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Abstract

This thesis aims to understand better why and how the climate cooling, CO2 drawdown and the marine Sr isotopic ratio increase all happened during Eocene/Oligocene. I checked the possibility of Trans-Himalaya weathering as the candidate for explaining the early change in marine 87 Sr/ 86 Sr and atmospheric CO2 during Eocene/Oligocene, by studying the modern chemical weathering of the Trans-Himalaya batholith under monsoon climate. We choose the Chayu River Catchment locating in the SE Tibet as the study area for three reasons: 1) this catchment is mostly covered by the granitoid rocks of the Trans-Himalaya batholith, 2) it is now under the monsoon climate and 3) it is experiencing intense tectonic activity. Besides, the alpine part of the catchment is under periglacial environment, and there is a lack of knowledge about alpine periglacial weathering especially in active mountain ranges. Combining the above, we set two objects of the thesis: first, to study the periglacial weathering process in active alpine mountain of the Chayu Catchment, and second to study the weathering budget and the 87 Sr/ 86 Sr ratios of the catchment, in order to figure out the atmospheric CO2 sinks and sources, the climatic dependency of chemical weathering rates and the Sr systematics of the Chayu Catchment. Samplings for the main river, tributaries and seepages of mass wasting deposits were conducted at the end of monsoon season in 2019.

To study the alpine periglacial weathering processes, we compared the seepages from mass wasting deposits generated by freeze-thaw processes under periglacial environment and landslide under monsoon climate, and the nearby streams of these two climatic conditions. The landslide seepages under monsoon climate are more concentrated than nearby streams, and the seepages under periglacial environment are as concentrated as the landslide seepages but exhibit negligible differences than nearby streams. Our analyses on elemental ratios indicate that the freeze-thaw process provide an exposure mechanism similar to landslide to facilitate the weathering of reactive mineral phases of calcite, biotite and sulphide. The similarity between periglacial seepages and streams may indicate the widespread periglacial mass wasting deposits has a decisive influence on the river chemistry in alpine periglacial areas.

To discuss the weathering budgets of the Chayu River Catchment, we first identified and corrected the river composition for the influences of secondary calcite precipitation X (SCP). It is found that the weathering budget is dominated by carbonate weathering even though the lithology is mostly granitoid, and the degree of SCP is higher in the periglacial North Chayu than in the South Chayu, and is closely related to the carbonate weathering contribution. The δ 13 CDIC and sulphate proportion together tell that the chemical weathering of the Chayu catchment is mostly driven by carbonic acid, although sulphuric acid weathering is widespread. Combining the budgets of substrates and acids, the chemical weathering of the modern Chayu River Catchment is a CO2 source rather than a CO2 sink. After estimating the relative discharge of each tributary by δ 18 O of the river water, the carbonate and silicate weathering rates in each tributary basin are calculated. The carbonate weathering rates are basically irrelevant to climatic factors while the silicate weathering rates are positive correlated with basin MAT and runoff. The 87 Sr/ 86 Sr ratios of the main river is around 0.735, suggesting the impact from radiogenic carbonate.

Combining the results, the silicate weathering of Trans-Himalaya might be more important than today during Eocene/Oligocene with warmer and wetter climate, and it is also possible that the weathering at that time was thus reversed to a CO2 sink. The radiogenic Sr signals of the Chayu River suggest the weathering of Trans-Himalaya was capable of rising the marine 87 Sr/ 86 Sr before Himalayan exhumation.
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Résumé

Cette thèse vise à apporter plus de contraintes sur les sujets suivants : comment l'altération chimique du Trans-Himalaya (Gangdese) dans le bassin versant de la rivière Chayu influence-t-elle la concentration de CO2 atmosphérique ; quelle est la signature isotopique du Sr ( 87 Sr/ 86 Sr) dissous associé à cette altération chimique ; et quelle est la la barrière pluviométrique que constitue l'Himalaya aujourd'hui, la plupart des parties de la chaîne du Gangdese sont hors de la zone climatique de la mousson. Cependant, la partie à l'Est de la syntaxe de l'Himalaya oriental (syntaxe du Namche Barwa) est encore influencée par la mousson (Figure R1b), ce qui fournit un terrain d'étude idéal pour étudier l'altération chimique du Trans-Himalaya à l'Eocène. Cette région est principalement drainée par la rivière Chayu aujourd'hui (Figure R1). En résumé, l'étude de l'altération chimique du bassin versant de la rivière Chayu (CRC) est importante pour comprendre si l'altération chimique du Trans-Himalaya dans le passé est capable de fournir un puits de CO2 et de générer des rapports 87 Sr/ 86 Sr radiogéniques.

Pour cela, cette thèse a réalisé une campagne d'échantillonnage dans le CRC en septembre 2019, prélevant des écoulements de dépôts de bas de pente associés à l'érosion physique en conditions périglaciaires ou de glissement de terrain, l'eau et les mousson. Une caractéristique importante du paysage de la partie alpine est qu'elle est fortement influencée par des processus périglaciaires liés à l'effet gel-dégel, produisant des dépôts d'éboulis étendus et le développement de glaciers rocheux (Figure R1c), alors que les glaciers ne sont pas bien développés, à cause de la faiblesses des précipitations dans cette partie du bassin. Dans les zones non affectées par les processus périglaciaires, des dépôts de glissement de terrain ont été identifiés (Figure R1d). Les différentes combinaisons de lithologies et de climats dans le CRC suggèrent fortement qu'il est préférable de mener l'étude de l'altération chimique au niveau régional. Pendant L'étude de l'ensemble des échantillons de rivière permet de discuter des processus régissant l'hydrochimie de la rivière principale dans le CRC, puis de l'influence de l'altération chimique sur le CO2 atmosphérique et de la signature isotopique du Sr ( 87 Sr/ 86 Sr) dissous associé à cette altération chimique, et enfin de la sensitivité aux paramètres climatiques des taux d'altération chimique. Nous avons constaté que :

(1) L'apport cyclique est une composante insignifiante de la chimie des éléments dissous de la rivière, et la relation linéaire unique des δ 18 O et δD de l'eau avec l'altitude moyenne à l'échelle du bassin versant suggère qu'il n'y a qu'une seule source pour l'humidité atmosphérique alimentant cette partie de la bordure SSE du plateau tibétain, et qui est l'océan Indien au sud-ouest.

(2) La précipitation secondaire de calcite (SCP) influence grandement la chimie de la rivière dans l'ensemble du bassin versant, avec des effets plus forts trouvés dans la partie XVI Nord du CRC, plus frais et plus sec. Le degré de SCP est positivement corrélé à la proportion d'altération de carbonates.

(3) Le rapport 87 Sr/ 86 Sr du flux de Sr dissous du CRC est radiogénique, étant d'environ 0,735, ce qui est probablement lié à la présence de carbonates métamorphiques qui ont échangé du Sr avec les minéraux silicatés environnants.

(4) La comparaison entre le puits de CO2 atmosphérique lié à l'altération des silicates et la source de CO2 correspondant à l'altération des carbonates par l'oxydation des sulfures a permis de conclure qu'à l'actuel, l'altération dans la CRC est un puits de CO2 pour une période à court terme (~5-10 kyr, inférieure à la compensation des carbonates dans l'océan), mais une source de CO2 pour une période à plus long terme (plus longue que la compensation des carbonates mais plus courte que le temps de résidence sulfate marin, environ 10 millions d'années, Figure R3). Une discussion plus approfondie pour extrapoler la situation actuelle de l'altération à l'Éocène doit prendre en compte au moins deux aspects : (1) les facteurs influençant la source de CO2 par l'altération des carbonates couplée à l'oxydation des sulfures ; (2) les facteurs influençant le puits de CO2 par l'altération des silicates via l'acide carbonique.

En ce qui concerne l'altération des carbonates, les changements de carbonate et de soufre total (considérés comme reflétant la teneur en sulfure) dans le sable de rivière suggèrent que le carbonate est en excès par rapport au sulfure pour ce qui est de la lithologie actuelle de la CRC, ce qui suggère que l'oxydation des sulfures est le facteur qui limite finalement la quantité d'altération des carbonates couplée à l'oxydation des sulfures et la libération de CO2 qui en découle. Des études de géochronologie basse température et de thermo-barométrie des roches métamorphiques du Trans-Himalaya suggèrent que l'exposition lithologique possible pendant l'Éocène pourrait contenir moins de roches profondes de type granitoïdes et donc plus de roche superficielles contenant probablement plus de carbonates. Si l'on considère que le mécanisme d'exposition des sulfures à l'oxydation à l'Éocène pourrait être au mieux similaire à celui d'aujourd'hui mais probablement inférieur en raison de processus périglaciaires plus faibles dans des conditions d'effet de serre, et que davantage de roches carbonatées étaient exposées en surface, on peut penser que l'altération du Trans-Himalaya pourrait être une source de CO2 à long terme plus faible qu'aujourd'hui. En ce qui concerne l'altération des silicates, selon la dépendance de la température du à la température annuelle moyenne, le climat Eocène étant 6 à 12 °C plus chaud qu'aujourd'hui pourrait conduire à un vitesse d'altération des silicates 1,5 à 3 fois plus élevée qu'aujourd'hui.

Et avec un écoulement spécifique plus élevé (régime de mousson établi et plus intense à cause de la température plus élevée), l'altération des silicates pourrait avoir généré un puits de CO2 plus important, bien que la quantité de ce puits pourrait finalement être limitée par l'étendue de l'exposition des silicates. Ainsi, l'effet global de l'altération des XVIII roches permettent d'envisager une inversion de l'impact de l'altération chimique du Trans-Himalaya, devenant un puits de CO2 à l'Eocène.

Quant aux rapports 87 Sr/ 86 Sr dissous, la différence possible entre l'Éocène et aujourd'hui reste vague. Une lithologie plus carbonatée, surtout si elle correspond à un degré de métamorphisme plus faible pourrait conduire à un flux de Sr radiogénique dissous moins important, alors que l'altération plus forte des silicates dans les conditions climatiques de type « greenhouse » pourrait entraîner l'altération de plus de minéraux silicatés. Ainsi, l'altération du Trans-Himalaya pourrait avoir toujours été radiogénique, mais pour des raisons différents, et ainsi avoir contribué à l'augmentation du rapport 87 Sr/ 86 Sr marin juste après la formation de l'arc du Trans-Himalaya et avant l'exhumation de l'Himalaya. Cependant, l'histoire détaillée de l'exhumation du Trans-Himalaya, qui contrôle la nature et le degré métamorphiques de la lithologie exposée à l'altération, est le facteur clé qui limite notre compréhension de l'importance relative entre les processus mentionnés ci-dessus, déterminant le véritable bilan du Sr radiogénique pendant l'Éocène.
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-INTRODUCTION

"The present is the key to the past". Since the British Geologist James Hutton proposed the idea of uniformitarianism in 1785, this idea has been the founding stone of geological research. The theory assumes that the natural laws and processes that are defined in the present-day have always operated in the same way in the past. If we want to understand what happened in the geological past, observing modern analogue can make breakthroughs possible.

Various and important modifications on the earth surface system before and after the EOT (Eocene-Oligocene Transition) have been witnessed by diverse geological records.

The increase in the oxygen isotopic composition of benthic fossils indicates that the Earth has been experiencing an overall cooling trend since Early Eocene Climate Optimum (EECO) [START_REF] Westerhold | An astronomically dated record of Earth's climate and its predictability over the last 66 million years[END_REF]. Within the trend, there is an abrupt increase around EOT interpreted as the establishment of the Antarctic ice cap and as the Earth stepping into an "icehouse" condition [START_REF] Westerhold | An astronomically dated record of Earth's climate and its predictability over the last 66 million years[END_REF]. Meanwhile, the reconstructed Cenozoic atmospheric CO2 exhibit a decreasing trend since the EECO or the EOT (Figure 1.1), and could have remained low since the beginning of the Miocene (Beerling and Royer, 2011, Figure 1.1). Sea water chemistry had also experienced changes around the late Eocene. As recorded in foraminiferal carbonates, the 87 Sr/ 86 Sr has increased after 40 Ma (DePaolo and Ingram, 1985;McArthur et al., 2020, Figure 1.1) while the Mg/Ca has been decreasing before the Late Eocene and became relatively stable since then (e.g. [START_REF] Billups | Application of benthic foraminiferal Mg/Ca ratios to questions of Cenozoic climate change[END_REF]. These changes have been persisting for tens of millions of years during the late Cenozoic that led to suspect long-term tectonic factors to be the driver for those changes. Apart from the opening of Tasmania and Drake Passages by seafloor spreading and the resulting establishment of Antarctic Circumpolar Current that led to the formation of Antarctic ice cap [START_REF] Kennett | Oxygen isotopic evidence for the development of the psychrosphere 38 Myr ago[END_REF], another persisting tectonic factor that might have related to those changes is the uplift of the Tibetan Plateau and the adjacent mountains. Locating in the centre of Asia, the Tibetan Plateau is currently the highest plateau with mean elevation over 4000 m and is also the second largest plateau after the Antarctic.

The mountains surrounding the plateau, e.g. the Himalayas, the Karakorum and the Kun Lun give birth to a series of peaks over 7000 m. This huge high land was formed under the background of the Indian-Eurasian plates collision at 55 Ma (e.g. [START_REF] Allègre | Structure and evolution of the Himalaya-Tibet orogenic belt[END_REF][START_REF] Rowley | Rate of plate creation and destruction: 180 Ma to present[END_REF] or earlier timings (Ding et al., 2022 and references therein) and the continuous thickening of the lithosphere during the Cenozoic, although the details about the uplift process are still largely controversial (e.g. [START_REF] Deng | Paleoaltimetry reconstructions of the Tibetan Plateau: progress and contradictions[END_REF]. As a result of the long-term plate tectonic movement during the Cenozoic, the uplift of the Tibetan Plateau has left a profound impact on other subsystems on the Earth's surface.

The changes of the Asian atmospheric circulation is one of the several consequences of the Tibetan Plateau uplift, due to the mechanical and thermodynamic effects of the plateau with high elevation and vast land (e.g. [START_REF] Yanai | Effects of the Tibetan Plateau[END_REF]. The modified atmospheric circulation lead to the current climatic pattern around the plateau: the formation of monsoon climate in south and east Asia and the aridification of inland Asia (e.g. [START_REF] An | Evolution of Asian monsoons and phased uplift of the Himalaya-Tibetan plateau since Late Miocene times[END_REF][START_REF] Guo | A major reorganization of Asian climate by the early Miocene[END_REF][START_REF] Wu | Reorganization of Asian climate in relation to Tibetan Plateau uplift[END_REF]. For the mechanical effect, the Tibetan Plateau at mid-latitude hampers both the meridional and zonal circulations, blocking the northward transport of water vapour from the Indian Ocean [START_REF] Manabe | Mountains and Arid Climates of Middle Latitudes[END_REF] and disturbing the westerlies [START_REF] Bolin | On the Influence of the Earth's Orography on the General Character of the Westerlies[END_REF]; for the thermodynamic effect, the plateau surface changes between a large heat source during summer and a weak heat sink during winter (e.g. [START_REF] Yanai | Effects of the Tibetan Plateau[END_REF]. In summer, the heating effect amplifies the northern migration of Intertropical Convergence Zone (ITCZ) and the northward transport of monsoon water vapour [START_REF] Andersen | The periglacial engine of mountain erosion -Part 1: Rates of frost cracking and frost creep[END_REF]. As the abundant water vapour sourced from the tropics ocean hits the high relief, the south flank of the Himalayas becomes the place with the strongest monsoon precipitation. With the strong monsoon climate, the net ecosystem productivity of the subtropical forests in South and East Asia is higher than that of forests at the same latitude, even in the tropical Asia [START_REF] Yu | High carbon dioxide uptake by subtropical forest ecosystems in the East Asian monsoon region[END_REF]. The thermodynamic effects linked to the uplift of the Tibetan Plateau also enhanced the East Asian Summer Monsoon, preventing the east of the subtropical Asian continent from being desert [START_REF] Kira | Forest ecosystems of east and southeast Asia in a global perspective[END_REF].

The Himalayan erosion coupled with the monsoon climate yield significant weathering flux to the ocean (e.g. Gaillardet et al., 1999b;[START_REF] Galy | Higher erosion rates in the Himalaya: Geochemical constraints on riverine fluxes[END_REF][START_REF] Singh | Chemical erosion in the eastern Himalaya: Major ion composition of the Brahmaputra and δ13C of dissolved inorganic carbon[END_REF] and therefore might have influenced the marine geochemical cycles [START_REF] Raymo | Influence of late Cenozoic mountain building on ocean geochemical cycles[END_REF], and in particular the increase of seawater 87 Sr/ 86 Sr ratios. Investigations on the modern Himalayan river water revealed that the weathering flux has relatively high 87 Sr/ 86 Sr ratios, well above the global average and high Sr concentration (Gaillardet et al., 1999b;Galy et al., 1999;[START_REF] Krishnaswami | Strontium isotopes and rubidium in the Ganga-Brahmaputra river system: Weathering in the Himalaya, fluxes to the Bay of Bengal and contributions to the evolution of oceanic87Sr/86[END_REF][START_REF] Palmer | The strontium isotope budget of the modern ocean[END_REF]. The radiogenic Sr can come from metamorphosed carbonate formations (e.g. Galy et al., 1999;[START_REF] Quade | The Late Neogene 87 Sr/ 86 Sr Record of Lowland Himalayan Rivers[END_REF] and the disseminated calcite in silicate rocks [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 87Sr/86Sr geochemistry of disseminated calcite in Himalayan silicate rocks from Nanga Parbat: Influence on river-water chemistry[END_REF]. By assuming the modern Sr flux and isotopes ratios in the geological past, the Himalayan Sr flux can support the raise of marine 87 Sr/ 86 Sr curve (Galy et al., 1999;[START_REF] Krishnaswami | Strontium isotopes and rubidium in the Ganga-Brahmaputra river system: Weathering in the Himalaya, fluxes to the Bay of Bengal and contributions to the evolution of oceanic87Sr/86[END_REF]. The assumption of modern Sr isotopes ratios and riverine flux might not be valid in the past, however, since the paleosol carbonate in the Siwalik Group, recording the river composition during the late Neogene, are radiogenic [START_REF] Quade | The Late Neogene 87 Sr/ 86 Sr Record of Lowland Himalayan Rivers[END_REF], the weathering of the Himalayas could also be responsible for the rise of the marine 87 Sr/ 86 Sr curve. This is also supported by the analysis of Sr of the clay from the Bengal Fan that suggests a variable riverine Sr flux but with high 87 Sr/ 86 Sr since the Neogene [START_REF] Derry | Neogene Himalayan weathering history and river87Sr86Sr: impact on the marine Sr record[END_REF].

The Eocene might be even more complex because the thrusts responsible for the uplift of the Himalayas only initiated after the Oligocene [START_REF] Ding | Timing and mechanisms of Tibetan Plateau uplift[END_REF][START_REF] Yin | Geologic Evolution of the Himalayan-Tibetan Orogen[END_REF], so that the Himalayas did not contribute to the weathering flux during the Eocene.

At that stage, the south of the region of the modern Tibetan Plateau was the Gangdese [START_REF] Ding | Timing and mechanisms of Tibetan Plateau uplift[END_REF][START_REF] Yin | Geologic Evolution of the Himalayan-Tibetan Orogen[END_REF], an Andean-type orogen composed of granitoid batholiths emplaced during the Cretaceous and early Tertiary, and related to the north-dipping subduction of the Indian Plate [START_REF] Coulon | Mesozoic and cenozoic volcanic rocks from central and southern Tibet:39Ar-40Ar dating, petrological characteristics and geodynamical significance[END_REF][START_REF] Harrison | The Zedong Window: A record of superposed Tertiary convergence in southeastern Tibet[END_REF][START_REF] Yin | Geologic Evolution of the Himalayan-Tibetan Orogen[END_REF]. Therefore, the Gangdese is more likely to be responsible for the continental Sr flux before EOT than the Himalayas (Figure 1.2).

Recently, more and more evidences are pointing to an early presence of monsoon climate during the Eocene in the tropical Asia (e.g. [START_REF] Fang | Paleogeography control of Indian monsoon intensification and expansion at 41 Ma[END_REF][START_REF] Licht | Asian monsoons in a late Eocene greenhouse world[END_REF][START_REF] Quan | Revisiting the Paleogene climate pattern of East Asia: A synthetic review[END_REF][START_REF] Spicer | Paleogene monsoons across India and South China: Drivers of biotic change[END_REF]. Paleomagnetic study shows that the Eocene Gangdese Batholith was in the tropics areas (e.g. [START_REF] Huang | Lower Cretaceous Xigaze ophiolites formed in the Gangdese forearc: Evidence from paleomagnetism, sediment provenance, and stratigraphy[END_REF], therefore the Eocene Gangdese was probably weathered by monsoon-like climate, in a similar manner than the Himalayas at present (e.g. [START_REF] France-Lanord | Annual dissolved fluxes from Central Nepal rivers: budget of chemical erosion in the Himalayas[END_REF][START_REF] Singh | Chemical erosion in the eastern Himalaya: Major ion composition of the Brahmaputra and δ13C of dissolved inorganic carbon[END_REF][START_REF] Tipper | The short term climatic sensitivity of carbonate and silicate weathering fluxes: Insight from seasonal variations in river chemistry[END_REF]. Can we apply the modern Himalayan weathering flux to the Eocene Gangdese weathering flux? The Himalayas holds more carbonate than the Gangdese, with the former composed by three main units from the north to south: the Tethys Himalaya formed by carbonate-containing sedimentary rocks, the HHCS (High Himalayan Cristal Series) composed of metamorphosed crystalline rocks and marble, and the Lesser Himalaya with various Pre-Cambrian sedimentary rocks (e.g. Galy and France-Lanord, 1999;[START_REF] Yin | Geologic Evolution of the Himalayan-Tibetan Orogen[END_REF]. Moreover, the northward advection of the monsoon vapour is currently blocked by the Himalayas, preventing the Gangdese Batholith to be significantly impacted by the heavy precipitation of the monsoon regime. This makes the modern Gangdese mountain being under the arid climate, and therefore unlikely to correspond to an analogue of the Eocene Gangdese under the monsoon. However, the far eastern end of the Gangdese Batholith, named as Eastern Himalayan Batholith (EHB), is currently under the monsoonal climate. During the wet seasons, the vapour is penetrating through the mountains along the river valley of the Brahmaputra and its tributaries. This make the EHB a possible counterpart for the Eocene Gangdese mountain weathered by the monsoon.

To understand the chemical weathering conditions in EHB, its hydrochemistry is necessary. However, no such studies existed before this thesis. Therefore, we conduct our investigations for the hydrochemistry of the Chayu River Catchment draining the EHB. The EHB today is also a place with intense tectonic activities, and located close to the epicentre of the Mw 8.7 Assam Earthquake in 1950, which is the strongest continental earthquake ever recorded in the history [START_REF] Coudurier-Curveur | A composite rupture model for the great 1950 Assam earthquake across the cusp of the East Himalayan Syntaxis[END_REF].

The estimated modern erosion rate in this region is about 2.1 mm/yr [START_REF] Singh | Spatial variability in erosion in the Brahmaputra basin: causes and impacts[END_REF], and the uplift rates is 2.3 mm/yr during the past 1 Ma [START_REF] Sun | Inversion model of drainage basins' tectonothermal evolution through detrital AFT ages: A case study of Chayu River in southeastern Tibet[END_REF]. In the September 2019, at the end of the monsoon season, we went for a fieldwork of sampling for the river in the Chayu River Catchment. Mass wasting deposits related with landslides and periglacial process are widespread in the catchment. For the question about how those mass wasting deposit influence chemical weathering, we pay special attentions to the seepage water from those deposits.

Nevertheless, modern climatic conditions of the whole Earth correspond to "icehouse" condition rather than the "greenhouse" condition in the Eocene. There can still be large difference in the weathering features between the Chayu River Catchment today and the Eocene Gangdese. With higher global temperatures, the monsoon precipitation might be stronger because of the higher capacity of the atmosphere to be saturated with water vapour. Moreover, the modern-like periglacial conditions might not have existed at that time in the alpine areas of the Gangdese. But anyway, our study can provide a first report for the hydrochemistry and weathering conditions in this region, and this can be the base for discussing the paleo Gangdese mountain weathering and its influence on the Earth surface systems.

The aims of the thesis are about the following questions:

What is the weathering process for the regions under the periglacial environment and the monsoon environment? There are significant amount of alpine areas with periglacial environment in the Chayu River Catchment. The process of chemical weathering related with periglacial weathering in active mountain belts is poorly studied. With the aid of the seepage water from the periglacial mass deposits, we want to study the features of periglacial weathering processes.

Is the water chemistry of the Chayu River Catchment influenced by the secondary calcite precipitation? And what is the controlling factor for this process? It has been shown that secondary calcite precipitation can largely affect the river water chemistry especially in mountain rivers, and this process is generally ignored in previous studies.

To recover the river flux from the chemical weathering in EHB, the effect of the secondary calcite precipitation should be calculated for its amount and calibrated.

In the Chayu River Catchment mainly composed by granitoid batholiths, what is the proportion between the carbonate and silicate minerals being weathered? What is the proportion between carbonic acid and sulfuric acid as the weathering agent? And does it act as a atmospheric CO2 sink or source? The type of minerals and acids participating in the chemical weathering is important to understand if the weathering of the region is releasing or consuming atmospheric CO2.

What is the weathering rates in the Chayu River Catchment? And what is their relationships with climatic factors? If such relationships with the climatic factors exist, we could discuss the possible weathering rates under the warmer and wetter Eocene Gangdese.

The structure of the thesis is:

-Chapter 2 State of the Art. I introduce the knowledge and studies about the topics of 1) the mineral weathering rates, 2) relationship between the mountain building and the chemical weathering, 3) feedbacks between chemical weathering and climate change.

-Chapter 3 Periglacial Weathering Processes. This chapter addresses the question 1. I present the main process of accelerated chemical weathering in the mass wasting deposits and show the possible influence of the periglacial freeze-thaw process on the stream water composition. This chapter incorporates work published in the journal Chemical Geology.

-Chapter 4 Chayu River Catchment weathering. This chapter address the question 2, 3 and 4. On the basis of the identification and quantification for the secondary calcite precipitation, the proportion between the carbonate and silicate minerals and the type of acid for the Chayu chemical weathering is calculated, and the effect on atmospheric CO2 and weathering rates are then discussed. This chapter incorporates work currently in preparation for submission to the Journal of Geophysical Research: Earth Surface.

-Chapter 5 Synthesis and conclusion. I briefly summarise the results from each chapter, and discuss the important implications of the study on the problem of Eocene Gangdese weathering under the monsoon. I also suggest the avenues of future research that could focus on questions that this project raises, as well as ways to better test our hypotheses.

-STATE OF THE ART

Chemical weathering refers to the process that rock composition changes with the interaction with solutes on the Earth surface, expressed mainly as the dissolution of rock-forming minerals including carbonate and silicates. This process is important for cycling materials and nourishing ecosystems. Moreover, the chemical weathering of silicates can sequester the atmospheric CO2 over the geologic long term and therefore plays as a key role in modulating the climate [START_REF] Ruddiman | Tectonic Uplift and Climate Change[END_REF]. Mechanisms about the chemical weathering and how they interact with environmental factors are critical for understanding questions related with the element cycles such as the supply of nutrients in ecosystems and water quality [START_REF] Barnett | Potential impacts of a warming climate on water availability in snow-dominated regions[END_REF] and about the mechanisms of long-term climate change [START_REF] Ruddiman | Tectonic Uplift and Climate Change[END_REF].

Efforts to determine the chemical weathering rates have been made by laboratory works for the dissolution of varieties of rock-forming minerals (e.g. the compilations of data in [START_REF] White | The effect of time on the weathering of silicate minerals: why do weathering rates differ in the laboratory and field?[END_REF] and estimations from filed observations for weathering profiles [START_REF] White | Chemical weathering of a marine terrace chronosequence, Santa Cruz, California. Part II: Solute profiles, gradients and the comparisons of contemporary and long-term weathering rates[END_REF][START_REF] White | Chemical weathering of a marine terrace chronosequence, Santa Cruz, California I: Interpreting rates and controls based on soil concentration-depth profiles[END_REF]White and[START_REF] White | The effect of time on the weathering of silicate minerals: why do weathering rates differ in the laboratory and field?[END_REF] or chemical compositions of rivers (Gaillardet et al., 1999b(Gaillardet et al., , 1999a)). How the natural chemical weathering respond to environmental factors is more complicated than what is shown in lab, since the field rates are usually several orders of magnitude lower than the lab data [START_REF] White | The effect of time on the weathering of silicate minerals: why do weathering rates differ in the laboratory and field?[END_REF] and do not show trends corresponding to variables as in lab [START_REF] Casey | What do dissolution experiments tell us about natural weathering? Chemical Geology, Geochemical kinetics of mineral-water reactions in the field and the laboratory[END_REF]. Nevertheless, those laboratory studies for the chemical weathering rates provides insights into how different factors influence the chemical weathering rates.

These knowledges establish the base for understanding the river water data acquired in the field, such as this study, and for subsequent investigations for the mechanism that how chemical weathering respond to different environment conditions and interact with other geological processes. This chapter starts from introducing the factors influencing chemical weathering rates and then move to the hypothesis linking with chemical weathering, the "uplift climate change link". Next, studies of the modern and past chemical weathering of the Himalayas are introduced, since the Himalayas has been the hotpot region to test the hypothesis of "uplift climate change link" for decades. The final part of the chapter introduce the studies on chemical weathering related with glacial and landslide processes, two processes commonly found in high uplift regions. Our knowledge about different factors influencing chemical weathering rates is the base to understand the data acquired in this study; the "uplift climate change link" hypothesis is closely related with our motivation of the study (elucidated in the Introduction chapter); and the glacial and landslide environments are of special importance to this study because first the periglacial environment and bedrock landslides appear in our research region, and second and more importantly, these places are where climate, erosion and chemical weathering are tightly coupled so that to provide new insights into the relationship between mountain building, erosion, weathering and climate change.

Factors controlling chemical weathering rates

Different mineral dissolves at different rate, therefore the mineralogy has influence on chemical weathering rates. Moreover, as chemical reactions, the chemical weathering rate is also influenced by the supply of reactant of fresh mineral surfaces and acids (pH), environmental factors like temperature, chemical affinity, topography of the interface, etc. [START_REF] Brantley | Kinetics of Mineral Dissolution[END_REF]. Since our study is aimed to understand the river water composition data, we focus on macroscopic factors rather than the details about the mechanisms of mineral dissolution. In field studies, three kinds of weathering limits are defined [START_REF] Brown | Experimental Investigations of the Weathering of Suspended Sediment by Alpine Glacial Meltwater[END_REF][START_REF] Riebe | Erosional and climatic effects on longterm chemical weathering rates in granitic landscapes spanning diverse climate regimes[END_REF][START_REF] Stallard | Geochemistry of the Amazon: 2. The influence of geology and weathering environment on the dissolved load[END_REF][START_REF] West | Tectonic and climatic controls on silicate weathering[END_REF]: 1. Kinetic limit, which means the weathering rate is limited by the kinetics of the forward reaction of mineral dissolutions in undersaturated solutions; 2. Supply limit, which mean the weathering rate is limited by the supply of fresh mineral surfaces; 3. Equilibrium limit, which means that the weathering rate is limited by the saturation of weathering fluids.

These limits represent different factors controlling the weathering rates on a macroscopic view. In classical literatures, the term of "transport limit" is widely used [START_REF] Riebe | Erosional and climatic effects on longterm chemical weathering rates in granitic landscapes spanning diverse climate regimes[END_REF][START_REF] Stallard | Geochemistry of the Amazon: 2. The influence of geology and weathering environment on the dissolved load[END_REF] and does not distinguish between the terms "supply limit" and "equilibrium limit". The former highlight the limit factor of insufficient transportation of minerals into the weathering zone while the later highlight the limit factor of delayed transportation of weathering product out of the weathering zone so that making the system close to saturation. Each of these factors are introduced as follows.

Mineralogy

It has been shown that the dissolution rates of different kinds of minerals vary considerably. Figure 2.1 exhibits the variation of persistence time of major primary silicate minerals in soil or protolith [START_REF] Brantley | Reaction Kinetics of Primary Rock-Forming Minerals under Ambient Conditions[END_REF], showing a trend similar as the data compiled in [START_REF] Lasaga | Chemical kinetics of water-rock interactions[END_REF]. The trend of mineral persistence time matches the Bowen reaction series, i.e. the primary minerals crystallize at lower temperature tend to be more stable.

Carbonate minerals dissolved much faster than silicates up to 3 orders of magnitude [START_REF] Lasaga | Chemical kinetics of water-rock interactions[END_REF][START_REF] Morse | The dissolution kinetics of major sedimentary carbonate minerals[END_REF]. This allows the carbonate often to contribute to the majority of the weathering flux in natural river water even when it only occupies a minor part of the exposed bedrocks [START_REF] Calmels | Sustained sulfide oxidation by physical erosion processes in the Mackenzie River basin: Climatic perspectives[END_REF][START_REF] Jacobson | Relationship between mechanical erosion and atmospheric CO2 consumption in the New Zealand Southern Alps[END_REF]Torres et al., 2016a). 

Mineral and acid supply

In general, the congruent dissolution rate is given by Lasaga and Kirkpatrick (1981):

𝑑𝑐 𝑑𝑡 = 𝐴 𝑉 𝑣 𝑅 (2.1)
where Aθ is mineral surface, V is the volume of fluid, vi is the stoichiometric content of species i, Rθ is the dissolution rate from mineral θ, and dci/dt is the change of the concentration of species i due to the dissolution of mineral θ. In this regard, the increase of the available fresh mineral surface causes more bedrock minerals (or elements) to be dissolved. Besides, more fresh mineral surface provide more reactant for the weathering reaction, which can increase the reaction rates based on the basic chemical kinetics concepts:

𝑅 = 𝑘[𝐴] [𝐵] … (2.2)
where R is the reaction rate, k is the reaction constant, [A] and [B] are all the reactant, a is the reaction order with respect to reactant A, and b is the reaction order with respect to reactant B. Hence, the weathering rate is positively correlated with the available mineral surface which serves as one reactant in the weathering reaction.

As another reactant for dissolution reaction, the increase of the concentration of acid or proton can increase the dissolution rate R since the weathering reaction can be regarded as the exchange of proton with cations on the mineral surface. Moreover, the Hydroxyl (OH -) does the same. Therefore, the weathering rate is dependent on the pH of the fluid.

