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Lorraine, Vandceuvre-les-Nancy, France.
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The erosion and weathering of mountain ranges exert a key control on the long-term (10°-10°
yr) cycling of carbon between the Earth’s surface and the crust. The net carbon budget of a
mountain range reflects the co-existence of multiple carbon sources and sinks, with
corresponding fluxes remaining difficult to quantify. Uncertain responses of these carbon
fluxes due to the stochastic nature of erosional processes further complicates the
extrapolation of short-term observations to longer, climatically relevant timescales. Here, we
quantify the evolution of the organic and inorganic carbon fluxes in response to the 2015
Gorkha earthquake (Mw 7.8) in the Central Himalaya. We find that the Himalayan erosion
acts as a net carbon sink mainly due to efficient biospheric organic carbon export. Our high-
resolution time-series encompassing four monsoon seasons before and after the Gorkha
earthquake, reveal that coseismic landslides did not significantly perturb large-scale
Himalayan sediment and carbon fluxes. This muted response of the Central Himalaya to a
geologically-frequent perturbation such as the Gorkha earthquake further suggests that our

estimates are representative of at least interglacial timescales.
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Mountain building and associated erosion are key players in the cycling of carbon
between the reservoirs of the Earth’s surface and the crust, controlling the long-term evolution
of the global climate. The weathering of silicate minerals coupled to carbonate precipitation in
the oceans, as well as the erosion, riverine transport and burial of biospheric Organic Carbon
(OC) on continental margins represent major carbon sinks with respect to the Earth’s surface™.
While both mechanisms are enhanced in highly erosive environments such as the Himalaya3'5,
their relative importance remains unclear. Enhanced silicate weathering rates associated with
the uplift of the Himalaya were initially suggested as the main driver of the global Cenozoic
cooling®, but more recent work shows the importance of the organic pathway in the Himalayan

carbon budget”?.

Globally, these carbon sinks are counterbalanced by CO, emissions from volcanic activity
and metamorphic reactions, the latter constituting an important carbon source in the Central
Himalayag. While these carbon sources are not directly related to erosion, other, yet poorly
constrained, mechanisms of carbon release during erosion have been identified. The oxidation
of rock-derived organic carbon™* and sulfuric acid-mediated weathering of carbonate rocks™
have the potential to offset the previously mentioned carbon sinks’. Chemical weathering in
the Central Himalaya is dominated by the dissolution of carbonates®?, and it has been shown
that the sulfide oxidation coupled to carbonate weathering is likely an important carbon source

12-14

in this environment . Defining the carbon budget of Himalayan erosion, therefore, requires

guantification and comparison of all of the above-mentioned sources and sinks.

While the carbon fluxes associated with the erosion of various mountain ranges have

5,15
d

been estimate , their integration over longer timescales remains challenging due to the

7



97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

stochastic nature of erosional processes dominating sediment and solute fluxes in most
mountainous landscapes. This is especially important regarding the proposition that extreme
events such as earthquakes or floods could dominate the long-term budget of erosional carbon

16,17

fluxes™"’. Large earthquakes, coupled with coseismic landsliding, in particular, have been

shown to increase the riverine OC exportls’lg, and fresh landslide scars can serve as loci for

enhanced chemical weathering rates of silicates and sulfide oxidation??.

In the tectonically active Central Himalaya, major earthquakes are geologically-frequent
events with return times of 250-500 years®*. As these events are still rare on an observational
timescale, their impact on the carbon budget of the Himalaya is unknown. In April 2015, the
Central Nepalese Himalaya was hit by the Mw 7.8 Gorkha earthquake and several strong to
major aftershocks®. The fault rupture caused > 25,000 coseismic landslides in the steep valleys

of the Upper Himalaya®* (Fig. 1).

In this study, we assess the net carbon budget (organic and inorganic sources and sinks)
of erosion in the Narayani catchment in the Central Himalaya. Our set of daily suspended
sediment and water samples of the Narayani River during the monsoon seasons of a pre-
earthquake year (2010) and three years following the Gorkha earthquake (2015-2017) provides
a unique opportunity to evaluate the influence of such an extreme event on the carbon budget
of a large portion of the Himalaya. It also allows us to refine the carbon budget of Himalayan
erosion by evaluating the magnitude of the main carbon sinks and sources associated with the

erosion of the Himalaya.
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Organic carbon export and chemical weathering time-series

