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Introduction

Chemical weathering of Ca-silicate minerals consumes CO 2 and thus plays a central role in regulating climate through the carbon cycle over geological times (e.g. [START_REF] Berner | The carbonate-silicate geochemical cycle and its effect on atmospheric carbon dioxide over the past 100 million years[END_REF][START_REF] Walker | A negative feedback mechanism for the longterm stabilization of Earth's surface temperature[END_REF]. Approximately 70% of CO 2 removal from the atmosphere occurs through silicate weathering, whereas the remaining 30% occurs through burial of organic carbon (Berner, 1990;[START_REF] Garrels | Cycling of carbon, sulfur and oxygen through geologic time[END_REF]Lasaga et al., 1985;[START_REF] Walker | A negative feedback mechanism for the longterm stabilization of Earth's surface temperature[END_REF]. In contrast, the dissolution of carbonate rocks does not impact the long-term carbon cycle as CO 2 consumed during carbonate dissolution is returned to the atmosphere by carbonate precipitation in the oceans. The uptake of atmospheric CO 2 due to weathering of silicate minerals generates complex feedbacks between climate, mountain uplift, volcanic activity, and weathering (e.g. [START_REF] Berner | The carbonate-silicate geochemical cycle and its effect on atmospheric carbon dioxide over the past 100 million years[END_REF]Ebelmen, 1845;Goudie and Viles, 2012;Kump et al., 2000;Li and Elderfield, 2013;Maffre et al., 2018). [START_REF] Walker | A negative feedback mechanism for the longterm stabilization of Earth's surface temperature[END_REF] suggested that volcanic eruptions (i.e., increases in atmospheric CO 2 ) lead to higher temperatures, enhancing weathering rates, the consumption of CO 2 , and finally decrease temperatures. In the tectonic-controlled hypothesis, [START_REF] Raymo | Tectonic forcing of late Cenozoic climate[END_REF] proposed that the uplift of mountain ranges increases the availability of fresh rock surfaces, leading to increases in chemical weathering, and thus an increase in the consumption of CO 2 and a decrease in temperature.

The interactions between weathering and climate are especially relevant to the Himalayas, the sole region of the world that is currently experiencing a combination of uplift, related to the Indian-Asian collision, and monsoonal precipitation. This creates a scenario where the high Himalayan range is subject to extensive physical erosion, resulting in a massive detrital flux of ≈1 Gt/yr for the Ganga-Brahmaputra system (e.g. Bangladesh Water Development Board, 1972;Lupker et al., 2011). Over the past several decades, many studies have therefore attempted to estimate silicate weathering fluxes and associated CO 2 consumption from the dissolved ionic budgets of Himalayan rivers (e.g. [START_REF] English | Geologic control of Sr and major element chemistry in Himalayan Rivers, Nepal[END_REF]Galy and France-Lanord, 1999;[START_REF] Krishnaswami | Silicate and carbonate weathering in the drainage basins of the Ganga-Ghaghara-Indus head waters: Contributions to major ion and Sr isotope geochemistry[END_REF][START_REF] Sarin | Major ion chemistry of the Ganga-Brahmaputra river system: Weathering processes and fluxes to the Bay of Bengal[END_REF][START_REF] Sarin | Major ion chemistry of the Ganga-Brahmaputra river systems, India[END_REF][START_REF] Wolff-Boenisch | Spatial variations in chemical weathering and CO 2 consumption in Nepalese High Himalayan catchments during the monsoon season[END_REF]. This approach led to the conclusion that the alkalinity budget of major Himalayan rivers is dominated by carbonate weathering, with silicate contributions ranging from <10% to 40%. In contrast, mass balance calculations based on Sr isotopes and Ca/Sr ratios suggest that silicate weathering dominates the Sr budget of Himalayan rivers, implying higher rates of CO 2 consumption by chemical weathering (Krishnaswami et al., 1992).

The results of Sr isotopic investigations on sediment and dissolved riverine Sr show that the highly radiogenic 87 Sr/ 86 Sr composition of Himalayan rivers originates from the weathering of Himalayan cratonic crust with recent metamorphic redistribution of radiogenic Sr [START_REF] Derry | Neogene Himalayan weathering history and river 87 Sr/ 86 Sr: impact on the marine Sr record[END_REF][START_REF] Edmond | Himalayan Tectonics, Weathering Processes, and the Strontium Isotope Record in Marine Limestones[END_REF]Galy and France-Lanord, 1999;Palmer andEdmond, 1992, 1989). However, several studies showed that metamorphosed carbonates associated with metapelitic units of the Lesser Himalaya can also deliver highly heterogeneous 87 Sr/ 86 Sr ranging from 0.7 to 0.9 and overall markedly more radiogenic than modern seawater [START_REF] Bickle | Relative contributions of silicate and carbonate rocks to riverine Sr fluxes in the headwaters of the Ganges[END_REF][START_REF] Derry | Neogene Himalayan weathering history and river 87 Sr/ 86 Sr: impact on the marine Sr record[END_REF][START_REF] English | Geologic control of Sr and major element chemistry in Himalayan Rivers, Nepal[END_REF]Galy et al., 1999;Galy and France-Lanord, 1999;[START_REF] Harris | The significance of Himalayan rivers for silicate weathering rates: evidence from the Bhote Kosi tributary[END_REF][START_REF] Krishnaswami | Silicate and carbonate weathering in the drainage basins of the Ganga-Ghaghara-Indus head waters: Contributions to major ion and Sr isotope geochemistry[END_REF][START_REF] Oliver | Silicate weathering rates decoupled from the 87 Sr/ 86 Sr ratio of the dissolved load during Himalayan erosion[END_REF][START_REF] Quade | The Late Neogene 87 Sr/ 86 Sr Record of Lowland Himalayan Rivers[END_REF]. This observation was attributed to isotopic exchange with surrounding radiogenic silicates during metamorphism. The presence of trace calcite carrying radiogenic 87 Sr in equilibrium with their host gneisses was also reported from crystalline watersheds of Northern Pakistan [START_REF] Blum | Carbonate versus silicate weathering in the Raikhot watershed within the High Himalayan Crystalline Series[END_REF][START_REF] Jacobson | Ca/Sr and 87 Sr/ 86 Sr geochemistry of disseminated calcite in Himalayan silicate rocks from Nanga Parbat: Influence on river-water chemistry[END_REF], underscoring the potentially significant contribution of radiogenic carbonate phases on the Sr isotopic budget of rivers draining crystalline catchments of the high range.

This study explores the potential of the 40 K-40 Ca isotope system as a tracer of carbonate versus silicate weathering in the Himalayan erosional system. The 40 K-40 Ca decay scheme results from the  -decay branch of Potassium-40, which represents 89% of total K decay (λ TOT = 5.543 x 10 -10 year -1 ; λ  = 4.962 x 10 -10 year -1 ) [START_REF] Begemann | Call for an improved set of decay constants for geochronological use[END_REF][START_REF] Nägler | In pursuit of the 40 K branching ratios: K-Ca and 39 Ar-40 Ar dating of gem silicates[END_REF][START_REF] Naumenko-Dèzes | Constraining the 40 K decay constant with 87 Rb-87 Sr -40 K-40 Ca chronometer intercomparison[END_REF]. Despite its evident potential as a source tracer in the exogenic Ca cycle, the 40 K-40 Ca system has rarely been applied as an environmental tracer [START_REF] Antonelli | Radiogenic 40 Ca in Seawater: Implications for Modern and Ancient Ca Cycles[END_REF][START_REF] Caro | 40 K-40 Ca isotopic constraints on the oceanic calcium cycle[END_REF][START_REF] Davenport | Tracing silicate weathering in the Himalaya using the 40 K-40 Ca system: a reconnaissance study[END_REF]Farkas et al., 2011;[START_REF] Hindshaw | Identifying weathering sources and processes in an outlet glacier of the Greenland Ice Sheet using Ca and Sr isotope ratios[END_REF][START_REF] Lehn | Constraining seasonal active layer dynamics and chemical weathering reactions occurring in North Slope Alaskan watersheds with major ion and isotope (δ 34 S SO4 , δ 13 C DIC , 87 Sr/ 86 Sr, δ 44/40 Ca, and δ 44/42 Ca) measurements[END_REF][START_REF] Ryu | The major ion, δ 44/40 Ca, δ 44/42 Ca, and δ 26/24 Mg geochemistry of granite weathering at pH=1 and T=25°C: power-law processes and the relative reactivity of minerals[END_REF]Zhu and Mac Dougall, 1998). This is mainly due to analytical difficulties associated with detecting small radiogenic excesses on the large 40 Ca isotope (96.9%) using the minor 42 Ca isotope to correct for instrumental mass fractionation. However, unlike Sr, calcium is a major element that plays a pivotal role in the carbon cycle and thus can provide more direct constraints on the relative contribution of silicate and carbonate weathering to riverine dissolved fluxes. Previous investigations of 40 K- 40 Ca systematics of crustal rocks showed that silicate lithologies of the upper crust have variably radiogenic 40 Ca excesses whose magnitude depends on their K/Ca ratio and crustal residence time [START_REF] Antonelli | Radiogenic 40 Ca in Seawater: Implications for Modern and Ancient Ca Cycles[END_REF][START_REF] Antonelli | Radiogenic Ca isotopes confirm post-formation K depletion of lower crust[END_REF][START_REF] Kreissig | Ca isotope fingerprints of early crust-mantle evolution[END_REF]Marshall andDePaolo, 1989, 1982;[START_REF] Mills | Calcium and neodymium radiogenic isotopes of igneous rocks: Tracing crustal contributions in felsic magmas related to super-eruptions and continental rifting[END_REF][START_REF] Nelson | Petrogenetic Applications of the K-40-Ca-40 Radiogenic Decay Scheme -a Reconnaissance Study[END_REF]. Considering an average K/Ca ratio of 0.95 [START_REF] Taylor | Global silicate weathering flux overestimated because of sediment-water cation exchange[END_REF] for the upper continental crust, and a constant rate of crustal growth starting 4 Gyr ago, a total radiogenic ingrowth of 2-3 ε-units over the mantle value can be estimated for the present-day upper crust [START_REF] Caro | 40 K-40 Ca isotopic constraints on the oceanic calcium cycle[END_REF][START_REF] Antonelli | Radiogenic 40 Ca in Seawater: Implications for Modern and Ancient Ca Cycles[END_REF]. In contrast, mafic and ultramafic rocks have low K/Ca on the order of 0.01-0.1, resulting in negligible 40 Ca ingrowth (0.1 -1 ε-units) over the entire Earth's history. [START_REF] Caro | 40 K-40 Ca isotopic constraints on the oceanic calcium cycle[END_REF] further showed that the 40 Ca composition of marine carbonates and thus of seawater remained constant and indistinguishable from modern seawater for > 3.5 Gyr. The absence of significant 40 Ca excesses in metamorphosed, silicified, and dolomitized Archean carbonates relative to modern seawater also suggests that the 40 Ca signature of carbonate rocks is generally more resistant to post-depositional disturbance than their 87 Sr/ 86 Sr composition. We therefore anticipated that the 40 K- 40 Ca system would provide direct constraints on silicate-derived Ca fluxes in Himalayan rivers while circumventing issues related to isotopic equilibration of carbonate and silicate rocks during metamorphism.

