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Sediment accumulation rates and thermal trackers suggest a substantial and global 

increase in erosion rates over the last few million years. That increase is commonly 

associated with the impact of the Northern Hemisphere glaciation, but methodological biases 

have led researchers to debate this hypothesis. Here, we test whether Himalayan erosion 

rates increased by measuring beryllium 10 (10Be) in the sediment of the Bengal Bay seabed. 

Sediment originated from rocks that produced 10Be under the impact of cosmic rays during 

erosion near surface. Thus, the 10Be concentrations tell erosion rates. The 10Be concentration 

of the Bengal Bay sediment depends on the contributions of the Ganga and Brahmaputra 

Rivers. Their sediments have distinct 10Be concentrations because of distinct elevations and 

erosion in their drainage basins. Variable contributions could thus complicate erosion rate 

calculation. We traced these contributions by a provenance study using the Sr and Nd 

isotopic sediment compositions. Within uncertainties of ±30%, our reconstructed past erosion 

rates show no long-term increase for the last six million years. This stability suggests that 

climatic changes during the late Cenozoic have an undetectable impact on the erosion 

patterns in the Himalayas, at least on the ten-thousand to million-year timescales accounted 

for by our dataset. 

Climate forcing of erosion rates during the late Cenozoic has been suggested on the 

basis of a substantial increase in (1) sediment accumulation rates1-4 and (2) exhumation 

rates derived from in situ thermochronometry5. Such an increase has been attributed to the 

amplification of climate variability and repeated glaciations4,6. However, this hypothesis 

seems at odds with global proxies such as the seawater 10Be/9Be which indicates steady 

chemical weathering during the late Cenozoic7. Assuming that physical erosion and chemical 

weathering increase concurrently, this proxy suggests constant erosion rates7. An intense 

debate has ensued about the resolution and biases of the currently used approaches7-9. 

Validating the climate forcing hypothesis requires new independent approaches. 

Cosmogenic nuclides such as 10Be in detrital sediment are common tracers for modern 

erosion rates10. More recently, they have been applied for paleoerosion rates11-14. 

In this study, we quantify the paleoerosion rates of the Himalayas since the late 

Miocene (ca. 6 Ma) by the analysis of 10Be accumulated in the terrigenous sediment of the 

Bengal Fan. Erosion rates in the Himalayas may have been impacted by climatic changes 
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during the late Cenozoic. In this mountain range, fluctuations in ice cover vary from less than 

5% today15 to up to 20% during the Last Glacial Maximum16, and monsoonal precipitations 

increased in variability during the late Cenozoic17. 

 

Approach for erosion rate quantification 

The sediment eroded from the Central and Eastern Himalayas is conveyed by the 

Ganga and the Brahmaputra Rivers to the Bengal Delta and Shelf, where it is dispersed 

across the Bengal Fan through a 3,000 km-long turbiditic system18,19 (Fig. 1). The 

International Ocean Discovery Program (IODP) Expeditions 353 and 354 drilled the Middle 

Bengal Fan at latitudes of 16°N and 8°N20,21. The sediment recovered by the Expeditions 

provides an unprecedented record of Himalayan erosion. As turbiditic channels migrate over 

time, individual sites of the Bengal Fan record a discontinuous terrigenous sedimentation22. 

To alleviate the gaps in local sedimentation and to study a record as complete as possible, 

we collected and analysed samples from four drill sites in the Bengal Fan. We complemented 

this record by the analysis of the modern sand of the Lower Meghna, presently located after 

the confluence of the Ganga and the Brahmaputra. 

The turbiditic sediment includes sand-rich lobe deposits suitable for in situ 10Be 

cosmogenic nuclide measurements23-25 in the fine-grained quartz fraction. The 10Be 

concentrations were corrected for radioactive decay since deposition using the available age 

constraints20,21,26-29 to obtain 10Be paleoconcentrations. During aerial sediment transfer, 

temporary storage induces additional 10Be build-up in sediment. This contribution is limited to 

a ~15% and ~0% increase in the Ganga and Brahmaputra plains, respectively30,31 (i.e. within 

our analytical uncertainties), and was not accounted for. The resulting 10Be 

paleoconcentrations were interpreted in terms of paleoerosion rates averaged throughout the 

Central and Eastern Himalayan Arc. 

We conducted a complementary provenance study based on the Sr and Nd isotopic 

compositions32 in the silicate fraction of the Bengal Fan samples. Using the distinct isotopic 

compositions of the modern sediment in the Ganga and Brahmaputra Rivers30,31,33-35, we  
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provide additional constraints on the relative contributions of the Central and Eastern 

Himalayas in the Bengal Fan sedimentary mix. 

 

10Be concentrations and apparent erosion rates 

The 10Be concentrations reflect erosion rates throughout the source basin of the 

Bengal Fan. They average the signal of several million grains of quartz eroded over ~1 ka on 

mountain hillslopes. During its transfer through the plain, the sediment may be temporarily 

and repeatedly stored and reworked36. These processes may damp the high-frequency 

content (periods of 1-10 ka) of the mountain-derived signal. Farther downstream, between 

the shelf and the distal fan, mixing during turbiditic transport may also smooth the signal. As 

these processes and the averaging time span of turbiditic mixing are not precisely 

documented, and because spacing of our samples is variable, we will focus our discussion 

on the long-term trend of erosion rates. They were averaged over intervals of 0.5 to 2.5 Ma, 

determined by the provenance study. 

The 10Be paleoconcentrations for the Bengal Fan average 31±12x103 atom/g (1 

sigma uncertainty) over the last 6.2 Ma, with fluctuations between 12x103 and 64x103 atom/g 

(Fig. 2a,b, Extended Data Fig. 1). With an average 10Be concentration of 38±8x103 atom/g, 

the modern sand of the Lower Meghna yields results similar in the error bars to those of the 

Bengal Fan samples. Between ca. 4.5 and 6.2 Ma (2 values) and between 0.07 and 1.8 Ma 

(17 values), the paleoconcentrations are close to the average value of 31±12x103 atom/g, 

and the dispersion is smaller than that observed for the modern sand of the Brahmaputra31 

and the Lower Meghna (Fig. 2b). In contrast, the 1.8-4.5 Ma period (7 values) shows a larger 

variability, potentially by a factor of two or three. But exploring this variability would require 

further measurements and lower uncertainties for the lowest concentrations/highest erosion 

rates (Methods). Despite variations in dispersion, the 10Be signal averaged over intervals of 

0.5 to 2.5 Ma has been steady since 6.2 Ma. 
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Fig. 2. New 10Be and Sr-Nd isotopic constraints on late Cenozoic Himalayan erosion 

rates from the Bengal Fan and Lower Meghna River. 

Evolution of 10Be paleoconcentrations (a,b), Sr-Nd isotopic compositions (c), derived fraction 

fG of the Bengal Fan and Lower Meghna River sand issued from the Ganga Basin (d), and 

calculated Himalayan erosion rates (e,f). The 10Be signal integrates erosion over ~1 ka and is 

damped during plain transfer over ~1-10 ka (concentrations inversely correlated to erosion 

rates). The 1- uncertainty (ellipses or error bars in grey) mainly derives from the 10Be 

analytical measurements and from dating uncertainties for a few samples (a,b,e,f), and from 

the uncertainties of the Ganga and Brahmaputra Rivers isotopic signatures (d). Published 

data from the Ganga and Brahmaputra Rivers are indicated for comparison30,31,33-35. Orange 

lines and boxes represent the average and 1- standard deviations computed over intervals 

with homogeneous Sr-Nd isotopic composition. The influence of the selected intervals on the 

average values remains limited (Extended Data Fig. 6). The two curves in (c) show the 

mixing hyperbolas between the Ganga and the Brahmaputra Rivers in red and between the 

Ganga River and the Brahmaputra River at Dibrugarh, Assam (BD, Fig. 1) in orange33-35. For 

samples without Sr-Nd isotopic measurements, we computed fG from the Sr concentration 

(black-filled symbols in d, Extended Data Fig. 3). Three samples measured for Sr-Nd 

isotopes were not measured for 10Be concentrations. The erosion rates were determined on 

the Himalayan s.s. and the Transhimalayan parts of the basin, under the assumption of 

regional climate forcing of erosion rates. 
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The apparent mean Himalayan erosion rate � is derived from our 10Be 

paleoconcentrations � using the classical equation10 (Methods): 

� =
�

�

�

�
	 (1) 

with � the mean production rate of the modern Himalayan part of the basin (Fig. 1), Λ the 

nucleon attenuation length and � the crustal rock density. The paleoerosion rates (Dataset in 

the Pangaea Repository) are similar on average to the modern value of ~1 mm/y derived 

from the concentrations of the Ganga and Brahmaputra30,31. They do not display a long-term 

increasing trend. 

Equation (1) applied for paleoerosion is valid given four conditions (Methods). (I) The 

Earth magnetic dipole variations should have had a limited impact on the cosmogenic nuclide 

production rate (Extended Data Fig. 2), within the range of uncertainties of the 10Be 

concentrations. (II) The extent and elevation of the basins of the Ganga and Brahmaputra 

should have remained stable. (III) Temporary sequestration in the floodplain should have had 

a negligible impact on the 10Be concentrations. (IV) Each location in the Ganga and 

Brahmaputra basins should have contributed to the sediment deposited in the Bengal Fan 

Sites and in the Lower Meghna. Condition (IV) is further examined with our provenance 

analyses. 