With a catchment area of 32,000 km?, the Narayani river basin covers around a third of
the Nepalese Himalaya (Fig. 1). Our sampling station lies at the Himalayan front, near
Narayanghat, shortly before the Narayani enters the Gangetic floodplain. The Indian Summer
Monsoon (June-September) dominates the precipitation regime in the catchment and is
responsible for around 80% of the annual water discharge®. The Narayani River annually
exports around 100 Mt of sediments to the Gangetic floodplain (equivalent to ca. 1.6 mm/yr of
erosion), around 95% of which is transported during the monsoon season’®?’. The Gorkha
earthquake, whose epicenter was located in the Narayani basin, heavily impacted the eastern
part of the catchment with coseismic landslides, while the western part was mostly spared (Fig.
1). Coseismic landslides mobilized a total of ca. 0.20 + 0.01 km® material in the Narayani
catchment, which is around four times the interseismic annual volume of sediment yield of the
Narayani, and equivalent to an average surface lowering over the entire catchment of ca. 6.3
0.4 mm (Methods). The Narayani provides an ideal catchment area for studying the effect of

such an extreme event at a scale large enough to be of global importance.

With our daily suspended sediment and water samples, we calculate the river
suspended sediment yield, and the carbon fluxes linked to erosion of successive monsoon
seasons. Records of total discharge and sediment vyield (*’; Department of Hydrology and
Meteorology of Nepal (DHM); this study) of the Narayani from 8 years before the earthquake,
reveal that the monsoon in 2015, which started shortly after the Gorkha earthquake, was
particularly weak (Fig. 2). Despite the active coseismic landsliding in the catchment?, the total

sediment yield of the Narayani does not reveal a detectable earthquake signal and falls within

9
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the observed trends before 2015. Sediment fluxes (relative to monsoon discharge), however,
peaked a year later. This peak in sediment yield is likely attributable to a delayed response to
the Gorkha earthquake and the reactivation or mobilization of landslide material that had not
previously connected to the fluvial network?*. However, this high sediment yield disappears in
2017 despite an equally intense monsoon. As landslide rates have been shown to decay to
background values in 1-4 years after a large earthquakezs, we interpret that the Gorkha

earthquake signal dissipated by 2017.

To constrain the fluxes of biospheric OC (OCy;,, fresh OC derived from soils and plant
debris) export, we measured the total organic carbon (TOC) content and the radiogenic (**C)
isotopic compositions of OC in riverine suspended sediment samples (Methods). The TOC
content of the suspended sediments from the Narayani varies between 0.04 and 0.99 % and the
fraction modern (Fm) of the OC spans a large range, varying between 0.27 and 0.91 (Extended
Data Fig. 3). Our high-resolution time-series (with measurements up to every second day)
reveal a large variability in TOC concentrations and **C signatures of suspended sediments. For
disentangling the OCy, and petrogenic OC (OCpetro, rock-derived OC) inputs, we employ a binary
mixing model using the TOC and the radiocarbon signatures of the bulk samples as well as a
biospheric and a petrogenic end-member (Methods and Extended Data Fig. 3). Soil samples
from the Narayani catchment mostly reflect a recent biospheric endmember (Fm 1.1 — 0.9),
whereas the petrogenic end-member was assigned an Fm value of 0. Hydrodynamic processes
do not significantly affect OC concentrations within the water column in large and turbulent
Himalayan river systemszg, including the Narayani (Supplementary Information). We can,

therefore, confidently assume that suspended sediment samples collected from surface waters

10
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are representative of the OCy, content in the whole water column. Using the measured daily
sediment load and discharge data from the DHM, we are able to estimate the total amount of
OCpio exported by the Narayani River during a monsoon season and upscale it to a year

(Methods).

Major ion concentrations measured in filtered river water (every day for the monsoon
2010; every second day for monsoons 2015-2017) provide estimates for silicate and carbonate
weathering rates by carbonic and sulfuric acid, respectively. We calculate the relative amounts
of silicate and carbonate weathering using a forward Monte Carlo approach with known
elemental ratios of the weathering products of the main lithologies of the Central Himalaya'**?
(Methods). We consider the CO, removal over timescales >10* yr for which one mole of carbon
is removed from the Earth’s surface through carbonate precipitation per mole of Ca and Mg
derived from silicate weathering by carbonic acid® (Casy and Mgg;)). The carbon source through
carbonate weathering by sulfuric acid is calculated using the S0,> concentration and the known
ratio of carbonate to silicate weathering (Methods). In Himalayan rivers, the proportion of S0,%

(12,14

derived from sulfide oxidation has been estimated to 60-100% ). Per mole of carbonates

weathered by sulfuric acid, half a mole of carbon is released to the atmosphere on timescales

of 10°-107 yr (*).