Experimentalists have expressed this relationship with pH by taking the simple dissolution rate law:

𝑅 = 𝑘 𝑎 + 𝑘 𝑎 (2.3)
where kH+ and kOH-are the rate constants for proton and hydroxyl promoted reactions, and the n and m are the reaction orders. Some researches add an item of kH2O to describe the rate at neutral pH (e.g. [START_REF] Malmström | Biotite dissolution at 25°C: The pH dependence of dissolution rate and stoichiometry[END_REF].

Experimental results shows that the weathering rate for silicates is the lowest among neutral pH ranges and increase if the fluid is more acidic or alkaline (Figures 2.2c and 2.2d) [START_REF] Brantley | Reaction Kinetics of Primary Rock-Forming Minerals under Ambient Conditions[END_REF][START_REF] Lasaga | Chemical kinetics of water-rock interactions[END_REF][START_REF] Malmström | Biotite dissolution at 25°C: The pH dependence of dissolution rate and stoichiometry[END_REF][START_REF] White | The effect of time on the weathering of silicate minerals: why do weathering rates differ in the laboratory and field?[END_REF]. For carbonate, the dissolution rates increase dramatically at low pH and keep low when the fluid is alkaline (Figures 2.2a and 2.2b) [START_REF] Brantley | Reaction Kinetics of Primary Rock-Forming Minerals under Ambient Conditions[END_REF]. The relationships between weathering rate and pH may set some kinetic constraints on the weathering rate. Cited from [START_REF] Brantley | Reaction Kinetics of Primary Rock-Forming Minerals under Ambient Conditions[END_REF].

In the field, the areas where the fresh mineral surfaces are not sufficient are ascribed as supply limit. Under such condition, the increase in chemical weathering output responds to any increase in fresh mineral supply, as shown by the open symbols fitting the dashed line in Figure 2.3. On the figure, these places mainly includes catchments on continental cratons where process to provide fresh minerals, e.g. mountain building, is relatively weak [START_REF] West | Tectonic and climatic controls on silicate weathering[END_REF]. Similarly, supply limited regime are usually expressed as increasing chemical weathering flux with increasing suspended sediment flux, and such relationship is widely reported in field studies, from tropical Amazon and ocean island to cold Sebrian (Gaillardet et al., 1999a[START_REF] Gaillardet | Chemical and physical denudation in the Amazon River Basin[END_REF][START_REF] Millot | The global control of silicate weathering rates and the coupling with physical erosion: new insights from rivers of the Canadian Shield[END_REF][START_REF] Oliva | Chemical weathering in granitic environments[END_REF][START_REF] Riebe | Erosional and climatic effects on longterm chemical weathering rates in granitic landscapes spanning diverse climate regimes[END_REF], which is regardless of climates (Gaillardet et al., 1999a;[START_REF] Riebe | Erosional and climatic effects on longterm chemical weathering rates in granitic landscapes spanning diverse climate regimes[END_REF][START_REF] West | Tectonic and climatic controls on silicate weathering[END_REF]. The influence of acid supply on the weathering rate by modulating the pH is reported in some field studies as well. It is shown that carbonate weathering is enhanced in regions with lusher vegetations with more soil pCO2, since soil CO2 is the major acid source [START_REF] Calmels | Sensitivity of carbonate weathering to soil CO2 production by biological activity along a temperate climate transect[END_REF]. In Amazon, catchments draining reduced shales have high SO4 2-and concentrations associated to elevated cations concentrations [START_REF] Stallard | Geochemistry of the Amazon: 2. The influence of geology and weathering environment on the dissolved load[END_REF], which may link to the involvement of sulfuric acid from pyrite oxidation. The sulfuric acid as a strong proton donor can increase the proportion of carbonate contribution to total weathering flux on the catchment scale [START_REF] Calmels | Sustained sulfide oxidation by physical erosion processes in the Mackenzie River basin: Climatic perspectives[END_REF][START_REF] Li | Sulfuric acid as an agent of carbonate weathering constrained by δ13CDIC: Examples from Southwest China[END_REF]Torres et al., 2016a), and hence modulate the effect of tectonicallyenhanced weathering on atmospheric pCO2 [START_REF] Brown | Experimental Investigations of the Weathering of Suspended Sediment by Alpine Glacial Meltwater[END_REF][START_REF] Torres | Sulphide oxidation and carbonate dissolution as a source of CO2 over geological timescales[END_REF]Torres et al., , 2016a)).

Kinetical factors

Temperature is the most important kinetic factor. The relationship between the rate constant k in Equation (2.2) with temperature can be described by the empirical Arrhenius equation:

𝑘 = 𝐴𝑒 (2.4)
where A is the pre-exponential factor independent of the temperature, Ea is the activation energy for the reaction, R is the universal gas constant and T is the absolute temperature.

Works [START_REF] White | The effect of time on the weathering of silicate minerals: why do weathering rates differ in the laboratory and field?[END_REF]. Similarly. It was found in basalt watersheds that the weathering rate correlate with temperature in Arrhenius form [START_REF] Dessert | Basalt weathering laws and the impact of basalt weathering on the global carbon cycle[END_REF].

In a study that separate basalt watersheds into inactive volcanic fields (IVFs) and active volcanic fields (AVFs), it was found that the temperature dependence for weathering rates is obvious for IVFs but insignificant for AVFs which may be influenced by agerelated factors like eruption age, hydrothermal activity, and hydrological complexities [START_REF] Li | Temperature dependence of basalt weathering[END_REF]. However, in subsequent studies for granitoid watersheds, such

Arrhenius law-type correlations with temperature were not found, although high weathering rates are found in high temperature watersheds (e.g. [START_REF] Millot | The global control of silicate weathering rates and the coupling with physical erosion: new insights from rivers of the Canadian Shield[END_REF][START_REF] Oliva | Chemical weathering in granitic environments[END_REF]. Despite the uncertainty in temperature data that might mask the real relationship [START_REF] Oliva | Chemical weathering in granitic environments[END_REF], the sensitivity of natural weathering to temperature may affect the result, in other words, temperature works only in kinetic limit weathering regime, as shown by the closed symbols in Figure 2.3 [START_REF] West | Tectonic and climatic controls on silicate weathering[END_REF]. The fit for the weathering rate law for those kinetic limited watersheds in Figure 2.3 lead to a general Ea of 74±29 kJ/mol, which is slightly higher than the laboratory estimations for major rock forming minerals except silica in the data compilation of [START_REF] Brantley | Reaction Kinetics of Primary Rock-Forming Minerals under Ambient Conditions[END_REF].

Table 2.1 Ea for dissolution of selected minerals far-from-equilibrium. Cited from Brantley and Olsen (2014).

Chemical equilibrium

The equilibrium status is critical for all the chemical reactions. Theoretical study such as Lasaga et al. (1994) also use an item to describe how the system is deviated from chemical equilibrium in his weathering rate law:

𝑓(Δ𝐺 ) = 1 -𝑒 (2.5)
where ΔGr is the Gibbs Free Energy of the overall reaction, R is the gas constant and T is the absolute temperature.

Natural weathering systems that approach equilibrium will be controlled by thermodynamic rather than kinetic limits [START_REF] Maher | The role of fluid residence time and topographic scales in determining chemical fluxes from landscapes[END_REF]. The experimental studies introduced in the above sections are usually taken in far-from-equilibrium conditions at low pH (e.g. pH≤5), and this is probably one of the sources of the inconsistency between the laboratory and field weathering rates.

The equilibrium status is often related with water residence time and rock-water ratio.

In the field, they are affected by local hydrological path, runoff and precipitation. Hence, the effect of equilibrium can be reflect by the relationship between water discharge and weathering rate/flux. Watersheds with long residence fluid that experience water-rock interaction longer than that required for equilibrium are shown as stable solute concentration with varying discharge; while watersheds with fluid residence time shorter than that required for equilibrium are shown as diluted concentrations with increasing discharge [START_REF] Maher | The role of fluid residence time and topographic scales in determining chemical fluxes from landscapes[END_REF]. And therefore, the weathering flux from watersheds with long fluid residence time increase linearly with discharge, while for watersheds with short residence time, the increase in weathering flux is not driven by discharge as much [START_REF] Maher | The role of fluid residence time and topographic scales in determining chemical fluxes from landscapes[END_REF].

Carbonate precipitation dissolution equilibrium

The fast dissolution rates of carbonate minerals make them quick to be in equilibrium with the fluid, especially for calcite. Therefore, in field studies, the environmental control on the dissolution of carbonate minerals is considered to be thermodynamics rather than kinetics. The carbonate in natural water is a complex system, which includes the dissolution-precipitation with rock carbonate, the dissolution and release of atmospheric CO2, and the two order dissociations of carbonate in water. The carbonate dissolution of calcite is: The above equilibriums also tell that when there are abundant calcite dissolved in a system (calcite surplus), the concentration of proton being in equilibrium with all the species in the solution leads to a pH near 8.34 (Lower, 1999), which is the buffering effect of carbonate weathering on the pH of water.

𝐶𝑎𝐶𝑂 ( ) ↔
Calcite precipitates when the ion product of the solution exceeds the Ksp at that temperature. This process can happen during solution evaporation, temperature increasing or atmospheric pCO2 decreasing, and is the reason why there are secondary calcite formed in soils. Secondary calcite precipitation cause abundant loss of the dissolved Ca 2+ , HCO3 -and other calcite-incorporated species in river water (e.g. [START_REF] Bickle | On discrimination between carbonate and silicate inputs to Himalayan rivers[END_REF], leading to the underestimation of the weathering flux. To correct the effect of secondary calcite precipitation is one of the tasks in this thesis.

"Uplift climate change link" hypothesis

As predicted by the Ebelmen's and Chamberlin's hypotheses published in 1851 and 1899 [START_REF] Chamberlin | An Attempt to Frame a Working Hypothesis of the Cause of Glacial Periods on an Atmospheric Basis[END_REF][START_REF] Ebelmen | Recherches sur les alté rations des roches stratifié es sous l'influence des agents atmosphé riques et des eaux d'infiltration[END_REF], the weathering of silicate minerals by carbonic acid takes up atmospheric CO2 (Equation 2.11). Although the carbonate dissolution by carbonic acid takes up the atmospheric CO2 as well (Equation 2.12), the sedimentation of carbonate in the oceans release CO2 (the reversed form of Equation The temperature dependence of silicate weathering rate (section 2.1.3) allows higher weathering rates at higher temperatures, thus leading to larger CO2 drawdown flux, cooling down the earth temperature eventually. Then, the Earth enters another loop waiting for the accumulation of atmospheric CO2 by volcanisms to increase the temperature. This is the mechanism of a negative feedback that stabilizes the Earth's surface temperature on geological timescale [START_REF] Walker | A negative feedback mechanism for the long-term stabilization of Earth's surface temperature[END_REF], and is often referred as the BLAG model because of their pioneer work to quantify the processes controlling the atmospheric CO2 concentration during the last 100 m.y. [START_REF] Berner | The carbonate-silicate geochemical cycle and its effect on atmospheric carbon dioxide over the past 100 million years[END_REF].

Since the start of Cenozoic 65 Ma ago, the seafloor expansion rate is quite stable [START_REF] Müller | Long-Term Sea-Level Fluctuations Driven by Ocean Basin Dynamics[END_REF][START_REF] Rowley | Rate of plate creation and destruction: 180 Ma to present[END_REF], while the pCO2 and global temperature were experiencing a long-term decrease after the Eocene [START_REF] Zachos | Trends, Rhythms, and Aberrations in Global Climate 65 Ma to Present[END_REF], and it was proposed that those changes temporally coincidence with the major orogenic activities during the Cenozoic, e.g. Andes and Tibet-Himalayas [START_REF] Raymo | Tectonic forcing of late Cenozoic climate[END_REF].

Therefore, the hypothesis of "uplift climate change link" was put forward, which emphasize the role of tectonic uplift, especially the Himalayas and link the formation of high relief formed during the convergence of Indian and Eurasia plates, that enhanced silicate weathering by enhanceing physical erosion and stronger monsoonal precipitation to cool down the Earth through lowing the pCO2 [START_REF] Raymo | Influence of late Cenozoic mountain building on ocean geochemical cycles[END_REF][START_REF] Raymo | Tectonic forcing of late Cenozoic climate[END_REF]. This hypothesis is partly supported by the rising curves of oceanic 87 Sr/ 86 Sr [START_REF] Edmond | Himalayan Tectonics, Weathering Processes, and the Strontium Isotope Record in Marine Limestones[END_REF][START_REF] Veizer | Strontium Isotopes in Seawater through Time[END_REF]) and 187 Os/ 188 Os ratios [START_REF] Peucker-Ehrenbrink | The marine osmium isotope record[END_REF] that may indicate stronger weathering of upper continental crust silicate, material typical of mountain belts.

Estimations for the effect of mountain uplift to atmospheric pCO2 shows that, even in the modest scenario, the uplift of Himalayan can consume all the CO2 in the atmosphere within several million years [START_REF] Berner | The need for mass balance and feedback in the geochemical carbon cycle[END_REF], if the CO2 degassing rate by volcanos is stable. Mechanisms are found to counteract this over-drawdown effect, e.g.

the pyrite (or other sulphate minerals in bedrock) oxidation [START_REF] Torres | Sulphide oxidation and carbonate dissolution as a source of CO2 over geological timescales[END_REF], the synchronous metamorphic decarbonation [START_REF] Becker | Himalayan metamorphic CO2 fluxes: Quantitative constraints from hydrothermal springs[END_REF][START_REF] Evans | Degassing of metamorphic carbon dioxide from the Nepal Himalaya[END_REF] and the decrease in silicate weathering magnitude in other areas because of the cooling effects [START_REF] Fang | Paleogene global cooling-induced temperature feedback on chemical weathering, as recorded in the northern Tibetan Plateau[END_REF][START_REF] Kump | Global Chemical Erosion during the Cenozoic: Weatherability Balances the Budgets[END_REF].

𝐻 𝑆𝑂 + 2𝐶𝑎𝐶𝑂 ↔ 2𝐶𝑎 + 𝑆𝑂 + 2𝐻𝐶𝑂 (2.13)
For the first hypothesis, the pyrite oxidation and chemical weathering associated with sulfuric acid is important and feasible to be included in the study of this thesis. The sulfuric acid produced by pyrite oxidation interacts with silicate rocks without changing the atmospheric pCO2 or adding alkalinity in the ocean [START_REF] Calmels | Sustained sulfide oxidation by physical erosion processes in the Mackenzie River basin: Climatic perspectives[END_REF][START_REF] Lerman | CO2 and sulfuric acid controls of weathering and river water composition[END_REF][START_REF] Li | Sulfuric acid as an agent of carbonate weathering constrained by δ13CDIC: Examples from Southwest China[END_REF][START_REF] Spence | The role of sulfur in chemical weathering and atmospheric CO2 fluxes: Evidence from major ions, δ13CDIC, and δ34SSO4 in rivers of the Canadian Cordillera[END_REF]. In contrast, the sulfuric acid driven carbonate weathering (Equation 2.13) can release carbon sequestered in the lithospheric reservoir into the ocean and atmosphere reservoir [START_REF] Calmels | Sustained sulfide oxidation by physical erosion processes in the Mackenzie River basin: Climatic perspectives[END_REF][START_REF] Torres | Sulphide oxidation and carbonate dissolution as a source of CO2 over geological timescales[END_REF]. Besides, because of the large reservoir of terrestrial carbonate and the fast dissolution rate of carbonate weathering, the carbonate weathering driven by sulfuric acid is important for the transient variations in oceanic solute and atmospheric CO2 [START_REF] Gaillardet | Global climate control on carbonate weathering intensity[END_REF]. A recent estimation for the global riverine sulphate by δ 34 S dataset indicates that there are 1.3 ± 0.2 Tmol S/y due to the oxidation of pyrite and 1.5 ± 0.2 Tmol S/y due to the dissolution of sedimentary sulphate minerals (evaporite) [START_REF] Burke | Sulfur isotopes in rivers: Insights into global weathering budgets, pyrite oxidation, and the modern sulfur cycle[END_REF]. The high proportion of sulphate from pyrite oxidation is twice as large as previous estimations (0.5-0.64 Tmol S /y, [START_REF] Berner | Global Environment: Water, Air, and Geochemical Cycles[END_REF]; [START_REF] Lerman | CO2 and H2SO4 consumption in weathering and material transport to the ocean, and their role in the global carbon balance[END_REF]), implying there can be more bedrock weathering driven by sulfuric acid from pyrite oxidation than previously thought. The proportion of sulfuric acid weathering is highly spatially heterogeneous, depending on the type of bedrock exposed [START_REF] Burke | Sulfur isotopes in rivers: Insights into global weathering budgets, pyrite oxidation, and the modern sulfur cycle[END_REF]. Therefore, it is important to separate the part of cation flux related to sulfuric acid weathering when assessing the CO2 sink by silicate weathering.

The BLAG model and "uplift climate change link" hypothesis are different in their attentions to the two kinds of weathering regimes [START_REF] Li | Evolution of carbon cycle over the past 100 million years[END_REF], the kinetic limited regime (or inferred as weathering limited regime in some literatures) and the supply limited regime, which are previously mentioned in Section 2.1. The BLAG model is focusing on the kinetic limited regime, where freshly exposed bedrocks are sufficient and the magnitude and rate of chemical weathering are dependent on the kinetical parameters of the ambient condition, like temperature and runoff, that are closely related to atmospheric pCO2. In contrast, the "uplift climate change link" hypothesis is focusing on the supply limited regimes. Supply limited regime is more common on most continents since chemical weathering is often observed as highly related with the physical erosion (Gaillardet et al., 1999b;Larsen et al., 2014a;[START_REF] West | Tectonic and climatic controls on silicate weathering[END_REF]. It is suggested that mountain greatly contribute to the global chemical denudation so that 40% of the chemical denudation occur on the steepest ~10% of Earth's terrestrial surface (Larsen et al., 2014b).

The motivation of the study of this thesis is related with the "uplift climate change link" hypothesis. We want to know if the weathering of the Eastern Himalayan Batholith is possible to drawdown the atmospheric pCO2 as the mechanism described in "uplift climate change link" hypothesis by analysing the modern river data.

Chemical weathering and mountain building 2.3.1 The modern and past chemical weathering related to the uplift of Himalayas

As the timing of the uplift of the Himalaya could coincide with the cooling of earth climate during the Cenozoic, the chemical weathering in the Himalayas has long been the centre of the debate to test the hypotheses that link mountain building to the evolution of global climate, including the role of silicate weathering [START_REF] Bickle | Relative contributions of silicate and carbonate rocks to riverine Sr fluxes in the headwaters of the Ganges[END_REF][START_REF] Bickle | On discrimination between carbonate and silicate inputs to Himalayan rivers[END_REF], 2018; T. K. Dalai et al., 2002;[START_REF] English | Geologic control of Sr and major element chemistry in Himalayan Rivers, Nepal[END_REF]Gaillardet et al., 1999b;Galy et al., 1999;Galy and France-Lanord, 1999;[START_REF] Lupker | Predominant floodplain over mountain weathering of Himalayan sediments (Ganga basin)[END_REF][START_REF] Quade | Silicate versus carbonate weathering in the Himalaya: a comparison of the Arun and Seti River watersheds[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] Tipper | The short term climatic sensitivity of carbonate and silicate weathering fluxes: Insight from seasonal variations in river chemistry[END_REF], organic burial (France-Lanord and [START_REF] Foster | Negligible glacial-interglacial variation in continental chemical weathering rates[END_REF][START_REF] Galy | Global carbon export from the terrestrial biosphere controlled by erosion[END_REF][START_REF] Galy | Efficient organic carbon burial in the Bengal fan sustained by the Himalayan erosional system[END_REF], petrogenic carbon emission (Tarun K. Dalai et al., 2002;[START_REF] Hilton | Geological respiration of a mountain belt revealed by the trace element rhenium[END_REF] and pyrite oxidation coupled with carbonate weathering [START_REF] Bickle | On discrimination between carbonate and silicate inputs to Himalayan rivers[END_REF][START_REF] Das | The Role of Sulfuric Acid in Continental Weathering: Insights From Dissolved Major Ions and Inorganic Carbon Isotopes of the Teesta River, Lower Brahmaputra System[END_REF]Galy and France-Lanord, 1999;[START_REF] Kemeny | Sulfate sulfur isotopes and major ion chemistry reveal that pyrite oxidation counteracts CO2 drawdown from silicate weathering in the Langtang-Trisuli-Narayani River system, Nepal Himalaya[END_REF] as the carbon sinks or sources. The complexity of the Himalaya geology and the Gange-Brahmaputra river system make it an unfinished journey to evaluate the effect of all the processes.

Besides, the sediments preserved at the bottom of the Bengal Fan recorded the past erosion and weathering of materials from the Himalayas, providing the opportunities to test the coupling of physical and chemical denudations and the interplay with regional monsoon climate in the geological past [START_REF] Clift | Controls on the erosion of Cenozoic Asia and the flux of clastic sediment to the ocean[END_REF][START_REF] Clift | Reconstructing chemical weathering, physical erosion and monsoon intensity since 25Ma in the northern South China Sea: A review of competing proxies[END_REF][START_REF] Clift | Correlation of Himalayan exhumation rates and Asian monsoon intensity[END_REF][START_REF] Colin | Erosional history of the Himalayan and Burman ranges during the last two glacial-interglacial cycles[END_REF][START_REF] Derry | Neogene Himalayan weathering history and river87Sr86Sr: impact on the marine Sr record[END_REF][START_REF] Hein | Post-glacial climate forcing of surface processes in the Ganges-Brahmaputra river basin and implications for carbon sequestration[END_REF][START_REF] Lupker | Increasing chemical weathering in the Himalayan system since the Last Glacial Maximum[END_REF][START_REF] Singh | Tracing the distribution of erosion in the Brahmaputra watershed from isotopic compositions of stream sediments[END_REF]. To stay on the topic of the thesis, we just include the following two discussions in this review: (1) the silicate and carbonate weathering rates, pyrite oxidation coupled with carbonate weathering and their effects on C transfer between rock and atmosphere, (2) the radiogenic Sr isotope of the Himalaya weathering flux. The debate around Sr isotopes in the Himalaya is closely related to the discussion about silicate and carbonate weathering, and this proxy is also included in our research.

Himalaya silicate and carbonate weathering rates and their effects on C transfer

The hydrogeology background is critical for evaluating the Himalaya chemical weathering rates. Most of the evaluations are based on the hydrochemistry of Himalayan rivers, and some others are on the river sediments (e.g. [START_REF] Lupker | Predominant floodplain over mountain weathering of Himalayan sediments (Ganga basin)[END_REF].

There are four geological units from the north to south in the Himalaya mountain separated by major trust systems (Galy and France-Lanord, 1999): ( 1 Crystalline Series (HHCS) , or Great Himalaya Series (GHS), that forms the high ranges, composed by ortho-and paragneisses, migmatites and highly metamorphosed marbles;

(3) the Lesser Himalaya (LH) composed of variably metamorphosed Prechambrian sediments including schists, quartzites and dolomitic carbonates; (4) the uplifted Siwaliks which was the Mio-Pliocene detrital sediments of the Gangetic plain. Besides, evaporites presence in some regions, e.g. Mustang Graben (Galy and France-Lanord, 1999), locally contribute to river solute. The spatial difference in lithologies partly determined the spatial difference in solute source proportions between silicate versus carbonate, as well as the proportions of carbonic versus sulfuric acid that provide proton in chemical weathering process (e.g. Galy and France-Lanord, 1999;[START_REF] Karim | Water balance of the Indus River Basin and moisture source in the Karakoram and western Himalayas: Implications from hydrogen and oxygen isotopes in river water[END_REF]. Rivers draining TSS are highly contributed by carbonate dissolution, and sulfuric acid strongly interevents the chemical weathering because of the presence of sulphide (Galy and France-Lanord, 1999). Despite the spatial differences, the overall chemical denudation flux is dominated by carbonate weathering by more than 80% [START_REF] Bickle | On discrimination between carbonate and silicate inputs to Himalayan rivers[END_REF]Gaillardet et al., 1999b;Galy and France-Lanord, 1999;[START_REF] Quade | Silicate versus carbonate weathering in the Himalaya: a comparison of the Arun and Seti River watersheds[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] Tipper | The short term climatic sensitivity of carbonate and silicate weathering fluxes: Insight from seasonal variations in river chemistry[END_REF].

Recently, the effect of secondary calcite precipitation is estimated to have led to factorof-two overestimate of the fractions of silicate-derived Ca, Mg and Sr [START_REF] Bickle | On discrimination between carbonate and silicate inputs to Himalayan rivers[END_REF]. The high carbonate weathering contribution and significant sulfuric acid participation make the CO2 uptake by silicate weathering of the Himalayas is 6.4×10 11 mol/y, taking only 1.3% of the global atmospheric CO2 uptake (Galy and France-Lanord, 1999). Using sulphur isotopes, a recent estimation for the pyrite coupled carbonate weathering, which in turn cause carbon release, suggested that the effect of carbonate weathering by sulfuric acid almost counteracts the alkalinity from silicate weathering in the Marsyandi river catchment in central Nepal (Kemeny et al., 2021, Figure 2.4). And the compilation of literature data also show the similar results except for the rivers draining the flood plain (Figure 2.4). It was suggested that the floodplain paly a special role during the inorganic weathering.

As the active phase of sulphide has been quickly oxidized and silicate weathers much slower, the silicate minerals continued to be weathered after being transported and stored on the floodplain. The silicate weathering at this place predominance in the whole system [START_REF] Bickle | Chemical weathering outputs from the flood plain of the Ganga[END_REF][START_REF] Lupker | Predominant floodplain over mountain weathering of Himalayan sediments (Ganga basin)[END_REF]. About 41% to 63% of the major cations and 58% of the alkalinity of the Ganges river are from the weathering on floodplain, while only 24% from the mountain rivers on the Himalaya side [START_REF] Bickle | Chemical weathering outputs from the flood plain of the Ganga[END_REF].

The silicate weathering rates of the Himalayan rivers are indicated to be sensitive to environmental factors like temperature and runoff (West et al., 2005, Figure 2.3). This is in accordance with the model of kinetic limit regime where supply of fresh bedrock is abundant. Temporally, there are seasonality of the silicate and carbonate weathering rates of the Himalayan rivers [START_REF] Tipper | The short term climatic sensitivity of carbonate and silicate weathering fluxes: Insight from seasonal variations in river chemistry[END_REF]. In monsoon season, the proportion of carbonate weathering increases linked to monsoonal runoff because of its faster dissolution kinetics [START_REF] Tipper | The short term climatic sensitivity of carbonate and silicate weathering fluxes: Insight from seasonal variations in river chemistry[END_REF]; while in dry season, silicate weathering increases relative to carbonate, causing rise in the TDS of river water (Galy and France-Lanord, 1999). This may reflect the predominance in groundwater with longer waterrock interaction times [START_REF] Andermann | Connecting source and transport: Suspended sediments in the Nepal Himalayas[END_REF][START_REF] Tipper | The short term climatic sensitivity of carbonate and silicate weathering fluxes: Insight from seasonal variations in river chemistry[END_REF], probably related to the relative increase of the floodplain weathering [START_REF] Sarin | Major ion chemistry of the Ganga-Brahmaputra river system: Weathering processes and fluxes to the Bay of Bengal[END_REF].

The Himalaya Sr flux and the relationship with global marine radiogenic Sr record

As introduced in the beggining of the thesis, the possible influence of trans-Himalaya weathering during Paleogene, under the monsoon climate, requires some knowledge of two sides: the earth climate and the marine radiogenic Sr isotope ratios. Therefore, we include the discussion for the Sr isotopic signatures of the Chayu River catchment in the thesis and a review for the previous studies for the Himalaya Sr isotopic flux and its impact on marine Sr record is necessary.

The radiogenic isotope 87 Sr comes from the beta decay of 87 Rb (a radioactive isotope of Rb with long half-life). Since Rb is an element more incompatible than Sr, the continental crust accumulates 87 Sr at a faster rate relative to 86 Sr (a stable isotope of Sr), thus the continental crust becomes more and more radiogenic. The Sr pool of the ocean takes the inputs of radiogenic riverine flux from the continental crust, non-radiogenic hydrothermal flux at mid-ocean ridges, and diagenetic flux of oceanic carbonates having roughly similar isotopic ratio than sea water, and takes the output of carbonate sedimentation with no isotopic fractionation [START_REF] Palmer | The strontium isotope budget of the modern ocean[END_REF][START_REF] Peucker-Ehrenbrink | A continental perspective of the seawater 87Sr/86Sr record: A review[END_REF]. The evolution of marine Sr isotopic ratio over geological time is driven by the variations of the ratios and fluxes of the inputs, as described by the following equation [START_REF] Lear | A Cenozoic seawater Sr/Ca record from benthic foraminiferal calcite and its application in determining global weathering fluxes[END_REF][START_REF] Richter | Sr isotope evolution of seawater: the role of tectonics[END_REF]:

𝑁 𝑑𝑅 𝑑𝑡 = 𝐽 (𝑅 -𝑅 ) (2.14)
where N is the total number of mole of Sr in the ocean, RSW is the 87 Sr/ 86 Sr ratio of sea water, Jn and Rn are the Sr flux and ratio from source "n". During the Cenozoic, the marine Sr isotopic ratio was relatively stable around 0.7078 from 65 Ma to ~35 Ma and then experienced a monotonic increase to the modern value of 0.7092 until now [START_REF] Depaolo | High-Resolution Stratigraphy with Strontium Isotopes[END_REF][START_REF] Palmer | Sr isotope composition of sea water over the past 75 Myr[END_REF]. Because the average residence time of Sr in sea water is about 2.5 million years, longer than the time of sea water mixing of a few kyrs [START_REF] Hodell | Variation in the strontium isotopic composition of seawater (8 Ma to present) : Implications for chemical weathering rates and dissolved fluxes to the oceans[END_REF], the Sr isotopic ratios of coeval sea water are consistent over the world, so as to coeval marine limestone, and therefore producing a global record.

People tried to link the rise of marine Sr record during the Cenozoic to the orogeny of the Himalaya and Tibetan Plateau (HTP), with evidences from time coincidence, especially during the Neogene when both processes accelerated (e.g. [START_REF] Richter | Sr isotope evolution of seawater: the role of tectonics[END_REF], and mass balance of the marine Sr budget (e.g. [START_REF] Raymo | Influence of late Cenozoic mountain building on ocean geochemical cycles[END_REF][START_REF] Richter | Sr isotope evolution of seawater: the role of tectonics[END_REF]. However, there has long been a debate as to whether the change of flux J or ratio R of the continental source caused the rise of marine Sr isotopic record. The former suggests higher riverine Sr flux from the chemical erosion of HTP (e.g. [START_REF] Raymo | Influence of late Cenozoic mountain building on ocean geochemical cycles[END_REF], while the latter suggests that this Himalayan source has an exceptionally high ratio (e.g. [START_REF] Edmond | Himalayan Tectonics, Weathering Processes, and the Strontium Isotope Record in Marine Limestones[END_REF][START_REF] Kump | Alternative modeling approaches to the geochemical cycles of carbon, sulfur, and strontium isotopes[END_REF][START_REF] Quade | The Late Neogene 87 Sr/ 86 Sr Record of Lowland Himalayan Rivers[END_REF]. The abundant radiogenic Sr in Himalaya river waters are widely reported [START_REF] Bickle | Fluxes of Sr into the headwaters of the Ganges[END_REF][START_REF] Bickle | Controls on the 87Sr/86Sr Ratio of Carbonates in the Garhwal Himalaya, 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] Quade | Silicate versus carbonate weathering in the Himalaya: a comparison of the Arun and Seti River watersheds[END_REF][START_REF] Singh | Spatial variability in erosion in the Brahmaputra basin: causes and impacts[END_REF][START_REF] Singh | Chemical and Strontium, Oxygen, and Carbon Isotopic Compositions of Carbonates from the Lesser Himalaya: Implications to the Strontium Isotope Composition of the Source Waters of the Ganga, Ghaghara, and the Indus Rivers[END_REF], and the most important contributor was identified to be the metamorphosed carbonate which contribute both high Sr flux and 87 Sr from the exchange with silicate [START_REF] English | Geologic control of Sr and major element chemistry in Himalayan Rivers, Nepal[END_REF]Galy et al., 1999;[START_REF] Quade | Silicate versus carbonate weathering in the Himalaya: a comparison of the Arun and Seti River watersheds[END_REF]. In some places, the disseminated calcite in HHCS is reported to have extremely high 87 Sr/ 86 Sr ratios of over 0.8 [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 87Sr/86Sr geochemistry of disseminated calcite in Himalayan silicate rocks from Nanga Parbat: Influence on river-water chemistry[END_REF], but such values can also be found in carbonates of impure marbles (Galy et al., 1999). Disseminated calcite in HHCS are supposed to be the major contributor of Sr flux from the chemical erosion of these crystalline rocks and responsible for the high 87 Sr/ 86 Sr ratios of HHCS rivers [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 87Sr/86Sr geochemistry of disseminated calcite in Himalayan silicate rocks from Nanga Parbat: Influence on river-water chemistry[END_REF]. Although these radiogenic Sr from crystalline rocks only have minor influence on the total Sr budget of the Himalayan rivers due to the low [Sr 2+ ] (Galy et al., 1999), these findings are important for places experiencing primary chemical weathering such as landslide and periglacial sites, which is the focus of our study. Further study combing the marine Sr/Ca record separated the evolution of global riverine Sr flux and 87 Sr/ 86 Sr ratios, suggesting that both values kept rising since 32 Ma, while the Sr isotopic ratio increase but Sr flux decrease in the early Cenozoic [START_REF] Lear | A Cenozoic seawater Sr/Ca record from benthic foraminiferal calcite and its application in determining global weathering fluxes[END_REF]. This may indicate the conjunction of the Himalaya uplift and enhanced chemical weathering, related to the establishment of a monsoonal climate over the area (e.g. [START_REF] Licht | Asian monsoons in a late Eocene greenhouse world[END_REF], and both contributed to the evolution of marine Sr record.

From the case of Himalaya, the importance of metamorphism in producing radiogenic Sr flux and its influence on the marine Sr record is highlighted. Among worldwide large rivers, silicate weathering just contribute 31% dissolved Sr [START_REF] Allègre | The fundamental role of island arc weathering in the oceanic Sr isotope budget[END_REF]Gaillardet et al., 1999b), and in Himalayan rivers, carbonate weathering contribute 65%-75% Sr [START_REF] Bickle | On discrimination between carbonate and silicate inputs to Himalayan rivers[END_REF]Galy et al., 1999). In this regard, although the weathering of granitic continental crust generate radiogenic Sr flux, their influence are easily buffered by the extensive weathering of marine carbonate, which provide more Sr flux but 87 Sr/ 86 Sr close to the sea water. However, when carbonate acquire radiogenic Sr through metamorphism, they are able to release radiogenic Sr but imparting carbonate characteristics to the overall water chemistry [START_REF] Evans | Hydrothermal source of radiogenic Sr to Himalayan rivers[END_REF].