 

Sr-Nd isotopes and test of the climate forcing hypothesis 

 The 87Sr/86Sr and Nd values for the Bengal Fan and the Lower Meghna covary along 

a mixing hyperbola from 0.721 to 0.756 and from -12.6 to -16.2, respectively, within 2- 

errors of 0.005 87Sr/86Sr and 1 Nd (Fig. 2c, Supplementary Information). The endmember 

with low Nd and high 87Sr/86Sr tends towards the composition of the Ganga in Bangladesh33,34 

and corresponds to the erosion of Himalayan rock formations sensu stricto (Himalaya s.s., 

Fig. 1): the Lesser Himalaya, the High Himalaya Crystalline and the Tethyan Sedimentary 

Series. The endmember with high Nd and low 87Sr/86Sr overlaps the composition of the 

Brahmaputra in Bangladesh33,35 and reaches the composition of the Brahmaputra sampled in 

Assam close to the mountain range outlet35 (orange star on Fig. 2c). The composition of the 
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Brahmaputra sediment reflects a mixing between the Himalaya s.s., the Gangdese Belt 

(Transhimalaya) and the mantle-derived formations drained by the Yarlung-Tsangpo and the 

eastern tributaries of the Brahmaputra35. 

The contribution of the Ganga sand to the Bengal Fan and Lower Meghna sands, 

defined as ��, is derived from our isotopic ratios �, i.e. 87Sr/86Sr and Nd, using: 

�� =
(� − ��) × ��

�� × (�� − �) + (� − ��) × ��
 

with ��, �� and ��, �� the elemental concentrations and isotopic ratios of the Ganga and the 

Brahmaputra, respectively. Our isotopic ratios correspond to �� which ranges from 75% to -

40% and which displays a clear decrease since 0.45 Ma, irrespective of the drill Site position 

(Fig. 2d, Supplementary Information). 

Assuming that Condition (IV) is verified, i.e. each location in the Ganga and the 

Brahmaputra basins contribute to the sediment deposits, �� is expected to reflect relative 

changes in erosion rates between the Ganga and Brahmaputra basins. Nevertheless,	�� is 

close to 0% for the modern Lower Meghna (Fig. 2d). This low contribution of the Ganga is 

confirmed by the Sr concentration of the bulk sediment (Extended Data Fig. 3b) showing that 

the sandy bedload composition of the Lower Meghna overlaps with the composition of the 

Brahmaputra sediment. Such a reduced value of �� seems at odds with an expected value of 

~35% calculated from the 10Be-derived erosive fluxes30,31. But our geochemical and 

granulometric budgets (Extended Data Fig. 4) indicate that ~60% of the Ganga sand may be 

sequestered in the Ganga floodplain, which suggests that the Ganga contribution to the 

Lower Meghna sand is less than ~18%. Our results imply a sharp difference in sand 

sequestration and export between the Ganga and the Brahmaputra floodplains in modern 

times.  

For the Bengal Fan samples, the large variations of �� could similarly reflect changes 

in sand sequestration in the floodplains of both rivers. Alternatively, they could reflect 

changes in sediment routing. Distinct delta outlets and turbiditic channels for the Ganga and 

Brahmaputra18,27,37 may have led to pure Brahmaputra or Ganga signatures in the turbiditic 

record. 
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Considering that a significant part of the erosion products from the Ganga Basin is 

absent from the samples younger than 0.45 Ma, equation (1) is invalid for these samples and 

the mean Himalayan erosion rate remains undetermined. To take into account the impact of 

the variable export on the 10Be paleoconcentrations (Extended Data Fig. 5) and calculated 

erosion rates, and to further explore the trend of erosion rates, we use the climate forcing 

scenario developed below (detailed computation in Methods).  

The mixing of two endmembers with 10Be concentrations �� and ��	yields a final 

concentration �	that is a function of �� (the indices � and � indicating the Ganga and 

Brahmaputra, respectively): 

� = �� × �� + (1 − ��) × �� (2) 

At steady state, according to equation (1), �� and ��	depend on the unknown mean erosion 

rates �� and �� of each drainage basin. 

Under the simplifying assumption that most Himalayan landscapes respond similarly 

to global climate forcing, �� and �� would co-vary over time as a function of �(�), a regional 

climatic amplification factor of erosion relative to modern conditions (indicated by subscript 

0): 

�(�) =
��(�)

���

=
��(�)

���

 (3) 

Combining equations (1), (2) and (3), �(�) is expressed as: 

�(�) = ���(�) × ��,� + �1 − ��(�)� × ��,�� �(�)⁄  

with ��,� and ��,� the modern 10Be concentrations in the sand of each river. The mean 

Himalayan erosion rate �(�) is then determined from the modern erosion rate �� through: 

�(�) = �(�) × �� 

The resulting mean Himalayan erosion rate �(�) displays a signal similar to the 

paleoconcentration signal, i.e. an erosion rate constant on average over the last 6.2 Ma, 

between 0.8 and 1.3 mm/y, close to the modern values of ~1 mm/y (Fig. 2e,f). Under the 

assumption of a uniform erosive response factor (described above), within 1- uncertainties 
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of ±30%, and despite the variable mixing of the Ganga and Brahmaputra sand, this 

demonstrates that our data do not point to a long-term increase in erosion rates. 

 

Implications of stable late Cenozoic Himalayan erosion 

Our results indicate that climate forcing of erosion is weak in the Himalayas, as 

argued from detrital thermochronometry by ref. 38 and on a global scale by ref. 7. The marked 

increase (by a factor two or three) in local erosion rates that is documented by published in 

situ thermochronometry in the Himalayas5,39,40 is not reflected by an increase in the mean 

erosion rates reconstructed using cosmogenic nuclide concentrations in the Bengal Fan. This 

suggests that available in situ thermochronometric data in the Himalayas are only of local 

tectonic or geomorphological significance. They do not reflect the average erosion of the 

Central and Eastern Himalayas as cosmogenic nuclides applied on sediment do. 

In mountain ranges, the extension of ice during the late Cenozoic climate cooling 

likely produced an increase in erosion rates5,6 or at least an increase in the variability of 

erosion rates deduced from several 10Be records14,41,42. In the High Himalaya, prominent 

glacially shaped valleys attest for the intensity of glacial erosion. However, our results do not 

indicate any significant increase in average erosion rates since 6.2 Ma. They even point to a 

slight decrease since 0.45 Ma. Paradoxically, the amplitude of the variations of the 10Be 

erosion rates is lower during the intensification of the Northern Hemisphere Glaciations 

(since ~0.8 Ma) than it was during the previous period. This might partly arise from buffering 

effects caused by glacio-eustatic variations and temporary sediment storage in the delta, as 

shown since 11 ka43. In any case, our results suggest that glacial erosion had no manifest 

impact on the global volume of the sediment exported from the Central and Eastern 

Himalayas. 

In this context, the fluctuations of the 10Be paleoconcentrations and Sr-Nd 

provenances between 1.8 and 4.5 Ma (Fig. 2f) could reflect strong responses of the 

landscape to local changes in tectonics. While the uplift of the Eastern Syntaxis40,44,45 could 

introduce more variability in the sedimentary signal, the rise of the Shillong Plateau46 and the 

development of the Indo-Burman wedge47 probably modified the course of the 
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Brahmaputra48, as well as the size and subsidence of its plain and of the delta. To specify 

those possible tectonic imprints, additional constraints are necessary to complement the 

scenario developed in this work. Further studies applied to the eastern Himalayan foreland 

with an approach similar to ours should yield such constraints. 
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Methods 

Material. The IODP Expedition 354 drilled a transect of seven holes in the Middle Bengal 

Fan extending back to the Miocene at 8°N (Fig. 1)21. The Bengal Fan turbidites were 

deposited along a distance of 3,000 km south of the Bengal Shelf, as far as 2°S18,19,21. The 

cores consist of sand and silt turbidites interbedded with hemipelagic calcareous clay. 

Expedition 353 provides a complementary turbiditic record in the northwestern Bengal Fan at 

16°N20. Abundant nannofossils, microfossils, and clayey material appropriate for 

paleomagnetic dating contributed to yield dating constraints over the full period up to recent 

times20,21,26-29. 

Abundant quartz-rich sand in the turbidites makes possible the application of in-situ-

produced 10Be measurement. We selected 28 unconsolidated samples from the inter-levee 

and sand lobe turbidites from four drilled sites: U1450, U1451 and U1454 at 8°N, and U1444 

at 14°N (Fig. 1). The samples cover the 0.07 - 6.6 Ma range, with a higher density in the 0.07 

- 0.7 Ma range. We also selected five modern bedload samples from the Lower Meghna 

which export the Ganga and Brahmaputra sediment to the Bay of Bengal. Most samples are 

rich in the coarse fraction (> 125 m). 

