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Materials and Methods 

Yarlung Tsangpo shallow drilling 
To investigate the nature and amount of trapped sediments along the Yarlung 

Tsangpo, a series of exploratory shallow drillings were undertaken along the trunk river 
on point bars, riverbanks, and high terraces. The drillings (Figure S1) were located on 
modern riverbanks, no more than 20 m above the current river level. Each site consisted 
of an array of drillings, tens of meters apart, which reached bedrock (Figure S2, S3) and 
from which the deepest drill core was selected for analysis. However, there is no 
guarantee that the deepest position has been reached and thus the measured depth to 
bedrock should be considered a minimum estimate of the true depth to bedrock. Grain 
size data for cores #3-5, which were accessible for scientific analysis, is based on 
estimation during on-site visual inspection of the drill cores (Figure S1). A stratigraphic 
division of the deposits in the drill core from site #3 is provided in Table S1. 

 
Depth to bedrock 

Ground-truth point measurements of the depth to bedrock are given by the drill 
cores. We obtained a first estimate of the depth to bedrock between the core locations by 
projecting hillslopes into the subsurface at a constant angle of 30º, which corresponds to 
the average hillslope angle within the Yarlung Tsangpo Valley (Fig. 2B). Reasonable 
agreement with the drill core data motivated us to reconstruct the bedrock beneath the 
valley fill using an artificial neural network (ANN), based on the approach in ref. 31. We 
used a 2-layer ANN with 10 hidden nodes and estimated the depth to bedrock at each 
valley-fill pixel in a 180-m resolution digital elevation model (DEM) based on the 
distance to hillslopes within 2 different sectors. The ANN was initially trained on 
hillslopes above the valley fill and within a maximum distance of 5 km from the valley 
floor. The valley-fill mask was based on manual digitization using Google Earth and 
local slope angles. We extended our depth to bedrock estimation not farther upstream 
than core location #1, where the depth to bedrock is 70 m, and where the channel width 
equals the valley floor width. 
 
Cosmogenic nuclide sample preparation 

Three samples, each of 2-3 kg sand, were collected from the drill core at a depth of 
561-564 m, directly overlying a 2-m thick cobble layer that rests on bedrock. After 
washing and cleaning, the sand was sieved and the grain size fraction of 250-500 µm was 
used for further analysis. Subsequent procedures for purifying quartz separates are based 
on the methods described in ref. 32: First, the samples were soaked overnight in 
HCl/H2O2 to remove carbonate, iron oxide coating and organic matter. The samples were 
then leached for at least 9 hours at a constant temperature of 80°C in diluted HF/HNO3 
solution in an ultrasonic bath to remove meteoric 10Be and other minerals except for 
quartz. The leaching and subsequent drying was repeated five times. Residual impurities 
were removed by heavy-liquid and hand separation under the microscope and the samples 
were once more treated with diluted HF/HNO3 solution and dried. Aliquots of two grams 
were taken from each sample, dissolved in concentrated HF/HNO3 and analysed by 
Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES) measurements 
for 27Al and other elements to assure purity. The remaining quartz was spiked with 0.25 
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mg of 9Be in a weak HNO3 carrier solution, and then heated and dissolved. Fluorides 
were removed by fuming with HNO3/HClO4. The resulting samples were dissolved in 
pure water and HClO4, heated and dried two times, then rinsed out with HCl. Al3+ and 
Be2+ were isolated using ion exchange resin, and neutralized by ammonia water to yield 
Al(OH)3 and Be(OH)2. The oxides were separated gravitationally, transferred to quartz 
crucibles, and dried. The samples were baked at 750°C, yielding powder of Al2O3 and 
BeO. These samples were sent to the Cosmogenic Nuclide Laboratory of the European 
Center for Earth Sciences, Environment Research and Education (CEREGE) in France 
for target preparation and measurement of the 10Be/9Be and 26Al/27Al ratios (Table S2). 
The ratios were measured relative to the standard NIST4325 with a nominal 10Be/9Be 
ratio of 2.79 × 10-11, and SM-Al-11, with a nominal 26Al/27Al ratio of 7.401 × 10-12. Our 
process blank 10Be/9Be ratio was 2.7 × 10-15 and the corresponding 10Be atoms were 
subtracted from the reported sample results. Analytical uncertainties as well as 
uncertainties in the carrier and blanks were propagated using standard error-propagation 
methods. The lab-specific standard uncertainty (standard deviation) of the ICP-OES 
measurement of Al, regularly calibrated using standard blanks, is 5%. 

