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Abstract. The Three Rivers Region in Southeast Tibet represents a transition between the strongly deformed zone around
Eastern Himalayan Syntaxis (EHS) and the less deformed southeast Tibetan plateau margin in Yunnan and Sichuan. In this
study, we compile and model published thermochronometric ages for two massifs facing each other across the Mekong River
in the core of the Three Rivers Region (TRR), using the thermo-kinematic code Pecube to constrain their exhumation and
relief history. Modelling results for the low-relief (<600 m), moderate-elevation (~4500 m) BaimaXueshan massif, east of the
Mekong River, suggest regional rock uplift at a rate of 0.25 km/Myr since ~10 Ma, following slow exhumation at a rate of
0.01 km/Myr since at least 22 Ma. Estimated Mekong River incision accounts for 30% of the total exhumation since 10 Ma.
We interpret exhumation of the massif as a response to regional uplift around the EHS and conclude that the low relief of the
massif was acquired at high elevation (>4500 m), probably in part due to glacial “buzzsaw-like” processes active at such high
elevation, and particularly efficient during Quaternary glaciations. Exhumation of the BaimaXueshan is significantly higher
(2.5 km since ~10 Ma) than that estimated for the most emblematic low-relief “relict” surfaces of Eastern Tibet, where apatite
(U-Th)/He (AHe) ages >50 Ma imply only a few hundreds of meters of exhumation since the onset of the India-Asia collision.
The low-relief BaimaXueshan massif, with its younger AHe ages (<50 Ma) that record significant rock uplift and exhumation,
thus cannot be classified as a “relict surface”. Modelling results for the high-relief, high-elevation Kawagebo massif, to the
west of the Mekong, imply a similar contribution of Mekong River incision (25%) to exhumation, but much stronger local
rock uplift at a rate of 0.45 km/Myr since at least 10 Ma, accelerating to 1.86 km/Myr since 1.6 Ma. We show that the
thermochronometric ages are best reproduced by a model of rock uplift on a kinked westward-dipping thrust striking roughly
parallel to the Mekong River, with a steep shallow segment flattening out at depth. Thus, the strong differences in elevation

and relief of two massifs are linked to variable exhumation histories due to strongly differing tectonic imprint.

1 Introduction

Despite its high mean elevation of ~5000 m, Tibet is mainly characterized by low relief (<1 km), with an average slope of ~5°
(Fielding et al, 1994). However, topographic characteristics vary throughout the Tibetan Plateau. Central and North Tibet are

characterized by extensive low-relief surfaces, with narrow, linear, and parallel mountain ranges that rise slightly above the
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mean elevation of the plateau, defining “positive topography” where elevation is positively correlated with relief and mean
slope (Liu-Zeng et al., 2008). In those regions, structural relief that was tectonically generated during the collision between
India and Asia has been smoothed out locally by internal drainages, which transport sediments from the nearby ranges to fill
local intermontane basins, but cannot evacuate sediments out of Tibet (Meyer et al., 1998). In contrast, Southeast Tibet is
characterised by “negative topography”, where deeply incised valleys are separated by patches of low-relief surfaces at a mean
elevation of ~4500 m, slightly lower than the average plateau height (Fig. 1a). Although only scattered remnants of these
surfaces occur in the Three Rivers Region of Southeast Tibet, they gradually become more continuous northward and
eventually integrate into the extensive low-relief surfaces of the plateau interior (Fig. 1b, 1c). The most emblematic surface
with remarkable low relief occurs on the Triassic Daocheng granite (Fig. lc, 1d), located between the Yangtze and the Yalong
rivers draining the southeastern plateau margin in Yunnan/Sichuan (Fig. 1c). These low-relief surfaces, with <600 m relief in
a radius of 5 km, have previously been interpreted as “relict surfaces”; i.e., remnants of a paleo-landscape that was formed at
low elevation and subsequently uplifted (Clark et al., 2005; 2006). No such low-relief relict surfaces are observed further west,

between the Salween River and the Eastern Himalayan syntaxis (Fig. 1b, 1c).

Samples collected from these low-relief surfaces in southeast Tibet show much older thermochronometric ages than samples
from the deep river valleys that dissect them (Fig. 1b). The Daocheng plateau and other low-relief surfaces of the
Yunnan/Sichuan margin are characterized by apatite (U-Th)/He (AHe) ages >50 Ma and apatite fission track (AFT) ages >100
Ma, whereas samples collected from the gorges of the Dadu, Yalong and Yangtze rivers show AHe ages <15 Ma and AFT
ages <50 Ma (e.g., Clark et al., 2005; Ouimet et al., 2010). These data have been interpreted as recording a regional rapid
incision phase starting between ~13 and 9 Ma in Eastern Tibet, which was considered a proxy for widespread plateau uplift
shortly preceding this incision (Clark et al., 2005; Ouimet et al., 2010). However, the direct link between river incision and
regional tectonic uplift has been challenged by others, who argued for a delay between crustal shortening, occurring mostly in
the Eocene, and significant incision mostly during the Miocene in southeast Tibet (Liu-Zeng et al., 2008). A purely climatic
forcing on river incision by intensified monsoonal precipitation at ~17 Ma was proposed by Nie et al. (2018). Other
thermochronologic studies have also provided evidence for earlier phases of rapid exhumation, the timing of which varies
regionally between 30 - 20 Ma in the Longmenshan (Wang et al., 2012; Tan et al., 2014), to 40 - 30 Ma in the Yalong thrust
belt (Zhang et al., 2016) and ~60 - ~40 Ma in the BaimaXueshan massif (Liu-Zeng et al., 2018). The latter has been linked to
uplift of the Southeast Tibetan plateau, consistent with paleo-elevation data implying that the plateau has been close to its

present-day elevation since the Late Eocene - Oligocene (Hoke et al., 2014; Li et al., 2015; Wu et al., 2018).

An inherent problem with thermochronology data is that they do not provide direct information on (either rock- or surface-)
uplift (England and Molnar, 1990; Reiners, 2007). However, such data do potentially provide constraints on paleo-relief
(Braun, 2002; Reiners, 2007) and careful thermo-kinematic modelling of thermochronological datasets may allow

differentiating between regional exhumation, presumably related to rock uplift, and relief change through valley incision (e.g.,
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Valla et al., 2010; 2011). Spatial patterns of thermochronological ages also potentially allow constraining the kinematics of

rock exhumation and the underlying fault geometry at depth (e.g., Robert et al., 2011; Braun et al., 2012).

In this paper, we use the thermo-kinematic modelling code Pecube (Braun et al., 2012) to quantify both river incision and
structurally controlled rock exhumation, based on a dense thermochronologic dataset from the Three Rivers Region. The Three
Rivers Region forms the transition between the Eastern Himalayan syntaxis and the southeast margin of the Tibetan plateau
in Yunnan/Sichuan, where the Salween (Nu), Mekong (Lancang) and Yangtze (Jinsha) rivers run closely parallel to each other
over hundreds of kilometers and deeply dissect the plateau margin (Fig. 1b). The narrow spacing between the rivers has been
interpreted as resulting from strong lateral shortening in response to indentation of the Indian-plate corner (Hallet and Molnar,
2001; Yang et al., 2015). This transition region, separating areas without low-relief surfaces to the west and southwest from
areas with extensive low-relief surfaces to the east and north, is key to better understand plateau-growth mechanisms and the
geodynamic processes operating both within the high strain zone around the syntaxis and within the lower strain zone of the

Yunnan/Sichuan margin (Fig. 1b).

In the core of this region, the Mekong River separates the Kawagebo massif (max. elevation 6740 m) to the west from the
BaimaXueshan massif (max. elevation ~5400 m) to the east. The BaimaXueshan massif corresponds to the southern
prolongation of the elongated low-relief surface of Markam (mean elevation ~4500 m), located upstream between the Yangtze
and the Mekong rivers; both were mapped as relict surfaces by Clark et al. (2006) (Fig. 1c, le). The Kawagebo massif is
thought to have been rapidly exhumed recently (<10 Ma) due to motion on a local thrust fault in a restraining bend between
two regional-scale strike-slip faults (Replumaz et al., 2020, Fig. 1b, 1c). Here, we quantify the exhumation history of the low-
relief BaimaXueshan massif during the collision period to identify the different roles played by regional rock uplift and river
incision and we compare it with the exhumation history of the high-relief Kawagebo massif, while constraining the geometry

of the crustal fault responsible for uplifting the latter.
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Figure 1: Tectonic and geomorphic setting of Southeast Tibet. (a) Topography and tectonic framework of the central and eastern Tibetan
Plateau, based on GTOPO30 Digital Elevation Model (DEM). White box shows extent of Fig. 1b; red box shows extent of Fig. 1c. (b) Main
faults, rivers, relict surfaces and Apatite (U-Th)/He (AHe) data, overlain on Landsat image mosaic of Southeast Tibet (USGS). (c) Relief
map (modified from Zhang et al., 2015), derived from 30-m resolution DEM; 1-km radius relief is shown for pixels at elevations >3500m
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above sea level. Black outlines delimit low-relief relict surfaces with relief <600 m, as mapped by Clark et al. (2006). Note that some
averaging of the relief across the relict surface and active landscape occurs at the edges of the relict surface. In these areas local relief can
be as high as 1 km. Two red rectangles represent topographic profile and relief shown in Figs. 1d, le. (d, e) Topographic profiles across
Daocheng granite plateau and Kawagebo/BaimaXueshan massifs, respectively, showing local topography and relief with available
thermochronometric ages. Note that these two panels share the same legend. Apatite (U-Th)/He (AHe) and Apatite Fission track (AFT) ages
are from [1] Yang et al. (2016), [2] Liu-Zeng et al. (2018), [3] Replumaz et al. (2020), [4] Ouimet et al. (2010), [5] Clark et al. (2005), [6]
Zhang et al. (2016), [7] Tian et al. (2014), [8] Nie et al. (2018), [9] Godard et al. (2009), [10] Wang et al. (2012), [11] Xiao et al. (2015),
[12] Zeitler et al. (2014), [13] Gourbet et al. 2019, [14] Cao et al. (2020), [15] Shen et al. (2016), [16] Wang et al. (2018), [17] Zhang et al.
(2015), [18] Reid et al. (2005), [19] Wilson and Fowler (2011), [20] Lai et al., (2007), [21] Lei et al. (2006), [22] Zhang et al. (2017), [23]
Dai et al. (2013), [24] Xu and Kamp (2000). Abbreviations: ASRRSZ: Ailaoshan-Red River Shear Zone, B: BaimaXueshan, EHS: Eastern
Himalaya Syntaxis, JB: Jianchuan Basin, RRF: Red River fault, TRR: Three Rivers Region, XSHF: Xianshuihe fault.

