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High-elevation and high-relief topography is the most prominent geomorphological features of the eastern margin of the Tibetan Plateau. This paper proposes that the interaction of the endogenic and exogenic forces jointly determines the formation of such high and steep landform. Eastward propagation of the Tibetan Plateau has been portioned by NW-striking, large-scaled sinistral strike-slip faults due to resistance of rigid Yangtze craton to the east of the eastern margin of the Tibetan Plateau. The transpressional stress has emerged in eastern margin of the Tibetan Plateau and has resulted in several large-scale active faults. The transpressional behavior has changed the flowing direction of the rivers from NW-SE to nearly N-S. The transport capacity of these southward-flowing rivers decreases correspondingly. Since the late Cenozoic, intensive seismic events have occurred on the active faults of the eastern Tibetan Plateau which resulted in geohazards such as slope failures, landslides along these southward-flowing rivers. This resulted in the formation of a large number of dammed lakes in the eastern margin of the Tibetan Plateau. To a certain degree, these dammed lakes play an important role in lowering the upstream erosion rate and in accelerating downstream river incision which yields gravity unloading and uplift of the bedrock. The frequently and widely distributed damming events, therefore, forms an important supplementary factor with respect to the formation of high and steep landforms.
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INTRODUCTION
Rapid uplift around eastern margin of the Tibetan Plateau generated a high-elevation and high-relief topography in the formation of NE-trending mountain chains (Kirby et al., 2002), including Minshan Mountain, Longmenshan Mountain, and Gonggarshan Mountain. The elevation drops nearly 4,000 m from the Bayan Har block to the Yangtze craton over a distance of 30–50 km, which marks the geomorphological boundary in the East Tibetan Plateau (Liu-Zeng et al., 2008). However, there are still many controversies about the formation and preservation of such high and steep landforms.
Previous studies have proposed at least two typical models to explain the formation of high and steep landforms. One is the crustal shortening model. Hubbard and Shaw (2009) report that crustal shortening across the high and steep landscape varies from around 2–40%, which dramatically increases upon approaching and crossing Longmenshan Mountain. Tian et al., 2016 shows the similar evidence of late Cenozoic thrusting along major Longmenshan faults. However, a comparative analysis was conducted and the results showed that the crustal-shortening strain in eastern Tibetan Plateau is much lower than that in the northeastern Tibetan Plateau, where crustal shortening can reach up to 46% (Gao et al., 2013) and varies from 20% to >60% across the southern Qilian Shan–Nan Shan thrust belt and northern Qaidam Basin (Yin et al., 2008). In fact, the eastern margin of the Tibetan Plateau is much higher and steeper than northeastern Tibetan Plateau. Thus, The shortening of the crust is not the only determinant of the formation of high and steep landforms. Another model is the lower crustal flow model. The model proposes that lower crustal material flows around the strong crust of the Sichuan Basin and “piles up” the material above to create narrow and steep margins (Clark and Royden, 2000; Royden et al., 2008). However, recent seismological results indicate that lower crustal flow does not universally exist, with the deformation of Eastern Tibetan Plateau also being influenced by oblique thrusting of major NW-striking faults (Gao et al., 2013; Liu et al., 2015). In addition, some studies have assumed that climate-induced surface erosion is a predominant factor that determines the formation of high and steep landforms in eastern margin of the Tibetan Plateau (England and Molnar, 1990; Molnar and England, 1990). However, the premise of this assumption is that there should be a pre-existing high elevation difference in the terrain.
Therefore, while previous studies have provided us with possible causes, no single process offers a satisfactory interpretation to the formation and preservation of such terrain, which means the responsible dynamic mechanisms remain unclear.
DEEP EARTH FORCES AND LANDFORM CHANGES
A Continental Transpressional Zone in Eastern Margin of the Tibetan Plateau
The formation of landforms comes from the interactions between deep Earth forces and surface processes (Cloetingh et al., 2013; Cloetingh and Willett, 2013). During the Indo-Asian collision, strong south-north shortening in the Tibetan Plateau occurred (Yin and Harrison, 2000; Tapponnier et al., 2001; Wang et al., 2002). However, slight shortening occurred on the western side of the Yangtze craton, which is adjacent to the eastern Tibetan Plateau. Such great differences in deformation will inevitably lead to a tectonic transition zone which will show special neotectonic characteristics between Tibetan Plateau and the Yangtze craton. Some tectonic processes show the formation of this transition zone.
