslide controlling factors were very similar in Zone 1 and Zone 2. Topographical features including altitude, slope gradient, and relief amplitude influenced the occurrence of landslides significantly. In addition, the land use type played an important role in Zone 1 rather than in Zone 2. In Zone 3, the distance to epicenter was the most significant factor, which was different with Zone 1 and Zone 2.
2) Landslide hazard assessments were carried out by using the ANN method in three zones and the whole region based on 80% random landslide samples. The ROC curve was utilized to validate the accuracy of hazard assessment modeling. All AUC values of ROC curve were similar and greater than 0.5, which indicated that all these models were valid. The accuracy of landslide hazard maps of all three zones and the whole region was validated by the 20% samples not involved in the modeling. Results show that the accuracy level of landslide hazard assessment maps by zones was higher than by the whole region. Therefore, hazard assessment by subzones is a more advantageous approach than that of the whole region.
3) Landslide hazard model built by ANN within the subzones has a high accuracy. However, if it is applied to other regions, especially for the places that have significantly different environmental backgrounds from the modeling region, it could lead to lower accuracy, even bringing erroneous results.
4) In addition to landslides, CPEC suffers from multiple natural hazards, such as mudslides, avalanches, and glacial lake outburst floods (GLOF). It is particularly important to carry out a comprehensive multi-hazard assessment on top of the single-hazard assessment. First, it is especially crucial to clarify the relationship between different types of hazards. For example, Cees van Westen et al. (2014) analyzed the interrelationships between different types of mountain hazards, which are broadly summarized into three types: 1) different types of mountain hazards induced by the same trigger; 2) one hazard provides development conditions for another hazard to occur; and 3) hazard chains or cascading hazards, in which one hazard causes another. Second, the different types of mountain hazards determine that the units for their evaluation cannot simply use uniform-sized pixel cells. Some scholars have proposed the concept of slope units as the basic unit for multi-hazard assessment. Susceptibility and risk of different types of hazards could then be carried out for each slope unit (Alvioli et al., 2016; Lombardo et al., 2020). This method can also be applied to regional scale studies such as CPEC, which may be useful for integrated multi-hazard assessments.
DATA AVAILABILITY STATEMENT
The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found at: http://www.csdata.org/p/634/.
AUTHOR CONTRIBUTIONS
ZJ in charge of landslide hazard modeling and paper writing; GY made the zonation and analyzed the controlling factors of landslide; LY optimized the methodology and improved the manuscript; ZQ, JY, and CH carried out the landslide field investigation; and CX designed the methodology of the research.
FUNDING
This research was supported by the Special Foundation for National Science and Technology Basic Research Program of China: Comprehensive Investigation and Assessment of Natural Disasters along the China–Pakistan Economic Corridor, Topic 6: Integrated Assessment and Data Sharing Platform for Natural Disasters (2018FY100506), and the International Science & Technology Cooperation Program of China (2018YFE0100100).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Ahmed, M. F., and Rogers, J. D. (2015). Regional level landslide inventory maps of the Shyok River watershed, Northern Pakistan. Bull. Eng. Geol. Environ. 75, 563–574. doi:10.1007/s10064-015-0773-2
 Alvioli, M., Marchesini, I., Reichenbach, P., Rossi, M., Ardizzone, F., Fiorucci, F., et al. (2016). Automatic delineation of geomorphological slope units with &lt;tt&gt;r.slopeunits v1.0&lt;/tt&gt; and their optimization for landslide susceptibility modeling. Geosci. Model. Dev. 9, 3975–3991. doi:10.5194/gmd-9-3975-2016
 Aydan, Ö., Ohta, Y., and Hamada, M. (2009). Geotechnical evaluation of slope and ground failures during the 8 October 2005 Muzaffarabad earthquake, Pakistan. J. Seismol. 13, 399–413. doi:10.1007/s10950-008-9146-7
 Bacha, A. S., Shafique, M., and van der Werff, H. (2018). Landslide inventory and susceptibility modelling using geospatial tools, in Hunza-Nagar valley, northern Pakistan. J. Mt. Sci. 15, 1354–1370. doi:10.1007/s11629-017-4697-0
 Barella, C. F., Sobreira, F. G., and Zêzere, J. L. (2019). A comparative analysis of statistical landslide susceptibility mapping in the southeast region of Minas Gerais state, Brazil. Bull. Eng. Geol. Environ. 78, 3205–3221. doi:10.1007/s10064-018-1341-3
 Basharat, M., Shah, H. R., and Hameed, N. (2016). Landslide susceptibility mapping using GIS and weighted overlay method: A case study from NW Himalayas, Pakistan. Arab. J. Geosci. 9, 292. doi:10.1007/s12517-016-2308-y