2 Geologic setting
2.1 Cenozoic tectonic evolution of Southeast Tibet

At the regional scale, the mean elevation between the Eastern Himalayan syntaxis and the Mekong River (>5000 m) is higher
than the mean elevation of the low relief surfaces east of the river (~4500 m), suggesting stronger shortening and crustal
thickening around the syntaxis (Fig. 1a, b). Within this zone, the Kawagebo massif, near the city of Deqing, peaks at 6740 m
and towers over the plateau by more than 1700 m. Across the Mekong River in this area, a remarkable topographic and
geomorphologic contrast is observed between the Kawagebo massif to the west, showing a high topography, high-relief and
rugged landscape (Fig. le, 2¢), and the BaimaXueshan massif to the east, characterised by an elevation close to the mean
plateau elevation (~4500 m) and low relief (Fig. le, 2b). Furthermore, deeper and larger U-shaped glacial valleys are observed

in the Kawagebo massif than in the BaimaXueshan.

From the late Eocene to the early Miocene, the dominant driver of deformation in southeast Tibet was the extrusion of the
Indochina block along the left-lateral AilaoShan-Red River shear zone following the Red River (Fig. 1a), subsequently inverted
along the right-lateral Red River fault since ~5-10 Ma (Leloup et al., 1995, 2001; Replumaz et al., 2001; Fyhn and Phach,
2015) (Fig. 1b). High-temperature thermochronology data from southeast Tibet shear zones show ages mainly between ~34
and ~17 Ma, along the Red, the Salween and the Mekong rivers, which have been linked to this extrusion process (Leloup et
al., 2001; Wang et al., 2016, 2018). Compared to the timing of extrusion, no clear estimate for the timing of plateau uplift in
the Three Rivers Region has been obtained. Rapid sediment filling of the Jianchuan basin (Fig. 1b), located downstream of the
Three Rivers Region, around 37-35 Ma demonstrates significant erosion and suggests uplift in the source region just predating
extrusion (Gourbet et al., 2017). The Jianchuan basin subsequently experienced significant exhumation along thrust faults

between ~28 and 20 Ma (Cao et al., 2019), suggesting regional uplift at that time.

In the Three Rivers Region, the AilaoShan-Red River shear zone is prolongated along a distinctive and intensively sheared
Jurassic red-wine coloured clastic formation, following the Mekong River (Fig. 1b, 2a). Intense shear and deformation is
attested by mostly steep to subvertical stratification and fault planes along the Mekong River, particularly in the Jurassic unit

(Replumaz et al., 2020). Mostly right-lateral sub-horizontal striations have been recognized, incompatible with either motion
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along the left-lateral AilaoShan-Red River ductile shear zone or thrusting. Parallel to this shear zone along the Mekong River,
several thrusts affecting Eocene basins have been observed, but the timing and amount of exhumation related to activity on
these thrusts have not been fully quantified (Liu-Zeng et al., 2018; Replumaz et al., 2020). The roughly north-south trending
thrusts and shear zones have been left-laterally offset by regional strike-slip faults, with the most prominent offset occurring
north of the Kawagebo massif (Fig. 2a). Some of these left-lateral strike-slip faults have been reactivated as right-lateral faults,

such as the Zhongdian fault crossing the BaimaXueshan massif near Deqing.

Present-day deformation of southeast Tibet is dominated by active right-lateral strike-slip faults, such as the Jiali fault, splitting
eastward into the Parlung and PoQu faults (Fig. 1b), which accommodate overall clockwise rotation around the Eastern
Himalayan syntaxis (Gan et al., 2007; Bai et al., 2018). In the Three Rivers Region, the Parlung fault jumps north-eastward to
the Zhongdian fault, uplifting the Kawagebo massif in a restraining overstep since at least ~10 Ma (Fig. 2a), then jumps south-

eastward to the Red River fault, opening the Lijiang pull-apart basin (Replumaz et al., 2020).
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Figure 2: (a) Geological map of the Kawagebo area in the Three Rivers Region. Active faults are in red, other major faults in black.
Thermochronology data are shown with colour according to age and symbol according to method. ASRRSZ: Ailaoshan-Red River Shear
Zone, K: Kawagebo massif, B: BaimaXueshan massif. (b) View of the low-relief BaimaXueshan massif at ~4500 m mean elevation, with
summits peaking at ~5400 m visible at the background. (c) View of high-relief Kawagebo massif, with summit peaking at 6740 m, while
the Mekong River valley lies at ~2000 m elevation, creating almost 5000 m of relief.

2.2 Timing and quantification of exhumation and incision along the Mekong River

In the upper and lower reaches of the Mekong River, AHe ages from the valley bottom cluster around 20-15 Ma and have been
interpreted as recording >700 m of river incision in the interval ~17-14 Ma, linked to intensification of monsoonal precipitation
(Nieetal., 2018). However, Oligocene or earlier (>34 Ma) entrenchment of the lower reach of the Mekong River has previously
been proposed, based on river offsets by structures related to the extrusion of Indochina in Burma (Lacassin et al., 1998).
Regionally, a northward increase in erosion rate along the Mekong River and a westward increase toward the syntaxis since

~10 Ma have been proposed (Yang et al., 2016).

In the BaimaXueshan massif, located east of the Mekong River in its middle reach, AHe ages between 5 and 16 Ma, AFT ages
between 20 and 60 Ma, and zircon (U-Th)/He (ZHe) ages between ~80 and 120 Ma have been reported by Yang et al. (2016)
and Liu-Zeng et al. (2018). Age-elevation profiles have been interpreted as recording two rapid phases of exhumation, one
between 60 and 40 Ma, interpreted as being linked to the main regional uplift and crustal thickening phase, the other since ~20
Ma, speculated to be linked to regional Miocene river incision (Liu-Zeng et al., 2018). However, quantitative time-temperature
modelling of these age-elevation profiles using the 1D QTQt model (Gallagher, 2012) suggests a different scenario, with rapid

exhumation only starting at 10 Ma, and no indication of a previous phase of rapid exhumation (Replumaz et al., 2020).

In the Kawagebo massif, also along the middle reach but to the west of the Mekong River, all thermochronometric ages are
much younger: AHe ages between 1 and 4 Ma, AFT ages between 3 and 7 Ma, and a single ZHe age at ~8 Ma have been
reported from the Mekong valley and its tributary Yanzhi valley (Yang et al., 2016; Replumaz et al., 2020). Quantitative time-
temperature inversion of the Kawagebo data suggests rapid exhumation since at least § Ma, with no clear estimate of the onset

timing, and an acceleration after ~1.5 Ma (Replumaz et al., 2020). Rapid exhumation of the Kawagebo massif has been
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interpreted to be linked to tectonic uplift along a local thrust fault located along the Mekong River, in a restraining stepover
between the Parlung and Zhongdian strike-slip faults (Replumaz et al., 2020; Fig. 2). However, this local thrust fault, inferred
to be related to reactivation of regional north-south trending thrusts, has not been documented in the field. Therefore, additional
work is needed in this region to resolve the exhumation history of the low-relief mean-elevation BaimaXueshan and the high-
relief high-elevation Kawagebo massifs during the India-Asia collision period, in order to distinguish the effects of regional

plateau uplift, incision of the Mekong River, and uplift along local tectonic structures.

3 Methods: thermo-kinematic modelling of multiple thermochronology data

We synthesized published AHe, AFT and ZHe ages in the Three Rivers Region around Deqing (Table S1, Supplementary
Material) to constrain our thermo-kinematic modelling using Pecube (Braun et al., 2012). This model is designed to solve the
three-dimensional heat-transport equation in a crustal block undergoing lateral and vertical rock-particle transport, exhumation,
and surface change. The flexural response to surface change is also taken into account, leading to additional rock uplift and
exhumation. Default thermal and flexural parameters are shown in Table 1; some of these are optimized during the inversion.
In forward mode, this set of model parameters together with a tectonic/geomorphic scenario (exhumation rates, transition
times, fault geometry, surface evolution) results in rock-particle paths and an evolving 3D crustal temperature field through
time, which are used to predict cooling ages for different thermochronometers. These predicted cooling ages are then compared

to measured ages, defining a misfit value ¢ for this set of parameters as expressed by:

2

N (ai,obs_ai,pre)
e (1)
9= N

where N is the number of data points, @; .55 and @; . are the observed and predicted ages for data point i, respectively, and
o; is the uncertainty on the age for data point i. Inversion using the Neighbourhood Algorithm is employed to search for a best-
fitting geological scenario, i.e., the set of model parameters leading to the minimum misfit value, as well as to define the
resolution with which these parameter values can be constrained (Braun et al., 2012). Modelling results are represented in
scatter plots for different parameter couples and as 1D or 2D marginal probability density functions (pdf’s) of each parameter

(Braun et al., 2012).