However, there are still questions. One main question is the Himalaya uplift started in the early Miocene [START_REF] Yin | Geologic Evolution of the Himalayan-Tibetan Orogen[END_REF] while the rise of marine Sr isotopic curve started around 35 Ma [START_REF] Depaolo | High-Resolution Stratigraphy with Strontium Isotopes[END_REF][START_REF] Mcarthur | Chapter 7 -Strontium Isotope Stratigraphy[END_REF][START_REF] Palmer | Sr isotope composition of sea water over the past 75 Myr[END_REF][START_REF] Peucker-Ehrenbrink | A continental perspective of the seawater 87Sr/86Sr record: A review[END_REF]. Therefore, the Himalayan lithology where the high Sr isotopic signals are found cannot contribute to the early increase of marine Sr record. Moreover, the long residence time of Sr in sea water may delay the response of marine Sr record to major tectonic activities, so there should be other radiogenic sources before the Himalayan uplift. The continental collision between the Eurasian and Indian plate happened 70 Ma and the formation of Tibetan Plateau started during the Eocene [START_REF] Yin | Geologic Evolution of the Himalayan-Tibetan Orogen[END_REF]. The early rise in the marine Sr record would require the erosion of the high relief of the ancient Tibetan Plateau that could have brought radiogenic Sr flux to the ocean and contribute to the rise of Sr isotopic curve. The south part of the ancient Tibetan Plateau was composed of the Gangdese (Trans-Himalaya) arc, mainly comprising granitoid rocks, before the initiation of Himalaya trust [START_REF] Zhu | The Lhasa Terrane: Record of a microcontinent and its histories of drift and growth[END_REF]. In order to test the hypothesis, we choose the Chayu River catchment draining the Gangdese batholith as our study area.

There might be other driving forces for the early rise of marine Sr isotopic curve. An important reason why the Himalayas produce enough Sr fluxes to affect the marine Sr budget is its interplay with the monsoon. Some studies suggest a monsoon-like climate system already prevalent as early as the Eocene (e.g. [START_REF] Fang | Paleogeography control of Indian monsoon intensification and expansion at 41 Ma[END_REF][START_REF] Licht | Asian monsoons in a late Eocene greenhouse world[END_REF][START_REF] Quan | Revisiting the Paleogene climate pattern of East Asia: A synthetic review[END_REF][START_REF] Spicer | Paleogene monsoons across India and South China: Drivers of biotic change[END_REF]. The Chayu River catchment is chosen also because it is under the monsoon climate now, so that this catchment can be a candidate to test the hypothesis that the ancient Trans-Himalaya influenced the marine Sr isotopic budget.

Chemical weathering with landslides processes?

A large literature focus on the impact of landslide on physical erosion (e.g. [START_REF] Dadson | Links between erosion, runoff variability and seismicity in the Taiwan orogen[END_REF][START_REF] Gabet | A theoretical model coupling chemical weathering and physical erosion in landslide-dominated landscapes[END_REF][START_REF] Li | Earthquakes drive focused denudation along a tectonically active mountain front[END_REF][START_REF] Wang | Long-term patterns of hillslope erosion by earthquake-induced landslides shape mountain landscapes[END_REF] sediment transportation [START_REF] Dadson | Earthquake-triggered increase in sediment delivery from an active mountain belt[END_REF][START_REF] Hovius | Erosion-driven drawdown of atmospheric carbon dioxide: The organic pathway[END_REF][START_REF] Hovius | Sediment flux from a mountain belt derived by landslide mapping[END_REF][START_REF] Wang | Controls on fluvial evacuation of sediment from earthquake-triggered landslides[END_REF] and topography evolution [START_REF] Densmore | Topographic fingerprints of bedrock landslides[END_REF][START_REF] Hovius | Landslide-driven drainage network evolution in a pre-steady-state mountain belt: Finisterre Mountains, Papua New Guinea[END_REF]Gen Li et al., 2016), and show that landslide is the dominant mechanism for erosion in mountain area on long time scale [START_REF] Hovius | Sediment flux from a mountain belt derived by landslide mapping[END_REF][START_REF] Li | Earthquakes drive focused denudation along a tectonically active mountain front[END_REF][START_REF] Wang | Long-term patterns of hillslope erosion by earthquake-induced landslides shape mountain landscapes[END_REF]. The pulse of sediment flux may decay in years to decades [START_REF] Hovius | Erosion-driven drawdown of atmospheric carbon dioxide: The organic pathway[END_REF]. Since that there is a positive relationship between erosion rate and chemical weathering rate [START_REF] Stallard | Geochemistry of the Amazon: 2. The influence of geology and weathering environment on the dissolved load[END_REF][START_REF] West | Tectonic and climatic controls on silicate weathering[END_REF], landslide should also enhance the chemical weathering rate as well. However, its influence on chemical weathering is far less investigated than on physical erosion. [START_REF] Emberson | Weathering of Reactive Mineral Phases in Landslides Acts as a Source of Carbon Dioxide in Mountain Belts[END_REF][START_REF] Emberson | Combined effect of carbonate and biotite dissolution in landslides biases silicate weathering proxies[END_REF]Emberson et al. ( , 2016aEmberson et al. ( , 2016b) ) systematically studied the chemistry of surface water in Western Southern Alps and Taiwan, which appears to be areas with high erosion rates and widespread landslides. In WSA, the landslide seepages are found to be more concentrated (with higher TDS, Total Dissolved Solid) than the water in the rivers being not influenced by landslides. For all the catchments, there is a relationship between TDS and total landslide volume normalized by the catchment area (LSnorm).

Such relationship suggests that landslide can provide a major part of solute in this area (Emberson et al., 2016b). Besides, facilitated by a detailed landslide inventory derived from the airplane photo based historical landslide mapping, Emberson et al. (2016b) found the relationship between TDS and LSnorm is stronger in the more recent time period (30 years), and the typically high Ca 2+ /(Na + +Si+Ca 2+ ) signals for landslides decay with landslide age. Those suggest that landslide influence the chemical weathering budget on the time scale of 30-60 year. The high Ca/Na ratio and the positive relationship between K/Si ratio and TDS in landslide seepage point to the weathering of metamorphic or hydrothermal calcite and biotite. Similarly, the differences between landslide seepages and local streams (without landsliding) in WSA suggest that landslide accelerate the release of Ca from calcite and K from biotite (Figure 2.6). Both metamorphic calcite and biotite provide Sr with high 87 Sr/ 86 Sr ratios, but this particularly the case for biotite (Figure 2.6). Therefore, the chemical weathering in landslides is characterized by faster weathering of vein calcite and the K in biotite, resulting in high 87 Sr/ 86 Sr ratios and K-rich solute in seepage water [START_REF] Emberson | Combined effect of carbonate and biotite dissolution in landslides biases silicate weathering proxies[END_REF]. On mountain belt scale, the 87 Sr flux decouples with silicate weathering rate, indicating the limited utility of Sr isotopes as a proxy for silicate weathering.

In Taiwan, the lithology is more enriched in carbonate and pyrite. There, the strong positive correlation between Ca 2+ and SO4 2-of seepages water, associated with the correlation between TDS and [SO4 2-] in mountain stream, suggest that oxidative weathering of highly reactive pyrite and the ensuing rapid sulfuric-acid-driven weathering of carbonate dominate the output from recent landslides and are a first-order control on the stream chemistry (Emberson et al., 2016a). After correcting for the effect of secondary calcite precipitation and accompanied degassing on the stable carbon isotopes, Ca 2+ , and DIC, the modeling for initial weathering condition (for acid source, the relative ratio of carbonic acid to sulfuric acid, and for the substrate, the relative ratio of carbonate to silicate), [START_REF] Emberson | Weathering of Reactive Mineral Phases in Landslides Acts as a Source of Carbon Dioxide in Mountain Belts[END_REF] found that in both WSA and Taiwan, the seepages have similar acid balance with the local streams, and the seepages in Taiwan show more contribution from carbonate. With sulfuric acid-driven weathering, the landslides in mountain tend to behave as a net source for CO2. 

Chemical weathering under periglacial and glaciated environments

The modern Earth with ice-sheet at both poles is in ice-house condition compared to most of the time in the geological history. The ice-sheet developed during the Last Glacial Maximum (~25ka) is covering the North America with its south edge close to 40° N and the north-west Eurasia (e.g. [START_REF] Batchelor | The configuration of Northern Hemisphere ice sheets through the Quaternary[END_REF]. In addition, glaciers have been developed in most of the mid-high latitude alpine areas, except for those under extremely arid climates. Therefore, the glacial environment with ice-sheets and alpine glaciers, where temperature is below zero, is a kind of important environment that has been shaping the Earth surface. In addition to the glaciated areas, those that hold permafrost but not covered by ice, which is referred as periglacial areas [START_REF] Murton | What and where are periglacial landscapes? Permafrost and Periglacial Processes 1-27[END_REF], e.g. Siberian and north Canada at present, are under different and much colder climates than temperate areas, raising sparse vegetation such as tundra. To study the response of chemical weathering to climate in the field, it has been long that geologists study the properties of the river chemistry in the glaciated and periglacial areas, and probing into the weathering mechanisms behind.

Glacial rivers and streams

Pioneer works for river chemistry of glaciated catchments are focusing on streams fed by glaciers in mountain areas [START_REF] Anderson | Chemical weathering in the foreland of a retreating glacier[END_REF][START_REF] Anderson | Chemical weathering in glacial environments[END_REF][START_REF] Blum | 87Sr/86Sr ratios of sierra nevada stream waters: Implications for relative mineral weathering rates[END_REF][START_REF] Blum | A silicate weathering mechanism linking increases in marine 87Sr/ 86Sr with global glaciation[END_REF][START_REF] Drever | Neutralization of atmospheric acidity by chemical weathering in an alpine drainage basin in the North Cascade Mountains[END_REF]. A significant incongruent weathering are ubiquitously found in the streams draining glaciated catchments, with preferential weathering of biotite and carbonates [START_REF] Anderson | Chemical weathering in glacial environments[END_REF][START_REF] Blum | 87Sr/86Sr ratios of sierra nevada stream waters: Implications for relative mineral weathering rates[END_REF][START_REF] Drever | Neutralization of atmospheric acidity by chemical weathering in an alpine drainage basin in the North Cascade Mountains[END_REF][START_REF] Wimpenny | Glacial effects on weathering processes: New insights from the elemental and lithium isotopic composition of West Greenland rivers[END_REF], confirmed statistically by the compilation of glacial rivers and their comparison with global river dataset [START_REF] Torres | Glacial weathering, sulfide oxidation, and global carbon cycle feedbacks[END_REF] and being in accordance with new evidences from Mg isotopes [START_REF] Li | Riverine Mg isotopes response to glacial weathering within the Muztag catchment of the eastern Pamir Plateau[END_REF]. In proglacial areas covered by glacial sediments, it is found that carbonate dissolution and sulphide oxidation account for 90% of the solute yield from the youngest sediments, and such carbonate dominance is further confirmed by leaching experiments for the same fresh glacial sediments during the first 700 hours [START_REF] Anderson | Chemical weathering in the foreland of a retreating glacier[END_REF]. Rivers or streams fed by glacial usually have large discharge, and thus have relatively high TDS [START_REF] Anderson | Chemical weathering in the foreland of a retreating glacier[END_REF].

Biotite, carbonate and sulphide are reactive minerals phases. The comminution of glaciers, which means the physical abrasion and crushing of glacier on bedrocks, is a strong mechanism exposing fresh minerals for the reactive minerals to be weathered [START_REF] Anderson | Chemical weathering in the foreland of a retreating glacier[END_REF][START_REF] Blum | 87Sr/86Sr ratios of sierra nevada stream waters: Implications for relative mineral weathering rates[END_REF][START_REF] Drever | Neutralization of atmospheric acidity by chemical weathering in an alpine drainage basin in the North Cascade Mountains[END_REF]. The biotite weathering can form quickly vermiculite accompanied with the oxidization of Fe 2+ , the release of K + and the retention of Mg 2+ , which is much quicker than plagioclase weathering [START_REF] Blum | 87Sr/86Sr ratios of sierra nevada stream waters: Implications for relative mineral weathering rates[END_REF][START_REF] Drever | Neutralization of atmospheric acidity by chemical weathering in an alpine drainage basin in the North Cascade Mountains[END_REF]. The release of K + from biotite weathering cause increased 87 Sr/ 86 Sr ratios in river water [START_REF] Blum | 87Sr/86Sr ratios of sierra nevada stream waters: Implications for relative mineral weathering rates[END_REF].

Carbonate has faster dissolution rates than silicate minerals by up to 3 orders of magnitude (explained in Section 2.1.1). Sulphide oxidation takes place quickly and completely [START_REF] Brown | Experimental Investigations of the Weathering of Suspended Sediment by Alpine Glacial Meltwater[END_REF], happening in the deep weathering front (e.g. [START_REF] Gu | Deep abiotic weathering of pyrite[END_REF]. Furthermore, the silicate weathering rates of glacial rivers is the lowest among global dataset [START_REF] Torres | Glacial weathering, sulfide oxidation, and global carbon cycle feedbacks[END_REF][START_REF] White | The effect of time on the weathering of silicate minerals: why do weathering rates differ in the laboratory and field?[END_REF], caused by the low temperature (see Section 2.1.3, temperature control on silicate weathering) and probably the high pH [START_REF] Anderson | Chemical weathering in the foreland of a retreating glacier[END_REF].

Recently, more and more isotopic geochemical tools are applied to investigate the mechanisms behind the glacial rivers compositions. The dissolved U activity in glacial water can properly reflect the intensity of physical comminution [START_REF] Pogge Von Strandmann | Riverine behaviour of uranium and lithium isotopes in an actively glaciated basaltic terrain[END_REF], and the δ 7 Li for the intensity of secondary mineral formation and thus chemical weathering intensity (e.g. [START_REF] Dellinger | Riverine Li isotope fractionation in the Amazon River basin controlled by the weathering regimes[END_REF]. In rivers from

Iceland, a positive correlation between δ 7 Li with increasing ( 234 U/ 238 U) is observed, suggesting that where physical comminution is strong, chemical weathering is suppressed [START_REF] Pogge Von Strandmann | Riverine behaviour of uranium and lithium isotopes in an actively glaciated basaltic terrain[END_REF]. The slightly lighter δ 7 Li in glaciated river is considered to be the consequence of the uptake of 6 Li by secondary minerals like Fe-oxyhydroxide [START_REF] Wimpenny | Glacial effects on weathering processes: New insights from the elemental and lithium isotopic composition of West Greenland rivers[END_REF]. Low δ 26 Mg in glaciated rivers than nonglacial river provide another clue for the preferential carbonate dissolution in glaciated rivers [START_REF] Li | Riverine Mg isotopes response to glacial weathering within the Muztag catchment of the eastern Pamir Plateau[END_REF].

Periglacial rivers and streams

The freeze-thaw process in periglacial areas expose fresh minerals [START_REF] Andersen | The periglacial engine of mountain erosion -Part 1: Rates of frost cracking and frost creep[END_REF][START_REF] Hales | Climatic controls on frost cracking and implications for the evolution of bedrock landscapes[END_REF][START_REF] Hallet | Weathering by segregation ice growth in microcracks at sustained subzero temperatures: Verification from an experimental study using acoustic emissions[END_REF][START_REF] Marshall | Frost for the trees: Did climate increase erosion in unglaciated landscapes during the late Pleistocene?[END_REF][START_REF] Murton | Bedrock Fracture by Ice Segregation in Cold Regions[END_REF][START_REF] Walder | A theoretical model of the fracture of rock during freezing[END_REF] as the glacier does, creating abundant shattered sediments, e.g. Talus and rock glacial [START_REF] Barsch | Permafrost creep and rockglaciers[END_REF]. Therefore, it is not surprise that the periglacial rivers has similar hydrochemistry as glacial rivers [START_REF] Anderson | Chemical weathering in the foreland of a retreating glacier[END_REF][START_REF] Beylich | Spatial variations of surface water chemistry and chemical denudation in the Erdalen drainage basin, Nordfjord, western Norway. Geomorphology, Sedimentary fluxes and budgets in natural and anthropogenically modified landscapes -Effects of climate change and landuse change on geomorphic processes[END_REF][START_REF] Hindshaw | Influence of glaciation on mechanisms of mineral weathering in two high Arctic catchments[END_REF][START_REF] Scribner | Exposure age and climate controls on weathering in deglaciated watersheds of western Greenland[END_REF]. Field observations also found that there are strong correlations between TDS and thickness of the sediment deposits in the periglacial area of west Norway [START_REF] Beylich | Spatial variations of surface water chemistry and chemical denudation in the Erdalen drainage basin, Nordfjord, western Norway. Geomorphology, Sedimentary fluxes and budgets in natural and anthropogenically modified landscapes -Effects of climate change and landuse change on geomorphic processes[END_REF].

In Svalbard, an island situated along the Arctic circle where glaciers cut a former plateau into fjords and valleys, the chemical composition of a periglacial catchment is compared with an adjacent glaciated catchment [START_REF] Hindshaw | Influence of glaciation on mechanisms of mineral weathering in two high Arctic catchments[END_REF]. It was shown that in periglacial catchment sulphide oxidation is coupled to silicate weathering;

whereas in the glaciated catchment, both carbonates and silicates weathered via both sulfuric and carbonic acids. The result first suggest that the carbonate minerals are more readily exhausted than sulphide, and second suggest that, in general, the mineral exposed by periglacial frost process are less fresh than that exposed by glacial comminution. The higher 87 Sr/ 86 Sr ratios ratio in the glacier outlet stream than that in proglacial streams [START_REF] Anderson | Chemical weathering in the foreland of a retreating glacier[END_REF] can thus been explained by the fresher rocks exposed by glacial comminution.

The yield of periglacial weathering responds to regional climate. Along a transect from inland (closer to glacier) to coast of the West Greenland periglacial area, an increasing dissolved Si and a decreasing difference in 87 Sr/ 86 Sr ratios between the water and parent rock are observed along the transect from the inland to the coast, suggesting enhanced silicate weathering and more congruent dissolution, likely related to the elevated coastal precipitation [START_REF] Scribner | Exposure age and climate controls on weathering in deglaciated watersheds of western Greenland[END_REF]. Such observation is similar to the declined cations denudation rates and increased silicon denudation rates with increasing distance from the glacier [START_REF] Anderson | Chemical weathering in the foreland of a retreating glacier[END_REF].

The study for periglacial weathering might also provide insights into the variation of continental weathering during the glacial-interglacial cycles in the late Cenozoic since the coverage of periglacial areas fluctuate along with the expand and retreat of icesheets. For example, the periglacial areas during the LGM might have extended to 30-40° N in North America (e.g. [START_REF] Vandenberghe | The Last Permafrost Maximum (LPM) map of the Northern Hemisphere: permafrost extent and mean annual air temperatures, 25-17 ka BP[END_REF], such development of periglacial area and frost cracking may have facilitated chemical weathering and leaving legacies of deformed critical zone until the present [START_REF] Marshall | Extensive Frost Weathering Across Unglaciated North America During the Last Glacial Maximum[END_REF][START_REF] Marshall | Frost for the trees: Did climate increase erosion in unglaciated landscapes during the late Pleistocene?[END_REF].

Large boreal river systems

There are also many studies focusing on the large rivers that draining boreal areas, e.g.

Siberia [START_REF] Bagard | Seasonal variability of element fluxes in two Central Siberian rivers draining high latitude permafrost dominated areas[END_REF]Huh et al., 1998bHuh et al., , 1998a;;[START_REF] Huh | The fluvial geochemistry of the rivers of Eastern Siberia: III. Tributaries of the Lena and Anabar draining the basement terrain of the Siberian Craton and the Trans-Baikal Highlands[END_REF][START_REF] Pokrovsky | Permafrost coverage, watershed area and season control of dissolved carbon and major elements in western Siberian rivers[END_REF][START_REF] Pokrovsky | Dissolved, suspended, and colloidal fluxes of organic carbon, major and trace elements in the Severnaya Dvina River and its tributary[END_REF][START_REF] Pokrovsky | Basalt weathering in Central Siberia under permafrost conditions[END_REF][START_REF] Pokrovsky | Iron colloids/organic matter associated transport of major and trace elements in small boreal rivers and their estuaries (NW Russia). Chemical Geology, Geochemistry of Crustal Fluids-Fluids in the Crust and Chemical Fluxes at the Earth's[END_REF][START_REF] Zakharova | Chemical weathering of silicate rocks in Karelia region and Kola peninsula, NW Russia: Assessing the effect of rock composition, wetlands and vegetation[END_REF], the North America (e.g. [START_REF] Calmels | Sustained sulfide oxidation by physical erosion processes in the Mackenzie River basin: Climatic perspectives[END_REF][START_REF] Millot | Northern latitude chemical weathering rates: clues from the Mackenzie River Basin, Canada[END_REF]. As the large rivers are draining combined lithologies, tectonic background and the weathering of different lithology (e.g. Huh et al., 1998bHuh et al., , 1998a;;[START_REF] Huh | The fluvial geochemistry of the rivers of Eastern Siberia: III. Tributaries of the Lena and Anabar draining the basement terrain of the Siberian Craton and the Trans-Baikal Highlands[END_REF] interactions with the hydrology over a year (e.g. [START_REF] Bagard | Seasonal variability of element fluxes in two Central Siberian rivers draining high latitude permafrost dominated areas[END_REF], their hydrochemistry are more complex to be explained than the streams mentioned above.

Generally, the rivers draining the Siberian and Canadian shield are most diluted, with the lowest total denudation of chemical and physical erosion because the low temperature in the boreal area largely limited the silicate weathering rates [START_REF] West | Tectonic and climatic controls on silicate weathering[END_REF]. However, rivers draining the collision zone and the Trans-Baikal highland of the eastern Siberia seems have similar silicate weathering rates as rivers in the tropical area [START_REF] Huh | The fluvial geochemistry of the rivers of Eastern Siberia: III. Tributaries of the Lena and Anabar draining the basement terrain of the Siberian Craton and the Trans-Baikal Highlands[END_REF], which is ascribed to the continuously shattering of bedrocks by periglacial frost processes that expose fresh rock surfaces to overcome the inhibited chemical weathering by cold climate [START_REF] Huh | The fluvial geochemistry of the rivers of Eastern Siberia: III. Tributaries of the Lena and Anabar draining the basement terrain of the Siberian Craton and the Trans-Baikal Highlands[END_REF], but tectonics may also accounts for the variations in those highlands [START_REF] West | Tectonic and climatic controls on silicate weathering[END_REF]. However, the study for the Mackenzie basin shows that the silicate weathering rate of the rocky and Mackenzie mountain tributaries are strongly suppressed to be as low as on the Canadian Shield, while carbonate weathering dominates [START_REF] Millot | Northern latitude chemical weathering rates: clues from the Mackenzie River Basin, Canada[END_REF], exhibiting a similar pattern of the comparison between the mountain and floodplain rivers of the Himalaya [START_REF] Kemeny | Sulfate sulfur isotopes and major ion chemistry reveal that pyrite oxidation counteracts CO2 drawdown from silicate weathering in the Langtang-Trisuli-Narayani River system, Nepal Himalaya[END_REF].

Besides, lithology is a major factor for hydrochemistry in addition to the climate and terrain [START_REF] Edmond | Chemical Weathering Yields from Basement and Orogenic Terrains in Hot and Cold Climates[END_REF]Huh et al., 1998aHuh et al., , 1998b;;[START_REF] Huh | The fluvial geochemistry of the rivers of Eastern Siberia: III. Tributaries of the Lena and Anabar draining the basement terrain of the Siberian Craton and the Trans-Baikal Highlands[END_REF][START_REF] Millot | Northern latitude chemical weathering rates: clues from the Mackenzie River Basin, Canada[END_REF]. The concentration of major cations is in accordant with the dominant lithology of the drainage area, e.g. carbonate and evaporite dominate in the sedimentary platform (Huh et al., 1998b); Ca-aluminosilicate, carbonate and black shales (in some tributaries) dominate the collisional zone (Huh et al., 1998a); old crystalline rocks with radiogenic Sr dominate the Trans-Baikal highland, although the Si yield from the highland is relatively low [START_REF] Huh | The fluvial geochemistry of the rivers of Eastern Siberia: III. Tributaries of the Lena and Anabar draining the basement terrain of the Siberian Craton and the Trans-Baikal Highlands[END_REF]. As indicated by [START_REF] Edmond | Chemical Weathering Yields from Basement and Orogenic Terrains in Hot and Cold Climates[END_REF], the North America mountains at similar altitude as Trans-Baikal highland are three times higher in TDS, which may reflect the difference in rock weatherability. Another process link to lithology is the oxidation of sulphide. As suggested by S and O isotopes, the sulfuric acid from pyrite oxidation is an important acid involved in the weathering of Mackenzie catchment, which takes a larger proportion in the Rocky tributaries than the plain rivers [START_REF] Calmels | Sustained sulfide oxidation by physical erosion processes in the Mackenzie River basin: Climatic perspectives[END_REF]. The correlation between sulphide oxidation and mechanical erosion rate indicates that the mechanical exposure is the rate-limiting factor for the sulphide oxidation [START_REF] Calmels | Sustained sulfide oxidation by physical erosion processes in the Mackenzie River basin: Climatic perspectives[END_REF]. Therefore, exposure mechanisms such as glacial comminution, periglacial frost process and landslides may accelerate the oxidation of sulphide as well as the release of sulphric acid, causing enhanced chemical weathering of carbonate and silicate minerals.

Another feature of the boreal rivers, especially for those draining lowlands, is that they are influenced by peatland full of organic matters, which is underlined by permafrost.

The low temperature suppresses the degradation of plant litter to form organic-rich peat layer. It was suggested that the relatively high silicate contribution in the dissolved load of rivers draining the interior sedimentary platform of the Mackenzie basin is probably due to the abundance of organic matter [START_REF] Millot | Northern latitude chemical weathering rates: clues from the Mackenzie River Basin, Canada[END_REF]. The most significant effect of the organic matter is to deliver DOC to the rivers [START_REF] Zakharova | Chemical weathering of silicate rocks in Karelia region and Kola peninsula, NW Russia: Assessing the effect of rock composition, wetlands and vegetation[END_REF] and to form organic colloids and metal-organic compounds that transport chemical elements with low solubility, such as Al, Ti, REEs or Th [START_REF] Bagard | Seasonal variability of element fluxes in two Central Siberian rivers draining high latitude permafrost dominated areas[END_REF][START_REF] Pokrovsky | Permafrost coverage, watershed area and season control of dissolved carbon and major elements in western Siberian rivers[END_REF][START_REF] Pokrovsky | Dissolved, suspended, and colloidal fluxes of organic carbon, major and trace elements in the Severnaya Dvina River and its tributary[END_REF][START_REF] Pokrovsky | Basalt weathering in Central Siberia under permafrost conditions[END_REF][START_REF] Pokrovsky | Iron colloids/organic matter associated transport of major and trace elements in small boreal rivers and their estuaries (NW Russia). Chemical Geology, Geochemistry of Crustal Fluids-Fluids in the Crust and Chemical Fluxes at the Earth's[END_REF][START_REF] Zakharova | Chemical weathering of silicate rocks in Karelia region and Kola peninsula, NW Russia: Assessing the effect of rock composition, wetlands and vegetation[END_REF] which are coprecipitated with the colloids [START_REF] Pokrovsky | Iron colloids/organic matter associated transport of major and trace elements in small boreal rivers and their estuaries (NW Russia). Chemical Geology, Geochemistry of Crustal Fluids-Fluids in the Crust and Chemical Fluxes at the Earth's[END_REF]. The presence of permafrost may block the penetration of surface water into the saprolite and the regolith (lower horizon of the soil and the fresh rock), and thus creating a latitudinal trends of northward decreasing DIC and dissolved cations (Ca, Mg) because the permafrost is more continuous towards the North [START_REF] Pokrovsky | Permafrost coverage, watershed area and season control of dissolved carbon and major elements in western Siberian rivers[END_REF]. The surface soil water is usually rich in colloids and organic matter [START_REF] Pokrovsky | Dissolved, suspended, and colloidal fluxes of organic carbon, major and trace elements in the Severnaya Dvina River and its tributary[END_REF], the wash out of the surface materials leads to the peak concentrations and fluxes of colloid-borne trace elements during the spring flood [START_REF] Bagard | Seasonal variability of element fluxes in two Central Siberian rivers draining high latitude permafrost dominated areas[END_REF][START_REF] Pokrovsky | Dissolved, suspended, and colloidal fluxes of organic carbon, major and trace elements in the Severnaya Dvina River and its tributary[END_REF][START_REF] Zakharova | Chemical weathering of silicate rocks in Karelia region and Kola peninsula, NW Russia: Assessing the effect of rock composition, wetlands and vegetation[END_REF]; during summer and fall, the concentration of soluble cation increase by a factor of magnitude from mineral leaching; during the winter, a deep groundwater flux predominant which enters large rivers through unfrozen permafrostpaths [START_REF] Bagard | Seasonal variability of element fluxes in two Central Siberian rivers draining high latitude permafrost dominated areas[END_REF].

Weakness of current studies

The periglacial land occupy much larger areas than glaciated lands in mountains and sub-polar areas, and the influence of periglacial process can be applied on chemical weathering and the structure of critical zones at present and during the past glacialinterglacial cycles [START_REF] Marshall | Extensive Frost Weathering Across Unglaciated North America During the Last Glacial Maximum[END_REF][START_REF] Marshall | Frost for the trees: Did climate increase erosion in unglaciated landscapes during the late Pleistocene?[END_REF]. However, the current studies for the periglacial weathering are mostly from sub-polar areas, e.g. Siberia, Canada, Greenland, Svalbard. Those areas are tectonically stable or just have experienced vertical movement of isostatic rebound. Although frost processes can develop the cracks in rocks and thus exposing fresh minerals for chemical weathering, the extend is largely limited. For instance, in many lowland, tectonically stable areas, the development of peat will also lower the permeability of soil and limit the water-rock interaction in the lower part of a weathering profile in the soil. In addition, the presence of permafrost may block the penetration of surface water, and decrease DIC and dissolved cations (Ca, Mg) where it is more continuous [START_REF] Pokrovsky | Permafrost coverage, watershed area and season control of dissolved carbon and major elements in western Siberian rivers[END_REF]. In areas where local relief is enough to generate creep or catastrophic collapse (e.g. rock glaciers) of the permafrost, the exposure of fresh rocks will stop this limitation of chemical weathering.

So, we guess that the periglacial areas in alpine mountains with intense tectonic activities can amplify the effect of fresh rock exposure and its role on the river water chemistry. Modelling work for frost process show that microcracks extend to 10 m at most beneath the surface [START_REF] Andersen | The periglacial engine of mountain erosion -Part 1: Rates of frost cracking and frost creep[END_REF][START_REF] Hales | Climatic controls on frost cracking and implications for the evolution of bedrock landscapes[END_REF]Marshall et al., 2015). However, if there are tectonic activities, bedrocks are already fractured to promote weathering and ready to be transported before they are lift above the surface [START_REF] Molnar | Tectonics, fracturing of rock, and erosion[END_REF]. As the fractures by tectonic activities overlap the cracks by frost processes, the exposure of fresh bedrocks can be quite efficient. In the river beneath the Hailuogou glacier situated in the eastern Tibetan Plateau, one of the most active area in the world, it is observed that the chemical weathering intensity is higher than most other glacial basins out of the Tibetan Plateau [START_REF] Li | Intense Chemical Weathering at Glacial Meltwater-Dominated Hailuogou Basin in the Southeastern Tibetan Plateau[END_REF]. In my thesis, I will address the question of alpine periglacial weathering in the study area, Chayu River Catchment in Southeast Tibet.

-PERIGLACIAL WEATHERING PROCESSES

On the significance of periglacial conditions in active mountain belts for chemical weathering processes: insights from the Chayu area, SE Tibet Xiaobai Ruan 1 , Albert Galy *: corresponding author: albert.galy@univ-lorraine.fr

Abstract

Chemical weathering is a key player of the long-term (Ma) timescale carbon cycle.

Weathering processes under alpine periglacial environment could be important during the Quaternary glacial-interglacial cycles, but such timescale is difficult to fully 

Introduction

The Quaternary climatic cycles may bring fluctuations of chemical weathering rate and flux from regional to global scale (e.g. [START_REF] Colin | Erosional history of the Himalayan and Burman ranges during the last two glacial-interglacial cycles[END_REF][START_REF] Foster | Negligible glacial-interglacial variation in continental chemical weathering rates[END_REF][START_REF] Hein | Post-glacial climate forcing of surface processes in the Ganges-Brahmaputra river basin and implications for carbon sequestration[END_REF][START_REF] Vance | Variable Quaternary chemical weathering fluxes and imbalances in marine geochemical budgets[END_REF][START_REF] Wan | Enhanced silicate weathering of tropical shelf sediments exposed during glacial lowstands: A sink for atmospheric CO2[END_REF][START_REF] Wilson | Quaternary climate modulation of Pb isotopes in the deep Indian Ocean linked to the Himalayan chemical weathering[END_REF]. As a key feature of the climatic cycles, the expansion and shrinkage of ice sheet induce downstream climatic impact to the broad high and middle latitudes regions (e.g. [START_REF] Ruddiman | Earth's climate: past and future[END_REF], including the occurrence of periglacial environment over large area of land surface during glacial periods (e.g. [START_REF] Hubberten | The periglacial climate and environment in northern Eurasia during the Last Glaciation[END_REF][START_REF] Marshall | Extensive Frost Weathering Across Unglaciated North America During the Last Glacial Maximum[END_REF]. Periglacial environment is defined as "the climatic conditions, processes, landforms, landscapes, sediments and soil structures associated with cold, nonglacial environments" [START_REF] Murton | What and where are periglacial landscapes? Permafrost and Periglacial Processes 1-27[END_REF]. The conditions of chemical weathering under periglacial environment can be peculiar since repeated freeze-thaw cycles can increase the porosity in bedrocks [START_REF] Hallet | Weathering by segregation ice growth in microcracks at sustained subzero temperatures: Verification from an experimental study using acoustic emissions[END_REF][START_REF] Marshall | Extensive Frost Weathering Across Unglaciated North America During the Last Glacial Maximum[END_REF][START_REF] Marshall | Frost for the trees: Did climate increase erosion in unglaciated landscapes during the late Pleistocene?[END_REF][START_REF] Sun | Characterisation and evolution of the full size range of pores and fractures in rocks under freeze-thaw conditions using nuclear magnetic resonance and three-dimensional X-ray microscopy[END_REF] that might have played a role in the response of weathering to Quaternary climate change [START_REF] Foster | Negligible glacial-interglacial variation in continental chemical weathering rates[END_REF][START_REF] Vance | Variable Quaternary chemical weathering fluxes and imbalances in marine geochemical budgets[END_REF].