This study expands the preliminary study of [START_REF] Davenport | Tracing silicate weathering in the Himalaya using the 40 K-40 Ca system: a reconnaissance study[END_REF] by presenting new 40 Ca analyses of dissolved loads and river sediments collected from the Narayani basin and other major Nepalese rivers, as well as the Ganga and Brahmaputra in Bangladesh. We show that the 40 Ca composition of Himalayan rivers reflects the balance between unradiogenic (i.e., seawater-like) Ca derived from carbonate dissolution and variably radiogenic Ca derived from weathering of the silicate catchments exposed in the Himalayan range. We then assess the sources supplying dissolved Ca to major Himalayan rivers. Our results suggest that despite high rates of physical erosion, the crystalline catchments of the High Himalaya only supply a subordinate fraction of the riverine dissolved silicate Ca flux and that the latter primarily derives from volumetrically minor but highly radiogenic metapelitic units of the Lesser Himalaya. This result highlights the decoupling between physical and chemical erosion in the Himalayan system.

Geological Setting

The Narayani River, draining the central Nepalese Himalaya, is the most important tributary of the Ganga in terms of discharge and sediment flux [START_REF] Andermann | Connecting source and transport: Suspended sediments in the Nepal Himalayas[END_REF]. The Narayani drains an area of 32,000 km 2 and is supplied by five major tributaries: the Kali Gandaki, the Seti, the Marsyandi, the Bhuri Gandaki, and the Trisuli. The Narayani forms from the confluence of the Trisuli and the Kali Gandaki, whose basins traverse the three main lithotectonic units of the Himalayan range, namely, the Tethyan Sedimentary Series (TSS), The High Himalayan Crystalline series (HHC), and the Lesser Himalaya (LH) [START_REF] Fort | The Himalayan Orogenic Segment[END_REF]) (see Figure 2). The TSS is a Paleozoic-Mesozoic sedimentary sequence deposited on the North Indian passive margin in the Tethys Ocean and mainly composed of clastic sediments and limestones. The HHC represents the primary formation of the high range and primarily consists of ortho-and paragneisses, migmatites, and highly metamorphosed marbles. Underlying the HHC, the Lesser Himalaya (LH) is a Precambrian sedimentary sequence composed of medium to highly metamorphosed quartzite, quartzo-pelitic schists, minor black shales, and dolomitic limestones with local meta-volcanic and orthogneisses units. The TSS, HHC and LH account for, respectively, 30%, 24% and 46% of the outcropping lithology in the Narayani Basin (Morin et al., 2018). After traversing the Main Frontal Thrust (MFT) separating the LH from the Siwaliks, the Narayani then descends to the Gangetic plain as the Gandak, eventually draining into the Ganga at Patna, 250 km downstream of the Himalayan front (Fig. 1).

The hydrology and annual discharge of the Narayani basin are mainly controlled by the Indian Summer Monsoon (ISM). Beginning in mid-June and continuing until mid to late September, the ISM represents approximately 80% of the 1400 to 1900 mm/yr of annual rainfall [START_REF] Bookhagen | Toward a complete Himalayan hydrological budget: Spatiotemporal distribution of snowmelt and rainfall and their impact on river discharge[END_REF][START_REF] Shrestha | Interannual variation of summer monsoon rainfall over Nepal and its relation to Southern Oscillation Index[END_REF]. Annual rainfall varies from approximately 50 mm in the Mustang region (NW part of the watershed) to approximately 5000 mm in the Annapurna foothills at 3,000 m in the HHC [START_REF] Putkonen | Continuous Snow and Rain Data at 500 to 4400 m Altitude near Annapurna, Nepal[END_REF]. This creates a scenario where the HHC is undergoing massive erosion events associated with landslides, runoff, glaciers, and river incisions [START_REF] Lavé | Fluvial incision and tectonic uplift across the Himalaya of Central Nepal[END_REF], reflected in an annual erosion rate of 0.1 to 2.0 mm/yr [START_REF] Gabet | Modem erosion rates in the High Himalayas of Nepal[END_REF]. In contrast, the LH is characterized by lower erosion rates, between 0.1 and 0.5 mm/yr [START_REF] Godard | Impact of glacial erosion on 10Be concentrations in fluvial sediments of the Marsyandi catchment, central Nepal[END_REF], and thus is more influenced by chemical weathering processes [START_REF] West | Tectonic and climatic controls on silicate weathering[END_REF]. The TSS are variably exposed in the basin. In the Western half of the basin, they form the main part of the glaciated high range and are exposed on the south flanks of the Annapurna and Dhaulagiri massifs. High rainfall, therefore induces high erosion rates likely comparable to those of the HHC. On the Eastern basin drained by the Marsyandi and Trisuli, the TSS are exposed north of the High range where less pronounced relief and more arid conditions generate much lower erosion rates (approximately 0.1 mm/yr) than the LH and HHC [START_REF] Gabet | Modem erosion rates in the High Himalayas of Nepal[END_REF]. Recent studies have also shown that the Narayani basin exhibits the highest erosive activity in the central Himalaya [START_REF] Andermann | Connecting source and transport: Suspended sediments in the Nepal Himalayas[END_REF][START_REF] Lupker | Predominant floodplain over mountain weathering of Himalayan sediments (Ganga basin)[END_REF]Sinha and Friend, 1994).

Samples

Dissolved river loads

The locations of the studied samples are shown in Figure 1 (Ganga-Brahmaputra system) and Figure 2 (Narayani basin). Table S1 contains the sampling dates as well as the GPS coordinates of the sampling sites. Of the 52 river dissolved loads selected for this study, 37 were collected from the Narayani basin, 6 from other medium-sized Himalayan front rivers in eastern Nepal (Kosi, Arun), western Nepal (Karnali) and the Upper Ganga (India), 7 from the floodplain in Bangladesh (Ganga, Brahmaputra, and Padma) and 2 from the southern tributaries of the Ganga (Son, Chambal). Samples from the Narayani basin include the main tributaries of the Narayani in the Lesser Himalaya (i.e., the Seti and Trisuli) as well as small rivers draining single lithotectonic units (i.e., the Thini and Yankim Khola in the TSS and the Khudi and Chepe Khola in the HHC). For the Khudi, analyzed samples include spring waters collected in an active landslide located in the upper part of the basin (Gallo and Lavé, 2014) and dissolved loads collected further downstream above the MCT. LH samples were selected to provide a representative overview of the lithological variability of Lesser Himalayan catchments. The Jaran, Masel, Maudi, Paudi and Chiti Khola drain predominantly metasandstones and schists catchments of the Lower LH (i.e., the Kunchha formation). The Itsul Khola drains both the Lower LH and the metapelitic and calcareous units of the Upper LH sequence. Finally, the Anku and Thopal khola drain all LH but dominantly the Lower LH.

The dissolved loads analyzed in this study were collected over numerous field seasons from 1997 to 2015 and their hydrogeochemistry has been presented in several previous studies [START_REF] France-Lanord | Annual dissolved fluxes from Central Nepal rivers: budget of chemical erosion in the Himalayas[END_REF]Galy et al., 1999;Galy and France-Lanord, 1999;[START_REF] Morin | L'érosion et l'altération en Himalaya et leur évolution depuis le tardipléistocène : analyse des processus d'érosion à partir de sédiments de rivière actuels et passés au Népal central (Theses)[END_REF]. compositions (Gaillardet et al., 1999). TSS rivers plot significantly off this trend and show elevated Sulfate concentrations (SO 4 2-/Na**=5-22) previously attributed to combined sulfide oxidation and evaporite dissolution (Galy and France-Lanord, 1999). In the HHC, the Chepe and Khudi rivers, draining paragneisses from HHC Formation I, exhibit variable Ca*/Na** ranging from 1 to 8, and HCO 3 -/Na** ranging from 0.8 to 18.2, suggesting significant carbonate dissolution despite the predominantly crystalline nature of their drainage area. In addition, the higher SO 4 2-/Na** and high Ca*/Na** of spring waters collected from the Khudi landslide (Saituti) can also be used to infer the dissolution of calcium sulfates (Fig. 3b). At the surface of eroded bedrock, these secondary sulfates are evident as gypsite efflorescences.