Geological scenarios in Pecube take into account temporal variations in exhumation rates and in paleo-topography, separately
or combined. Different transition times mark the timing of exhumation or topographic changes between any two different
phases. Here, we define a “steady-state topography scenario” as a scenario considering only spatially and temporally varying
rock exhumation rates, but sustaining the modern topography without any evolution through time. In contrast, we define an
“incision scenario” as a scenario considering a simple topographic evolution from a plateau at a prescribed elevation to the

modern topography, with possibly different phases separated by transition times. In order to explore the influence of incision
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of the Mekong River, we set up an initial plateau at 4500 m elevation, which corresponds to the average elevation of low-relief
surfaces in southeast Tibet (e.g. Markam and Daocheng surfaces), evolving toward the present-day topography characterized
by the deeply incised Mekong River valley (Fig. 2c). A combined scenario starting with a plateau but allowing additional rock
exhumation is defined as a “plateau scenario”, where transition times mark the onset timing of river incision from the initial
plateau as well as of different exhumation phases. For the Kawagebo massif, in order to model spatial variations of uplift above
a crustal-scale fault rooting at a mid-crustal depth, a 3D fault geometry is implemented following Robert et al. (2011), defining
a “tectonic scenario”. In this scenario, the topography is in steady state, and rock exhumation is due to motion along the fault.
The fault trace at the surface and the number of segments at depth are fixed parameters in this inversion. The geometry of the
fault is represented by different segments, separated by several inflection points, which are defined by their coordinates (r, s),
corresponding to the depth and distance relative to the surface trace of fault, respectively. Those coordinates and velocities are

inverted to constrain the fault geometry and exhumation history best fitting the thermochronology dataset.

Thermal parameters Value Reference Plate Flexural Value Reference
Parameters
Crustal thickness 50 km Yao et al. (2010) Crustal density 2700 kg/m? Braun et al. (2012)
Thermal diffusivity 25 km?/Ma Braun et al. (2012) Mantle density 3200 kg/m? Braun et al. (2012)
Sea level temperature 25°C Bermudez et al. (2011) Young’s modulus 1.10" Pa Braun et al. (2012)
Atmospheric lapse rate 4 °C/km Bermudez et al. (2011) Poisson ratio 0.25 Braun et al. (2012)
Crustal heat production 10 °C/Ma Braun et al. (2012) Equivalent elastic thickness 23 km Chen et al. (2014)
Model basal temperature 900 °C Wang et al. (2012)

Table 1: Thermal and flexural parameter values for Pecube modelling.

4 Results

The strong contrasts in elevation, relief, and thermochronological ages between the BaimaXueshan and Kawagebo massifs on
the two flanks of Mekong River led us to model their exhumation histories separately. We tested “steady-state”, “incision”,
and “plateau” scenarios for both massifs, to resolve the influence of Mekong River incision on their exhumation history (Table
2). For the Kawagebo massif, we additionally tested a “tectonic” scenario implementing a thrust fault with a surface trace
along the Mekong River, as recently suggested by Replumaz et al. (2020), aiming to determine its geometry and the

contribution of its activity to exhumation in the massif.

4.1 BaimaXueshan massif

The exhumation history of the BaimaXueshan massif has been modelled using the available data for three thermochronometers
(AHe, AFT, ZHe; Fig. 3a, Table S1) from Yang et al. (2016) and Liu-Zeng et al. (2018). Models were run for 110 Ma to
encompass the full history recorded by these data. We initially ran steady-state topography scenarios (Table 2). A model with
two exhumation phases, with protracted slow exhumation at a rate of 0.04 km/Myr from 110 to 7 Ma followed by rapid

10
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exhumation at a rate 0.42 km/Myr since 7 Ma, fits the entire dataset with a relatively low misfit (3.29). However, the break-
in-slope in AFT ages around 40 Ma, marked by three ages at elevations between ~4000 and ~4700 m and interpreted by Liu-
Zeng et al. (2018) as recording a rapid phase of exhumation, is not reproduced (Fig. 3a). Moreover, AHe ages >10 Ma, marking
a subtle break-in-slope around 4500 m elevation, and AFT ages <25 Ma are not well modelled either in this steady-state
topography scenario (Fig. 3a, 3b). To test the existence of a rapid exhumation phase around 40 Ma, as proposed by Liu-Zeng
et al. (2018), we modelled more complex scenarios with three or four exhumation phases and specified transition times. The
best-fitting of these models comprises a four-phase scenario (Table 2, Fig. S1), resulting in a slightly lower misfit (3.13) than
the previous two-phase scenario. However, none of the more complex models resolve a rapid exhumation phase around 40
Ma; they all result in best-fit models characterized by slow exhumation that accelerated in the last few Myr (<10 Ma), very
similar to the two-phase exhumation scenario (Table 2). We conclude that the data do not require rapid exhumation prior to

the last few Myr and we do not further consider these more complex scenarios.

Second, we ran an incision scenario, comprising a plateau at an elevation of 4500 m at the beginning of the model (110 Ma),
which linearly evolves toward the present-day topography after a transition time. The best-fitting model shows a transition
time at ~10 Ma (Table 2). For this end-member incision scenario, only the lowest-elevation AHe and ZHe ages are relatively
well predicted, while the predicted AHe ages at > ~3300 m elevation and the AFT ages do not fit the observed ages (Fig. 3a),
as expressed by a high overall misfit of 12.6. The high misfit and over-prediction of all but the lowest-elevation ages imply

that the total amount of exhumation is underestimated in this scenario.

We finally tested a plateau scenario, including both regional rock uplift and incision, fitting only the AHe and AFT ages
younger than 22 Ma to concentrate on the Neogene history, considering that the steady-state models, including the old ZHe
ages, adequately predict the early history. The best-fit model includes initial protracted slow exhumation at a rate of 0.01
km/Myr, a transition time at ~10 Ma, marking the onset time of river incision, and more rapid exhumation at a rate of 0.25
km/Myr since ~10 Ma. This model has the lowest misfit (1.16), with well resolved parameter values (Fig. 4). Note that this
lowest misfit (1.16) cannot be directly compared to the misfit of the best steady-state scenario (3.29), which models a longer
time-scale (110 Ma) with more data (AFT ages > 22 Ma and ZHe ages). However, this plateau scenario better reproduces the
AHe and AFT age-elevation trends, including the slope break around ~10 Ma in the AHe age-elevation plot (Fig. 3b).
Maximum river incision in this scenario from a plateau of 4500 m is 2.5 km for the Mekong Valley bottom (currently at 2000
m elevation); the average contribution of river incision to exhumation of the modelled samples in the valley (average elevation
3500 m) is ~1 km, accounting for ~30% of the total exhumation of ~3.5 km (~1 km topographic change and 2.5 km of rock
uplift) since 10 Ma (cf. Fig. 7).
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Figure 3: Model results for the BaimaXueshan massif. (a) Age-elevation profiles of measured (solid blue symbols; triangles, squares and
diamonds corresponding to AHe, AFT and ZHe ages respectively) and predicted (open symbols coloured according to scenario) ages for the
steady-state topography and incision scenarios. (b) Age-elevation profile of measured AHe and AFT ages (<22 Ma) and predicted ages for
the plateau scenario, and predictions of the scenarios shown in (a) for comparison. (c) 3D view of the present-day topography (at resolution

