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Key Points:

o 1°Be-derived catchment-wide denudation rates are positively correlated with

topographic indices in the southern Longmen Shan.

e Erosion rates are consistent over short- and long-term timescales across the

Longmen Shan, suggesting an exhumational steady state.

e Rock uplift pattern and topographic evolution across the Longmen Shan have been

largely controlled by upper crustal shortening and fault geometry.
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Abstract

The Longmen Shan range, located on the eastern margin of the Tibetan Plateau, is
characterized by steep topography and a shortening rate of < 3mm/yr. This peculiar
configuration is a source of controversy and questions about the topographic evolution
and dynamics of this orogenic plateau margin. Investigating the variations in surface
denudation over different spatial and temporal scales is important for a better
understanding of topographic evolution, but there is still a lack of erosion-rate data
averaged over millennial timescales along the frontal range of the Longmen Shan,
especially in its southern part. We present 25 new catchment-wide denudation rates
derived from 1°Be concentrations in river sediments across the southern Longmen Shan.
Our results show that average denudation rates increase from < 0.15 mm/yr near Ya’an,
located in the Sichuan Basin, northwestward to > 0.50 mm/yr inside the southern
Longmen Shan. The denudation rates correlate with slope gradient, relief, channel
steepness, and specific stream power, but exhibit a fair degree of scattering at high
values. In combination with previous °Be and low-temperature thermochronology
analyses, we found the denudation rates over kyr- to Myr-timescales to be roughly
consistent across the southern Longmen Shan, suggesting this part of the range is close
to an exhumational steady state. In terms of spatial distribution, high rates of
exhumation and denudation are localized in the hanging walls of major thrust faults,
highlighting the role of tectonic structures in regulating the pattern of denudation and
topography across the Longmen Shan. Our results favor the “brittle crustal shortening”
model in which rock uplift pattern across the Longmen Shan is largely controlled by
upper crustal shortening. Along-strike variations in the distribution of denudation rates
and topography can probably be attributed to segmentation of subsurface fault

structures.

1. Introduction

The Earth’s topography results from the competition between internal processes

driven essentially by tectonic fluxes and external forcing primarily affected by climate



(Molnar & England, 1990). Acting as a bridge linking these two forcings, surface
processes provide a source of multiple feedback mechanisms (Champagnac et al. 2012).
Analyzing the amplitude and distribution of surface erosion can provide important
insights to understand tectonic processes and/or climatic variation. Moreover, surface
erosion might play a critical role in defining the stress distribution and regional
deformation by controlling topographic variations (Avouac & Burov, 1996; Willett,
1999). Thus, in active mountain ranges, quantifying surface erosion is fundamental for
understanding not only the uplift history and topographic evolution, but also
geodynamic processes at depth.

Over recent decades, isotopic techniques have provided new approaches for the
quantification of surface erosion processes, especially the widespread use of low-
temperature thermochronology (e.g., Reiners & Brandon, 2006; Willett & Brandon,
2013) and in situ produced cosmogenic nuclides (e.g., Lal, 1991; Stone, 2000). Low-
temperature thermochronology allows us to quantify the exhumation rate of rocks
averaged over 10%-year timescale, based on the temperature-dependent diffusion or
annealing in minerals (Reiners & Brandon, 2006). Measurement of in situ produced
cosmogenic nuclides in exposed rocks and fluvial sediment can provide local and
catchment-wide denudation rates on a shorter time scale of 102 - 10° years (Bierman &
Steig, 1996; Brown et al., 1995; Granger et al., 1996). When combined, these two
methods can provide powerful spatiotemporal information on erosion rates (Kirchner
etal., 2001).

The Longmen Shan range, located on the eastern margin of the Tibetan Plateau, is
characterized by steep topography, with the average elevation rising from ~600 m in
the Sichuan Basin to ~4000 m within the Tibetan Plateau over a horizontal distance of
just ~70 km (Figure 1). The sharp topographic front is mirrored by an abrupt change in
crustal thickness, which increases from 40-45 km in the Sichuan Basin to ~60 km within
the plateau (Robert et al., 2010). In contrast, no significant shortening across the entire
Longmen Shan has been documented by geodesy (King etal., 1997; Royden et al., 1997,
Zhang et al., 2004). This peculiar configuration has fueled controversies over how the

topographic relief of the Longmen Shan was created and sustained. Several competing



mechanisms have been proposed to explain the uplift of the Longmen Shan, in which
brittle crustal shortening (e.g., Tapponnier et al., 2001) and middle-lower crust “channel
flow” (e.g., Clark & Royden, 2000) are considered two end-member models.
Quantifying surface erosion at different spatial and temporal scales, along with the
deformation history of the crust, should help to clarify how the topography of the
Longmen Shan was constructed and maintained. In the past few decades, hundreds of
denudation and exhumation data, from million-year to decade-year timescale, were
acquired from the Longmen Shan, and have contributed to advancing our understanding
of the Cenozoic uplift history and surface erosion along the Longmen Shan. However,
these data are highly heterogeneous in both spatial and temporal distributions. Most of
them focus on long-term (Myr-scale) exhumation measured by low-temperature
thermochronology (Ansberque et al., 2018; Arne et al., 1997; Cook et al., 2013; Godard
et al., 2009; Kirby et al., 2002; Richardson et al., 2008; Shen et al., 2019; Tan et al.,
2014; 2017; 2019; Tian et al., 2013; 2015; Wang et al., 2012; Wilson & Fowler, 2011;
Xu & Kamp, 2000), while short-term denudation-rate estimates are comparatively less
well documented, and most distributed along the Minjiang and Dadu river basins
(Ansberque et al., 2015; Godard et al., 2010; Liu-Zeng etal., 2011; Ouimet et al., 2009).
Except for a few results scattered throughout the Pengguan Massif (Godard et al., 2010),
there is a lack of short-term denudation-rate data along the frontal range of the Longmen
Shan, especially in its southern part. This uneven data distribution is an important
limitation for our understanding of the variability of erosion processes in space and time
across the Longmen Shan. Meanwhile, the Longmen Shan is characterized by strong
lateral variations in topographic relief (e.g., Zhang et al., 2011), structural geometries
(e.g., Jin et al., 2010), as well as seismicity (e.g., Yi et al., 2011). These differences
directly reflect the heterogeneities of crustal thickening and topographic evolution
along the Longmen Shan. Thus, it is necessary to constrain surface erosion in the
different segments of the Longmen Shan, to explore its relevance to regional
deformation, and to determine how erosion has influenced topographic variations along

the range.



Our study aims to fill this important knowledge gap with 25 new basin-averaged
denudation results calculated from concentrations of in situ produced °Be in modern
detrital river sediments from the southern Longmen Shan. Based on our new and
previously published data, we aim to (1) document the magnitude and distribution of
millennial-scale denudation rates across the southern Longmen Shan; (2) integrate the
spatial variations in millennial-scale denudation rates with exhumation rates from low-
temperature thermochronology in the southern Longmen Shan as well as the central
segment; and (3) explore the tectonic and geodynamic mechanisms associated with the

evolution of the Longmen Shan.