Briefly

They probably originate from the bedrock sulfide being oxidized along with the dissolution of carbonate and silicate phases, followed by the precipitation of sulfate-rich brine (such as CA12w04, [SO 4

2-]=3256 mol/L), which seeps out of the landslide during the dry season.

Sediments and Whole-rocks

Bank sediments collected from various TSS, HHC, and LH watersheds, as well as samples of impure marble from the LH, were analyzed to determine the isotopic signatures of the carbonate and silicate lithologies subject to erosion within each lithotectonic unit. Previous studies showed that the LH, HHC, and TSS have distinct isotopic signatures related to differences in both lithology and crustal extraction ages, leading to well-defined domains in a Sr-Nd isotopic space [START_REF] Ahmad | Isotopic constraints on the structural relationships between the Lesser Himalayan Series and the High Himalayan Crystalline Series, Garhwal Himalaya[END_REF][START_REF] Deniel | Isotopic study of the Manaslu granite (Himalaya, Nepal): inferences on the age and source of Himalayan leucogranites[END_REF][START_REF] France-Lanord | Evolution of the Himalayas since Miocene time: Isotopic and sedimentological evidence from the Bengal Fan[END_REF] France-Lanord and Le Fort, 1988;[START_REF] Parrish | Isotopic constraints on the age and provenance of the Lesser and Greater Himalayan sequences, Nepalese Himalaya[END_REF][START_REF] Vidal | Geochemical investigations of the origin of the Manaslu leucogranite (Himalaya, Nepal)[END_REF]. Silicate rocks of the TSS have 87 Sr/ 86 Sr ≤ 0.720, whereas HHC silicates and LH metapelitic catchments are characterized by more radiogenic 87 Sr/ 86 Sr of 0.750 and >0.850, respectively. The sediment samples chosen for this study were primarily selected based on their Nd and Sr isotopic characteristics to obtain an isotopically representative sampling of the main lithotectonic units of the Himalayas (Table 2). The analyzed samples include bank sediments from the upper Marsyandi for the TSS, the Khudi for the HHC, and bank sediments from rivers draining the main lithological units of the LH. In addition, we analyzed a suspended load sample collected along the main stem of the Ganga in Bangladesh in September 2008 [START_REF] Lupker | Predominant floodplain over mountain weathering of Himalayan sediments (Ganga basin)[END_REF].

We also analyzed samples of impure dolomitic marble from the Lesser Himalaya to assess the degree of metamorphic redistribution of Ca isotopes between carbonates and silicate lithologies of the LH. These samples have low [Sr] ranging from 34-55 ppm and variable radiogenic 87 Sr/ 86 Sr ranging from 0.73950 to 0.85722 reflecting partial equilibration with surrounding silicates (Galy et al., 1999).

Methods

Chemical separation

Sediment samples, including bank sediments and suspended loads, were leached before chemical separation following the methods of Galy et al. (1996) to determine the isotopic composition of detrital silicate and carbonate fractions. A volume of 20 mL of 10% acetic acid was added to 10-50 mg of powdered sample and left to react with the powder for 2h at room temperature, after which the samples were centrifuged and the supernatants transferred to a Savillex beaker. This step was repeated three times, after which the combined leachates were evaporated on a hot plate at 100°C. The silicate residues were dissolved in a HF-HNO 3 (1:1) mixture for 24 hours at 120°C. The solutions were then evaporated, and the residues dissolved in 5 mL of 4N HCl and dried out at 100°C to break down residual fluorides. This step was repeated several times until a clear solution was obtained. For carbonate (dolomite) samples, powders aliquots were dissolved in 1 mL of 6N

HCl at 90°C for 24h. The dissolved samples were then centrifuged to eliminate residual silicate and organic material, and the supernatants were evaporated to dryness. All residues were then dissolved in 2N HNO 3 to obtain a solution of 200 ppm Ca. The chemical separation was performed using the Prepfast-MC low-pressure chromatographic system from Elemental Scientific (USA), using a pre-packed 2 mL column filled with DGA resin (Triskem International, France). The elution protocol, slightly modified from the Sr-Ca elution method provided by ESI Scientific, is summarized in Table 3. Separation yields for Ca were measured using Thermo Scientific X-series II Quad ICPMS and were found to be >95% for both pure standard solutions (NIST SRM 915a) and a river sediment geostandard (GSD-4). The total procedural blank was ≈20 ng.

Mass spectrometry

Calcium was measured as a positive metal ion (Ca 2+ ) with a ThermoFinnigan Triton Plus thermal ionization mass spectrometer (TIMS) at Centre de Recherches Pétrographiques et Géochimiques (CRPG). About 10-15 μg Ca dissolved in 10N HNO 3 were loaded onto a zone refined Re filament of a double filament assembly (filament dimensions: 0.04 mm thick by 0.76 mm wide zone refined Re ribbon from HCross). The solutions were evaporated on the filament at an applied current of ∼0.8 A. After complete loading, the current was increased to ∼1.8 A until the filament was glowing and kept at this level for 5 -10 seconds. After loading, the sample wheel was immediately inserted into the TIMS to avoid rehydration of the Ca-nitrate salt due to ambient humidity.

During TIMS analysis, the ionization filament current was heated to ~2500 mA at a rate of 200 mA per minute, while the evaporation filament was maintained at a low current (0-200 mA). The ionization filament was then increased or decreased appropriately until a 40 Ca + ion current corresponding to 10 -15 V over a 10 11  amplifier was obtained. The 40 Ca ion beam was continually monitored throughout the measurement, and the ionization filament was automatically reheated between every two measurement blocks when signal intensity dropped below or went above 20% of its initial intensity. Isobaric interferences from 40 K were monitored by measuring 41 K and corrected online using 40 K/ 41 K = 1.73 x 10 -3 .

However, the 40 K/ 40 Ca mean values for analyses of samples and standards never exceeded 10 -5 ; thus, the 40 Ca/ 42 Ca ratio did not require significant interference correction.

A multidynamic acquisition scheme using two magnet settings corresponding to 40 Ca and 42 Ca in the axial detector (Table 4) was used to minimize effects related to Faraday Cup efficiency drifts during an analytical session. Each acquisition line was integrated 30 times with an integration time of 1.049 seconds each and separated by an idle time of 15 seconds on Line 1 (L1) and 7 seconds on Line 2 (L2). To align the ion beams into the detectors on L2, the focus zoom quadrupole was modified from 0 V to 7 V, and the dispersion zoom was modified from 0 V to -28.5 V. A measurement consisted of 10-12 blocks with 10 cycles per block, lasting approximately 3 hours. Amplifiers (all 10 11 ) were rotated to the left after each block (unless otherwise noted, Table S2). Peaks were centered in the axial cup every two blocks using the 40 Ca (L1) and 42 Ca (L2) ion beams. An automatic focusing protocol was implemented every two blocks (after peak centering) involving the Condenser, Extraction

Left, Right, X-Symmetry, and Z-Focus electrodes with the 40 Ca beam in the axial detector. A 2h "cold" baseline was measured at the beginning of every measurement day. Amplifier gains were calibrated each time the turret was changed with new samples/standards.

Mass fractionation was corrected using the exponential law with 42 Ca/ 44 Ca = 0.31221 as a normalization ratio (Russell et al., 1978). The 40 Ca/ 44 Ca results obtained in static and multidynamic mode throughout this study are summarized in Figure 4a. In static mode (ST), all isotopes are measured on Line 1, and 40 Ca/ 42 Ca and 43 Ca/ 42 Ca are corrected online using 42 Ca/ 44 Ca. In multidynamic mode (MD), the 40 Ca/ 42 Ca ratios measured on L2 are corrected using the 42 Ca/ 44 Ca ratio measured on L1. While more time-consuming, the multidynamic method allows for eliminating drifts and non-reproducible behaviors associated with Faraday cup efficiencies, ultimately resulting in a >3 fold improvement in reproducibility compared to the static approach (Fig. 4a-c). However, the multidynamic mode also introduces inaccuracies on the corrected ratios when the evaporating sample is undergoing continuous mass fractionation during the time gap between the measurement of 42 Ca/ 44 Ca on L1 and the measurement of 40 Ca/ 42 Ca on L2 [START_REF] Roth | Revisiting the 142 Nd deficits in the 1.48Ga Khariar alkaline rocks, India[END_REF]. The mass fractionation correction of 40 Ca/ 42 Ca (L2) using 42 Ca/ 44 Ca (L1) is inaccurate because both ratios are not measured simultaneously, and the mass fractionation correction of 40 Ca/ 42 Ca (L1) is therefore biased by a factor that depends on the rate of change in 42 Ca/ 44 Ca.

