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As extreme surface processes, long-term river damming and outburst events can impact sediment supply and transportation in valleys and therefore significantly change the landscape. Lacustrine sediments were identified in the wide Xigaze Valley, in the middle reaches of the Yarlung Tsangpo River in Tibet, an area which has been considered to have been a paleodammed lake. However, the evolutionary process and damming mechanisms associated with this paleolake, and any subsequent impact on sedimentation within the valley, remain unclear. Here, we present a detailed geomorphological and sedimentary analysis of the proposed paleolake area, based on a study of a prominent valley fill found along a section of the Yarlung Tsangpo River and its tributary that flows into it from the south, the Menchu River. This section stretches from Xigaze to Dazhuka. Sedimentary facies analysis of two stratigraphic sections in Renbu Town showed that at least two paleolakes caused by debris flow related to glaciers developed in the Xigaze Valley and that the paleodam was located near the outlet of the Dazhuka Gorge. Chronological constraints suggest that the first damming event occurred between ∼48.6 and 33.7 ka in Marine Isotope Stage (MIS) 3 and had a minimum lake surface elevation of ∼3,820 m. The second damming occurred between ∼24.3 and 12.7 ka during the Last Glacial Maximum (LGM), producing a lake surface elevation of at least ∼3,760 m. During the development of the paleolakes in the Xigaze Valley, several small-scale damming and outburst events happened in the upper and middle reaches of the Menchu River, resulting in fluviolacustrine and outburst flood sediments accumulating in the main stream of the Yarlung Tsangpo River and forming thick-fill terraces. We presumed that the paleolakes in the middle reaches of the Yarlung Tsangpo River gradually drained as a result of continuous overflow undercutting instead of outburst flood events, thereby allowing fluvial aggradation of the upper reaches of the paleodam.
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INTRODUCTION
As the largest drainage basin in the Himalayan orogenic belt on the southern Tibetan Plateau (TP), the Yarlung Tsangpo River has experienced intense tectonic activity, with frequent earthquakes, as well as repeated powerful glacial movements since the Quaternary. Many studies have extensively discussed the relationship between the surface processes of the Yarlung Tsangpo River and tectonic uplift and climatic fluctuations (Burg et al., 1998; Ding et al., 2001; Zeitler et al., 2001, Wang et al., 2002; Korup et al., 2010; Zeitler et al, 2014; Wang et al., 2014). Huge differences in the altitude of the terrain, and strong endogenous and exogenous forces, often cause extreme river blockages and outburst flood disasters precipitated by landslides, moraines/glaciers, and debris flows, which make this area one of the most striking and representative for studying the effects of damming events and evolution of hydrological network (Montgomery et al., 2004; Korup and Montgomery, 2008; Lang et al., 2013; Hu et al., 2018, 2022; Liu et al., 2019; Wang et al., 2021). These can, therefore, be considered a transient response to regional tectonic activity and climate change, as well as an important factor in shaping the fluvial landscape on the tectonically active inland mountainous region.
Lacustrine deposits ranging from thick, silty clay to fine, sandy layers frequently developed in the broad valleys of the middle and lower reaches of the Yarlung Tsangpo River, indicating the existence of dammed paleolakes formed by long-term river blockages (Zhang, 1998). Combined with rift zone activity, intermittent extreme damming events may have jointly shaped the alternating sections of wide valleys and narrow gorges (Yin and Harrison, 2000; Zhang et al., 2016). The most well studied of these phenomena in recent decades has been the Gega Paleolake, which was formed by the repeated damming effect of Zelong Valley glaciers at the entrance of the Tsangpo Gorge, potentially maintaining the stability of the fluvial knickpoint (Montgomery et al., 2004; Zhu et al., 2012; Huang et al., 2014; Liu et al., 2015). The subsequent outburst flooding triggered by dam failure also contributed to the erosion of the landscape of the Tsangpo Gorge (Korup and Montgomery, 2008; Lang et al., 2013). Impounded lakes have also been found in other wide tributary valleys in the middle reaches of the Yarlung Tsangpo River, such as the Jiedexiu Paleolake that developed in the Shannan Valley (Kaiser et al., 2009; Kaiser et al., 2010; Zhu et al., 2013; Han et al., 2017), and the Dazhuka Paleolake, exposed in the Xigaze Valley (Zhu et al., 2013; Hu et al., 2018). However, further work on the evolution and geomorphic implications of damming and outburst events is required.
In the Xigaze Valley, Hu et al. (2004) were the first to identify two dammed paleolakes during the Late Pleistocene and believed that the dam was debris flows located near Xigaze City on the southern banks of the Yarlung Tsangpo River. Thermoluminescence (TL) and radiocarbon (14C) dating of these paleolake sediments gave ages of 25.6–12.3 ka. Zhu et al. (2013) suggested that one dammed paleolake was triggered by a glacial damming event at the entrance of the Dazhuka Gorge between 13 and 12 ka. Hu et al. (2017, 2018) argued that typical lacustrine sediments were also present at Tunda Town in the lower reaches of the Dazhuka Gorge and proposed that a paleolake developed there between 32.3 and 16.2 ka. Major differences remain between different estimations of the spatiotemporal extent, evolutionary processes, and the formation mechanisms of this paleolake. How this extreme surface process shaped the valley’s landscape and responded to the tectonoclimatic environment also remains unclear (Korup and Montgomery, 2008; Owen, 2008; Wang et al., 2014). In this study, we conducted a detailed field investigation of the valley’s morphology, fluviolacustrine sediments, and moraine and debris flow deposits along the Xigaze to Dazhuka reaches of the Yarlung Tsangpo River. Two stratigraphic sections were selected for detailed sedimentary sequence analysis. We also surveyed fluviolacustrine and outburst flood deposits in the middle and upper reaches of the Menchu tributary river. Combining our findings with chronological optically stimulated luminescence (OSL) results, we reconstructed the evolution and mechanisms behind the paleodamming events and discussed the impact of river blockage on the fluvial landscape of the middle reaches of the Yarlung Tsangpo River.