2. Geological background

The bedrock geology of the Longmen Shan consists mainly of late Proterozoic
crystalline basement (metavolcanic rocks and metasediments of the Yangtze craton)
overlain by a Paleozoic passive margin sequence of metamorphosed sedimentary rocks
and a thick Mesozoic foreland basin succession composed of marine and clastic
sediments, accompanied by granitic intrusions with different crystallization ages. To
the west, the Paleozoic substrate is overlain by the thick Triassic Songpan Garze flysch
sequence (Figure 1; Burchfiel et al., 1995; Chengdu Institute of Geology and Mineral
Resources, 2004).

The Longmen Shan has experienced a long history of deformation since the
Mesozoic. In late Triassic to Jurassic time, the collision between the South China, North
China, and Qiangtang blocks resulted in intense deformation of the Songpan Garze
flysch, the emplacement of magmatic rocks, the development of a series of fold-and-
thrust belts along the western side of the Sichuan Basin, and the deposition of a suite of
late Triassic to Cretaceous-Eocene sediments in the Sichuan Basin (Figure 1; Burchfiel
et al., 1995; Chengdu Institute of Geology and Mineral Resources, 2004). Cenozoic
outward growth of the Tibetan Plateau (e.g., Tapponnier et al., 2001), following the
Indian-Eurasian continental collision, reactivated the preexisting Mesozoic fold-and-

thrust belt along the Longmen Shan (e.g., Yan et al., 2003). According to variations in



the structural framework and tectonic evolution, the Longmen Shan can be divided into
three segments (e.g., Jin et al., 2010). In the northern and central sections, the sub-
parallel NE-striking Wenchuan, Beichuan, and Pengguan faults, from northwest to
southeast, have well-documented Cenozoic activity (Figure 1; Chengdu Institute of
Geology and Mineral Resources, 2004). In the southern section, the active structures
are more complex and less clearly identified in the recent structural mapping. These
structures include the Genda, Yanjin, and Dachuan faults, from northwest to southeast
(Figure 1; Xu et al., 2016). Additionally, a series of Range Front Blind Thrust (RFBT)
faults were developed in the western Sichuan Basin parallel to the mountain range (Li
etal., 2017; Wang et al., 2014). The faults along the northern Longmen Shan have often
been considered less active during the late Cenozoic (e.g., Burchfiel et al., 1995), and
thus we focus our study on the central and southern Longmen Shan. Low-temperature
thermochronology data in the central Longmen Shan records at least two stages of rapid
exhumation from 25 to 30 Ma and since ~10 Ma (Wang et al., 2012). In the southern
section, Cook et al. (2013) and Tian et al. (2013) proposed a phase of rapid exhumation
since 10-17 Ma, and Tan et al. (2014) suggested a two-stage rapid exhumation with
onsets at ~30 Ma and 3-5 Ma.

The Cenozoic deformation in the Longmen Shan is overprinted on the Mesozoic
phase, and the two are difficult to separate (Figure 1). Previous studies suggested that
the deformation of the upper crust in the Longmen Shan occurred mainly in the
Mesozoic, and only a limited shortening of ~10 km took place during the Cenozoic (e.g.,
Arne et al., 1997; Burchfiel et al., 1995; 2008). In contrast, Hubbard et al. (2010)
estimated Cenozoic shortening on the order of 45 km in the foothills based on analyses
of balanced geological cross-sections. Low-temperature thermochronological results
suggest that exhumation across the Longmen Shan is controlled by the major structures
observed at the surface. In the central Longmen Shan, the averaged long-term
exhumation rates in the hanging wall of Beichuan and Wenchuan faults are much higher
than that in their footwall, respectively, which indicates thrusting activity during the
late Cenozoic (Tan et al., 2017; 2019; Tian et al., 2013). In the southern section, low-

temperature thermochronology studies also suggest structural controls on exhumation.



For instance, an abrupt increase in exhumation rate (from 300 to 1700 m/m.y.) across
the Dachuan thrust fault underlines its activity during the late Cenozoic (Cook et al.,
2013; Tan et al., 2014; Tian et al., 2013).

The thrusting activity of the Longmen Shan fault system during the Quaternary
remains poorly constrained. Seismological studies show that the Beichuan and
Pengguan faults are likely the most active in the central Longmen Shan, with an average
throw rate of 0.1 to 1.0 mm/y and 0.1 to 0.6 mml/y, respectively, during the late
Quaternary (Densmore et al., 2007; Zhou et al., 2007). This activity was confirmed by
the occurrence of the My 7.9 Wenchuan earthquake in 2008, which produced surface
ruptures along these two faults (e.g., Liu-Zeng et al., 2009; Xu et al., 2009). In
comparison, recent fault activity along the southern Longmen Shan is more ambiguous.
The 2013 My, 6.6 Lushan Earthquake ruptured a portion of the RFBT, but no surface
rupture was observed (e.g., Xu et al., 2013). A few paleoseismic studies suggest that
the Dachuan fault might have been active during the late Quaternary (e.g., Wang et al.,
2015). However, fault slip rates in that part of the Longmen Shan are still poorly

constrained.

3. Methods

3.1 Sample collection, preparation, and analysis

We collected 25 river sediment samples from active fluvial sandbars along rivers
that drain the Southern Longmen Shan in April 2013, May 2017, and May 2018
(Figures 2, S1). The drainage upstream of sampling sites ranges from 18 km? to 2770
km2. The bedrock geology of the catchments is diverse, including granite,
volcanoclastic rock, gneiss, schist, phyllite, sandstone, and limestone (Figure S2). In
the lab, the 0.25-1.00 mm size fraction was separated and purified until obtaining pure
quartz through standard magnetic and chemical techniques. The samples were then
dissolved in concentrated HF after addition of a °Be carrier, following the procedures
described by Brown et al. (1991). °Be analyses were performed at the French AMS

national facility ASTER (Arnold et al., 2010). The isotopic ratios were calibrated



against the National Institute of Standards and Technology standard reference material
4325, using the values determined by Nishiizumi et al. (2007), with a specified °Be/°Be
ratio of 2.79 0.03 <10 and a 1°Be half-life of 1.36 +0.07 <10° years. The analytical
uncertainties (reported as 16) include a 1.08% uncertainty on the certified standard ratio,
a 1o uncertainty associated with the chemical blank measurement, a 1c statistical error
on AMS counting, and a conservative 0.5% external machine uncertainty (Arnold et al.,

2010).

3.2 Computation of denudation rates from measured °Be concentrations

At steady-state, the surface nuclide concentration of an eroding bedrock or soil
approaches a secular equilibrium, and is inversely proportional to the denudation rate.
If fluvial sediment can be regarded as resulting from a homogeneous mixing of grains
from the upstream area, its nuclide concentration can be used to quantify the basin-wide
average denudation rate (Bierman & Steig, 1996; Brown et al., 1995; Granger et al.,
1996):

ENEA _Z(RA/p)A _AR

N = -0
XEA XEA pE (1)

where E and N are the basin-wide average denudation rate and nuclide concentration,

respectively; # and A are rock density (g<m™) and attenuation length (g €m),

respectively; and g is basin averaged nuclide production rate (atoms g yr?) at the
surface, which was determined by:

- 1
R = ZUy R (X, Y) % Fipo (X, y) x dxdly ”

in which A is the basin area, R(x.y) is the local production rate at each point of the

basin, and Fiopo (X,¥) is topographic shielding factor integrated over the basin surface.
19Be production rates by spallation and muons were scaled for latitude and local altitude
according to Lal (1991) and Stone (2000), and corrected for topographic shielding

according to Dunne et al. (1999). Here, we used a sea level high latitude production rate



of 4.01 +0.35 atoms g yr! (Borchers et al., 2016; Phillips et al., 2016) and a muon
contribution of 0.028 =+ 0.004 atoms g*yr? (Braucher et al., 2011; 2013). The

attenuation length for spallation (Aspa) and muons (AmU) are 160 g €m and 4200
g €m, respectively (Braucher et al., 2013; Granger & Smith, 2000). We also
recalculated denudation rates from previously published °Be data (Figure S1i;
Ansberque et al., 2015; Godard et al., 2010; Ouimet et al., 2009) to be consistent with

the production rate and scaling parameters adopted here.