To minimize mass fractionation drift during acquisition, calcium was loaded on Rhenium filaments in concentrated nitric acid. This loading method induces partial dissolution of the Re filament, ultimately producing high-mass calcium rhenates on the filament surface (Farkas et al., 2007). Under these conditions, evaporation can be induced by heating only the ionization filament, and thus takes place at a significantly lower temperature than when calcium is loaded as chloride or phosphate. More importantly, this method was found to significantly reduce the mass fractionation drift during acquisition. The evolution of the 42 Ca/ 44 Ca ratio was generally <1‰ between the start and the end of the runs, against >10‰ when Ca is loaded as chloride or phosphate (e.g. [START_REF] Caro | 40 K-40 Ca isotopic constraints on the oceanic calcium cycle[END_REF][START_REF] Naumenko-Dèzes | TIMS measurements of full range of natural Ca isotopes with internally consistent fractionation correction[END_REF]. As a result, all runs are characterized by nearly identical mass fractionation factors (F ≈ -4 ‰/a.m.u relative to the normalization ratio of Russell et al. (1978)). Specifically, the measured 42 Ca/ 44 Ca for samples and standards average 0.3097 ± 0.0003 (2 S.D.) and 0.3098 ± 0.0002, respectively, and thus significantly deviate from the accepted normalization value of 0.31221. Given the nearly complete absence of mass fractionation drift during acquisition, this systematic shift is unlikely to be due to preferential evaporation of light Ca isotopes and could instead reflect an unidentified static mass fractionation effect in the TIMS source or an inaccuracy in the "natural" 42 Ca/ 44 Ca ratio used to correct for instrumental mass fractionation. In support of the latter hypothesis, the measured 42 Ca/ 44 Ca for both samples and standards is similar to the value recommended by IUPAC for the NIST SRM915a standard (i.e. 42 Ca/ 44 Ca ≈ 0.3102; [START_REF] Meija | Isotopic compositions of the elements 2013 (IUPAC Technical Report)[END_REF]. If correct, this would imply that the runs are characterized by very low mass fractionation factors (F ≈ -0.8 ‰/a.m.u), as expected for evaporation of high-mass Ca-Rhenates.

Residual biases due to mass fractionation drift during acquisition were corrected offline, following the method applied by [START_REF] Caro | Sluggish Hadean geodynamics: Evidence from coupled 146,147 Sm-142,143 Nd systematics in Eoarchean supracrustal rocks of the Inukjuak domain (Québec)[END_REF] for multidynamic Nd isotope analyses. This method uses an interpolated value of the normalizing ratio (𝑆 𝑀 * ) instead of the measured 𝑆 𝑀 (L1) ratio in the exponential law equation,

𝑅 𝐼-𝑀𝐷 = 𝑅 𝑀 𝑆2 × ( 𝑆 𝑇 𝑆 𝑀 * ) 𝐴 ( 1 
)
where R is the isotopic ratio of interest ( 40 Ca/ 42 Ca), S is the normalization ratio ( 42 Ca/ 44 Ca)

and A=ln(m 40 /m 42 )/ln(m 42 /m 44 ). Subscripts M and T represent the measured and the "true" values of the isotopic ratios. The subscript I-MD (Interpolated-Multidynamic) refers to ratios corrected from mass fractionation using an interpolated value of 𝑆 𝑀 . For each given cycle (N), 𝑆 𝑀 * is linearly interpolated at the time of 40 Ca/ 42 Ca (L2) acquisition using 42 Ca/ 44 Ca (L1)

values measured at cycles N and N+1. The resulting value of 𝑅 𝐼-𝑀𝐷 differs from that calculated by conventional correction of mass discrimination (𝑅 𝑀𝐷 ) by an amount (R, in ppm) that depends on the mass fractionation drift during acquisition [START_REF] Caro | Sluggish Hadean geodynamics: Evidence from coupled 146,147 Sm-142,143 Nd systematics in Eoarchean supracrustal rocks of the Inukjuak domain (Québec)[END_REF]:

ΔR = [ 𝑅 𝑀𝐷 𝑅 𝐼-𝑀𝐷 -1] × 10 6 = [ϕ 𝐴 -1] × 10 6 (2)
Here  is the mass fractionation drift (in ppm) of the normalizing ratio during a given cycle and is related to the mass fractionation rate (, in ppm/s) by the following expression;

φ = 1 𝜏 × (ϕ -1) × 10 6 (3)
where τ is the time gap between the midpoint of acquisitions on L1 and L2 (τ = 37 seconds for most sessions, see details in Table S2). Figure 4d shows that mass fractionation rates during acquisition range from -0.1 to 0.4 ppm/s. This corresponds to an offset (R) of -5 ppm to +15 ppm between the corrected 40 Ca/ 44 Ca MD ratio to the "true" 40 Ca/ 44 Ca value. When normalized to the mean of standard analyses for each session, this translates into  40 Ca I-MD values within ±10 ppm of  40 Ca MD . This secondary correction is thus, in most cases, negligible compared to the compositional range of the studied samples.

Figure 4f shows the results obtained for various geostandards (BHV0-1, BCR-2, BIR-1) and a subaerial basaltic lava from the Koolau volcano (K03) representative of the enriched endmember of the Hawaiian plume. To allow direct comparison with previously reported values, all uncertainties are expressed as 2 S.D. and represent the typical external precision estimated from repeated analyses of the NIST SRM915A/B standards. The average  40 Ca obtained from multiple analyses of BIR-1, BHV0-1, BCR-2 and the Koolau basalt range from -0.2 to -0.35 with a grand average of -0.29 ± 0.12 (2 S.D., one outlier excluded from the BIR-1 analyses). These results are in general agreement with previously published values [START_REF] Antonelli | Radiogenic 40 Ca in Seawater: Implications for Modern and Ancient Ca Cycles[END_REF][START_REF] He | Mass-Independent and Mass-Dependent Ca Isotopic Compositions of Thirteen Geological Reference Materials Measured by Thermal Ionisation Mass Spectrometry[END_REF][START_REF] Hindshaw | Identifying weathering sources and processes in an outlet glacier of the Greenland Ice Sheet using Ca and Sr isotope ratios[END_REF][START_REF] Huang | Calcium isotopic ratios and rare earth element abundances in refractory inclusions from the Allende CV3 chondrite[END_REF][START_REF] Schiller | Calcium isotope measurement by combined HR-MC-ICPMS and TIMS[END_REF][START_REF] Simon | Calcium isotope composition of meteorites, Earth and Mars[END_REF], except for BIR-1 ( 40 Ca=-0.33 ± 0.4, N=3), for which we obtained a slightly higher value than those reported by [START_REF] Schiller | Calcium isotope measurement by combined HR-MC-ICPMS and TIMS[END_REF] and [START_REF] Antonelli | Radiogenic 40 Ca in Seawater: Implications for Modern and Ancient Ca Cycles[END_REF], respectively at -1.24 ± 0.8 (2 S.D., N=1) and -0.9 ± 1.5 (2 S.D., N=7). However, these results cannot be resolved at the 2 S.D. level and can thus be regarded as consistent within analytical uncertainty. However, all samples are on average more radiogenic than the BSE composition proposed by Antonelli et al (2021) (i.e.  40 Ca BSE = -1.2 -units relative to NIST SRM915A). Given the current uncertainties on the BSE composition, we therefore report Ca isotopic compositions relative to NIST SRM915A, which was found to be indistinguishable from modern seawater [START_REF] Caro | 40 K-40 Ca isotopic constraints on the oceanic calcium cycle[END_REF][START_REF] Antonelli | Radiogenic 40 Ca in Seawater: Implications for Modern and Ancient Ca Cycles[END_REF].

As shown in

Results

Sr and Ca isotope results are presented in Tables 1-2 and plotted in Figure 5 (sediments and whole rocks) and Figure 6 (dissolved loads). Supplementary Materials (Table S2 andS3) contain the full analytical results for standards and samples. Following previously established conventions, we report 40 Ca/ 44 Ca measurements normalized to the calcium standard NIST SRM915a, using the "epsilon" notation ( 40 Ca):

𝜀 𝐶𝑎 40 = [ ( 𝐶𝑎 40 𝐶𝑎 44 ⁄ ) 𝑆𝑎𝑚𝑝𝑙𝑒 ( 𝐶𝑎 40 𝐶𝑎 44 ⁄ ) 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 -1] × 10 4 (4)
The NIST SRM915a standard is considered representative of seawater composition throughout geological times [START_REF] Caro | 40 K-40 Ca isotopic constraints on the oceanic calcium cycle[END_REF][START_REF] Antonelli | Radiogenic 40 Ca in Seawater: Implications for Modern and Ancient Ca Cycles[END_REF].  40 Ca values are calculated from the I-MD 40 Ca/ 44 Ca ratios and are assigned a 2 S.D. error of ± 0.4 -units corresponding to the average within-session external precision estimated from repeated analyses of the NIST SRM915a standard (Section 4.2).

Whole Rock and Bank Sediments

The silicate fractions of bank sediments show significant 40 Ca excesses, with ε 40 Ca = +0.7 in the TSS (MAR50), +1.8 in the crystalline HHC terranes (CA950, CA15035) and up to +14 in the LH (Fig. 5). In detail, bank sediments collected from LH rivers can be distinguished into two groups reflecting the bimodal lithological assemblage of the Kunchha formation. Sediments from the Thopal, Jaran, and Masel Khola have highly radiogenic  40 Ca (+12 to +14) and This observation implies that carbonate weathering in the LH releases variably radiogenic Sr but uniformly unradiogenic Ca relative to seawater. The seawater-like composition of bank carbonates also suggests that the carbonate fraction of the studied samples represents primarily detrital material as opposed to secondary phases precipitated from the dissolved load, as secondary carbonates would inherit the radiogenic 40 Ca composition of the riverine dissolved load (Section 5.2).

Dissolved Load

Figure 7 shows the variation of the ε 40 Ca composition of dissolved load samples as a function of their Na**/Ca* and 87 Sr/ 86 Sr ratios. Overall, the  40 Ca compositions of Nepalese rivers in the HHC and LH are highly heterogeneous, ranging from seawater-like compositions to more radiogenic  40 Ca values reflecting the composition of silicate rocks in their respective drainage area (Fig. 6). In the TSS, ε 40 Ca values are within analytical uncertainty of the marine limestone signature, and 87 Sr/ 86 Sr ratios are the lowest of the three units. This observation is consistent with the high abundance of Paleozoic carbonates in the TSS sequence and their preponderant influence on the dissolved Ca and Sr budget of TSS rivers (Galy et al., 1999). Rivers draining Formation I in the HHC (i.e., the Khudi and the Chepe Khola) have ε 40 Ca compositions ranging from +0.5 to +1.9 coupled with a homogeneous and moderately radiogenic Sr isotopic composition ( 87 Sr/ 86 Sr = 0.735-0.747). LH rivers show the most significant variability, with ε 40 Ca ranging from +0.4 in the Andhi Khola to +11 in the Jaran Khola, and 87 Sr/ 86 Sr ranging from 0.727 to 0.828 (Fig. 7c).