Periglacial conditions are also prevailing in the cold alpine part of mountain belts, and the periglacial frost cracking process is not just caused by low temperatures but also by the large amplitude of diurnal or seasonal temperature variations in such setting (e.g. [START_REF] Draebing | The Efficacy of Frost Weathering Processes in Alpine Rockwalls[END_REF][START_REF] Mair | The role of frost cracking in local denudation of steep Alpine rockwalls over millennia (Eiger, Switzerland)[END_REF]. This process is also responsible for the ubiquitous talus deposits beneath bedrock cliffs covering valley slopes [START_REF] Hales | Climatic controls on frost cracking and implications for the evolution of bedrock landscapes[END_REF], and cause high rate of physical erosion in alpine mountain areas (e.g. [START_REF] Egholm | The periglacial engine of mountain erosion -Part 2: Modelling large-scale landscape evolution[END_REF][START_REF] Hales | Climatic controls on frost cracking and implications for the evolution of bedrock landscapes[END_REF]. However, bedrock landsliding is the dominant mass wasting process of active mountain belts [START_REF] Hovius | Supply and Removal of Sediment in a Landslide-Dominated Mountain Belt: Central Range, Taiwan[END_REF][START_REF] Hovius | Sediment flux from a mountain belt derived by landslide mapping[END_REF] and the chemical weathering flux can be significantly impacted by typical reactions occurring within the landslide deposits (Emberson et al., 2016a). The characteristics of such chemical reactions (a strong kinetic limitation and the preferential weathering of the most reactive phases) are promoted by a high surface area of fresh rocks and high porosity rock mass [START_REF] Emberson | Weathering of Reactive Mineral Phases in Landslides Acts as a Source of Carbon Dioxide in Mountain Belts[END_REF][START_REF] Emberson | Combined effect of carbonate and biotite dissolution in landslides biases silicate weathering proxies[END_REF](Emberson et al., , 2016b)). The processes of frost cracking and landsliding share the commonality of breaking bedrocks and creating fresh mineral surfaces for chemical weathering. Therefore, it is plausible to argue that the frost cracking under periglacial environment may have strong impact on the composition of local water as well.

In this study, we investigated the water chemistry in the Chayu catchment in Southeast Tibet, a place that spans large geographical gradient from periglacial to monsoonal environment, dominated by granitoid lithology, and experiencing active tectonic activity. The aim of this study is first to test the hypothesis that the mass wasting deposits in periglacial environment has the effect of enhancing chemical weathering and preferential weathering of labile phases, identical to the weathering of bedrock landslide deposits [START_REF] Emberson | Weathering of Reactive Mineral Phases in Landslides Acts as a Source of Carbon Dioxide in Mountain Belts[END_REF][START_REF] Emberson | Combined effect of carbonate and biotite dissolution in landslides biases silicate weathering proxies[END_REF](Emberson et al., , 2016b)); and second to test if elevated chemical weathering in landslide deposits extends to granitoid lithologies as well. By comparing the seepage waters from mass wasting deposits and the nearby stream waters in two different environments in the Chayu catchment, we found (1) the chemistry of both seepage and stream waters are similar and concentrated under the periglacial environment, and suggestive of the preferential dissolution of calcite and leaching of K from biotite coupled with sulfuric acid under periglacial environment, and (2) the bedrock landslide seepages are more concentrated than streams under monsoonal environment on granitoid lithology extending the characteristics of bedrock landslides chemical reactions to this lithology.

Study area and sampling protocol

The Chayu river is the upper part of the Lohit river, an eastern tributary of the Brahmaputra. It drains the eastern Himalaya for an area of ~18000 km outside the catchment at 3850 m, the observed MAT is of 2.4° at the Ranwu lake [START_REF] Ju | Estimating the contribution of glacial meltwater to Ranwu Lake, a proglacial lake in SE Tibet, using observation data and stable isotopic analyses[END_REF]. With a mean altitude around 4600m of the North Chayu (Table 3.4), and a local thermal gradient of -6.1°/km, the MAT for North Chayu is estimated to be -2.2°C.

A rough estimation for MAP in the North Chayu from a satellite observation-based model is less than 200 mm/yr [START_REF] Anders | Spatial patterns of precipitation and topography in the Himalaya, in: Tectonics, Climate, and Landscape Evolution[END_REF].

Mass wasting deposits are well developed in the valley, especially in the north of the catchment. Several types of mass wasting deposits can be identified based on our field survey combined with satellite images (e.g. Google Earth or ArcGIS World Imagery). The most prevailing type is talus (also referred to as "scree" in some literature), which is the accumulation of loose rock debris, usually presented as cones, at the foot of steep slopes [START_REF] Ballantyne | Paraglacial geomorphology[END_REF]. Such landscape is frequently found in alpine periglacial environment over the world (e.g. [START_REF] Hales | Climatic controls on frost cracking and implications for the evolution of bedrock landscapes[END_REF] and the references therein). Materials of the talus are mostly supplied by rockfall of the upper rock cliffs [START_REF] Ballantyne | Paraglacial geomorphology[END_REF], triggered by frost cracking processes caused by the stress during pore water freezing and ice segregation (e.g. [START_REF] Murton | Bedrock Fracture by Ice Segregation in Cold Regions[END_REF]. The talus deposit can experience continuous accumulation or reworking for century to millennium long (e.g. [START_REF] Curry | Lateglacial and Holocene talus slope development and rockwall retreat on Mynydd Du[END_REF]. Despite the temperature-related processes, rock fall triggering mechanisms also include earthquakes (e.g. [START_REF] Matsuoka | Rockfall activity from an alpine cliff during thawing periods[END_REF] and unloading during deglaciation (e.g. [START_REF] Hinchliffe | Talus accumulation and Rockwall retreat, Trotternish, isle of Skye, Scotland[END_REF].

During the Last Glacial Maximum, the high-altitude part of the Chayu valley could have been covered by glacier, because the maximum extension of LGM end moraines in the surrounding eastern Himalaya areas (Namcha Barwa and Parlung Tsangpo Valley) are between 2800 and 3000m [START_REF] Hu | Glacial advances and stability of the moraine dam on Mount Namcha Barwa since the Last Glacial Maximum, eastern Himalayan syntaxis[END_REF][START_REF] Zhou | Glacial advances in southeastern Tibet during late Quaternary and their implications for climatic changes[END_REF]. However, considering the much lower MAP of the North Chayu, which means the LGM glacier in North

Chayu should not reach the elevation as low as the two places, the newly supplied fresh rock debris on the North Chayu talus, and the intense tectonic activity in the area (e.g. [START_REF] Mukhopadhyay | Earthquake swarms near eastern Himalayan Syntaxis along Jiali Fault in Tibet: A seismotectonic appraisal[END_REF], the talus development in North Chayu cannot be fully ascribed to the Holocene deglaciation. The second type of deposit is rock glacier, which corresponds to thick talus deposits that contain permafrost and formed by the subsequent creep and deformation of such rock/ice mixture [START_REF] Barsch | Permafrost creep and rockglaciers[END_REF][START_REF] Haeberli | Permafrost creep and rock glacier dynamics[END_REF]. Rock glaciers are often seen in continental climate [START_REF] Barsch | Permafrost creep and rockglaciers[END_REF], and favour places with high talus production rates [START_REF] Janke | Colorado Front Range Rock Glaciers: Distribution and Topographic Characteristics[END_REF]. The north part of the Chayu catchment being on the leeward slope of the Mt. Kangri Garpo, it provides suitable climatic conditions for the rock glaciers. In the Chayu catchment, some "talus" fans are indeed fed by the frontal collapse of rock glaciers (e.g. the talus at 29°19′54.3″N, 97°5′51.0″E). The third type of deposit is associated to bedrock landslide, which refers to the catastrophic movement of mass bedrock along failures by gravity [START_REF] Korup | Giant landslides, topography, and erosion[END_REF].

Geologically, the Chayu river catchment belongs to the eastern part of the Lhasa terrane, east of the Namche Barwa Himalayan Syntaxis. The Lhasa terrane was the latest geological block rifted from Gandwana, drifted northward and accreted to Eurasia before its collision with the Indian continent [START_REF] Zhu | The Lhasa Terrane: Record of a microcontinent and its histories of drift and growth[END_REF]. The collision with the Indian plate has been accommodated by the Tibet and Lhasa terrane through strong deformation along strike-slip faults responsible for the eastern extrusion and EW extension (e.g. [START_REF] Tapponnier | Oblique Stepwise Rise and Growth of the Tibet Plateau[END_REF]. In the studied area, a dextral strike-slip fault, the Jiali Fault, goes across the eastern Lhasa terrane, and the fault splits into two branches in the Chayu river catchment (Figure 3.1), the Parlung fault in the north and the Puqu fault in the south [START_REF] Lee | Miocene Jiali faulting and its implications for Tibetan tectonic evolution[END_REF]. The consequences of the dextral strike-slip are a N-S zonation of the lithology distribution, and similarities with the regions to the west. In the Chayu river catchment, there are three basic lithological units: (1) the metamorphic Precambrian basement; (2) the Mesozoic cover, and (3) the Eastern Himalayan Batholith (EHB). The Precambrian basement contains an older part bearing schist, leptynite, gneiss, and minor amphibolite and marble [START_REF] Xu | Geochronology and geochemistry of Mesoproterozoic granitoids in the Lhasa terrane, south Tibet: Implications for the early evolution of Lhasa terrane[END_REF], and a younger Neoproterozoic part made of greenschist-facies suite of clastic rocks [START_REF] Xie | Recent progress in the study of the Neoproterozoic-Cambrian Bomi Group in the Bomi-Zayü area, eastern Tibet, China[END_REF].

The Mesozoic cover is composed of Ordovician-Devonian carbonate rocks and Carboniferous-Permian slate [START_REF] Dong | Origin and tectonic implications of Early Cretaceous high-and low-Mg series rocks and mafic enclaves in the Bomi-Chayu Fold Belt, SE Tibet[END_REF]. The EHB is the dominant unit in the study area [START_REF] Chiu | Zircon U-Pb and Hf isotopic constraints from eastern Transhimalayan batholiths on the precollisional magmatic and tectonic evolution in southern Tibet[END_REF][START_REF] Dong | Origin and tectonic implications of Early Cretaceous high-and low-Mg series rocks and mafic enclaves in the Bomi-Chayu Fold Belt, SE Tibet[END_REF][START_REF] Lin | Geochemical and Sr-Nd isotopic characteristics of Cretaceous to Paleocene granitoids and volcanic rocks, SE Tibet: Petrogenesis and tectonic implications[END_REF][START_REF] Pan | Oligocene magmatism in the eastern margin of the east Himalayan syntaxis and its implication for the India-Asia post-collisional process[END_REF][START_REF] Zhu | The Lhasa Terrane: Record of a microcontinent and its histories of drift and growth[END_REF]. In the Chayu river catchment, intrusions of the EHB mainly occurred in the Early Cretaceous but also in the Paleocene. The limited mineralogy investigation for the EHB in the studied area show that it is constituted by K-feldspar (~40%), plagioclase (~30%), quartz (~20%), biotite (~5 to 10%) and accessary minerals such as hornblende, muscovite, apatite, and opaque phases [START_REF] Chiu | Zircon U-Pb and Hf isotopic constraints from eastern Transhimalayan batholiths on the precollisional magmatic and tectonic evolution in southern Tibet[END_REF][START_REF] Lin | Geochemical and Sr-Nd isotopic characteristics of Cretaceous to Paleocene granitoids and volcanic rocks, SE Tibet: Petrogenesis and tectonic implications[END_REF].

Based on the age, the location relative to the Parlung and Puqu faults and the petrology, the EHB can be divided in three units, which are the Demulha Batholith, the Azhagong Batholith and the Chayu Batholith along the river path from north to south (Figure 3.1, [START_REF] Lin | Geochemical and Sr-Nd isotopic characteristics of Cretaceous to Paleocene granitoids and volcanic rocks, SE Tibet: Petrogenesis and tectonic implications[END_REF]. The elemental compositions of these three batholiths are distinctive [START_REF] Lin | Geochemical and Sr-Nd isotopic characteristics of Cretaceous to Paleocene granitoids and volcanic rocks, SE Tibet: Petrogenesis and tectonic implications[END_REF]. Abundances of CaO (wt%) is the highest in the Azhagong Batholith and the lowest in the Demulha Batholith and anti-correlated with abundances of K2O%.

According to AFT thermochronology, this area experienced strong exhumation (2.3-10 mm a -1 ) in the Quaternary [START_REF] Sun | Inversion model of drainage basins' tectonothermal evolution through detrital AFT ages: A case study of Chayu River in southeastern Tibet[END_REF] associated to a significant earthquake activity (e.g. [START_REF] Mukhopadhyay | Earthquake swarms near eastern Himalayan Syntaxis along Jiali Fault in Tibet: A seismotectonic appraisal[END_REF]. This is corroborated by the basin hypsometry that indicates intense crustal shortening and uplift for the Chayu catchment [START_REF] Zhang | Landscape evolution of the Eastern Himalayan Syntaxis based on basin hypsometry and modern crustal deformation[END_REF]. Field survey and sampling for the Chayu river catchment was conducted in September 2019. A series of samples are collected corresponding to seepages from the mass wasting deposit, bedrocks, and water and solid samples for streams nearby the sampled seepages. Seepages are usually found at points where water exfiltrate from the bottom of the mass wasting deposits (Table 3.1). For the landslide sampled in the south catchment, seepages water is sourced from the scar of the landslide and flowing on the surface of deposit. Some large deposits had several seepages, and we only collected samples for those with high fluxes but also representative of the range of pH and conductivity. Streams close the seepage sampling sites were also sampled. In the south catchment, three streams near the landslide deposit (Figure 3.1) correspond to small (3.6 to 24 km 2 ) catchment draining the same lithology under similar climatic condition and with no evident mass wasting deposit in their upstream catchment. In the north, the greater occurrence of mass wasting deposits, and the poor accessibility implied that only one sampled stream (RYG 153) is without evident deposits. Streams having larger upstream areas (> 100 km 2 ) but with some deposits (RYG 114,RYG 126 and RYG 161) were also sampled. The locations of the seepages and stream samples are shown in Figure 3.1. The seepages sampled in the north catchment are mostly from the Demulha Batholith, while the seepages in the south are from Chayu Batholith. This study is far from being extensive since some mass wasting deposits were unreachable (e.g. the bedrock landslide deposit at 28°57′45.9″N, 97°27′46.6″E, on the riverside of a tributary too remote to access).

Methods

Sampling and analytical methods

The water samples are collected using HDPE syringe, filtered in situ through 0.2 μm nylon Millipore filter and stored in two HDPE bottles and one tube free of air. The bottles and tube are fully rinsed with filtered sample water before using. A bottle, for cations element analysis, was acidified with distilled nitric acid immediately after sampling. The second bottle is for anion analysis. The conductivity, temperature, and pH for the water samples are measured in situ with the thermo-hygrometer HANNA 9565.

The major elements were measured on a Thermo Scientific X-series 2 ICP-MS in CRPG, using USGS M214, P62 and T223 as external standards and quality control (QC). There was no systematic drift during the measurement, and the relative standard deviation for all the elements are always below 10%. The Si concentration in water is determined by the colorimetric method of the Mo blue complex (Mullin and Riley, 1955a) in CRPG, with an uncertainty below 10%. The F -, Cl -, SO4 Galy and France-Lanord, 1999;[START_REF] Hren | Major ion chemistry of the Yarlung Tsangpo-Brahmaputra river: Chemical weathering, erosion, and CO2 consumption in the southern Tibetan plateau and eastern syntaxis of the Himalaya[END_REF].

The individual differences are actually within the 10% uncertainty of the quantification of the others anions and cations. Therefore, the entire dataset of anions and cations (Table 3.3) should be considered with uncertainties of 10%. The TDS is calculated by summing the weight of elements of Si and all the cations, anions in per unit volume.

Mapping the deposits and the stream catchments

The areas of the sampled mass wasting deposits are mapped through ArcGIS using the detailed GPS location recorded during the field survey, and the satellite image of ArcGIS World Imagery. The surface covered by fresh rocks on the deposits are usually much brighter than the surface colonized by vegetation including lichen. We mapped the area colonized by vegetation on each deposit and calculated the vegetation coverage (Table 3.1). For the sampled streams, we extract their catchments with the Hydrology tools in ArcGIS based on the 30-m resolution ASTER GDEM (Advanced Spaceborne Thermal Emission and Reflection Radiometer Global Digital Elevation Model) data (Geospatial Data Cloud, http://www.gscloud.cn/), and for streams that is too small to be extracted, the catchments were mapped on ArcGIS by hands. Then, the average altitude of the area or catchment of each deposit and stream is calculated (Tables 3.1 and 3.2).

Results

The cation, anions, silicon concentrations and TDS of the seepages and streams are listed in Table 3.3. The pH value and water temperature are also listed, as well as the altitude of the sampling sites. The data are grouped by the North Chayu and the South Chayu. In the North Chayu, the seepages have a wide range of TDS, varying from 55 to 225 mg/L but describing a negative trend with the sampling altitude. The streams have variable TDS as well but slightly lower than the seepages (49 to 173 mg/L).

In the South Chayu, the TDS values are generally lower than in the North Chayu, and the seepages have higher TDS values (102 to 139 mg/L) than the streams (29 to 77 mg/L).

In terms of anions, the HCO3 -is the dominant load. It makes up 71 to 95 Eq% (% in equivalent units) of total anion in the north seepages, 59 to 90 Eq% in the north streams, 54 to 72 Eq% in the south seepages and 70 to 76 Eq% in the south streams (Figure 3.2). Cl -has concentrations between 4.4 and 14.6 mol/L and corresponds to a minor component (<2 Eq% of total anion), suggesting that 1) no minor evaporitic lithologies are present, and 2) cyclic input is very limited in the Chayu catchment. SO4 2- is the second most important anion, which makes up 4 to 28 Eq% of total anion in the north seepages, 9 to 41 Eq% to the north streams, 19 to 36 Eq% in south seepages and 11 to 12 Eq% in the south streams (Figure 3.2). In terms of cations, Ca 2+ is dominant in the north streams and all the seepages (57 to 87 Eq% of total cation) but appears to be lower in the south streams (52 to 69 Eq%). Na + shows the opposite systematics, making up 13 to 23 Eq% in the south streams, which is higher than all the other water samples (2 to 11 Eq%). K + is systematically higher in the South Chayu and the highest K + concentration is observed in the seepages. The proportion of dissolved Si in TDS span a similar range in the seepages and the streams in the north, varying from 2.8 to 12.4% of TDS. The Si load in TDS is higher in the South Chayu. For seepages it makes up 9.9 to 14.4% and for streams it makes up 19.6 to 37.1%. The comparison between the seepages and the streams shows a greater difference in the South Chayu, where the concentrations of SO4 2-, Ca 2+ and K + in the seepages are clearly more elevated than in the streams. In the North Chayu, seepages and streams are similar in composition.

In comparison with the rivers draining silicate lithology in (1) the Lhasa terrane (e.g. [START_REF] Hren | Major ion chemistry of the Yarlung Tsangpo-Brahmaputra river: Chemical weathering, erosion, and CO2 consumption in the southern Tibetan plateau and eastern syntaxis of the Himalaya[END_REF]Yu et al., 2021, Figure 3.2) and ( 2) the southern flank of the Himalaya (e.g. Galy and France-Lanord, 1999), the north Chayu seepages and streams are similar with the Nyang River, in the Eastern part of the Lhasa terrane while the south Chayu water samples with greater contribution of the alkalis is closer to the rivers draining silicate lithologies (e.g. Lhasa River and southern Himalayan flank rivers draining gneiss). However, the surface water samples from the Chayu catchment have a lower Cl -concentration and Cl -/anions ratio (Figure 3.2), which is different from many of the Lhasa terrane rivers impacted by hot-springs and/or evaporite formations [START_REF] Hren | Major ion chemistry of the Yarlung Tsangpo-Brahmaputra river: Chemical weathering, erosion, and CO2 consumption in the southern Tibetan plateau and eastern syntaxis of the Himalaya[END_REF][START_REF] Yu | Chemical weathering in the upstream and midstream reaches of the Yarlung Tsangpo basin, southern Tibetan Plateau[END_REF]. 

Discussion

Cyclic input correction

The rain composition (Table 3.4) from the network of Southeastern Tibet Stations (SET, [START_REF] Liu | Wet precipitation chemistry at a high-altitude site (3,326 m a.s.l.) in the southeastern Tibetan Plateau[END_REF] is used in our study to correct for the cyclic input. The closest station to the Chayu valley is near Nyinchi city, about 200 km to the west to our study area. Based on the low Cl -concentrations in our samples, and the lack of correlation between Cl -and SO4 2-, the weathering of evaporite lithology is unlikely. Therefore, we adopt the assumption that all the dissolved chloride in surface water is from cyclic input, and the correction is based on the following standard equation: Since there is no evident evaporite unit in the lithology of the Chayu catchment (Figure 3.1) and given the lack of correlation between Cl -and SO4 2-, the dissolved sulphate can be considered as the result of sulphide oxidation. All the X values are higher than 0.04 and 70% are above 0.1, suggesting the prevalence of sulphide weathering in the Chayu catchment. In the Lhasa terrane, sulphide minerals are found associated with Cu-bearing deposits hosted in granitoid rocks (e.g. [START_REF] Fu | Two episodes of mineralization in the Mengya'a deposit and implications for the evolution and intensity of Pb-Zn-(Ag) mineralization in the Lhasa terrane, Tibet[END_REF][START_REF] Hou | Lithospheric Architecture of the Lhasa Terrane and Its Control on Ore Deposits in the Himalayan-Tibetan Orogen*[END_REF], with S-bearing assemblages such as sphalerite + galena + pyrite + chalcopyrite [START_REF] Hou | Lithospheric Architecture of the Lhasa Terrane and Its Control on Ore Deposits in the Himalayan-Tibetan Orogen*[END_REF]. However, the highest sulphate concentrations are found in the streams RYG 125, RYG 126 and RYG 161. They are within a small area of 300 

Carbonate weathering

The contribution of carbonate weathering (Xcarb) can be estimated using the dissolved load corrected for cyclic input (e.g. Galy and France-Lanord, 1999):

X = (2 × Ca * + 2 × Mg * )/(Na * + K * + 2 × Ca * + 2 × Mg * ) .... (3.3)
Where Na * , K * , Ca * and Mg * are measured concentrations corrected for cyclic input. The Ca * and Mg * are calculated by subtracting silicate-derived Ca and Mg from the Ca * and Mg * (Equations 3.4 and 3.5). This assumes that there are no evaporite-derived cations in the water, likely to be the case given the very low dissolved chlorine concentration (Table 3.3). (weight%). Therefore, we use a (Mg/K)sil=0.023±0.007 for the Demulha Batholith. The Xcarb is based on the bulk chemistry of the silicate end-member, and is likely to only be an inaccurate estimate for the relative contribution of carbonate and silicate as soon as incongruent weathering becomes important. For instance, a possible incongruent release of K could be the result of the faster release of K during the weathering of biotite (e.g. [START_REF] Cerling | Batch dissolution of granite and biotite in water: Implication for fluorine geochemistry in groundwater[END_REF][START_REF] Malmström | Biotite dissolution at 25°C: The pH dependence of dissolution rate and stoichiometry[END_REF] and may significantly change the Mg/K ratio of the weathered silicate end-member. The bulk (Mg/K)sil has to be regarded as an upper limit of the (Mg/K)sil ratios, and we also consider the ratios to be 80% less according to the biotite dissolution experiments [START_REF] Malmström | Biotite dissolution at 25°C: The pH dependence of dissolution rate and stoichiometry[END_REF]. In this case, the (Mg/K)sil for the Chayu Batholith and Demulha Batholith used in our estimation for Xcarb values are 0.008-0.049 and 0.005-0.023, respectively. Results

Ca

shows that the variation of (Mg/K)sil caused by the potential incongruent release of K has little impact on the estimation of Xcarb (Table 3.3). A faster dissolution of Cabearing silicates (Ca-plagioclase or epidote, e.g. [START_REF] Blum | Chapter 7. Feldspar dissolution kinetics[END_REF][START_REF] Oliva | Chemical weathering in granitic environments[END_REF] would correspond to an incongruent dissolution of silicates and would raise the inaccuracy of the relative contribution of carbonate and silicate, so only large variations in the Xcarb can be discussed. Based on the source rock (Mg/K)sil ratios, the Xcarb is 0.85 to 0.97 and 0.91 to 0.97 for the seepages and streams in the North Chayu, respectively, and the values are 0.78 to 0.80 and 0.51 to 0.73 in the South Chayu, respectively. So, it is clear that (1) carbonate still contributes the majority solute load (>50%) despite lithologies dominated by granitoids and (2) the North Chayu water samples have higher Xcarb values than the South Chayu.

All the mass wasting deposits in this study have Xcarb values above 0.8. In pure granitoid deposits and watersheds (RYG 153,129,114,96, 97 and 99), disseminated calcite is likely the most important carbonate source (e.g. [START_REF] White | The role of disseminated calcite in the chemical weathering of granitoid rocks[END_REF]. For streams partly draining sedimentary lithologies (RYG 125, 126 and 161), sedimentary carbonate formations could be the dominant source.

Comparison between the seepages and streams

The influence of mass wasting deposits on chemical weathering has already been recognised in the Western Southern Alps (WSA) and in Taiwan by a direct comparison of the seepages from the mass wasting deposits with the nearby streams [START_REF] Emberson | Weathering of Reactive Mineral Phases in Landslides Acts as a Source of Carbon Dioxide in Mountain Belts[END_REF][START_REF] Emberson | Combined effect of carbonate and biotite dissolution in landslides biases silicate weathering proxies[END_REF](Emberson et al., , 2016a)). This approach allows to reduce the effects of different climate and lithology, so it will be applied to the periglacial North Chayu and the monsoonal South Chayu separately. In WSA and Taiwan, the differences between seepages and streams are emphasised when the K*/Si and Ca*/Si ratios and the Xcarb and X values are considered. Here, the differences of those indicators are always larger in the South Chayu than in the North Chayu (Figure 3.3). 

The South Chayu

The Xcarb and X values and the K*/Si and Ca*/Si ratios are elevated in the seepages. By comparison to the streams, those values are 29.5%, 350.0%, 264.6%, 116.7% higher in seepages, respectively.

In the South Chayu, the seepages are from a bedrock landslide and such contrast with the nearby streams is in agreement with the studies of bedrock landslide weathering from the WSA and Taiwan [START_REF] Emberson | Weathering of Reactive Mineral Phases in Landslides Acts as a Source of Carbon Dioxide in Mountain Belts[END_REF][START_REF] Emberson | Combined effect of carbonate and biotite dissolution in landslides biases silicate weathering proxies[END_REF](Emberson et al., , 2016a(Emberson et al., , 2016b)).

although their lithologies are different from the Chayu catchment. Bedrock landslides expose fresh mineral surfaces by generating landslide scar and grind the mobile rock mass together with conducting water into debris and fractures (Emberson et al., 2016a).

Higher TDS, K*/Si and Ca*/Si ratios, and Xcarb and X values in seepages have been associated to processes characteristic of the initiation of chemical weathering with abundant fresh mineral surfaces and fluid supply [START_REF] Emberson | Combined effect of carbonate and biotite dissolution in landslides biases silicate weathering proxies[END_REF](Emberson et al., , 2016a(Emberson et al., , 2016b)):

the fast dissolution of disseminated calcite [START_REF] White | The role of disseminated calcite in the chemical weathering of granitoid rocks[END_REF] and sulphide (e.g. [START_REF] Nicholson | Pyrite oxidation in carbonatebuffered solution: 1. Experimental kinetics[END_REF][START_REF] Wildaman | The weathering of sedimentary organic matter as a control on athmospheric O2: I. Analysis of a black shale[END_REF] and the fast release of interlayer K from biotite [START_REF] Malmström | Biotite dissolution at 25°C: The pH dependence of dissolution rate and stoichiometry[END_REF]. Results in the South Chayu, fitting well with previous results for bedrock landslide weathering in sedimentary or metamorphic lithologies indicate that such processes are also pronounced in granitoid bedrock landslides.

The North Chayu

The results from the North Chayu are in sharp contrast with the results from the South Chayu. For the north seepages and streams, the K*/Si ratios are 0.08 to 0.46 and 0.2 to 0.75, respectively; the Ca*/Si ratios are 3.61 to 11.19 and 3.18 to 13.28, respectively; the X are 0.04 to 0.28 and 0.09 to 0.41, respectively; and the Xcarb is 0.85 to 0.97 and 0.91 to 0.97, respectively (Table 3.3). Regarding these parameters, there are two major differences between the North and South Chayu (Figure 3.3): (1) the differences between the seepages and streams are negligible in the North not in the South, and ( 2) the values are high in both the North Chayu stream and seepage waters.

The lack of sizable difference between the seepages and the streams may indicate variable weathering conditions in the mass wasting deposits in North Chayu. Given the variable nature of the studied mass wasting deposits (Table 3.1), weathering conditions might be more diverse than those of fresh bedrock landslides. Indeed, the freshness of the material in talus deposit varies greatly since they can be continuously supplied by new rock mass and that they could be of different age leading to variable weathering rates and yields (Emberson et al., 2016a;[START_REF] Taylor | Relation between soil age and silicate weathering rates determined from the chemical evolution of a glacial chronosequence[END_REF]. One rough way to estimate the recent activity of a landslide and the relative age of the deposits is by vegetation coverage, because the colonization of vegetation on the deposit needs a stable surface [START_REF] Innes | Lichenometry[END_REF]. However, in North Chayu, the vegetation coverage of the mass wasting deposits (Table 3.1) correlate neither with the K*/Si ratios (R 2 = 0.03, p = 0.04) nor the Ca*/Si ratios (R 2 = 0.11, p = 0.06) of the corresponding seepages, which suggest that the age is not responsible for the large variations in the K*/Si and Ca*/Si ratios of the seepages in the North Chayu.

The negligible difference between the seepages and streams can be a statistical artefact of the large range in the K*/Si and Ca*/Si ratios and X (Figure 3.3), but two other possibilities should be considered. First, the streams sampled in the North Chayu are significantly influenced by mass wasting deposits. The satellite image shows that talus deposits are ubiquitous on both sides of the valleys for those streams, and there is just one small stream (RYG 153) among those we have sampled, which has no deposits.

It is worth noticing that the influence of deposits is widespread for the streams in North Chayu. However, the dissolved load in the streams corresponds to the mixing between a pure mass wasting deposits end-member and the weathering of areas without any deposits. And some streams (RYG 129, 125, 126 and 161) have K*/Si, Ca*/Si, Xcarb and X even higher than some seepages (RYG 117, 131, 139-143 and 155, Table 3.3).

Assuming adding water coming from a pure mass wasting deposit end-member in variable proportion seems to have little impact on the dissolved load of the streams.

Therefore, the chemical composition of the water from mass wasting deposits and the water characteristic of chemical weathering in North Chayu outside the landslides (vegetated slopes or meadows at the bottom of the valleys) are likely to be similar.

Three factors have been indicated as the key factors enhancing weathering in bedrock landslides deposits [START_REF] Emberson | Weathering of Reactive Mineral Phases in Landslides Acts as a Source of Carbon Dioxide in Mountain Belts[END_REF](Emberson et al., , 2016a)): the larger mineral surface for water-rocks interaction, the more favourable hydrological conditions, and the occurrence of fresh rocks. Our results suggest that similar conditions should be more widespread in North Chayu than just restricted to landslides and mass wasting deposits in order to explain the chemistry of the streams. Regarding the geomorphic processes and the climate in this region, the key factor to such conditions is likely to be the periglacial environment. Under periglacial environment, the repeat freeze-thaw process caused by the low temperature and large amplitude of diurnal and seasonal temperature change [START_REF] Marshall | Extensive Frost Weathering Across Unglaciated North America During the Last Glacial Maximum[END_REF] increases the density of pores and fractures in bedrock [START_REF] Sun | Characterisation and evolution of the full size range of pores and fractures in rocks under freeze-thaw conditions using nuclear magnetic resonance and three-dimensional X-ray microscopy[END_REF], as well as the permeability [START_REF] Takarli | Damage in granite under heating/cooling cycles and water freeze-thaw condition[END_REF], thus increasing the surface area for water-rock interaction. The estimated MAT in the North Chayu is within the range (-4 to -15°C) suggested to be most effective in making fractures by ice segregation growth [START_REF] Walder | A theoretical model of the fracture of rock during freezing[END_REF]. However, the low temperature of the periglacial environment can in turn exert kinetic limitations on chemical weathering. In addition, in the North Chayu the water supply is limited. Water availability is an important factor limiting the efficacy of chemical weathering [START_REF] Maher | Hydrologic Regulation of Chemical Weathering and the Geologic Carbon Cycle[END_REF]. The fresh surfaces area created by freeze-thaw cycles are not readily exposed to chemical weathering since they are ice-filled for a period of time, limiting the availability of fluids [START_REF] Hall | On the persistence of 'weathering[END_REF] , 2021). Therefore, silicate weathering in the periglacial environment is likely to be limited by the low temperature while carbonate weathering is slightly increased. In addition water availability is restricted to thaw periods, so periglacial environment could greatly inhibit silicate weathering. But, the freeze-thaw cycles are exposing fresh surfaces, enhancing the preferential weathering of the most reactive phases, e.g. the disseminated calcite and pyrite, and the release of K from the biotite.

The importance of such weathering of reactive mineral phases is, however, only relative 

Implication on periglacial weathering

Comparison with alpine weathering of granitoids

The particularity of the periglacial weathering in the North Chayu can be further supported by the comparison with the large dataset of granitoid watersheds [START_REF] Gurumurthy | Controls on intense silicate weathering in a tropical river, southwestern India[END_REF][START_REF] Oliva | Chemical weathering in granitic environments[END_REF][START_REF] Sun | Silicate weathering rate and its controlling factors: A study from small granitic watersheds in the Jiuhua Mountains[END_REF][START_REF] White | The effect of time on the weathering of silicate minerals: why do weathering rates differ in the laboratory and field?[END_REF][START_REF] Wu | Chemical weathering, atmospheric CO2 consumption, and the controlling factors in a subtropical metamorphic-hosted watershed[END_REF][START_REF] Zhang | Riverine hydrochemistry and CO2 consumption in the tropic monsoon region: a case study in a granite-hosted basin, Hainan Island, China[END_REF]. For a direct comparison, that dataset has been corrected for cyclic input following the same method used for the Chayu catchment.