3.3 Computation of exhumation rates from thermochronological data

In order to compare the denudation rates over different timescales along the
Longmen Shan, we have calculated million-year timescales exhumation rates based on
the published apatite fission-track (AFT) and He (AHe) data (Figure S3). An eroding
half-space model (Willett & Brandon, 2013) was used to convert thermochronometric
ages to exhumation rates. The surface temperature is set at 15 °C, and the geothermal
gradient is assumed to be 25 °C km™ (Tan et al., 2017). For AHe data, we used the
following kinematic parameters: activation energy Ea = 138 kJ mol?, frequency factor
Q=17.64 x10" s, closure temperature Tci0 = 67 °C (Farley, 2002). For AFT data, we
used Ea = 147 kJ mol™?, © =2.05 x10°s?, Tcio = 116 °C (Ketcham et al., 1999).

3.4 Topographic, climatic and vegetation analysis

To identify landscape and climate controls on denudation rates, we analyzed
various standard geomorphic and climatic metrics along the Longmen Shan range,
particularly in the southern and central sections (Figure 3).

Geomorphic analyses were based on ASTER Global Elevation Maps (ASTER
GDEM is a product of Japan’s Ministry of Economy, Trade, and Industry (METT) and
NASA, with 30 m resolution). Hillslope gradient was calculated pixel by pixel using a
3 %3 pixel moving window and then averaged over the upstream basin to get the basin-
averaged mean value. Error bars on mean basin slope were fixed at £2.25 degrees, as

suggested by Ouimet et al. (2009). Topographic relief of each catchment was calculated



by a scale-dependent analysis of the mean local relief using a 1-km diameter circular
window. Mean annual precipitation was calculated based on monthly climatic data from
WorldClim version 2 (http://worldclim.org/version2) with a temporal coverage from
1970-2000, and a 1 <1 km spatial grid resolution (Fick & Hijmans, 2017).

We used the normalized steepness index (ksn) and specific stream power (SSP) as
two proxies to document the relative intensity of fluvial incision along the rivers. We
computed the normalized steepness index, ksn, of all channels with drainage area larger
than 1 km?, adopting a reference concavity Orf of 0.40 based on the area-slope
relationship for the drainages of the Eastern Tibet (Figure S4). We then averaged all ksn
values in each basin to get the basin-averaged value and report the standard deviation
around this value. Specific stream power (SSP) reflects the conversion of the
gravitational potential energy of flowing water to either incise the river bed or transport
sediment (Whipple & Tucker, 1999). It is calculated as 2 = p,,gS Q,,/W, where Q is the
specific stream power (W m2), pw and g are the specific weight of water (1000 kg m™3)
and gravitational acceleration (9.81 m s72), respectively. S is the channel gradient
(mm?) extracted from GDEM data. Quw is the water discharge (m®s™1), which is
calculated as the product of upstream area and mean annual precipitation. We used a
width-discharge scaling relationship of W = 10Qu%° (Montgomery & Gran, 2001;
Tucker & Hancock, 2010). Procedures to perform the calculations were implemented
using the MATLAB-based software package Topo Toolbox version 2.0 (Schwanghart
& Scherler, 2014).

We also quantified vegetation density along the Longmen Shan using the
normalized difference vegetation index (NDVI) to understand the possible impact of
vegetation on denudation rates. NDVI is a remotely-sensed measure of vegetation
density derived from the MODND data set, which is provided by Geospatial Data Cloud,
Computer Network Information Center, Chinese Academy of Sciences
(http://www.gscloud.cn), with a spatial resolution of 500 m. Valid values of NDVI
range from -1 to 1, in which negative values indicate cloud, water, or snow areas, 0 for
bare land, and 1 for extremely dense vegetation cover. Employing 7 years (2001-2007)

of available MODND vegetation indices, we calculated mean annual, summer (May to
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October), and winter (November to April) NDVI values along the Longmen Shan. We
also calculated a seasonality index (SI) to quantify the difference between summer and
winter vegetation, which is derived from the division of summer NDV1 by winter NDV |
(Olen et al., 2016).

Previous studies show that the lithological erodibility may have a strong effect on
erosion rates (e.g., Schmidt & Montgomery, 1995). In this paper, we adopted the global
averaged rock erodibility index (EI) suggested by Moosdorf et al. (2018) to account for
the effects of lithology on surface erosion: Granitic, metamorphic, and carbonate
sedimentary rocks have an EIl value of 1.0; the basic volcanic rocks and siliciclastic
rocks are assigned El values of 1.4 and 1.5, respectively; and unconsolidated sediments
(for example quaternary deposits) have an El value of 3.2. Hereby, a high EI value
indicates both high sensitivity to weathering and low compressive strength. Abrasion
experiments on lithologies of the Longmen Shan conducted by Godard et al. (2010)
give a similar pattern, in which granitoids and metamorphic rocks have lower abrasion
rates and Paleozoic-Mesozoic sediments present a wider and higher range of abrasion
rates. The El values were obtained at the catchment scale by weighting the mean EI of

the different lithologies with their relative area on the geological map.

4. Results

4.1 Topography and Climate

Across the Longmen Shan, topographic steepness metrics (e.g., hillslope angle,
local relief, and normalized channel steepness) increase in general from the Sichuan
Basin northwestward into the Tibetan Plateau, and show clear breaks across active
structures such as Dachuan and Beichuan faults (Figures 3a-c). In the southern
Longmen Shan, hillslope angle and 1-km-radius local relief of the sampled catchments
are between 12<and 33< and 291 m and 946 m, respectively. The normalized channel
steepness index, ksn, ranges from 31 to 224 m°®® (Table 1). The lowest values of these

steepness metrics are all found in catchments that are located in the footwall of the
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Range Front Blind Thrust, and the highest values are found in the catchments in the
hanging wall of the Dachuan fault.

Due to the steeply rising topographic front that forces moist air masses to rise, the
southern Longmen Shan has higher precipitation compared to the central section
(Figure 3d). The average annual rainfall in our sampled catchments is between 780 and
1410 mm (Table 1). However, specific stream power (SSP) does not show a positive
correlation with rainfall. The SSP is relatively low in the southern Longmen Shan,
especially compared to values along the trunks of the Minjiang River (Figure 3e). The
average SSP in our sampled catchments is in the 14 to 81 W m 2 range (Table 1).