Major Himalayan front rivers, including the Narayani, Karnali, Kosi, and upper Ganga, all drain the TSS, HHC, and LH, and thus integrate the isotopic end-members discussed in the previous section, resulting in primarily non-radiogenic (Karnali) to more radiogenic Ca isotope compositions (Kosi, Narayani) (Fig. 7b-d). The radiogenic component of the Narayani appears to be mainly inherited from the Trisuli, which is fed by small, highly radiogenic rivers in the eastern LH (e.g., the Darondi, Jaran Khola, Masel Khola, Mati Khola), and thus exhibit isotopic signatures influenced by metapelitic catchments of the upper LH sequence (Fig. 7b).

In contrast, the Seti and Kali display less radiogenic 40 

Discussion

The preceding results show that the calcium isotopic composition of Nepalese rivers defines a first-order binary mixing relationship reflecting variable inputs from low-[Ca],

radiogenic streams influenced by weathering of silicate rocks, and high-[Ca], unradiogenic streams dominated by carbonate dissolution. This lithological control is most evident in the LH due to the highly radiogenic composition of metapelitic catchments in the Lower LH and the contrasting contributions of carbonate and silicate-dominated watersheds. However, this relationship is also apparent in major Himalayan front rivers (i.e., the upper Ganga, Karnali, Narayani, and Kosi). In this section, we attempt to provide quantitative constraints on silicate-derived Ca fluxes in Himalayan rivers. We then combine a mass balance approach based on isotopic data with conventional budget calculations based on dissolved cation chemistry to identify the source(s) supplying dissolved Ca to major Himalayan rivers.

Budget calculations

The following mass balance calculations rely on the simplifying assumption that 2).

The results inferred from isotopic mass balance calculations are evaluated by comparing the estimates of 𝐹 𝑠𝑖𝑙 𝑖𝑠𝑜 with silicate contributions estimated from major element chemistry (𝐹 𝑠𝑖𝑙 𝑐ℎ𝑒𝑚 ),

𝐹 𝑠𝑖𝑙 𝑐ℎ𝑒𝑚 = 𝐶𝑎 𝑠𝑖𝑙 𝑐ℎ𝑒𝑚 𝐶𝑎 * = 𝑁𝑎 * -𝐶𝑙 * 𝐶𝑎 * × ( 𝐶𝑎 𝑁𝑎 ) 𝑑𝑝𝑠 (6) 
Here, Ca* and Na* are the total dissolved load concentration after correction for cyclic contributions [START_REF] Wolff-Boenisch | Spatial variations in chemical weathering and CO 2 consumption in Nepalese High Himalayan catchments during the monsoon season[END_REF]. In this conventional approach to major element budgets, the only parameters involved in the calculation are the dissolved load concentrations of Ca and Na, their concentrations in precipitation, and the Ca/Na ratio of dissolved material released by weathering of silicate catchments (i.e. (Ca/Na) dps , where "dps" stands for "Dissolved Pure Silicate"). Following previous studies, we consider a (Ca/Na) dps value of 0.4 in all budget calculations and assign an error of ± 0.1 to this parameter (Galy and France-Lanord, 1999;[START_REF] Morin | L'érosion et l'altération en Himalaya et leur évolution depuis le tardipléistocène : analyse des processus d'érosion à partir de sédiments de rivière actuels et passés au Népal central (Theses)[END_REF][START_REF] Quade | The Late Neogene 87 Sr/ 86 Sr Record of Lowland Himalayan Rivers[END_REF][START_REF] Wolff-Boenisch | Spatial variations in chemical weathering and CO 2 consumption in Nepalese High Himalayan catchments during the monsoon season[END_REF]. The isotopic budgets (𝐹 𝑠𝑖𝑙 𝑖𝑠𝑜 ) are estimated using an  40 Ca dps of +0.7 for the TSS and +1.8 for the HHC, corresponding to the composition of the silicate fractions recovered after leaching of bank sediments from the Marsyandi and Khudi khola. For the LH, where isotopically distinct silicate endmembers were identified, we use in first approximation the most radiogenic bank composition (i.e.  40 Ca = +14) corresponding to the inferred composition of LH metapelitic catchments. The calculated 𝐹 𝑠𝑖𝑙 𝑖𝑠𝑜 values should thus be considered as minimum estimates, particularly for the Paudi and Chiti, whose catchments are dominated by less radiogenic metasandstones. In all cases, carbonate dissolution is assumed to supply unradiogenic (seawater-like) calcium to the river dissolved load. The uncertainties listed in Table 5 for 𝐹 𝑠𝑖𝑙 𝑖𝑠𝑜 are propagated from the 2 S.D. error on  40 Ca analyses (± 0.4 -units). Note that isotopic budget calculations for TSS rivers are of limited usefulness due to the relatively unradiogenic ε 40 Ca composition of the TSS silicate end-member, which

propagates into large uncertainties (± 56 %) on 𝐹 𝑠𝑖𝑙 𝑖𝑠𝑜 (Table 5); therefore, mass balance calculations are only discussed for LH and HHC rivers.

LH metasedimentary catchments

The results of mass balance calculations are listed in Table 5 and summarized in Figure 8 for LH and HHC rivers. In the Lesser Himalaya, cationic and isotopic budgets show a good agreement despite the relatively large uncertainty on 𝐹 𝑠𝑖𝑙 𝑐ℎ𝑒𝑚 propagated from (Ca/Na) dps .

𝐹 𝑠𝑖𝑙 𝑐ℎ𝑒𝑚 values display a wide range from 2  0.4 % (Andhi Khola) to 97  24 % (Masel Khola)

while 𝐹 𝑠𝑖𝑙 𝑖𝑠𝑜 ranges from 5 ± 3 % (Andhi Khola) to 79 ± 3 % (Jaran Khola). In detail, minor discrepancies are observed for the Paudi and Chiti Khola, which yield slightly lower 𝐹 𝑠𝑖𝑙 𝑖𝑠𝑜 (8-25%) compared to 𝐹 𝑠𝑖𝑙 𝑐ℎ𝑒𝑚 (27-45%), and for the Thopal Khola (𝐹 𝑠𝑖𝑙 𝑖𝑠𝑜 = 9 ± 3 % and 𝐹 𝑠𝑖𝑙 𝑐ℎ𝑒𝑚 = 63 ± 16 %). As mentioned above, the disparities observed for the Paudi and Chiti likely result from overestimating the average  40 Ca dps of their respective drainage areas. In contrast, the Sr-Ca isotopic composition of the Thopal dissolved load plot on a binary mixing curve between non-radiogenic carbonates and the highly radiogenic silicate end-member inferred from analyses of the bank sediment ( 40 Ca = +12 and 87 Sr/ 86 Sr = 0.93; Figure 7c). The observed discrepancy cannot be alleviated by adjusting  40 Ca dps from +14 to +12 and may therefore result from overestimating the average (Ca/Na) dps of the Thopal watershed.

Excluding this sample from consideration, the best fit between 𝐹 𝑠𝑖𝑙 𝑖𝑠𝑜 and 𝐹 𝑠𝑖𝑙 𝑐ℎ𝑒𝑚 is obtained for a (Ca/Na) dps of 0.35 (R 2 =0.86). This result confirms the accuracy of the average (Ca/Na) dps considered in the cationic budget calculations and further suggests that secondary processes such as calcite precipitation have no significant impact on the alkalinity budgets of the studied rivers, as this would decrease (Ca/Na) river and ultimately lead to overestimation of 𝐹 𝑠𝑖𝑙 𝑐ℎ𝑒𝑚 . To maintain a concordant relationship between 𝐹 𝑠𝑖𝑙 𝑖𝑠𝑜 and 𝐹 𝑠𝑖𝑙 𝑐ℎ𝑒𝑚 , 𝐹 𝑠𝑖𝑙 𝑖𝑠𝑜 would then have to be overestimated in similar proportions. Although the presence of radiogenic carbonates or an underestimation of  40 Ca sil could cause such systematic bias, neither scenario is supported by our bedload/bedrock analyses (Fig. 6). As a result, we conclude that radiogenic Ca systematics offer a reliable method to quantify silicate vs. carbonate contributions to the dissolved flux of rivers draining LH metasedimentary catchments.

HHC crystalline catchments

In contrast to the Lesser Himalaya, no carbonate rock was directly observed in the studied HHC watersheds. However, the presence of a minor carbonate component can be inferred from the occurrence of trace calcite within Khudi bank sediments [START_REF] Morin | L'érosion et l'altération en Himalaya et leur évolution depuis le tardipléistocène : analyse des processus d'érosion à partir de sédiments de rivière actuels et passés au Népal central (Theses)[END_REF]. Our results further suggest that this carbonate component carries unradiogenic  40 Ca indistinguishable from modern seawater (Figure 5). In spite of this, mass balance calculations show a systematic discrepancy between the elemental (𝐹 𝑠𝑖𝑙 𝑐ℎ𝑒𝑚 ) and isotopic (𝐹 𝑠𝑖𝑙 𝑖𝑠𝑜 ) budgets of HHC rivers (Fig. 8). The fractions of dissolved silicate Ca calculated from cation abundances (𝐹 𝑠𝑖𝑙 𝑐ℎ𝑒𝑚 = 5 ± 1 % to 24 ± 6 %) are in most cases significantly lower than those estimated using Ca isotopes (𝐹 𝑠𝑖𝑙 𝑖𝑠𝑜 = 24 ± 22 % to 107 ± 22 %). This difference is apparent both in the Khudi and Chepe rivers and, in the case of the Khudi, is apparent both in spring waters collected from the landslide and the river mainstream (Table 5).