 
Burial dating 

In steadily eroding landscapes, rocks are moving towards the Earth’s surface with 
time and accumulate both 10Be and 26Al at rate that depends on the depth below the 
surface, the density of the overlying material and the geographic position (33). For 10Be 
and 26Al, three main production mechanisms exist. At shallow depths, most of the 
production occurs by spallation, but the production rate decreases rather rapidly with 
depth. At greater depths (>several meters in most materials), the production of 
cosmogenic nuclides is dominated by negative and fast muons, with the production rates 
being much lower compared to spallation and decreasing with depth at a slower rate (34). 
Because transport on hillslopes and in rivers is usually fast compared to exhumation on 
hillslopes, the cosmogenic nuclide concentration of river sediment can be used to 
calculate catchment-averaged hillslope erosion rates (35). When river sediment is 
deposited and gets successively buried to greater depths, at first, cosmogenic nuclides 
will continue to build up at a rate that depends, similar to hillslope erosion, on the rate of 
burial and the density of the deposited sediment. At sufficiently large depths, production 
rates are negligible and as time proceeds, the 10Be and 26Al atoms in the sediment will 
decay at a rate defined by the radioactive half-life (36). The half-life of 10Be is 1.387 ± 
0.012 (37,38) while the half-life of 26Al is 0.705±0.024 Ma (39). Burial dating with 10Be 
and 26Al, relies on the fact that both, the production rates and the half-lives of 10Be and 
26Al are known, so that deviations from the steady exposure 26Al/10Be ratio of ~7:1 can be 
converted to a burial age. 

We modelled the concentration of cosmogenic nuclides, N (atoms g-1), as a function 
of depth below the surface, z, which we made to be a function of time since deposition, t, 
according to (40): 

N z, t   Ninhet  Pn z t '   P z t '   e
t dt '

0

t

    (S1) 

where, Ninh is the inherited concentration, λ is the decay constant, and Pn and Pμ are 
the depth-dependent production rates by neutrons and muons, respectively. The decline 
of cosmogenic nuclide production by neutrons with depth depends on the material 
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density, ρ, and follows an exponential decline with an attenuation length scale, Λ, of ~160 
g cm-2 (34)  

   /
0

zePzP        (S2). 

The depth-dependency of cosmogenic nuclide production by muons is more 
complicated and we use the formulation of ref. (41,42), as adopted by ref. (43), and 
provided in the numerical functions of the CRONUS Earth online calculator 
(http://hess.ess.washington.edu/math/al_be_v22/functionlist.html). Different analytical 
approximations exist to capture the depth-dependency of cosmogenic nuclide production 
by muons with a series of exponentials. We use the formulation of ref. (40) to account for 
the inherited component in equation S1 (Ninh), which corresponds to the cosmogenic 
nuclides that were produced during hillslope exhumation. At steady state, the 
concentration of cosmogenic nuclides at the Earth’s surface is a function of the erosion 
rate, ε (44): 

N   
Pi 0 
  

i

i0

3

         (S3). 

where Pi(0) are the surface production rates due to neutrons (i=0), negative muons 
(i=1,2) and fast muons (i=3), and Λi are the effective attenuation length scales (Λ0 = 160 g 
cm-2, Λ1 = 738.6 g cm-2, Λ2 = 2688 g cm-2, and Λ3 = 4360 g cm-2). Using the MATLAB® 
functions of the CRONUS-Earth online calculator (v. 2.2) (43), we calculated site 
specific surface production rates due to spallation based on a time-dependent version of 
the scaling model by ref. (33) and ref. (45), which is denoted ‘Lm’ in the CRONUS-Earth 
online calculator (43). Muogenic production rates are compensated for local air pressure 
following ref. (45).  

For calculating the cosmogenic nuclide concentrations acquired during hillslope 
exhumation using eq. S3, we computed average surface production rates for areas that are 
upstream of the sampling site. As these areas are very large and it may well be that 
different parts of this area did not contribute to our sample at all, we tested the influence 
of different upstream areas on average production rates. For upstream areas of ~300-1900 
km2 that successively entail larger areas upstream from the sampling point (drill core #3), 
average surface production rates vary between 10.3 and 12.3 atoms (g qz)-1 yr-1, and are 
thus relatively insensitive to the exact extent of the contributing areas. However, our 
uncertainty in the extent of the contributing area means that we cannot use the paleo-
erosion rates to estimate sediment fluxes from upstream. For the pre-burial production, 
we assume a rock density of 2.7 g cm-3. 