 Bragagnolo, L., da Silva, R. V., and Grzybowski, J. M. V. (2020). Landslide susceptibility mapping with r.landslide: A free open-source GIS-integrated tool based on artificial neural networks. Environ. Model. Softw. 123, 104565. doi:10.1016/j.envsoft.2019.104565
 Chang, M., Cui, P., Dou, X., and Su, F. (2021). Quantitative risk assessment of landslides over the China-Pakistan economic corridor. Int. J. Disaster Risk Reduct. 63, 102441. doi:10.1016/j.ijdrr.2021.102441
 Chen, X., Cui, P., You, Y., Cheng, Z., Khan, A., Ye, C., et al. (2017). Dam-break risk analysis of the Attabad landslide dam in Pakistan and emergency countermeasures. Landslides 14, 675–683. doi:10.1007/s10346-016-0721-7
 Demir, G. (2018). Landslide susceptibility mapping by using statistical analysis in the North Anatolian Fault Zone (NAFZ) on the northern part of Suşehri Town, Turkey. Nat. Hazards (Dordr). 92, 133–154. doi:10.1007/s11069-018-3195-1
 Dunning, S. A., Mitchell, W. A., Rosser, N. J., and Petley, D. N. (2007). The Hattian Bala rock avalanche and associated landslides triggered by the Kashmir Earthquake of 8 October 2005. Eng. Geol. 93, 130–144. doi:10.1016/j.enggeo.2007.07.003
 Ercanoglu, M., Kasmer, O., and Temiz, N. (2008). Adaptation and comparison of expert opinion to analytical hierarchy process for landslide susceptibility mapping. Bull. Eng. Geol. Environ. 67 (4), 565–578. doi:10.1007/s10064-008-0170-1
 Gong, P., Liu, H., Zhang, M., Li, C., Wang, J., Huang, H., et al. (2019). Stable classification with limited sample: Transferring a 30-m resolution sample set collected in 2015 to mapping 10-m resolution global land cover in 2017. Sci. Bull. 64 (6), 370–373. doi:10.1016/j.scib.2019.03.002
 GRASS Development Team (2017). Geographic resources analysis support system (GRASS GIS) software. version 7.2. Beaverton: Open Source Geospatial Foundation. URL: http://grass.osgeo.org.
 Harris, I., Jones, P. D., Osborn, T. J., and Lister, D. H. (2014). Updated high-resolution grids of monthly climatic observations - the CRU TS3.10 Dataset. Int. J. Climatol. 34, 623–642. doi:10.1002/joc.3711
 Haykin, S. (1999). Editor second ed. (New Jersey: Prentice-Hall), 897.Neural networks: A comprehensive foundation
 Hussain, M. L., Shafique, M., Bacha, A. S., Chen, X. q., and Chen, H. y. (2021). Landslide inventory and susceptibility assessment using multiple statistical approaches along the Karakoram highway, northern Pakistan. J. Mt. Sci. 18 (3), 583–598. doi:10.1007/s11629-020-6145-9
 Imtiaz, I., Umar, M., Latif, M., Ahmed, R., and Azam, M. (2022). Landslide susceptibility mapping: Improvements in variable weights estimation through machine learning algorithms—a case study of upper Indus River basin, Pakistan. Environ. Earth Sci. 81, 112. doi:10.1007/s12665-022-10233-y
 Kamp, U., Growley, B. J., Khattak, G. A., and Owen, L. A. (2008). GIS-based landslide susceptibility mapping for the 2005 Kashmir earthquake region. Geomorphology 101 (4), 631–642. doi:10.1016/j.geomorph.2008.03.003
 Khan, H., Shafique, M., Khan, M. A., Bacha, M. A., Shah, S. U., and Calligaris, C. (2019). Landslide susceptibility assessment using Frequency Ratio, a case study of northern Pakistan. Egypt. J. Remote Sens. Space Sci. 22 (1), 11–24. doi:10.1016/j.ejrs.2018.03.004
 Khattak, G. A., Owen, L. A., Kamp, U., and Harp, E. L. (2010). Evolution of earthquake-triggered landslides in the Kashmir Himalaya, northern Pakistan. Geomorphology 115, 102–108. doi:10.1016/j.geomorph.2009.09.035
 Kumar, M. R., Mishra, D. C., and Singh, B. (2013). Lithosphere, crust and basement ridges across ganga and Indus basins and seismicity along the himalayan front, India and western fold belt, Pakistan. J. Asian Earth Sci. 75, 126–140. doi:10.1016/j.jseaes.2013.07.004
 Lee, S., and Min, K. (2001). Statistical analysis of landslide susceptibility at Yongin, Korea. Environ. Geol. 40 (9), 1095–1113. doi:10.1007/s002540100310
 Liu, Y. L. (2010). Application of logistic regression and artificial neural networks in spatial assessment of landslide hazards. Hydrogeology Eng. Geol. 37 (5), 92–96. 
 Lombardo, L., Tanyas, H., and Nicu, I. C. (2020). Spatial modeling of multi-hazard threat to cultural heritage sites. Eng. Geol. Geology277, 105776. doi:10.1016/j.enggeo.2020.105776
 Maqsoom, A., Aslam, B., Khalil, U., Kazmi, Z. A., Azam, S., Mehmood, T., et al. (2022). Landslide susceptibility mapping along the China Pakistan Economic Corridor (CPEC) route using multi-criteria decision-making method. Model. Earth Syst. Environ. 8, 1519–1533. doi:10.1007/s40808-021-01226-0
 Martin, A. J. (2017). A review of Himalayan stratigraphy, magmatism, and structure. Gondwana Res. 49, 42–80. doi:10.1016/j.gr.2017.04.031
 Meten, M., Bhandary, N. P., and Yatabe, R. (2015). GIS-Based frequency ratio and logistic regression modelling for landslide susceptibility mapping of debre sina area in Central Ethiopia. J. Mt. Sci. 12 (6), 1355–1372. doi:10.1007/s11629-015-3464-3
 Miller, D. J., and Craig, S. R. (1996). Rangelands and pastoral development in the Hindu kush-himalayas: Proceedings of a regional experts’ meeting. Kathmandu: ICIMOD. doi:10.53055/ICIMOD.267
 NDMA(National Disaster Management Authority Pakistan) (2010). NDMA newsletter. Available at: https://cms.ndma.gov.pk/storage/app/public/publications/October2020/tzYh8Fgm2dpYjhjAqSdp.pdf.1#2