To complement our analysis of the carbon budget of Himalayan erosion, we estimate
the OCpetro OXidation rate in the Narayani basin with Rhenium (Re) data from the literature.

Dissolved Re concentrations serve as a proxy to trace the fluxes of carbon released through

10,30

rock-derived carbon oxidation™"". Compiling Re concentrations of Himalayan rivers and

30-33

sediments allows us to provide a first-order estimate of the carbon flux released through

11
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OCpetro Oxidation in the Central Himalaya (Methods). It should, however, be noted that these
estimates do not allow us to derive annually resolved OCpetro Oxidation fluxes estimates since Re

was not directly measured in our samples.

Carbon fluxes over four monsoon seasons

The fraction of OCyj, in the total sediment load of the Narayani is diluted with increasing
runoff (Fig. 3a), which has been proposed to result from a lower degree of soil erosion relative
to mass wasting during the monsoon®’. At higher discharge the concentration of OCyj, remains
constant despite changing runoff, which suggests that the OCy;, is supply-limited, similar to the
total sediment load in the Narayani’®?’. The slightly higher concentrations of OCy;, in the year
2015 could be associated with material evacuated from coseismic landslides or could
alternatively be linked to the lower sediment load during this weak monsoon season. The
unusually large sediment yield observed in 2016 (Fig. 4a) is accompanied by a substantially
higher OCy;, export compared to the other years on record (Fig. 4b). This ca. 85% increase in
OCy, export (Source Data Fig. 4) combined with a ca. 130% higher than expected sediment yield
(from the linear relationship between the total discharge and the monsoonal sediment yield,
Fig. 2) is likely a delayed manifestation of the coseismic landslides associated with the Gorkha
earthquake. However, this earthquake signal in the total sediment and the OCy;, export 2016 of

the Narayani disappears a year later, suggesting that significant portions of the landslide

sediments are either not or only very slowly evacuated.

12
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As reported in previous studies, our results show that chemical weathering in the
Central Himalaya is dominated by carbonates, with around 10% of the cations being derived

from silicate weatheringlz’g‘"35

. The calculated Cag and Mgg; concentrations do not significantly
vary between the different years (Fig. 3b). The concentration of S0,% coupled with carbonate
weathering, displays a typical dilution pattern that has been described for anion concentrations

1235 (Fig. 3d). When summing up these carbon fluxes per monsoon season (Fig.

in the Himalaya
4c and 4d), we observe that the carbon source through sulfuric acid weathering is ~2.5 times
higher than the carbon sink through silicate weathering, which lies in the same order of

magnitude as recently proposed'®. Both of these carbon fluxes did not significantly increase

after the Gorkha earthquake at the scale of the Narayani basin.

Minor earthquake impact on the Himalayan carbon budget

Our data suggest that, in contrast to other seismically impacted systems, the Central
Himalaya had a muted response to the Gorkha earthquake. The Mw 7.9 earthquake that struck
Wenchuan in 2008 resulted in widespread coseismic landsliding®®, increased riverine sediment
fluxes®” and doubled OCy; export over four years after the earthquakels. Similar to the
Narayani, the catchment studied after the Wenchuan earthquake was only partly affected by
coseismic landslides (0.14 and 0.27% (') of the respective catchment areas). Furthermore,
sediment cores from a mountain lake in the Southern Alps of New Zealand revealed that over
the last ~1000 yr large earthquakes were responsible for 27% of the sediment flux®® and 43% of

the OCpio export19 in its catchment.
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Despite similar moment magnitudes, the coseismic landslides after Wenchuan
earthquake mobilized a substantially larger volume of material (~2.3 km® (*®)) than the total
landsliding associated with the Gorkha earthquake (~0.8 km* (**). In addition, the landslide
density in the Central Himalaya during the year 2015 was only 4-6 times higher relative to that
during interseismic periods39. This increase in landslide density following the Gorkha
earthquake was significantly lower than the 22 times higher landslide density in the year after
an earthquake of similar strength in 1999 in Taiwan®. While the relatively weak earthquake
impact on landsliding rates in the Central Himalaya can partly be linked to the seismic rupture
characteristics*®, the short major earthquake recurrence® and high density of interseismic
landsliding® result in a landscape that is in quasi-equilibrium with frequent mass wasting. The
addition of coseismic landslide material equivalent to around four years of interseismic erosion
in the Narayani catchment was therefore likely not sufficient to significantly perturb the
geochemical fluxes in this highly erosive system. The magnitude of a perturbation relative to

background conditions exerts thus an important influence on the system’s response.