STUDY AREA
The Yarlung Tsangpo River can be divided into upstream, midstream, and downstream sections using the settlements of Lizi and Pai as the dividing points. The middle reaches are nearly 1,400 km long and essentially follow the direction of the Indus–Yarlung Suture (IYS) Zone, passing through a series of nearly N–S rift zones, such as the Cona–Oiga, Yadong–Gulu, and Dinggye–Xainza rift zones, from west to east (Ding et al., 2001; Wang et al., 2002). The whole river course consists of alternating sections of braided, wide U-shaped valleys and deep, narrow V-shaped gorges (Zhang, 1998). Along their longitudinal profiles, the wide valleys are characterized by gentle slopes, connected with gorges characterized by steep gradients downstream, generating large knickpoints between the wide and narrow sections of valleys (Zhang, 1998; Zhang, 1998; Wang et al., 2017).
The wide Xigaze Valley in the study area in the middle reaches of the Yarlung Tsangpo River is ∼150 km long and is dominated by braided and anastomosing channels, with the broadest channel reaching a width of 8–10 km (Figure 1A, Figure 2). The valley is mainly composed of exposed alluvial fans and river terraces, with lacustrine sediments. The river course gradually becomes narrower and deeper from Dazhuka Town onward, before it enters the Dazhuka Gorge area, where the N–S-trending Yadong–Gulu Rift Zone develops (Ha et al., 2019). In the Dazhuka Gorge area, the differential between the altitudes of the mountains on each riverside difference reaches 1,500 m, with exposed bedrock, landslides, and rock avalanche deposits. The river channel becomes wider and gentler in the middle of the rift zone near Nimu Town, where it is characterized by fluvial sands and gravels (Figure 1B). A major tributary on the southern side of the Xigaze Valley, the Menchu River originates from Lake Yamzho Yumco to the west and flows through the southern continental-type Karuola Glacier and the Yadong–Gulu Rift Zone. After turning northwest, the valley becomes wider, with thick-fill terraces, before finally flowing into the Yarlung Tsangpo River near Renbu Town. The lithology of the northern side of the valley is dominated by Jurassic–Neoproterozoic acidic-medium and acidic igneous rocks. On the valley’s southern side, Triassic marine dolomite and Jurassic–Cretaceous clastic rocks, limestones, and carbonates have developed. The valley fill is mainly composed of Neoproterozoic–Quaternary sediments; the lower layers are characterized by metamorphic rocks such as ophiolite and Dazhuka conglomerate from the IYS Zone (Hu et al., 2004; Pan et al., 2004).
[image: Figure 1]FIGURE 1 | Location of the study area, in the middle reaches of the Yarlung Tsangpo River. (A). SRTM 30 m-resolution DEM showing the reaches of the wide Xigaze Valley and Dazhuka Gorge, including paleolake shorelines in red (according to Hu et al., 2018), major faults in gray (modified from Hu et al., 2004), and Menchu River watershed in white. (B). Landsat 8 image (http://ids.ceode.ac.cn/query.html) of Dazhuka Gorge, showing locations of the Yadong–Gulu Rift Zone and study sites (yellow squares) along the Yarlung Tsangpo and Menchu river courses.
[image: Figure 2]FIGURE 2 | Longitudinal profile and location of study sites from Xigaze to the Dazhuka Gorge, in the middle reaches of the Yarlung Tsangpo River.
The high Himalayas block much of the water vapor transported to the region by the Indian Monsoon, resulting in minimal precipitation on north-facing mountain slopes. At higher altitudes, the Yarlung Tsangpo River carries humid air masses into the TP’s interior by acting as a water vapor channel, and precipitation gradually decreases as altitude increases upstream. Overall, there is less rainfall in the middle reaches of the Yarlung Tsangpo River drainage basin (Bookhangen and Burbank, 2010). The glaciers that have developed in the Yarlung Tsangpo River drainage basin can be roughly divided into continental- and marine-type glaciers (Derbyshire, 1982; Zhang et al., 2016). The Karuola Glacier is located to the south of the Menchu River and is a continental-type glacier with an area of ∼9.4 km2, lying at an altitude of 5,042 m above sea level (asl). This glacier is the source of the Myang River, where the Sanwang dammed lake outburst flood event was triggered by an ice avalanche in 1954, with a peak flow of 104 m3/s (Liu et al., 2019). Marine-type glaciers have developed in the southeastern Yarlung Tsangpo River drainage basin, one example of which is the Zelong Glacier, which has itself triggered several river blocking events and formed the Gega dammed lake since the LGM (Montgomery et al., 2004; Huang et al., 2014; Liu et al., 2015). Other river blockage and outburst events have been reported along major tributaries in the Yarlung Tsangpo River drainage basin, such as at the site of the Songzong glacier-dammed paleolake along the Parlung River (Yuan and Zeng, 2012), the landslide-dammed paleolakes along the Lulang and Dongjiu rivers (Wang et al., 2019, Wang et al., 2021), and the Yigong landslide-dammed lake and subsequent outburst flood along the Yigong River course, in 2000 (Turzewski et al., 2019).
METHODS
Image analysis and field investigation
Using remote sensing images and digital elevation model (DEM) data interpretation, we analyzed the morphological characteristics of the selected river valley and determined the spatial distribution of river terraces, landslides, and glacial landforms. Combining our findings with those of previous research, we conducted detailed investigations into, and descriptions of, fluviolacustrine sediments and glacial and landslide deposits that have developed in the Xigaze–Dazhuka valley system, and that of the tributary Menchu River. Two river terraces were identified near the entrance of the Dazhuka Gorge (Supplementary Figure S1). Handheld global positioning system (GPS) and topographic mapping were used to obtain the altitudes of the terraces and the paleolakes.