255  0f 900 m) of the BaimaXueshan massif above the Mekong River, coloured according to predicted AHe ages for the plateau scenario, the
best-fit model for BaimaXueshan transect (orange symbols in b). Note that the plateau is shown slightly higher than its real elevation for
clarity. The squares indicate the sample locations.
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Figure 4: Scatterplots of Pecube inversion misfits for the plateau scenario model of the BaimaXueshan massif. Coloured dots represent
260 individual forward-model runs plotted in 2-dimensional projections of the parameter space, with colours corresponding to misfit values,
shown on a log scale. Posterior probability density functions for parameter values are plotted along the axes. The best-fit solution is
represented by a yellow star with 20 (dark red) and 1o (light red) confidence contours. (a) Transition time (between first and second
exhumation phase) versus exhumation rate during the first phase. (b) Transition time versus exhumation rate during the second phase.
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Massifs Scenarios Parameter range Annotation Best-fit parameter  Misfit
BaimaXueshan Steady-state topography El: 0-1 km/Myr Exhumation rate of 1% phase 0.04 km/Myr 3.29
scenario (2 phases) T: 0-40 Ma Transition time 7 Ma
D, ((: initial topography E2: 0-1 km/Myr Exhumation rate of 2™ phase 0.42 km/Myr
> (@): modern topography T°: 900° Model basal temperature
B: BaimaXueshan)
Steady-state topography E1: 0-0.5 km/Myr Exhumation rate of 1% phase 0.04 km/Myr 3.13
scenario (4 phases) T1:70-40 Ma 1% Transition time 64 Ma
E2: 0-1 km/Myr Exhumation rate of 2™ phase 0.04 km/Myr
T2: 40-20 Ma 2" Transition time 25Ma
E3: 0-0.5 km/Myr Exhumation rate of 3™ phase 0.06 km/Myr
T3:20-0 Ma 3 Transition time 3 Ma
E4: 0-1 km/Myr Exhumation rate of 4™ phase 0.72 km/Myr
T°: 900° Model basal temperature
Plateau scenario Plateau: 4500 m high 1.16
E1: 0-0.5 km/Myr Exhumation rate of 1% phase 0.01 km/Myr
(@: initial plateau T: 0-20 Ma Transition time 10 Ma
(@: modern topography) E2: 0-1 km/Myr Exhumation rate of 2™ phase 0.25 km/Myr
T°: 900° Model basal temperature
Kawagebo Tectonic scenario ri: 22.5 km 0.96
K s1:-50-0 km Coordinates of fault -16.9 km
Gl@\ (@: initial topography r2: 0-22.5 km inflection points 8.4 km
@: modem topography s2: -50-0 km -15.1 km
red line: fault El: -1-0 km/Myr Fault-slip rate of 1* phase -0.69 km/Myr
K: Kawagebo) T:0-10 Ma Transition time 1.5Ma
E2: -2-0 km/Myr Fault-slip rate of 2™ phase -1.84 km/Myr
T°: 900° Model basal temperature
Tectonic+Plateau Plateau: 4500 m high 0.66
scenario ri: 22.5 km
@ s1:-16.9 km Coordinates of fault
* %) (@: initial plateau r: 8.4 km inflection points
@1 modern topography s2: -15.1 km
. red line: fault) El: -1-0 km/Myr Fault-slip rate of 1* phase -0.45 km/Myr
- T:0-10 Ma Transition time 1.6 Ma
E2: -2-0 km/Myr Fault-slip rate of 2™ phase -1.86 km/Myr
T°: 900° Model basal temperature

Table 2: Inversion parameters for the different scenarios tested for the BaimaXueshan and Kawagebo massifs. The best-fit scenario, with

the lowest misfit for each massif, is in bold. A range of exhumation rates is explored for different phases, separated by transition times.
Coordinates of the fault inflection points define the geometry of the fault plane, with r; and s; (in km) corresponding to the depth and distance

270 relative to the surface trace of fault, respectively. Note that the tectonic scenario includes a slip rate on the fault rather than a vertical
exhumation velocity, and that upward slip on a thrust is indicated by negative values (see Braun et al., 2012 for more detail).
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4.2 Kawagebo massif

Published thermochronology data from the Kawagebo massif are dispersed over more than 40 km along the Mekong River
valley (Fig. 2). To the north, several samples yield ages with large error bars, with AHe ages clustering between 2 and 5 Ma,
AFT between 5 and 30 Ma, and ZHe ages between 7 and 50 Ma (Wilson and Fowler, 2011; Liu-Zeng et al., 2018; Replumaz
etal., 2020). To the south, near the village of Yanzhi, along a west-bank tributary incising the Kawagebo massif, samples show
more coherent ages, with AHe ages between 1 and 4 Ma, AFT ages between 3 and 7 Ma, and a single ZHe age at ~8 Ma (Yang
et al. 2016; Replumaz et al., 2020). We use this dataset from the Yanzhi valley to constrain thermo-kinematic modelling of the
massif evolution since 10 Ma. The steady-state topography scenario predicts a transition at 1.2 Ma between slower exhumation
(0.54 km/Myr) and rapid exhumation (1.75 km/Myr), fitting the data reasonably well (misfit = 1.05). However, this scenario
does not reproduce the increasing AFT ages with elevation, nor the observed slope break in AHe ages in the age-elevation plot
(Fig. 5a). As the high-elevation samples were collected toward the core of the massif, farther from the Mekong River, these
characteristics of the age-elevation plot could potentially be explained by spatially varying exhumation rates due to a curved
fault at depth and/or incision of the Mekong River. To explore these possibilities, we include tectonic particle transport along

a thrust fault striking along the Mekong River and incision in the following inversions.

A tectonic scenario with a simple planar (one-segment) fault converges to a similar misfit (1.08) as the steady-state topography
scenario (1.05). The best-fit model shows a fault dipping 85° to the west and a transition time at 1.3 Ma, with a slow slip rate
of 0.58 km/Myr before and a faster rate of 1.87 km/Myr after. Due to the steep dip of this reverse fault, this tectonic scenario

is very similar to the steady-state topography scenario considering purely vertical motion (Fig. 5a).

A more complex tectonic scenario with a kinked (two-segment) thrust fits the data slightly better (misfit = 0.96) but much
better reproduces the observed age-elevation relationships (Fig. 5b). In this scenario, the best-fit fault geometry is a thrust with
a steep shallow segment (dipping at 65°) and a near-horizontal (1.5° dip) deeper segment, below 15 km (Fig. 5c). The transition
time is 1.5 Ma, with a slip rate of 0.69 km/Myr before, increasing to 1.84 km/Myr after. The velocity field predicted by this
model implies decreasing exhumation rates away from the Mekong valley, as high exhumation rates above the steep shallow
segment of the thrust give way to lower rates above the deep flat segment (Fig. 5c). The low slope in the AFT age/elevation
plot and the slope break in AHe ages are reproduced due to this spatial variation in exhumation rates. Input parameters of this
scenario are relatively well constrained, as shown by the misfit scatterplots and the posterior pdf’s of parameter values (Fig.

6).

For consistency with the modelling results of the BaimaXueshan massif across the Mekong River, we also ran a
“tectonic+plateau” scenario, adding the incision of a 4500 m high plateau to the tectonic scenario (two-segment thrust). This
“tectonic+plateau” scenario converges to the lowest misfit (0.66), with a similar transition time (1.6 Ma), but somewhat smaller
fault-slip rates (0.45 km/Myr until 1.6 Ma, 1.86 km/Myr after) than the tectonic scenario with two thrust segments (Fig. 5b).

The average contribution of river incision from a plateau of 4500 m to exhumation of the modelled samples (average elevation

15



305 2500 m) is ~2 km or ~25% of the total exhumation of ~8 km (~2 km topographic change and 6.1 km of rock uplift) since 10

310

Ma (Fig. 7), a proportion similar to that of BaimaXueshan. The similarity between scenarios with and without topographic
change suggest that river incision plays a minor role in the exhumation history of the Kawagebo massif, characterised mainly

by tectonic forcing.
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Figure 5: Modelling results for the Kawagebo massif. Age-elevation profiles of measured and predicted ages (same legend as Figure 4) for
(a) the steady-state topography scenario and the tectonic scenario with a planar (one-segment) thrust; (b) the tectonic and the tectonictplateau
scenarios, both with a kinked (two-segment) thrust. (c) 3D view of the present-day topography of the Kawagebo massif and the Mekong
River valley, coloured according to predicted AHe ages of the tectonictplateau scenario with a two-segment thrust. The geometry of the
thrust and rock-particle trajectories are shown at depth; with squares indicating the sample locations. The thrust geometry is defined by P,
P,, P3 and their coordinates in distance relative to the surface trace of thrust. This scenario corresponds to the best-fit model for the Kawagebo
massif (orange symbols in b). Note that the plateau is shown slightly higher than its real elevation for clarity. The arrows show the present-
day velocity field generated by movement along the fault, during the recent rapid exhumation phase since 1.5 Ma; the two-segment geometry

leads to spatially varying exhumation rates (shown by colours, scale on the right).
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Figure 6: Scatterplots of PECUBE inversion results for two-segment thrust scenario model of the Kawagebo massif. Coloured dots represent
single forward-model runs plotted in 2-dimensional projections of the parameter space, with colours corresponding to misfit values, shown
on a log scale. Posterior probability density functions for parameter values are plotted along the axes. The best-fit solution is represented by
a star with 2c (dark red) and lo (light red) confidence contours. (a) Depth of the base of the flat (s1) versus the horizontal location of the
base of the ramp, relative to the surface trace of the thrust (r2). (b) The horizontal distance of the base of the ramp (12) versus the depth of
the base of the ramp (s2). For explanation of these parameters, see Figure 5C. (¢) Transition time versus slip rate along the fault during the
first phase. (d) Transition time versus slip rate along the fault during the second phase.

5 Discussion: tectonic and climatic forcing on exhumation

5.1 Tectonic and climatic forcing on the evolution of the low-relief BaimaXueshan massif

For the BaimaXueshan massif, east of the Mekong River, our best-fit model, exploring the exhumation history since 110 Ma,
shows rapid regional exhumation at a rate of 0.42 km/Myr since ~7 Ma, succeeding a phase of slow regional exhumation at a
rate of 0.04 km/Myr before that. The onset of rapid exhumation occurred slightly later compared to published thermal history
models using subsets of the data, which showed well-defined rapid exhumation at a rate of 0.26 km/Myr since 10 Ma
(Replumaz et al., 2020). Our results do not support the history inferred by Liu-Zeng et al. (2018), obtained by using pseudo-
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elevation profiles (Reiners and Brandon, 2006), with rapid exhumation between 100 and 80 Ma at rate of 0.15 km/Myr,
between 60 and 40 Ma at a rate of 0.6 km/Myr, and since ~20 Ma at a rate between 0.22 and 0.65 km/Myr. Surprisingly, both
the previous 1D thermal-history modelling of Replumaz et al. (2020) and the 3D thermo-kinematic modelling reported here,
imply that none of the tectonic events occurring in southeast Tibet before 7 Ma have been recorded as exhumation phases in
the BaimaXueshan massif. Those events include extrusion of the Indochina block between ~34 and ~17 Ma (e.g. Leloup et al.,
2001), significant erosion in the source region recorded by rapid sediment filling in Eocene basins downstream of the Three
Rivers Region between 37-35 Ma (Gourbet et al., 2017), and shortening of these basins between 28 and 20 Ma (Cao et al.,
2019). These results suggest that tectonic forcing in this massif has been negligible in driving its exhumation history before 7

Ma.