Earthquakes with a larger moment magnitude than the Mw 7.8 Gorkha earthquake
trigger more landslides®® but the long recurrence-time of great (Mw >9) earthquakes in the
Himalaya, which is on the order millennia*!, means that they do not dominate the long-term
erosion budget39. We similarly assume that long-term carbon fluxes associated with erosion
processes in the Central Himalaya would not be significantly impacted by larger and less

frequent earthquakes compared to Gorkha.
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The net carbon budget of the Central Himalayan erosion

Integrating the mean carbon fluxes at the Himalayan outlet constrained for four years
reveals that the Central Himalayan erosion acts as a net carbon sink with respect to the Earth’s
surface (Fig. 4e). Due to relatively low interannual variability and stability with respect to
seismic perturbations, we propose that these Himalayan carbon fluxes are representative for
long-term periods with relatively stable climatic conditions, such as interglacials. The magnitude
of carbon removal through OCy,;, export (and subsequent burial) is around ten times larger than
the sink resulting from silicate weathering (and subsequent carbonate precipitation). This
finding further underlines the predominant role of the organic carbon cycle in the Himalaya”?2.
Moreover, our results demonstrate that the relative contribution of OCyj, export versus silicate
weathering to the carbon sink at the outlet of the Himalaya is higher than previously found in

1”42 As highlighted for other mountain ranges’, the

Neogene sediments of the Bay of Benga
oxidative weathering of OCpetro and sulfuric acid weathering of carbonates are important carbon
sources that must be included in the net carbon budget of the Himalayan erosion. The
comparison of the OCpetro Oxidation flux with the calculated riverine export of OCpetro SUggESES
that ca. 36% of the total OC in the bedrock is lost to oxidation within the catchment

(Supplementary Information). This oxidation rate remains lower than that previously calculated

for Taiwan™®.

Overall, these results provide additional insights into the erosional carbon budget of a
tectonically active and highly erosive mountain range. We emphasize that carbon fluxes were
calculated for the outlet of the Himalayan front, from where the solutes and sediments transit

through the Gangetic floodplain before being discharged in the Bay of Bengal. It has been

15
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shown that Himalayan OCy;, is oxidized and replaced during floodplain transit®. Nevertheless,
the constant OC concentration of sediments during transport and the high OC burial efficiency
in the Bay of Bengal42 imply that the OC burial flux is unaffected by floodplain transfer. In
contrast, chemical weathering rates have been shown to double from the Himalayan front to

13,44

the Indian Ocean™™"". Further weathering of carbonates by sulfuric acid during floodplain

transfer is probably small given that sulfides oxidize readily upon exposure at the surface in the

upland areas'**

and are not detected in the sediment load downstream in the Gangetic
floodplain®®. At the same time, oxidation rates of rock-derived OC are likely to increase in the
Ganges by 50-70% (*’). Hence, while some of the carbon fluxes likely increase during the

transport through the Gangetic floodplain, the overall carbon budget from the Central Himalaya

is unlikely to be significantly shifted in one direction.

This unique time-series dataset from before and after the 2015 Gorkha earthquake
allows us to evaluate the impact of an extreme event on the carbon fluxes of the Central
Himalayan erosion. Unlike previously studied systems'®*°, Himalayan carbon fluxes were not
significantly perturbed by a major earthquake. This budget reveals that the erosion of a large
Himalayan catchment acts as a net carbon sink, although this sink is smaller than previously
thought®® and reflects the complex interplay of processes that must be considered in
developing net erosional carbon budgets. Due to relatively low interannual variability,
Himalayan carbon fluxes can be integrated on timescales of at least interglacials. While the
export and burial rates of OC,, as well as chemical weathering rates in the Ganges-

48,49

Brahmaputra basin, both fluctuate on glacial-interglacial timescales™ ™, it has recently been
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shown that erosion rates in this basin remained relatively stable during the late Cenozoic™. As
erosion exerts a primary control on carbon fluxes®, we speculate that our carbon budget for the
Central Himalaya may be relevant on late Cenozoic timescales representing a long-term net

carbon sink.