Sedimentological analysis
We investigated the characteristics of the sedimentary deposits in the Xigaze to Dazhuka stretch of the Yarlung Tsangpo River and the Menchu River (Figure 1B, Figure 2). In the Menchu River deposits, we observed the development of possible paleolake and paleodam deposits. The analysis focused on the fluviolacustrine sediments that have developed in the upper reaches of the Menchu River at Jiatang, the glacial and landslide deposits near Zisong, and the outburst flood deposits near Ranba (Figure 3A). Two well-developed fluviolacustrine sedimentary sections were selected for description in the higher and lower terraces near the confluence between the Yarlung Tsangpo and Menchu rivers (Figure 5). Samples were collected to determine the different chronological stages of the dammed paleolakes to help reconstruct the evolution of the damming events.
[image: Figure 3]FIGURE 3 | Map of study sites in the middle and upper reaches of the Menchu River. (A) Image from Google Earth showing the locations of the study sites. (B) MC-P1 and MC-P2 sections are located on the lower (T1) and higher (T2) terraces in the upper reaches of the Menchu River, respectively. (C) Location of the paleodam that developed near the Zisong Valley, probably triggered by glacier-related debris flows along the valley’s southern banks.
Sedimentary facies definitions were based on logging and analysis of sedimentary sequence exposures near Renbu (Figure 6, Supplementary Table S1). Changes in grain size, bed thickness, bed contacts, bed geometry, internal sedimentary structures, and soft-sediment deformation structures were logged (Russell et al., 2003; Winsemann et al., 2007; Lang and Winsemann, 2013). Paleoflow direction was determined from analysis of these sedimentary structures, enabling foresets and backsets to be distinguished (Lang and Winsemann, 2013). Sedimentological analysis was undertaken to distinguish lacustrine, lakeshore, subaqueous delta, and alluvial fan sediments, and to differentiate between debris flow and turbidity flow processed during subaqueous delta formation (Talling et al., 2012, Table 2). To reconstruct the maximum lake level, we used the altitude of the interface between the subaqueous delta and alluvial fan, rather than the highest altitudinal point of lacustrine or lakeshore sediments (Lang et al., 2017).
Chronological analysis
Six OSL dating samples were collected from Section YT-PA (RB16-51, RB16-53, RB18-2, and RB18-5) and Section YT-PB (RB18-8 and RB18-10) (Table 2). The pretreatment and measurement of OSL samples followed the methodology adopted by Liu et al. (2018). However, almost all the samples exhibited very dim OSL signals due to low luminescence sensitivity and were therefore deemed unsuitable for acquiring precise OSL ages. This phenomenon is common in the Himalayan area, as the quartz grains have only recently been released from source rocks (Spencer and Owen, 2004; Preusser et al., 2009).
Samples were wet-sieved to separate the grain size fractions and treated first with 10% HCl and then with 30% H2O2 to remove carbonates and organics, respectively. Next, the residues were etched with H2SiF6 for approximately 2 weeks to remove feldspars, followed by further HCl treatment (Lai, 2010). The quartz grains were then mounted at the center of 1-cm diameter stainless steel disks using silicone oil. The concentrations of uranium (U), thorium (Th), and potassium (K) for most samples were measured using neutron activation analysis (NAA) in the Chinese Atomic Energy Institute at Beijing. The water contents were determined by drying a known weight of the sample and then reweighing and assumed to be 10 ± 2% for sands. OSL samples were analyzed at the Institute of Crustal Dynamics, China Earthquake Administration. Quartz grains of 4e11 mm diameter were measured using a simplified multiple aliquot regenerative-dose (SMAR) protocol.
SEDIMENTARY ANALYSIS OF DAMMING EVENTS IN THE MENCHU RIVER TRIBUTARY VALLEY
Sedimentation and geomorphology of the river valley
The upper reaches of the Menchu River cross the Karuola Glacier, where the valley is wide and plentiful rich deposits have developed. The middle reaches cross the rift zone over an increasing altitudinal difference, exposing significant quantities of strongly deformed bedrock. The downstream flow turns northwest, through a gradually widening channel and an area of plentiful Quaternary sedimentary deposits, before finally joining the Yarlung Tsangpo River near Renbu Town (Figures 1B, 3A). Two principal river terraces can be identified in the upper Menchu River reaches, and moraine and alluvial fans have developed on both riverbanks (Figure 3B). The main deposits are of fluviolacustrine sediments and alluvial- and glacier-related deposits. Some small overwater lakes such as Zexiong Tarn and Zatang Tarn have also developed, and many larger-scale alluvial fan and debris flow deposits are exposed downstream of these lakes.
The river course in the middle reaches of the Menchu River gradually narrows. The terrain on both riversides increases in altitude, and bedrocks such as mudstone, slate, phyllite, and carbonate begin to be exposed, with strongly deformed lithologies and outcrops inclined at significant angles. We inferred that the Yadong–Gulu Rift Zone runs through this section. The fault is dextral, causing the direction of the river near Zisong Village to migrate northward (Figure 3A). A terminal moraine has developed on the south bank of the Menchu River to the west of Zisong Village, and tongue-shaped deposits are exposed near the riverbank. Combining remote sensing interpretations and field observations, we inferred that the deposits may have accumulated as a result of debris flow from a glacier in the southern branch gully and may have triggered river blockage events (Figure 3C). The paleodam can be found on both sides of the river bank and reaches 150 m above the river surface, which has been modified by terracing and house building (Figure 4A). The paleodam is characterized by thicker, poorly rounded and poorly sorted, dark brown matrix-supported diamicton gravels and sands. The sedimentary materials are relatively loose, with weak or inclined stratifications (Figure 4B). Medium-to fine-grained sands are locally developed in the lower part of the paleodam, with planar and cross laminations, probably formed in a relatively hydrostatic environment during a temporary period of backwater.