 

10Be/9Be preparation and measurements. A sufficient amount of quartz (> 100 g for the old 

samples with a low 10Be concentration) was prepared and decontaminated from the 

atmospheric 10Be contribution at CRPG-CNRS-UL (Nancy, France)14,23,30,31. The 10Be/9Be 

ratios were measured on the 125-250 or 75-125 m fraction at the ASTER national 

Accelerator Mass Spectrometer facility (CEREGE, Aix-en-Provence, France)24, and 

normalised to the in-house standard STD-11, using an assigned 10Be/9Be ratio of (1.191 ± 

0.013) x 10-11 (ref. 25). We performed duplicate analyses on five samples to confirm that the 

grain size plays a minor role in the dispersion of data (Extended Data Fig. 7). Natural 9Be 

content in quartz might interfere with the 9Be content of the carrier31. We measured 9Be 

concentrations after dissolution using ICP-MS at CRPG, Nancy. They are close to the 

concentrations predicted from the added carrier, which confirms that the natural 9Be content 

is negligible. 
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The blank-correction (average measured 10Be/9Be = 5.25x10-5 atom/g) represents an 

average correction of 8 and 14% for samples < 1.8 Ma and for samples > 1.8 Ma, 

respectively. Using a Monte Carlo approach (10'000 iterations), we propagated the 

uncertainties of: (1) the analytical measurement of the 10Be/9Be ratio, (2) the blank, (3) the 

quartz mass, (4-5) the carrier mass and concentration. Average uncertainty is 12% and 27% 

for samples < 1.8 Ma and for samples > 1.8 Ma, respectively. The bulk of uncertainty (> 

90%) is analytic, except for a few samples with low analytical uncertainties. 

 

10Be paleoconcentrations. The 10Be paleoconcentrations correspond to concentrations 

(Extended Data Fig. 1) corrected for radioactive decay (10Be half-life51,52: 1.387±0.012×106 y). 

They integrate the 10Be signal acquired during erosion and additional exposure to cosmic 

rays during sediment transport. In the Ganga plain, additional exposure represents less than 

10-15% of the modern signal30,51 (i.e. within our analytical uncertainties). We therefore 

neglect 10Be production during the sediment transfer through the foreland, and any recent 

exposure since the Bengal Fan sediment is shielded below a > 2,000 m water column. We 

assume that the 10Be paleoconcentrations chiefly reflect the mean concentration at the outlet 

of the Himalayan range. Using a Monte Carlo approach (10'000 iterations), we propagated 

the uncertainties of: (1) the present 10Be concentration and (2) the age. Except for a few 

samples, the bulk of uncertainty (> 90%) derives from the uncertainty of the present 10Be 

concentration, i.e. from the analytical measurement. 

To interpret the 10Be paleoconcentrations and erosion rates, we focused on the low-

frequency signal, i.e. the global trend over 6 Ma, rather than the high-frequency variability 

(i.e. below the million years). Our dataset does not contain a sufficient number of samples to 

explore the effects of orbital cycles, even over the last million years, covered by half of our 

samples. Dating uncertainties combined with 10Be analytical uncertainties (too high for the 

lowest concentrations, e.g. in the 1.8-4.3 Ma interval) makes it difficult to further explore the 

pattern of high-frequency variability. 
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Production and erosion rates. We used Basinga61 to compute the modern 10Be production 

rates, considering the neutron, slow muon, and fast muon pathways with constant 

attenuation lengths. We set the sea level high latitude production rate at the global mean of 

4.18 atom/g62, with factors of 0.9886, 0.0027 and 0.0087 for the neutron, slow and fast 

muonic contributions63. We scaled these rates with the Lal-Stone model64,65 modified by ref. 

61. Glacial cover shielding correction on production rates amount to 8% (GLIMS database15). 

The ice cover and associated shielding have probably varied significantly since 6 Ma, with an 

apparent impact remaining in the range of our uncertainties. We included neither topographic 

shielding66 nor paleomagnetic variation corrections. 

The drainage basins entered into Basinga61 exclude the plains covered by Quaternary 

deposits (elevation < 200 m) and the quartz-poor Cretaceous basalts overlying the Indian 

Craton. For the strictly Himalayan production rates (i.e. Himalaya s.s. and Transhimalaya, 

Fig. 1), we removed the southern sub-basins covering the Indian Craton, the Shillong 

Plateau and the Indo-Burman Range (see ref. 30). The 10Be measurements in rivers draining 

these sub-basins show a sediment flux limited to ~1% of the Himalayan derived flux30,31,67. 

The Himalayan erosion is approximated with: 

�� =
��×��±��×��

��
≅

��

��
× �� ,  

with � and � the mean erosion rates and areas of the full basin (�), the Himalayan part of the 

basin (�) and the southern sub-basins (�). 

When the relative contributions of the Ganga and Brahmaputra basins are steady, 

equation (1) yields valid erosion rates because the other conditions are fulfilled since ca. 4-6 

Ma. The variations of the average cosmogenic nuclide production rate have remained within 

our 10Be uncertainties (Extended Data Fig. 2). Provenance analyses within foreland folded 

sediment series in Central Himalaya68-70 and Eastern Himalaya71,72, and paleoaltimetry along 

northern Himalaya73,74 show a stable extent and elevation of the drainage basins. Sediment 

transfer has no significant impact on the 10Be concentration30. Using a Monte Carlo approach 

(10'000 iterations), we propagated erosion rate uncertainties from the uncertainties of the 

10Be paleoconcentration. The bulk of uncertainty derives from the analytical measurement. 
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Sr-Nd isotopic measurements. Samples were prepared and measured at CRPG-CNRS-UL 

(Nancy, France). Bulk aliquots of the samples were collected before 10Be preparation and 

rinsed with milli-Q water to reduce sea salt contributions. They were powdered and organic 

matter was removed by combustion at 600°C. The samples were leached with 10% acetic 

acid32,75 and prepared to obtain a silicate residue. The 87Sr/86Sr was measured using a Triton 

Plus(TM) multi-collector thermal ionization mass spectrometer with NBS-987 as a standard 

and quality control. 143Nd/144Nd was measured using a Neptune(TM) plus multi-collector 

inductively coupled plasma mass spectrometer. The 143Nd/144Nd was normalised to 

146Nd/144Nd = 0.7219 using an exponential law and to the JNdi-1 following a pseudo-standard 

sample-bracketing method (one standard for each 4–5 samples76). Results are presented 

with the Nd notation77. We additionally measured Sr and Nd concentrations at SARM (Nancy, 

France)78. Results are interpreted in the geological context developed in the Supplementary 

Information. 

 

Fraction fG. Deriving erosion rates that integrate the signal throughout the Himalaya s.s. and 

the Transhimalaya requires to calculate �� with poles based on the composition of the 

sediment of the Ganga River at Harding Bridge and the Brahmaputra River at Jamuna Bridge 

(poles G and B, Fig. 1). We assumed that these poles have remained stable for the period of 

study68-74. The fraction �� of sand issued from the Ganga Basin is determined applying an 

equation similar to equation (2) on Sr and Nd isotopic compositions. For instance, for Sr: 

� ���� � = �� × � ���� �
�

+ (1 − ��) × � ���� �
�
 

and � ���� � = �� × � ���� �
�

+ (1 − ��) × � ���� �
�
 

When combined, the equations lead to (ref. 54, p. 319): 

����

���� =

�� × [��]� ×
����

����
�

+ (1 − ��) × [��]� ×
����

����
�

�� × [��]� + (1 − ��) × [��]�
 

and similarly for Nd. 

Because the inversion of �� is overdetermined by the two mixing equations on 87Sr/86Sr 
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and Nd, we compute the mean and 1- uncertainty of �� from the probability density function 

of �� obtained using equations 1.60 to 1.80 of ref. 80:  

��� = � ��� �−
1

2
× ����

� + ���
��� ℎ�ℎ������� 

with ℎ� and ℎ� the multivariate density function of each pole, and 

 ��� =
�

�
����

����

× �
����

����
���������

−
����

����
��������

� 

��� =
�

����

× �������������
− �����������

�  

with � ����

����

 and ����
 the mean uncertainties on the isotopic signatures of the Ganga and 

Brahmaputra poles. 

For samples without isotopic measurements, the difference of the Sr concentration 

between the Ganga and Brahmaputra sediment and the resulting close relationship79 

between the Sr concentration and 87Sr/86Sr are used to estimate �� (Extended Data Fig. 3). 

There is no such marked difference for the Nd concentration. 

One- uncertainties range between 0.10 and 0.35 points of �� and were derived from 

the ��� of �� of each sample, which takes into account for the Ganga and the Brahmaputra 

poles the uncertainties of: (1) the 87Sr/86Sr and the Nd, or (2) the Sr concentration. The 

analytic uncertainties of the sample measurements were considered negligible compared to 

the uncertainties of each pole. 

Eight Bengal Fan samples and three Lower Meghna samples present negative values 

for ��. This indicates that they were generated during periods with a relative contribution of 

Transhimalaya higher than the one observed in the sediment of the Brahmaputra at Jamuna 

Bridge, and comparable to the one observed in the Brahmaputra at Dibrugarh (Fig 2). When 

computed with a pole based on the Brahmaputra at Dibrugarh, the lowest values of �� fall in 

the 5-30% range. This range fits the low contribution of Ganga sand as exposed by our 

geochemical and granulometric budget and the high contribution of Brahmaputra sediment, 
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representing 2/3 of the total flux in modern times (Extended Data Fig. 4 and refs. 51,81). The 

interpretation of the �� variations is detailed in the Supplementary Information. 