 Rana, H., and Babu, G. L. S. (2022). Regional back analysis of landslide events using TRIGRS model and rainfall threshold: An approach to estimate landslide hazard for kodagu, India. Bull. Eng. Geol. Environ. 81, 160. doi:10.1007/s10064-022-02660-9
 Rashid, B., Iqbal, J., and Su, L. (2020). Landslide susceptibility analysis of Karakoram highway using analytical hierarchy process and scoops 3D. J. Mt. Sci. 17 (7), 1596–1612. doi:10.1007/s11629-018-5195-8
 Sato, H. P., Hasegawa, H., Fujiwara, S., Tobita, M., Koarai, M., Une, H., et al. (2007). Interpretation of landslide distribution triggered by the 2005 Northern Pakistan earthquake using SPOT 5 imagery. Landslides 4, 113–122. doi:10.1007/s10346-006-0069-5
 Searle, M. P., and Asif Khan, M. (1997). Geological map of North Pakistan and adjacent areas of northern Ladakh and western Tibet. Hague: Shell International Exploration and Production. 
 Su, C., Wang, L., Wang, X., Huang, Z., and Zhang, X. (2015). Mapping of rainfall-induced landslide susceptibility in Wencheng, China, using support vector machine. Nat. Hazards (Dordr). 76, 1759–1779. doi:10.1007/s11069-014-1562-0
 Su, X., Zhang, Y., Meng, X., Yue, D. x., Ma, J. h., Guo, F. y., et al. (2021). Landslide mapping and analysis along the China-Pakistan Karakoram Highway based on SBAS-InSAR detection in 2017. J. Mt. Sci. 18, 2540–2564. doi:10.1007/s11629-021-6686-6
 Thiery, Y., Maquaire, O., and Fressard, M. (2014). Application of expert rules in indirect approaches for landslide susceptibility assessment. Landslides 11, 411–424. doi:10.1007/s10346-013-0390-8
 van Beek, L., and van Asch, T. (2004). Regional assessment of the effects of land-use change on landslide hazard by means of physically based modelling. Nat. Hazards 31, 289–304. doi:10.1023/B:NHAZ.0000020267.39691.39
 van Westen, C., Kappes, M. S., Luna, B. Q., Frigerio, S., Glade, T., and Malet, J. P. (2014). “Medium-scale multi-hazard risk assessment of gravitational processes,” in Mountain risks: From prediction to management and governance ed . Advances in natural and technological hazards research ed . Editors T. Van Asch, J. Corominas, S. Greiving, J. P. Malet, and S. Sterlacchini (Dordrecht: Springer), Vol. 34. doi:10.1007/978-94-007-6769-0_7
 Wang, J., Li, X., Christakos, G., Liao, Y., Zhang, T., Gu, X., et al. (2010). Geographical detectors-based health risk assessment and its application in the neural tube defects study of the heshun region, China. Int. J. Geogr. Inf. Sci. 24 (1-2), 107–127. doi:10.1080/13658810802443457
 Xie, M., Esaki, T., and Zhou, G. (2004). GIS-based probabilistic mapping of landslide hazard using a three-dimensional deterministic model. Nat. Hazards 33, 265–282. doi:10.1023/B:NHAZ.0000037036.01850.0d
 Xu, C., Xu, X., Dai, F., Wu, Z., He, H., Shi, F., et al. (2013). Application of an incomplete landslide inventory, logistic regression model and its validation for landslide susceptibility mapping related to the May 12, 2008 Wenchuan earthquake of China. Nat. Hazards (Dordr). 68, 883–900. doi:10.1007/s11069-013-0661-7
 Xu, S., Li, J., and Ai, N. (1982). Studies of the structural landforms of the Potwar plateau, Pakistan. Sci. Geogr. Sin. 2 (2), 125–134. 
 Yang, C., and Liu, C. (2005). Guide to the world states. Beijing: Social Sciences Academic Press. 
 Yaseen, M., Shahab, M., Ahmad, Z., Khan, R., Shah, S. F. A., and Naseem, A. A. (2021). Insights into the structure and surface geology of balanced and retrodeformed geological cross sections from the Nizampur basin, Khyber Pakhtunkhwa, Pakistan. J. Pet. Explor. Prod. Technol. 11, 2561–2571. doi:10.1007/s13202-021-01180-8
 Yi, X., Shang, Y., Shao, P., and Meng, H. (2021). A dataset of spatial distributions and attributes of typical rockfalls and landslides in the China-Pakistan Economic Corridor from 1970 to 2020. China Sci. Data 6 (4). doi:10.11922/11-6035.csd.2021.0057.zh
 Yilmaz, I. (2009). A case study from Koyulhisar (Sivas-Turkey) for landslide susceptibility mapping by artificial neural networks. Bull. Eng. Geol. Environ. 68, 297–306. doi:10.1007/s10064-009-0185-2
 Yu, Z., Yu, X., and Yang, F. (2021). Spatio-temporal characteristics of climate change in China-Pakistan Economic Corridor from 1980 to 2019. Arid Zone Res. 38 (3), 695–703. doi:10.13866/j.azr.2021.03.11
 Zhang, J., van Westen, C. J., Tanyas, H., Mavrouli, O., Ge, Y., Bajrachary, S., et al. (2019a). How size and trigger matter: Analyzing rainfall- and earthquake-triggered landslide inventories and their causal relation in the koshi river basin, central himalaya. Nat. Hazards Earth Syst. Sci. 19, 1789–1805. doi:10.5194/nhess-19-1789-2019
 Zhang, T., Han, L., Zhang, H., Zhao, Y. h., Li, X. a., and Zhao, L. (2019b). GIS-based landslide susceptibility mapping using hybrid integration approaches of fractal dimension with index of entropy and support vector machine. J. Mt. Sci. 16, 1275–1288. doi:10.1007/s11629-018-5337-z
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Jianqiang, Yonggang, Yong, Qiang, Yuhong, Huayong and Xiaoqing. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