[image: Figure 4]FIGURE 4 | Sedimentary sections in the middle and upper reaches of the Menchu River. (A) Remnant paleodam developed in the middle reach, modified by houses and terraces. (B) Paleodam deposits developed on the northern bank of the Menqu River. (C) Section MC-P1, on Terrace T1. (D) Section MC-P1 consists of dark and light silty clays, indicating a stable lacustrine depositional environment. (E) Section MC-P2 comprises fine-grained silt and silty sands with thin, clayey layers, indicating a more fluctuating depositional environment. (F) Upper part of section MC-F contains outburst flood deposits and is composed of thick, dark gray, coarse-grained sandy layers interspersed with clasts, with parallel bedding developing.
Sedimentary sections
We selected and investigated three sedimentary sections for sedimentological analysis in the fluviolacustrine sediments that have developed near Jiatang and Ranba villages in the middle and upper reaches of the Menchu River.
Section MC-P1
Section MC-P1 (90°15′44″E, 29°7′38″N; 4,382 m asl) is located in the T1 terrace upstream of Jiatang Village on the northern perimeter of County Highway 311, at a maximum altitude of 4,390 m asl, and with a thickness of ∼7.7 m (Figure 4C). T1 is located ∼25 m above the river and is mainly composed of fluviolacustrine sediments. The river at the site of this section exhibits braided channels and includes alluvial deposits from a branch gully on its western side (Figures 3A,B). The bottommost section of the exposure is composed of a ∼2 m layer of thick fluvial gravels interspersed with sands, in which horizontal bedding and an imbricate structure have developed. The gravels are principally composed of slate, phyllite, carbonate, and a few granites, with moderate sorting and rounding, roughly similar to the nearby bedrock. The main body of the section is composed of lacustrine sediment that consists of dark gray and light yellow, horizontal laminate clays and silts, with a thickness >5 m at the outcrop, indicating a stable depositional environment (Figure 4D). The variation in dark and light colors may have been caused by different redox environments occurring in different seasons (Hu et al., 2018). The top of the section is covered with light yellow to light gray outwash deposits, and its source would appear to be mainly the moraine that developed on the hillsides. The sediments in the outer part of the outcrop are more solidified, probably resulting from the eluviation of carbonatite.
Section MC-P2
Section MC-P2 (90°16′13″E, 29°7′22″N; 4,419 m asl) is exposed on Terrace T2 on the southern bank of the Menchu River. The altitude of the top surface is ∼4,417 m asl (Figure 3B). Many granite boulders are exposed at the terrace’s surface. The section in the outcrop is ∼2 m thick, mainly exposing gray sands interspersed with light yellow silty clays, representing fluviolacustrine sediments. The fluvial sands are relatively loose, with horizontal and cross bedding, and interspersed with fine-grained clasts. The lacustrine sediments are thin layers of light yellow silty clay, generally approximately 1∼2 cm thick (Figure 4E). We discovered fossil shells in the sedimentary section, which are presumed to be the remains of the same species as that found by Hu et al. (2017) in the Xigaze Valley. The top of the section consists of a ∼1.5 m thickness of well-rounded fluvial gravels and sands, in unconformable contact with the fluviolacustrine deposits in the section’s lower parts. The gravel bedding is largely characterized by a horizontal stratification and imbricate structure, representing the existence of a braided river depositional environment following the end of any lacustrine sedimentary deposition. Overall, the material in the section is loose, with coarse-grained deposits; the lacustrine sedimentary layers are very thin and exhibit as ascending ripple layers, indicating the presence of a more turbulent depositional environment and higher levels of transport energy than Section MC-P1.
Section MC-F
Section MC-F (90°7′34″E, 29°7′53″N; 4,159 m asl) is exposed next to the road on the eastern side of Ranba Village along the northern banks of the Menchu River (Figure 3A). The study site is located downstream of the gorge, where the river channel becomes slightly wider, and the deposits gradually increase on both banks. Branch gullies on the river’s northern banks are highly developed. The section consists of ∼10 m of thick, dark gray sediments and has been modified by house building (Figure 4F). The lower part of the section consists of dark gray, fine to medium sands, with horizontal and ascending planar stratification, representing a fluvial deposition environment. The upper part of the section is characterized by thicker, dark gray, poorly rounded and poorly sorted, matrix-supported diamicton coarse sands, with parallel and cross-stratification. This layer represents a strong hydrodynamic proximal depositional environment, presumably indicating hyperconcentrated flow deposition by the outburst flooding. The deposition middle part of the flood layer is coarser than the top and bottom part, showing the succession changed from reverse to normally graded, possibly reflecting the process from a rising to waning stage (Marren and Schuh, 2009).
SEDIMENTARY ANALYSIS OF DAMMING EVENTS IN THE XIGAZE–DAZHUKA STRETCH OF THE YARLUNG TSANGPO RIVER VALLEY
Sedimentary sections of dammed lakes
Two principal lake terraces have developed along the Xigaze stretch of the Yarlung Tsangpo River Valley (Supplementary Figure S1). The higher terrace, T2, is widely developed and is ∼100 m above the river near Renbu Town; this terrace is principally composed of fluviolacustrine sediments. The bottom of the T2 is composed of thick fluvial gravels and sands. The gravels are well-rounded and sorted, with horizontal and planar crossbedding. The upper part of the terrace is composed of light brown to light yellow clayey layers intercalated with sandy layers, horizontally stratified. A thicker layer of loess and paleosol has developed in T2’s upper part. The lower terrace, T1, lies at a height of ∼40 m above the river surface. The bottom of the T1 consists of thick fluvial gravels and is in unconformable contact with the upper layer. The upper outcrop is composed of lacustrine sediments, which consist of light yellow silty sands and clay, interspersed with fine gravels. The top layer consists of fluvial gravels and sands and alluvial deposits of varying thickness. Using stratigraphic comparisons, we would speculate that the thick gravel layer exposed at the bottom of T1 may belong to the same stage as the gravel layer in T2, indicating that the river terrace experienced cutting and filling.