 

Geochemical budget in the Ganga. Combining a geochemical budget with a granulometric 

budget makes it possible to assess the sequestered flux of sediment in the modern Ganga 

floodplain and highlight the preferential sequestration of the sand fraction. Here, these 

budgets are focused on the transfer system from the Narayani-Gandak mountain outlet to the 

Ganga plain outlet, the Gandak being a tributary of the Ganga (Fig. 1). Following ref. 51, we 

compared the sediment content in the immobile elements (i.e. for which the dissolution flux is 

negligible) Al and Fe at the range outlet and the plain outlet, and budgeted the sequestration 

flux by considering the same elements in the sediment deposited in the plain (Extended Data 

Fig. 4a). The geochemical signature of Himalayan rivers at the range outlet is estimated from 

2010s monsoonal data in the Narayani-Gandak at the Himalayan front53, and integrated over 

time and across channel section, following ref. 51. The signature of the plain outlet was 

estimated by ref. 51 for the Ganga at Harding Bridge (Fig. 1). The signature of the sediment 

deposited in the plain is determined from ~80 samples of sediment of the Gandak Fan drilled 

cores54, which correspond to sediment deposition since ca. 50 ka, and from ~30 samples of 

Siwalik sandstone deposited by the Narayani-Gandak system since the late Miocene55. 

While our assessment of the geochemical signatures for the range outlet and the 

deposited sediment (Extended Data Fig. 4a) falls within the error bars of the poles 

approximated by ref. 51 (their Fig. 15), we obtain sediment budget values significantly higher: 

~30% (instead of their ~10%) of the sediment issued from the range (~165 Mt/y) would be 

sequestered in the Ganga plain. 

 

Granulometric budget in the Ganga. Discrete granulometric measurements have been 

conducted for variable depth and discharge values in the Narayani53 and the Ganga51. 

Through adequate interpolation51,53, we performed integrations over time and channel cross-

sections and provide the average grain size distribution of the whole sediment transported by 

each river (Extended Data Fig. 4b). The coarse sediment fraction (> 125 m) represents 
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~40% of the sediment exported by the Narayani at the range outlet. Contrastingly, the coarse 

fraction represents only ~20% of the sediment transported by the Ganga at Harding Bridge, 

i.e. the plain outlet. 

Given a sediment sequestration higher than previously estimated (geochemical 

budget) and the preferential sequestration of the coarse fraction (granulometric budget), we 

estimate that ~60% of the coarse fraction (> 125 m) of the sediment issued from the Central 

Himalaya is deposited in the Ganga plain and does not reach the Lower Meghna. This could 

explain why the Lower Meghna sediment does not contain bedload marked by the isotopic 

signature of the Ganga. 

Because of a lack of data, we cannot perform similar geochemical and granulometric 

budgets for the Brahmaputra plain. We assume that sand sequestration is limited in the 

Brahmaputra plain because the Brahmaputra plain has little accommodation space (Fig. 1, 

e.g. ref. 82). In that case, the Brahmaputra sand would dilute the Ganga sand, an effect 

reinforced by the fact that the Brahmaputra has a sediment load 1.75 to 2 times higher than 

the Ganga according to the measured fluxes of suspended load51,81 or 10Be derived erosional 

fluxes30,31. The addition of Ganga sand sequestration and dilution by the Brahmaputra sand 

would mean that the sediment mix in the Lower Meghna would only contain ~13% of Ganga 

sand. 

This configuration of the Brahmaputra plain might have been different before the rise 

of the Shillong Plateau46 and the growth of the Indo-Burman wedge47, which might have 

favoured a sequestration of the coarse fraction in the Brahmaputra plain higher than in 

modern times. 

 

Test of the climate forcing hypothesis. In case of a variable mixing in the foreland 

(differential sequestration) or in the shelf (separate turbiditic systems), the 10Be concentration 

of the sandy fraction of the Lower Meghna River or the one of the Bengal Fan turbidites can 

be written from a mixing perspective: 

� = �� × �� + (� − ��) × �� 
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with �� and �� the 10Be concentrations of the Ganga and Brahmaputra sand respectively. At 

steady state, these concentrations depend on the mean erosion rates in the basins of these 

rivers according to: 

�� = ∑
��×��,�

�×��
���,�   

and 

 �� = ∑
��×��,�

�×��
���,� ,	 

with Λ� the attenuation lengths of nucleons or muons, � the density of eroded rocks, ��,� and 

��,� the mean nucleogenic and muogenic cosmogenic nuclide production rates in the 

respective drainage basins, and �� and �� the mean erosion rates in the basins (e.g. ref. 14). 

It follows: 

 � = ∑
��

�
× ��� ×

��,�

��
+ (1 − ��) ×

��,�

��
����,�  (4). 

If the Ganga and Brahmaputra sediments are fully exported to the Bengal Fan, the 

proportion: 

 �� =
��×��

��×�����×��
 , 

�� and �� being the areas of the basins, and the above equation simplifies to the classical 

equation: 

 � =
�

�
× ∑

��×��

����,�    

with �� and � the mean nucleogenic and muogenic production and erosion rates over the 

whole basin of the Lower Meghna. Otherwise, equation (4) cannot be simplified and leads to 

the indeterminacy of the mean erosion rate. 

To overcome the indeterminacy, we chose to test a scenario in which all the 

Himalayan landscapes would similarly respond to a regional forcing, i.e. in which �� and �� 

co-vary: 

��(�) = �(�) × ��,� 

and 
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��(�) = �(�) × ��,� ,  

with ��,� and ��,� the modern erosion rates of the Ganga and Brahmaputra basins 

respectively and �(�) the regional amplification factor. 

In that case, assuming a negligible variation of production rates over the period of 

study (Extended Data Fig. 2), the mean erosion rate of the Lower Meghna Basin is derived 

from equation (4):  

�(�) = �(�) × �� = �(�) ×
��×��,����×��,�

�����
 ,        

with �� the mean modern erosion rate of the Lower Meghna Basin and 

�(�) =
1

�(�)
× �

Λ�

�
× ���(�) ×

��,�

��,�
+ �1 − ��(�)� ×

��,�

��,�
�

���,�

 

in other terms: 

�(�) 	 = ��(�) ×
��,�

�(�)
+ �1 − ��(�)� ×

��,�

�(�)
   (5). 

These equations are also valid when we restrict the Lower Meghna Basin to its 

Himalayan s.s. and Transhimalayan part to determine the Himalayan erosion rate, as 

proposed by ref. 30,31. 

However, these equations are difficult to verify when �� < 0. In that case, we should 

expect the 10Be concentration of the mixing to be larger than the concentration of the 

Brahmaputra before the confluence at 31x103 atom/g. Since the 10Be concentration of the 

Brahmaputra at Dibrugarh (Fig. 1) is poorly defined, as well as the concentrations of the 

Himalayan tributaries of the Brahmaputra that display variable values between 8 x103 and 

41x103 atom/g31, we chose to consider �� = 0 in equation (5) for those cases (i.e. for six 

samples of the Bengal Fan in the time span 0.5-0 Ma and for two older samples, and for 

three samples of the Lower Meghna). 

Using a Monte Carlo approach (10'000 iterations), we propagated the uncertainty of: 

(1) the 10Be paleoconcentration of the samples, (2) the 10Be concentrations of the Ganga and 

the Brahmaputra, (3) the ��. Except for a few samples, the bulk of uncertainty (> 90%) 

derives from the 10Be paleoconcentration, i.e. from the analytical measurement. 
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Temporal variability of cosmogenic nuclide production rates. The cosmogenic nuclide 

production rates depend on the solar activity, stable over the last 10 Ma83, and the intensity 

of Earth's magnetic field84. We explored the impact of the temporal variations of Earth's 

magnetic dipole intensity on production rates in Extended Data Fig. 2. Using different 

databases of dipole paleointensity, the continuous Muscheler et al.'s (2005)56 database from 

0 to 60 ka, the SINT2000 continuous database57 from 60 to 2000 ka, and the PINT lava flow 

discrete database58, which has a low resolution for the record > 4 Ma, we computed the 10Be 

production rate normalised to modern values as a function of time, for the elevation 

distribution of the Himalayan s.s. and Transhimalayan part of the Ganga-Brahmaputra Basin. 

Calculation was done at a mid-latitude of 28°N for the basin, according to the Lal-Stone 

model64,65, and using the magnetic correction85: 

���(��) 	 = �
�

��
�

�
��

× ���(��)	   

where � and �� are the past and present magnetic dipole field intensity, �� is the latitude of 

the studied site (i.e. ~28°N), and �� an equivalent virtual geomagnetic latitude translated into 

the Lal-Stone model. 

Since 2 or 4.5 Ma, the nucleogenic production rate displays significant variations and 

has an average 10% higher than in modern times, with a standard deviation of 15-17%, 

which remains in the uncertainties of our 10Be results. 

Production rates can vary by a maximum factor of two. This variability could partly 

explain the variability of apparent erosion rates. But given the high frequency of the signal of 

the paleomagnetic field and given the large uncertainties of the ages of samples, we were 

not able to correct our concentrations from the variations of the paleomagnetic field and to 

explore this direction. 

 

Data availability 

 The datasets generated and analysed during the current study are available in the 

Pangaea Repository: https://doi.org/10.1594/PANGAEA.912098 (Sample information, 10Be 
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and Sr-Nd isotopic results, calculated fractions and erosion rates); 

https://doi.org/10.1594/PANGAEA.912100 (10Be duplicate results); 

https://doi.org/10.1594/PANGAEA.912101 (10Be blanks); 

https://doi.org/10.1594/PANGAEA.912103 (Major and trace element results); 

https://doi.org/10.1594/PANGAEA.912108 (Chemical analyses for river sediment); 

https://doi.org/10.1594/PANGAEA.912109 (Sr-Nd and 10Be data from river sediment used for 

the fG and K(t) computation). 