The normalized difference vegetation index (NDV1) and seasonality index (SI) are
both strongly controlled by elevation in Eastern Tibet (Figures 3g-h). In the southern
Longmen Shan, catchment-averaged NDVI and Sl span narrow ranges of 0.42 - 0.58
and 0.88 - 1.48 (both dimensionless), respectively (Table 1). Rock erodibility is
relatively high in the Sichuan Basin and the interior of the plateau, as sedimentary rocks
are outcropping in both regions (Figure 2). The frontal range of the Longmen Shan
mainly consists of crystalline basement and granitic rocks and thus presents lower
erodibility (Figure 3f). The averaged dimensionless rock erodibility in the sampled

catchments is between 1.0 and 1.7 (Table 1).

4.2 19Be concentrations and catchment-wide denudation rates

The 1°Be concentration results and calculated denudation rates are shown in Table
2 and Figure 2. The measured °Be concentrations in the detrital sand samples range
from 2.2 x10%* to 12.7 %< 10* atoms/g. The corresponding catchment-wide denudation
rates vary by one order of magnitude from 0.05 to 0.69 mm/y, a similar range as in the
central Longmen Shan (Godard et al., 2010). To first order, the drainage basins that are
located in the footwall of Range Front Blind Thrust are eroding with rates lower than
0.15 mm/y, whereas basins in the hanging wall of the Dachuan fault have higher
denudation rates. We obtained the highest denudation rate (> 0.5 mm/y) in basins that

are located in the hanging wall of the Yanjin fault.
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4.3 Correlation between denudation rate and topographic and climatic

parameters

In general, the °Be-derived catchment-wide denudation rates in the southern
Longmen Shan correlate positively with the morphometric indices and appear
independent of climatic and lithological differences (Figure 4).

As observed along the Dadu and the Minjiang rivers (Ouimet et al., 2009;
Ansberque et al., 2015), the relationship between denudation rate and catchment mean
slope in the southern Longmen Shan is nonlinear, as proposed by Roering et al. (2001)
(Figure 4a). Denudation rates are positively correlated with local relief, ksn, and specific
stream power, with substantial scatter, which makes it difficult to assess the degree of
non-linearity of the relationship (Figures 4b, c, and €). We also note that, compared to
the denudation rates from the Dadu River (Ouimet et al., 2009), the results from the
Minjiang watershed (Ansberque et al., 2015) and our data both present higher
denudation rates for a given slope, local relief, ksn, as well as specific stream power.

Our sampled basins show a negative correlation between annual rainfall and
denudation rate (Figure 4d), which indicates that greater precipitation does not cause
higher surface erosion rate in the southern Longmen Shan, or that a more complex
coupling between precipitation, vegetation, and denudation is involved. The weak
inverse correlation between rock erodibility and denudation, which is contrary to
expectations (e.g., Godard et al., 2010), indicates that the spatial variability of lithology
has a negligible influence on the denudation rate (Figure 4f). Finally, the relationship
between catchment-wide denudation and vegetation coverage or its variation is also not
straight-forward (Figures 4g-h). Therefore, vegetation cover does not appear to be

important for explaining variations in observed denudation rates.
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5. Discussion

5.1 Uncertainties on °Be-derived denudation rates

Before interpreting spatial variations in erosion rates, we need to assess the sources
of uncertainty of denudation rates derived from inventories of detrital °Be. We
therefore first discuss some of the factors for which we lack significant constraints, and
their potential impacts.

At the catchment scale, lithological contrast is one of the major factors that could
affect the °Be concentration in the river sediment and thus the interpreted denudation
rate. The disparity in quartz content in different rock types is likely to prevent proper
weighting of basin-scale production rates of °Be (e.g., Granger et al., 1996). The rock
type in the Longmen Shan ranges from quartz-rich Proterozoic crystalline basement
and granitoids to quartz-poor carbonate and mafic rocks (Figures 1 and S2). To evaluate
the influence of such heterogeneity in quartz distribution, we have recalculated the °Be
production rates and the denudation rates by weighting each DEM pixel by the
proportion of quartz in the underlying lithology when calculating basin-average '°Be
production rates (The estimated proportions of quartz are: Granitoid rocks: 25%;
Sedimentary rocks: 5%; Carbonate and mafic rocks: 0%; Figure S2). The differences
between our initial un-corrected denudation rates and those including this lithological
correction are minor (Figure 5). As the exact quartz content in each lithology is
unknown, and the sources of quartz might be influenced by the diversity of denudation
rate, grain sizes, and chemical weathering from different rock types, we prefer to use
the denudation rates uncorrected for lithology in the following discussion. Within the
resolution of our data, variations in quartz content appear to have a negligible effect on
estimates of denudation rate within the Longmen Shan.

Systematic overestimation of denudation rates can occur if most denudation results
from infrequent landslides (Niemi et al., 2005; Ouimet, 2010; West et al., 2014; Wang
et al., 2017). However, the impacts of the 2008 Wenchuan and the 2013 Lushan

earthquakes were likely minor for our samples. The landslides caused by the Wenchuan
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earthquake were mostly distributed in the central Longmen Shan, and there were few
in the southern part of the range (e.g., Xu et al., 2014). The Lushan earthquake caused
some landslides in our study catchments, but most of them are rockfalls, and their
amount and area are both limited (e.g., Tang et al., 2015). The drainage basin most
impacted by landsliding is located upstream of Baosheng Town, which includes our
catchments 01, 02, 03, and 05 (Figure 2; Tang et al., 2015). However, the obtained
detrital 1°Be concentrations in these catchments are relatively high compared to
surrounding areas (Table 2), which argues against dilution by the injection of landslide-
derived, low-concentration material (West et al., 2014; Wang et al., 2017). A similar
observation was also made in the Himalayas, where detrital 1°Be concentrations did not
exhibit clear changes before and after the My 7.8 Gorkha earthquake (Schide et al.,
2019). We thus conclude that landsliding caused by the Lushan Earthquake has a

negligible or minor influence on *°Be concentrations in our samples.

5.2 Potential influence factors on denudation rate in the southern Longmen

Shan

Our results show a clear inverse correlation between catchment-averaged
precipitation and denudation rates (Figure 4d), similar to previous observations in
southeastern Tibet (Schmidt et al., 2018). These findings demonstrate that upstream
precipitation rate does not promote denudation in the southern Longmen Shan. Another
indirect influence of climate on denudation is its control on vegetation distribution.
Vegetation cover limits denudation rates by increasing soil resistance and protecting
the surface from rain splash (e.g., Gyssels et al., 2005). Furthermore, the presence of
vegetation increases evapotranspiration and thus reduces the amount of runoff (e.g.,
Rossi et al., 2016). However, neither the vegetation density (NDVI) nor its seasonal
variation (SI) shows any systematic relation with denudation rates in our study (Figures
4g-h). Although we have not considered the impact of runoff variability on river
incision (e.g., Lague et al., 2005; Sklar & Dietrich, 1998), the regional differences in

discharge variability in Eastern Tibet are minor and cannot account for the spatial
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variation of denudation rates along the Longmen Shan (Liu-Zeng et al., 2011; Scherler
et al.,, 2017). Overall, we suppose that the spatial variations in precipitation and
vegetation cover are not dominant factors for explaining the observed variations in
denudation rates.