Two sedimentary profiles were selected at the confluence of the tributary Menchu River with the Yarlung Tsangpo River, in the transition zone between the wide valley and the narrow gorge (Figures 5A, 6). Lacustrine sediments deposited in a relatively stable environment are typically dominated by clayey to silty sands (Zhu et al., 2013; Liu et al., 2015; Hu et al., 2017, 2018). In this study, the sedimentary sections exhibited varied lithologies and recorded deposition processes that were accompanied by high aggradation rates typical of high energy environments. These deposition episodes were taken to represent periods of paleodamming, as sedimentary deposition can be highly sensitive to repeated damming events and lake surface changes. Cross-laminated and planar bedded sands and silts are frequently exposed in these sedimentary sections, and large quantities of sandy and fine gravel layers have developed in their middle layers, forming sedimentary cycles. A brief overview of the profiles of these sections is presented as follows, using assemblage analysis (LFA1∼ LFA4, Table 1).
[image: Figure 5]FIGURE 5 | (A) Google Earth image of the Renbu Town outcrop, with location of the two stratigraphic sections (yellow squares). (B) Field photographs of section YT-PA on Terrace T2, near the confluence of the Yarlung Tsangpo and Menchu Rivers. (C) Field photographs of section YT-PB on Terrace T1.
[image: Figure 6]FIGURE 6 | Stratigraphic sections YT-PA and YT-PB near Renbu Town in the wide Xigaze Valley (location in Figure 4). Facies association nomenclature is given in Table 1.
TABLE 1 | Summary of the lithofacies associations and lithofacies of the Renbu Town sections in the wide Xigaze Valley in the Yarlung Tsangpo River Valley (Shulmeister et al., 2010; Sancho et al., 2018; Wang et al., 2021).
[image: Table 1]Section YT-PA
Section YT-PA (89°47′59″E, 29°17′47″N; 3,820 m asl) is located in the section of the upper terrace T2 that runs along the southern bank of the Yarlung Tsangpo River near Renbu Town (Figures 5B, 7A), very close to the section studied by Hu et al. (2018).
[image: Figure 7]FIGURE 7 | Field views of sedimentary facies and lithofacies associations for sections YT-PA and YT-PB. (A) Light yellow, lacustrine sediments interbedded with dark gray, subaqueous fan sediments in the upper part of section YT-PA. (B) Thick deltaic or fan deposits originating from the Menchu River, dominated by dark gray, medium- to coarse-grained sands and gravels. (C) Deltaic or fan deposits composed of medium- to coarse-grained sands, horizontal laminations, interlaminations, and creeping, granular layers. (D) Inclusions of diamicton mixed in horizontally laminated, sandy layers. (E) Contact between lacustrine strata with a convoluted structure and overlying fluvial, deltaic, gravelly layers. (F) Main body of section YT-PB is composed of fine to silty sands, interbedded with silty clays. (G) Upper part of section YT-PB consists of fluvial gravels and sandy lens layers.
Description
LFA1 is mainly dominated by sub-horizontal, thin, medium- to coarse-grained sands, interspersed with fine gravels (Table 1). The LFA1 assemblage in the upper part of the section can be divided into matrix-supported diamicton and gravels (LFA1.1) and fine gravels with coarse sands (LFA1.2). The sediments become progressively coarser and thicker (LFA1.2→LFA1.1) from within the branch gully near the hill, toward the outer main channel. LFA1.1 comprises horizontal and planar bedding of gray to black matrix-supported gravels, with coarse sands (Figure 7B). The gravels are well-rounded and moderately sorted, exhibiting a progressively weaker stratification and planar bedding, and occasionally presenting an imbricate structure. LFA1.2 consists of thick, dark gray sands containing small quantities of matrix-supported, fine-grained diamicton, with well-sorted, parallel bedding and crossbedding, and ascending ripples (Figure 7C). Inclusions containing coarse sand can be seen locally in the sandy layer (Figure 7D).
LFA2 comprises yellow horizontal laminates and ascending ripple layers of silty sand and fine sand, with thin, laminated clayey layers, interbedded with LFA1 (Figures 5B, 7A). LFA2 can also be divided into two sub-facies (Table 1). LFA2.1 comprises medium- to fine-grained sands deformed by perturbation from traction, containing fine-grained diamicton; LFA2.2 consists of less disturbed, fine-grained sands and silts (Figure 7E). These two sub-facies layers have developed in interbedded layers; each layer is ∼1–3 m thick, forming four sequential cycles. The LFA2.2 assemblage exposed in the second sequence exhibits a soft, syndepositional deformation from the bottom upward; the LFA2.1 assemblage exposed in the third sequence shows evidence of sand liquefaction.
LFA3 developed at the base of the outcrop and consists of a 1.5-m-thick layer of moderately sorted pebbles and gravels, with crossbedding and an imbricated structure, containing matrix-supported, fine-grained diamicton. LFA3 is in erosional unconformable contact with the upper layer (LFA2.2). LFA 4 is exposed at the top of the outcrop and is composed of a 2–3 m-thick layer of matrix-supported, fine-grained clasts and silty clays (Figure 7B). It contains a ∼0.4 m-thick reddish-brown paleosol layer in its lower part, potentially representing the paleoaltitude. Upward of this, calcareous nodules interbedded with fine-grained gravelly sands have developed, with low calcification and weak, horizontal bedding. The topmost part is a 1.5-m-thick layer of gray alluvial deposits.
Interpretation
The pebbles and gravels at the base of LFA3 would appear to record deposition within a fluvial environment. The main body of the section principally comprises an interbedded, dark gray sand to gravel sequence (LFA1) and a yellow silty clay to fine-grained sand sequence (LFA2), possibly indicating the interaction between lacustrine and submerged deltaic or fan deposition with the observed changes between progradation and retrogradation. The section in general can be divided into three sedimentary cycles. The first two lacustrine sedimentary layers at the bottom are composed of silts and clays, indicating a stable depositional environment. Fine-grained clasts are interspersed upward, possibly representing a perturbation of the sedimentary layers by the tributary Menchu River. The hydrodynamic force would have gradually increased as subaqueous fan deposits become the main sedimentary component. The coarse-grained sands, mixed with a few clays and silts, in the third lacustrine sedimentary layer would appear to reflect a relatively unstable depositional environment typical of a later damming stage. The damming event would have caused quantities of deposits from the Menchu River to accumulate at the confluence with the trunk stream of the Yarlung Tsangpo River, forming a thick, gently accumulating platform near Renbu Town. The calcareous paleosol and talus deposits of LFA 4 would have arisen principally from eolian deposition. Hu et al. (2018) suggested that the lacustrine sediments may have become the parent material for the observed paleosols.