 

Code availability 

 The Matlab(TM) and R codes used in this study are available on request to the 

corresponding author. 
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Extended Data Fig. 1. 10Be uncorrected concentration results. 
The theoretical radioactive correction curve from the average 10Be concentration of the 
Lower Meghna is indicated. Same symbols as Fig. 2, 1-sigma uncertainties. 
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Extended Data Fig. 2. Effect of the variations of the geomagnetic dipole on the 10Be 
production rate.
a, 10Be production rate normalised to modern values as a function of time, for a basin of 
Himalayan hypsometry at a latitude of 28°N. Two dipole temporal databases are explored: 
(1) the continuous Muscheler-SINT sediment database56,57 and (2) the discrete PINT 
lava flow database58. A 100 ka-long averaging sliding window is applied to the PINT record 
to buffer the data dispersion and fill the data voids. The resulting curve with the 1-sigma 
uncertainty envelope is presented.
b, 10Be normalised production rate distribution for the two databases. Despite distinct periods 
(0-2 Ma vs 0-5 Ma) and resolution (0.5 ka vs ~50 ka), the distribution of both databases is 
similar for low frequency (period > 100 ka) signal variations.
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Extended Data Fig. 3. Estimate of fG based on the Sr concentration.
a, Calibration of the fG obtained using Sr concentration versus the fG obtained using Sr-Nd 
isotopic data, for the Bengal Fan and the Lower Meghna River samples having both 
measurements. Thanks to the distinct Sr concentrations of the Ganga and Brahmaputra 
sediment (b), this calibration makes it possible to derive a fraction fG for samples having 
a Sr concentration measurement without a Sr-Nd isotopic measurement. b, Sr concentration 
as a function of Al/Si, a proxy for granulometry51, for the Ganga, Brahmaputra and Lower 
Meghna bulk sediment (this study and ref. 52). The coarser fraction, i.e. the sandy bedload, 
of the Lower Meghna sediment overlaps with the composition of Brahmaputra sediment 
whereas the finer fraction, i.e. the suspended load, corresponds to a mixing of sediment 
between the Ganga and the Brahmaputra sediment.
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Extended Data Fig. 4. Modern geochemical and granulometric budgets in the 
Ganga plain.
a, Geochemical budget: Fe/Si vs Al/Si distribution of sediment in the Ganga plain. The 
geochemical poles for the (1) plain outlet, the (2) range outlet and the (3) plain deposits 
are represented by colour-filled stars surrounded by border-coloured 1-sigma uncertainty 
envelopes. While the plain outlet was previously assessed from (1) data of the Ganga at 
Harding Bridge51, we estimated the other poles (Methods) with (2) data from the Narayani-
Gandak at the Himalayan front53 and (3) data from the Gandak megafan
 and from a new Siwalik section55. For comparison, the shaded black stars and envelopes 
represent the previous approximations of ref. 51 for these poles. b, Granulometric budget: 
cumulative distribution of grain size (logarithmic scale) for the Ganga and Narayani measured 
at variable depth and discharge values. The granulometric fraction favoured for 
Be measurements in this study is 125-250 μm.

Ganga plain 
outlet

Range outlet

Plain deposits

Fe
/S

i

Al/Si

0.00

0.04

0.08

0.00 0.10 0.20 0.30

Nar
ay

an
i

Gan
ga

10 102 103

Grain Size (µm)

0

0.2

0.4

0.6

0.8

1.0

C
um

ul
at

iv
e 

D
is

tri
bu

tio
n

12
5 
µm

a

b

34



Relative Fraction fG

0 0.5 1

10
B

e 
P

al
eo

co
nc

en
tra

tio
n 

(x
 1

04  a
to

m
/g

)

0

1

2

3

4

5

6

7

8

1

2

3

4

5

6

A
ge

 (M
a)

0

B

G

35

Extended Data Fig. 5. Impact of the variable contribution of Ganga and Brahmaputra 
sediment on 10Be paleoconcentrations. 
The chart shows the distribution of 10Be paleoconcentrations of the Bengal Fan and 
the Lower Meghna River sand as a function of (1) the fraction fG of the Bengal Fan 
and Lower Meghna sand issued from the Ganga Basin (on the x-axis) and (2) the 
deposition age of sand (in colour, blue for the Lower Meghna sand, red to yellow 
for the Bengal Fan sand younger than 0.5 Ma and white to black for the older sand). 
Each sample is represented by a small dot of colour. For clarity, uncertainties are not 
presented but are visible in Fig. 2. The average for each interval defined in Fig. 2 is 
displayed by square dots with 1-sigma uncertainty bars. The modern Ganga (G) and 
Brahmaputra (B) poles are shown by pink stars30,31,33-35. The zone of potential 
values obtained by a mixing of modern Ganga and Brahmaputra sand is shown by 
the pink polygon. Despite some scattering at ca. 2-4 Ma, the values averaged over 
the intervals seem independent from the fraction of Ganga sand and appear stable.
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Extended Data Fig. 6. Influence of the selected intervals on averaged results. 
One might prefer dividing the period of study according to different averaging intervals than 
the ones we selected (Fig. 2). For instance, one could merge the 4.5-3.5 Ma interval with the 
6.5-4.5 Ma interval. This new division does not alter the evolution of the mean 
Be paleoconcentration (a), the mean fG (b) and the mean paleoerosion rate (c), and 
associated conclusions.
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Extended Data Fig. 7. Grain size influence on the 10Be concentration. 
A 75-250 μm fraction was selected for the four samples with little coarse material > 125 μm. 
Despite a limited set of analyses in two different size fractions, 75-125 μm and 125-250 μm, 
the grain size does not have a major influence on 10Be concentration (variations by less than 
20% on average). One sample (U1444A-7H) displays a larger value for the coarsest fraction 
and might be explained by a larger proportion of Brahmaputra coarse sediment in this fraction 
(modern 10Be concentrations of the Ganga and Brahmaputra sand in Fig. 2b). The overall 
agreement between the 75-250 μm and 125-250 μm fractions makes it possible to plot and 
discuss the data issued from these two granulometric fractions on the same graphs.
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Source data for Fig. 1 

Site Hole Core Sample Latitude °N Longitude °E 

Center Core 
Depth 

Below Sea-
Floor, CSF-

A (m) Reference 

U1444 A 6H 353-U1444A-6H-1W, 100-150 cm. 14.00 84.83 46.4 Ref. 20 

U1444 A 7H 353-U1444A-7H-5W, 100-150 cm. 14.00 84.83 61.9 Ref. 20 

U1444 A 9H 353-U1444A-9H-5W, 75-130 cm. 14.00 84.83 79.6 Ref. 20 

U1444 A 11H 353-U1444A-11H-6W, 87-150 cm. 14.00 84.83 93.9 Ref. 20 

U1444 A 24F 
353-U1444A-24F-3W, 0-56, 65-110 
cm. 14.00 84.83 208.5 Ref. 20 

U1450 A 3H 354-U1450A-3H-4W, 50-120 cm. 8.01 87.67 16.0 Ref. 21 

U1450 A 8F 354-U1450A-8F-2W, 1-60 cm. 8.01 87.67 40.8 Ref. 21 

U1450 A 14F 354-U1450A-14F-2W, 90-150 cm. 8.01 87.67 70.1 Ref. 21 

U1450 A 25F 354-U1450A-25F-1W, 50-100 cm. 8.01 87.67 119.5 Ref. 21 

U1450 A 32F 354-U1450A-32F-3W, 24-84 cm. 8.01 87.67 155.4 Ref. 21 

U1450 A 40F 354-U1450A-40F-2W, 0-30 cm. 8.01 87.67 191.6 Ref. 21 

U1450 A 44F 354-U1450A-44F-3W, 40-100 cm. 8.01 87.67 212.6 Ref. 21 

U1450 A 50F 354-U1450A-50F-2W, 86-116 cm. 8.01 87.67 239.9 Ref. 21 

U1450 A 83F 354-U1450A-83F-3W, 113-147 cm. 8.01 87.67 398.2 Ref. 21 

U1450 A 90F 354-U1450A-90F-3W, 106-136 cm. 8.01 87.67 431.0 Ref. 21 

U1450 A 100F 354-U1450A-100F-3W, 28-88 cm. 8.01 87.67 477.9 Ref. 21 

U1450 A 110F 354-U1450A-110F-1W, 79-84 cm. 8.01 87.67 523.0 Ref. 21 

U1450 A 124F 354-U1450A-124F-3W, 20-80 cm. 8.01 87.67 602.2 Ref. 21 

U1450 A 130F 354-U1450A-130F-3W, 0-51 cm. 8.01 87.67 630.8 Ref. 21 

U1451 A 9H 354-U1451A-9H-2W, 120-145 cm. 8.01 88.74 55.1 Ref. 21 

U1451 A 12F 354-U1451A-12F-3W, 90-121 cm. 8.01 88.74 69.0 Ref. 21 

U1451 A 22H 354-U1451A-22H-5W, 92-126 cm. 8.01 88.74 118.1 Ref. 21 

U1451 A 31F 354-U1451A-31F-2W, 44-116 cm. 8.01 88.74 199.8 Ref. 21 

U1451 A 39F 354-U1451A-39F-3W, 81-111 cm. 8.01 88.74 239.5 Ref. 21 

U1454 B 4H 354-U1454B-4H-4W, 0-60 cm. 8.01 85.85 29.2 Ref. 21 

U1454 B 6F 354-U1454B-6F-3W, 5-65 cm. 8.01 85.85 37.6 Ref. 21 

U1454 B 25F 354-U1454B-25F-2W, 54-114 cm. 8.01 85.85 126.4 Ref. 21 

U1454 B 32F 354-U1454B-32F-2W, 80-130 cm. 8.01 85.85 159.4 Ref. 21 
Lower Meghna, Chor 
Fasson - - BGP 34 22.19 90.83 - Ref. 31 