In contrast with climatic factors, all topographic parameters present a moderate and
positive relationship with denudation rates reported in our study. As in many
tectonically active mountain ranges (e.g., Binnie et al., 2007; DiBiase et al., 2010;
Montgomery & Brandon, 2002; Ouimet et al., 2009; Roering et al., 2001), the steepest
topography of the southern Longmen Shan is characterized by threshold hillslope
angles at ~37<° (Figure 4a). Above the threshold, mass wasting processes such as
landsliding likely control surface erosion, limit topographic gradient, and decouple
hillslope angles from denudation rates (e.g., Larsen & Montgomery, 2012; Ouimet et
al., 2009). Compared with hillslopes, the longitudinal profiles of bedrock channels
might be more sensitive to denudation rate in active mountain ranges (e.g., Kirby &
Whipple, 2012). Our data present a moderately strong (R? = 0.44) linear relationship
between channel steepness, ks, and denudation rates. A power-law model gives a
slightly better fit, especially in the high denudation range (E = [Ks]" with n = 1.8; R? =
0.50; Figure 4c). Specific stream power (SSP), which combines channel gradient with
water discharge, yields a similar fit (R? = 0.46; Figure 4e). Ouimet et al. (2009) argued
that the nonlinear behavior of channel incision along the Dadu River (E = [ksn]" with n >
1) might result from the combined effects of a critical threshold of motion and
detachment and the probability distribution of flood magnitudes and durations, which
induce more efficient erosion in steeper channels. These dynamics may affect the high
denudation rates in the southern Longmen Shan. We also found a strong, positive linear
correlation between hillslope angles and ks in the Longmen Shan as well as along
Minjiang and Dadu rivers (R? = 0.74; Figure S5), which suggests that channel and
hillslope erosion are approximately coupled in Eastern Tibet (e.g., Mandal et al., 2015).

Similar to previous studies in other regions (e.g., Montgomery & Brandon, 2002;
Korup & Weidinger, 2011), our results exhibit a fair degree of scatter when comparing

topographic metrics and denudation rates, particularly at high values (Figure 4).
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Variations in rock mass strength and quality can complicate these functional
relationships, and control threshold hillslope angles across the Longmen Shan, as
observed in the Himalayas (Korup & Weidinger, 2011). Godard et al. (2010) proposed
that steep topography along the central Longmen Shan could be attributed to the high
rock strength of the Pengguan massif. However, the observation that variations in
stream gradient are not significantly correlated with lithological variations (Kirby &
Ouimet, 2011) argue against this inference. Our study also shows no indication that
rock erodibility substantially alters the functional relationship between denudation rate
and topography (Figure 6a). The integrated effect of fractures, joints, and other
discontinuities also acts to weaken rock at increasing spatial scale (e.g., Schmidt &
Montgomery, 1995). In this situation, tectonic and/or climatically controlled cohesion
might be setting the limits on the near-surface rock strength along the Longmen Shan
(Gallen et al., 2015). Variable erodibility may explain some of the scatter we observed
(Kirkpatrick et al., 2021), but additional field constraints are needed to test this
possibility.

Besides rock strength, another major source for the scatter between topographic
and denudation observations is spatial variations in climate. Olen et al. (2016)
hypothesized that the variability in denudation rates along-strike of the Himalaya is
related to differences in vegetation density and vegetation seasonality. However, we
have not observed clear evidence that precipitation, NDVI, or SI changed the functional
relationship between denudation rate and ksn in our study, even when including the
previous results along the Minjiang and Dadu rivers (Figures 6b-d). This lack of control
might be attributed to the limited variability in precipitation and vegetation density in
the Longmen Shan range when compared with the Himalayas. Other factors that could
impact the ksn-denudation rate relationship, including the grain size distribution of river
sediments (e.g., Sklar & Dietrich, 1998) and duration or strength of summer monsoon
precipitation (e.g., Scherler et al., 2017), were not considered in our study, and need
more exploration and detailed field observations.

In summary, although lithological and climatic fluctuations might modulate

denudation rates, topographic indices are the best predictors of the denudation rates in
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the southern Longmen Shan, as well as along the Minjiang and Dadu rivers (Ansberque

et al., 2015; Ouimet et al., 2009).

5.3 Spatial relationship between active faults, denudation, and topography

across the Longmen Shan

The close relationship between denudation rate and topography across the southern
Longmen Shan is more clearly expressed with swath profiles perpendicular to the strike
of the range (Figure 7). Surface elevation, hillslope gradient, channel steepness, as well
as °Be-derived denudation rates show very similar distributions, increasing from the
Sichuan Basin towards the interior of the Tibetan Plateau (Figures 7a-c). When
compared with subsurface structures (Li et al., 2017; Xu et al., 2016), we notice that
variations of those indices coincide spatially with active faults (Figures 2 and 7a-c).
Previous paleoearthquake studies indicated that the Dachuan fault might be the most
active fault in the southern Longmen Shan during the Holocene (Wang et al., 2015).
This inferred activity is consistent with the abrupt increase in denudation rates from
~0.1 mm/y up to ~0.5 mm/y across the Dachuan fault in our study (Figure 7a).
Northwest of the Genda fault, the °Be-derived denudation rates derived from the Dadu
river decrease gradually, although topography remains steep (Ouimet et al., 2009;
Figures 7a-c). Integrating over longer time scales, AHe- and AFT-derived exhumation
rates, based on an eroding half-space model (Willett & Brandon, 2013), display a
comparable trend, increasing from 0.01 mm/y in the footwall of the Dachuan fault up
to ~ 0.75 mm/y in the hanging wall of the Yanjin fault (Figure 7d). ZHe and ZFT dating
also present a similar trend (Figure 7e). In this particular setting, we interpret the
apparent spatial correlation between denudation rates and active faults as evidence for
a primary tectonic control on the erosion patterns and landscape evolution across the
southern Longmen Shan.

Moving northeast to the central Longmen Shan, the frontal mountain range
presents steep topography, but relatively low millennial-scale denudation rates, which

were captured before the 2008 My 7.9 Wenchuan earthquake (Godard et al., 2010;
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Figures 7f-h). In comparison, low-temperature thermochronology data show higher
average exhumation rates over a longer time scale in the hanging wall of Beichuan and
Wenchuan faults (Figures 7i-j). River sediment load data before the Wenchuan
earthquake delineate a zone of relatively rapid denudation over decadal-timescales
along the frontal range (Liu-Zeng et al., 2011). We thus suppose that the °Be-derived
denudation rates along the front of the central Longmen Shan might be underestimated,
as they do not account for the co-seismic erosion caused by Wenchuan-type
earthquakes (Godard et al., 2010; Ouimet, 2010). The constancy of exhumation rates
over decadal- and Myr-year timescales show that denudation rates might be relatively
constant over several million years along the central Longmen Shan (Liu-Zeng et al.,
2011). In addition, coseismic deformation of the 2008 Wenchuan earthquake and
paleoseismic events highlight that the Beichuan fault behaves as thrust fault with a
dextral strike-slip component during the late Quaternary (e.g., Densmore et al., 2007;
Liu-Zeng et al., 2009; Ran et al., 2010; Xu et al., 2009). Thus, the abrupt increase of
denudation rates and topographic steepness in the hanging wall of the Beichuan fault
demonstrate the potential influence of this active structure on erosion and topography
across the margin of the central Longmen Shan.