Laterally, the sediments closer to the main river channel become more mixed and coarser-grained, with crossbedding, recording a turbulent, high-energy, depositional environment. The sediment becomes finer-grained, with horizontal lamination, further away from the mouth of the channel, suggesting weaker hydrodynamic forces. The two lacustrine sedimentary sub-facies layers (LFA 2.1 and LFA 2.2) would appear to indicate a lake margin environment influenced by weak traction currents. Inclusions filled with matrix-supported, fine-grained diamicton are visible in the sandy layer, probably formed by granular flow or turbidity currents in the pre-delta environment (Johnsen and Brennand, 2006). The lacustrine sediments at the base are in erosional contact with the lower gravelly sediments of LFA 3 formed within a fluvial environment. In contrast to the yellow silty clay and fine-grained sand typical of lacustrine sediments, this section exhibits significant quantities of subaqueous fan and deltaic deposits, with dark gray sands and fine-grained gravels. Combining these findings with our analysis of the outcrop’s location and the likely direction of the paleocurrent, we inferred that the tributary Menchu River may have provided quantities of material to the dammed paleolake and surrounding areas.
Section YT-PB
Section YT-PB (29°18′31.78″N, 89°48′15.93″E, 3,796 m asl) is ∼2 km northeast of Section YT-PA and lies on the T1 terrace, along the northern bank of the Yarlung Tsangpo River (Figures 5A,C).
Description
LFA2∼4 are the assemblages that have principally developed in this section (Figure 6). LFA2.1 comprises medium- to fine-grained sands, with thin layers of fine-grained granules, constituting the main body of lacustrine sediments in the outcrop. Each granular layer is 1–2 cm thick, with poor sorting and rounding, showing occasional disturbance by the tributary river. The thickness of the sandy layer varies from 10 cm to 150 cm, and the lithology varies significantly laterally. The bedding mainly exhibits parallel and cross-laminations, with local, ascending ripples. LFA2.2 comprises mostly 5–10 cm-thick, thin layers of clayey silts, with discontinuous distribution; the sediment is relatively dense, with structureless and planar bedding (Figure 7F).
LFA3 consists of thick granules interspersed with coarse-grained sand in the upper part of the section; these developed on the outer flank of the alluvial fan. The gravel layer as a whole is inclined toward the main channel, with a weakening stratification and an imbricate structure. The grain size is mainly in the range of 3–10 cm, with some larger grains of diameter 30–50 cm, all sub-sorted and moderately rounded (Figure 7G). The LFA4 assemblage can be found in the upper part of the section and consists of 1.5–2 m-thick, matrix-supported, fine-grained clasts and silty clays, with weak stratification.
Interpretation
Overall, the section mainly consists of gravels to silty and clayey sands, typical of lacustrine and subaqueous fan depositional environments. LFA1.2 represents a depositional environment characterized by granular flow or transient turbidity. The low to moderate energy contributions made by landslides within the submerged alluvial fans (Naruse et al., 1997; Johnsen and Brennand, 2004; Wang et al., 2019) potentially reflect a relatively turbulent alluvial or outwash depositional environment. LFA2 comprises the main body of lacustrine sediments. The low clay content, with very thin continuous layers that developed in the lacustrine sediment can be considered typical of a low-energy, shallow lacustrine depositional environment or possibly reflective of disturbance caused by the tributary river, scouring, or turbidity currents (Johnsen and Brennand, 2006). LFA2.1 indicates a depositional progradation caused by relatively strong hydrodynamic conditions, reflecting characteristics typical of subaqueous fans within lake margin environments. LFA2.2 points to weak traction and suspension within a relatively stable depositional environment, typical of a lake bottom. LFA3 is compatible with deposition controlled by traction flow within a braided fluvial environment in the main channel. LFA4 represents post-fluvial deposition and includes alluvial and eolian deposition.
Barrier dams
The exact location of the paleodam is controversial. Hu et al. (2004) suggested that a debris flow occurred in the southern Dazhuka Gorge during the Late Pleistocene and blocked the river, forming two dammed paleolakes. Hu et al. (2017) found thick, gravelly layers near Dazhuka Town and assumed that the observed sedimentary deposition was dominated by a fluvial environment and that the debris flow deposits were too few to have been able to block the channel for a long time.
We conducted field investigations in the Dazhuka Gorge to identify the location of the paleodam. The river course near Dazhuka has a width of ∼230 m and lies in the stretch where the river course turns from braided to meandering. Thick, yellow, matrix-supported clasts are exposed on both banks, mainly composed of sub-rounded and sub-sorted gravels; these were assumed to be the debris flow deposits mentioned by Hu et al. (2004). Our overall observation was that the debris flow deposits were relatively loose and small-scale and that the river channel was wider than that in the gorge area, meaning any long-term blockage would have been less likely. In addition, ∼10-m-thick, lacustrine sedimentary layers composed of silty clays and exhibiting a similar sedimentary cycle to sediments in the wider parts of the valley lie exposed in the gorge area, indicating that a unitary paleolake developed in the Xigaze–Dazhuka Valley (Hu et al., 2018). We would, therefore, posit that the possible location of the paleodams was further downstream, in the gorge section.