Lower Meghna, Bhola - - BR219 22.82 90.72 - Ref. 51 

Lower Meghna, Bhola - - BR446 22.82 90.72 - Ref. 51 

Lower Meghna, Daulatkhan - - BR8230 22.59 90.76 - Ref. 51 

Padma, Mawa - - BR529 23.46 90.24 - Ref. 51 

Padma, Mawa - - BR724 23.46 90.24 - Ref. 51 

Ganga, Harding Bridge - - - 24.05 89.02 - 
Ref. 
28,31,33 

Brahmaputra, Sirajganj - - - 24.47 89.73 - Ref. 31,32 
Brahmaputra, Jamuna 
Bridge - - - 24.39 89.80 - 

Ref. 
29,31,32 

Brahmaputra, Dibrugarh - - - 27.77 94.77 - Ref. 32 
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Source data for Fig. 2 

Site Sample 
Age 
(Ma) 

1 sigma 
uncertainty  

(Ma) 

Age 
model 
reference 

10Be 
paleoconce
ntration 
(atom/g) 

1 sigma 
uncertainty 
(atom/g) 

Num
ber 
of 
mea
sure
men
ts Corrections Reference 

U1444 353-U1444A-6H-1W, 100-150 cm. 0.19 0.025 20 2.77E+04 3.27E+03 1 
radioactive-

decay This study 

U1444 353-U1444A-7H-5W, 100-150 cm. 0.20 0.025 20 3.54E+04 3.67E+03 1 
radioactive-

decay This study 

U1444 353-U1444A-9H-5W, 75-130 cm. 0.26 0.025 20 3.26E+04 5.01E+03 1 
radioactive-

decay This study 

U1444 353-U1444A-11H-6W, 87-150 cm. 0.31 0.025 20 3.11E+04 3.84E+03 1 
radioactive-

decay This study 

U1444 
353-U1444A-24F-3W, 0-56, 65-110 
cm. 3.71 0.125 20 2.89E+04 6.85E+03 1 

radioactive-
decay This study 

U1450 354-U1450A-3H-4W, 50-120 cm. 0.26 0.003 26,29 2.25E+04 3.24E+03 1 
radioactive-

decay This study 

U1450 354-U1450A-8F-2W, 1-60 cm. 0.30 0.004 26,29 2.71E+04 3.06E+03 1 
radioactive-

decay This study 

U1450 354-U1450A-14F-2W, 90-150 cm. 0.33 0.006 26,29 2.90E+04 2.36E+03 1 
radioactive-

decay This study 

U1450 354-U1450A-25F-1W, 50-100 cm. 0.49 0.007 26,29 1.84E+04 2.78E+03 1 
radioactive-

decay This study 

U1450 354-U1450A-32F-3W, 24-84 cm. 0.71 0.026 26,29 2.31E+04 4.51E+03 1 
radioactive-

decay This study 

U1450 354-U1450A-40F-2W, 0-30 cm. 1.49 0.138 28 2.44E+04 3.17E+03 1 
radioactive-

decay This study 

U1450 354-U1450A-44F-3W, 40-100 cm. 1.52 0.138 28 - - - - - 

U1450 354-U1450A-50F-2W, 86-116 cm. 1.84 0.157 28 2.30E+04 6.98E+03 1 
radioactive-

decay This study 

U1450 354-U1450A-83F-3W, 113-147 cm. 3.21 0.196 28 5.24E+04 1.31E+04 1 
radioactive-

decay This study 

U1450 354-U1450A-90F-3W, 106-136 cm. 3.26 0.195 28 6.56E+04 1.38E+04 1 
radioactive-

decay This study 

U1450 354-U1450A-100F-3W, 28-88 cm. 3.91 0.200 28 1.56E+04 4.61E+03 1 
radioactive-

decay This study 

U1450 354-U1450A-110F-1W, 79-84 cm. 4.06 0.202 28 5.02E+04 1.40E+04 1 
radioactive-

decay This study 

U1450 354-U1450A-124F-3W, 20-80 cm. 5.60 0.187 28 3.63E+04 1.28E+04 1 
radioactive-

decay This study 

U1450 354-U1450A-130F-3W, 0-51 cm. 5.91 0.122 28 - - - - - 

U1451 354-U1451A-9H-2W, 120-145 cm. 0.32 0.003 26,29 3.12E+04 6.16E+03 1 
radioactive-

decay This study 

U1451 354-U1451A-12F-3W, 90-121 cm. 0.64 0.001 26,29 3.00E+04 5.40E+03 1 
radioactive-

decay This study 

U1451 354-U1451A-22H-5W, 92-126 cm. 2.39 0.025 21 1.17E+04 4.20E+03 1 
radioactive-

decay This study 

U1451 354-U1451A-31F-2W, 44-116 cm. 6.21 0.100 27 3.32E+04 1.02E+04 1 
radioactive-

decay This study 

U1451 354-U1451A-39F-3W, 81-111 cm. 6.63 0.100 27 - - - - - 

U1454 354-U1454B-4H-4W, 0-60 cm. 0.07 0.010 26,29 3.49E+04 2.92E+03 1 
radioactive-

decay This study 

U1454 354-U1454B-6F-3W, 5-65 cm. 0.13 0.010 26,29 3.23E+04 2.43E+03 1 
radioactive-

decay This study 

U1454 354-U1454B-25F-2W, 54-114 cm. 0.30 0.004 26,29 3.48E+04 2.22E+03 1 
radioactive-

decay This study 

U1454 354-U1454B-32F-2W, 80-130 cm. 1.80 0.250 21 2.98E+04 6.47E+03 1 
radioactive-

decay This study 

Lower Meghna, 
Chor Fasson BGP 34 0.00 - - - - - - - 

Lower Meghna, 
Bhola BR219 0.00 - - 3.30E+04 2.80E+03 1 - This study 

Lower Meghna, 
Bhola BR446 0.00 - - 4.94E+04 4.65E+03 1 - This study 

Lower Meghna, 
Daulatkhan BR8230 0.00 - - 3.76E+04 6.25E+03 1 - This study 

Padma, Mawa BR529 0.00 - - 2.86E+04 9098E+03 1 - This study 

Padma, Mawa BR724 0.00 - - 4.32E+04 3.52E+03 1 - This study 

Ganga, Harding 
Bridge Mean 0.00 - - 2.23E+04 2.28E+03 5 - Ref. 28 

Brahmaputra, 
Sirajganj/Jamuna 
Bridge Mean 0.00 - - 3.44E+04 8.09E+03 7 - Ref. 29 
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Site Sample 87Sr/86Sr 
2 sigma 

uncertainty 144Nd/143Nd 
2 sigma 

uncertainty epsilonNd 
2 sigma 

uncertainty Reference 

U1444 353-U1444A-6H-1W, 100-150 cm. 0.730860 0.000008 0.51188080 0.00001378 -14.8 0.3 This study 

U1444 353-U1444A-7H-5W, 100-150 cm. 0.733182 0.000011 0.51187341 0.00001381 -14.9 0.3 This study 

U1444 353-U1444A-9H-5W, 75-130 cm. 0.732093 0.000008 0.51188285 0.00001648 -14.7 0.3 This study 

U1444 353-U1444A-11H-6W, 87-150 cm. 0.731406 0.000196 0.51189629 0.00001320 -14.5 0.3 This study 

U1444 
353-U1444A-24F-3W, 0-56, 65-110 
cm. - - - - - - - 

U1450 354-U1450A-3H-4W, 50-120 cm. 0.722046 0.000007 0.51196081 0.00001341 -13.2 0.3 This study 

U1450 354-U1450A-8F-2W, 1-60 cm. 0.727607 0.000010 0.51192570 0.00001085 -13.9 0.2 This study 

U1450 354-U1450A-14F-2W, 90-150 cm. 0.727955 0.000017 0.51191881 0.00001770 -14.0 0.3 This study 

U1450 354-U1450A-25F-1W, 50-100 cm. 0.736566 0.000012 0.51184443 0.00001065 -15.5 0.2 This study 

U1450 354-U1450A-32F-3W, 24-84 cm. 0.741857 0.000013 0.51185613 0.00001584 -15.3 0.3 This study 

U1450 354-U1450A-40F-2W, 0-30 cm. 0.744630 0.000019 0.51181702 0.00001156 -16.0 0.2 This study 

U1450 354-U1450A-44F-3W, 40-100 cm. 0.749003 0.000010 0.51185731 0.00002264 -15.2 0.4 This study 

U1450 354-U1450A-50F-2W, 86-116 cm. 0.726254 0.000016 0.51194153 0.00002268 -13.6 0.4 This study 

U1450 354-U1450A-83F-3W, 113-147 cm. 0.728461 0.000014 0.51192582 0.00001708 -13.9 0.3 This study 

U1450 354-U1450A-90F-3W, 106-136 cm. 0.735363 0.000012 0.51189125 0.00001115 -14.6 0.2 This study 