Overall, our results support a consistency of erosion rates over millennial to
million-year timescales across the southern and central Longmen Shan (Figure 7),
indicating that the margin of the eastern Tibetan Plateau may have reached an
exhumational steady state for at least the last several millions of years (Liu-Zeng et al.,
2011), and the topography and erosion have adjusted to the ongoing rock uplift. In light
of such high spatial consistency in fault locations, topography, and erosion rates over
different timescales, we argue that the activities of faults significantly control surface
erosion across the Longmen Shan, which is broadly similar to other observations along
the southern and northeastern Tibetan Plateau margins (e.g., Godard et al., 2014; Hetzel,

2013; Scherler et al., 2014).
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5.4 Implications for Eastern Tibet tectonics and topographic evolution

The most striking feature of the Longmen Shan range is the coexistence of low
shortening rates in the upper crust as seen by geodesy (e.g., Zhang et al., 2004) and high
topographic gradients. The lower crustal “channel flow” model argues that the eastward
flow of weak crust material from the interior of the Tibetan Plateau has been obstructed
by the strong and craton-like crust/lithosphere of the Sichuan Basin (Royden et al., 1997;
Clark & Royden, 2000; Clark et al., 2005; Cook & Royden, 2008). It thus leads to
upward inflation of the lower crust and uplift of the Longmen Shan range, without
requiring large-scale shortening of the upper crust. Despite slow convergence and stress
accumulation rates, the occurrence of the My 7.9 Wenchuan earthquake demonstrates
the strong thrusting activity of structures in the upper crust along the Longmen Shan
(e.g., Jia et al., 2010; Liu-Zeng et al., 2009; Xu et al., 2009). Multiple studies also
suggest that upper crustal deformation alone can completely explain the crustal
thickening and topographic building of the eastern Tibetan Plateau margin during the
Cenozoic (Godard et al., 2009; Hubbard & Shaw, 2009; Hubbard et al., 2010; Liu-Zeng
etal., 2011; Tian et al., 2013).

In our study, the high consistency in erosion rates over millennial and million-year
timescales indicates a topographic steady state across the front range of the southern
and central Longmen Shan (Figure 7). In this situation, erosion rates can be used to
track rock uplift patterns (e.g., Willett & Brandon, 2002). Across the southern Longmen
Shan, high uplift areas, as identified by high denudation and exhumation rates, are
located in the hanging wall of the Dachuang and Yanjing faults (Figures 7a, e, and 8a).
In the central segment, the °Be-derived denudation rate pattern is ambiguous (Figure
7f), but low-temperature thermochronometric ages indicate two high exhumation zones
in the hanging wall of the Beichuan and Wenchuan faults, respectively (Figures 7i and
8c). Godard et al. (2009, 2010) have proposed that the eastward increase of exhumation
in the hanging wall of the Wenchuan fault was caused by a transient wave of regressive
erosion propagating across the margin. This may explain the broad, high exhumation

zone and the decoupling between long- and short- term denudation/exhumation rates
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towards the interior of Tibet (Figure 8c). However, the abrupt increase in exhumation
across the Wenchuan fault cannot be caused by regressive erosion, and is more likely
related to a high uplift zone in its hanging wall (Shen et al., 2019; Tian et al., 2013).

The lower crustal channel flow model predicts a broadly distributed, continuous
deformation at the surface (Clark & Royden, 2000; Clark et al., 2005), or a narrow
uplift zone bounded by frontal thrusting and hinterland extension architecture
(Burchfiel et al., 2008; Ouimet, 2010). Both versions of this model are difficult to
reconcile with the along-strike variability in uplift patterns from the southern to central
Longmen Shan, and the existence of two high uplift zones across the central segment
(Figures 8a and c). Instead, such uplift patterns are consistent with the upper crustal
architecture observed by geophysical surveys (Figures 8b and d). Seismic reflection
data show that the Longmen Shan fault zone is composed of a series of west-dipping
reverse faults that root into a sub-horizontal decollement at ~20 km depth (e.g., Hubbard
& Shaw, 2009; Jia et al., 2010; Li et al., 2017). These high uplift zones are both located
above the ramp of the active faults across the southern and central Longmen Shan,
which agrees with the deformation pattern based on the fault-bend folding theory
(Figure 8; Suppe, 1983).

A recent microstructural study of fault rocks from the “Wenchuan Earthquake Fault
Scientific Drilling” cores has demonstrated the long-term seismic activity of the
Beichuan fault (Wang et al., 2019), which highlights the role of high-angle listric
reverse faulting of the Longmen Shan fault system in transferring horizontal
deformation into vertical displacement (e.g., Zhang, 2013). We suppose that the spatial
pattern of uplift across the Longmen Shan is largely controlled by upper crust
deformation (Figure 8), although plastic thickening of the lower crust might also
contribute to the uplift of the larger Eastern Tibet area (e.g., Robert et al., 2010; Tan et
al., 2019; Zhang, 2013). Detailed structural and thermobarometic data suggest that
present-day fault segmentation along the southern and central Longmen Shan probably
had been established since the Mesozoic mountain building (Airaghi et al., 2018).
Different geometry of these inherited faults and structures between the southern and

central segments of the Longmen Shan might be the primary causes for the along-strike
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variations in denudation patterns and topographic evolution observed in our study

(Figures 7-8).

6. Conclusion

Our 25 new catchment-wide denudation rates derived from °Be concentration in
river sediments across the southern Longmen Shan fill an important gap in the
documentation of denudation rates along the eastern Tibetan Plateau margin. Our
analysis shows that topographic metrics are the best predictors of the variations in these
millennial-scale denudation rates in the southern Longmen Shan as well as along the
Minjiang and Dadu rivers, and that precipitation, lithology, and vegetation are second-
order modulating factors.

Our cosmogenic and thermochronologic data compilation shows that millennial-
scale denudation rates broadly agree with long-term exhumation rates, which suggests
that the Longmen Shan has achieved an exhumational steady state, which implies that
topography and erosion are adjusted to the ongoing rock uplift. The high spatial
consistency in the locations of active structures, topography, and erosion rates over
different timescales indicates that fault activity strongly regulates surface erosion across
the Longmen Shan.

The patterns of denudation rate across the southern and central Longmen Shan both
support the idea that the mountain belt has probably developed by the classic
mechanism of upper-crustal faulting and folding. Our findings highlight the role of
upper crustal shortening in inducing enhanced denudation and forming the steep
topography in Eastern Tibet. We also suggest that along-strike variations in denudation
patterns and topography can be attributed to the evolution of the main structures

responsible for deformation in the different segments of the Longmen Shan.
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Figure 1. Structural map of the eastern Tibetan margin (modified from Chengdu
Institute of Geology and Mineral Resources [2004]; Xu et al. [2016]). Black dashed
rectangle denotes the area of Figure 2, and white dashed rectangle indicates the location
of swath profiles used in Figures 7-8. Red lines show the location of the surface rupture
of the 2008 Wenchuan earthquake modified from Liu-Zeng et al. (2009). GDF: Genda
fault; YJF: Yanjin fault; DCF: Dachuan fault; RFBT: Range Front Blind Thrust,
modified from Li et al. (2017); WMF: Wenchuan fault; YBF: Beichuan fault; PGR:
Pengguan fault; QXF: Qiongxi fault; DYF: Dayi fault; XPF: Xiongpo fault; PZF:
Pengzhou fault; LQF: Longquan fault; MJF: Minjiang fault; HYF: Huya fault; QCF:
Qingchuan fault; MRGF: Maoergai fault; LRBF: Longriba fault. In the legend, El
represents the rock erodibility index, proposed by Moosdorf et al. (2018). A high EI

value indicates both high sensitivity to weathering and low compressive strength.