A large-scale fan consisting of glaciofluvial deposits has developed on the riverbank opposite Kare Town, extending >5 km in length in the direction of the river. This was assumed to be an outwash fan later reformed into a platform (Figure 8A). Granite drift boulders generally >2 m in diameter are scattered at the edge of the outwash platform. Most of the boulders are semi-set on the surface, with some weathering, indicating their early in situ time (Figure 8B). The outwash deposits on the platform consist of thick, gray, matrix-supported diamicton, with parallel bedding and crossbedding, and yellow eolian deposits exposed along their margins (Figure 8C). The river channel, from the outwash fan to the exit of the gorge, transforms into a relatively wide, meandering channel and gradually enters the wide Shannan Valley area downstream. We would suggest, therefore, that the paleodam was the glaciofluvial fan that developed near present-day Kare Town, near the exit of the Dazhuka Gorge, and that the blockage may have been triggered by debris flows from moraines.
[image: Figure 8]FIGURE 8 | Distribution of paleodams near Kare Town downstream of the Dazhuka Gorge. (A) Remote sensing image shows outwash fan on the northern banks of the Yarlung Tsangpo River. (B) Field photograph of the outwash fan transformed into a thick accumulation platform, with granite boulders exposed nearby. (C) Main sedimentary body of the paleodam was composed of dark gray clasts; yellow eolian deposits are exposed in its upper part.
DISCUSSION
Chronological analysis
Six OSL samples were collected in this study, and two age models, central age model (CAM) and minimum age model (MAM), were calculated separately (Table 2). The results demonstrate obvious differences between the CAM and MAM for several samples, particularly for the samples from Section YT-PA. This suggests that the quartz grains in these samples may have had insufficient bleaching, which might have caused the CAM dating overestimated. Therefore, we assume that the ages using the MAM method, which focus on the youngest OSL ages, are closer to the sediment burial ages and can reduce the impact of insufficient bleaching (Hu et al., 2015, 2020). Four samples were collected from the sandy layers in Section YT-PA, on T2, and the ages obtained ranged from 68.9 ± 9.3 to 33.7 ± 5.0 ka in MAM results. Samples RB16-51 and RB18-2 were collected from the dark gray sands in the upper part of Section YT-PA, apparently influenced by the Menchu River, which may lead to very unreliable age results. Two samples (RB18-8 and RB18-10) were collected from Section YT-PB. Ages ranged from 24.3 ± 1.0 to 12.7 ± 1.4 ka. All the samples were collected from fluviolacustrine and subaqueous fan deposits, suggesting that their ages can be related to river blockage events.
TABLE 2 | OSL dating results for sedimentary samples from the YT-PA and YT-PB sections.
[image: Table 2]Using stratigraphic and chronological analysis, we assumed that two paleodamming events likely occurred in the wide Xigaze Valley, latterly forming the two fluvial terraces T1 and T2. The shoreline of the paleolake evident in the higher terrace (T2) lies at an altitude of ∼3,820 m asl. According to the dating of samples from the YT-PA Section, the dammed paleolake existed before 48.6 ± 4.9 ka (RB18-5) at the very least and died out after 33.7 ± 5.0 ka (RB16-53). The dating results in this study are unable to provide a better restriction on the ending time of the first damming event because of the disturbance by tributaries on the upper part of the section. The shoreline of the paleolake identified in the lower terrace (T1) lies at an altitude of ∼3,760 m asl. Dated samples from Section YT-PB would suggest that the paleolake existed before 24.3 ± 1.0 ka at the very least and died out after 12.7 ± 1.4 ka.
Hu et al. (2004) obtained two ages of 25.6 and 12.3 ka from the lacustrine sediments near Dazhuka, and Zhu et al. (2013) also collected samples in the nearby area, with age results between 12 and 13 ka. Based on their sampling locations and dating results, we assume that the paleolake they identified roughly corresponds to the second paleolake discovered on the T1 terrace in this study. Hu et al. (2018) suggested that the dammed paleolake in the Xigaze valley formed during >30.2 to 13.2 ka, although the age estimates they derived from three sedimentary sections are inverted and cover a broad age range of ∼40 to 1 ka. Comparing the location, elevation, and age data for the sedimentary sections, we assume that the section in Xigaze mentioned by Hu et al. (2018) can correspond to Section YT-PA we described in T2, which is revealed as the first damming event.
Mechanisms of paleodamming events
In a tectonically active mountainous region, long-term river blockage events triggered by landslides, avalanches, debris flows, or glaciers/moraines are often large-scale and likely dominated by local tectonic activity and climate change (Costa and Schuster, 1988; Korup and Tweed, 2007). Combining chronological results of this study with the previous work, we suggest that the time of the two paleodamming events developed within the Xigaze–Dazhuka area roughly corresponds to the Marine Isotope Stage (MIS) 3 and the Last Glacial Maximum (LGM). Glacier advances during the Ice Age may have formed large quantities of glacial-related materials within the gorge. At the same time, continuing tectonic activities in the Yadong–Gulu Rift Zone may have induced landslides or debris flows in the gorge (Wu et al., 2011; Ha et al., 2019). These processes eventually cause glacier-associated materials to move downstream to the river channels and trigger river blockage events. By summarizing the previous studies, we conclude that long-term river blockage events were commonly developed in the Xigaze to Linzhi reach during the Last Glacial Period to the Holocene (Montgomery et al., 2004; Kaiser et al., 2010; Zhu et al., 2013; Hu et al., 2017). This indicates the characteristics of simultaneity for the damming events associated with glacial activity in the middle reaches of the Yarlung Tsangpo River.
The long-term formation of paleodams also requires certain topographical conditions, and usually mountainous areas are relatively easy to sustain long-term river blocking processes (Korup and Tweed, 2007). The middle reaches of the Yarlung Tsangpo River are controlled by the N–S rift zones, causing wide valleys and narrow gorges in the trunk stream, which provide ideal topographical conditions for the development of the dams and dammed lakes (Zhang, 1998). Influenced by the activity of the Yadong–Gulu Rift Zone, the narrow river channel in the Dazhuka Gorge area simply requires a few materials to create tall and stable dams. Meanwhile, the upper wide Xigaze Valley with gentle slope can easily store water from dammed lakes.