The ). This rules out rain inputs as a plausible explanation for the observed disparity between isotopic and alkalinity budgets.

Finally, regardless of their Ca concentration, all dissolved loads have extremely low Cl concentrations (ca. 2-4 mol/L) arguing against a significant contribution from hot springs.

The systematic disparity between elemental and isotopic mass balance is thus more likely to be the result of the misevaluation of parameters involved in the calculation of 𝐹 𝑠𝑖𝑙 𝑖𝑠𝑜 and 𝐹 𝑠𝑖𝑙 𝑐ℎ𝑒𝑚 . These are i) the representative Ca/Na ratio of silicate rocks in the HHC (i.e.

(Ca/Na) dps ), ii) the isotopic composition of the silicate endmember ( 40 Ca dps ), and iii) the isotopic composition of the carbonate/evaporite endmember (from now on referred to as  40 Ca dns , where "dns" stands for dissolved non-silicate). Of these, the isotopic composition of the non-silicate endmember is the most likely to introduce a systematic error in the isotopic budget calculations. Although carbonate rocks have not been identified within the Khudi and Chepe catchments, carbonate dissolution is suggested by Ca*/Na** ratios exceeding that expected from the stoichiometric dissolution of plagioclase (Fig. 3a). Alternatively, incongruent dissolution of HHC silicates could result in (Ca/Na) dps and/or  40 Ca dps values different from those inferred from analyses of the bank. These scenarios and their implications for the Ca isotopic budget of HHC rivers are further examined below.

Incongruent silicate weathering

To assess the potential effect of incongruent weathering on isotopic and alkalinity budgets, the theoretical values of  40 Ca dps and (Ca/Na) dps needed to obtain concordant values of 𝐹 𝑠𝑖𝑙 𝑖𝑠𝑜 and 𝐹 𝑠𝑖𝑙 𝑐ℎ𝑒𝑚 were calculated from eq. (5-6). (Ca/Na) dps was obtained by substituting 𝐹 𝑠𝑖𝑙 𝑖𝑠𝑜 for 𝐹 𝑠𝑖𝑙 𝑐ℎ𝑒𝑚 in eq. ( 6), while  40 Ca dps was calculated by substituting 𝐹 𝑠𝑖𝑙 𝑐ℎ𝑒𝑚 for 𝐹 𝑠𝑖𝑙 𝑖𝑠𝑜 in eq. ( 5 Several key observations can, however, weaken this argument. The first of these is that despite their high K/Ca ratios, minerals such as biotite are unlikely to have produced sufficiently radiogenic  40 Ca over the last 30-40 Myr to account for the ca. 5-25 -units excess required to reconcile the elemental and isotopic budgets (Fig. 9b). Assuming 

A radiogenic HHC carbonate component?

Excesses of dissolved Ca relative to compositions expected from the stoichiometric dissolution of plagioclase have been reported from various rivers draining crystalline watersheds [START_REF] Blum | Carbonate versus silicate weathering in the Raikhot watershed within the High Himalayan Crystalline Series[END_REF]White et al., 2005White et al., , 1999)). These were attributed to preferential dissolution of minor calcite components occurring as trace magmatic or hydrothermal phases, fracture fillings, or replacements of plagioclase cores. The analysis of a pebble population of fresh gneisses from the Khudi Khola revealed a proportion of 0.3 wt% of carbonate. In addition, given the paragneissic nature of HHC catchments, residual marbles of sedimentary origin may also represent a plausible source of carbonate-derived Ca to the river dissolved loads [START_REF] Colchen | Some aspects of collision tectonics in the Indus Suture Zone, Ladakh[END_REF]). The isotopic composition of this putative HHC carbonate component can be estimated by calculating the  40 Ca dns values required to reach 𝐹 𝑠𝑖𝑙 𝑖𝑠𝑜 = 𝐹 𝑠𝑖𝑙 𝑐ℎ𝑒𝑚 (Eq. ( 6)). The results, shown in Figure 9c, yield similar average values of +1.3 ± 1.3 (2 S.D.) for the Khudi and +1.2 ± 0.6 for the Chepe. In first approximation, the discrepancy between isotopic and cationic budgets of HHC rivers can thus be alleviated by considering a uniform and moderately radiogenic carbonate component contributing between 50% and 90% of the total dissolved Ca flux (Table 5).

It is also worth noting that dissolved loads of the Khudi, particularly the sulfate-rich springs collected from the landslide, extend down to the composition of marine carbonates (Fig. 6) equilibration between these relict metasediments and their host gneisses. The lack of a similar disparity between isotopic and alkalinity budgets of LH rivers may then reflect either a lesser degree of isotopic equilibration due to the lower metamorphic grade compared to the HHC (e.g. [START_REF] Guillot | An overview of the metamorphic evolution in Central Nepal[END_REF], or the subordinate importance of these disseminated components in comparison to the more massive sedimentary carbonates.

and

Himalayan Front rivers

The major Himalayan front rivers (Upper Ganga, Karnali, Narayani, Kosi) drain all three lithotectonic units of the Himalayan range. As a result, their Ca isotopic composition is determined not only by the balance of carbonate and silicate-derived Ca, but also by the respective contributions to the dissolved river load of the isotopically different TSS, HHC, and LH silicate end-members. We now attempt to assess the relative importance of these controlling factors based on the carbonate and silicate endmembers defined in the previous section. Similar to the approach followed for HHC rivers, we first estimate highly radiogenic metapelitic catchments of the Lesser Himalaya. This conclusion confirms previous results derived from Sr isotope studies of Himalayan rivers in the Narayani basin (Galy et al., 1999), indicating a predominant LH origin of radiogenic Sr, but with the important distinction that radiogenic Ca is only supplied by silicate lithologies, while radiogenic Sr likely reflects both silicate and carbonate dissolution [START_REF] Bickle | Relative contributions of silicate and carbonate rocks to riverine Sr fluxes in the headwaters of the Ganges[END_REF][START_REF] English | Geologic control of Sr and major element chemistry in Himalayan Rivers, Nepal[END_REF]Galy et al., 1999;[START_REF] Oliver | Silicate weathering rates decoupled from the 87 Sr/ 86 Sr ratio of the dissolved load during Himalayan erosion[END_REF]Quade et al., 2003).

Ganga and Brahmaputra in Bangladesh

In contrast to Nepalese front rivers,  40 Ca values obtained for dissolved loads of the Ganga, Brahmaputra, and Lower Meghna show no correlation with 𝐹 𝑠𝑖𝑙 𝑐ℎ𝑒𝑚 (Fig 11e-f). Their isotopic variability cannot be simply attributed to variable contributions of carbonate and silicate catchments to their dissolved Ca flux and may therefore reflect contributions from isotopically distinct silicate endmembers. This characteristic is particularly apparent in the Brahmaputra, for which the two analyzed samples yield identical 𝐹 𝑠𝑖𝑙 𝑐ℎ𝑒𝑚 but distinct  40 Ca (+0.25 and +1) (Fig. 11f). Assuming an average  40 Ca dns =0 for the Brahmaputra system yields  40 Ca dps values of +4 ± 7 (BR200) and +19 ± 9 (BR400). For BR400, the calculated  40 Ca dps is indistinguishable from the average  40 Ca dps of Himalayan front rivers (Fig. 11c). This sample also displays a radiogenic 87 Sr/ 86 Sr composition indicative of a predominant Himalayan origin of dissolved Sr. In contrast, BR200 exhibits a significantly less radiogenic 87 Sr/ 86 Sr of 0.718, likely reflecting a more prominent influence from tributaries draining the Transhimalaya [START_REF] Singh | Sr and 87 Sr/ 86 Sr in waters and sediments of the Brahmaputra river system: Silicate weathering, CO 2 consumption and Sr flux[END_REF]. Although further investigation is needed to determine the Ca isotope composition of Tibetan catchments in the Brahmaputra system, the presence of maficultramafic rocks in the Transhimalaya offers a possible source of mantle-like calcium with  40 Ca≤0. The  40 Ca variability reported in the examined samples is thus interpreted to reflect the respective contributions of Himalayan and Tibetan tributaries to the Brahmaputra mainstream.

Dissolved load samples from the Ganga yielded moderately radiogenic  40 Ca ranging from +0.5 to +1, with an average  40 Ca of +0.8 identical to the average composition of the main front rivers. The corresponding  40 Ca dps values, however, range from +4 ± 3 to +13 ± 6 and are therefore on average lower than those estimated from Nepalese rivers (Fig 10e). This observation could result from the addition of silicate-derived Ca with lower  40 Ca composition than Lesser Himalayan catchments. Such input may originate from the southern tributaries of the Ganga or, alternatively, from the release of moderately radiogenic Ca from weathering of detrital sediments in the Gangetic floodplain [START_REF] Lupker | Predominant floodplain over mountain weathering of Himalayan sediments (Ganga basin)[END_REF]. However, both scenarios would likely produce correlated variations in  40 Ca and 87 Sr/ 86 Sr, which seemingly conflicts with the identical 87 Sr/ 86 Sr compositions of the analyzed Ganga samples (Fig 7d). Furthermore, a systematic comparison of sediment composition between the Himalayan front and the Ganga mainstream revealed no significant loss of silicate-bound Ca during their transit through the floodplain [START_REF] Lupker | Predominant floodplain over mountain weathering of Himalayan sediments (Ganga basin)[END_REF]).