Figure 2. Hillshade map showing sample locations, studied catchments, and denudation
rates calculated from °Be concentrations. The data corresponding to sample IDs are

given in Table 2.

Fig 3. Morphometric, lithological, and climatic parameters along the eastern Tibetan
margin. (a) Hillslope gradient; (b) 1-km radius relief; (c) normalized channel steepness
index, ksn; (d) annual rainfall, based on a 30-yr averaged climatic data (Fick & Hijmans,
2017); (e) specific stream power, SSP, calculated using a scaling relationship between
width and discharge of W = 10Qu°° (Montgomery & Gran, 2001; Tucker & Hancock,
2010); (f) rock erodibility index, EI (Moosdorf et al., 2018); (g) 7-yr average of
normalized difference vegetation index, NDVI; and (h) 7-yr average of seasonality

index of NDVI, SlI, resulting from the division of summer NDVI by winter NDVI.

Fig 4. Comparison between denudation rates and catchment morphometric, lithological,
and climatic parameters. Red circles are samples from this study. Green circles are
samples from the central Longmen Shan (Godard et al., 2010). Gray and white circles

represent samples from the Minjiang and Dadu rivers, respectively (Ouimet et al., 2009;
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Godard et al., 2010; Ansberque et al., 2015). The best fits in all figures just apply to
19Be results from this study, collected in the southern Longmen Shan. (a) Mean
catchment slope gradient. Solid line represents the nonlinear hillslope erosion model of
Roering et al. (2001), calculated with Ly (characteristic hillslope length) = 75 m and K
(diffusion coefficient) = 0.018 m?/y. (b) Mean catchment 1-km radius relief. (c)
Normalized channel steepness index, ksn, with two possible fits to our data. Solid line is
a linear model, and dashed line is a power law model with an exponent of 1.8. (d) Mean
catchment precipitation. (e) Mean catchment specific stream power. (f) Mean

catchment rock erodibility index. (g) Mean catchment NDVI. (h) Mean catchment SI.

Figure 5. Denudation rates derived from °Be concentration when considering or not
the heterogeneities in quartz content from different rock types. The calculated
denudation rates are highly similar, suggesting that within the resolution of the data,

the influence of lithology on denudation rate estimates is negligible.

Figure 6. Relationship between normalized channel steepness index (ksn) and
denudation rates, and grey lines show two modeling curves based on the channel
incision model. For a given channel steepness, weaker rocks and/or wetter, stormier
climates are expected to correspond to a higher denudation rate according to channel
incision model (Whipple & Tucker, 1999). Neither previous °Be-derived denudation
rates from Minjiang, Dadu, and central Longmen Shan, nor our results from southern
Longmen Shan show clear indication that (a) rock erodibility; (b) precipitation; (c)
normalized difference vegetation index, NDVI; or (d) seasonality of vegetation density,
Sl, alone can explain the scatter in the functional relationship between ks, and

denudation rates in Eastern Tibet.
Figure 7. Swath profile (50 km width) showing the distribution of topographic

parameters and denudation rates across the southern and central Longmen Shan (see

Figure 1 for location). (a) and (f) Mean topographic profile derived from 30-m ASTER
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Global Elevation Maps (black line: mean elevation; grey line: maximum and minimum
elevation) and basin-averaged denudation rates derived from °Be concentration (See
Figure S1). Red circles refer to catchments located in the southern Longmen Shan from
our study. Green circles denote previous studied catchments located in the central range
(Godard et al., 2010). White and grey circles represent samples located along the Dadu
River and Minjiang River, respectively (Ansberque et al., 2015; Godard et al., 2010;
Ouimet et al., 2009; Figure S1). Error bars on denudation rates are #lc. Error bars on
distance correspond to the limits of projected catchment extent along the profile. (b)
Hillslope angles frequency profile. Circles are average hillslope gradient over the
catchments with °Be data. (c) Distribution of catchment-averaged channel steepness
(ksn) for catchments with °Be data, and third- and fourth- order basins along the swath
profile. (d) Projection of exhumation rates derived from apatite U-Th/He (AHe) and
fission-track (AFT) dating (Arne et al., 1997; Ansberque et al., 2018; Cook et al., 2013;
Godard et al., 2009; Kirby et al., 2002; Richardson et al., 2008; Shen et al., 2019; Tian
et al., 2013; 2015; Wang et al., 2012; Wilson & Fowler, 2011; Xu & Kamp, 2000). (e)
Projection of Zircon U-Th/He (ZHe) and fission-track (ZFT) data (Ansberque et al.,
2018; Cook et al., 2013; Godard et al., 2009; Kirby et al., 2002; Shen et al., 2019; Tian
etal., 2013; Xu & Kamp, 2000).

Figure 8. Denudation rates and fault geometry underneath the surface across the
southern and central Longmen Shan margin. The box plots of denudation rate are
derived from 1°Be concentration (red color) and apatite low-temperature
thermochronology (light green color) shown in Figure 7. Regional cross-sections are
derived from the compilation of deep and shallow interpreted seismic reflection data
and structural observations (Hubbard & Shaw, 2009; Jia et al., 2010; Li et al., 2017).

Shaded areas denote the high exhumation/denudation zones.
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Table 1. Catchment characteristics

Area Meap Mean M_ean Mean Mean Mean Mean
ID (km?) Elevation slope relief 2 ksS_bg ralnfall SSPi2 Mean EI4 NDVI¢ Mean SIf
(m) @] (m) (m°9) (mmy?)  (Wm?)

01 150 1521 18 466 72 £75 1115 27 124 052007  1.372009
02 18 1424 18 431 49433 1130 19 134 054003 1.28+0.05
03 66 1876 26 723 161471 1014 56 1.04 044007 1324017
04 173 2256 31 904 18837 9017 69 1.00 044008 1154017
05 176 1838 25 706 146 +68 1023 52 113 046007  1.30+013
06 174 1138 15 361 61 61 1283 23 146 053+0.04 1484009
07 118 2282 24 730 12474 879 42 1.00 054008 1.18+0.20
08 63 1498 21 562 117457 1127 45 1.38 049 +007  1.46 +0.08
09 243 932 17 416 58 40 1304 24 1.50 055004  1.290.04
10 36 2162 32 931 176 48 930 64 1.00 042007 105017
11 9 1785 28 674 123 %37 999 46 1.00 058004  1.16+0.07
12 1233 3178 28 810 201 +57 786 72 124 050+0.14  1.380.68
13 183 830 12 291 31436 1412 14 174 054004  1.31004
14 403 3122 31 886 18083 829 67 1.05 0424013 088+0.21
15 446 2452 32 913 203462 857 73 1.10 044009 1174018
16 98 1555 25 636 11238 1096 44 1.02 053+0.03 1424013
17 1970 2284 29 817 174468 947 65 1.05 049011 1154027
18 2770 2969 28 840  189+80 808 66 115 048014 1234037
19 69 1918 33 946 16932 975 63 1.00 0424007 1.28+0.13
20 318 2306 28 767 16046 906 58 1.09 0514009 1.13+0.17
21 62 2939 30 926 22464 840 81 1.00 0444014  1.15+0.24
2 3% 2269 31 880  182+51 934 68 1.04 0444008  1.26+0.22
23 164 1127 13 339 32 +40 1314 17 1.50 051003  1.36+007
24 32 1681 26 693 135457 1022 52 1.29 043007 1.29%013
25 131 1178 23 590 91 +43 1111 37 1.50 048006  1.27+0.06