Data availability

All data analyzed in this study are available in the Research Collection of ETH Zurich at

http://hdl.handle.net/20.500.11850/487683.
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Fig. 1: Map of the Central Himalaya and location of the studied drainage basin. The Narayani
catchment (dashed outline) and the sampling station in Narayanghat are displayed. The
epicenter of the 2015 Gorkha earthquake is shown by the star, and red dots illustrate the
mapped  coseismic landslides®®.  The topographic map is from  Hydrosheds

(http://hydrosheds.cr.usgs.gov).

Fig. 2: Total water discharge and sediment yield of the Narayani River during different
monsoon seasons. River during different monsoon seasons. Total discharge as a function of the
sediment yield of the monsoon months June-July-August-September (JJAS) of the Narayani in
Narayanghat (discharge data and sediment loads from 2001-2012 from the Department of
Hydrology and Meteorology of Nepal and ref.27). Uncertainty on the sediment export is reported
as 10% of the estimated value to account for the depth correction of the surface sediment load”’
and uncertainties on water discharge reported by the Department of Hydrology and
Meteorology of Nepal are unknown but likely smaller than the symbol. Dashed lines illustrate
the 0.997 confidence interval of the linear regression between discharge and sediment yield.

Grey points show records after the April 2015 Gorkha earthquake.

Fig. 3: OChio, CasitMg.i and SO cars as a function of the discharge of the Narayani River. a.
Biospheric organic carbon (OCp,) as weight percent of the total suspended sediment. Literature
data are from ref.? (pre-earthquake). The typical error bar includes the 10% uncertainty in the

total sediment yield”’ and the standard deviation of the

25



470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

OCyipr apportionment calculation. b. Concentrations of Ca and Mg derived from silicate

123435 1o

weathering through carbonic acid (Cas+Mgs;). Literature data are from refs.
earthquake) and ref.13 (post-earthquake). The reported typical error is associated to
the systematic uncertainty (standard deviation) in the silicate apportionment of Ca and Mg
fluxes and the end-member Casy and Mgs; elemental ratios. c. Concentration of the fraction of

12,34,35

5042' associated with carbonate weathering (5042'mrb). Literature data are from refs. (pre-

earthquake) and ref.*> (post-earthquake). The typical error bar illustrates the 30% uncertainty

1214 panels a, b and c are

due to the proportion of SO4* which is derived from sulfide oxidation
plotted against the daily water discharge of the Narayani River in Narayanghat provided by the

Department of Hydrology and Meteorology of Nepal.

Fig. 4: Total carbon fluxes and mean net erosional carbon budget for the Narayani basin
through four monsoon seasons. Total export during four monsoon seasons of a. suspended
sediments (error bars indicate 10% error due to the depth correction of the surface sediment
Ioad27),' b. OCy;, (error bars include uncertainty in the total sediment yield and the standard
deviation of the OCy;, calculation from total OC); c. Casy + Mgs; (for the errors the standard
deviation of the elemental ratios defining Casy; and Mgs; are propagated); and d. SO cart (error
bars indicate the range of 100-70% of SO4* which is derived from sulfide oxidation'***). Round
symbols illustrate the Gorkha earthquake that happened shortly before the monsoon 2015. e.
Mean carbon fluxes from the four studied years of erosion in the Narayani basin in t of
C/(km?yr) and in moles of C/(km’yr). Total fluxes in tC/(km’yr) and in tC/yr are indicated in

square brackets. Error bars are calculated by the mean of the above-described errors, and for
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the OCpetro Oxidation, the error of the oxidation rate calculation is propagated (see also
Methods). Red bar illustrates the sum of the carbon fluxes, and its error bar is propagated with

a Monte Carlo simulation.

Methods
Calculation of coseismic landslide volume and lowering rates

The total volume of coseismic landslide material in the Narayani catchment was
calculated using the earthquake-triggered landslide inventory from ref.?* and the area-volume
scaling parameters from ref.>! (Extended Data Table 1). We here used the global parameters
from ref.>’. The uncertainties were propagated with a Monte Carlo approach (n = 10%). The
mean landscape surface lowering rate was obtained by dividing the landslide volume within the

catchment by the Narayani catchment surface area (32,000 km?).

Sampling

Surface suspended sediments were taken in the middle of the Narayani river during the
monsoon seasons (June-September) 2010 and 2015-2017 (Source Data Fig. 3). The sampling in
2010 is described in more detail in ref.” and is similar to the sampling during the other years.
For samples in 2015-2017, 3L of surface water was taken at the sampling station in
Narayanghat (27.73° N; 84.43° E). The water was immediately filtered with a pressure filtration

unit through 0.2 um polyethersulfone (PES) membranes, and the sediment sample was stored
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in a dark and cool place until return to the laboratory. 250 ml of the filtered river water was

collected for measurements of major ions.