[image: image]


OPS/images/feart-10-927102/math_6.gif
®






OPS/images/feart-10-927102/math_5.gif
(0p-0)' (0p - 0). ©®






OPS/images/feart-10-927102/math_4.gif
@





OPS/images/feart-10-927102/math_3.gif
(3)





OPS/images/feart-10-927102/math_2.gif
SSW = Y Nyoi, @





OPS/images/feart-10-927102/math_1.gif
[0





OPS/images/feart-10-927102/inline_2.gif





OPS/images/feart-10-927102/inline_1.gif





OPS/images/feart-10-927102/feart-10-927102-t003.jpg
ANN models Zones Validation samples Correct samples Accuracy (%)

Zone 1 Zone 1 153 134 87.6
Zone 2 83 80 964
Zone 3 173 105 60.7
Zone 2 Zone 1 153 142 928
Zone 2 83 75 904
Zone 3 173 165 95.3
Zone 3 Zone 1 153 87 56.8
Zone 2 83 60 723
Zone 3 173 148 856
By 3 models Whole 409 357 873

By 1 model Whole 409 345 84.4





OPS/images/feart-10-927102/feart-10-927102-t002.jpg
No.

e Ao ol ol i

Zone 1

Factors

Altitude

Slope gradient

Land use

Relief amplitude
Distance to fault
Distance to epicenter
Slope aspect

Annual precipitation

q value

0.088
0.049
0.041
0043
0.028
0.020
0.007
0.002

Zone 2

Factors

Altitude

Relief amplitude
Slope gradient
Annual precipitation
Distance to fault
Land use

Distance to epicenter

Slope aspect

q value

0.049
0035
0033
0015
0013
0012
0.007
0.005

Zone 3

Factors

Distance to epicenter
Relief amplitude
Altitude

Slope gradient
Annual precipitation
Land use

Distance to fault

Slope aspect

q value

0.021
0018
0.014
0012
0011
0.008
0.008
0.007

All zones

Factors

Altitude

Relief amplitude
Slope gradient
Distance to epicenter
Distance to fault
Annual precipitation

Land use
Slope aspect

q value

0.026
0.025
0.022
0.021
0014
0.012
0.011
0.007





OPS/images/feart-10-885586/math_1.gif
Gy (k) =

A, rTI—.

[0





OPS/images/feart-10-885586/math_2.gif
@





OPS/images/feart-10-885586/math_3.gif
o





OPS/images/feart-10-885586/math_4.gif
@





OPS/images/feart-10-885586/inline_6.gif
yi(k)





OPS/images/feart-10-885586/inline_7.gif
Apmin = minjming|x; (k) = y; (k)|





OPS/images/feart-10-885586/inline_8.gif
Apax = max jmaxg|x; (k) = y;(K)|





OPS/images/feart-10-885586/inline_9.gif





OPS/images/feart-10-885586/inline_4.gif





OPS/images/feart-10-885586/inline_5.gif
X;(K)