2 Using a 1-km radius window.
® Normalized steepness index (Orer = 0.4)

¢ Specific stream power calculated using a scaling relationship between width and discharge of W =
10Qu05.
4 Rock erodibility index (Moosdorf et al., 2018).
& 7-yr average of normalized difference vegetation index.

f7-yr average of seasonality index resulting from the division of summer NDVI by winter NDVI.
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Table 2. 1°Be analytical and derived denudation rate.

Without considering lithology®

Considering lithology?

ID Sample Litlft\f)de Lorzgét)ude M(Zs)sa (103[:15;1]: g iﬁggggﬁgiﬁ ;\fgg&e&z Denudatior}lra{teg Time-scale Spallogenicc  Muogenic' I?:::éd(ﬁir?]n
e gy O (mm yr) ) s
o1 LSI3OIW 500427 1020247 13 68.01 +3.73 11.07 0.05 0.11 +0.01 5491 10.41 0.05 0.10 +0.01
02 LSI303W ' 357033 1029376 14 12651 +10.82 9.61 0.04 0.05 +0.01 11680 9.00 0.04 0.05 +0.01
03 LSI30AW 303413 1020922 12 81.42 +7.11 13.20 0.05 0.11 +0.01 5557 1578 0.06 0.13 +0.02
o4  LSI13:05 300737 1026176 7 58.60 +9.38 16.49 0.06 0.19 +0.04 3229 14.05 0.05 0.16 +0.03
05 LSI30SW = 353050 1029950 8 44.72 £6.81 12.88 0.05 0.19 +0.03 3125 13.99 0.05 0.21 +0.04
o6 LSI30W 351076 1028077 11 45.74 £3.01 8.03 0.04 0.12 +0.01 5022 7.2 0.04 0.11 +0.01
o7 LS13:08 304193 1027280 11 27.04 +7.69 1575 0.06 0.39 +0.12 1557 2056 0.07 0.50 +0.15
o8  LS13-09 351406 1028078 11 38.60 +3.08 1029 0.05 0.18 £0.02 3343 8.35 0.04 0.15 +0.02
o9 LS4 304175 1032803 11 4579 +5.13 6.90 0.04 0.10 +0.02 5813 6.89 0.04 0.10 +0.02
10 S1320 301845 1026630 10 41.18 +354 15.16 0.06 0.24 +0.03 2460 12.03 0.05 0.20 +0.03
11 LS1821 350166 1025564 8 37.96 +7.06 1175 0.05 0.21 +0.04 2896 10.60 0.05 0.19 +0.04
12 LS18-22 354813 1028920 10 58.19 +8.53 30.07 0.09 0.34 0,06 1789 24.83 0.08 0.28 +0.05
13 LS18-23 355759 1032430 13 31.89 +2.28 6.53 0.03 0.14 +0.02 4258 6.44 0.03 0.14 +0.02
14 LS18-24 355937 1031030 11 97.25 +30.82 30.67 0.09 0.20 +0.07 2929 24.18 0.07 0.16 +0.05
15 LS1328 309156 1033454 13 2226 +2.36 19.37 0.06 0.57 +£0.08 1050 2147 0.07 0.63 £0.09
16 LS17-05 300258 1027248 28 2712 +1.70 1029 0.04 0.26 +0.03 2349 1035 0.05 0.26 +0.03
17 LS17-06 300230 1027889 29 27.92 +1.82 17.74 0.06 0.42 £0.05 1435 17.64 0.06 0.42 +0.05
18 LS17-07 303716 1028111 25 25.15 +3.59 26.81 0.08 0.69 +0.12 865 22.47 0.07 0.58 +0.10
19 LS17-08 303141 1027743 26 2250 +1.61 1350 0.05 0.40 £0.05 1504 13.02 0.05 0.39 +0.05
20  LS1801 599913 1024468 24 39.81 +2.17 16.41 0.06 0.27 £0.03 2202 15.18 0.06 0.25 £0.03
21 LS1802 350160 1024560 25 35.16 +3.06 25.42 0.08 0.47 £0.06 1274 20.11 0.08 0.54 +0.07
22 LS18:03 351007 1027303 25 34.60 +2.32 17.18 0.06 0.33 +0.04 1837 15.66 0.06 0.30 +0.04
23 LS1805 350438 1030153 25 4923 +331 7.79 0.04 0.11+0.01 5558 7.79 0.04 0.11 +0.01
24 LS18:06 305849 1032015 25 38.01+2.74 1173 0.05 0.21 +0.03 2907 1234 0.05 0.22 +0.03
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LS18-07

25 30.6230  103.4430 19 22.31+2.28 8.21 0.04 0.25 +0.04 2399 8.21 0.04 0.25 +0.04

8 Mass of pure quartz dissolved.

® In situ produced cosmogenic nuclides concentrations based on sample mass and °Be/°Be ratios which were performed at the French AMS national facility
ASTER (Arnold et al., 2010), normalized to standard reference material 4325, with a specified °Be/°Be ratio of 2.7940.03x10** and a °Be half-life of
1.36240.07x10° years (Nishiizumi et al., 2007). The analytical uncertainties (reported as 1) include a 1.08% uncertainty on the certified standard ratio, a 1
uncertainty associated with the chemical blank measurement, a 1o statistical error on AMS counting, and a conservative 0.5% external machine uncertainty.
¢ Without considering heterogeneities in quartz distribution

d Considering heterogeneities in quartz distribution, weighted at each pixel of DEM by the relative proportion of quartz in the underlying lithology (The
estimated proportions of quartz are: Granitoid rocks: 25%; Sedimentary rocks: 5%; Carbonate and mafic rocks: 0%).

¢ Spallogenic production rate. Latitude and local altitude correction according to Lal (1991) and Stone (2000), topographic shielding correction according to
Dunne et al. (1999).

f Muogenic production rate. Latitude and local altitude correction according to Lal (1991) and Stone (2000), topographic shielding correction according to Dunne
et al. (1999).

9 Denudation rate based on an assumed bedrock density of 2.7 g cm,

" Timescale of integration for denudation (T = z*/denudation rate, with z* the absorption depth scale).
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Figure 2

102°E 30°N

Denudation rate
(mm/y)

[] <015
] 0.15-0.20
[] 0.20-0.25

[ 0.25-0.30
[ 0.30-0.35

38

Nol€

Hot01



Figure 3
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Figure 4
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Figure 5
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Figure
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Figure 7
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Figure 8
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