The K*/Si and Ca*/Si ratios do not correlate with MAT, where MAT has been estimated using a local thermal gradient of -6.1°/km and the mean altitude of the corresponding catchment (Figure 3.6). The data span a MAT range of 0 to 30°C, and their K*/Si ratios are <0.37 and Ca*/Si ratios are <2.33. A watershed with a K*/Si of 0.66 corresponds to very high [K + ] of 212 μmol/L in river water, and such values are likely to witness a significant contribution from fertilizer [START_REF] Sun | Silicate weathering rate and its controlling factors: A study from small granitic watersheds in the Jiuhua Mountains[END_REF] and are not considered in the dataset. So with these, a rough range of water compositions draining granitoid lithology under most of the environmental conditions on the earth surface is defined. The data from the South Chayu streams are compatible to this range (Figures 3.6a and 3.6b). In contrast, the North Chayu data, draining mostly granitoid lithology as well, are much higher, highlighting the effect of its periglacial environment.

Although the North Chayu is distinctive to all the other watersheds in the world granitoid dataset, we regard that the alpine periglacial environment is not rare on the Earth surface, but are only rarely studied. The alpine periglacial environment should draw attention since it nurtures the headwaters of most mountain rivers. 

Implications on continental weathering during glacial-interglacial cycles

Alpine periglacial weathering may play an important role in modulating the chemical weathering during the Quaternary glacial-interglacial cycles. Several belts are likely to be much more sensitive to the Quaternary climatic change through periglacial weathering.

Conclusion

In the Chayu catchment in the eastern Himalaya draining granitoid lithology, we studied the dissolved load of the seepages water from mass wasting deposits and the streams water in two regions with different climatic conditions. In the water samples studied, the cations are dominated by Ca 2+ except for the South Chayu streams in which Na + and K + become important and the anions are dominated by HCO3 -. The cyclic input represents 5.7 to 8.2 % of the dissolved load. The SO4 2-of the water samples are mainly from the oxidation of sulphide mineral in granitoid lithology, with the minor contribution from sedimentary sulphide for some North Chayu streams. Carbonate weathering contribute to a large part for the dissolved load despite the granitoid lithology, and the carbonate contribution is more significant in the North Chayu.

In the South Chayu with sub-tropical monsoonal environment, the seepages are found to be systematically higher in TDS*, K*/Si and Ca*/Si ratios, and Xcarb and X values than the nearby streams. The differences between landslide seepage and stream are identical to the previous studies about landslide weathering with other lithologies (e.g. greywacke or sedimentary rock enriched with carbonate), suggesting the enhanced weathering by landslide process still holds in granitoid regions.

In the North Chayu with alpine periglacial environment, the differences between the seepages and streams are negligible and the values are high. This highlights the impact of the periglacial environment. The high K*/Si, Ca*/Si and X values in all the periglacial water samples suggest the preferential weathering of reactive mineral phases, likely related to their fresh exposure by freeze-thaw cycles. Besides, earthquake is likely an important parameter, promoting landslides and exposing bedrocks in the area, since seismic activity is both frequent and strong around the Eastern Himalayan BQL: below quantification limit [1] Calculated with the (Mg/K)sil equals to the Mg/K ratio of the corresponding batholith.

[2] Calculated with the (Mg/K)sil equals to 20% of the Mg/K ratio of the corresponding batholith. html) but there is also a discharge of 1142 m 3 s -1 reported by a modelling study [START_REF] Sun | Information extraction and analysis of the Himalayan international rivers[END_REF].

The climate of the CRC is mostly under the influence of South Asian Monsoon, with more typical alpine climates at high elevations. The SE-NW Kangri Garpo Mountain may cause rain shadow effect to strengthen the difference in aridity between the areas on the SW windward slopes and NE leeward slopes. On the leeward side, there are regions of periglacial environment (the upstream area of RYG 88, Figure 4.1a),

where freeze-thaw process prevails (e.g. [START_REF] Ruan | On the significance of periglacial conditions in active mountain belts for chemical weathering processes: Insights from the Chayu area, SE Tibet[END_REF]. As shown on the remote-sensing dataset, the MAT of these periglacial areas is <200 mm [START_REF] Anders | Spatial patterns of precipitation and topography in the Himalaya, in: Tectonics, Climate, and Landscape Evolution[END_REF], and the MAT is estimated to be < -2.2 °C, with a mean elevation over 4600 m.

The reported MAT and MAP of the site near the Chayu city (Fig. 1a, ~2000 m a.s.l.) are about 11.9 °C and 800 mm, respectively (http://www.weather.com.cn/cityintro/ 101140404.shtml). There is a striking difference in climate between the watersheds of eastern and western branchs. The mean elevation of the western branch basin is lower than in the east, leading to a wermer climate in the western branch basin. Remote sensing shows the upstream of the western branch receives heavy annual rainfall as high as 3000 to 4000 mm/yr [START_REF] Anders | Spatial patterns of precipitation and topography in the Himalaya, in: Tectonics, Climate, and Landscape Evolution[END_REF][START_REF] Bookhagen | Toward a complete Himalayan hydrological budget: Spatiotemporal distribution of snowmelt and rainfall and their impact on river discharge[END_REF], which can be explained by its windward side position of the SE Indian monsoon. As other regions around the Eastern Himalayan Syntaxis, although heavily influenced by monsoon climate, the winter precipitation can also significantly contribute (as high as 40%) to the annual precipitation, and this pattern is more significant for the basin of the western branch [START_REF] Bookhagen | Toward a complete Himalayan hydrological budget: Spatiotemporal distribution of snowmelt and rainfall and their impact on river discharge[END_REF].

The CRC drains the part of the Lhasa terrane, east to the Namche Barwa Himalayan Syntaxis. The lithology is dominated by granitoids produced in the process of plate subduction during the closing of the Tethys Ocean [START_REF] Chiu | Zircon U-Pb and Hf isotopic constraints from eastern Transhimalayan batholiths on the precollisional magmatic and tectonic evolution in southern Tibet[END_REF][START_REF] Dong | Origin and tectonic implications of Early Cretaceous high-and low-Mg series rocks and mafic enclaves in the Bomi-Chayu Fold Belt, SE Tibet[END_REF][START_REF] Lin | Geochemical and Sr-Nd isotopic characteristics of Cretaceous to Paleocene granitoids and volcanic rocks, SE Tibet: Petrogenesis and tectonic implications[END_REF][START_REF] Pan | Oligocene magmatism in the eastern margin of the east Himalayan syntaxis and its implication for the India-Asia post-collisional process[END_REF][START_REF] Zhu | The Lhasa Terrane: Record of a microcontinent and its histories of drift and growth[END_REF], called Eastern Himalayan Batholith (EHB). The EHB was emplaced from the Jurassic to the Paleocene (Chiu et al., 2009, Figure 4.1) into the basement of the Lhasa terrane, which includes the pre-Cambrian basement composed by schist, leptynite, gneiss, amphibolite and marble [START_REF] Xu | Geochronology and geochemistry of Mesoproterozoic granitoids in the Lhasa terrane, south Tibet: Implications for the early evolution of Lhasa terrane[END_REF] and Paleozoic-Mesozoic sedimentary rocks composed by carbonate rocks and slates [START_REF] Dong | Origin and tectonic implications of Early Cretaceous high-and low-Mg series rocks and mafic enclaves in the Bomi-Chayu Fold Belt, SE Tibet[END_REF]. As a short summary, the lithology of the CRC is silicate-dominated (granitoid) but outcrops of carbonate are also present. The latter can be more significant in the upper reach of the eastern branch, where the Paleo-Mesozoic sedimentary formations are present (Fig. 1). The lithology drained by the western Kangri Garpo Qu is different than the eastern Sang Qu. The proportion of the Lhasa terrane basement is higher for the western branch and the batholiths are mostly Paleocene, while the batholiths in the watershed of the eastern Sang Qu are mainly Mesozoic. According to petrological studies of the EHB [START_REF] Lin | Geochemical and Sr-Nd isotopic characteristics of Cretaceous to Paleocene granitoids and volcanic rocks, SE Tibet: Petrogenesis and tectonic implications[END_REF], the EHB contains three subdomains with slight differences in majors and traces elements concentrations and Sr-Nd isotopes, named the Demulha Batholith, Azhagong Batholith and Chayu Batholith, that are Jurassic-Early Cretaceous, Late Cretaceous and Paleocene granitoids, respectively.

The CRC is a place of strong tectonic activities around the world [START_REF] Zhang | Landscape evolution of the Eastern Himalayan Syntaxis based on basin hypsometry and modern crustal deformation[END_REF]. Frequent earthquakes, including magnitude 8, led a Lhasa terrane strongly deformed and squeezed out to the east (e.g. [START_REF] Tapponnier | Oblique Stepwise Rise and Growth of the Tibet Plateau[END_REF] along a NW-SE trending dextral strike-slip fault system called Jiali Fault in the central part of the Lhasa block [START_REF] Lee | Miocene Jiali faulting and its implications for Tibetan tectonic evolution[END_REF]. In the area of the CRC, the Jiali fault is split into the Parlung Fault in the north and the Puqu fault in the south. The lithology distribution is banded under the control of the fault system (Figure 4.1) and it is reasonable to suspect the local lithology of the CRC can be comparable to further places within the Lhasa terrane along the NW-SE faults. The exhumation rate is estimated to be 2.3-10 mm yr -1 since Quaternary at the bottom of CRC [START_REF] Sun | Inversion model of drainage basins' tectonothermal evolution through detrital AFT ages: A case study of Chayu River in southeastern Tibet[END_REF], and currently to be 2.0-2.6 mm yr - 

Materials and Methods

Sample collection

Sampling in the CRC was conducted during the September 2019, at the end of the monsoon season when the water flux should be at high level. As shown in Fig. 1, along the Sang Qu, we got samples from 12 main river sites from upstream to downstream, eight major tributaries and 14 small tributaries; Along the Gangri Garpo Qu, we sampled the main river from an upper location and a lower location as well as a small tributary close to the lower location of the main river. All the sampling sites for the tributaries are located just before they flow into the main stem.

Three kinds of samples are collected: water, suspended load and bedload. Before sampling, the conductivity, temperature, and pH for the river water are measured in situ with the thermo-hygrometer HANNA 9565. The water samples were collected at the riverbank using HDPE syringe, filtered in situ through 0.2 μm nylon Millipore filter and stored in two HDPE bottles and one tube free of air. The bottles and tube are prerinsed with filtered sample water. One bottle, designed for cations analysis, were acidified with distilled nitric acid immediately after sampling. Water samples in the other bottle were for anion analysis and dissolved inorganic carbon (DIC) isotopes.

Water samples in the tube were for H and O isotopes analysis of the water molecule.

Suspended loads of the river water were collected where the suspended loads in river were abundant. A bucket of river water (around 5 to 10 L) were collected and settled for a long period (several days), and then the suspended load settled at the bottom were carefully separated from the upper clear water and stored in HDPE bottles with the river water in the same water layer in the settling bucket. Bedload samples were collected below the water line near each water sampling locations where bedload were available.

The bedload samples were stored in PE bags, free of air.

Sample measurements

Major and trace elements

The concentration of Na, Mg, K, Ca, Li and Sr of the water samples were measured on a Thermo Scientific X-series 2 ICP-MS at CRPG, using USGS M214, P62 and T223

as external standards and quality control (QC). There was no systematic drift during the measurement, and the relative standard deviation for all the elements are always below 5%. The Si concentration in water was determined by the colorimetric method of the Mo blue complex (Mullin and Riley, 1955b) at CRPG, with an uncertainty below 10%.

The anions Cl -, NO3 -, SO4 2-and F -were measured on Dionex ICS-1000 Ion

Chromatograph at GFZ with USGS M214, P62, M212 and M222 as QC. The uncertainty of anions is less than 10% (Emberson et al., 2016c). Bicarbonate concentration were estimated by charge balance. The total dissolved solids (TDS) is calculated by summing the weight of elements of Si and all the cations, anions in per unit volume.

The suspended load and bed load samples were freeze-dried and porphyrized before the elemental analysis at the SARM (CRPG). The concentrations of the major elements were measured by ICP-OES, and those of the traces elements were measured by ICP-MS. The uncertainties of the concentrations are within the values previously determined in the lab (e.g. [START_REF] Govindaraju | Working Values with Confidence Limits for Twenty-Six Crpg, Anrt and Iwg-Git Geostandards[END_REF], which are all less than 5%.

Carbon isotopes

The DIC isotopic composition, presented as δ 13 CDIC, were obtained following an identical water sample processing as previous studies at CRPG (e.g. [START_REF] Emberson | Weathering of Reactive Mineral Phases in Landslides Acts as a Source of Carbon Dioxide in Mountain Belts[END_REF]. Samples were reacted with 100% phosphoric acid at 25°C, in vials previously flushed with He, for over 24 hours and the CO2 gas produced was purified using an autosampler Gasbench coupled to a Thermo Fisher MAT 253 for isotope ratio determination. Commercially available spring waters "Thonon" and "Contrex" and synthetic calcium carbonate (Merck) were used as internal calibration and QC standards and are calibrated to international standards and accuracy was always better than 0.5 per mille [START_REF] Emberson | Weathering of Reactive Mineral Phases in Landslides Acts as a Source of Carbon Dioxide in Mountain Belts[END_REF]. We also measured the solid samples for the carbon isotopes of the carbonate component by acetic acid leaching and of the organic matters by pyrolysis, presented as δ 13 Ccarb and δ 13 Corg, respectively .

To measure the carbonate δ 13 C in the solid samples, a split of the dried and porphyrized solid sample (bedload and suspended load) were weighed and placed into vials before He flushing. Then the procedure was the same than for water samples except a reaction temperature of 70°C. The organic δ 13 C data are all from suspended load samples. A split of 90 mg of the powders was decarbonated by reacting with 5%

HCl under 70 °C overnight and then washed with deionized water for 3 times and freeze-dried. Samples were wrapped in Sn capsules and then combusted at 1020°C using the Thermo Scientific EA. CO2 was purified by gas chromatography and carbon isotopic composition was measured with a Thermo Scientific Delta V Advantage continuous flow isotope ratio mass spectrometer. Standard samples BFSd, CRPG_M2 and EM_B2189 were used, and their repeated measurements suggested an uncertainty for the δ 13 Corg measurement of less than ±0.3. All the δ values are in respect to the V-PDB standard.

Water H-O isotopes

The 

Sr isotopes

The Sr isotopes of the water samples were determined following the technical procedure described in Galy et al. (1999), using a Triton PlusTM thermal ionisation mass spectrometer. The NBS-987 was measured at 0.710231 (2σ = 0.000015, n = 24) during these analyses.

GIS analysis

The upstream watershed information corresponding to each sample were gathered with GIS. We used the open source 30-m resolution ASTER GDEM (Advanced

Spaceborne Thermal Emission and Reflection Radiometer Global Digital Elevation

Model) data (http://www.gscloud.cn/, Geospatial Data Cloud) as input and extracted the watershed information using the in-built Hydrology toolbox in ArcGIS. The area and mean elevation of the upstream watershed corresponding to each sampling site were estimated. The results are listed in Table 4.1A.

Results

We group our samples from the Sang Qu catchment (the eastern branch) where we conducted more detailed sampling into three subdivisions: the North Chayu, the Middle Chayu and the South Chayu. The three subdivisions are representative to the three different kinds of environments within the watershed: the alpine periglacial environment, the transitional environment and the subtropical monsoonal environment, respectively, with the western branch of the Chayu river also individualised as another group West Chayu. All the measured elemental and isotopic data of the water samples and solid samples are reported in Table 4.1B, 4.1C and 4.2, respectively, sorted by the sample groups as defined above.

Elemental results

The dissolved cations are dominated by Ca 2+ (Figure 4.2a), accounting for more than 50 Eq% (equivalent percentage) in major cations (Ca 2+ +Mg 2+ +K + +Na + ), , and Mg 2+ is secondary important, accounting for 6 to 39 Eq% (Figure 4.2). Among the alkali elements Na + is more important than K + , with Na + representing 2 to 26 Eq% and K + 0.8 to 10 Eq%. Two groups can be distinguished on the ternary plot (Figure 4.2a). . One corresponds to the samples from South and West Chayu with variable Ca 2+ , and Na + +K + while Mg 2+ always account for around 10 Eq%, and another with a rather stable proportion of the alkali elements (below 10 Eq%), and corresponding to the samples from North and Middle Chayu (Figure 4.2a).

The dissolved anions are strongly dominated by HCO3 -, taking a proportion of 57 to 91 Eq% in all the major anions (Figure 4.2b). SO4 2-can be significant and accounts for 8 to 42 Eq%, while Cl -is a minor component contributing for less than 3 Eq%.

Comparing with other rivers draining the Lhasa terrane [START_REF] Hren | Major ion chemistry of the Yarlung Tsangpo-Brahmaputra river: Chemical weathering, erosion, and CO2 consumption in the southern Tibetan plateau and eastern syntaxis of the Himalaya[END_REF][START_REF] Yu | Chemical weathering in the upstream and midstream reaches of the Yarlung Tsangpo basin, southern Tibetan Plateau[END_REF], the dissolved chemistry of the Chayu River catchment is very close to the Nyang River, although its catchment is located on the other side of the Eastern Himalayan Syntaxis.

The dissolved concentration of Li spans from 0.07 μmol/L to 1.39 μmol/L. [F -] are comparable to [Cl -] for most of the samples, spanning from 0.9 μmol/L to 107.6 μmol/L. and [Li + ] concentrations than other water samples, so there could be potential ground 

Carbon isotopes

The measured δ 13 CDIC ranges mostly from -16‰ to -1‰ (Table 4.1C). Extreme values, as low as -26‰ and -24‰, appear in two small tributaries: the RYG 96 from the South Chayu and the RYG 65 from the West Chayu. The variable δ 13 CDIC have no evident correlations with any of the elemental concentrations.

The carbon isotopic composition of the carbonate range from -6.3‰ to 0.3‰, with 66% of the samples having values higher than -1.0‰. The carbonate content varies from 0.2 to 21.2%, but only 2 in the 30 bedload and suspended load samples have carbonate content higher than 10%. The δ 13 Ccarb values lower than -2.0‰ are all associated to low carbonate contents (≤ 2.7%), and the extreme value of -6.3‰ is from a sample with just 0.6% carbonate, that could have been contaminated by minor organic matters. For the purpose of defining the δ 13 C end-member of carbonate, we use the measured δ 13 Ccarb values from the samples with carbonate content over 3%. The average of these samples is -0.23‰. Eight of the 11 suspend load sample gave reliable δ 13 Corg results and all the values concentrate in the range from -25.6‰ to -27.0‰ with a mean of 25.7±1‰ (Table 4.2). These values fall into the scope of the plant using C3 photosynthesis pathway [START_REF] Casey | What do dissolution experiments tell us about natural weathering? Chemical Geology, Geochemical kinetics of mineral-water reactions in the field and the laboratory[END_REF].

Water H-O isotopes

The river water δ 18 O are from -17‰ to -11‰ and the δD are from -125‰ to -78‰.

The tight correlation between the water H-O isotopes gives a local water line of δD = 7.7* δ 18 O + 7.5 (R 2 = 0.9928, p-value less than 10 -38 ). Besides, both the river water H-O isotopes are well correlated with the upstream elevations of their watersheds (Figures 4.3a and 4.3b). Samples from higher watersheds are more negative in the H-O isotope values. In fact, the slope of the δ 18 O-watershed altitude relationship (-0.0028) is identical to the slope of the worldwide compilation [START_REF] Poage | Empirical relationships between elevation and the stable isotope composition of precipitation and surface waters: considerations for studies of paleoelevation change[END_REF].

Therefore, the isotopic composition of the precipitation can be explained by isotope fractionation of meteoric water during water condensation forced by terrain uplift (e.g. [START_REF] Poage | Empirical relationships between elevation and the stable isotope composition of precipitation and surface waters: considerations for studies of paleoelevation change[END_REF], and probably imply that the meteoric water source to the CRC is stable and fed by the Indian Monsoon (South-West). 

Sr isotope

Water samples of all the main river from both east and western branch of the Chayu river and all the major tributaries (except for the RYG 151) are measured for the isotopic composition of dissolved Sr and presented in Table 3 

Discussion

Cyclic input corrections

To reduce the influence of rain and dry deposition on river chemistry, the dissolved load data are corrected for cyclic input by the precipitation data collected at the Southeastern Tibet Station for Observing Alpine Environment [START_REF] Liu | Wet precipitation chemistry at a high-altitude site (3,326 m a.s.l.) in the southeastern Tibetan Plateau[END_REF], where X stands for each of the dissolved species, and [X]* stands for the concentration corrected for the cyclic input correction. The mean cyclic input contribution to TDS in all the sampled rivers is 4%, and the highest contribution is from RYG 151 which is a pure granitoid watershed (Figure 4.1). For Na + , Mg 2+ , K + , Ca 2+ , Sr 2+ and SO4 2-, cyclic input account for a mean of 12%, 1%, 9%, 6%, 2% and 4% in the measured values, respectively. The cyclic input corrected bicarbonate concentrations ([HCO3 -]*) are calculated by charge balance, and the cyclic input accounts for a mean of 5%. The results suggest that cyclic input is insignificant in the river water in CRC.

All the following analysis and figures are based on the cyclic corrected data as they are closer to the product of chemical weathering.

Secondary Calcite Precipitation

Methods to solve the magnitude of Secondary Calcite Precipitation

Secondary calcite precipitation (SCP) can impose significant influence on the river water chemistry in, especially in mountain rivers like from the Himalayas [START_REF] Bickle | On discrimination between carbonate and silicate inputs to Himalayan rivers[END_REF][START_REF] Bickle | Relative contributions of silicate and carbonate rocks to riverine Sr fluxes in the headwaters of the Ganges[END_REF]Galy and France-Lanord, 1999;[START_REF] Jacobson | Reconciling the elemental and Sr isotope composition of Himalayan weathering fluxes: insights from the carbonate geochemistry of stream waters[END_REF] and the Central Mountain Range in Taiwan [START_REF] Brown | Experimental Investigations of the Weathering of Suspended Sediment by Alpine Glacial Meltwater[END_REF][START_REF] Emberson | Weathering of Reactive Mineral Phases in Landslides Acts as a Source of Carbon Dioxide in Mountain Belts[END_REF]. As example for the Himalayan rivers, SCP removes over 50% Ca from river water (e.g. [START_REF] Bickle | On discrimination between carbonate and silicate inputs to Himalayan rivers[END_REF], and also fractionate the stable carbon isotope ratios of DIC (e.g. [START_REF] Emberson | Weathering of Reactive Mineral Phases in Landslides Acts as a Source of Carbon Dioxide in Mountain Belts[END_REF]. For the purpose of this study to investigate chemical weathering of CRC, the effect of SCP have to be corrected.

We follow the method using Na-Ca-Sr concentration to determine the magnitude of SCP [START_REF] Albarède | Introduction to Geochemical Modeling, Introduction to Geochemical Modeling[END_REF][START_REF] Bickle | On discrimination between carbonate and silicate inputs to Himalayan rivers[END_REF]. During the carbonate precipitation, in where the (Na/Ca)0 and (Sr/Ca)0 are the initial ratios in the solution, and KdSr is the partition coefficient of Sr in calcite, with a value of 0.05 adopted in our calculation [START_REF] Bickle | On discrimination between carbonate and silicate inputs to Himalayan rivers[END_REF].

If the composition of the carbonate and silicate end-members of a watershed is stable, a series of water produced from different proportions of carbonate versus silicate weathering will be on a straight line on the Na/Ca-Sr/Ca diagram. Therefore, the (Na/Ca)0 and (Sr/Ca)0 of the initial water co-vary linearly as Equation 4 derived from the pure silicate and carbonate weathering in the watershed rather than the composition of the source materials (e.g. Gaillardet et al., 1999b;[START_REF] Négrel | Erosion sources determined by inversion of major and trace element ratios and strontium isotopic ratios in river water: The Congo Basin case[END_REF], but such silicate and carbonate weathering end-members are both difficult to find in nature and impossible to deduce theoretically. In this case, a congruent weathering assumption is behind the method to the source material composition, which means that the Na/Ca and Sr/Ca ratios of the water is identical to the source rocks through chemical weathering, although congruent weathering is usually hard for the weathering of silicate minerals. The influence of the simplification on the estimation for the SCP magnitude will be discussed below.

For the lithological complexity in CRC, it is better to use a set of local provenance lines for rivers draining similar lithology than a uniform provenance line for the whole CRC. We find each group of tributaries are draining relatively uniform lithology although the they are initially grouped according to the climatic zone ( The following points about the methods of the regression are needed to be explained. ( 1) For the North and Middle Chayu, the regression is based on the whole set of solid samples of each group. ( 2) For the South Chayu, the two major tributaries RYG 55 and 52 are draining larger areas other than the Cambrian granitoid unit, so their solid samples are not applied. We use composition of the three streams (RYG 96, 97 and 99) and the bedload RYG 98 to build the regression because they are on the same trend, which implies that the tributaries are weekly influence by SCP so that such trend can also reflect the nature of the local provenance.

(3) The direct regression for the solid samples of the West Chayu leads to a negative intercept, suggesting those solid samples are from multiple provenance end-members that cannot meet the single provenance assumption. This is basically true if looking at the geologic map. In order to obtain a line that reflects the overall provenance nature of the watershed as much as possible, 

The magnitude of SCP in CRC

River water experienced SCP locates above the provenance line because both the Sr/Ca and Na/Ca ratios increase during the process (discussed in Section 5.2.1), otherwise the compositions follow the line. In CRC, most of the sampled river water are above the local provenance line (Figure 4.4) so the SCP have strong influence on these mountain river water like in other previous studies [START_REF] Bickle | On discrimination between carbonate and silicate inputs to Himalayan rivers[END_REF][START_REF] Brown | Experimental Investigations of the Weathering of Suspended Sediment by Alpine Glacial Meltwater[END_REF][START_REF] Emberson | Weathering of Reactive Mineral Phases in Landslides Acts as a Source of Carbon Dioxide in Mountain Belts[END_REF]. Using the method described in Section 5.2.1 and the equations of the local provenance line, the γ value of the magnitude of SCP are solved numerically for each water sample in CRC (Table 4.3). The γ value represents the amount of Ca remaining in the solution after SCP so it varies from 0 to 1 and lower values means stronger SCP effects. For the water sample of the Main River, multiple γ values are calculated using different provenance lines corresponding to the regions appears in the upstream area of the sampling site, and this at least gives a reasonable range of variation. The differences between the highest and lowest γ values solved with different provenance lines are no larger than 10% for those Main River samples. For the consistency of presentation, Table 4.3 only present the average value for the multiple γ values, and the details are shown in supplementary materials.

The uncertainties of γ (Table 4. precipitation from the north to south is more likely to be related to increased precipitation (or humidity) than to increased temperature, since the solubility of carbonate minerals decrease with temperature. The results confirm the previous studies that the Nepalese Himalayan rivers precipitates over 80% Ca in high and cold Tibetan catchments [START_REF] Bickle | On discrimination between carbonate and silicate inputs to Himalayan rivers[END_REF]. The Main River is strongly influenced by the SCP as well with a mean γ value of 0.34 (Figure 4.6), and there is a slight downstream increase of γ along the main river (Table 4.3), which may relate to the addition of South Chayu component with less SCP. 

Correction for the SCP

The purpose of this paper is about the chemical weathering in CRC. Since we have found the water composition are strongly modified by SCP, it is worth to try to recover the water composition before SCP in order to obtain a set of water data closer to the product of chemical weathering. It is not only about the lost cations and anions related to carbonate (Ca 2+ , Mg 2+ , Sr 2+ and HCO3 -) but also the δ 13 CDIC ratios.

For the cations, the correction for SCP is to reverse the Reighley fractionations: where KdMg is the is the partition coefficient of Mg in calcite, and a value of 0.03 is adopted in our calculation [START_REF] Huang | Partitioning of Sr2+ and Mg2+ into calcite under karstanalogue experimental conditions[END_REF]. [X] ** denoted the concentration of dissolved species further corrected for SCP after for the cyclic input.

On the Na/Ca-Sr/Ca diagram, the correction for SCP is to move the water sample back For each mole of calcite precipitated, two moles of bicarbonate are consumed, one of which enters the calcite and the other forms CO2. This CO2 can either degas into the atmosphere or dissolve in the solution, depending on its saturation state (e.g. [START_REF] Johnson | CO2 efflux from Amazonian headwater streams represents a significant fate for deep soil respiration[END_REF]. Most of the dissolved CO2 presents in the form of HCO3 -under the pH of nature water. Therefore, twice as much bicarbonate is consumed in the case where all CO2 is degassed as in the case where all CO2 is dissolved. The δ 13 CDIC varies under different cases because the fractionation factor (α) in calcite precipitation is different from that in CO2 degassing. Therefore, the correction for bicarbonate and δ 13 CDIC follows the following equations: 

The dissolved Sr isotopes in CRC

Both carbonate and silicate minerals contribute Sr to the dissolved load of river water through chemical weathering, but the two sources have different Sr isotopic compositions. Marine carbonates inherit the Sr isotopic composition of seawater which varies from time to time but never exceed 0.710 during the whole geological past [START_REF] Edmond | Himalayan Tectonics, Weathering Processes, and the Strontium Isotope Record in Marine Limestones[END_REF][START_REF] Mcarthur | Chapter 7 -Strontium Isotope Stratigraphy[END_REF]. Silicate minerals from the upper continental crust (UCC) have more radiogenic 87 Sr/ 86 Sr ratios, because Rb enriches in UCC during Earth's differentiation and therefore the radiogenic nuclei 87 Sr from the radioactive decay of 87 Rb accumulates more rapidly. By the same reason, silicate minerals with mental source are far less radiogenic. Under metamorphic conditions, carbonate minerals can be radiogenic if they exchange Sr with adjacent UCC silicate minerals [START_REF] Bickle | Transport mechanisms by fluid-flow in metamorphic rocks; oxygen and strontium decoupling in the Trois Seigneurs Massif; a consequence of kinetic dispersion?[END_REF], and the most typical case are the Himalayan rivers, which have high carbonate weathering contributions and Sr isotopic isotopes (e.g. [START_REF] Bickle | Transport mechanisms by fluid-flow in metamorphic rocks; oxygen and strontium decoupling in the Trois Seigneurs Massif; a consequence of kinetic dispersion?[END_REF][START_REF] Bickle | Fluxes of Sr into the headwaters of the Ganges[END_REF][START_REF] Bickle | Controls on the 87Sr/86Sr Ratio of Carbonates in the Garhwal Himalaya, Headwaters of the Ganges[END_REF]Galy et al., 1999;[START_REF] Palmer | Controls over the strontium isotope composition of river water[END_REF]. On a global view, the modern river water 87 Sr/ 86 Sr ratios couple with the age of bedrock in the draining basins, which emphasize the contribution of the silicate Sr source, except in the Himalayan rivers where there are significant impacts of the radiogenic carbonates [START_REF] Peucker-Ehrenbrink | Continental bedrock and riverine fluxes of strontium and neodymium isotopes to the oceans[END_REF][START_REF] Peucker-Ehrenbrink | A continental perspective of the seawater 87Sr/86Sr record: A review[END_REF]. Although the lithology of CRC is dominated by granitoids, there are carbonate units distributing along the major faults (Figure 4.1a), the Sr systematics is likely to be complex due to the radiogenic carbonates. Besides, studies have revealed the disseminated calcite universally presents in granitoid rocks [START_REF] White | The ubiquitous nature of accessory calcite in granitoid rocks: Implications for weathering, solute evolution, and petrogenesis[END_REF] are as Sr radiogenic as adjacent feldspars (e.g. [START_REF] Jacobson | Reconciling the elemental and Sr isotope composition of Himalayan weathering fluxes: insights from the carbonate geochemistry of stream waters[END_REF][START_REF] White | The ubiquitous nature of accessory calcite in granitoid rocks: Implications for weathering, solute evolution, and petrogenesis[END_REF], but usually they are quickly weathered after exposure (e.g. [START_REF] White | Longterm flow-through column experiments and their relevance to natural granitoid weathering rates[END_REF][START_REF] White | The ubiquitous nature of accessory calcite in granitoid rocks: Implications for weathering, solute evolution, and petrogenesis[END_REF].

We introduce the Na*/Ca** ratios to plot against the dissolved 87 Sr/ 86 Sr to solve the complex Sr isotopic systematics of the Chayu river water (Figure 4.8a). By correcting the SCP process and cyclic input, the Na*/Ca** ratios should be closer to that of the initial dissolved load from chemical weathering, reflecting the balance between silicate and carbonate contribution. Except two tributaries, most of the samples locates at the low Na*/Ca** ratios end reflecting strong carbonate contribution, which is in accordance with the low Xsil by cations (silicate contribution calculated by cations, see Section 5.4 for details). However, the 87 Sr/ 86 Sr ratios of those carbonate-dominated river water span a wide range, and most of them excluding the highest main river sample RYG 136 (could be regarded as a tributary draining a high elevation basin) have relatively radiogenic Sr isotopic compositions higher than 0.725 and the two tributaries that are more silicate-dominated. This means the radiogenic carbonate has an extensive influence on the river Sr isotope in CRC. Previous studies for the granitoid batholith in CRC show less radiogenic Sr composition of those rocks, ranging from 0.706 to 0.761 [START_REF] Lin | Geochemical and Sr-Nd isotopic characteristics of Cretaceous to Paleocene granitoids and volcanic rocks, SE Tibet: Petrogenesis and tectonic implications[END_REF]. Most of the granite samples in this above mentioned study are less than 0.720 and the high values come from the Cambrian granitoid unit shown in Figure 4.1. So the most important silicate source is likely to be less radiogenic than the most important carbonate source in CRC.

Another important point is that large rivers have identical 87 Sr/ 86 Sr ratios within the range of 0.730 to 0.735, including the Main River and the West Chayu samples (excluding RYG 136), while the tributaries are more wide spread. The diverse 87 Sr/ 86 Sr ratios of the tributaries represents the diversity of lithology in each stream basins. As the scale of river basin expands and draining more and more areas, especially when the drainage area exceeds 1000 km 2 , the river water 87 Sr/ 86 Sr ratios becomes strongly buffered to a value that reflect the decisive influence of the radiogenic carbonate in this region (Figure 4.8b). We guess that the carbonate units formed during the Paleozoic to Mesozoic experience long-term metamorphic exchange with the surrounding pre-Cambrian basement so that this uniform river 87 Sr/ 86 Sr ratio represent the results after assimilation with the pre-Cambrian basement. 

Acid and substrate balances of chemical weathering

The initial balances between sulfuric and carbonic acids and between silicate and carbonate substrates involved in chemical weathering process are important for understanding the mechanisms. Methods developed to "restore" the balances from the hydrochemistry of river water include two ways: from the perspective of cations and anions. Both methods contain a series of assumptions and models, of which the selection of end-element values is critical. In this study, we tried to make the estimations from the two independent ways.