On one hand, the eastern Tibetan Plateau is cut a series of relatively independent blocks by a series of NW-striking faults (Figure 1). GPS velocity data shows that material of the Tibetan Plateau is extruding from west to east (Shen et al., 2005; Gan et al., 2007). Due to the resistance of the stable Yangtze craton on the eastern side of the Tibetan Plateau, crustal material accumulated and created a broad and steep margin in eastern Tibetan Plateau (Clark and Royden, 2000). On the other hand, the eastward extrusion was approximately orthogonal to the convergence vector and extended along several major sinistral strike-slip fault zones on the eastern Tibetan Plateau (Tapponnier et al., 2001). The regional principal compressive stress is not perpendicular to the western boundary of the Yangtze craton, which promotes the formation of an oblique convergence between the two blocks. Under the common restriction of the two aspects mentioned above, there formed a comparatively restricted transperessional zone, showing a macroscale NE-trending. along eastern margin of the Tibetan Plateau (as seen in the white rectangle of Figure 2). In the transperessional zone, there are two large, arc-shaped fault systems named as the Xianshuihe-Xiaojiang fault zone and the East Kunlun-Minjiang/Huya fault zone. Both of them show N-NW striking trends in the interior of the plateau and then near NS-striking along eastern margin of the Tibetan Plateau (Figure 1).
[image: Figure 1]FIGURE 1 | Regional tectonic map of the eastern Tibetan Plateau. EKL-F, east kunlun fault; HY-F, Haiyuan fault; QC-F, qingchuan fault; LMS-F, longmenshan fault; XXJ-F, Xianshuihe-Xiaojiang Fault; ARR-F, Ailao shan Red river fault.
[image: Figure 2]FIGURE 2 | Characteristics of the continental transpressional zone in the eastern margin of the Tibetan Plateau. White dots denote the main cities in this region. The insert map in the lower-left corner shows the fault systems, river systems, and past earthquakes of eastern margin of the Tibetan Plateau.
The Great Bent Rivers in the Eastern Margin of the Tibetan Plateau
The morphological characteristics and evolutionary history of the fluvial systems are also controlled by surface uplift, especially in actively deforming regions (Clark et al., 2004). The upstream of the Yangtze River is composed of different branches. From east to west, they include the Tuojiang, Minjiang, Qingyijiang, Daduhe, Yalongjiang, and Jingshajiang Rivers. These rivers are neither perpendicular to the NE-trending mountain chain in the eastern margin of the Tibetan Plateau nor parallel to it. On the contrary, they generally show the characteristics of strong curve in their flow direction (Figure 2). In particular, the remarkable bend from a southeastward to near southwards flow direction geographically, Clark et al. (2004) calls it the superposition of eastward and southward draining rivers. The sudden changing of river flow from NW-flowing to nearly NS-flowing caused by fault zone in the east edge of the rivers exists in a universal way. Such as in Ya-lung River and in Jinsha River (Figure 2). This paper focuses more on the macro hydrographic distribution characteristics. However, such characteristics can’t always be observed in a river, such as in the upstream of Min-Jiang River. We prone to consider the feature of NW-to-NS is the primary form of antecedent stream as the latest study by Zhao et al. (2021). In the process of landform uplifting, the hydrographic system of original Tibet Plateau showed NW-to-NS flowing and endured spatial transformation lately (Zhao et al., 2021). These south-flowing rivers coincides with the active faults in the eastern Tibetan Plateau and affected by active fault (Li et al., 2010; Yan and Lin, 2015), showing similar features as those of the two large arc-shaped fault zone aforementioned (Figures 1, 2).