Our best-fit model focusing on the Neogene history of the massif since 22 Ma, implies incision of a plateau at an initial
elevation of 4500 m since ~10 Ma, associated with regional exhumation at a rate of 0.25 km/Myr, succeeding a phase of slow
regional exhumation at a rate of 0.01 km/Myr until 10 Ma. In this model, about 1 km of river incision (at the elevation of the
samples) is added to 2.5 km of regional uplift-driven exhumation, resulting in a total exhumation of ~3.5 km since 10 Ma (Fig.
7). Using such a simplified topographic evolution scenario mimicking the incision of a plateau, we show that differential
erosion between the low-relief, mean-elevation BaimaXueshan massif and the deeply incised Mekong River valley is necessary
to reproduce the break-in-slope in the AHe age-elevation profile, between samples on the plateau and samples from the Mekong
River valley (Fig. 3c). This scenario of incision of the Mekong River since ~10 Ma is compatible with the onset of incision

estimated between 13 and 9 Ma for the Dadu and Yalong rivers gorges to the northeast (Clark et al., 2006; Ouimet et al., 2010).

Our models show that river incision alone is not sufficient to reproduce the AHe ages at higher elevations, as well as the AFT
ages from the BaimaXueshan massif (Fig. 3a), and accounts for ~30% of the total exhumation since ~10 Ma. For the highest
samples on the plateau, our results imply that ~2.5 km of overburden was removed from the plateau surface since 10 Ma,
which is an order of magnitude higher than the exhumation (~0.23 km) estimated for the low-relief Daocheng plateau to the
northeast during the same timespan (Clark et al., 2005). This higher exhumation is required by the much younger AHe and
AFT ages in the BaimaXueshan massif (<18 Ma and <56 Ma respectively; Liu-Zeng et al., 2018) compared to the Daocheng
massif (>50 Ma and >100 Ma respectively; Clark et al., 2005). Therefore, the BaimaXueshan massif cannot be considered to
represent the same relict surface as the Daocheng granite, despite the fact that both have low relief (Fig. 1). We conclude that
a relict surface sensu-stricto, i.e., remnant of a paleo-landscape that was barely affected by exhumation during India-Asia
collision (Clark et al., 2005), should show AHe ages older than 50 Ma, and that not all low-relief surfaces in southeast Tibet

can be classified as a relict surface.

The significant removal of overburden (~2.5 km) from the BaimaXueshan massif surface (currently at a mean elevation of
~4500 m and peaking at ~5400 m) since ~10 Ma implies efficient erosion processes at high elevation have generated the
currently observed low-relief landscape (Fig. 1). Glacial erosion and vigorous periglacial processes have been shown to be

efficient in smoothing high-elevation regions above the glacial equilibrium line altitude (ELA) (Brozovic et al., 1997; Egholm
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et al., 2009; 2017; Hales and Roering, 2009). Zhang et al. (2016) have proposed that these processes could be active in
southeastern Tibet and could lead to seemingly continuous low-relief high-elevation surfaces despite spatially differential and
diachronous tectonic exhumation of 2-4 km between the surfaces. The mean ELA across southeast Tibet during the last glacial
maximum (LGM, ~20 ka) was estimated to ~4.6 km, much lower than the present-day ELA at ~5.4 km (Fu et al., 2013, Fig.
7). The ELA during previous glacial phases of the Quaternary would have been comparable to that of the LGM, with the
average Quaternary ELA lying somewhere between these two values. Numerous cirques, moraines and U-shaped valleys are
observed across the BaimaXueshan massif, providing evidence for significant glacial erosion (Fig. 8). Based on this
observation as well as the maximum elevation of the massif (5400 m), which is close to the present-day ELA (5400 m), we
suggest that buzzsaw-like (peri-) glacial processes could be active in the BaimaXueshan massif, such that any tectonic uplift
bringing the elevation of the plateau above the ELA could trigger glacial processes that would erode and smooth these
highlands, as previously proposed by Zhang et al. (2016). These glacial processes since at least ~2 Ma could thus contribute,

in part, to remove the overburden of 2.5 km of materials, coupled with other erosional processes since 10 Ma.

Increasing regional rock uplift toward the eastern Himalayan Syntaxis has been inferred from relatively young
thermochronological ages (AHe/AFT ages < 15 Ma, e.g., Burg et al.; 1998; Replumaz et al., 2020; Ouimet et al., 2010) in a
region between the South Tibet Detachment System-Parlung fault and the Longmucuo-Shuanghu suture (Fig. 9), which
roughly follows the Mekong River. This zone is also characterized by relatively high regional topography, with the plateau
surface generally exceeding 5000 m (Fig. 9). In contrast, the area to the east of the Longmucuo-Shuanghu suture, including
the low-relief surfaces of Markam and Daocheng, show lower average elevations and older thermochronological ages
(AHe/AFT > 15 Ma). This zone between the South Tibet Detachment System-Parlung fault and the Longmucuo-Shuanghu
suture is thus potentially associated with regionally enhanced Late-Miocene uplift north and east of the EHS, as argued for
instance by Zeitler et al. (2014) and Schmidt et al. (2015), possibly due to the continuous northward advance of the eastern
indenter corner of the Indian plate. In this zone, a north-south component of motion is also observed from the current GPS
velocity field, which shows ongoing north-south shortening north of India (Fig. 9) associated with surface uplift (Liang et al.,
2013). The BaimaXueshan massif is located in the southeastern-most extremity of this regional uplift zone. Within the massif,
N-S oriented thrusts like the Zigaishi thrust, east of and parallel to the Mekong River, are associated with a clear topographic
crest bounding the massif to the west and could have been reactivated at a moderate rate (0.25 km/Myr) to accommodate
shortening and thickening of the Three Rivers Region since ~10 Ma (Figs. 2a and 8). Moderate uplift along those thrusts could
be due to the distance from the EHS, with a west-to-east gradient of decreasing exhumation and erosion rates across the Three

Rivers Region (Yang et al., 2016).
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Figure 7: Exhumation since ~10 Ma for the Kawagebo (red arrows) and BaimaXueshan (green arrows) massifs; with inferred Mekong river
incision (downward red/green arrows) from scenarios with a schematic plateau at 4.5 km (horizontal grey thick line). Purple dotted thick
line marks the glacial equilibrium line altitude (ELA) during the last glacial maximum (LGM; ~20 ka) (Fu et al., 2013), at which glacial
erosion is most effective. Glaciation allows the formation of low-relief surfaces at high elevation through buzzsaw-like processes in
BaimaXueshan, where rock exhumation is relatively low compared to the Kawagebo massif. Note that the geometry of the west-dipping
thrust along Mekong river is not scaled at depth.

5.2 Dominant tectonic forcing on exhumation in the Kawagebo massif

Our best-fit model for the Kawagebo massif combines incision of a 4500 m high plateau and tectonically controlled rock uplift
above a segmented thrust (Fig. 5 and 7). Two phases have been modelled in this “tectonic+plateau” scenario, with an initial
slip rate on the fault of 0.45 km/Myr from at least 10 Ma until 1.6 Ma, followed by rapid slip at a rate of 1.86 km/Myr, leading
to 6.1 km of tectonically-driven exhumation since 10 Ma (Fig. 7). The available dataset only covers a period since 10 Ma and
cannot constrain the onset timing of the initial exhumation phase. Our model outcomes corroborate earlier thermal-history
modelling of the samples from the Yanzhi valley in the Kawagebo massif using QTQt, which suggested rapid cooling from 8
Ma and a significant acceleration from 1.5 Ma to present (Replumaz et al., 2020). The average topographic lowering due to

river incision at the elevation of the samples is ~2 km, accounting for ~25% of the total exhumation of the massif (Fig. 7).
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This result implies that tectonic forcing has been dominant in exhuming the Kawagebo massif since at least 10 Ma. Potentially,
the inferred acceleration of exhumation since 1.6 Ma could be due in part to more efficient erosion related to the onset of high-
altitude glaciations and/or monsoon intensification. Efficient glacial erosion in the Kawagebo massif is attested to by deep U-
shaped valleys, like the Yanzhi valley, suggesting >1 km of glacial erosion (Fig. 8). In contrast to the BaimaXueshan massif,
glacial erosion has not led to relief reduction in the Kawagebo massif; this difference could be due to the much higher rock
uplift rate of up to ~1.7 km/Myr in Kawagebo versus 0.25 km/Myr in BaimaXueshan, consistent with worldwide comparisons

of glacial relief in mountain belts (Pedersen et al., 2010).