Carbonate-silicate balance estimated by cations

There are forward and inversion models to estimate the source budget of chemical weathering through cation concentrations. Because of the bedrock heterogeneity in CRC, we prefer using the forward model to separate the sources (Galy and France-Lanord, 1999;[START_REF] Mortatti | Silicate rock weathering and atmospheric/soil CO2 uptake in the Amazon basin estimated from river water geochemistry: seasonal and spatial variations[END_REF][START_REF] Sun | Silicate weathering rate and its controlling factors: A study from small granitic watersheds in the Jiuhua Mountains[END_REF][START_REF] Wu | Silicate weathering and CO2 consumption deduced from the seven Chinese rivers originating in the Qinghai-Tibet Plateau[END_REF] with a set of local bedrock end-member values of silicate elemental ratios, on the base of the budget equation of the dissolved load:

X = X + X + X + X + X ............... (4.11)
where X represents the total cations or a single element. In CRC, evaporite is absent in the bedrocks and human activity can be neglected since the measured [Cl -] doesn't rise downstream to the Chayu city, from RYG 63 to RYG 94 (Table 4.1B).

Using the dataset corrected for cyclic input and SCP (Table 4.3), the budget equation can be simplified to the binary mixing between the silicate and carbonate sources. The calculation for the silicate and carbonate contributions was conducted with the concentrations of major cations Ca 2+ , Mg 2+ , Na + , and K + , based on the following assumptions:

(1) all the Na and K are from silicate; (2) Ca and Mg are from both carbonate and silicate. The Ca and Mg from silicate substrates are calculated as: where the (Ca/Na)sil and (Mg/K)sil are the molar ratios of the silicate end-members.

[Ca ] = × [
After that, the silicate-carbonate budget can be expressed as the equivalent proportion of silicate-derived cations Xsil: As has been discussed in the section of SCP correction, the CRC samples are grouped by locations that drains similar lithology. We use different (Ca/Na)sil and

X = ×[ ] ×[ ] [ ] * [
(Mg/K)sil values for the groups North Chayu, Middle Chayu, South Chayu and West Chayu, respectively. For the main river samples, multiple estimations were made by using the end-members of the regions appearing in the upstream area and the average value was adopted. The key of the estimation is the determination of the end-member (Ca/Na)sil and (Mg/K)sil ratios for the four regions. We regard the solid sample in each group that has the highest Na/Ca ratio represent the local silicate end-member, and the Ca/Na and Mg/K ratios of these solid samples are adopted as the end-member values.

The reasons are as follows: (1) the solid samples (bedload and suspended load) are already averaged by nature, and (2) by comparing the solid samples with the rock composition of granitoid batholith in literature [START_REF] Chen | Late Triassic Orogenic Assembly of the Tibetan Plateau: Constraints from Magmatism and Metamorphism in the East Lhasa Terrane[END_REF][START_REF] Lin | Geochemical and Sr-Nd isotopic characteristics of Cretaceous to Paleocene granitoids and volcanic rocks, SE Tibet: Petrogenesis and tectonic implications[END_REF] on the Na/Ca-Sr/Ca plots (Figure 4.2), the selected samples are within the distribution range of the batholith rocks possibly drained by each group of rivers, except for the Middle Chayu where the Na/Ca ratio of the selected solid sample is slightly higher.

This solid sample RYG 152 (corresponding to the river RYG 151) and another solid sample with similar Na/Ca ratio (RYG 57, corresponding to the river RYG 58) are from pure silicate watersheds draining the Late Cretaceous granitoid batholith (Figure 4.1a) so they are representative for this silicate end-member. The determined end-member (Ca/Na)sil and (Mg/K)sil ratios for each group are presented in Table 4.4. We give an relative uncertainly of 25% to all these end-member values.

The estimated Xsil are presented in 4.5), suggesting the climate control on the silicate weathering works on larger scales. Besides, the active mountain lifting in this area may also be a factor.

It is suggest that carbonate weathering contribute to the river solute increase with physical denudation (e.g. [START_REF] Brown | Experimental Investigations of the Weathering of Suspended Sediment by Alpine Glacial Meltwater[END_REF][START_REF] Jacobson | Relationship between mechanical erosion and atmospheric CO2 consumption in the New Zealand Southern Alps[END_REF]. This explains why the carbonate still contribute a lot in the basins under the monsoon climate and with pure-granitoid bedrocks, such as the RYG 65, 96, 97 and 99. The West Chayu has less carbonate contribution than the Main River (the eastern branch). The west basin has larger relief (Table 4.1A) and faster uplift rate than the east estimated by the 10 Be minerals, Phanerozoic marine carbonate generally ranges from 0 to +2‰ while continental carbonate usually has more negative and variable values [START_REF] Hodell | Variation in the strontium isotopic composition of seawater (8 Ma to present) : Implications for chemical weathering rates and dissolved fluxes to the oceans[END_REF].

The difference of δ 13 C for DIC end-members allows to solve the balance between carbonic and sulfuric acid, as well as the balance between carbonate and silicate by considering the δ 13 CDIC and the relative ratio of sulphate to carbonate anions [START_REF] Emberson | Weathering of Reactive Mineral Phases in Landslides Acts as a Source of Carbon Dioxide in Mountain Belts[END_REF]Galy and France-Lanord, 1999). The equivalent ratio X defined as the The four kinds of combinations of acids and substrates yield different X and δ 13 CDIC [START_REF] Emberson | Weathering of Reactive Mineral Phases in Landslides Acts as a Source of Carbon Dioxide in Mountain Belts[END_REF]Galy and France-Lanord, 1999): ( 1) silicate weathered by carbonic acid: δ 13 CDIC equals to the carbonic acid that is determined by soil CO2; (2) silicate weathered by sulfuric acid: no DIC produced and X equals to 1;

(3) carbonate weathered by sulfuric acid: δ 13 CDIC equals to the carbonate and X equals to 0.5; (4) carbonate weathered by carbonic acid: δ 13 CDIC equals to the mean of carbonic Here, δ 13 Ccarb and δ 13 Corg indicate the local end-member values of δ 13 C from carbonate and organic matters, respectively. As described in Section 4.2 for the results of carbon isotopes, the δ 13 Ccarb end-member is -0.23‰ determined by the acetic acid leachate of the suspended load samples, and the δ 13 Corg end-member is -21.3‰

determined by the organic δ 13 C of the suspended load (-25.7‰) plus the kinetical fractionation of 4.4‰. There could be potential problem of end-member representation, because using solid samples for the end-member values may introduce bias to places of high erosion rates (e.g. [START_REF] Singh | Chemical erosion in the eastern Himalaya: Major ion composition of the Brahmaputra and δ13C of dissolved inorganic carbon[END_REF], and a set of uniform end-member is not suitable for all the samples because of the difference of vegetation lithology in local watershed.

In Section 5. The results of the estimations for acid and substrate balances are presented in Table 4.3 with standard deviation obtained by Monte Carlo simulation (n=10 5 ). In the Monte Carlo simulation, one standard deviation of error is applied to the δ 13 CDIC and X data corrected for SCP and CO2 degassing. Before SCP and CO2 degassing, over 50% of the water sample locate in the region with so positive δ 13 CDIC and low X values that they are unable to be explained by the model. The data correction move lots of the samples back to the region allowed by the model, and the correction under the full degassing scenario matches better than the no degassing scenario to the model. Therefore, it is likely that all the CO2 produced along with SCP have been degassed into the atmosphere, which is reasonable because the large relief and high channel gradient in CRC make the river turbulent. [START_REF] Calmels | Sustained sulfide oxidation by physical erosion processes in the Mackenzie River basin: Climatic perspectives[END_REF][START_REF] Hercod | Catchment-scale coupling between pyrite oxidation and calcite weathering[END_REF][START_REF] White | The role of disseminated calcite in the chemical weathering of granitoid rocks[END_REF].

It has to be admitted that this anion based method remains large uncertainties which is expressed by the fact that lots of sample still locate in the forbidden region of the model even with corrections. We attribute this to the model's oversimplification of the weathering process under natural conditions. The model assumes a number of global boundary conditions, such as end-member values and degassing degree, which may vary from basin to basin under real chemical weathering. The assumption that both sulphuric and carbonic acid are equally apportioned to the carbonate and silicate substrates is not always fair, since the chemical denudations of pyrite and carbonate to cause sulfuric acid and carbonate dissolution usually happen before other minerals and therefore sulfuric acid preferentially proportionate to carbonate minerals (e.g. [START_REF] Gu | Deep abiotic weathering of pyrite[END_REF]. Moreover, water and acid sources excluded in the model such as hot springs and organic acid may influence the water chemical composition and the estimation results.

The lack of accuracy is also shown by the inconsistency between the Xcarb estimated by anions with the Xcarb estimated by cations, and there is also a lack of correlation between the two estimates (Figure 4.11). Similar discrepancy between the two kinds of Xcarb estimation is reported in a previous study for mountain catchments in Taiwan [START_REF] Emberson | Weathering of Reactive Mineral Phases in Landslides Acts as a Source of Carbon Dioxide in Mountain Belts[END_REF]. Here is a discussion for the three potential factors influence the anion-based estimation: (1) end-member representation and (2) the variation of degassing degree during SCP:

1) The two tributary samples RYG 97 and RYG 65 with δ 13 CDIC lower than the general δ 13 Corg end-member (-21.3‰) are from low elevation basin with lush vegetation. There could be local organic carbon source poor in δ 13 C, and such environment might introduce significant organic acid into the weathering system which is not considered in the model. The samples with δ 13 CDIC too high to be explained by the model are mostly from the Middle Chayu. The Middle Chayu rivers are draining areas close to the Parlung Fault, and there can be sources of δ 13 C enriched CO2 degassed in the deep, for example, from the metamorphism of the carbonate rocks (e.g. [START_REF] Bottinga | Calculation of fractionation factors for carbon and oxygen isotopic exchange in the system calcite-carbon dioxide-water[END_REF]) that distribute close to the fault zone (Figure 4.1a). Those CO2 may closely relate to hot spring as an ignored water source which carries metamorphic CO2 with variable δ 13 C that can be as high as +10‰, as suggested by the study for the Nepalese hot springs in the tectonic active Himalayas [START_REF] Evans | Degassing of metamorphic carbon dioxide from the Nepal Himalaya[END_REF]Galy and France-Lanord, 1999). Although no hot spring was found during our field work in CRC, they are widely reported in nearby watersheds, e.g. the Parlung Tsangpo (Figure 4.1b)

as another main tributary for the Brumaputra [START_REF] Hren | Major ion chemistry of the Yarlung Tsangpo-Brahmaputra river: Chemical weathering, erosion, and CO2 consumption in the southern Tibetan plateau and eastern syntaxis of the Himalaya[END_REF]. 2) Although we think that on the whole the CO2 produced with the SCP process has been degassed, there could be local variation on the degree of CO2 degassing.

We did two different estimations under full degassing and no degassing scenarios, respectively (Figure 10 a, b), because this provides the possible variation caused by the factor of local CO2 degree. The differences between the two scenarios mainly focus on the results of substrate balance (Table 4.5). If there are incomplete CO2 degassing in some rivers, the values based on the full degassing assumption present the lower limit for estimation on the carbonate weathering proportion.

Implication on the carbon cycle

The estimated fractions of silicate weathering and carbonic acid-driven weathering can provide constrains of chemical weathering on the carbon cycle (Figure 12). The carbonate weathering driven by sulphuric acid plays as the source for the atmospheric CO2 while the silicate weathering driven by carbonic acid plays as the sink for the atmospheric CO2, and other two kinds of combinations have no net effect on the carbon cycle [START_REF] Calmels | Sustained sulfide oxidation by physical erosion processes in the Mackenzie River basin: Climatic perspectives[END_REF][START_REF] Das | The Role of Sulfuric Acid in Continental Weathering: Insights From Dissolved Major Ions and Inorganic Carbon Isotopes of the Teesta River, Lower Brahmaputra System[END_REF][START_REF] Hilton | Mountains, erosion and the carbon cycle[END_REF][START_REF] Lerman | CO2 and H2SO4 consumption in weathering and material transport to the ocean, and their role in the global carbon balance[END_REF]Torres et al., 2016b[START_REF] Torres | Geomorphic regime modulates hydrologic control of chemical weathering in the Andes-Amazon[END_REF]. Therefore, the boundary between net CO2 uptake and release on the plot of silicate weathering (Xsil) versus weathering driven by carbonic acid (fcarb) is the diagonal from (0, 1) to (1,0). Most of the CRC rivers plot in the region of net CO2 release on the Xsil -fcarb plot, except the river with higher Xsil values: the South and West Chayu streams and the Middle Chayu tributary RYG 151 where is CO2 neutral or sink (Figure 12). This means the weathering sink for CO2 only exist in several small pure-granitoid watersheds with relatively low altitude. The dominance of carbonate weathering and the presence of 10% to 30% weathering by sulfuric acid lead to that the CRC as a whole cannot play as a weathering sink of CO2, a fact which is supported by more and more studies in Himalayas [START_REF] Kemeny | Sulfate sulfur isotopes and major ion chemistry reveal that pyrite oxidation counteracts CO2 drawdown from silicate weathering in the Langtang-Trisuli-Narayani River system, Nepal Himalaya[END_REF][START_REF] Märki | An unshakable carbon budget for the Himalaya[END_REF] and other mountain ranges of high physical erosion (e.g. [START_REF] Brown | Experimental Investigations of the Weathering of Suspended Sediment by Alpine Glacial Meltwater[END_REF][START_REF] Emberson | Weathering of Reactive Mineral Phases in Landslides Acts as a Source of Carbon Dioxide in Mountain Belts[END_REF]. Though CRC is highly dominated by silicate rocks, which is different from those previous studies that are basically from sedimentary rock catchments, the carbon effect from chemical weathering is still similar. The influence of silicate lithology may only limit the supply of sulfuric acid. The key is the disproportional weathering contribution from carbonate and sulphide in this silicate dominated catchment. Despite the climate control of the periglacial environment at the headwaters, the intense physical erosion and transport may play important roles in limiting the silicate weathering at lower elevation, since they silicate particles are quickly transported downstream into the floodplain before they are sufficiently weathered. 

Weathering rate in Chayu catchment

The weathering rates of the whole CRC and each large tributary are calculated. We use simple mixing calculations to solve the water discharge of each main tributary. On the basis of the estimation for carbonate and silicate weathering proportion, the carbonate and silicate weathering rates are calculated separately.

Approach for river flux mixing

Because of the lack of measured data for water discharge flux, we use the mixing model of conservative element concentrations including Cl, F and SO4 and water H-O isotopes to estimate the rough discharge from each main tributary [START_REF] Bickle | Chemical weathering outputs from the flood plain of the Ganga[END_REF][START_REF] Bickle | Fluxes of Sr into the headwaters of the Ganges[END_REF]. From the conservation of mass, the relationship of the dissolved components between two main river samples is: Where C is the element concentration or the δ value of water isotope and D is the discharge, with subscripts "down" for the downstream main river, "up" for the upstream main river and "T" for the tributary between the two main river samples. Diving both In practice, there are two sampled main tributaries (RYG 114 and RYG 126) between the main river samples RYG 136 and RYG 106 in the North Chayu. The discharges of the two tributaries FT1 and FT1 are solved by combining two equations with binary components: 4.1B and 4.3), the error introduced by the assumption should not be significant because the total area of the streams is relatively small. As for the conservativity of the dissolved components, generally, the Cl and F are the most conservative elements that are seldomly influenced by other biogeochemical processes than river mixing; SO4 is influenced by the activity of sulfate-reducing bacteria [START_REF] Turchyn | Isotope evidence for secondary sulfide precipitation along the Marsyandi River, Nepal, Himalayas[END_REF]; the river water H-O isotopes is the mixing of precipitation gathered in the watershed, which can be changed by subsequent branch is >432 m 3 , so that the estimated runoff given in Table 4.7A is overestimated for the eastern basin and underestimated for the western basin.

C -C C -C = C -C C -C C -C C -C F F ....
Lacking the precise data of discharge may limit the significance to compare our results with other reported values, but the relative contribution from each part within the CRC is of interest. Two RYG 40 and RYG 52 yield the highest runoff among all the tributaries. The highly variable runoff of different basins may relate to the presence of glacial [START_REF] Bookhagen | Toward a complete Himalayan hydrological budget: Spatiotemporal distribution of snowmelt and rainfall and their impact on river discharge[END_REF]. On the main river of the eastern branch, there is a large gap of runoff (Table 4.7A) between RYG 104 and RYG 101, accompanied with the convergence of RYG 40. The RYG 104 site on the main river is draining mostly the periglacial area with low precipitation and limited glacial, we suspect the increase in runoff mainly corresponds to the change of environment with rising precipitation and the inflow of glacial melt water.

Chemical weathering rates of silicate and carbonate

The carbonate weathering rate (CWR) is the product of runoff and the mass of CaCO3 and MgCO3 associated with the carbonate-derived Cacarb and Mgcarb, respectively, the latter can be calculated from Equation 4.12 and 4.13; the silicate weathering rate (SWR) is the product of runoff with the TDSsil, which is the mass of silicate-derived Na, K, Mg, Ca and silicic acid (Gaillardet et al., 1999b). The SCP correction significantly changed the Ca and Mg concentrations involved in the weathering rate calculations. However, most of the previous studies on chemical weathering rates do not concern the influence by SCP. In order to compare with previous estimations, we calculated the weathering rates with elemental data uncorrected for SCP as well, and all the estimations are presented in Table 4.7A. It is shown that the silicate weathering rates remains almost unchanged. In contrast, the Ca and Mg lost by SCP are virtually from carbonate weathering at the beginning, which raise the CWR by a factor of 3-4 in some tributaries with high magnitude of SCP (low γ value).

We explore the relationships of the estimated chemical weathering rates, separated by CWR and SWR, with the climate factors of temperature (the MAT of the upstream watershed) and runoff (Figure 13), and compared these relationships with the published weathering rate data in the SE Tibet [START_REF] France-Lanord | Annual dissolved fluxes from Central Nepal rivers: budget of chemical erosion in the Himalayas[END_REF][START_REF] Wu | Silicate weathering and CO2 consumption deduced from the seven Chinese rivers originating in the Qinghai-Tibet Plateau[END_REF][START_REF] Yu | Chemical weathering in the upstream and midstream reaches of the Yarlung Tsangpo basin, southern Tibetan Plateau[END_REF]. For CWR, there is no obvious relationships with temperature, but there is an obvious positive correlation with runoff, no matter taking the data before or after

The control of climate on chemical weathering rates exist in "kinetical limited" regime [START_REF] Stallard | Geochemistry of the Amazon: 2. The influence of geology and weathering environment on the dissolved load[END_REF][START_REF] West | Tectonic and climatic controls on silicate weathering[END_REF], where abundant fresh mineral for chemical weathering exist. Such includes most of the active orogeny over the world [START_REF] West | Tectonic and climatic controls on silicate weathering[END_REF]. This is corresponding to the case in Chayu, one of the place with the strongest tectonic uplift [START_REF] Zhang | The migration of the crustal deformation peak area in the eastern Himalayan Syntaxis inferred from present-day crustal deformation and morpho-tectonic markers[END_REF]. Therefore, it is not surprising that climatic factors of temperature and runoff show strong correlation with silicate weathering rate. The fast weathering kinetics of carbonate minerals makes the carbonate weathering reaction being close to equilibrium than the silicate weathering.

Therefore the carbonate weathering is more controlled by thermodynamic rather than kinetic limits [START_REF] Maher | The role of fluid residence time and topographic scales in determining chemical fluxes from landscapes[END_REF]. "-" means that the uncertainty is not calculated because the estimated tributary flux contribution (FT) has no physical meaning.

Table 6B

Tributary flux contribution estimated by bivariate mixing. This method is applied on the confluence between tributary RYG114 (T1), tributary RYG 106 (T2) and upstream main river RYG 136, and the downstream main river is RYG 88. suggests that the stream water are ubiquitously influenced by the periglacial freezethaw processes. Therefore, in the periglacial environment of Southern Tibet, the main mechanism that physically give access to the preferential weathering of labile minerals is the freeze-thaw processes. The influence of periglacial process on river water chemistry is similar to that of the glaciers (e.g. Blum et al., Geology 1998), but may have more significant influence on the headwater of many large rivers sourced from high mountains, since the area of the periglacial terrains is larger than the glaciated terrains. Besides, the hydrochemistry of continental rivers may shift during the Quaternary glacial-interglacial cycles because the cyclic variations of the surface's extent of periglacial weathering, although only if the freeze-thaw processes reach fresh rocks and are not restricted to the upper soils layers, so in place where the local relief is enough to keep a thin soil.

In chapter 4, I discussed the processes governing the hydrochemistry of the river water in the CRC. We found that:

(1) the cyclic input is an insignificant component of the river water, and the single linear relationship of river water δ 18 O and δD with the catchment-wide mean altitude suggest that there is only a single source for the moisture supplying the discharge, which is the Indian Ocean to the south-west;

(2) the secondary calcite precipitation (SCP) has greatly influenced the river chemistry in the whole catchment, with stronger effects of SCP found in the cooler and dryer North Chayu, and the degree of SCP is positively correlated to the proportion of carbonate weathering;

(3) the 87 Sr/ 86 Sr ratio of the dissolved Sr flux from CRC is radiogenic, being around 0.735, which is likely to be related to the presence of metamorphic carbonate minerals that have exchanged Sr with surrounding silicate minerals;

(4) the comparison between the CO2 sink of silicate weathering and the CO2 source of carbonate weathering induced by sulphide oxidation led to conclude that the modern CRC is a CO2 sink for short-term time period less than carbonate compensation (5-10 kyr) in the ocean the but a CO2 source for longerterm period (longer than carbonate compensation but shorter than the marine residence time of SO4 2-, approximately 10 Myr).

(5) The whole dataset of the tributaries in CRC indicates that there are positive correlations between MAT, runoff and silicate weathering rates, suggesting that silicate weathering might be more important than today during the Palaeocene to Eocene with greenhouse climate conditions. On the contrary, no relationship between climatic parameters and the carbonate weathering rates (CWR) have been found, leading to consider that the occurrence of carbonate minerals is the main factor controlling the CWR in CRC.

Periglacial Weathering and the Hydrochemistry of CRC

The characteristics of the dissolved load of the CRC rivers may has tight links with the periglacial weathering processes at their headwaters. According to the local thermal gradient (-6.1°C/km), a mean annual temperature of the areas above 4200 m are below 0°C and therefore are likely to be under the control of the periglacial environment.

Although the development of periglacial process depends not only on the low temperature but also on the temperature variability [START_REF] Hales | Climatic controls on frost cracking and implications for the evolution of bedrock landscapes[END_REF][START_REF] Marshall | Frost for the trees: Did climate increase erosion in unglaciated landscapes during the late Pleistocene?[END_REF], here I use a simplified way to estimate the possible periglacial land because of the lack detailed metalogical data. According to the DEM analysis, the terrains above 4200 m occupies 56% of the total area of the CRC (Figure 5.1).

Although the periglacial area takes more than half of the catchment, we consider that the output flux of the periglacial weathering is limited when taking the discharge into account. The dense periglacial areas in CRC are located in the upstream of the sampling site RYG 88 (Figure 5.1), and the estimated discharge proportion by river water δ 18 O of the upstream of RYG 88 to RYG 50 (the whole eastern branch) is just 11.5%. This is a rough estimation because other tributaries still receive some discharge from periglacial areas, but it suggests a low relative discharge from the periglacial areas. The three elemental ratios trace the influence of preferential weathering of K from biotite, carbonate and sulphide minerals, separately. This similarity confirms that the main river water at high elevations of the CRC is the mixing of streams draining the periglacial terrain and there are no other sources being significantly different.

Considering the small relative discharge generated from the periglacial area, what is surprising is that the chemistry of downstream main river water is still very close to the chemistry of the upstream main river when these three indicative elemental ratios are considered (Figure 5.2). This is also highlighted by the observations that nearly all the downstream seepages and streams sampled are below the main river (Figure 5.2). ). However, the potential changes in the precipitation is not independent with the change in temperature, and since there are evidences for monsoon establishment as early as Eocene (e.g. [START_REF] Fang | Paleogeography control of Indian monsoon intensification and expansion at 41 Ma[END_REF][START_REF] Licht | Asian monsoons in a late Eocene greenhouse world[END_REF][START_REF] Quan | Revisiting the Paleogene climate pattern of East Asia: A synthetic review[END_REF][START_REF] Spicer | Paleogene monsoons across India and South China: Drivers of biotic change[END_REF], I assume that the precipitation was the same than it is today on the order of magnitude and regard that the precipitation is not as an independent driver that cause additional increase in SWR.

On summary, SWR increased under the warmer conditions during the Eocene and coupled with the elevated precipitation (runoff), this suggest that Eocene climate might have generated larger weathering sink of atmospheric carbon on lithologies comparable to those currently outcropping in CRC.

The carbonate weathering rates (CWR) is highly variable and insensitive to the climatic variables presented by the dataset. Theoretically, the carbonate weathering rate negatively correlates with the temperature because of the thermodynamic limitation of carbonate dissolution in water (see Chapter 2.1), and worldwide river data show boomerang-type relationship of carbonate weathering intensity with temperature which is shaped by the limitation of high soil pCO2 at low temperature and thermodynamic at high temperature, with maximum dissolution between 10 and 15 °C [START_REF] Gaillardet | Global climate control on carbonate weathering intensity[END_REF]. However, those theoretical relationships are absent in our dataset. I suggest that the climate is far from the first order control for the CWR in the Trans-Himalaya and factors like lithology and fresh rock exposure to liquid water are more important, such as the local boost of carbonate weathering by the presence of sulfuric acid and bedrock exposure mechanisms like freeze-thaw processes and landslides. Therefore, to discuss the changes in the CO2 source effect by carbonate weathering coupled with sulphide oxidation during the Eocene, the lithology exposure is critical. We consider the total sulphur content reflect mostly the sulphide content because sulphate like gypsum is absent in the lithology of the region. We found that along the course of the main river, the carbonate content is quite stable except for the upstream samples influenced by carbonate-rich local lithology (Figure 5.4b); in contrast, the sulphur content exhibits a general decrease trend (Figure 5.4a). For the absolute value of content, the sulphur is much less than the carbonate in sand. These results confirm that like in many sedimentary units in mountain belts carbonate are more abundant than sulphide but also suggest that the sulphide is the one that gets depleted faster. So, the supply of sulphide limits the weathering reaction of carbonate dissolution coupled with sulphide oxidation.

Such faster-than carbonate weathering kinetics of sulphide is also demonstrated by the its deep occurrence revealed in the shale observatory that most pyrite oxidation occurs within a 1-m-thick reaction zone ∼16 m below land surface [START_REF] Gu | Deep abiotic weathering of pyrite[END_REF]. Besides, it is found that sub-basins with high detrital carbonate usually has relatively high detrital sulphur as well, and such sub-basins are usually at high elevation (Figure 5.3a and 5.3b).

This confirms the fact that sulphide-rich hosting rocks occur with carbonate rocks. In summary, for the lithology of modern CRC, the carbonate is in excess than sulphide.

The supply of sulphide to the weathering environment eventually limits the amount of carbonate weathering coupled with sulphide oxidation and the related CO2 release into the atmosphere. As suggested by the study for pyrite oxidation at multiscale [START_REF] Gu | Deep abiotic weathering of pyrite[END_REF], the long scale sulphide oxidation is control by rock fracture and landscape erosion.

Lithology exposure during the Eocene

The lithology exposed for chemical weathering of CRC and eastern Gangdese (Trans-Himalaya) at present includes the granitoid batholith formed during the oceanic plate subduction under the Lhasa terrane [START_REF] Chiu | Zircon U-Pb and Hf isotopic constraints from eastern Transhimalayan batholiths on the precollisional magmatic and tectonic evolution in southern Tibet[END_REF][START_REF] Dong | Origin and tectonic implications of Early Cretaceous high-and low-Mg series rocks and mafic enclaves in the Bomi-Chayu Fold Belt, SE Tibet[END_REF][START_REF] Lin | Geochemical and Sr-Nd isotopic characteristics of Cretaceous to Paleocene granitoids and volcanic rocks, SE Tibet: Petrogenesis and tectonic implications[END_REF][START_REF] Pan | Oligocene magmatism in the eastern margin of the east Himalayan syntaxis and its implication for the India-Asia post-collisional process[END_REF][START_REF] Zhu | The Lhasa Terrane: Record of a microcontinent and its histories of drift and growth[END_REF] and the sedimentary formations [START_REF] Dong | Origin and tectonic implications of Early Cretaceous high-and low-Mg series rocks and mafic enclaves in the Bomi-Chayu Fold Belt, SE Tibet[END_REF] and the metamorphic basement [START_REF] Xu | Geochronology and geochemistry of Mesoproterozoic granitoids in the Lhasa terrane, south Tibet: Implications for the early evolution of Lhasa terrane[END_REF] of the Lhasa terrane. Among those, the granitoid batholith is the dominant lithology. However, during the Eocene, the exposed lithology is harder to know. With the ongoing tectonic uplift and surface denudation, some ancient cover above the current lithologies may have already been unroofed. Low temperature thermochronology can provides evidences for the exhumation history of the granitoid batholith (e.g. [START_REF] Copeland | Rapid early Miocene acceleration of uplift in the Gangdese Belt, Xizang (southern Tibet), and its bearing on accommodation mechanisms of the India-Asia collision[END_REF][START_REF] Dai | Exhumation History of the Gangdese Batholith, Southern Tibetan Plateau: Evidence from Apatite and Zircon (U-Th)/He Thermochronology[END_REF], and recently there are also estimations for the emplacement pressure from Al-in-hornblende barometry [START_REF] Cao | Crustal tilting and differential exhumation of Gangdese Batholith in southern Tibet revealed by bedrock pressures[END_REF].

The low-temperature thermochronological data show two major cooling event at 28 to 15 Ma and 10 Ma to present, which may represent periods of rapid exhumations [START_REF] Copeland | Rapid early Miocene acceleration of uplift in the Gangdese Belt, Xizang (southern Tibet), and its bearing on accommodation mechanisms of the India-Asia collision[END_REF]Dai et al., 2013, Figure 5.5A). The bedrock pressure data of the Nyingchi (red circles in Figure 5.5B) is the closest analogue to the batholith in CRC in term of geographic distance, so they might have experienced similar tectonic history.

The reconstructed pressure of the Nyingchi batholith shows that the exhumation mainly started from 20 Ma, representing the exhumation of Eastern Himalayan Syntaxis (EHS), but two burial events during the late Cretaceous and Paleogene related to tectonic deformation and shortening of the crust (Figure 5.5B, Cao et al., 2020). The assumed crustal thickening is in agreement with the paleo-altitude reconstruction suggesting that the Gangdese reached its current altitude, > 4 km, at 55 to 45 Ma [START_REF] Ding | Timing and mechanisms of Tibetan Plateau uplift[END_REF]. If the current model is correct, the area of CRC probably mainly underwent crustal thickening accompanied with surface uplift during the Eocene, and the rapid uplift and unroofing during the most recent 20 Ma. We don't know if the granitoid batholith has already exposed at the surface, but considering the granitoid batholith sampled on the surface had ever reached the depth ~40 km [START_REF] Cao | Crustal tilting and differential exhumation of Gangdese Batholith in southern Tibet revealed by bedrock pressures[END_REF], it was very likely that the Eocene lithology exposed for chemical weathering in the region was different than today, and the percentage of silicate rocks was much less. Under such situation, the percentage of carbonate weathering can be even higher. In addition, low-temperature thermochronology and rock pressure data suggest that the exhumation and, therefore, the chemical weathering for the Gangdese can have evolved from a CO2 sink during the Eocene to a CO2 source nowadays.

5.3.3

The 87 Sr/ 86 Sr ratios of the riverine flux from Trans-Himalaya under Eocene conditions In the modern outcrops, the carbonate formations in the CRC have more or less experienced metamorphic reactions that led to the occurrence of marbles. Such metamorphic process can redistribute the Sr between the carbonate minerals and surrounding silicate minerals, leading the carbonate minerals to acquire the radiogenic Sr signal of the silicate minerals [START_REF] Bickle | Transport mechanisms by fluid-flow in metamorphic rocks; oxygen and strontium decoupling in the Trois Seigneurs Massif; a consequence of kinetic dispersion?[END_REF]. As discussed in the above section, the surface lithology of the Trans-Himalaya during Eocene might contain more carbonate rocks, but whether these carbonate rock are as radiogenic as today remains unknown.

There is a possibility that these carbonate rocks at the surface were not as radiogenic as the modern carbonates, because the modern carbonate rocks exposed recently have experienced longer period at depth with high temperatures and pressure conditions for metamorphic isotopic exchanges. As the riverine Sr flux reflect the dominant impact of carbonate, the 87 Sr/ 86 Sr ratios of dissolved load from the Eocene Trans-Himalaya weathering might be lower than the modern value of ~0.735, closer to the range of normal Phanerozoic marine carbonates (0.707-0.710) [START_REF] Edmond | Himalayan Tectonics, Weathering Processes, and the Strontium Isotope Record in Marine Limestones[END_REF][START_REF] Mcarthur | Chapter 7 -Strontium Isotope Stratigraphy[END_REF]. However, these marbles, or some of them, might have been formed by contact metamorphism during the magma intrusion, considering the age of the formation of the batholiths in CRC, i.e. from Jurassic to Paleogene. This means that the marbles formed during contact metamorphism had enough time to be exhumed, and there are still some possibilities that the Eocene carbonate exposed at the surface were as radiogenic as today. Besides, a stronger silicate weathering may counterbalance the low 87 Sr/ 86 Sr ratios from carbonate to some extent, since the basement of the Lhasa terrane is a part of the Gondwana supercontinent and its silicate minerals contain highly radiogenic 87 Sr/ 86 Sr ratios through the long-term decay of 87 Rb.

Suggestions for Further Study

Because of the limitations such as sampling, approach and models used in my study, what is reached is still far from fully testing the hypothesis raised in the General Introduction. Here, I list several possible ways to improve the study and some insights of relevant questions emerging during my PhD. Both can be the suggestions for future works.

1. A year-long monitoring and sampling for the Chayu river is required, associated with accurate discharge measurement. This work will provide detailed data for the seasonal variation in hydrology and hydrochemistry in CRC, thus better constraining the riverine budget, the estimations for the weathering rates and the effect of chemical weathering on carbon dioxide. Besides, it will be clearer if the periglacial weathering in the post/pre-monsoon seasons are still important.