U1450 354-U1450A-100F-3W, 28-88 cm. 0.740776 0.000024 0.51186754 0.00002277 -15.0 0.4 This study 

U1450 354-U1450A-110F-1W, 79-84 cm. 
0.737901 0.000019 0.51185873 0.00000592 -15.2 

0.1 This study 

U1450 354-U1450A-124F-3W, 20-80 cm. 0.755746 0.000014 0.51181134 0.00001549 -16.1 0.3 This study 

U1450 354-U1450A-130F-3W, 0-51 cm. 0.754803 0.000020 0.51179634 0.00002017 -16.4 0.4 This study 

U1451 354-U1451A-9H-2W, 120-145 cm. 0.733096 0.000008 0.51189807 0.00002534 -14.4 0.5 This study 

U1451 354-U1451A-12F-3W, 90-121 cm. 0.748522 0.000008 0.51181096 0.00001410 -16.1 0.3 This study 

U1451 354-U1451A-22H-5W, 92-126 cm. 0.738964 0.000014 0.51186660 0.00002273 -15.0 0.4 This study 

U1451 354-U1451A-31F-2W, 44-116 cm. 0.754530 0.000008 0.51181482 0.00001707 -16.1 0.3 This study 

U1451 354-U1451A-39F-3W, 81-111 cm. 0.738004 0.000010 0.51187960 0.00001376 -14.8 0.3 This study 

U1454 354-U1454B-4H-4W, 0-60 cm. 0.722882 0.000010 0.51196610 0.00002343 -13.1 0.5 This study 

U1454 354-U1454B-6F-3W, 5-65 cm. 0.721672 0.000014 0.51198965 0.00001289 -12.6 0.3 This study 

U1454 354-U1454B-25F-2W, 54-114 cm. 0.727170 0.000018 0.51194582 0.00001797 -13.5 0.4 This study 

U1454 354-U1454B-32F-2W, 80-130 cm. - - - - - - - 

Lower Meghna, 
Chor Fasson BGP 34 0.739911 0.000010 0.51186083 0.000007 -15.2 0.1 

Unpublished 
data from 
France-
Lanord and 
Galy 

Lower Meghna, 
Bhola BR219 0.719928 0.000010 0.51192874 0.000003 -13.8 0.1 

Unpublished 
data from 
France-
Lanord and 
Galy 

Lower Meghna, 
Bhola BR446 0.724126 -  0.51193600   -13.7 1.0 Ref. 52 

Lower Meghna, 
Daulatkhan BR8230 0.723006 0.000012 0.51193117 0.000003 -13.8 0.1 

Unpublished 
data from 
France-
Lanord and 
Galy 

Padma, Mawa BR529 - - - - - - - 

Padma, Mawa BR724 - - - - - - - 

Ganga, Harding 
Bridge Mean 0.767 0.005 - - -17.3 0.5 Ref. 33,35 

Brahmaputra, 
Sirajganj/Jamuna 
Bridge Mean 0.726 0.004 - - -14.5 0.7 Ref. 33,34 

Brahmaputra, 
Dibrugarh BR19 0.719 0.003 - - -12.6 0.5 Ref. 34 
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Site Sample 
Relative 

fraction fG 
1 sigma 
uncertainty Reference 

U1444 353-U1444A-6H-1W, 100-150 cm. 0.11 0.20 This study 

U1444 353-U1444A-7H-5W, 100-150 cm. 0.20 0.19 This study 

U1444 353-U1444A-9H-5W, 75-130 cm. 0.14 0.20 This study 

U1444 353-U1444A-11H-6W, 87-150 cm. 0.10 0.20 This study 

U1444 
353-U1444A-24F-3W, 0-56, 65-110 
cm. 0.65 0.29 This study 

U1450 354-U1450A-3H-4W, 50-120 cm. -0.34 0.26 This study 

U1450 354-U1450A-8F-2W, 1-60 cm. -0.10 0.24 This study 

U1450 354-U1450A-14F-2W, 90-150 cm. -0.06 0.23 This study 

U1450 354-U1450A-25F-1W, 50-100 cm. 0.34 0.16 This study 

U1450 354-U1450A-32F-3W, 24-84 cm. 0.44 0.15 This study 

U1450 354-U1450A-40F-2W, 0-30 cm. 0.56 0.13 This study 

U1450 354-U1450A-44F-3W, 40-100 cm. 0.59 0.13 This study 

U1450 354-U1450A-50F-2W, 86-116 cm. -0.17 0.24 This study 

U1450 354-U1450A-83F-3W, 113-147 cm. -0.07 0.24 This study 

U1450 354-U1450A-90F-3W, 106-136 cm. 0.20 0.18 This study 

U1450 354-U1450A-100F-3W, 28-88 cm. 0.39 0.15 This study 

U1450 354-U1450A-110F-1W, 79-84 cm. 0.35 0.16 This study 

U1450 354-U1450A-124F-3W, 20-80 cm. 0.78 0.10 This study 

U1450 354-U1450A-130F-3W, 0-51 cm. 0.77 0.10 This study 

U1451 354-U1451A-9H-2W, 120-145 cm. 0.14 0.20 This study 

U1451 354-U1451A-12F-3W, 90-121 cm. 0.64 0.12 This study 

U1451 354-U1451A-22H-5W, 92-126 cm. 0.36 0.16 This study 

U1451 354-U1451A-31F-2W, 44-116 cm. 0.75 0.11 This study 

U1451 354-U1451A-39F-3W, 81-111 cm. 0.30 0.17 This study 

U1454 354-U1454B-4H-4W, 0-60 cm. -0.33 0.26 This study 

U1454 354-U1454B-6F-3W, 5-65 cm. -0.42 0.25 This study 

U1454 354-U1454B-25F-2W, 54-114 cm. -0.16 0.24 This study 

U1454 354-U1454B-32F-2W, 80-130 cm. 0.30 0.34 This study 

Lower Meghna, Chor Fasson BGP 34 - - - 

Lower Meghna, Bhola BR219 -0.31 0.26 This study 

Lower Meghna, Bhola BR446 -0.22 0.25 This study 

Lower Meghna, Daulatkhan BR8230 -0.07 0.24 This study 

Padma, Mawa BR529 0.38 0.32 This study 

Padma, Mawa BR724 0.25 0.35 This study 

Ganga, Harding Bridge Mean 1 - - 

Brahmaputra, Sirajganj/Jamuna Bridge Mean 0 - - 
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Site Sample 

Himalayan 
erosion rate 
(mm/y) 1 sigma uncertainty (mm/y) Reference 

U1444 353-U1444A-6H-1W, 100-150 cm. 1.1 0.1 This study 

U1444 353-U1444A-7H-5W, 100-150 cm. 0.8 0.1 This study 

U1444 353-U1444A-9H-5W, 75-130 cm. 0.9 0.2 This study 

U1444 353-U1444A-11H-6W, 87-150 cm. 1.0 0.1 This study 

U1444 
353-U1444A-24F-3W, 0-56, 65-110 
cm. 0.9 0.3 This study 

U1450 354-U1450A-3H-4W, 50-120 cm. 1.4 0.2 This study 

U1450 354-U1450A-8F-2W, 1-60 cm. 1.1 0.1 This study 

U1450 354-U1450A-14F-2W, 90-150 cm. 1.1 0.1 This study 

U1450 354-U1450A-25F-1W, 50-100 cm. 1.5 0.3 This study 

U1450 354-U1450A-32F-3W, 24-84 cm. 1.2 0.3 This study 

U1450 354-U1450A-40F-2W, 0-30 cm. 1.1 0.2 This study 

U1450 354-U1450A-44F-3W, 40-100 cm. - - - 

U1450 354-U1450A-50F-2W, 86-116 cm. 1.5 0.9 This study 

U1450 354-U1450A-83F-3W, 113-147 cm. 0.6 0.3 This study 

U1450 354-U1450A-90F-3W, 106-136 cm. 0.5 0.1 This study 

U1450 354-U1450A-100F-3W, 28-88 cm. 2.0 1.0 This study 

U1450 354-U1450A-110F-1W, 79-84 cm. 0.6 0.4 This study 

U1450 354-U1450A-124F-3W, 20-80 cm. 0.8 0.8 This study 

U1450 354-U1450A-130F-3W, 0-51 cm. - - - 

U1451 354-U1451A-9H-2W, 120-145 cm. 1.0 0.2 This study 

U1451 354-U1451A-12F-3W, 90-121 cm. 0.9 0.2 This study 

U1451 354-U1451A-22H-5W, 92-126 cm. 2.9 1.8 This study 

U1451 354-U1451A-31F-2W, 44-116 cm. 0.8 0.6 This study 

U1451 354-U1451A-39F-3W, 81-111 cm. - - - 

U1454 354-U1454B-4H-4W, 0-60 cm. 0.9 0.1 This study 

U1454 354-U1454B-6F-3W, 5-65 cm. 1.0 0.1 This study 

U1454 354-U1454B-25F-2W, 54-114 cm. 0.9 0.1 This study 

U1454 354-U1454B-32F-2W, 80-130 cm. 1.0 0.3 This study 

Lower Meghna, Chor Fasson BGP 34 - - - 

Lower Meghna, Bhola BR219 0.9 0.1 This study 

Lower Meghna, Bhola BR446 0.6 0.1 This study 

Lower Meghna, Daulatkhan BR8230 0.8 0.2 This study 

Padma, Mawa BR529 1.0 0.1 This study 

Padma, Mawa BR724 0.7 0.1 This study 

Ganga, Harding Bridge Mean 1.1 0.2 

This study, 
recalculated 
from data of 
Ref. 30 

Brahmaputra, Sirajganj/Jamuna 
Bridge Mean 0.9 0.2 

This study, 
recalculated 
from data of 
Ref. 31 
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Source data for Extended data Fig. 1 