Reconstruction of the damming events and evolution of the river terraces
We reconstructed the sedimentary evolution of the dammed paleolakes that developed in the Xigaze–Dazhuka stretch of the Yarlung Tsangpo River Valley (Figure 9). Fluvial sediments had been deposited in the valley before the blockage event. No later than ∼48.6 ka, the river channel was blocked and a dammed paleolake was formed, roughly corresponding to MIS3. The river valley at the outlet of the Dazhuka Gorge may have experienced glacial advances at that time. A large-scale outwash fan formed by debris flows related to glacial action developed on the northern riverbank near Kare Town, potentially triggering the damming event. As water levels continued to rise during the damming period, lacustrine sediments began to be deposited, forming the first dammed paleolake. The shoreline of the first paleolake lies at an altitude of ∼3,820 m asl, extending to the upper reaches of the Xigaze stretch of the river valley. The lake lasted at least until ∼33.7 ka, with the fluvial gravels deposited on the top of the lacustrine sediments, suggesting that the river channel reformed after the demise of the paleolake. The thick lacustrine sediments were scoured and cut by the river, forming new river terraces.
[image: Figure 9]FIGURE 9 | Reconstructed extent of the two paleolakes in the Xigaze–Dazhuka section of the middle reaches of the Yarlung Tsangpo River, as determined by 30 m SRTM DEM data to (A) the first paleolake during the MIS period and (B) the second paleolake during the LGM period.
Based on the stratigraphic and lithological characteristics, and sedimentary contact relationships, of the three sections in the Menchu River Valley, we assumed that paleodamming events also occurred in the middle and upper reaches of the tributary Menchu River. After the outburst of the dammed paleolake, significant quantities of fluviolacustrine sediments and outburst flood deposits from the Menchu River Valley would have entered the trunk stream of the Yarlung Tsangpo River, which was in the process of being dammed with a more stable depositional environment. These depositional processes would have led to the development of significant quantities of clastic deposits near present-day Renbu Town, as well as the formation of high, thick accumulation platforms. The interstratification of light yellow, sandy layers and dark gray, sandy and gravelly layers is clear in Section YT-PA. The light yellow sands mainly consist of quartz and feldspar, suggesting they were principally sourced by the trunk stream of the Yarlung Tsangpo River. The material in the dark gray sand and gravel layer mainly contains slate and phyllite, suggesting it was chiefly sourced by the tributary Menchu River. The sedimentary contact relationships show that the dammed paleolake received material continuously from the tributary Menchu River, forming circular sand dikes at the mouth of the tributary. The paleolake appears to have been disturbed by tributaries when it was shallow, forming coarse-grained sand and gravel deposits typical of a subaqueous fan. When the water depth was deeper, lacustrine sediments composed of silty clays from the trunk stream developed (Hu et al., 2018).
The second blockage occurred no later than ∼24.3 ka, forming a second dammed paleolake smaller than the first one. Section YT-PB at Renbu Town lies near the end of the paleolake’s upper reaches and comprises mostly silty sands, with thin, clayey layers typical of a shallow lake, and interbedded with fluvial sands and gravels. The lacustrine sediment deposits observed in the Nimu Basin lie close to the head of the paleolake, which was located in a rift zone, so the deposits are relatively thick. Hu et al. (2017) investigated a stratigraphic section in the Nimu Basin and found thick, silty clays, typical of a deep lake depositional environment with less fluvial disturbance. The second paleolake would have, therefore, lasted until ∼12.7 ka, before gradually draining away. As with the first paleolake, fluvial sediments began to develop on the top of the lacustrine sedimentary layer after the paleolake disappeared.
In the middle and lower reaches of this stretch of the Yarlung Tsangpo River, evidence points to the existence of the Jiedexiu dammed paleolake in the wide Shannan Valley and the Gega dammed paleolake in the wide Milin Valley; their paleodams both appear to have developed toward the entrance to gorges (Montgomery et al., 2004; Han et al., 2017). Conversely, the paleodam that caused the Dazhuka dammed paleolake to develop lay at the outlet of the Dazhuka Gorge. We investigated the gorge areas downstream of the Jiedexiu and Gega paleolakes and found that bedrock was exposed on both banks, with few deposits apparent, and that significant, thick outburst flood deposits were evident downstream of the gorges. In the Dazhuka Gorge, sizeable quantities of material were exposed, including fluvial and alluvial material, with no floodplain accumulation evident downstream of the gorge. We would, therefore, posit that the Dazhuka dammed paleolake may not have experienced a large-scale outburst event. The paleolake more likely drained gradually as a result of continuous overflow and consequent undercutting, explaining the significant quantities of deposits preserved in the gorge area.
CONCLUSION
Using sedimentary and chronological analyses, we reconstructed two river blockage events during MIS4 and the LGM in the wide Xigaze Valley, in the middle reaches of the Yarlung Tsangpo River on the TP. Both paleodamming events were triggered by glacier-related debris flows, and the resultant paleodams were located near the outlet of the Dazhuka Gorge, near present-day Kare Town. The first river blockage occurred during MIS4 and formed a paleolake between ∼48.6 and 33.7 ka, with a minimum lake surface altitude of ∼3,820 m asl. The second river blockage occurred during the LGM and formed a smaller paleolake during the ∼24.3–12.7 ka period, with a minimum lake surface altitude of ∼3,760 m asl. During the damming periods, the tributary Menchu River to the south was also experiencing damming and outburst events, causing significant quantities of deposits to accumulate near the confluence with the Yarlung Tsangpo River near present-day Renbu Town and forming thick accumulation platforms composed of light yellow, fine-grained fluviolacustrine sands and silty clays, interbedded with dark gray, coarse-grained subaqueous fan sands and gravels. The dammed paleolakes may have gradually drained as a result of the continuous overflow and undercutting of the paleodams, without significant outburst events, preserving sizeable quantities of deposits in the Dazhuka Gorge area.
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