An alternative interpretation, more consistent with the above observations, is that the low  40 Ca dps of the Ganga relative to Himalayan front rivers reflects an excess of dissolved Na caused by incongruent weathering of detrital sediments [START_REF] Lupker | Predominant floodplain over mountain weathering of Himalayan sediments (Ganga basin)[END_REF], sedimentwater cationic exchanges [START_REF] Taylor | Global silicate weathering flux overestimated because of sediment-water cation exchange[END_REF] or dissolution of non-chloride Na from alkaline soils [START_REF] Rai | Chemical weathering in the plain and peninsular sub-basins of the Ganga: Impact on major ion chemistry and elemental fluxes[END_REF]. This interpretation is supported by the fact that the low  40 Ca dps values in the analyzed Ganga samples compared to Nepalese rivers are primarily due to their higher Na**/Ca* ratios (Fig 7b). This contrasts from the Brahmaputra results, where  40 Ca dps variations are controlled by the  40 Ca composition of the dissolved loads (Fig. 7b). The highest  40 Ca dps of +13 ± 6 inferred for the dissolved load sample with the lowest Na**/Ca* ratio (BR213) may thus be regarded as a minimum estimate of the isotopic composition of silicate catchments supplying Ca to the Ganga. Lower  40 Ca dps values, on the other hand, may be artifacts induced by the presence of excess Na relative to that expected from congruent dissolution.

A radiogenic  40 Ca dps ≥ +13, like that of Nepalese front rivers, would imply that the dissolved silicate Ca flux of the Ganga is primarily derived from LH metapelitic units and is thus largely decoupled from the detrital flux originating from the HHC. This observation, in turn, conflicts with Raymo and Ruddiman's theory of tectonic forcing of Cenozoic climate [START_REF] Raymo | Tectonic forcing of late Cenozoic climate[END_REF]. It is indeed well established that the rise of the Himalayas in the early Cenozoic coincided with the onset of global cooling inferred from marine sediments (Zachos et al., 2001). The high detrital flux of the Ganga-Brahmaputra system, combined with a significant increase in the Sr isotopic composition of seawater since the Cenozoic, led to the hypothesis that the Himalayan uplift triggered an increase in CO 2 consumption via chemical weathering of silicates facilitated by high rates of physical erosion. This model implies a strongly correlated response of chemical weathering to physical erosion, with the corollary that the silicate-derived Ca flux of Himalayan rivers must originate in high elevation HHC catchments where physical erosion is the highest. The predominance of LH sources in the silicate-derived Ca flux of the Ganga and Himalayan front rivers contradicts this view, highlighting instead a sharp decoupling between physical erosion in the high range, reflected in the predominantly HHC origin of floodplain sediments, and chemical weathering. This, in turn, suggests that the extensive physical erosion due to Himalayan uplift had only a limited influence on CO 2 consumption via Ca-silicate weathering, calling into doubt the role of this negative feedback mechanism as a primary driver of Cenozoic climate evolution.

Uncertainties on model calculations

The above assessment of Ca fluxes in the G-B system relies on the accuracy of the silicate and carbonate endmembers used in mass balance calculations. Considering higher (Ca/Na) dps or higher  40 Ca dns in our model would produce lower  40 Ca dps and, in turn, allow for more significant contributions of HHC and TSS silicates to the dissolved Ca flux of Himalayan rivers.

However, as mentioned above, including a radiogenic carbonate component would generate conflicting mass balance results for high Ca/Na rivers where a silicate reservoir with negative  40 Ca would be needed to balance the radiogenic carbonate input. Assuming a higher (Ca/Na) dps value for the silicate end-member would also produce a systematic discrepancy between the isotopic and cationic budgets of LH rivers (Section 6.1.1).

Our approach further assumes that major cations are released congruently during silicate weathering and behave conservatively during riverine transport. The incongruent weathering of floodplain sediments (Bickle et al., 2015;[START_REF] Lupker | Predominant floodplain over mountain weathering of Himalayan sediments (Ganga basin)[END_REF] and/or the precipitation of secondary calcite (Bickle et al., 2015;Jacobson et al., 2002) may affect the alkalinity budgets, which in turn could generate spurious estimates of  40 Ca dps . However, neither process is likely to account for the highly radiogenic  40 Ca dps values inferred from the Nepalese and G-B rivers. The incongruent weathering of detrital silicates during their storage in the floodplain was shown to result in significant release of Na and K, and to a much lesser extent Mg and Ca [START_REF] Lupker | Predominant floodplain over mountain weathering of Himalayan sediments (Ganga basin)[END_REF] Finally, our model is based on the widely held assumption that bedload sediments are representative of the isotopic composition of the eroded catchments. However, the preferential dissolution of mafic minerals and glass relative to plagioclase could introduce an additional bias in  40 Ca sil estimates, with mafic sources being underrepresented in the bed loads. As mafic/ultramafic rocks are expected to be less radiogenic than the felsic upper crust,  40 Ca sil would be overestimated, resulting in an underestimation of 𝐹 𝑠𝑖𝑙 𝑖𝑠𝑜 . Such systematic bias could be significant for rivers draining mafic/ultramafic crust exposed in the Tibetan plutonic belt (Brahmaputra) or the Kohistan-Ladakh (Indus) where mafic minerals account for a significant fraction of river sands (e.g. [START_REF] Liang | Multimineral fingerprinting of Transhimalayan and Himalayan sources of Indus-derived Thal desert sand (Central Pakistan)[END_REF]. However, this is less likely to have an impact on mass balance calculation in the Narayani basin, where metavolcanic rocks (amphibolites) are only a marginal component of the studied catchments [START_REF] Colchen | Some aspects of collision tectonics in the Indus Suture Zone, Ladakh[END_REF]. Regardless of model simplifications, our results consistently point to LH catchments as the primary source of dissolved silicate Ca in major Himalayan rivers. This demonstrates how radiogenic Ca isotopes could be used in conjunction with standard alkalinity budgets to identify the source(s) of dissolved Ca in rivers draining complex geological systems, and eventually provide a novel approach for quantifying CO 2 consumption via chemical weathering of Ca-silicates.

Conclusions

To constrain the source(s) supplying dissolved Ca to major Himalayan rivers, we analyzed the radiogenic calcium isotope composition of Nepalese rivers, whole rocks, and bank sediments, focusing on the Narayani basin. Our results show that the  40 Ca composition of Himalayan front rivers reflects the relative contributions of unradiogenic (seawater-like) sedimentary carbonates and variably radiogenic silicates subject to weathering in the Himalayan range. In catchments where silicate and carbonate rocks exhibit a strong isotopic contrast, such as the Lesser Himalaya (LH), Ca isotopes can be used to quantify silicate vs.

carbonate contributions to the dissolved Ca flux provided that the composition of the silicate end-members can be precisely estimated. The preservation of seawater-like 40 Ca signatures in metamorphosed sedimentary carbonates demonstrates that the Ca isotopic composition of carbonates is not easily modified by post-depositional processes such as metamorphism and dolomitization. This allows circumventing the problem of isotopic equilibration that impedes the application of Sr isotopes as a proxy of silicate weathering.

In contrast to LH metasedimentary catchments, the application of 40 Ca systematics to catchments of the High Himalaya Crystalline series (HHC) is hindered by the disproportionate influence of volumetrically marginal but easily weatherable carbonate components more prone to isotopic equilibration with their host gneisses than sedimentary beds. The influence of such minor phase on the dissolved load of HHC rivers is likely magnified by the high dissolution rate of calcite combined with the high rates of physical erosion characterizing basins of the high range, leading to a systematic overestimation of silicate contribution to the dissolved Ca flux of HHC rivers.

On a larger scale, the radiogenic Ca isotope compositions of Himalayan front rivers appear primarily controlled by unradiogenic carbonate-derived Ca from the LH and the Tethyan Sedimentary Series (TSS) and radiogenic, silicate-derived Ca derived from metapelitic units of the Lesser Himalaya. In contrast, the moderately radiogenic HHC and TSS catchments supply a subordinate fraction of the silicate-derived Ca flux of the Ganga-Brahmaputra system. The extensive physical erosion occurring in the high range thus appears to have a limited influence on fluxes of dissolved Ca and CO 2 consumption by chemical weathering. S1 andS2 in the Supplementary materials give the complete data set for standard and sample analyses. 

  , samples from the Narayani basin and other Nepalese rivers exhibit Ca contents ranging from 31 to 2344 M, positively correlated with Mg (6 to 977 M) and HCO 3 (43 to 2670 M). Variable contributions of silicate and carbonate lithologies to the riverine dissolved loads are reflected by positive correlations between Ca*/Na** and HCO 3 -/Na** (the superscript * refers to concentrations corrected from precipitation using data from Wolff-Boenisch et al. (2009), and Na**=Na*-Cl* is the Na concentration corrected from halite inputs) (Fig 3a). LH rivers show the widest compositional range, with Ca*/Na** ranging from silicate-dominated (Ca*/Na**≈0.5) to carbonate-dominated (Ca*/Na**≈10)

  Fig 4f, all basalt samples yielded slightly negative  40 Ca, possibly reflecting a minor radiogenic excess in the NIST SRM915A standard relative to the mantle composition.
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  Sr/ 86 Sr (0.84 -0.93), testifying to a predominantly metapelitic origin of detrital silicates in their respective watersheds. In contrast, bank sediments collected from the Paudi and Chiti Khola exhibit more moderate 40 Ca excesses ( 40 Ca = +1.7) and less radiogenic 87 Sr/ 86 Sr (0.76 -0.78), likely reflecting the composition of the volumetrically dominant metasandstones of the Kunchha Formation. Overall,  40 Ca and 87 Sr/ 86 Sr measured in silicate fractions of river sediments show a positive correlation, reflecting variations in the crustal extraction ages and the composition of silicate catchments exposed in the different litho-tectonic units of the Himalayas. The suspended load collected from the Ganga at Harding Bridge (ε 40 Ca = +2.5 and 87 Sr/ 86 Sr = 0.77) reflects the predominant HHC origin of detrital silicates in the floodplain as inferred from previous Sr-Nd isotope studies[START_REF] France-Lanord | Evolution of the Himalayas since Miocene time: Isotopic and sedimentological evidence from the Bengal Fan[END_REF].In contrast to silicates, whole-rock dolomite samples and carbonate fractions obtained by acid leaching of bank sediments have ε 40 Ca indistinguishable from the NIST SRM 915a value (Fig.5). The lack of significant 40 Ca excesses in LH dolomites ( 40 Ca = 0.06 ± 0.29 (2 S.D.)) despite variably re-equilibrated Sr isotopic compositions ( 87 Sr/ 86 Sr = 0.74-0.86) confirms the conclusions drawn by[START_REF] Caro | 40 K-40 Ca isotopic constraints on the oceanic calcium cycle[END_REF], that the ε 40 Ca signature of carbonate rocks is generally more resistant to post-depositional disturbance than their 87 Sr/ 86 Sr composition.