2. A more accurate evaluation on the budgets of riverine flux requires a better evaluation of SCP. It is important not only for the dissolved load but also for the solid load because how many secondary carbonate are transported in the detrital carbonate is unknown. Mixing model incorporating more indices, such as Sr isotopes [START_REF] Bickle | On discrimination between carbonate and silicate inputs to Himalayan rivers[END_REF], may help to reduce the uncertainties during the estimation for SCP process. A detailed analysis for carbonate O, C isotopes of the detrital carbonates may be helpful for partitioning the secondary and primary carbonate in the sand.

3. To answer the question of Eocene chemical weathering of the Trans-Himalaya, the possible lithological change should be considered. To evaluate the vertical and horizontal movements of different lithological units in the past, low-temperature thermochronological and paleo-magnetic studies for the batholith in CRC are required.

4. Considering the spatial heterogeneity of Trans-Himalaya in intrusion age and geochemical composition (e.g. [START_REF] Debon | The Four Plutonic Belts of the Transhimalaya-Himalaya: a Chemical, Mineralogical, Isotopic, and Chronological Synthesis along a Tibet-Nepal Section[END_REF][START_REF] Mo | Spatial and Temporal Distribution and Characteristics of Granitoids in the Gangdese, Tibet and Implication for Crustal Growth and Evolution[END_REF], the CRC may not be representative for the whole Trans-Himalaya arc. More data including different sites from the Trans-Himalaya batholith are required to fully evaluate the influence of the past chemical weathering of Gangdese, including the radiogenic Sr flux of the riverine flux and the silicate and carbonate weathering rates during the Eocene. Then is will be possible to test if the Trans-Himalaya was responsible for the early rise in the marine 87 Sr/ 86 Sr ratios at ~40 Ma.

5. The extent variation of the cryosphere on the Tibetan Plateau during the glacialinterglacial cycles has been in debate for long (e.g. [START_REF] Kirchner | Paleoglaciological reconstructions for the Tibetan Plateau during the last glacial cycle: evaluating numerical ice sheet simulations driven by GCM-ensembles[END_REF][START_REF] Kuhle | Reconstruction of the 2.4 million km2 late Pleistocene ice sheet on the Tibetan Plateau and its impact on the global climate[END_REF][START_REF] Zheng | On the problem of Quaternary glaciations, and the extent and patterns of Pleistocene ice cover in the Qinghai-Xizang (Tibet) Plateau[END_REF]. Signals of periglacial weathering, such as high K/Si,
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  sensitivité aux paramètres climatiques des taux d'altération chimique. La motivation de cette thèse n'est pas seulement d'étudier l'altération chimique dans une région qui n'a pas encore été explorée mais aussi de discuter de l'évolution du climat global et de la chimie de l'océan au cours du Cénozoïque en considérant l'influence du soulèvement tectonique du plateau tibétain. Ces liens sont habituellement expliqués comme suit : La tendance générale du changement climatique et de la géochimie marine au cours du Cénozoïque indique qu'il y a des forçages tectoniques. Le soulèvement du plateau tibétain pourrait avoir joué un rôle clé à cet égard, comme le souligne l'hypothèse de Raymo sur le "lien entre un tel soulèvement et le changement climatique". Il a été suggéré que les roches crustales soulevées pendant la formation du plateau ont subi une forte altération chimique par le développement des glaciers et de la mousson, au cours de laquelle l'altération des minéraux silicatés a conduit à la séquestration du CO2 atmosphérique dans les dépôts de carbonate marin et a donc contribué au refroidissement du climat du Cénozoïque. L'augmentation plus ou moins continue du rapport 87 Sr/ 86 Sr de l'eau de mer au cours du Cénozoïque pourrait être l'enregistrement d'une altération accrue des minéraux silicatés d'origine crustale. L'hypothèse de Raymo a mis en évidence l'effet décisif de la tectonique sur tous les autres changements. Ainsi, la mise en relation des activités tectoniques avec le climat et les enregistrements du 87 Sr/ 86 Sr marin est la clé pour tester l'hypothèse. Le refroidissement global a commencé après l'Optimum climatique de l'Éocène inférieur (52 à 50 Ma), comme le montre la compilation du δ 18 O des foraminifères benthiques, alors que le rapport 87 Sr/ 86 Sr marin a commencé à augmenter à ~40 Ma. À cette époque de l'Éocène, le plateau tibétain n'avait pas atteint son ampleur actuelle. Bien que les détails de la formation du plateau soient controversés, ce qui est certain, c'est que 1) la marge sud du plateau était un arc continental, correspondant au Trans-Himalaya (comprenant la chaîne du Gangdese), géodynamiquement similaire à la chaîne des Andes actuelles, et 2) la circulation de mousson dans le sud et le sud-est de l'Asie était établie. Par conséquent, l'étude de XII l'altération chimique du batholithe du Trans-Himalaya aujourd'hui peut éclairer la compréhension de l'altération chimique du Trans-Himalaya dans le passé. En raison de

  Figure R1. (a) Carte géologique du CRC ; (b) L'emplacement du CRC par rapport au Syntaxe de l'Himalaya oriental ; (c) Exemple de dépôt d'éboulis périglaciaire généré par le processus de gel-dégel. (d) le dépôt du glissement de terrain dans le Chayu Sud.

  Figure R2). Ces résultats soulignent l'influence de l'altération préférentielle des phases réactives dans les conditions périglaciaires, par exemple le site minéralogique du K dans la biotite, les carbonates et les sulfures. Il est proposé que le processus de geldégel, couplé à la forte activité tectonique dans cette zone joue de façon similaire au mécanisme d'exposition efficace de ces phases minérales dans le cas des les roches fraiches exposées lors de glissements de terrain. Ainsi, le gel-dégel a une profonde influence sur la chimie des éléments dissous pour l'ensemble des cours d'eau de la zone Nord du CRC. L'influence de l'environnement périglaciaire sur la chimie de l'eau peut s'appliquer à de nombreux autres cours d'eau d'amont et peut jouer un rôle important dans la modulation de l'altération chimique continentale pendant les cycles glaciairesinterglaciaires du Quaternaire.

Figure R2 .

 R2 Figure R2. Les rapports K*/Si, Ca*/Si, les valeurs X et Xcarb des échantillons d'eau, regroupés par localisation de prélèvement et par type. Pour les rapports K*/Si et Ca*/Si, les barres verticales indiquent la composition des batholithes exposés dans les régions correspondantes.

Figure R3 .

 R3 Figure R3. Fraction des cations provenant de l'altération des silicates par rapport à la fraction de l'altération chimique entraînée par l'acide carbonique, indiquant l'effet de l'altération chimique sur le CO2 atmosphérique. 5) L'ensemble des données des affluents de la CRC indique qu'il existe des corrélations positives entre la MAT, l'ecoulement spécifique et le taux d'altération des silicates. Cela

Figure 1 . 1

 11 Figure 1.1 The evolution of atmospheric pCO2 and seawater 87 Sr/ 86 Sr over the Cenozoic. Sr isotope curve is shown as black line with inverted scale. Red circles, yellow circles and blue field are pCO2 reconstructions from boron isotope records, pedogenic carbonate, and alkenone records, respectively after Garzione (2008).

Figure 1 . 2

 12 Figure 1.2 Tectonic processes and the corresponding evolutions of surface elevation and climate during the Tibetan Plateau formation between 55 to 40 Ma. After from Ding et al. (2022).

Figure 2 . 1

 21 Figure 2.1 Mineral persistence times defined by 2% abundance (closed symbols) of silicates of modern dated soils and weathering rinds plotted versus soil age or protolith exposure. Open symbols indicate that the phase is no longer present within a chronosequence but was present in younger samples. Gray bars indicate lifetimes of 1 mm silicate spheres calculated from laboratory rate laws at pH=5. Cited from Brantley and Olsen (2014).

Figure 2 . 2

 22 Figure 2.2 Log (dissolution rate) versus pH for (a) calcite, (b) dolomite, (c) albite, and (d) K-feldspar.

Figure 2 . 3

 23 Figure 2.3 Silicate cation denudation rate versus total denudation rate illustrating the transport limitations and kinetic limitations on silicate weathering. In transport-limited catchments (open symbols),erosion controls chemical weathering rates because material supply is limited. Silicate weathering rate varies predictably with total denudation rate as a function of complete cation leaching from regolith. At higher erosion rates, silicate weathering are away from the trend becomes kinetics limitations like temperature and vegetation affect. The regression line was fitted to transport-limited catchments by the least-squares method which takes into account errors and correlations between errors on both x and y parameters. Cited fromWest et al. (2015).

  ) the Tethian Sedimentary Series (TSS) on the southern part of the Tibetan Plateau, composed by Paleozoic-Mesozoic carbonate and clastic sediments; (2) the High Himalaya

Figure 2 . 4

 24 Figure 2.4 Fraction of weathering acid sourced from pyrite oxidation (Z) against the fraction of carbonate weathering (R) grouped by location and coded by publication of the Himalayan rivers. Cited from Kemeny et al. (2021).
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 25 Figure 2.5 High-resolution seawater Sr isotopic data for the last 100 m.y. Cited from Richter et al. (1992).
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 26 Figure 2.6 Relative percentage difference in Sr isotope ratio and dissolved K + /Ca 2+ ratio between landslide seepages and local streams with negligible landsliding in Western Southern Alps. Inset figure shows conceptual model of how dissolution of biotite and calcite will control the spread of data within this space. Cited from Emberson et al. (2017).

  apprehend for the weathering impact on C cycles. The Chayu river catchment in SE Tibet spans a geographical gradient from a periglacial environment in the north to a monsoonal environment in the south and we have investigated the various chemical weathering along this climatological gradient. The lithology of the catchment is dominated by granitoid rocks. Due to the active tectonic activity and the periglacial environment, mass wasting deposits including landslide deposits, talus and rock glaciers are found in the catchment. In order to figure out the influence of mass wasting process on water chemistry, we sampled seepage water from the mass wasting deposits and nearby stream water for comparison. Cyclic input contributes 5.7 to 8.2 % to the dissolved load of the water samples, suggesting the dominance of weathering contribution within this granitoid catchment. The contributions from sulfuric acid and carbonate to chemical weathering are estimated based on the elemental data and the oxidation of sulphide as the source of dissolved sulphate. In the monsoonal South Chayu, the K*/Si, Ca*/Si ratios of the bedrock landslide seepages are higher than the streams by 265% and 117%, respectively. Together with the high contribution of carbonate (~80%) and sulfuric acid (20 to 40%), the results indicates that landslide deposits have strong influences on local water chemistry by processes identical to bedrock landslides of greywacke and carbonate lithology in active mountain belts, suggesting that the enhanced weathering by landslide process can apply to granitoid regions as well. In the North Chayu with periglacial environment, the chemistry of the seepages and streams are nearly identical, and are similar to the landslide seepage water in the south. Such result highlights the role of the periglacial critical zone without the influence of mass wasting deposits that possibly enhances chemical weathering. The high porosity created by repeat freeze-thaw cycles provides more fresh mineral surfaces for water-rock interaction. But, the low temperature and the partial availability of water, restricted to thaw periods, provide strong kinetic limitations that inhibit the silicate weathering. Such features of the alpine periglacial critical zone led to the preferential weathering of the most reactive mineral phases including calcite, sulphide, and the interlayer K + of sheet silicates (biotite, chlorite), resulting in the characteristic periglacial water chemistry. The influence of periglacial environment on local water chemistry may apply beyond the North Chayu and may play an important role in modulating the chemical weathering within the transition between Quaternary glacial and interglacial period.

Figure 3 . 1

 31 Figure 3.1 Simplified geological map indicating the sampling locations. a) The entire Chayu catchment. b) zoomed-in map of the North Chayu. c) zoomed-in map of the South Chayu. Geology and river system are from Tibetan Institute of Geological Survey. 2007.1: 250 000 Geological Survey Report of Chayu Area / Ranwu Area (https://www.ngac.org.cn/).

Figure 3 . 2

 32 Figure 3.2 Ternary plots representing the relative abundance, expressed in Eq/L, of the major cation and anion of the studied Chayu water samples with the rivers draining the Lhasa terrane (Hren et al., 2007; Yu et al., 2021) as a comparison. Ca 2+ is dominant and Cl -is negligible in the samples of this study. The K + and Na + are more significant in the South Chayu than in the North Chayu water samples.

[

  X] * = [X] sample -[X] rain ×( [Cl ] sample [Cl ] rain ⁄ ) .................................................. (1)Where [X] is the measured concentration of any species, and [X]* denotes the concentration corrected for the cyclic input. The atmospheric contribution to our samples represents 5.6 to 20.0 Eq% for Na and 0.8 to 21.5 Eq% for K, whereas Mg and Ca are less impacted (0.1 to 5.2 Eq% and 1.5 to 14.5 Eq%, respectively). The highest cyclic contributions are found in some seepages from the North Chayu, associated with a small discharge of these seepages. More generally, the cyclic contribution in the seepages is lower in the South Chayu than in the North Chayu. The Chayu catchment is also poorly impacted by human activities, and this is specially the case for the sampled seepages and streams. So [X]* is likely to be representative of natural mineral weathering.3.5.2 Source of sulphateWe use X value to represent the proportion of sulphate in anions corrected for the cyclic input, defined by the following equation: .................................................. (3.2)

km 2 ,

 2 with RYG 125 and 126 draining mostly pre-Cambrian metamorphic sedimentary rocks, and RYG 161 draining Mesozoic sedimentary formations (Figure 3.1). The prevalence of sulphate in the Chayu water samples could indicate the contribution of the oxidation of disseminated sulphide in the granitoids while high [SO4 2-] in some streams are related to sedimentary lithology locally enriched in sulphide, although little documented in that part of the Himalayas and Tibet but recognised ~800km to the West in the Tethys Himalaya (e.g.[START_REF] Feng | Isotopic study of the source and cycle of sulfur in the Yamdrok Tso basin, Southern Tibet, China[END_REF].

  * = Ca * -Ca * = Ca * -Na * × (Ca/Na) ..................................................... (3.4) Mg * = Mg * -Mg * = Mg * -K * × (Mg/K) ................................................... (3.5)Of course, the (Ca/Na) and (Mg/K) (expressed in molar ratio) have to correspond to the local composition of the silicate end-member (e.g.Galy and France- Lanord, 1999). According to the mean rock composition in each unit of EHB[START_REF] Lin | Geochemical and Sr-Nd isotopic characteristics of Cretaceous to Paleocene granitoids and volcanic rocks, SE Tibet: Petrogenesis and tectonic implications[END_REF], the (Ca/Na)sil for the Chayu Batholith in South Chayu and the Demulha Batholith in the North Chayu are 0.277 and 0.117, respectively, and the mean (Mg/K)sil for the Chayu Batholith is 0.049. For the Demulha Batholith, the MgO content is not formally listed in[START_REF] Lin | Geochemical and Sr-Nd isotopic characteristics of Cretaceous to Paleocene granitoids and volcanic rocks, SE Tibet: Petrogenesis and tectonic implications[END_REF], however, their limit of quantification and the overall trend between MgO and SiO2 suggest that an average MgO content of 0.10±0.02
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 33 Figure 3.3 The K*/Si, Ca*/Si ratios (corrected for cyclic input), X and Xcarb values of the water samples, grouped by location and nature. The vertical bars in the panel of K*/Si and Ca*/Si indicate the corresponding composition of the batholiths, with the red bar for the Demulha Batholith in the North Chayu and the green bar for the Chayu Batholith in the South Chayu.
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 34 Figure 3.4 Ca*/Si ratios versus X values for the North Chayu streams and seepages. The black line represents the linear fit for the North Chayu streams with 95% confidence interval presented by the grey shade. For the linear fit, the correlation coefficient (R) is 0.931, and the P-value is 0.007.

  because silicate weathering is strongly inhibited. The positive correlation between the Ca*/Si ratios and the X values for the North Chayu streams (Figure 3.4) corroborates the carbonate weathering enhanced by sulphide oxidation. And the positive correlations of K*/Si and Ca*/Si ratios and Xcarb and X values with TDS* in both the seepage and stream water samples from North Chayu (Figure 3.5) suggest the weathering of the labile phases dominate the dissolved load in the North Chayu, irrespective to the relative occurrence of mass wasting deposits. To sum up, we attribute the dissolved characteristics in the North Chayu to the periglacial environment. The frost process creates large surfaces areas for water-rock interaction, while the hydrological conditions and low temperature just favour the preferential weathering of labile phases and reduce the silicate weathering rate. As a result, the chemical weathering has specific characteristics: high TDS*, K*/Si and Ca*/Si ratios and Xcarb and X values.

Figure 3 . 5

 35 Figure 3.5 (next page) TDS* versus a) K*/Si ratios, b) Ca*/Si ratios and c) X values of the water samples. The red lines and the pink shades represent the linear fits and the 95% confidence interval, respectively, for the North Chayu streams except the sample RYG 114 (this stream shows a significantly lower TDS* compared with other streams with similar K*/Si and Ca*/Si ratios, thus is considered to be diluted by the melt water from an upstream glacier). The linear fit is characterised by a correlation coefficient (R) and a P-value of 0.986 and 0.002 in panel b, while those values are 0.926, and 0.024 in panel c.
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 36 Figure 3.6 Mean annual Temperature (MAT) versus a) K*/Si ratio and b) Ca*/Si ratio for the studiedChayu water samples and granitoid watersheds elsewhere[START_REF] White | The effect of time on the weathering of silicate minerals: why do weathering rates differ in the laboratory and field?[END_REF][START_REF] Oliva | Chemical weathering in granitic environments[END_REF][START_REF] Gurumurthy | Controls on intense silicate weathering in a tropical river, southwestern India[END_REF][START_REF] Wu | Chemical weathering, atmospheric CO2 consumption, and the controlling factors in a subtropical metamorphic-hosted watershed[END_REF][START_REF] Zhang | Riverine hydrochemistry and CO2 consumption in the tropic monsoon region: a case study in a granite-hosted basin, Hainan Island, China[END_REF][START_REF] Sun | Silicate weathering rate and its controlling factors: A study from small granitic watersheds in the Jiuhua Mountains[END_REF]. The colder North Chayu has higher K*/Si and Ca*/Si ratios than other granitoid watersheds from literature, highlighting factors other than temperature that enhance chemical weathering in this periglacial environment.

Figure 4 .

 4 Figure 4.1 a) Geological map of the Chayu River Catchment with river samples labelled with sample ID. b) the location of the Chayu River Catchment in the South-East Tibetan Plateau.

  H & O isotopes of the water samples were measured by cavity ring down spectroscopy (CRDS) on a Picarro L2140-i at CRPG. The values are presented in δ notations on the V-SMOW scale. Samples were introduced 10 times but only the last 7 injections were used. Every 6 samples a set of 3 standards (2 internal ED4, with δ 18 O = -8.36‰ & EN1, with δ 18 O = -13.97‰, and IAEA OH26, with δ 18 O = -11.2‰,) used for calibration, and IAEA OH25 as QC were analysed. Samples were at least duplicated. The IAEA OH25 values were δD = -129.48±0.67‰ and δ 18 O = -17.11±0.18 ‰ (2σ level, N=30).

  water influence. Trace element Sr spans a range of 0.1 to 1.4 μmol/L and keeps strong correlation with the major element Ca, suggesting Ca-bearing minerals have prime control on the Sr hydrochemistry as well.The compositions of the solid samples (suspended load and the bed loads) are presented in Table2and correspond to the bulk composition, including carbonates, and therefore are not directly comparable with the geochemistry of the different lithology in the catchment. The distribution of major element on the ternary plot is showing a rough trend between a high Ca+Mg low Na+K end, and corresponding to the North Chayu samples and a low Ca+Mg high Na+K end, formed by the south Chayu samples(Figure 4.3c). Compared with the dissolved load of the river water, Ca is much more enriched in water, except for several North Chayu samples, while the alkali elements are much less significant in the dissolved load.
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 42 Figure 4.2 Ternary plots of water samples for cations (a) and anions (b) and of solid samples for major elements (c).

Figure 4 . 3

 43 Figure 4.3 Water H-O isotopes of the river water and their relationships with mean elevation of the upstream catchment.

  locating 200 km west to the CRC. Evaporite are not found in the area by previous geological survey, and the dissolved [Cl -] are not correlated with dissolved [SO4 2-] in our dataset, so it allows us to correct with the assumption that cyclic input is the only source for the dissolved Cl: ........................................................ (4.1)

  addition to the major cation and anions Ca and HCO3 -, other associated trace elements like Sr are also removed gradually at the same time. The Sr/Ca in the remaining solution follows the Reighley fractionation process. Since the partition coefficient of Sr in carbonate <1, Na/Ca and Sr/Ca ratios in the remaining solution increase simultaneously during SCP. These changes are described by the following equations with γ as the percentage of Ca remaining in solution: ........................................................................................................ (4.2) ................................................................................................ (4.3)

  .4, in which the intercept B indicates the Sr/Ca ratios of the carbonate end-member and the slope A indicates the Sr/Na ratio of the silicate end-member. If the parameters of the linear equation can be determined, we can solve the γ value as the magnitude of SCP by combining the Equation 4.2, 4.3 and 4.4. = A × + B .......................................................................................... (4.4) 4.4.2.2 The determination of the local provenance lines As mentioned above, the first question to solve the magnitude of SCP is to determine the line equation that reflect the local provenance on the Na/Ca-Sr/Ca diagram. The solid samples of a river are the source rocks that have been fully crashed and mixed, the trend of the solid samples on the Na/Ca-Sr/Ca diagram can help to find such a line of provenance. Here, a better provenance line should be determined by the silicate and carbonate weathering end-members that represent the water composition

  Figure 4.1): the North Chayu tributaries are draining the same Jurassic granitoid unit plus the Lhasa terrane basement on the north of the basin; the South Chayu tributaries are draining the same Cambrian granitoid unit; the Middle Chayu tributaries are draining more complex lithologies since water comes from both sides of the Parlung Fault, but the influence from the dolomitic carbonate bearing sedimentary unit is obvious for this group; the West Chayu watershed is covered mostly by Paleocene granitoid and the Lhasa terrane basement. The linear regression for the solid samples of each group do form clear trends that represent the local provenance (Figures 4.4a, c, e, g), with both reliable coefficients of determination (R 2 ) and p-values. Monte Carlo simulations (n = 10 5 ) are used to calculate the uncertainties of regression by applying a random error within ±5% on the elemental concentration of each solid sample, and the calculated uncertainties are relatively low (Figures 4.4a, c, e, g).

  we forced the regression line to pass through the point of the stream RYG 65 and use least squares method to determine the equation. Fixing the stream RYG 65 on the West Chayu provenance line is based on our assumption that this watershed is weekly affected by SCP because it is in the same climatic condition as the three streams of the South Chayu.The four sets of linear equations that are very different demonstrate the lithological heterogeneity of CRC. The point of the local silicate end-member should locate on the local provenance line with a specific Na/Ca and Sr/Ca value, which should be strongly influence by the granitoids of the EHB batholith. However, when comparing each provenance line with the corresponding subdivisions of the EHB batholith[START_REF] Lin | Geochemical and Sr-Nd isotopic characteristics of Cretaceous to Paleocene granitoids and volcanic rocks, SE Tibet: Petrogenesis and tectonic implications[END_REF], the compositions of the granitoid rocks are too dispersive to indicate a specific silicate end-member composition although the provenance line overlaps the enclosed areas of the corresponding EHB subdivisions(Figures 4.4a, c, e, g). This means the compositions of rock samples are unsuitable for indicating the provenance composition of a river basin. Besides, the composition of the upper continental crust[START_REF] Rudnick | 4.1 -Composition of the Continental Crust[END_REF] deviated from all the local provenance lines in CRC, suggesting that global end-member is unsuitable for studies on basin or subbasin scales. The solid samples of the group Main River are dispersive on the Sr/Ca-Na/Ca diagram (Figure 4.5) because the stem receives materials from all the three regions: the North, Middle and South Chayu. The solid samples are locating mostly between the North and Middle Chayu solid trend (Figure 4.5), showing a deep influence of the two regions as far as for the solid materials.

  3) are calculated with Monte Carlo simulations (n = 10 4 ). The simulations incorporate the errors of the regression parameters (Figure 4.4, see Section 5.2.2), relative standard deviations of the elemental concentrations (5% for cations Sr 2+ , Na + , and Ca 2+ ) and the error of KdSr of 0.03. The relative uncertainties of γ vary from 10% to 50%, and there is a broadly negative relationship with the value of γ. This relationship may be due to the nonlinearity of the Reighley fractionation of Sr/Ca during SCP. Statistics for the γ values indicates the magnitude of SCP vary between regions (Figure 4.6) and this may relate with different climatic conditions. The North Chayu tributaries have the lowest mean γ values while the South Chayu and West Chayu have the highest values, corresponding to the environmental change from the periglacial environment to subtropical monsoonal environment. The reduction in carbonate

Figure 4 . 4

 44 Figure 4.4 Sr/Ca-Na/Ca plots of the tributary water samples (corrected for cyclic inputs) grouped by locations. The panels a, c, e, g also show the compositions of corresponding solid samples (black cross) with local provenance lines indicating the mixing between the local carbonate and silicate end-members, and the rock data of the granitoid batholith existing in the region. The panels b, d, f, h are the zoom-in Sr/Ca-Na/Ca plots for each group of samples and local provenance lines. The symbols on the provenance lines indicate the river water compositions after the corrections for SCP, with a blue short lines linking the symbols before correction.

Figure 4 . 5

 45 Figure 4.5 The Sr/Ca-Na/Ca plots of the main river water samples, in comparisons with corresponding solid samples and the three provenance lines of the North Chayu, Middle Chayu and South Chayu.

Figure 4 . 6

 46 Figure 4.6 The box statistics for the γ values calculated for each groups of river water samples.

[

  Ca ] * * = γ [Ca ] * .......................................................................................... (4Ca ] * * ................................... (4Ca ] * * ........................................ (4.7)

  to the local provenance line following the trajectory of SCP process as shown in Figures 4.4b, d, e, g. The vector length between the data before and after correction represents the magnitude of SCP. The loss of bicarbonate the change of δ 13 CDIC do not only related to the precipitation of carbonate, so they are more complicated. Considering the chemical reaction of calcite precipitation: Ca + 2HCO → CaCO ↓ +CO + H O.............................................................. (4.8)

  stands in catchments with broader variation range of lithology in term of carbonate versus silicate (Figure4.7b).

Figure 4 . 7

 47 Figure4.7 The relationships between the γ values with the Na/Ca ratios of the river water. In panel a, the Na/Ca ratio is corrected both for cyclic input and SCP. In panel b, the Na/Ca is only corrected for cyclic input, and the pink shadow is the range of river water in Rishi Ganga catchment draining the High Himalayan Crystalline Series. Fit 1: the regression for the subset of samples excluding all the 5 samples with γ values close to 1. Fit 2: the regression for samples in Fit 1 plus the two with Na*/Ca** around 0.4 and γ close to 1.

Figure 4 .

 4 Figure 4.8 a) 87 Sr/ 86 Sr ratios against the Na*/Ca** ratios (corrected for both the cyclic input and SCP of the river water). b) 87 Sr/ 86 Sr ratios against the area of upstream basin of the river samples.

  Na] * ...................................................................................... (4.12) [Mg ] = × [K] * ....................................................................................... (4.13)
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  Those exceptions are all draining pure granitoid bedrocks and the average elevation of the basins are relatively low, even though the silicate weathering are still not dominant in the cationbased estimation. Concerning the Xsil are not scattered between basins with small size (Figure 4.9), lithology is not the key driving low Xsil values. Instead, we propose the climate control on the low Xsil. In the previous study for the seepage and stream water (Ruan and Galy, 2021), the estimated carbonate weathering contribution is lower in the North Chayu under the periglacial environment than the South Chayu under the monsoon climate, since the periglacial environment imposes strong kinetic limitation on silicate weathering and highlight the importance of reactive mineral phases like carbonate, biotite and sulphide. In that study, the Ca from SCP was not correct. Now with SCP corrections, the trend of Xsil of South Chayu > Middle Chayu > North Chayu still exist (Table

  following equation is used to indicate the relative ratio of sulphate to carbonate anions: * ....................................................................................... (4.15)

  acid and carbonate and X equals to 0. Such model is illustrated by the grid on the δ 13 CDIC -X diagram (Figure 4.10a, b). Assuming both carbonic acid and sulfuric acid are equally apportioned to silicate and carbonate, the carbonic acid fraction (fcarb), sulfuric acid fraction (fsulf), carbonate fraction (Xcarb) and silicate fraction (Xsil) can be solved with the following equations (Emberson et al., 2018): 𝑓 = ( ) .............................................. (4.16) X = -1 ............................................................................................... (4.17) 𝑓 = 1 -𝑓 .................................................................................................. (4.18) X = 1 -X .................................................................................................... (4.19)

  2.4, we have discussed and corrected the δ 13 CDIC and bicarbonate concentrations for the SCP and CO2 degassing processes under 2 extreme situations: full degassing and no degassing. We plot the CRC samples with data corrected under the two situations on the δ 13 CDIC -X diagram, respectively, and compare them with the model of multiple acid and substrate weathering (Figures 4.10a and b). On the diagram, the original data of each sample point before correction are indicated as well.

Figure 4 .

 4 Figure 4.10 The δ 13 CDIC -Xdiagrams for river water corrected for SCP under two scenarios: full degassing (a) and no degassing (b). The model for solving the acid and substrate contributions is shown as a bundles of mixing curves in grey, combing the δ 13 C determined for local organic carbon and carbonate end-members.. The short blue lines links the water composition after correction with the composition before correction.

Figure 4 .

 4 Figure 4.11 The differences between the Xcarb values estimated by cation contributions (Xcarb by cations) and by δ 13 CDIC-X diagrams (Xcarb by isotopes).

Figure 4 .

 4 Figure 4.12 The effect of chemical weathering in the Chayu River Catchment on the atmospheric CO2 uptake or release.

  + C D ........................................................................................(4.20)

  sides of the equation by Ddown, the Equation 4.20 can be transformed as Equation 4.21 for solving the relative flux of the tributary FT, which equals to DT/Ddown: C = C (1 -F ) + C F ............................................................................................(4.21)

  Potential uncertainties for the calculation comes from: (1) the flux of other tributaries not sampled between the two main river samples; (2) the non-conservative processes of the component. To overcome the first problem of the discharge flux from other streams, we substrate the calculated FT by the contribution from those streams by watershed areas, on the assumption that those streams as a whole have identical chemical composition as the tributary. Although the dataset has already show large heterogeneity between tributaries (Table
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  -GENERAL CONCLUSION AND PERSPECTIVES The conclusions reached by the Chapter 3 and 4 are tightly linked. Both of them are discussing the chemical weathering of the Chayu River Catchment (CRC) under the current climate conditions, which is an essential milestone for the aim put forward in the General Introduction to discuss the chemical weathering of the Trans-Himalaya during the Eocene. The two chapters have different focuses: the Chapter 3 is emphasizing on the chemical weathering processes under the alpine periglacial environment while Chapter 4 is distinguishing the sources of chemical weathering and quantifying the rates of chemical weathering in CRC. Although the current studiesfocusing on the modern chemical weathering in CRC is still far from reaching the step of directly discussing the past chemical weathering, there are already some points from my current study to be taken for that discussion as perspectives. In this final chapter of the thesis, I will first summarise the main points reached in Chapter 3 and 4, and then probe into the question that how large is the influence of periglacial weathering on the overall chemical weathering of the CRC. Next, we will move to the part of perspective to extrapolate the modern chemical weathering to the Eocene, joining with the possible variations in climate and lithology, to discuss the possible variations of carbon source/sink effect of the past Trans-Himalaya weathering during the Eocene and the influence on seawater 87 Sr/ 86 Sr ratios. This discussion definitely have large uncertainties that can lead to the final part of the chapter to introduce future works, including those to reduce such uncertainties for further steps to constrain the past chemical weathering and some other works related to the thesis that can be done.5.1 Lessons from the weathering in CRC under current climatic conditionsIn chapter 3, I discussed the presence of periglacial environment in the Chayu River Catchment and its influence on the river chemistry of local streams and seepages. The freeze-thaw process under the alpine periglacial environment plays a strong exposure mechanism for bedrocks that cause the preferential weathering of labile minerals, like calcite and sulphide, and labiles elements from other minerals like the biotite, leading to elevated Ca/Si, SO4 2-and K/Si in the dissolved load during chemical weathering. The similarity in the elemental ratio signals between the streams and the landslide seepages

Figure 5 . 1

 51 Figure 5.1 The map of possible periglacial areas in the CRC. The areas coloured with grey ramp are above 4200m, which is likely to be influenced by the periglacial processes. RYG 88 and RYG 50 correspond to the sampling sites on main river, representing the outflow of the dense periglacial area and the outflow of the whole eastern branch, respectively.

Figure 5 . 2

 52 Figure 5.2 The variation of K*/Si, Ca*/Si ratios and XSO4 values of the main river along the river profile. Seepages, streams and tributaries are plotted as well to compare with the main river. K*/Si ratios and XSO4 keeps roughly constant except for in the headwater samples, and the Ca*/Si ratios exhibit a gentle decrease. Most of the tributaries and streams at low elevations are below the values of the main river regarding with the K*/Si and Ca*/Si ratios. The lack of inputs with high K*/Si, Ca*/Si ratios into the main river may indicate that there are unsampled sources carrying high signals. For the K*/Si ratios, such sources can be the ground flows with similar signals as the low elevation seepages.

5. 3 . 1

 31 The limiting factor for the carbonate weathering coupled with sulphide oxidation In Chapter 4, our analysis shows that all the sub-basins in CRC has at least 10% chemical weathering driven by sulphuric acid, and in some sub-basins the percentage reaches more than 70%. Here, I want to know the limiting factors for the sulphuric aciddriven-weathering across the CRC. The carbonate weathering coupled with sulphide oxidation requires 1) the supply of both carbonate and sulphide minerals, both have fast weathering kinetics at ambient condition, but also a relatively close association of sulphide and carbonate minerals in order that sulphuric acid produced by the oxidation of the sulphide does not get primarily consumed by silicate weathering. Of the two minerals, the one that gets depleted faster limits the amount of carbonate weathering coupled with sulphide oxidation. The detrital carbonate and sulphide in the river sand can provide information about their relative initial abundances and relative dissolution kinetics. As for sulphide, what we are able to measure was the total sulphur in the sand.

Figure 5 .

 5 Figure 5.3 a) The map of carbonate content in river sand in sub-basins. b) The map of total sulphur content in river sand in sub-basins.