Combining the 3D distribution of sample ages relative to the fault trace, fault-controlled exhumation is predicted to be linked
to a steep (~65°) thrust in the upper crust, which flattens at depth and strikes roughly parallel to the Mekong River (Fig. 5c).
This fault geometry reproduces the low slope in the AFT age-elevation profile as well as the observed slope break for AHe
ages (Fig. 5b, 5c). Replumaz et al. (2020) suggested that late-Miocene uplift and exhumation of the Kawagebo massif, which
peaks at ~2300 m above the mean plateau elevation of the plateau, was accommodated by such a fault. The fault was suggested
to have activated at ~10 Ma in a large-scale restraining left-stepping overstep between the right-lateral Parlung and Zhongdian
strike-slip faults (Fig. 8), resulting in more pronounced local uplift compared to the regional uplift recorded in the
BaimaXueshan massif. Steep to subvertical stratification and fault planes are observed along the Mekong River in the sampling
area (Replumaz et al., 2020), in agreement with the modelled steeply westward dipping thrust fault. However, observed
striations are mostly sub-horizontal rather than dip-slip, suggesting that the active Mekong thrust is probably not outcropping
in the field.
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Figure 8: 3D view of the Kawagebo (K) and BaimaXueshan (B) massifs (Landsat image draped on DEM). Active faults are in red, other
major faults in black. Thermochronologic ages are shown with colour representing age and symbol representing method. MK samples are
from Yang et al. (2016), DQ from Liu-Zeng et al. (2018) (BaimaXueshan transect) and KW from Replumaz et al. (2020) (Kawagebo
transect). Also shown are the crustal geometries of faults (in red) active in the last 10 Myr. Arrows annotated B/C: positions of field photos
shown in Fig. 2.

6 Conclusion

Using 3D thermo-kinematic models constrained by a relatively dense low-temperature thermochronology dataset, we have
compared different exhumation scenarios for massifs along the middle reach of the Mekong River in the Three Rivers Region.
We are able to discriminate between tectonically controlled rock uplift and river incision for both the BaimaXueshan and
Kawagebo massifs. This method allows refining and validating the first-order conclusions on exhumation history inferred from
age-clevation relationships and assessing the relative contributions of tectonic or climatic forcing to inferred phases of rapid

exhumation.
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Figure 9 (a) Simplified geological structures of southeast Tibet, with GPS velocity field (modified from Wang et al., 2017), showing a N-S
component of motion north of India. Blue patch is the area of average elevation above 5000 m on the Tibetan plateau. The reconstructed
position of Indian continent at 10 Ma (green contour from Replumaz and Tapponnier, 2003) shows continuing convergence since that time
(green north-directed arrows). (c) Correlation between thermochronological (AHe and AFT) ages in southeast Tibet and topography above
5000 m (blue contour). White square represents our study area. More additional data are from Burg et al. (1998), Ding et al. (1995), Seward
and Burg (2008), Tu et al. (2015), Yu et al. (2011), Zhang et al. (2015) (see Fig. 1 for references of other thermochronologic ages).
Abbreviations: GF, Ganzi Fault; ITS, Indus-Tsangpo suture; JF, Jiali Fault; LMS, Longmenshan thrust system; LSS, Longmucuo-Shuanghu
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Suture; MBT, Main Boundary Thrust; MCT, Main Central Thrust; PF, Parlung Fault; RRF, Red River Fault; SF, Sagaing Fault; STDS,
South Tibet Detachment System; XJF, Xiaojiang Fault; XSHF, Xianshuihe Fault; ZF, Zhongdian Fault.

We show that different tectonic processes dominate the exhumation histories of the two flanks of the Mekong River. To the
east, the low-relief BaimaXueshan massif is not a relict surface as defined by Clark et al. (2006), as it has experienced an
amount of exhumation (~2.5 km since ~10 Ma) that is an order of magnitude higher than that determined for the emblematic
Daocheng relict surface (~0.23 km). None of the tectonic events affecting southeast Tibet before 10 Ma has been recorded as
exhumation phases in the BaimaXueshan massif, suggesting that tectonic forcing on the massif’s exhumation has been
negligible during that time. Moderate rock exhumation at a rate of 0.25 km/Myr since ~10 Ma was mainly triggered by the
northward advance of the indenting Indian plate, leading to higher regional elevation around the EHS including the
BaimaXueshan, with incision of the Mekong River contributing only ~30% of the exhumation recorded by the samples. The
contrasting exhumation history of the Kawagebo massif to the west is dominated by strong local uplift driven by a segmented
thrust dipping westward in a regional compressional overstep. Total tectonically driven exhumation since ~10 Ma at a rate of
0.45 km/my, with an acceleration to 1.86 km/My since 1.6 Ma, is estimated to be 6.1 km, with incision of the Mekong River

contributing only ~25% of the total exhumation.

Code availability

The Pecube code for thermo-kinematic modelling to invert thermochronological data was developed by Jean Braun and is

available at: https://github.com/jeanbraun/Pecube.

Data availability

The compilation of data is available in the supplementary material.

Acknowledgements

This work has been supported by the China Scholarship Council Funds. Jean Braun is warmly thanked for providing the Pecube
code and constructive comments on the modelling. We thank the reviewers Paolo Ballato and Massimiliano Zattin for

constructive comments that improved the manuscript.

Author contribution

0OX, AR and PVDB have worked together through this manuscript.

25



485

490

495

500

505

510

References

Bai, M., Chevalier, M.-L., Pan, J., Replumaz, A., Leloup, P.-H., Metois, M., Li, H.: Southeastward increase of the late
Quaternary slip-rate of the Xianshuihe fault, eastern Tibet: Geodynamic and seismic hazard implications, Earth Planet.

Sci. Lett., 485, 19-31. https://doi.org/10.1016/j.epsl.2017.12.045, 2018.

Bermudez, M. A., P. van der Beek, and M. Bernet: Asynchronous Miocene—Pliocene exhumation of the central Venezuelan

Andes, Geology, 39(2), 139-142, https://doi.org/10.1130/G31582.1, 2011.

Braun, J.: Quantifying the effect of recent relief changes on age—elevation relationships, Earth Planet. Sci. Lett., 200(3-4),
331-343, https://doi.org/10.1016/S0012-821X(02)00638-6, 2002.
Braun J, van der Beek P, Valla P, Robert X, Herman F, Glotzbach C, Pedersen V, Perry C, Simon-Labric T, Prigent C.:

Quantifying rates of landscape evolution and tectonic processes by thermochronology and numerical modeling of crustal

heat transport using PECUBE, Tectonophysics, 524-525: 1-28, https://doi.org/10.1016/j.tecto.2011.12.035, 2012.

Brozovic, N., Burbank, D.W., Meigs, A.J.: Climatic limits on landscape development in the northwestern Himalaya, Science

276, 571-574, https://doi.org/10.1126/science.276.5312.571, 1997.

Burg, J.-P., Nievergelt, P., Oberli, F., Seward, D., Davy, P., Maurin, J.-C.: The Namche Barwa syntaxis: evidence for
exhumation related to compressional crustal folding, J. Asian Earth Sci., 16(2-3), 239-252, https://doi.org/10.1016/S0743-
9547(98)00002-6, 1998.

Cao, K., Wang, G., Leloup, P. H., Mahéo, G., Xu, Y., van der Beek, P. A., et al.: Oligocene-Early Miocene topographic relief
generation of southeastern Tibet triggered by thrusting, Tectonics, 38, 374—391. https://doi.org/10.1029/2017TC004832,
2019.

Cao, K., Leloup, P. H., Wang, G., Liu, W., Mahéo, G., Shen, T., Xu, Y., Sorrel, P., Zhang, K.: Thrusting, exhumation, and

basin fill on the western margin of the South China block during the India-Asia collision, GSA
Bulletin, doi: https://doi.org/10.1130/B35349.1, 2020.

Clark, M. K., House, M. A., Royden, L. H., Whipple, K. X., Burchfiel, B. C., Zhang, X. and Tang, W.: Late Cenozoic uplift
of southeastern Tibet, Geology, 33(6), 525-528, doi:10.1130/G21265.1, 2005.

Chen, B., Liu, J., Kaban, M.K., Sun, Y., Chen, C., and Du, J.: Elastic thickness, mechanical anisotropy and deformation of the
southeastern Tibetan Plateau, Tectonophysics, 637, 45-56, https://doi.org/10.1016/j.tecto.2014.09.007, 2014.

Clark, M. K., Royden, L. H., Whipple, K. X., Burchfiel, B. C., Zhang, X. and Tang, W.: Use of a regional, relict landscape to

measure vertical deformation of the eastern Tibetan Plateau, J. Geophys. Res.,
111(F03002), https://doi.org/10.1029/2005JF000294, 2006.

Dai, J., Wang, C., Hourigan, J. and Santosh, M.: Insights into the early Tibetan Plateau from (U-Th)/He thermochronology, J.
Geol. Soc. Lond., 170, 917-927, https://doi.org/10.1144/1gs2012-076, 2013.

Ding, L., and Wang Q.-L.: Fission track evidence for the Neocene rapid up lifting of the eastern Himalayan syntaxis, Chinese

Science Bulletin, 40(16): 1497—1500, 1995.

26



515

520

525

530

535

540

545

Egholm, D. L., Nielsen, S. B., Pedersen, V. K. and Lesemann, J. E.: Glacial effects limiting mountain height, Nature,
460(7257), 884—887, https://doi.org/10.1038/nature08263, 2009.
Egholm, D. L., Jansen, J. D., Bradstrup, C. F., Pedersen, V. K., Andersen, J. L., Ugelvig, S. V., Larsen, N. K. and Knudsen,

M. F.: Formation of plateau landscapes on glaciated continental margins, Nature Geosci.,, 10(8), 592-597,
https://doi.org/10.1038/nge02980, 2017.