One requirement for burial dating is that the pre-burial 26Al/10Be ratio is known. For 
samples that have been continuously exposed to cosmic radiation this ratio reflects the 
differences in the production rates of 26Al and 10Be. However, if the grains in our samples 
have experienced burial and exhumation prior to deposition in the valley fill, the 
26Al/10Be ratio may be lower than for continuous exposure. This would result in an 
overestimated burial age. However, we don’t think that this effect is particularly 
important for the following reasons. First, significant shifts in the 26Al/10Be ratio requires 
rather long (>105 yrs) burial at sufficiently great depths (>~10 m). Although temporary 
storage may be quite common, for longer and deeper burial histories, it is less likely that 
the sediment is remobilized. In other words, the number of grains with low 26Al/10Be 
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ratios to start with is likely small relative to the number of grains that have not undergone 
deep prior burial. Second, remobilizing deeply buried grains requires that they get 
exhumed to the surface, during which they will again accumulate cosmogenic nuclides 
that shift the ratios to higher values. For example, if our samples had been buried with a 
starting 26Al/10Be ratio of ~7:1 to their current depth at a constant rate for 2 Myr, the 
26Al/10Be ratio would be ~2.7:1. If they would then exhume again at the same rate over 
the next 2 Myr, the 26Al/10Be ratio would be ~5.3:1 when they reach the surface, yielding 
an apparent burial age of ~0.5 Ma. Third, although the upstream area of the Yarlung 
Tsangpo near the gorge is huge, the areas contributing material to the sediment 
transported by the river is most likely much smaller. By definition, depositional areas do 
not contribute any material. Eroding hillslopes contribute relatively more for increasing 
hillslope angles. Hence, it can be expected that the areas close to the sampling location, 
where hillslopes are steep (Fig. 2B), had been contributing relatively more material 
compared to the many flat areas farther upstream. Therefore, we think that recycled, 
previously buried material with 26Al/10Be ratios lower than ~7:1 is not a significant 
source of uncertainty. 

Because we don’t exactly know the burial history, i.e., the time-depth history of our 
samples, we explored different burial scenarios (Figure S5, Figure S6). In all scenarios, 
we assume a wet bulk density of the sediment of 2.1 g cm-3, which corresponds to 
sediment with a particle density of 2.7 g cm-3 and 35% saturated pore space. The first 
scenario serves for illustrative purposes and assumes instantaneous burial to depths where 
no more production of cosmogenic nuclides occurs (‘A’ in Figure S5, Figure S6A). In 
this case, the burial age lies between ~2 and 2.5 Ma and the corresponding cosmogenic 
nuclide-derived erosion rate is ~0.1-0.2 mm yr-1. In the second scenario we assume that 
burial occurred at a constant rate throughout the entire burial history (‘B’ in Figure S5, 
Figure S6B). This scenario is also rather unlikely, as we would assume that surface uplift 
rates and thus burial rates decreased with time as the Tsangpo Gorge was uplifted and 
river incision rates increased due to steepening of river gradients. Obviously, the 
additional production of cosmogenic nuclides during burial affects the total concentration 
of the sample. However, because most of the additional cosmogenic nuclide 
accumulation takes place in the upper few meters, that is, during the initial stages of the 
burial history, it mostly affects the inferred paleo-erosion rate but has only minor effect 
on the burial ages. The additional cosmogenic nuclide accumulation becomes important 
only for rather high paleo-erosion rates (>0.2 mm yr-1), that is, when the inherited 
cosmogenic nuclide concentration is rather low. In the remaining two scenarios, we 
assumed burial rates that started out faster and slowed down with time (‘C’ and ‘D’ in 
Figure S5, Figure S6C and D). Both scenarios predict concentrations that lie in between 
the first two scenarios, but have only little effect on the burial ages of our samples. Thus, 
we conclude that for a range of burial scenarios, our samples yield consistent results, with 
burial ages of ~2-2.5 Ma and paleo-erosion rates of ~0.1-0.2 mm yr-1. Because our three 
samples stem from the same 3-m thick sand unit, we treat them as different estimates of 
the same depositional age and refer to the weighted mean concentration for our best 
estimate of the depositional age. 
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Supplementary Text 

Author contributions 
P. W. studied the cores and prepared the samples. D. S. conceived the study and 

together with J. L.-Z. led the development of this paper and the integration of the results. 
J. M. and D. S. conducted the ANN modelling. D. S. and J.-P. A. wrote the paper, with 
contribution from J. L.-Z. Y. Z. and D. Shi supervised the shallow drilling project and 
provided drill core material. All authors discussed the results and commented on the 
manuscript. 
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Fig. S1. 