  Ca compositions coupled with lowNa**/Ca*, coherent with a dominant carbonate input from the TSS.Dissolved load samples from the Ganga, Brahmaputra, and Lower Meghna (collectively referred to as G-B) exhibit variably radiogenic  40 Ca compositions, ranging from +0.2 to +1 for the Brahmaputra and from +0.5 to +1 for the Ganga (Fig.6-7). Unlike Nepalese front rivers, G-B samples show no correlation between  40 Ca and Na**/Ca* (Fig.7b).  40 Ca and 87 Sr/ 86 Sr compositions are positively correlated in the Brahmaputra samples, while the Ganga samples have homogeneous 87 Sr/ 86 Sr ≈ 0.731 and exhibit a more limited range in  40 Ca (from +0.5 to +1.0). As expected, the isotopic composition of the Padma and Lower Meghna is intermediate between the Ganga and Brahmaputra, with  40 Ca= +0.5 ± 0.4 and 87 Sr/ 86 Sr ≈ 0.723.

  anthropogenic inputs are negligible to the riverine Ca flux, leading to a mass balance that considers only carbonate and silicate weathering contributions. The fraction of dissolved calcium derived from weathering of silicate rocks can thus be calculated from isotopic data using the following expression, 𝑟𝑖𝑣𝑒𝑟 -𝜀40 𝐶𝑎 𝑐𝑎𝑟𝑏 𝜀 40 𝐶𝑎 𝑠𝑖𝑙 -𝜀 40 𝐶𝑎 𝑐𝑎𝑟𝑏 (5) where the superscript "iso" refers to flux estimates based on Ca isotopic data. ε 40 Ca river is the isotopic composition of the dissolved load and ε 40 Ca carb,sil are the compositions of the carbonate and the silicate end-members, respectively. The calculation of 𝐹 𝑠𝑖𝑙 𝑖𝑠𝑜 is further simplified by assigning a value of ε 40 Ca carb =0 to all sedimentary carbonates in the LH, HHC, and TSS, leading to an expression of 𝐹 𝑠𝑖𝑙 𝑖𝑠𝑜 that only depends on the composition of the silicate end-members. The latter are approximated from the measured ε 40 Ca signature of the silicate fractions of bank sediments representative of each lithotectonic unit in the Narayani basin (Fig. 5 and Table

  ), leaving the other parameter unchanged. The results show that aligning the estimates of 𝐹 𝑠𝑖𝑙 𝑐ℎ𝑒𝑚 and 𝐹 𝑠𝑖𝑙 𝑖𝑠𝑜 implies either extremely high values of (Ca/Na) dps (up to 5, Fig 9a) or highly radiogenic  40 Ca dps (up to +25 -units, Fig 9b), which are both well outside plausible compositional ranges for HHC paragneisses. Achieving such high values of (Ca/Na) dps and  40 Ca dps would therefore require the preferential release of Ca over Na during plagioclase dissolution and/or the preferential leaching of radiogenic 40 Ca from high K/Ca minerals.

  complete isotopic equilibration at the mineral scale during Himalayan metamorphism, radioactive decay in biotite (K/Ca=50-100) would only translate into minor radiogenic excesses of 1-2 -unit over low K/Ca phases. Preferential leaching of radiogenic40 Ca from such high K/Ca minerals would thus have a minor effect on  40 Ca dps . A second argument lies in the fact that the calculated  40 Ca dps values correlate with 𝐹 𝑠𝑖𝑙 𝑐ℎ𝑒𝑚 and converge towards the composition of the HHC silicate endmember (i.e. (Ca/Na) dps =0.4 and  40 Ca dps =+1.8) as the silicate component increases in the Ca budget (Fig 9b). This observation suggests that the  40 Ca dps and (Ca/Na) dps compositions of HHC catchments are correctly approximated from the river bank. Lastly, none of the incongruent processes mentioned above can account for the correlated variations between Ca/Na and HCO 3 /Na (or SO 4 /Na) observed in the Chepe and Khudi rivers (Fig 10a-b). These observations suggest instead that carbonates and secondary sulfates are the primary sources of dissolved Ca, leaving the non-silicate component as the most plausible source of divergence between 𝐹 𝑠𝑖𝑙 𝑐ℎ𝑒𝑚 and 𝐹 𝑠𝑖𝑙 𝑖𝑠𝑜 .

  thus necessarily require a source of Ca significantly less radiogenic than HHC silicates. In contrast, all Chepe samples yielded homogeneous  40 Ca dns consistent with a single carbonate end-member in near-equilibrium with surrounding HHC gneisses (Fig 9c). The more heterogeneous Khudi results could be interpreted as carbonates occurring both as relict marine sediments (marbles) with seawater-like  40 Ca and as non-sedimentary disseminated phases with radiogenic  40 Ca. This interpretation is consistent with the fact that the leachate of the Khudi bank yielded a low  40 Ca value of +0.1, indicating the presence of non-equilibrated detrital carbonates within the Khudi watershed. Alternatively, the heterogeneous  40 Ca dns obtained for the Khudi may reflect varying degrees of isotopic re-
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  𝐹 𝑠𝑖𝑙 𝑐ℎ𝑒𝑚 from the measured Ca*/Na** ratio of the dissolved load, and  40 Ca dps , the isotopic composition of the silicate end-member needed to reach 𝐹 𝑠𝑖𝑙 𝑖𝑠𝑜 = 𝐹 𝑠𝑖𝑙 𝑐ℎ𝑒𝑚 . In a plot of 𝐹 𝑠𝑖𝑙 𝑐ℎ𝑒𝑚 vs.  40 Ca, isotopic variability produced by the mixture of carbonate and silicate-derived Ca should produce a positive correlation, while  40 Ca dps should remain constant regardless of 𝐹 𝑠𝑖𝑙 𝑐ℎ𝑒𝑚 . Such a simple binary mixing relationship is observed for LH rivers and, to a lesser extent, for HHC rivers (Fig. 11a-b). In both cases, the calculated  40 Ca dps values agree with the measured compositions of silicate fractions of bank sediments, averaging +13 in the LH and +1.7 for the Chepe (after adjusting  40 Ca dns to +1.2 for the HHC carbonate endmember). The  40 Ca dps values calculated for major Himalayan rivers are listed in Table 5 and summarized in Figure 11. The model parameters are identical to those applied in the previous sections, with (Ca/Na) dps =0.4 and  40 Ca dns =0. In principle, the presence of radiogenic trace carbonates in the HHC should result in a slightly more radiogenic  40 Ca dns value for the average Himalayan carbonate reservoir (Section 6.1.2.2). However, the  40 Ca measured in high Ca/Na rivers (i.e., the Seti, Arun, and Kali Gandaki) range between -0.1 to +0.3 and are thus within error of the NIST SRM915A standard. This observation suggests that HHC carbonates, although significant in the Ca budget of HHC rivers, have a negligible influence on the isotopic composition of major front rivers compared to the more massive TSS and LH carbonates. As shown in Fig 11c-d, model calculations for large Himalayan front rivers yield highly radiogenic  40 Ca dps values ranging from +12 (upper Ganga) to +17 (Kosi, Narayani) and overall similar to those inferred for LH rivers (Fig.11c-d). More extreme  40 Ca dps are obtained for one Narayani sample (PB53,  40 Ca dps = +31) and the Karnali (+24). However, both dissolved loads are characterized by relatively low silicate contributions, which in turn propagate into significant uncertainties (ca. ± 15 -units) on the calculated  40 Ca dps . The tributaries of the Narayani (Seti, Trisuli, Kali) require a similar radiogenic silicate input, but these medium-sized rivers also show more variability in  40 Ca dps , possibly reflecting the contribution of isotopically distinct silicate sources within the Himalayan range. Overall, our results indicate that 40 Ca excesses measured in Nepalese rivers originate primarily from

  . Considering a lower (Ca/Na) dps value (<0.4) to account for preferential Na release would therefore translate into lower estimates of 𝐹 𝑠𝑖𝑙 𝑐ℎ𝑒𝑚 , which in turn would produce higher  40 Ca dps values. Precipitation of secondary calcite, on the other hand, would result in a decrease of the Ca/Na ratio of the dissolved load compared to its value assuming conservative behavior of these elements. In our model calculations, this would lead to overestimating the silicate contribution to the dissolved Ca flux (𝐹 𝑠𝑖𝑙 𝑐ℎ𝑒𝑚 ) and in turn, underestimating  40 Ca dps . The  40 Ca dps values calculated assuming congruent dissolution and conservative behavior of major dissolved cations should thus be considered minimum values.
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