Sediment sampling of four depth profiles (Source Data Extended Data Fig. 4) within the
water column was performed in 2011 in Narayanghat and is further described in ref.”’. At the
sampling location, the Narayani channel is around 15-20 m deep. Samples of both tributaries
shortly before the confluence, which is situated around 2 km upstream of the sampling station
and samples from both sides of the Narayani river, were taken during different field campaigns
between 2015 and 2017 (Source Data Extended Data Fig. 5). For the samples NEQ-17204 - NEQ-
172-39, 10-20L of surface water was filtered as described above and stored in a cool place.
Samples NEP-15-02 — NEP-17-43 were taken with a bucket or a sediment sampler from the

surface water and filtered through a pressure filtration unit similar as described above.

Soil samples (Extended Data Table 2) cover a variety of conditions such as elevation and
annual precipitation within the Narayani catchment and were collected between 2009 and
2017. The samples are further described in ref.>>. The samples integrate the surface soil layer of
a depth of up to 15 cm. The uppermost few cm of the soils were removed for not including

vegetation and litter in the surface soil samples.

Determination of the total sediment yield of a monsoon season

Out of the 488 studied days, for 28 days the sediment load was not measured and was
therefore estimated based on water discharge. For estimating the missing sediment load data,
we applied the method described in ref.?’. Briefly, a digital filter’> was used to separate the
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total discharge of the Narayani in the baseflow and the direct discharge®® with the parameters

used in ref.?’

(Extended Data Fig. 1). The missing sediment load was subsequently calculated
with the linear regression between the direct discharge and the sediment load data (Extended

Data Fig. 2).
TOC, 63C and radiocarbon measurement of suspended sediments

Sediment and soil samples were frozen upon arrival at ETH Zirich and subsequently
freeze-dried. Sediments were weighed for calculating the surface sediment load and carefully
removed from the filters. Soil samples were sieved at < 2 mm. An aliquot of the sediments and
soils was milled in a Retsch zirconium ball mill. ~50 mg of the milled samples were weighed into
combusted silver capsules. Samples were fumigated in HCl vapor for removal of inorganic
carbon (3 days at 60 °C), and neutralized with NaOH (4 days at 60 °C). The capsules were
subsequently wrapped in tin boats, and TOC and its isotopic compositions were measured on a
coupled online elemental analyzer-isotope ratio mass spectrometer-accelerator mass
spectrometer (EA-IRMS-AMS) system54 at the lon Beam Physics Institute of the ETH Zirich.
B3¢/*C ratios are reported in 6°C notation relative to the Vienna Pee Dee Belemnite (VPDB)

standard and the **C content is reported as fraction modern (Fm).

In addition to routine standard measurements by AMS*, an internal standard consisting
of a suspended sediment sample was measured eight times in different batches (including
different fumigation batches). The standard deviation of the results is used as typical
uncertainty on the measurements (TOC: mean 0.24% * 0.01; Fm: mean 0.51 £ 0.03; 85C: mean

-24.02 %o £ 0.17).
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Determination of OCy,;, yield

A binary mixing model was applied to disentangle the concentrations of OCyj, and OCpetro

([OCyio] and [OCgetro]) in the total OC of the suspended sediment (Extended Data Fig. 3). With

the following assumptions similar to the method applied in ref.”* we are able calculate the

concentrations (%) of OCyj, and OCgetro in the total sediment:

[OCiot] = [OCpio] + [Ocpetro]

FMiot * [Octot] = Fmpio * [chio] + Fmpetro * [Ocpetro]

(1)

(2)

The rock-derived OCpetro is characterized by Fmyetro = 0 because its age exceeds the 14¢ half-life

by more than an order of magnitude. We can therefore rewrite equations 1 and 2:

FMiot * [Octot] = Fmpio * [chio]

[chio] = [Octot] - [Ocpetro]

If we combine the equations we obtain:

Fmot * [OCiot] = FMpio * ([Octot] - [Ocpetro])

From where we can calculate [OCpetro)

[Ocpetro] = [Octot] - (Fmtot * [Octot]) / Fmyio

And [OCyio]

[OChio] =[OCiot] — [Ocpetro]

(3)

(4)

(5)

(6)

(7)
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The radiocarbon signature of 17 surface soils from the Narayani basin (Extended Data
Table 2) was used to define the Fm of the OCy;, endmember (Fmyj, = 1.1- 0.9). OCior and Fmyot
are the measured values, and standard deviations are derived from the internal standard as
described above. A Monte Carlo simulation (n=10°) was used to randomly sample within the
Fmyic endmember and the standard deviation of OCist and Fmyst. Errors of the model were
defined by the standard deviation of the model results. This approach for determining OCy;, is
not as sensitive to possible autocorrelation biases as previous studies”’. In the latter study, the
OCpetro, Was determined by the intersection of the linear correlation between the TOC and the
value of TOC*Fm. This method and the calculations done in our study, however, give broadly

similar results.