OPS/images/feart-10-927102/feart-10-927102-t001.jpg
Zonation Area Topography Precipitation  Geology Landslide
(10°km?)
Zone 1 2872 Karakoram mountains Less than 200 mm  Karakoram Fault 764
Zone 2 1717 Hindu Kush and the Himalayas 200-1600 mm Main Boundary 27
Thrust
Zone 3 712.19 Sulaiman Mountains ACT, Central Barhui Range, Kirthar Range, and Less than 500 mm  Chaman Fault 864
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Beta-558775'
Beta-558776'
NENUR11111°
NENUR11113°

Depth
(cm)

Core top®
45°
50°
200°
375°
450°
650°
850°
1987

2649

Dating material

Organic matter
Organic matter
Organic matter
Organic matter
Organic matter
Organic matter
Organic matter
Organic matter
Branch

Wood

8c
(%0)

-19.1
143
-21.1
~182
7.7
-19.9
-208
=207
-215
-23.6

Conventional “C age
(vear BP)

890 + 30
8,800 = 60°
8,820 + 30°

13,600 + 100°
16,460 + 150°
24,270 + 80
20,110 + 60°
15,340 = 50
3,090 « 35°
3,180 = 35°

Corrected 'C age®
(vear BP)

3,070 + 70

3,090 + 35

7,870 + 105
10,730 £ 155

14,380 + 70

3,090 £ 35
3,180 £ 35

“The reservoir-corrected 'C ages. The reservoir correction factor is 5,730 years for the Y208 core (see main text for interprotation).
"NENUR: State Key Laboratory of Organic Geochemistry, Guangzhou Institute of Geochemistry, Chinese Academy of Sciences.

“Samples from the Y208 core.

“Samping date.

°Age data used in the age~depth model of the Y208 core.
‘Beta: Beta Analytic Testing Laboratory, Beta Analytic Inc, 4985 SW 74th Court Miami, Florida 33155.
9Samples from the Y20A core. The depths of 50 and 72 cm of the Y208 core correspond to the depths of 198 and 264 cm of the Y20A core, respectively (see main text for interpretation).

Calibrated "C age (20)
(cal year BP)
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There were 15 species common for both profiles (Supplementary Table S1).
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Fine sand
Clay

Fine sand

Pebble

Clay

Loess

Paleosol

Loess
Paleosol

Loess

Loess

Geological Description

The pebbles have the grain size of 10 cm, and they have good roundness and elipsoidal
‘shape; the mother rock is dominated by the quartz sandstone; the filling is dominated by
the light yellow diay and contains the purple-red sity sands, blackish gray coarse sands
and grayish white calcium content

It is brownish yellow and grayish yellow, and the calcium content is high

Itis ight reddish brown and brown, and interlayered with the thin sand stratum, and aiso
contains the grayish black ferromanganese mass, grayish white calcium mass and
grayish green spot. The soil texture is hard, and the section is smooth and has the oily
luster

It is grayish white, and the calcium content is high

It is light reddish brown and reddish brown, and contains the grayish white caliche
nodules; it contains grayish green spots and grayish black ferromanganese thin films; the
soil texture is hard, and the section is smooth and has the oily luster

Itis off-white and contains the grayish white calcium mass, and the clay contentis high. A
ESR sample age: (1,337.7 + 227.6) ka

The pebbles have the grain size of 5-10 cm, they have good roundness and elipsoidal
shape, the mother rock is dominated by the greenish gray sandstone, andthefiing is the
light redidish brown dlay and gray fine sands, and contains the grayish white calcium
content

It is grayish yellow, and contains the grayish white caliche nodules and the caliche
nodules are locally rich; the soll texture s hard, and the section is smooth and has the ily
luster. A ESR sample age: (1,011.9 + 227.3)ka

Itis yellowish brown and contains a few grayish black ferromanganese spots and a few
grayish white caliche nodules with the grain size of about 2-8 cm, the reddish brown
paleosol masses are interiayered

Itis brownish red, and contains a few grayish white caliche nodules, the grayish white
calcium plinthitic stratum is locally developed, and it contains the grayish black
ferromanganese spots; the sol texture is hard and the section is smooth

It is brownish yellow, and contains the grayish white caliche nodules, the calcium is
locally enriched, and the grain size of caliche nodule is within the range of 3-6 cm
Itis brownish red, and contains the grayish white caliche nodules and a few grayish black
ferromanganese spots; the sol texture is hard and the section is smooth

It is grayish yellow, and contains a few caliche nodules and a few white snail shels. It
contains the light reddish brown weak paleosol masses

Itis grayish yellow, and contains a few white snail shells and a few caliche nodules. Two
ESR samples age: (42.06 = 3.83) and (43.84 + 4.24) ka
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Geological Description

It is off-white and contains the grayish white calcium mass and clay mass; the sand
texture is loose. A ESR sample age: (1,488.2 + 340.7) ka

The pebble surface s enveloped by the grayish white calcium, most of pebbles have the
grain size of 3-5 cm, afew of pebbles have the grain size of 10-15 cm; the mother rock
is dominated by the greenish gray sandstone and a few mother rocks are purple-red
sandstone, and they have good roundness and elipsoidal shape; the filing is
dominated by the light gray sity sands and is rich in calcium content; the local semi-
cementation is found