England, P. and Molnar, P.: Surface uplift, uplift of rocks, and exhumation of rocks, Geology, 18(12), 1173-1177,
https://doi.org/10.1130/0091-7613(1990)018<1173:SUUORA>2.3.CO:2, 1990.

Fyhn, M. B. W. and Phach, P. V.: Late Neogene structural inversion around the northern Gulf of Tonkin, Vietnam: Effects

from right-lateral  displacement across the Red River fault zone, Tectonics, 34, 290-31,
https://doi.org/10.1002/2014TC003674, 2015

Fielding, E., Isacks, B., Barazangi, M., Duncan, C.: How flat is Tibet?, Geology, 22(2), 163—167, https://doi.org/10.1130/0091-
7613(1994)022<0163:HFIT>2.3.CO;2, 1994.

Fu, P., Harbor, J.M., Stroeven, A.P., Héttestrand, C., Heyman, J., Zhou, L.: Glacial geomorphology and paleoglaciation
patterns in Shaluli Shan, the southeastern Tibetan Plateau - evidence for polythermal ice cap glaciation, Geomorphology

182, 6678, https://doi.org/10.1016/j.geomorph.2012.10.030, 2013

Gallagher, K.: Transdimensional inverse thermal history modeling for quantitative thermochronology, J. Geophys. Res., 117,
B02408, https://doi.org/10.1029/2011JB008825, 2012

Gan, W., Zhang, P., Shen, Z.-K., Niu, Z., Wang, M., Wan, Y., Zhou, D., and Cheng, J.: Present-day crustal motion within the
Tibetan Plateau inferred from GPS measurements, J. Geophys. Res., 112, B08416, https://doi.org/10.1029/2005JB004120,
2007.

Godard, V., Pik, R., Lavé¢, J., Cattin, R., Tibari, B., De Sigoyer, J., Pubellier, M., Zhu, J.: Late Cenozoic evolution of the central

Longmen Shan, eastern Tibet: insight from (U-Th)/He thermochronometry, Tectonics,
28, https://doi.org/10.1029/2008 TC002407, 2009.
Gourbet, L., Mahéo, G., Leloup, P.H., Jean-Louis, P., Sorrel, P., Eymard, 1., Antoine, P-O., Sterb, M., Wang, G., Cao, K.,

Chevalier, M., Lu, H.: Reappraisal of the Jianchuan Cenozoic basin stratigraphy and its implications on the SE Tibetan
Plateau evolution, Tectonophysics, https://doi.org/10.1016/j.tecto.2017.02.007, 2017.
Gourbet, L., Yang, R., Fellin, M. G., Paquette, J.-L., Willett, S. D., Gong, J., Maden, C.: Evolution of the Yangtze River

network, southeastern Tibet: Insights from thermochronology and sedimentology, Lithosphere, 12 (1): 3-18, doi:
https://doi.org/10.1130/L.1104.1, 2019.

Hallet, B. and Molnar, P.: Distorted drainage basins as markers of crustal strain east of the Himalaya, J. Geophys. Res.,
106(B7), 13697-13709, https://doi.org/10.1029/2000JB900335, 2001.

Hoke, G. D., Liu-Zeng, J., Hren, M. T., Wissink, G. K. and Garzione, C. N.: Stable isotopes reveal high southeast Tibetan
Plateau margin since the Paleogene, Earth Planet. Sci. Lett., 394(C), 270-278, https://doi.org/10.1016/j.epsl.2014.03.007,
2014.

27



550

555

560

565

570

575

580

Lacassin, R., Replumaz, A. and Leloup, P. H.: Hairpin river loops and slip-sense inversion on southeast Asian strike-slip faults,

Geology, 26, 703, https://doi.org/10.1130/0091-7613(1998)026<0703:hrlass>2.3.co0;2, 1998.

Lai, Q. Z., L. Ding, H. W. Wang, Y. H. Yue, and F. L. Cai: Constraining the stepwise migration of the eastern Tibetan Plateau
margin by apatite fission track thermochronology, Sci. China Ser. D Earth Sci, 50(2), 172-183,
https://doi.org/10.1007/s11430-007-2048-7, 2007.

Leloup, P.H., Lacassin, R., Tapponnier, P., Schaerer, U., Zhong, D., Liu, X., Zhang, L., Ji, S., Trinh, P.T.: The Ailao Shan-

Red River shear zone (Yunnan, China), Tertiary transform boundary of Indochina, Tectonophysics, 251, 3-84,
https://doi.org/10.1016/0040-1951(95)00070-4, 1995.

Leloup, P. H., Arnaud, N., Lacassin, R., Kienast, J. R., Harrison, T. M., Trong, T. T. P., et al.: New constraints on the structure,
thermochronology, and timing of the Ailao Shan-Red River shear zone, SE Asia, J. Geophys. Res., 106(B4), 6683-6732,
https://doi.org/10.1029/20001B900322, 2001.

Lei, Y. L., Ji, J. Q., Gong, D. H., et al.: Thermal and denudational history of granitoid batholith recorded by apatite fission

track in the Dulong River region in northwestern Yunnan, since the late Miocene (in Chinese), Acta Petrol Sin, 22: 938—
948, 2006.

Liang, S., Gan, W., Shen, C., Xiao, G., Liu, J., Chen, W., Ding, X., and Zhou, D.: Three-dimensional velocity field of present-
day crustal motion of the Tibetan Plateau derived from GPS measurements,J. Geophys. Res. Solid

Earth, 118, 5722—- 5732, http://doi:.org/10.1002/2013JB010503, 2013.

Li, S., Currie, B. S., Rowley, D. B. and Ingalls, M.: Cenozoic paleoaltimetry of the SE margin of the Tibetan Plateau:
Constraints on the tectonic evolution of the region, FEarth Planet. Sci. Lett., 432, 415-424,
https://doi.org/10.1016/].epsl.2015.09.044, 2015.

Liu-Zeng, J., Tapponnier, P., Gaudemer, Y. and Ding, L.: Quantifying landscape differences across the Tibetan plateau:
Implications for topographic relief evolution, J. Geophys. Res., 113(F4), F04018, https://doi.org/10.1029/2007JF000897,
2008.

Liu-Zeng, J., Zhang, J., McPhillips, D., Reiners, P., Wang, W., Pik, R., Zeng, L., Hoke, G., Xie, K., Xiao, P., Zheng, D. and

Ge, Y.: Multiple episodes of fast exhumation since Cretaceous in southeast Tibet, revealed by low-temperature

thermochronology, Earth Planet. Sci. Lett., 490, 62—76, https://doi.org/10.1016/j.epsl.2018.03.011, 2018.

Meyer, B., Tapponnier, P., Bourjot, L., Metivier, F., Gaudemer, Y., Peltzer, G., Shunmin, G. et Zhitai, C.: Crustal thickening
in gansu-qinghai, lithospheric mantlesubduction, and oblique, strike-slip controlled growth of the Tibet plateau,
Geophysical Journal International, 135(1), pp. 1-47, https://doi.org/10.1046/j.1365-246X.1998.00567.x, 1998.

Nie, J., Ruetenik, G., Gallagher, K., Hoke, G., Garzione, C. N., Wang, W., Stockli, D., Hu, X., Wang, Z., Wang, Y., Stevens,

T., Danisik, M. and Liu, S.: Rapid incision of the Mekong River in the middle Miocene linked to monsoonal precipitation,

Nature Geosci., 11(12), 944948, https://doi.org/10.1038/s41561-018-0244-z, 2018.

Ouimet, W., Whipple, K., Royden, L., Reiners, P., Hodges, K., Pringle, M.: Regional incision of the eastern margin of the
Tibetan Plateau, Lithosphere, 2, 50-63, https://doi.org/10.1130/L57.1, 2010.

28



585

590

595

600

605

610

Pedersen, V. K., Egholm, D. L. and Nielsen, S. B.: Alpine glacial topography and the rate of rock column uplift: a global
perspective, Geomorphology, 122(1-2), 129-139, https://doi.org/10.1016/j.geomorph.2010.06.005, 2010.

Reid, A.J., A. P. Fowler, D. Phillips, and C. J. L. Wilson: Thermochronology of the Yidun Arc, central eastern Tibetan Plateau:
Constraints from (40)Ar/(39)Ar K-feldspar and apatite fission track data, J. Asian Earth Sci., 25(6), 915-935,
https://doi.org/10.1016/j.jseaes.2004.09.002, 2005.

Reiners, P. W.: Thermochronologic Approaches to Paleotopography, Rev. Mineral. Geochem., 66(1), 243-267,
https://doi.org/10.2138/rmg.2007.66.10, 2007.

Reiners, P. W., and Brandon, M. T.: Using thermochronology to understand orogenic erosion, Annual Review of Earth and

Planetary Sciences, 34(1), 419—466. https://doi.org/10.1146/annurev.earth.34.031405.125202, 2006.

Replumaz, A., Lacassin, R., Tapponnier, P., & Leloup, P. H.: Large river offsets and Plio-Quaternary dextral slip rate on the
Red River fault (Yunnan, China), J. Geophys. Res., 106(B1), 819-836. https://doi.org/10.1029/2000JB900135, 2001.