Assuming that the migration of the rivers would only be controlled generally by gravity, the flow direction of these rivers should be perpendicular to the NE trending gravity gradient zone, hence flowing NW, rather than a uniform macro bend from NW to near NS. The universal drainage pattern in eastern margin of the Tibetan Plateau reflects the general and macro-control of the transpressional stress during the Indo-Asian collision (Brookfield, 1998). A simple comparison shows that the length and tortuosity of these bent rivers may increase by 20–30% under the existence of tectonic forces. Since the length and tortuosity of a river defines the associated hydrodynamic forces, the slope, current speed, and transport capacity of these rivers decreased.
ACTIVE FAULT AND LANDSLIDE DAM
Landslide dam or dammed lake caused by earthquake are widely developed within intraplate orogenic belts, active belts, and active continental margins, such as the southern Himalayas (Hewitt, 1998; Srivastava et al., 2013; Draganits et al., 2014), Taiwan Island (Lin et al., 2008; Hsu and Hsu, 2009; Hsieh et al., 2012), the Cordillera orogenic belt (García-García et al., 2011), New Zealand (Adams, 1981; Korup, 2004), and the West Bank of Argentina (Bookhagen et al., 2001; Hermanns and Strecker, 1999; Trauth and Strecker, 1999). The eastern margin of the Tibetan Plateau belongs to the NS-trending Earthquake Belt in China, where many N-S striking active faults have developed (Deng et al., 2002; Deng et al., 2003). In some occasions, NW-striking high-slipping active faults overprint the N-S fault belts. Both of these have hosted many large to moderate earthquakes in the eastern margin of the Tibetan Plateau (Ma et al., 1989; Deng, 2008; Zhang, 2008; Zhang et al., 2009). For example, more than 10 strong earthquakes with magnitudes greater than 7 have occurred on the Xianshuihe- Xiaojiang fault over the past 150 years (Ma et al., 1989; Deng, 2008; Zhang, 2008; Zhang et al., 2009), which have caused a series of landslides and dammed lakes. On 1 June 1786, an earthquake of M 7.75 occurred in the Xianshuihe fault zone, forming a large, dammed lake in the Daduhe River, Sichuan Province, China. The subsequent failure of the dammed lakecaused great damage, with around 100,000 people lost (Dai et al., 2005; Korup and Tweed, 2007). The M 7.5 Diexi earthquake, 25 August 1933, also lead to a dammed lake, whereabout 45 days later, the landslide dam, with a height of around 160 m, collapsed due to aftershocks and rainstorms, causing thousands of casualties (Tang et al., 1983; Wang et al., 2005; Wang et al., 2007). Strong seismic events around Longmenshan Mountain brought about mass movements, such as slope failure, landslides, and damming events (Guo et al., 2016a). The Ms 7.9 Wenchuan earthquake provides us with a vivid example, in which approximately 400 million m3 of loose sediments were deposited during the earthquake, with dammed lakes diffused throughout the southward-flowing rivers (Huang and Fan, 2013; Guo et al., 2016b).
The formation of earthquake-induced landside dams is the most important component for the landform (Chai et al., 2000; Huang, 2007). The eastern margin of the Tibetan Plateau is one of the most seismically active areas in the world. In addition to the large elevation difference, this area is also have a high stress state (An et al., 2010) and a significant gravity imbalance within the deep crust. It is undoubtedly one of the steepest terrains in the world, with the most complex surface geometries of all orogenic belts. Such remarkable topographic gradients provide the most favorable locations for the occurrence of landslides, with about 80% of the large-scale landslides in China occurring around eastern margin of the Tibetan Plateau (Huang, 2007). In short, the strong interweaving and transformation of the endogenic and exogenic forces in this region promote the development of large landslides and dammed lakes (Huang, 2007).