In order to calculate the total sediment yield, the surface sediment load was corrected
for increasing concentrations with the depth of the water column. For this purpose, we use the
method proposed by ref.?’ (equation 3.2), which integrates the surface sediment concentration
for depth and water velocity in the Narayani river. The daily discharge data of the Narayani river
was provided by the Department of Hydrology and Meteorology of Nepal (DHM), enabling
calculation of daily sediment yield of the Narayani during the four studied monsoon seasons.
With these data we were able to calculate the total amount of OCy;, exported by the Narayani
in a given day for which TOC and Fm measurements are available. We observe a high daily
variability in our TOC and Fm data without any significant correlation to the runoff, the
sediment load or the season at the time of sampling. We upscale the estimate to the entire

monsoon and hence interpolate across days without TOC and Fm measurements as follows:

31



593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

Y[OCpio(measured)] * xdaily sediment yield (all) / Zdaily sediment yield (with Fm and TOC

measurement)

The concentration of TOC and its radiocarbon signature of surface sediments is taken to
be representative of the whole water column (Supplementary Information and Extended Data
Fig. 4). Suspended sediment samples from upstream the major confluence close to the
sampling station confirm that incomplete mixing of the sediments from this confluence does
not have a major influence on the TOC and radiocarbon concentration in Narayanghat

(Supplementary Information and Extended Data Fig. 5).

Chemical weathering rates calculated by major ion chemistry

The concentrations of major cations in water samples from 2010 were determined with
an Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) at the CRPG Nancy.
Major cations and anions of samples from 2015-2017 were measured by lon Chromatography
(IC) at ETH Zdirich. All results are reported in the Source Data Fig. 3. lon concentrations were
corrected for atmospheric input, as suggested by ref.? and using ion concentrations of

rainwater from ref.”®

. Concentrations of Cl and SO, for the year 2010 were estimated by
correlating the concentrations of the measured years to river discharge (Supplementary

Information and Extended Data Fig. 6 and 7).

Concentrations of Ca and Mg derived from silicate weathering through carbonic acid

(Casi and Mgg;)) were calculated using elemental ratios of silicates and carbonates in the Central
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12,13

Himalaya from refs.***. A Monte Carlo simulation (n=10°) sampled randomly within a normal

distribution with the following standard deviation.

Mgsi = K * x ; x=0.5 with standard deviation of 0.25 (ref."?) (8)
Cag = (Na-Cl) * y ; y=0.4 with standard deviation of 0.15 (ref.") (9)
The proportion of silicate weathering relative to carbonate weathering (xs;) was calculated:
Xsii = (1.8 * (Na — Cl) + 2* K) / (Na + K + 2*Mg + 2* Ca) (modified from ref."?) (10)
All the concentrations in equations 8-12 have been corrected for atmospheric input.

Secondary calcite precipitation along the Narayani and its tributary might slightly bias xg
(13'56), but at the scale of the whole catchment, we assume that its effect is minor. For the years
2015-2017, where every second day was measured, the days without measurement had to be
interpolated for the calculation of total fluxes per monsoon. Interpolation was done by taking
the average of the measurements from the day before and after. This method takes into
account previously reported seasonal changes of weathering rates and dilution effects in the

12,56

beginning of the monsoon season™“>". Using the daily discharge data from the DHM we are able

to calculate the total flux of Cag and Mgs; per monsoon.

For calculating the long-term carbon sink through silicate weathering, we subtract the
amount of Cag and Mg derived from sulfuric acid weathering as the latter does not involve
any carbon uptake. We here assume that sulfuric acid reacts with carbonates and silicates in
the same relative proportions as carbonic acid®’. As the chemical weathering regime of the

Himalaya is dominated by carbonates®, we notice that the hypothesis that sulfuric acid only
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weathers carbonate minerals would not have a significant effect on our total carbon flux

calculations.