Most of pebbles have the grain size of 2-4 cm, a few of pebbles have the grain size of
10-20 om, and they have good roundness and elipsoidal shape; the mother rock is
dominated by the greenish gray sandstone; the filing is dominated by the reddish
brown clay and contains the gray medium-fine sand and a few calcium masses; it is
dense

The pebble surface is enveloped by the white calcium, most of pebbles have the grain
size of 2-5 cm, a few of pebbles have the grain size of 10-20 om, and they have good
roundness and elipsoidal shape; the mother rock is dominated by the greenish gray
sandstone; the filing is dominated by the reddish brown clay and contains the calcium
content; it is dense

It is grayish yellow, and the grayish white calcium content is high. It contains a few
pebbles (with the grain size of 10-15 cm), they have good roundness and elipsoidal
shape, and they are scattered at top and bottom of the stratum

Itis brownish red and contains the grayish white caliche nodles; the soil texture is hard.
It contains the pebbles (with the grain size of 10-20 om), and they have good
roundness and elipsoidal shape

The pebbles have the grain size of 10-15 om, and they have good roundness and
elipsoidal shape; the filing is dominated by the reddish brown dlay and it is dense
Itis grayish white, and has the square structure, and the vertical fissure is developed;
the soll texture is hard

Itis brownish red and contains a few pebbles (with the grain size of 4-6 cm) and grayish
black ferromanganese thin fiim, and has the square structure and the vertical fissure is
developed; the soll texture is hard

Itis grayish yellow, and contains a few white snai shells and a few caliche nodules. Five
ESR samples age: (40.90 + 4.45), (65.63 + 7.42), (53.55 + 5.86), (68.15 + 7.82), and
(8051 + 8.56) ka

Itis dominated by the grayish yellow loess and reddish brown clay, and the ash pit is
locally found, which is the artificial soil deposited on surface. The tree roots may be
found, and the soil texture is loose
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Sampling Site Sample Serial Number Annual dose (Gyka™) Paleo dose (Gy) Age (ka)

TC1 KM-TC1-ESR-01 289 3,645 1,147 1,260.6 + 396.7
TC1 KM-TC1-ESR-02 341 4,447 £ 504 1,302.4 = 174.0
TC2 KM-TC2-ESR-01 265 3,940 + 902 1,488.2 + 340.7
ZK11 KM-ZK11-ESR-03 355 3,588 + 806 1,011.9 £ 227.3

ZK11 KM-ZK11-ESR-04 3.19 4,262 £ 725 1,337.7 + 227.6
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Geological Description

Itis yellowish brown, and contains the grayish white caliche nodules and grayish black
ferromanganese nodules, and a few pebbles distributed in the shape of scattered
beads (the mother rock is purple-red sandy rock) with the particie size of 3-8 cm, inthe
elipsoidal shape, and with its surface being enveloped by the white grayish white
calcium content; the soil texture is hard. A ESR sample age: (1,260.6 + 396.7) ka

Itis yellowish brown, and contains the grayish white caliche nodules and a few grayish
black ferromanganese spots; the soil texture is hard. A ESR sample age: (1,302.4 +
174.0) ka

Itis ight grayish white and contains agreat number of grayish white caliche nodules; the
soll texture is hard

Itis grayish white, and has the square structure, and the vertical fissure is developed;
the soil texture is hard

Itis brownish red, and has the square structure, grayish black ferromanganese thin fim
and a few caliche nodules, and the pebbles with the grain size of 10~15 cm are
occasionally found; the sol texture is hard

Itis grayish white, and has the short square-cylinder-shaped structure, and the vertical
fissure is developed; the soil texture is hard

Itis brownish red, and has the square structure, grayish black ferromanganese thin fim
and a few caliche nodules; the soil texture is hard

Itis grayish yellow, and contains a few white snail shells and a few caliche nodules. It
contains the light reddish brown weak paleosol masses or bets. Two OSL samples
age: (64.19 + 6.90) and (68.59 = 7.60) ka

Itis grayish yellow, and contains a few white snail shells and a few caliche nodules.
Three OSL samples age: (38.84 + 4.69), (44.49 + 4.81), and (40.36 + 3.70) ka

Itis dominated by the grayish yellow loess, which is the artificially deposited soil. The
greenish gray tiles may be found at bottom, the soil texture is loose, and the large pore:
may be found

Itis dominated by the grayish yellow loess, which s the artiicially deposited soil on the
surface. The tree roots may be found, and the soil texture is loose. It is pied up by
manual excavation
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19-0SL-251
18-0SL-182
18-OSL-
182r
18-0SL-183
19-0SL-242
19-08L-243
19-0SL-244
18-0SL-178
18-0SL-
178r
18-0SL-180
18-OSL-181
19-0SL-246
19-08L-247
19-0SL-248

Testing
Method

SMAR
SMAR
SMAR
SMAR

SMAR
SMAR
SMAR
SMAR
SMAR
SMAR

SMAR
SMAR
SMAR
SMAR
SMAR

u

(hg/g)

227
23
234
234

235
201
208
236
226
226

236
233
261
210
254

Th
(hg/g)