DAMMING PRESERVATION AND LANDFORM EVOLUTION
Dammed lakes are usually sustained for a short time: about 27% break down within 1 day, 41% within 1 week, more than half within 10 days, 80% within half a year, and 93% within 1 year (Schuster and Costa, 1986). Those dammed lakes that survive for more than 100 years are termed steady-state dammed lakes (Nie et al., 2004). This is because the dam-body mainly consists of loose and unconsolidated rock and soils that are rapidly deposited and accumulated in the river. Thus, the dam may be damaged rapidly due to overflow, piping, seepage, or overtopping (Costa and Schuster, 1988; Casagli et al., 2003; Nie et al., 2004; Shi et al., 2010). However, at the upstream of the Yangtze River, there are still many dammed lakes that have survived for tens of thousands or even for millions of years. What impact they have on river evolution is therefore an important scientific issue worthy of attention. The following two examples are presented to clarify the overlooked impact of such features.
The Diexi Dammed Lake
The Diexi dammed lake developed in the upstream of the Minjiang River (Figures 4). The maximum thickness of the lacustrine strata is around 200 m. Field distribution characteristics of the lacustrine strata and remote sensing analysis show that the dammed lake is around 20 km in length (Li et al., 2010). Geochronological dating of the lake deposits show that it formed between around 30 to 74 ka. BP (Wang et al., 2005; Li et al., 2010; Wang et al., 2011a). In the interior of the dammed lake, the secondary dam-body formed by landslide can also be found (Figure 4C). On the northern side of the dam, the detachment or the slip plane can be observed in the bedrock (Figures 3, 4D). Meanwhile, the inclined bedrock is almost parallel to the slope, showing the form of typical bedding-controlled landslides. Interior of the dam show bedding of giant gravels which maintained the overall shape of the bedrock structure (Figure 4E). This suggests that these gravels come from a great landslide of bedrock from the east (Figure 4D), which was probably caused by a large earthquake. Lacustrine strata showing approximately horizontal and parallel bedding are deposited above these gravels (Figure 4F), which implies that the area was once submerged by the dammed lake.
[image: Figure 3]FIGURE 3 | River system and its associated dammed lakes in eastern margin of the Tibetan Plateau (modified from Liu et al., 2015). The shaded part is the approximate range of the tectonic transpression zone.
[image: Figure 4]FIGURE 4 | (A) Satellite image and sections of the Diexi dammed lake along the Minjiang River (modified from Li et al., 2010). (B) The conceptual longitudinal section across the Diexi dammed lake (modified from Li et al., 2014). (C) Field photos of the Diexi dammed lake. (D) Landslide surface on the north side of the dammed lake. (E,F) Examples of the huge gravel in the debris that consisting the dam.
When a dammed lake is full, it will form a waterfall at the facade and then incision occurs. In terms of the erosion rate, the average vertical incision rate on the downstream of the Diexi dammed lake is around 1810 m/Ma (Zhang et al., 2005). However, until now, the Minjiang River has not completely cut through the lacustrine strata. On the contrary the dammed lake is now being cut. This means that the incision rate of the upstream near the dammed lake is nearly zero after around 30 ka (if we regarded 30 ka as the formation time of the dam).
From the interior of these lacustrine strata, some evidences have been obtained to show the existence of paleo-earthquakes in the region, with each of the disturbance layers in the lacustrine strata representing a paleo-earthquake event that disturbed the unconsolidated strata (Wang et al., 2011b). It needs to be noted that the epicenters of these paleo-earthquakes may not just be in Diexi Country. In 1933, an Ms. 7.5 earthquake occurred and formed a new dammed lake superimposed on the ancient dammed lake (Ren et al., 2018). This makes the dammed lake bigger and the crest stronger. As a result, it will continue to affect the river’s geomorphology.
The Xigeda Dammed Lake
The Xigeda formation is a set of lacustrine strata with considerable thickness widely distributed in the upstream of the Yangtze River in eastern Tibetan Plateau. It is also considered to have formed as a dammed lake (Chen et al., 2004; Xu, 2011; Xu and Liu, 2011; Deng et al., 2021).