We can use Xi;:

SOu,sil = SOa ot * Xsil (11)
We define the proportion of Mg and Ca in the total ions derived from silicate weathering:
(Mgsii + Casil)soa = SO4,sil * ((Casi + Mgsi) / (Casi + Mgsi + K/2 + (Na-Cl) /2) (12)

where Na-Cl is the total Na derived from silicate weatheringlz. We then calculate the Mgs; and

Cagj that has been weathered through carbonic acid.
(Mgsii + Casit)ncos = (Mgsii + Casit)tot — (Mgsit + Casit)soa (13)

Finally, one mole of carbon per mole of Cagj ncos or Mgsiincos can be removed from the
Earth’s surface through carbonate precipitation and is thus considered as a long-term (>10° yr)
carbon sink. As cation exchange between sediments and seawater is negligible®® we do not take

into account K and Na for the long-term carbon removal through silicate weathering.

For determining the proportion of carbonates weathered by sulfuric acid we can modify

equation 11:
SO4,carb = SO4,tot * (l'xsil) (14)

The main uncertainty of the sulfuric acid weathering rate calculation derives from the
unknown proportion of SO, derived from evaporites. The latter produces SO, during

weathering but does not produce sulfuric acid which could act as a weathering agent. Previous

34



652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

studies estimate the evaporitic input in the Narayani basin as negligible to up to 40% of the
total SO, (****). We, therefore, use error bars between 100 — 70% for the calculated values. For
calculating total fluxes per monsoon, we use the same interpolation as described above for

silicate weathering.

OC,etro OXidation calculation with dissolved Re

The release of carbon through OCge, oxidation in the Narayani catchment was

estimated using Re as a tracer for the weathering of OCpetro 10,30,59

. This gives us a first-order
estimation of the magnitude of the carbon flux linked to OC,etr, OXxidation but does not allow us
to account for annual differences of this carbon flux. We compiled dissolved Re and major

10.15,30,31,5960 "\while the total dataset displays a

cations concentration data from global rivers
relatively weak linear correlation between the sum of cations and the Re concentration (r’ =
0.41), Himalayan rivers show a strong linear relationship as suggested earlier’® (r* = 0.83)
(Extended Data Fig. 8). We calculate the mean flux of dissolved Re (Refu, 40.7 kg/monsoon)
over the four studied monsoon seasons based on the regression between Re and total cation
concentrations obtained from all Himalayan rivers. A Monte Carlo simulation (n=10°) sampled
randomly within a normal distribution in the one-sigma confidence interval of the regression
for estimating a mean Re concentration for each studied monsoon season based on the mean

annual sum of cations. Data of Re concentrations in bulk suspended sediments from the

Narayani from refs.3%33 (Resg; 2.7-4.8 * 1010 pg/g) are used together with the mean OCgetro
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concentration of samples from this study (OCsq). The OC,etro Oxidation rate is finally calculated

£.>

as described in ref.>® with a Monte Carlo simulation (n=10°):

Creleased = Refiux * (Ocsd/Resd) *fe - fgraphite (15)

Where f is the factor correcting for Re from inorganic phases and for the ratio of Re dissolved

10,59,61

during OCpetro Oxidation in soils (0.5 < f. < 1; and fgraphite corrects for the fraction of

crystalline graphite that is less prone to oxidation (0.3 < fgraphite < 0.5; estimated from data from

ref.47).

Upscaling from a monsoonal to an annual carbon budget

The erosion as well as the carbon fluxes in the Central Himalaya, are mostly driven by the
monsoonal precipitation. In order to render our carbon flux calculations comparable to other
studies, we up-scale the monsoonal carbon budget to annual values based on the following
assumptions. For the total OCy;, export we considered that ~95% of the annually suspended
sediments of the Narayani are discharged during the monsoon® and that the relative
importance of soil erosion increases during the dry season®’. We, therefore, assume that the
OCyio discharged during the monsoon represents 90% of the annual OCy;, export. The
monsoonal total OC and OCgetro €xport is assumed to follow the total sediment flux constituting
95% of the annual flux. For the silicate weathering budget, we follow ref.*® who showed that in
the Central Himalaya, ~60% of the annual silicate weathering flux is occurring during the
monsoon. As the monsoon accounts for ~80% of the total water discharge of the Narayani
River26, we assume this same proportion for carbonate weathering by sulfuric acid and OCpetro
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oxidation. This calculation is conservative, as the fraction of sulfuric acid relative to carbonic

acid is likely decreasing during the monsoon in the headwaters of the Narayani°®.
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