Site Sample 

10Be 
concentration 
(atom/g) 

1 sigma 
uncertainty 
(atom/g) Reference 

U1444 353-U1444A-6H-1W, 100-150 cm. 2.53E+04 2.96E+03 This study 

U1444 353-U1444A-7H-5W, 100-150 cm. 3.19E+04 3.26E+03 This study 

U1444 353-U1444A-9H-5W, 75-130 cm. 2.86E+04 4.44E+03 This study 

U1444 353-U1444A-11H-6W, 87-150 cm. 2.66E+04 3.24E+03 This study 

U1444 
353-U1444A-24F-3W, 0-56, 65-110 
cm. 4.37E+03 1.01E+03 This study 

U1450 354-U1450A-3H-4W, 50-120 cm. 1.97E+04 2.86E+03 This study 

U1450 354-U1450A-8F-2W, 1-60 cm. 2.33E+04 2.57E+03 This study 

U1450 354-U1450A-14F-2W, 90-150 cm. 2.45E+04 1.95E+03 This study 

U1450 354-U1450A-25F-1W, 50-100 cm. 1.44E+04 2.13E+03 This study 

U1450 354-U1450A-32F-3W, 24-84 cm. 1.62E+04 3.09E+03 This study 

U1450 354-U1450A-40F-2W, 0-30 cm. 1.14E+04 1.25E+03 This study 

U1450 354-U1450A-44F-3W, 40-100 cm. - - - 

U1450 354-U1450A-50F-2W, 86-116 cm. 9.01E+03 2.69E+03 This study 

U1450 354-U1450A-83F-3W, 113-147 cm. 1.01E+04 2.38E+03 This study 

U1450 354-U1450A-90F-3W, 106-136 cm. 1.24E+04 2.29E+03 This study 

U1450 354-U1450A-100F-3W, 28-88 cm. 2.12E+03 5.93E+02 This study 

U1450 354-U1450A-110F-1W, 79-84 cm. 6.30E+03 1.60E+03 This study 

U1450 354-U1450A-124F-3W, 20-80 cm. 2.10E+03 7.17E+02 This study 

U1450 354-U1450A-130F-3W, 0-51 cm. - - - 

U1451 354-U1451A-9H-2W, 120-145 cm. 2.65E+04 5.32E+03 This study 

U1451 354-U1451A-12F-3W, 90-121 cm. 2.15E+04 3.81E+03 This study 

U1451 354-U1451A-22H-5W, 92-126 cm. 3.49E+03 1.26E+03 This study 

U1451 354-U1451A-31F-2W, 44-116 cm. 1.40E+03 4.24E+02 This study 

U1451 354-U1451A-39F-3W, 81-111 cm. - - - 

U1454 354-U1454B-4H-4W, 0-60 cm. 3.37E+04 2.73E+03 This study 

U1454 354-U1454B-6F-3W, 5-65 cm. 3.04E+04 2.20E+03 This study 

U1454 354-U1454B-25F-2W, 54-114 cm. 2.98E+04 1.87E+03 This study 

U1454 354-U1454B-32F-2W, 80-130 cm. 1.18E+04 2.10E+03 This study 

Lower Meghna, Chor Fasson BGP 34 - - - 

Lower Meghna, Bhola BR219 3.30E+04 2.80E+03 This study 

Lower Meghna, Bhola BR446 4.94E+04 4.65E+03 This study 

Lower Meghna, Daulatkhan BR8230 3.76E+04 6.25E+03 This study 

Padma, Mawa BR529 2.86E+04 2.98E+03 This study 

Padma, Mawa BR724 4.32E+04 3.52E+03 This study 
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Source data for Extended data Fig. 7 

Site Sample 
Fraction 
(microns) 

10Be 
concentration 
(atom/g) 

1 sigma 
uncertainty 
(atom/g) 

U1444 353-U1444A-6H-1W, 100-150 cm. 125-250  2.53E+04 2.96E+03 

U1444 353-U1444A-7H-5W, 100-150 cm. 125-250  3.19E+04 3.26E+03 

U1450 354-U1450A-3H-4W, 50-120 cm. 125-250  1.97E+04 2.86E+03 

U1450 354-U1450A-8F-2W, 1-60 cm. 125-250  2.33E+04 2.57E+03 

U1450 354-U1450A-25F-1W, 50-100 cm. 125-250  1.44E+04 2.13E+03 

Padma, Mawa BR529 125-250  3.25E+04 2.95E+03 

U1444 353-U1444A-6H-1W, 100-150 cm. 75-250 2.07E+04 3.28E+03 

U1444 353-U1444A-7H-5W, 100-150 cm. 75-125 2.23E+04 3.83E+03 

U1450 354-U1450A-3H-4W, 50-120 cm. 75-125 2.13E+04 4.71E+03 

U1450 354-U1450A-8F-2W, 1-60 cm. 75-250 2.53E+04 4.08E+03 

U1450 354-U1450A-25F-1W, 50-100 cm. 75-250 1.11E+04 4.05E+03 

Padma, Mawa BR529 75-125 3.25E+04 2.95E+03 
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Supplementary Information for 

Steady erosion rates in the Himalayas through late Cenozoic climatic changes 

Sebastien J.P. Lenard*, Jérôme Lavé, Christian France-Lanord, Georges Aumaître, Didier L. 

Bourlès, Karim Keddadouche 

The Supplementary Information develops the interpretation of the Sr-Nd isotopic variations 

and of the Ganga fraction fG. 

Interpretation of the Sr-Nd isotopic variations 

The sediment of the Bengal Fan and the Lower Meghna River should reflect a mixing 

between Ganga and Brahmaputra sediments, which derive from a mix of Himalayan 

formations. From south to north, these formations consist in Himalayan formations s.s., the 

Lesser Himalaya, the High Himalaya Crystalline and the Tethyan Sedimentary Series, and in 

Transhimalayan formations. These formations have distinct Sr-Nd isotopic signatures, as 

shown by ref. 32 in their Fig. 10. 

Because the Ganga and Brahmaputra Rivers and their tributaries drain distinct 

formations, their sediment have a distinct isotopic Sr-Nd signature (Fig. 2c)33-35,68. The Ganga 

signature is dominated by Himalayan tributaries, which drain the Himalayan formations s.s. 

The signature of the Brahmaputra at Dibrugarh (BD location in Fig. 1), close to the range 

outlet, is enriched in Transhimalayan and mantle-derived formations drained by the Yarlung-

Tsangpo River in Tibet and by eastern tributaries. The signature of the Brahmaputra at 

Jamuna Bridge (B location in Fig. 1), close to the delta, results from a dilution of the 

signature by Himalayan tributaries that only drain Himalayan s.s. formations and that have a 

signature similar to the signature of the Ganga.  

The sediment of the Lower Meghna River and of the Bengal Fan is presumed to 

follow a mixing trend between two poles, the Ganga and the Brahmaputra Rivers. As shown 

by results from the late Cenozoic foreland sediment in Central Himalaya61-63, the Himalayan 

tributaries and therefore the Ganga River are assumed to have had a past signature roughly 

close to the modern one since ca. 10 Ma. The past signature of the Brahmaputra is enriched 

in Transhimalayan formations and has been close to the signature of the Brahmaputra at 
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Dibrugarh since ca. 7 Ma, according to results from the late Cenozoic foreland sediment in 

Eastern Himalaya64 and in the Surma Basin, south of the Shillong Plateau65.  

 

Interpretation of the fG values 

The �� values are distributed in a range of 0 to 80% and include negative values. 

The model explaining our results probably evolves between two extreme scenarios. In the 

first scenario, the signature is explained by a sequestration of coarse sand in the Ganga 

plain and a contribution of the Brahmaputra in the sedimentary flux higher than the 

contribution of the Ganga, according to our geochemical and granulometric budgets 

(Extended Fig. 4). In modern times, such a sequestration in the Ganga plain might be partly 

attributed to the Farakka Barrage, which controls the river and sedimentary flux of the Ganga 

to the Bengal Delta. Still, because the dam is let open by the regular management of the 

Farakka Barrage during the monsoon, from July to October, it does not appear as a 

dominant sequestration factor. 

 This scenario can explain all signatures, but in that case, the Brahmaputra signature 

should have a negligible Himalayan s.s. component and be close to the Brahmaputra at 

Dibrugarh poles, as suggested by the late Cenozoic foreland record, and not close to the 

Brahmaputra at Jamuna Bridge, as suggested by the modern record (Fig. 1). Such a 

signature may reflect extreme events that could lead to direct pulses of sediment from the 

range outlet to Bangladesh, without minimum dilution by Himalayan s.s. tributaries. 

Alternatively, this may reflect erosion conditions that favour strongly the erosion of the 

Transhimalaya compared to the Himalaya s.s.  

In the second scenario, the signature is explained by distinct routing systems for 

Ganga and Brahmaputra sediment18,27,37. This scenario could explain the �� in the -20 to 20% 

range and the �� close to 80%. 

 