The Xigeda Dammed Lake in Dadu River
The age and thickness of the Xigeda formation vary across different reaches. For example, the Xigeda formation is 930 m higher than the current riverbed around the Dadu River which is a tributary of the upper reaches of the Yangtze River. The thickness of the Xigeda formation in this area is more than 400 m. Paleomagnetism studies show that the formation age is between 4.18 and 2.58 Ma (Jiang et al., 1999; Yao et al., 2007). It can be inferred from the data that the duration of the former dammed lake is up to 1.6 Ma. From the point of view of hydrodynamics, the upstream channel of a dammed lake is in an aggradation state during the life span of the lake. After around 2.58 Ma, when the dammed lake broke, the river began to down-cut. Here, this paper draws a conceptual model about the changes between river profile and river longitudinal profile after the formation of a dammed lake (Figure 5). Assuming that the incision rate was constant and that the unconsolidated lacustrine strata will be cut through a very short period, the minimum incision rate of the Dadu river should be 930 m/2.58 Ma = 360 /Ma, while the maximum incision rate should be equal to (930 m + 400 m)/2.58 Ma = 515 m/Ma. The maximum time the river needs to cut through the dam should be equal to 400 m/(515 m/Ma) = 0.78 Ma.
[image: Figure 5]FIGURE 5 | A conceptual model about the changes between river profile and river longitudinal profile after the formation of a dammed lake (Assuming that the unconsolidated lacustrine strata will be cut through a very short period, t1 should be a short time during the stage of dam-break).
Calculated in this way, it can be determined that the incision rate is between 360 m/Ma and 515 m/Ma after 2.58 Ma. It can also be estimated that a single-loop process of the dammed lake, from emerging to breaking down completely, takes a time which equal to (4.18–2.58 + 0.78) Ma = 2.38 Ma. Thus, the impact time of the lake is between ∼1.6 Ma to ∼2.38 Ma under conservative estimates.
The Xigeda Dammed Lake in the Jinshajiang River
Xigeda dammed lake near Panzhihua City is also found along the main stream of the Jinshajiang River, a branch of the Yangtze River. The maximum thickness of the Xigeda lacustrine strata here is around 300 m. Paleomagnetic studies show that the dammed lake formed between 3.29 Ma to 2.12 Ma (Qian et al., 1984). At present, the height difference between the riverbed and the bottom of the lacustrine layer is around 100 m (Zhao et al., 2008). The incision rate following the formation of the dammed lake is (300 m + 10 0 m)/2.12 Ma ≈ 188 m/Ma. It can be inferred that the maximum value of influence derived from the dammed lake on the river’s evolution can reach about (3.29–2.12) Ma+ 2.12 Ma* 300 m/(300 m + 100 m) = 2.76 Ma. The real impact time is therefore between around 1.07 Ma to 2.76 Ma.
The Xigeda Dammed Lake in the Others River
Since the formation of a dammed lake, there has been both erosion and sedimentation in the lake. We have also found Xigeda formationin Mianning City along the Anninghe River (Figure 3). The measurable thickness of the Xigeda formation is more than 300 m (Yao et al., 2007). However, the bottom of the lacustrine stratum is lower than current riverbed in several sites. This shows the Xigeda formation has not been exposed completely. Another example in the upper reaches of the Minjiang River, where a borehole has revealed that the thickness of the Xigeda lacustrine strata is more than 100 m in the current river channel (Zhang et al., 2012).
Recently, it has been reported that different age ranges have been obtained for the Xigeda formation, such as 1.34 to 1.58 Ma (Kong et al., 2009) and 200 to 700 ka (Wang et al., 2011a). Such a dispersed range of ages is, on the one hand, due to the limitations of current dating technology, especially for late Cenozoic sediments, while also reflecting the complexity of these lacustrine strata.
Similar to the Diexi dammed lake, these dammed-lake deposits for a multi-stage dam-break loop circulation process until it completely disappears. From the perspective of river evolution, Zhao et al. (2008) pointed out that the gravel layer at the bottom of the Xigeda formation was found close to the bottom of the Jinshajiang River. This indicates that the river had been down-cut to a depth that was close to the bottom of the current valley several million years ago, which requires the pre-existing channel was filled and downcutted again. While these rivers are still experiencing ongoing incision, over the long term, namely, from the emergence to the final disappearance of the dammed lake, the incision rate was close to zero. These data, therefore, provide us with a fact that the amount of incision in the eastern margin of the Tibet Plateau is quite small. However, many thermochronological studies suggest ∼10 Ma initiation of the last phase of rock uplift on the eastern margin of the Tibetan Plateau (much strongly uplifted since around 5 to 3 Ma), and shows the relatively deep exhumation of rocks along its eastern margin, by about 8–10 km (Kirby et al., 2002; Wang et al., 2012; Yang et al., 2020).