Simplified stratigraphic columns of the drill cores at sites #3-#5. 
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Fig. S2 

Drill core recovered from drilling site #5 at a depth of 235.5-241.2 m. This section 
consists mainly of unconsolidated sand, gravel, and pebbles. Rounded pebbles near the 
bottom indicate fluvial transport. These deposits constitute the base of the valley fill at 
this site. The width of the box is ~1 m. 
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Fig. S3 

Drill core recovered from drilling site #5 at a depth of 241.2-246.7 m. This section 
consists of gneissic bedrock. The width of the box is ~1 m. 
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Fig. S4 

Schematic illustration showing the response of a nearly graded river to localized uplift. t0 
at bottom shows initial state, prior to uplift, and t3 at the top shows final state with steep 
river reach centred on zone of high rock uplift. During river steepening, sediments 
accumulated upstream of the zone of high rock uplift. 
 



 
 

11 
 

 

Fig. S5 

Burial scenarios used for converting measured 10Be and 26Al concentrations to burial 
ages. 
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Fig. S6 

Predicted combinations of burial age and paleo-erosion rate for the four burial scenarios 
shown in Fig. S4. Note that the concentrations correspond to the measured 
concentrations, that is, they have not been normalized by the site-specific scaling factors. 
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Fig. S7 

Published bedrock cooling and crystallization ages. AFT = Apatite Fission Track (14,15); 
ZHe = Zircon U/Th-He (46); ZFT = Zircon Fission Track (14,15); Ar-Ar = 40Ar/39Ar 
(47,48,49); U-Pb = Zircon Uranium-Lead (15,50). Contour lines show rapidly exhuming 
areas with young (<2 Ma) Zircon U/Th-He (orange), and Biotite Ar-Ar ages (yellow) 
centered on the Tsangpo Gorge (18). Dashed white line extents 10-km to either side of 
Yarlung Tsangpo River and marks boundary for measuring hillslope angles shown in Fig. 
2B and sampling cooling ages shown in Fig. 2C. 
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Table S1. 

Description of stratigraphic units in the drill core from site #3.   
 
Unit Depth (m) Description 

4 0-20 Round to sub-rounded clast-supported pebble gravel in matrix of grayish yellow medium to coarse 
sand. Fluvial river bedload gravel 

3-3 20-72 Grayish yellow pebbly medium to coarse sand. 

3-2 72-85 Horizontal and thinly bedded layers of silty clay, with upward-fining and then coarsening sequence 
in grain size. 

3-1 85-233 Gravely medium to coarse sand. Gravel consists mainly of 2-5 mm sub-angular small pebble of 
heterogeneous rock types, from gneiss, quartzite, sandstone to slate. Gray to grayish yellow.  

2 233-325 Conglomerate of massive cobbly coarse pebbles in matrix of gray coarse-medium sand, 
interbedded with pebbly medium to coarse sand.  

1 325-567 Alternating layers of pebbly gravel, cobbles to coarse pebbles, and pebbly sand and silt, 
interbedded with layers of well-sorted fine, medium sand. Weathering or soil formation in two layers 
of pebbly sandy silt. The basal 2m include cobbles to boulders, up to 200-400 mm size. 

Bedrock 567-580 Bedrock. Moderately fractured and mildly weathered gneiss. 
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Table S2. 

Analytical cosmogenic nuclide results.   
 

Sample ID Depth in drill core 
Sample mass 
dissolved 10Be 26Al 26Al/10Be 

(m) (g) (atoms g-1) (atoms g-1) 

WP1 561.7-561.9 64.84 76630 ± 2647 173108 ± 16367 2.26 ± 0.22 

WP2 562.5-562.7 61.55 82012 ± 2718 236525 ± 18878 2.88 ± 0.23 

WP3 563.5-563.8 73.16 83706 ± 2734 195646 ± 17341 2.37 ± 0.21 
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Table S3. 

Analytical ICP-OES results (ppm). Numbers directly below element symbols refer to 
wavelength (in nm). 
 
Sample 
ID 

Al 
308.2 

B 
249.6 

Ba 
233.5 

Ca 
317.9 

Cr 
267.7 

Fe 
259.9 

K 
766.4 

Li 
670.7 

Mg 
279.0 

Mn 
257.6 

Na 
589.5 

Ni 
221.6 

             

WP1 30.95 <0.01 0.16 18.43 0.44 <0.01 5.62 2.03 3.75 0.39 7.68 0.03 

WP2 35.56 <0.01 0.16 17.81 0.05 9.19 5.60 2.00 3.80 0.36 7.24 <0.01 

WP3 37.67 <0.01 0.23 18.56 0.08 12.05 8.17 2.79 3.59 0.55 9.35 0.03 
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