11.20
11.60
10.00
10.00

10.20
11.50
10.90
11.40
10.10
10.10

10.90
11.00
10.80
8.75

10.80

K
(%)

175
1.79
195
1.95

1.93
187
162
1.84
1.96
1.96

202
201
181
1.63
181

Water
Content
(%)

3.78
5.14
2.39
239

1.97
6.56
5.89
1.26
2.68
268

2.49
374
5.01
4.41
1.44

Environmental
Dose
Rate

(Gy/Ka)

381 +028
379 +0.28
4.02 +0.31
4.02 £ 0.31

4.04 £ 031
3.65 +0.27
3.40 +0.25
4.01 +0.31
3.85 + 0.30
3.85 + 0.30

4.10 £ 0.32
4.03 + 0.31
378 +0.28
327 £0.25
3.99 + 0.31

Equivalent
Dose

(@)

284.43 + 25.81
360.63 + 30.43
178,67 + 13.71
162.07 + 8.22

156.86 + 14.64
292.62 + 30.62
233.38 + 19.07
257.12 + 18.93
161.78 £ 7.37
168.58 + 9.42

228.11 £ 24.72
215.87 + 16.89
304.34 + 22.67
22253 + 18.98
163.3 £ 12.44

Age (Ka)

7475+ 879
95.13 + 10.67
4449+ 4.81
40.36 + 3.70

38.84 + 4.69
80.22 + 10.32
68.59 + 7.60
64.19 + 6.90
4206 + 3.83
43.84 £ 4.24

55.63 + 7.42
53.55 + 5.86
80.51 + 8.56
68.15 + 7.82
40.90 + 4.45
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sample ID u Th He eu Length ~ Width  FT  Cordate =0 Meandate =0 Latitude  Longitude

(ppm)  (pPm) (ppm) (mol) (M) (M) (Ma) (Ma) (Ma) (Ma)

20TC08-1 1035 2221  408E-03  108E-13 1484 911 069 363 109 25284 98.703
207C08-2 468 784  A92E-04  130E-138 1975 1077 079 4.40 0.10

20TC08-3 507 2334  373E-04  BSSE-14 1625 818 070 234 007

207C08-4 407 833  B02E-04 102E-13 1709 1066 074 313 009

20TC08-5 2355 3381  241E-03  478E-13 1934 1181 076 467 008

20TC09-1 2004 1818  135E-03  1.07E-13 1136 665 062 418 0.10 452 030 25286 98.716
207C09-2 1551 1889  1.18E-03  8A7E-14 1099 657 061 4.49 0.12

20TC09-3 1832 6482  214E-03  103E-13 1304 555 060 492 0.10

207C09-4 6414 3065 491E-03  B62E-13 1203 688 069 4.49 007

207C09-5 004 023 351E-01  2426-16 1273 546 053 5018183  2,393.56

20TC10-1 4931 3251  376E-03  1.41E-12 2059 1042 075 4.06 0.06 4.03 030 2529 98.728
207C10-2 3846 1890  260E-03  4.07E-13 1696 984 072 3.89 006

207C10-3 3025 1548  190E-03  B.09E-13 1645 798 069 378 007

20TC10-4 4361 3142  296E-03  B99E-13 2050 801 069 3.89 005

207C10-5 39.11 4448  337E-03  831E-13 1750 775 069 454 006

20TC11-1 3574 4436  284E-03 842613 1636 723 066 434 007 442 043 25291 98.737
207C11-4 3115 2033  220E-03  218E-13 1389 688 069 4.04 007

20TC11-5 3036 2283  244E-03  196E-13 1118 753 065 488 008

eU: effective uranium concentration, a parameter that weights the decay of the two parents for their alpha productivty, by (U) + 0.235 x (Th) (Flowers etal 2009). FT s the alphar ejection correction after Fariey et al. (1996
He dates (1) ane based on analviical unceriainty in U, Th. and He measurements. Standiard deviation for the replicate analvses. Dales that were excided from the mean cabulation.
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sample ID u ™ He eU(mo)  Length  Width FT Cor date. s Meandate %o Llatitude Longitude

(ppm) (ppm) (ppm) (M) M) (Ma) (Ma) (Ma) (Ma)
20TC08-1 42630 5792  444E-02  181E-11 2545 1078 083 566 012 599 063 25284 98703
20TC08-2 77967 11862  921E-02  251E-11 2266 %9 081 652 015
20TC08-3 11836 4080  124E-02  700E-12 3045 1006 084 540 011
20TC0O8-4 41975 6068  415E-02  101E-11 2028 82 080 558 013
20TC08-5 14950 8477  200E-02 53212 2510 80 080 681 014
20TC09-1 47974 8300  554E-02  527E-12 1596 795 073 7.02 015 567 105 25286 98716
20TC09-2 20860 12771  228E-02  SATE-12 1690 85 078 414 009
20TC09-3 15246 5250  167E-02  33BE-12 1917 %5 079 564 013
20TC09-4 15785 15313  199E-02  408EVi2 2031 &8 078 610 012
20TC09-5 16333 10428 176E-02  439E-12 1862 1080 080 545 0.11
20TC10-1 35375 28255  314E-02  982E-12 2169 876 079 440 009 a7 031 2529 98728
20TC10-2 47516 41841  430E-02  658E-12  157.9 828 074 481 009
20TC10-3 20734 14977  2156-02  BO7E-12 2635 1032 081 508 010
20TC10-5 51254 42011  404E-02  343E-12 1172 721 068 450 009
20TC11-1 44728 40374  554E-02  1.01E-11 1963 88 077 613 013 598 036 25291 98.737
20TC11-2  507.04 33881  575E-02  BABE-12 1849 794 075 604 012
20TC11-3 40444 25018  430E-02  128E-11 2375 97 079 544 0.11
20TC11-4 42771 37101  505E-02  102E-11 2029 785 078 586 012
20TC11-5 69365 43646  BSTE-02  149E-11 1899 82 078 643 013