The strong uplift should have resulted in relatively rapid erosion or incision due to the river and deeply incise the bedrock in the high and steep eastern margin of the Tibetan Plateau. This is in contradiction with the previously introduced long-term preserved dammed lakes. To better understand this conundrum, a simple experiment is conducted. We present two terms: Unloading Capacity and Unloading Ratio. The former refers to the carrying capacity which can be measured by the amount of unloading of a river. The latter refers to the ratio between carrying capacity and loose sediment. A lot of loose sediments, rocks, debris, and landslides, which are derived from the strong earthquakes and weathering in the region, are accumulated and fill up these rivers’ branches. However, these rivers could not unload this added material immediately or quickly. After the Wenchuan earthquake, Parker et al. (2011) estimated that coseismic landslides produced amounts of erodible material which were greater than the net volume added to the orogen by coseismic rock uplift, even if only a fraction of landslide debris is removed from the orogen over the earthquake recurrence period. Although the unloading amount is very large in the eastern Tibetan Plateau, the unloading ratio is not high enough. This indicates that frequent damming behavior and strong unloading can cause river accretion, which can counteract a river’s incision because of the rock uplift. Beyond our intuitive knowledge, the unloading ratios of these rivers were not as strong as expected. To a certain degree, eastern margin of the Tibetan Plateau plays a role as a large-scaled damming or blocking system, over the last around 4 Ma.
LANDSCAPE DEFORMATION AND ENERGY CONVERSION
To illustrate the energy conversion process of the dammed lakes, we should trace back to the beginning when a dammed lake formed. The formation of a dammed lake is accomplished within a short time. Earthquakes are one form of the internal energy released by the deep Earth. Driven or triggered by seismic energy, landslides, rock collapses, and debris flows are other forms of potential energy release. After the formation of the dammed lake, the river water level rises and the potential energy increases. Hence, the formation and destruction of earthquake-induced dammed lakes reflect instantaneous energy transformation in nature.
In the process of river evolution, the formation of knickpoints could raise the erosion basis and slow down the erosion rate of the upstream channel. Earthquakes can create dammed lakes and then form a knickpoint in the long profile whenever a damming event occurs on a river, which caused the ups and downs of the river in the long profile and can reduce the kinetic energy of rivers (Figure 5). This phenomenon is similar to the “step-pool system” (Figure 5) (Xu and Wang, 2004; Wang et al., 2006; Zhang et al., 2011). As shown in Figure 5, the energy dissipation ratio k of the reach ABC is given by:
[image: image]
where [image: image], Δh is the height difference of the water surface at the top of two consecutive steps, and Q is the rate of flow (Xu and Wang, 2004). According to the formula, k is always larger than 1 in the “step-pool system,” that is to say, the system always consumes water energy and slows down river erosion. In particular, continuous damming behaviors can also cause cumulative effects of hydrodynamic attenuation, which can decrease the erosion rate in the upstream areas of these rivers, where the riverbed is then protected. However, for the downstream areas, the damming events usually form a waterfall and enhance the hydrodynamic force. These effects will increase river incision in the downstream parts and lead to the unloading and uplift of bedrock. In fact, there always exist many step-pool systems in a river. In the Minjiang River, for example, there are several dammed lakes on the downstream side of the Diexi dammed lake. The influence of continuous step-pool systems on river hydrodynamic forces should not be underestimated. The longer the retention of the step-pool system, the greater the change in hydrodynamic force and the stronger the ability to shape the landforms.