Replumaz, A., and Tapponnier, P.: Reconstruction of the deformed collision zone Between India and Asia by backward motion

of lithospheric blocks, J. Geophys. Res., 108, 2285, B6, https://doi.org/10.1029/2001JB000661, 2003.

Replumaz, A., San José, M., Margirier, A., van der Beek, P., Gautheron, C., Leloup, P. H., et al.: Tectonic control on rapid
late Miocene-Quaternary incision of the Mekong River knickzone, Southeast Tibetan Plateau, Tectonics, 39,
€2019TCO005782, https://doi.org/10.1029/2019TC005782, 2020.

Robert, X., van der Beek, P., Braun, J., Perry, C. and Mugnier, J.-L.: Control of detachment geometry on lateral variations in

exhumation rates in the Himalaya: Insights from low-temperature thermochronology and numerical modeling, J. Geophys.

Res., 116(B5), B05202, https://doi.org/10.1029/2010JB007893, 2011.

Schmidt J L, Zeitler P K, Pazzaglia F J, et al.: Knickpoint evolution on the Yarlung river: Evidence for late Cenozoic uplift of
the southeastern Tibetan plateau margin, Earth Planet. Sci. Lett., 430: 448—457,
https://doi.org/10.1016/j.epsl.2015.08.041, 2015.

Seward, D., and Burg, J.P.: Growth of the Namche Barwa syntaxis and associated evolution of the Tsangpo Gorge: constraints
from structural and thermochronological data, Tectonophysics, 451, 282-289, https://doi.org/10.1016/j.tecto.2007.11.057,
2008.

Shen, X., Tian, Y., Li, D., Qin, S., Vermeesch, P., Schwanethal, J.: Oligocene—Early Miocene river incision near the first bend
of the Yangze River: insights from apatite (U-Th—Sm)/He thermochronology, Tectonophysics, 687, 223-231,
https://doi.org/10.1016/j.tecto.2016.08.006, 2016.

Tan, X., Lee, Y., Chen, W., Cook, K. and Xu, X.: Exhumation history and faulting activity of the southern segment of the
Longmen Shan, eastern Tibet, J. Asian Earth Sci., 81, 91-104, https://doi.org/10.1016/j.jseaes.2013.12.002, 2014.

Tian, Y., Kohn, B.P., Gleadow, A.J., Hu, S.: A thermochronological perspective on the morphotectonic evolution of the
southeastern Tibetan Plateau, J. Geophys. Res., Solid Earth, 119 (1), 676—698, https://doi.org/10.1002/2013JB010429,
2014.

29



615

620

625

660

665

670

675

Tu, 1Y, Ji, J.Q., Sun, D.X., Gong, J.F., Zhong, D.L., Han, B.F.: Thermal structure, rock exhumation, and glacial erosion of
the Namche Barwa Peak, constraints from thermochronological data, J. Asian Earth Sci., 105, 223-233,
https://doi.org/10.1016/j.jseaes.2015.03.035, 2015.

Valla, P. G., Herman, F., van der Beek, P. A. and Braun, J.: Inversion of thermochronological age-elevation profiles to extract
independent estimates of denudation and relief history - I: Theory and conceptual model, Earth Planet. Sci. Lett., 295(3-
4), 511-522, https://doi.org/10.1016/j.epsl.2010.04.033, 2010.

Valla, P. G., van der Beek, P. A. and Braun, J.: Rethinking low-temperature thermochronology data sampling strategies for
quantification of denudation and relief histories: A case study in the French western Alps, Earth Planet. Sci. Lett., 307(3-
4), 309-322, https://doi.org/10.1016/j.epsl.2011.05.003, 2011.

Wang, E., Kirby, E., Furlong, K.P., Van Soest, M., Xu, G., Shi, X., Kamp, P.J., Hodges, K.: Two-phase growth of high
topography in eastern Tibet during the Cenozoic, Nature Geosci., 5, 640-645, https://doi.org/10.1038/ngeo1538, 2012.

Wang, W., Qiao, X., Yang, S., Wang, D.: Present-day velocity field and block kinematics of Tibetan Plateau from GPS
measurements, Geophysical Journal International, 208, 1088—1102. https://doi.org/10.1093/gji/ggw445, 2017.

Wang, Y.: A preliminary study on the lithospheric thermal structure and rheology of the Tibetan plateau, Earthg. Sci., 25, 399—
408, https://doi.org/10.1007/s11589-012-0865-z, 2012.
Wang, Y., B. Zhang, L. M. Schoenbohm, J. Zhang, R. Zhou, J. Hou, and S. Ai.: Late Cenozoic tectonic evolution of the Ailao

Shan-Red River fault (SE Tibet): Implications for kinematic change during plateau growth, Tectonics, 35, 1969-1988,
https://doi.org/10.1002/2016TC004229, 2016.

Wang, Y., Zhang, P., Schoenbohm, L. M., Zheng, W., Zhang, B., Zhang, J., et al.: Two-phase exhumation along major shear
zones in the SE Tibetan Plateau in the late Cenozoic, Tectonics, 37, 2675-2694, https://doi.org/10.1029/2018TC004979,
2018.

Whipple, K. X., DiBiase, R. A., Ouimet, W. B. and Forte, A. M.: Preservation or piracy: Diagnosing low-relief, high-elevation
surface formation mechanisms, Geology, 45(1), 91-94, https://doi.org/10.1130/G38490.1, 2016.

Wilson, C. J. L., and Fowler, A. P.: Denudational response to surface uplift in east Tibet: Evidence from apatite fission-track
thermochronology, Geological Society of America Bulletin, 123, 19661987, https://doi.org/10.1130/B30331.1, 2011.
Wu, J., Zhang, K., Xu, Y., Wang, G., Garzione, C. N., Eiler, J., Leloup, P.-H., Sorrel, P. and Mahéo, G.: Paleoelevations in

the Jianchuan Basin of the southeastern Tibetan Plateau based on stable isotope and pollen grain analyses, Palacogeogr.,

Palaeoclim., Palaeoecol., 510, 93—108, https://doi.org/10.1016/j.palaco0.2018.03.030, 2018.

Xiao P., Liu J., Wang W., et al.: The evolution of fluvial geomorphology of Mangkang area (southeastern Tibetan plateau)
recorded by apatite U-Th/He thermochronology, Quaternary Sciences, 35(2): 433-444 (in Chinese), 2015.
Xu, G., and P. Kamp: Tectonics and denudation adjacent to the Xianshuihe Fault, eastern Tibetan Plateau: Constraints from

fission track thermochronology, J. Geophys. Res., 105, 19,231-19,251, https://doi.org/10.1029/2000JB900159, 2000.

Yang, R., Willett, S. D. and Goren, L.: In situ low-relief landscape formation as a result of river network disruption, Nature,

520(7548), 526529, doi: 10.1038/nature 14354, 2015.

30



680

685

690

695

Yang, R., Fellin, M. G., Herman, F., Willett, S. D., Wang, W., & Maden, C.: Spatial and temporal pattern of erosion in the
Three Rivers Region, southeastern Tibet, Earth Planet. Sci. Lett., 433, 10-20, https://doi.org/10.1016/j.epsl.2015.10.032,
2016.

Yao, H., van der Hilst, R. D., and Montagner, J.-P.: Heterogeneity and anisotropy of the lithosphere of SE Tibet from surface
wave array tomography, J. Geophys. Res., 115, B12307, https://doi.org/10.1029/2009JB007142, 2010.

Yu, X. J.,, Ji, J. Q., Gong, J. F., et al.: Evidences of rapid erosion driven by climate in the Yarlung Zangbo (Tsangpo) Great
Canyon, the eastern Himalayan syntaxis, Chinese Science Bulletin, 56(11): 1123-1130, 2011.

Zeitler, P.K., Meltzer, A.S., Brown, L., Kidd, W.S.F., Lim, C., and Enkelmann, E.: Tectonics and topographic evolution of
Namche Barwa and the easternmost Lhasa block, Tibet, in: Toward an Improved Understanding of Uplift Mechanisms
and the Elevation History of the Tibetan Plateau, edited by: Nie, J., Horton, B. K., Hoke, G. D., McLean, USA, Geological
Society of America Special Papers, 507, 23—58, https://doi.org/10.1130/2014.2507(02), 2014.

Zhang, H., Oskin, M. E., Liu-Zeng, J., Zhang, P., Reiners, P. W. and Xiao, P.: Pulsed exhumation of interior eastern Tibet:

Implications for relief generation mechanisms and the origin of high-elevation planation surfaces, Earth Planet. Sci. Lett.,
449(C), 176185, https://doi.org/10.1016/j.epsl.2016.05.048, 2016.
Zhang, Y.-Z., Replumaz, A., Wang, G.-C., Leloup, P.H., Gautheron, C., Bernet, M., van der Beek, P., Paquette, J.L., Wang,

A., Zhang, K.-X., Chevalier, M.-L., Li, H.-B.: Timing and rate of exhumation along the Litang fault system, implication
for fault reorganization in Southeast Tibet, Tectonics 34, 2014TC003671, https://doi.org/10.1002/2014TC003671, 2015.
Zhang, Y.-Z., Replumaz, A., Leloup, P.-H., Wang, G.-C., Bernet, M., van der Beek, P., et al.: Cooling history of the Gongga

batholith: Implications for the Xianshuihe Fault and Miocene kinematics of SE Tibet, Earth Planet. Sci. Lett., 465, 1-15.
https://doi.org/10.1016/j.epsl.2017.02.025, 2017.

31