eU: ofective uranium concentration, a parameter that weights the decay of the two parents or thei alpha productvity, by (U) + 0.235 x (Th) (Flowers et L, 2009). bFT i the alpha-ejection correction after Farky et al.
LETH e ditss fTal: are basad o anabiioal uncariabiliein Ui Th and He massunements: Standard doviation fir the sanlbalie ancbae:
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Sample ID

TCFT03-1
TCFT03-2
TCFT03-3

TCFTO7-1
TCFT07-2
TCFT07-3

TCFT08-1
TCFT08-2
TCFT08-3

19TC03-1
19TC03-2
19TC03-3
19TC03-4
19TC03-5

19TC04-1
19TC04-2
19TC04-3

197C05-1
19TC05-2
19TC05-3

u
(ng)

o1
0.14
0.07

0.06
0.01
0.02

0.01
0.01
0.08

0.14
0.06
0.02
0.18
017

0.09
0.23
0.06

0.03
0.02
0.03

Th
(ng)

0.59
0.88
0.53

0.06
0.12
0.18

0.17
0.00
0.60

2.06
3.19
1.68
2.10
1.25

0.79
1.66
0.56

0.23
0.16
0.23

He
(ce)

2.50E-10
3.64E-10
1.54E-10

2.70E-10
6.70E-11
1.30E-10

8.60E-11
-8.70E-12
3.70E-10

8.46E-10
1.12E-09
6.30E-10
7.78E-10
5.67E-10

221E-10
5.49-10
1.73E-10

1.55E-10
1.28E-10
2.83E-12

Width

(M)

90
100
90

110
90
80

90
60
200

70
70
80
70
70

50
65
50

60
60
60

Length

(M)

260
240
180

190
130
130

180
150
230

150
130
150
150
150

140
120
120

110
100
120

Raw
date
(Ma)

82
87
6.6

32.0
13.3
16.6

133
15
13.8

1.1
15
125
9.5

101

6.6
73
73

148
183
03

FT

073
075
0.66

075
070
067

072
0.60
0.85

0.68
0.68
065
065
0.60

054
0.62
053

059
058
059

Cor
date
(Ma)

11.20
11.60
10.00

42.70
18.90
25.00

18.60
19.20
16.20

16.50
16.80
19.30
14.60
16.80

1220
11.90
13.80

25.20
31.60
0.50

20
(Ma)

0.20
0.20
0.20

1.40
050
060

0.40
8.2
0.30

0.40
2.80
1.00
0.30
0.30

0.20
0.20
0.20

0.50
0.70
0.00

Mean date

(Ma)

1093

2195

17.40

16.80

1263

19.10

0

(Ma)

0.83

431

1.70

1.67

1.02

16.42

Latitude Longitude Elevation

26.332

25.365

25.314

25,123

25.112

25.13

98.297

98.351

98.381

98.645

98.654

98.66

(m)

1760

2273

2,147

2052

1744

1430

Rock

type

Granite

Granite

Granite

Granite

Granite

Gneiss

FTis the alpha-gjection correction after Fartey et al. (1996). Erors on the (U-Th)/He dates (1) are based on analytical uncertainty in U, Th, and He measurements. Standard deviation for the
replicate analyses. Dates that were excluded from the mean calculation.
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sample Latitude Longitude Elevation
ID (TC) (m)
2008 25.284 98.703 2210
2009 25.286 98.716 2590
2010 2529 98.728 2805
2011 25.201 98.737 3164

ps

0.269
0.852
0.897
1.186

Ns
(x10%cm™)

85
87
229
208

Nc

35
2
30
30

P(X)
(%)

100
58
59
74

Age
(Ma)

7.46
8.19
326
425

0
(Ma)

0.81
0.94
0.22

0.3

Dpar
(um=SD)

154025
1.82+0.3
17+025
16+0.15

Rho-S, spontaneous track density; Ni, total number of induced tracks; Rho-1, induced track density; Na, number of tracks counted on dosimeter; Rho-D, effective fission-track densities for
the fluence monitor; P () (%), probabilty of obtaining Chisquare value (’); Age, +10; { value is 370.1  11.2; all samples pass the Chi-squared test, and therefore, reported ages are all

poolad ages: Doar. average efch pit diameter of fiesion iracks.
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