The Diexi dammed lake, with a height of ∼200 m (Figure 4) and an impact time of >40 to 70 ka, will continue to affect the river landforms for a long time. The height of the dammed lake in Jinsha River is ∼300 m, and the duration of its impaction is greater than 1.16 Ma. The Xigeda dammed lake on the Dadu River, with a height of around 400 m, has an impact time of more than 1.6 Ma. During these periods, it can be considered that the river cutting rate is near zero for the upstream areas of a dammed lake, at least within the range of tens or even near a hundred kilometer from it. Macroscopically speaking, the cutting rate during these periods will also be very low. From the point of view of river incision ratios, during this period of around 4 to 3 Ma, there must be a sharp decrease or a gap in the average incision rate. This had been discovered by the research on the Dadu River (Ouimet et al., 2007; Ma et al., 2020). These examples also reflect the basic fact that once a large-scale dammed lake has formed, it will play a continuous role in the evolution of river geomorphology over long timescales. It is therefore definitely the case that damming behaviors associated with frequent earthquake events are closely related to processes of mountain building.
DISCUSSION
How should we understand the formation of high and steep landform in the eastern margin of the Tibetan Plateau? We thought that the process was similar to building a skyscraper, adding materials bit by bit. From this point of view, the primary reason for the formation of high and steep landforms is the accumulation of materials within the body and to reduce material erosion on its surface. There are four ways for material accumulation.
The first way is the overlapping of crustal materials from horizontal contraction deformation, such as the thrust caused by the extrusion of the eastern Tibetan Plateau. The second way is the upwelling of deep materials in the vertical direction. The third way is the weakening of erosion in terms of external dynamics, and the fourth way is the strengthening of the aforementioned three ways by the coupling of internal and external dynamics. These aspects will now be discussed.
First, compression deformation is always the essential cause of geomorphic uplift, because it is the most effective means of material accumulation, not only in the eastern margin of the Tibetan Plateau but in all orogenic belts around the world. The structural pattern is an important factor in the process of material accumulation. Compression stress in the eastern Tibetan Plateau has shown the characteristics of transpressional deformation since the middle to late Cenozoic. As a result, the convergence deformation in the upper crust has seen dramatic shortening, for example, up to 40% for Longmenshan Mountain (Hubbard and Shaw, 2009) while also resulting in the characteristics of the strike-slip and oblique thrust of the Longmenshan fault zone. Li et al. (2008) showed that oblique thrust is the most effective way of controlling the rapid rise of the mountains through a large number of case studies, such as the Altun fault, the East Kunlun fault, and the Longmenshan fault.
Secondly, deep material upwelling also plays a role in material accumulation. Our previous findings have shown that the youngest magma (14.4–3.6 Ma) in the Tibetan Plateau is emplaced under Mt. Gonggar (unpublished data), where unroofing is dated from 11 to 1 Ma by low-temperature thermochronological dating (Xu and Kamp, 2000; Lai et al., 2007). We are inclined to believe that transpressional behavior plays a vital role in the ascent and emplacement of magma (or deep-earth materials) and provides the space occupied by the up-welling of the youngest magma. This space is eventually transformed by the uplift of the landscape, such as lower crustal flow (Figures 6, 7).
[image: Figure 6]FIGURE 6 | Energy dissipation in a dammed river. Energy dissipation k = ΔH/(Δh + Q2/2gB2h12), where Δh is the difference between two surface elevations from point A to point C, Q is the water flow, B is the width of the river, and h2 is the depth of the water (Xu and Wang, 2004).
[image: Figure 7]FIGURE 7 | Landform analysis of the eastern Tibetan Plateau (The map summarizes the causes of the high and steep landform on the East Tibet. The approximate spatial position of the blocking area is marked in the map. From the perspective of exogenic forces, heavy rainfall frequently occurs in the piedmont of the eastern margin of Tibet Plateau, which speeds up the denudation rate and makes an obvious contribution to high and steep landform. From the perspective of endogenic forces, three topographical sections are provided here. Profile A-B passes through the Gonggar mountain. Scholars believe that there is lower crustal flow in its deep part (Clark and Royden, 2000; Zhang 2008; Liu et al., 2015)., which is the influence of deep structure on landform. Profile C-D passes through Longmenshan mountain, and the compressive uplift of thrust fault zone is the main controlling factor of geomorphic uplift (Tian et al., 2016; Gao et al., 2013). Profile E-F passes through the Minshan mountain, one of the highest peaks in the northeast margin of Tibet Plateau, and is controlled by two boundary faults (the Minjiang and Huya fault). The data of this figure comes from the following websites: http://dds.cr.usgs.gov/srtm/and http://glcf.umiacs.umd.edu/data.
In this paper, we noted that the highest mountain peaks, for example, Mt. Gonggar (7,756 m) and Mt. Min (5,588 m), as well as the fastest-growing places in eastern margin of the Tibetan Plateau, are all located at the bend of the two big arc-shaped faults aforementioned (Figure 7). Also, analog experiments (Mazzarini et al., 2010) and a large number of field examples indicate that strike–slip deformation is favorable for magma emplacement (Cao and Neubauer, 2016).
Thirdly, there can be no doubt that the formation of high and steep landforms is the result of the influence of internal and external dynamics. Molnar and England (1990) first noted the frequent rainfall around Longmenshan Mountain. Under the action of gravity equilibrium, the crustal material rebounds and causes the uplift of the landscape (Molnar and England, 1990; Zhang et al., 1994). In subsequent research, Korup and Montgomery (2008) showed that moraine-dammed lakes not only inhibit bedrock incision during their lifetime but also promote the upstream aggradation and burial of bedrock valley floors under glaciofluvial sediment long after the dam’s formation. Reviewing these mechanisms (Korup and Montgomery, 2008) and combining them with the results of this paper, we conclude several key points that can help us to understand the high and steep landforms in the eastern margin of the Tibetan Plateau.
1) When a dammed lake is formed, it can be considered that the river changes from a dynamic balancing state to a quasi-dynamic balancing state (Figure 6). Taking the dammed lake as a knickpoint, the trunk can be divided into upstream and downstream sections where the hydrodynamic processes change between the ups and downs correspondingly. This is closely related to the erosional or incisional processes and represents the mechanism of the step-pool system (Figure 6).
2) In longitudinal sections, there should be many big dammed lakes in a river system. Therefore, the decrease in hydrodynamic forces has a cumulative effect.
3) With regards to the evolution of landforms, the impact of one single damming event is insignificant, yet, frequent and continuous damming events can result in the sustained effect of external forces which can be observed in the eastern margin of the Tibetan Plateau, where frequent seismic events occur.
4) The long-term retention of loose materials can protect the riverbed and lead to weakening denudation. However, this is an extremely complex proposition. We have presented in-depth discussions on this issue (Li et al., 2010; Li and Zhang, 2015), and the conclusion can be summarized into two points, namely that the transpressional structures increase the bending of these rivers and that deep valleys result from rapid crustal uplift.
Finally, comparing the earthquake-induced damming behavior with that resulting from glacial dam in the Yarlung River (Korup and Tweed, 2007; Korup and Montgomery, 2008; Owen, 2008), this paper emphasizes that the effect of these events are similar to river morphology and the hydrodynamic environment. Meanwhile, this paper describes how transpressional stress causes overlapping in crustal materials, as well as spatial adjustment and provides a channel or space for the upwelling of material from the deep Earth, both of which eventually transform into landform uplift. Transpressional behavior therefore strongly affects and bridges surface and deep geological processes. Hence, it provides a new insight into a logical link between the endogenetic and exogenetic forces on the Earth’s surface, which results in the high elevation and steep relief in the eastern margin of the Tibetan Plateau.
CONCLUSION

1) Geological coupling between endogenetic and exogenetic forces has resulted in the formation and maintenance of the high-elevation and high-relief topography of eastern margin of the Tibetan Plateau.
2) The continental transpressional stress between the Tibetan Plateau and the Yangtze block, showing contraction deformation and oblique thrusting, strongly affects and bridges surface and deep geological processes.
3) Frequent seismic activity has resulted in widespread large-scale damming events, offering an important insight into the evolution of landscape.
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