Figure 5 . 4

 54 Figure 5.4 The variations of sulphur and carbonate content in sand along the river profile, compared with the variation of the X values and Ca**/Si ratios in the dissolved load. From right to left is the direction down streams.
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  have been done to determine the Ea for different weathering reactions with

	different silicate minerals or rocks. Experimentalists measured the Ea for a variety of
	minerals under lab conditions, e.g. the compilation of Brantley and Olsen (2014) shown
	as Table 2.1. Datasets of global granitoid watersheds show relationships of SiO2 and
	Na fluxes with watershed temperature and the estimated Ea of 68.8 kJ/mol and 78.2
	kJ/mol based on SiO2 and Na are consistent with previous feldspar dissolution
	experiments

  2 . The geography of the catchment is diverse and related to the variation in altitude. The north of the catchment (North Chayu) is in a semi-arid periglacial alpine environment. The surrounding mountains peak above 6000 m and the riverbed is above 3500 m. As altitude decrease, the south of the catchment (South Chayu) reaches a subtropical monsoonal forest environment. The lowest point of the riverbed in this area is around 1000 m. Near Chayu city, where the riverbed altitude is ~2000m, the mean annual temperature (MAT) is 11.9° and the mean annual precipitation (MAP) is about 800 mm (http://www.weather.com.cn/cityintro/101140404.shtml). 30 km NW of North Chayu,

  Bicarbonate concentration is estimated by charge balance. Previous studies of the dissolved chemistry of Himalayan and Southern Tibetan rivers that have measured the bicarbonate by titration in the field show no systematic difference with the values calculated by charge balance (e.g.

	2-and NO3 -are
	measured on Dionex ICS-1000 Ion Chromatograph at GFZ with USGS M214, P62,
	M212 and M222 as QC. The uncertainty of anions is less than 10% (Emberson et al.,
	2016b).

  Chayu with the North Chayu, induces a 15% increase in the dissolved carbonate, while the silicate weathering rate decreases by 63% to 90% (using the apparent activation energy of 74±29 kJ mol -1 of[START_REF] West | Tectonic and climatic controls on silicate weathering[END_REF] change in Ksp for CaCO3 by 133%, e.g. Bufe et al.

. Only during the thaw, the rock fragments are available for weathering. Moreover, low temperatures reduce the silicate weathering rate but also increase carbonate solubility. A change in MAT from 11.9°C to -2.2°C, for the comparison of the South

Table 3 . 1

 31 Information about the sampled mass wasting deposits.

	Sample	Deposit No.	Long.	Lat.	Altitude [1]	Relief	Type of mass wasting deposit	Surface Area	Vegetation Cover
					m	m		km 2	
	RYG 109, 110	ZL-1	97.1699 29.2948	4133	1312	Talus fan	0.779	39%
	RYG 119, 120	ZL-2	97.0376 29.3370	4944	673	Rock glacier	0.232	13%
	RYG 131	ZL-3	97.0947 29.3341	4306	247	Talus fan / rock glacier	0.199	62%
	RYG 139-142, 117	ZL-4	97.1095 29.3296	4263	310	Talus fan	0.231	29%
	RYG 143	ZL-5	97.1500 29.3273	3973	322	Talus fan	0.213	97%
	RYG 155	ZL-6	97.1104 29.3227	4284	385	Rock glacier	0.091	54%
	RYG 158	ZL-7	97.0571 29.3382	4390	225	Talus fan	0.113	85%
	RYG 147-149	ZL-8	97.1617 28.5993	2010	1220	Bedrock landslide	0.921	51%

[1] 

The mean altitude of the deposit area.

Table 3 . 2

 32 Information about the sampled streamsChemical data of the seepage and stream water samples

	Sample	Region	Long.	Lat.	Catchment	Mean	Relief Estimated
					Area	Catchment Alt.		MAT
					km 2	m	m	°C
	RYG	North Chayu	97.1653 29.3228 4.76	4836	1778	-3.6
	RYG	North Chayu	97.1147 29.3219 0.122	4405	492	-1.0
	RYG	North Chayu	97.1347 29.3318 189.1	5168	1992	-5.6
	RYG	North Chayu	97.1892 29.3054 53.93	4927	2146	-4.2
	RYG	North Chayu	97.1875 29.3142 141.5	4886	2159	-3.9
	RYG	North Chayu	97.1819 29.1712 354.6	4655	2791	-2.5
	RYG 96	South Chayu	97.2369 28.5960 8.35	2961	2261	7.8
	RYG 97	South Chayu	97.1149 28.5807 24.0	3592	2947	4.0
	RYG 99	South Chayu	97.1738 28.6018 3.59	2999	2183	7.6

Table 3 .

 3 4 Rain composition of Southeast TibetOur study area is the Chayu River Catchment (CRC) at the upper part of the Lohit river. The Lohit is an eastern tributary of the Bramaputra. The Chayu river has two branches, the eastern Sang Qu and the western Kangri Garpo Qu, draining areas of ~6900 and ~4800 km 2 , respectively. The total water discharge of the Chayu river after the convergence of the two branches is 832 m 3 s -1 , as reported on a government website

	Location	Lat. Long. Altitude MAT Cl -NO3 -SO4 2-Na +	K +	Mg 2+	Ca 2+
			m	°C		μmol/l	
	SET Station 29.77 94.73	3326	5.6	6.74 2.33	2.62 6.73 1.88	0.83	17.02
	[1] Data source: Liu et al., 2013					

(http://www.linzhi.gov.cn/linzhi/zmlz/201812/ab53f2adc76b4af981fd2fb072c805b8.s

  . Two small tributaries from the South and West Chayu are selected for the measurement, too. Except for the closest sample to the headwater (RYG 136), the 87 Sr/ 86 Sr ratios are relatively stable downstream in the main river of the eastern branch (Sanq Qu), varying in the narrow range of 0.7333 to 0.7343 (Table4.1C). The samples from the western branch (Kangri Garpo Qu) vary from 0.7341 to 0.7313 (Table 4.1C). Extreme values in the dataset are from the tributaries, but there is no apparent spatial distributions of the high and low values. As an example, the North Chayu tributaries provide both high 87 Sr/ 86 Sr (0.7400 for RYG 126) and low values (0.7263 for RYG 114, Table 4.1C) on two adjacent watersheds (Figure 4.1). The South Chayu tributaries RYG 55 and 52 have similar ratios of 0.7358 and 0.7379, , and the two Middle Chayu tributaries RYG 40 and 75 have similar 87 Sr/ 86 Sr ratios of 0.7371 and 0.7407. It is worth noticing that these two

pairs of samples also have similar lithology

(Figure 4.1)

. The selected small tributaries are draining local granitoid only. In the South Chayu, the small tributary RYG 96 drains a Cambrian batholith (Figure

4

.1) and the dissolved Sr has a 87 Sr/ 86 Sr ratio of 0.7254, lower than the major tributaries from the south. The West Chayu small tributary (RYG 65) drains the Paleocene batholith (Figure

4

.1) and the 87 Sr/ 86 Sr ratio of 0.7109 is the lowest value measured in dissolved Sr from the CRC.

  Table 4.5. Uncertainties of the estimation are propagated by Gaussian's law with the standard deviation for elemental concentrations of 5% and for end-member values of 25%. It is shown that the estimated Xsil never exceed 50% and are mostly <10% with small variations. Although carbonate formations appears in some of the Middle Chayu rivers, most of the basin sampled in CRC are dominated by granitoid lithology. Rivers with higher Xsil are from the streams of the South Chayu (RYG 96, 97 and 99; 27% to 49%), the stream of the West Chayu (RYG 65; 32%) and one tributary of the Middle Chayu (RYG 151; 33%).

  Assuming the full degassing, some qualitative patterns can be interpreted by distribution of the CRC data on the δ 13 CDIC -X diagram (Figure 4.10a): First, carbonate weathering is dominant for most of the rivers, which is the same as what is indicated by the cation-

	based estimation (see details in Section 5.4.1); Second, a certain proportion of
	approximately 10 to 30% sulfuric acid weathering (Table 4.5) exist in all the basins but
	the carbonic acid remains dominant, except in two streams in the Middle Chayu, RYG
	39 and RYG 80, with bedrocks mostly from the pre-Cambrian metamorphic basement
	(Figure 4.1a) that probably contain more sulphide than granitoid. The significant
	carbonate and sulfuric acid weathering proportions suggest that although carbonate and
	sulphide are minor component in silicate rocks, they can disproportionately affect the
	weathering budget, as pointed by many previous studies (e.g.

  ..................... (4.22) Errors for the estimations are from Monte Carlo simulations (n = 10 5 ) by apply a 10% RSD to Cl, F and SO4 concentrations or the measured SD of water isotopes. The results of tributary flux contributions based on variable single components with Equation 4.21 and variable combinations of components with Equation 4.22 are presented with errors inTable 4.6A and Table 4.6B.

Table 4 .

 4 1AThe watershed geography and sampling sites of the river water samples.

				Upstream watershed		Sampling site	
	Sample	Region	Type	area	mean elev.	max elev.	relief	lat.	long.	alt.	Date
				km 2	m	m	m	°E	°N	m	d/m/y
	RYG 129	North Chayu	stream	4.8	4871 5594 1529 29.32 97.17 22/9/2019
	RYG 153	North Chayu	stream	0.1	4413 4643	487	29.32 97.11 26/9/2019
	RYG 125	North Chayu	stream	54.2	4921 5735 2148 29.31 97.19 21/9/2019
	RYG 114	North Chayu	tributary	187.8	5171 5850 1918 29.33 97.13 15/9/2019
	RYG 126	North Chayu	tributary	142.5	4876 5767 2180 29.31 97.19 21/9/2019
	RYG 161	North Chayu	tributary	350.6	4650 6145 2796 29.17 97.18 27/9/2019
	RYG 39	Middle Chayu	stream	6.2	4510 5243 1803 29.16 97.21 10/9/2019
	RYG 58	Middle Chayu	stream	4.2	3774 4603 1940 28.82 97.49 12/9/2019
	RYG 70	Middle Chayu	stream	5.5	3726 4818 2211 28.76 97.47 13/9/2019
	RYG 77	Middle Chayu	stream	43.7	4549 5336 2490 28.97 97.41 13/9/2019
	RYG 68	Middle Chayu	stream	5.6	3740 4753 2338 28.72 97.47 13/9/2019
	RYG 80	Middle Chayu	stream	36.2	4796 5729 2406 29.13 97.23 13/9/2019
	RYG 82	Middle Chayu	stream	70.7	4666 5731 2583 29.09 97.29 13/9/2019
	RYG 85	Middle Chayu	stream	2.8	4093 4796 1498 29.07 97.30 13/9/2019
	RYG 40	Middle Chayu	tributary	589.8	4678 5732 2812 29.03 97.40 10/9/2019
	RYG 75	Middle Chayu	tributary	304.6	4495 5887 3202 28.89 97.46 13/9/2019
	RYG 151	Middle Chayu	tributary	262.9	4315 4920 2589 28.68 97.47 26/9/2019
	RYG 96	South Chayu	stream	8.2	3079 4162 2226 28.60 97.24 14/9/2019
	RYG 97	South Chayu	stream	2.3	3227 4631 2871 28.58 97.11 14/9/2019
	RYG 99	South Chayu	stream	23.9	3591 4073 1999 28.60 97.17 14/9/2019
	RYG 55	South Chayu	tributary	809.0	4260 5496 3654 28.60 97.22 11/9/2020
	RYG 52	South Chayu	tributary	953.9	4027 6142 4529 28.56 97.08 11/9/2019
	RYG 136	Main River	main river	123.7	5186 5739 1426 29.34 97.06 22/9/2019
	RYG 106	Main River	main river	732.1	4909 5850 2568 29.16 97.21 14/9/2019
	RYG 88	Main River	main river	1338.4 4741 6145 3142 29.07 97.31 13/9/2019
	RYG 104	Main River	main river	1514.9 4687 6145 3247 29.03 97.38 14/9/2019
	RYG 101	Main River	main river	2228.2 4646 6145 3436 28.90 97.46 14/9/2019
	RYG 100	Main River	main river	2885.2 4597 6145 3558 28.85 97.49 14/9/2019
	RYG 59	Main River	main river	3267.5 4564 6145 3623 28.80 97.49 12/9/2019

Table 4 .

 4 1BThe dissolved cation and anion concentrations of the river water samples.

	TDS	mg/L	121	57	130	49	166	151	90	73	112	49	128	61	40	131	97	71	40	77	29	57	34	39
	Sr 2+		0.39	0.07	0.19	0.50	0.45	0.65	0.13	0.04	0.13	0.06	0.18	0.16	0.15	0.21	0.40	0.13	0.28	1.06	0.34	0.77	0.09	0.09
	Li +		0.83	0.22	0.66	0.31	1.39	1.26	0.31	0.53	0.99	0.30	0.98	0.26	0.18	0.52	0.48	0.30	0.17	0.21	0.07	0.14	0.22	0.22
	HCO3 -		1182	573	1054	493	1360	1341	721	733	1002	468	1188	461	379	1314	952	588	340	626	192	340	225	351
	SO4 2-		191	30	359	52	472	352	205	60	137	41	159	170	59	81	140	142	18	47	14	30	73	40
	NO3 -		9.1	BQL	3.4	BQL	3.5	5.6	11.6	2.8	6.8	3.3	4.2	4.7	1.3	2.4	4.2	6.4	BQL	BQL	BQL	BQL	0.8	BQL
	Cl -		5.5	4.4	5.3	5.7	4.9	12.1	6.3	4.8	9.7	4.5	7.3	5.1	4.3	5.5	7.8	5.1	11.4	7.0	4.7	6.4	5.8	6.1
	F -	μmol/L	2.1	0.9	3.8	5.2	3.9	3.7	6.9	2.9	13.8	9.2	13.6	4.3	3.5	58.1	5.8	9.9	8.8	107.6	26.8	80.1	8.5	5.2
	H4SiO4		53	74	51	24	51	51	70	82	142	58	119	37	21	146	47	62	96	158	105	220	60	58
	Ca 2+		452	246	564	218	684	584	386	267	499	228	640	261	162	512	394	320	122	288	82	127	153	165
	K +		21	16	25	20	18	24	41	8	27	11	34	43	27	25	29	28	13	56	13	49	13	14
	Mg 2+		278	47	292	60	444	400	136	142	86	29	64	104	67	190	186	94	19	48	11	35	14	30
	Na +		99	35	48	32	42	73	72	38	110	42	92	41	22	113	61	38	102	105	53	114	40	39
	T.	°C	4.8	5.4	6.5	10.3	5.6	8.9	12.2	12.2	14.4	12.1	12.1	11.3	10.5	10.9	12.7	12.0	10.5	15.2	15.8	19.2	15.1	13.7
	Cond.	μS	156	62	173	63	233	214	118	87	132	57	159	92	55	150	118	94	37	86	26	52	46	45
	pH		8.22	7.80	7.38	7.94	7.78	8.19	8.05	7.87	8.20	7.89	8.08	7.84	7.74	8.21	8.21	7.91	7.48	7.86	7.50	7.62	7.65	7.67
	Sample		RYG 129	RYG 153	RYG 125	RYG 114	RYG 126	RYG 161	RYG 39	RYG 58	RYG 70	RYG 77	RYG 68	RYG 80	RYG 82	RYG 85	RYG 40	RYG 75	RYG 151	RYG 96	RYG 97	RYG 99	RYG 55	RYG 52
	(continued next page)																			

Table 4 .

 4 1CDissolved isotopic values of the river samples.

	Sample	δ 13 CDIC	δ 18 Owater		δDwater		Sr 2+	87 Sr/ 86 Sr	
			value	2σ	value	2σ		value	2σ
		‰ (V-PDB)	‰ (V-SMOW)	‰ (V-SMOW)	μmol/L		
	RYG	-1.4	-15.38	0.09	-109.78	2.74	0.83		
	RYG	-7.9	-14.75	0.25	-107.20	1.60	0.22		
	RYG	-2.0	-16.30	0.10	-117.62	1.33	0.66		
	RYG	-15.7	-17.18	0.06	-125.03	1.51	0.31	0.726285	±7
	RYG	-7.1	-15.59	0.21	-111.11	1.88	1.39	0.740013	±8
	RYG	-2.6	-14.79	0.08	-104.45	0.61	1.26	0.732863	±7
	RYG 39	-3.2	-15.42	0.24	-111.43	1.36	0.31		
	RYG 58	-13.8	-12.99	0.22	-91.93	2.73	0.53		
	RYG 70	-6.6	-13.31	0.15	-95.87	1.84	0.99		
	RYG 77	-3.8	-14.35	0.15	-102.91	2.31	0.30		
	RYG 68	-7.1	-13.54	0.18	-96.81	1.54	0.98		
	RYG 80	-2.2	-16.58	0.20	-118.56	1.09	0.26		
	RYG 82	-3.6	-16.55	0.19	-117.37	1.22	0.18		
	RYG 85	-5.1	-13.89	0.18	-100.00	0.49	0.52		
	RYG 40	-3.4	-15.45	0.09	-110.58	3.40	0.48	0.737149	±7
	RYG 75	-4.0	-15.63	0.16	-112.87	1.35	0.30	0.740661	±7
	RYG	-3.8	-14.33	0.06	-104.41	1.04	0.17		
	RYG 96	-6.9	-11.47	0.08	-79.80	0.70	0.21	0.725355	±8
	RYG 97	-25.8	-12.40	0.18	-86.21	2.03	0.07		
	RYG 99	-8.3	-10.94	0.04	-78.40	1.22	0.14		
	RYG 55	-4.8	-13.77	0.20	-98.06	1.19	0.22	0.735828	±9
	RYG 52	-15.4	-13.73	0.12	-96.75	1.17	0.22	0.737875	±7
	RYG	-3.6	-16.77	0.15	-122.21	0.70	0.36	0.714589	±6
	RYG	-3.6	-16.60	0.12	-119.70	0.85	0.55	0.734157	±6
	RYG 88	-10.6	-15.67	0.11	-112.26	1.32	0.59	0.734272	±10
	RYG	-3.5	-15.76	0.01	-112.46	1.40	0.58	0.733560	±8
	RYG	-3.6	-15.57	0.19	-111.26	2.22	0.50	0.733820	±7
	RYG	-3.8	-15.58	0.04	-111.32	0.65	0.46	0.734213	±8
	RYG 59	-3.8	-15.44	0.17	-110.46	0.67	0.48	0.733609	±8
	RYG 63	-3.5	-15.42	0.05	-109.83	1.19	0.49	0.733296	±7
	RYG 94	-4.1	-15.60	0.21	-111.72	0.52	0.49	0.733478	±8
	RYG 43	-4.7	-15.23	0.19	-108.98	1.30	0.51	0.733344	±7
	RYG 67	-3.7	-15.01	0.10	-107.60	2.34	0.42	0.733449	±7
	RYG 50	-4.0	-14.62	0.18	-103.89	1.36	0.41	0.733850	±7
	RYG	-6.6	-14.85	0.08	-105.30	1.47	0.37	0.734093	±10
	RYG 47	-6.8	-13.94	0.11	-97.85	1.63	0.36	0.731281	±9
	RYG 65	-23.8	-11.45	0.12	-78.37	1.19	0.22	0.710869	±9

Table 4 . 2

 42 Chemical composition of the solid samples of the rivers.

	δ 13 Corg δ 13 Ccarb	‰ (V-PDB)		-3.03	0.30	-0.39	-26.26 -3.04					-0.51	-3.19	-26.69 -0.29		-2.23			-6.33	-27.02 -1.94		
	Carbonate	wt%	BQL	0.4	7.1	21.2	0.2	BQL	BQL	BQL	BQL	2.9	0.6	3.1	BQL	0.5	BQL	BQL	0.6	0.7	BQL	BQL	BQL
	Sr	ppm	98	70	78	126	101	128	198	163	88	66	105	70	101	75	80	59	139	90	76	129	67
	Total		1.3	2.5	4.1	10.5	1.6	1.7	2.1	6.3	1.0	2.2	1.0	2.6	1.2	0.8	0.9	2.5	2.2	1.6	0.0	0.9	0.4
	LOI		1.3	2.5	4.1	10.5	1.6	1.7	2.1	6.3	1.0	2.2	1.0	2.6	1.2	0.8	0.9	2.5	2.2	1.6	0.0	0.9	0.4
	P2O5		0.1	0.1	0.2	0.1	0.1	BQL	BQL	0.1	BQL	BQL	BQL	0.1	0.1	0.1	BQL	0.1	0.2	0.2	BQL	BQL	BQL
	TiO2		0.4	0.6	0.3	0.5	0.5	0.4	0.2	0.7	0.3	0.4	0.4	0.4	0.5	0.4	0.2	0.5	0.6	0.5	0.4	0.2	0.2
	K2O		3.1	3.0	3.6	2.6	3.1	2.7	2.5	1.1	4.9	2.8	3.4	3.1	2.7	3.1	3.9	4.3	3.3	3.5	4.4	3.6	4.3
	Na2O CaO	wt%	2.0 1.1	1.2 1.5	1.3 2.8	1.5 7.6	1.8 1.0	2.4 2.7	3.4 2.7	2.6 6.2	3.2 0.9	2.3 2.6	2.7 3.1	2.1 2.5	2.9 2.8	3.0 2.2	2.8 1.2	1.7 0.5	2.0 2.0	3.0 2.4	2.6 1.4	3.1 1.8	3.1 1.4
	MgO		1.1	1.7	1.7	4.2	1.3	2.1	1.3	6.5	0.4	1.5	1.0	1.6	1.5	0.9	0.5	1.0	1.5	1.5	0.4	0.6	0.5
	MnO		0.1	0.1	0.1	0.1	0.1	0.1	0.0	0.1	0.0	0.1	0.1	0.1	0.1	0.0	0.0	0.1	0.1	0.1	0.0	0.0	0.0
	Fe2O3		3.0	5.3	3.0	4.5	3.5	3.7	2.3	7.6	2.1	3.6	3.1	3.8	3.8	2.4	2.4	3.7	5.1	3.9	2.6	1.9	1.7
	Al2O3		10.9	12.4	10.5	10.7	11.3	13.5	14.4	15.1	13.5	11.1	12.9	11.6	13.3	12.2	12.2	13.6	13.0	14.3	11.7	13.0	12.2
	SiO2		75.8	70.6	71.7	56.8	76.1	69.9	70.5	53.0	72.7	72.3	71.5	72.2	70.5	74.2	75.0	70.9	69.6	69.0	76.0	73.9	75.5
	Type		bedload	bedload	bedload	bedload	susp. load	bedload	bedload	bedload	bedload	bedload	bedload	susp. load	bedload	bedload	bedload	bedload	bedload	susp. load	bedload	bedload	bedload
	Region		North Chayu	North Chayu	North Chayu	North Chayu	North Chayu	North Chayu	North Chayu	North Chayu	Middle Chayu	Middle Chayu	Middle Chayu	Middle Chayu	Middle Chayu	Middle Chayu	Middle Chayu	Middle Chayu	Middle Chayu	Middle Chayu	South Chayu	South Chayu	South Chayu
	Corresponding	water		RYG114	RYG125	RYG126	RYG161	RYG114	RYG153			RYG151	RYG40	RYG75	RYG40	RYG80	RYG82	RYG77	RYG58	RYG70	RYG82	RYG55	RYG52	RYG97

Table 4

 4 

			.3																						
	Calculated γ values and water chemistry corrected for SCP								
	δ 13 C (no)	1σ value	‰ (V-PDB)	1.0 -4.3	1.2 -9.1	1.0 -4.1	1.8 -18.1	1.2 -10.4	1.0 -6.1	0.6 -3.6	1.6 -16.4	1.1 -9.2	0.9 -5.5	1.1 -9.2	0.8 -3.2	0.9 -5.0	0.8 -5.9	0.9 -4.9	0.8 -5.0	0.8 -4.5	0.7 -6.9	2.6 -25.8	0.9 -8.3	0.6 -6.8	1.6 -17.3
	δ 13 C (full)	1σ value	‰ (V-PDB)	2.4 -8.6	2.2 -10.9	2.4 -7.2	2.9 -21.8	2.5 -15.5	2.5 -11.3	1.4 -4.1	2.6 -20.4	2.3 -13.1	2.2 -7.9	2.3 -12.2	1.8 -4.7	2.1 -7.1	1.8 -7.2	2.1 -7.1	1.8 -6.4	1.7 -5.6	0.8 -6.9	2.6 -25.9	1.0 -8.4	1.0 -9.9	1.8 -20.2
	** (no)	1σ		1780	370	1517	675	3500	3099	260	829	1511	426	1493	313	258	534	667	359	91	87	25	41	148	151
	HCO3 -	conc.		3935	946	3048	1436	7255	6508	835	2104	3449	995	3336	772	674	1814	1752	937	366	593	172	315	688	803
	** (full) §	1σ		892	186	763	338	1753	1552	139	415	757	214	749	161	130	271	337	183	46	51	14	25	76	77
	HCO3 -	conc.		2546	749	2039	951	4296	3898	764	1408	2204	722	2246	605	516	1552	1334	751	326	593	171	313	443	562
	Sr 2+	1σ conc.	μmol/L	0.60 0.89	0.13 0.23	0.46 0.69	0.22 0.32	1.01 1.51	0.92 1.36	0.12 0.31	0.34 0.56	0.64 1.05	0.18 0.31	0.62 1.03	0.14 0.26	0.11 0.19	0.25 0.53	0.28 0.49	0.15 0.30	0.08 0.16	0.03 0.20	0.01 0.07	0.03 0.13	0.06 0.22	0.06 0.22
		1σ		197	28	203	42	313	287	53	89	54	18	39	55	39	92	110	47	8	8	2	7	4	8
	Mg 2+	conc.		290	48	300	62	466	420	136	147	88	29	65	105	68	191	189	95	17	48	11	34	14	30
		1σ		888	183	755	337	1748	1548	121	414	754	211	743	153	128	261	331	176	44	30	9	16	72	74
	Ca 2+	conc.		1827	433	1559	689	3630	3164	440	951	1720	490	1711	414	308	760	792	493	134	271	72	113	383	390
		1σ		0.116	0.228	0.170	0.143	0.089	0.085	0.228	0.116	0.120	0.189	0.157	0.219	0.202	0.222	0.196	0.220	0.229	0.099	0.116	0.125	0.065	0.070
	γ																								
		value		0.240	0.544	0.353	0.295	0.185	0.175	0.839	0.268	0.276	0.442	0.363	0.598	0.490	0.655	0.473	0.623	0.700	1.000	0.977	0.976	0.360	0.383

Table 4 . 5

 45 Estimations for the silicate weathering and carbonic acid weathering budgets

		Cation based			Anion and isotope based			
	Sample	Xsil †		Xsil (full) §	Xsil (no)	fcarb (full)		fcarb (no)
		value 1σ	value	1σ	value	1σ	value	1σ	value	1σ
	RYG	4%	2%	-15%	73%	-200%	314%	72%	11%	65%	19%
	RYG	8%	3%	13%	47%	-25%	76%	87%	5%	87%	6%
	RYG	3%	1%	-2%	13%	-107%	18%	48%	8%	42%	8%
	RYG	5%	2%	102%	111%	83%	417%	91%	12%	92%	19%
	RYG	1%	0%	70%	23%	13%	58%	77%	7%	79%	9%
	RYG	2%	1%	31%	55%	-98%	343%	74%	5%	71%	11%
	RYG 39	11% 2%	-18%	60%	-36%	90%	24%	11%	23%	13%
	RYG 58	2%	1%	96%	16%	71%	24%	92%	3%	93%	3%
	RYG 70	4%	2%	45%	23%	-18%	53%	83%	9%	84%	12%
	RYG 77	6%	2%	-39%	38%	-143%	100%	77%	11%	75%	16%
	RYG 68	4%	2%	37%	34%	-16%	70%	80%	7%	81%	9%
	RYG 80	9%	3%	-6%	37%	-56%	84%	26%	10%	22%	13%
	RYG 82	7%	2%	-27%	59%	-106%	129%	59%	11%	56%	16%
	RYG 85	8%	2%	-62%	71%	-116%	119%	76%	7%	75%	10%
	RYG 40	5%	2%	-31%	62%	-118%	147%	61%	11%	57%	17%
	RYG 75	6%	2%	-11%	39%	-55%	86%	43%	11%	41%	15%
	RYG	33% 8%	-135%	120%	-209%	194%	75%	9%	72%	13%
	RYG 96	27% 3%	-55%	25%	-55%	26%	67%	4%	67%	5%
	RYG 97	39% 5%	116%	8%	116%	8%	89%	2%	89%	2%
	RYG 99	49% 5%	-13%	21%	-15%	22%	68%	4%	68%	5%
	RYG 55	8%	1%	28%	16%	-38%	32%	59%	6%	60%	7%
	RYG 52	7%	1%	95%	11%	79%	14%	88%	2%	90%	2%
	RYG	5%	2%	-33%	113%	-170%	443%	89%	6%	88%	11%
	RYG	3%	1%	3%	34%	-94%	91%	67%	8%	65%	12%
	RYG 88	3%	1%	80%	14%	48%	23%	78%	5%	81%	6%
	RYG	3%	1%	6%	34%	-103%	98%	72%	7%	70%	11%
	RYG	4%	1%	1%	36%	-99%	111%	70%	7%	67%	12%
	RYG	4%	1%	-2%	37%	-97%	95%	69%	8%	67%	12%
	RYG 59	4%	1%	-5%	38%	-102%	102%	70%	7%	68%	12%
	RYG 63	4%	1%	1%	35%	-98%	95%	66%	8%	64%	12%
	RYG 94	4%	1%	1%	36%	-90%	89%	70%	7%	69%	11%
	RYG 43	5%	1%	8%	25%	-70%	49%	72%	5%	72%	7%
	RYG 67	5%	1%	-7%	28%	-102%	61%	67%	6%	65%	9%
	RYG 50	6%	1%	-9%	29%	-102%	61%	71%	6%	69%	8%
	RYG	9%	2%	25%	14%	-17%	19%	64%	4%	65%	5%
	RYG 47	9%	2%	-2%	18%	-32%	21%	67%	4%	67%	5%
	RYG 65	32% 5%	107%	6%	107%	6%	65%	4%	65%	5%
	† the										

"Xsil" is the proportion of silicate weathering and the "fcarb" is the proportion of carbonic acid weathering. § the "full" and "no" indicate respectively that the full degassing scenarios and the no degassing scenarios.

Table 6A

 6A Tributary flux contribution estimated by single variable mixing

	Confluence NO.	Tributary	Down main river Up main river	FT	1σ	based on
	Conf.	RYG 161	RYG 88	RYG 106	0.17	0.14	Cl -
	Conf.	RYG 40	RYG 101	RYG 104	0.62	0.27	Cl -
	Conf.	RYG 75	RYG 100	RYG 101	0.21	0.23	Cl -
	Conf.	RYG 151	RYG 94	RYG 63	0.04	0.14	Cl -
	Conf.	RYG 55	RYG 67	RYG 43	0.24	0.25	Cl -
	Conf.	RYG 52	RYG 50	RYG 67	0.33	0.27	Cl -
	Conf.	RYG 161	RYG 88	RYG 106	0.51	0.04	δ 18 Owater
	Conf.	RYG 40	RYG 101	RYG 104	0.62	0.24	δ 18 Owater
	Conf.	RYG 75	RYG 100	RYG 101	0.22	0.26	δ 18 Owater
	Conf.	RYG 151	RYG 94	RYG 63	-0.17	-	δ 18 Owater
	Conf.	RYG 55	RYG 67	RYG 43	0.15	0.06	δ 18 Owater
	Conf.	RYG 52	RYG 50	RYG 67	0.30	0.08	δ 18 Owater
	Conf.	RYG 161	RYG 88	RYG 106	0.49	0.05	δDwater
	Conf.	RYG 40	RYG 101	RYG 104	0.64	0.26	δDwater
	Conf.	RYG 75	RYG 100	RYG 101	0.04	0.22	δDwater
	Conf.	RYG 151	RYG 94	RYG 63	-0.35	-	δDwater
	Conf.	RYG 55	RYG 67	RYG 43	0.13	0.09	δDwater
	Conf.	RYG 52	RYG 50	RYG 67	0.34	0.10	δDwater
	Conf.	RYG 161	RYG 88	RYG 106	0.17	0.17	F -
	Conf.	RYG 40	RYG 101	RYG 104	-0.86	-	F -
	Conf.	RYG 75	RYG 100	RYG 101	0.50	0.23	F -
	Conf.	RYG 151	RYG 94	RYG 63	-0.26	-	F -
	Conf.	RYG 55	RYG 67	RYG 43	7.79	-	F -
	Conf.	RYG 52	RYG 50	RYG 67	0.23	0.16	F -
	Conf.	RYG 161	RYG 88	RYG 106	0.13	0.10	SO4 2-
	Conf.	RYG 40	RYG 101	RYG 104	-2.00	-	SO4 2-
	Conf.	RYG 75	RYG 100	RYG 101	-0.50	-	SO4 2-
	Conf.	RYG 151	RYG 94	RYG 63	0.14	0.10	SO4 2-
	Conf.	RYG 55	RYG 67	RYG 43	0.26	0.21	SO4 2-
	Conf.	RYG 52	RYG 50	RYG 67	0.22	0.14	SO4 2-

Table 4 .

 4 7AThe estimated carbonate (CWR) and silicate weathering rates (SWR) for the sub-basins of major tributaries and the upstream watersheds of the main river samples in CRC.

	based on	FT1	1σ	FT2	1σ
	Cl -and δ 18 O	1.17	-	0.56	-
	Cl -and δD	1.19	-	0.53	-
	Cl -and F	1.83	-	-0.93	-
	Cl -and SO4 2-	1.33	-	0.20	-
	δ 18 O and δD	0.85	-	0.44	-
	δ 18 O and F -	0.31	0.13	0.25	0.06
	δ 18 O and SO4 2-	0.35	0.17	0.27	0.04
	δD and F -	0.26	0.13	0.29	0.05
	δD and SO4 2-	0.24	0.21	0.28	0.04
	F -and SO4 2-	0.28	0.17	0.28	0.05

Table 4 .

 4 7BChemical weathering data of SE Tibetan rivers in literatures.

	Sample	Watershed mean elev.	Watershed Area	MAT Runoff CWR SWR	Data Source
		m	km 2	°C	mm/yr	t/km 2 /yr	
	Chepe	2791	125	7.6	2270	10	36	France-Lanord et al.,
	Darondi	1963	370	12.7	2200	62	45	France-Lanord et al.,
	Andi Kohla	1297	249	16.7	2290	104	23	France-Lanord et al.,
	Surai		<80			148	105	France-Lanord et al.,
	Rangsing		<50			153	27	France-Lanord et al.,
	Trisuli 1	4340	4634	-1.8	1200	39	14	France-Lanord et al.,
	Trisuli 1	4340	4634	-1.8	1260	43	18	France-Lanord et al.,
	Trisuli 2	3616	6131	2.6	1320	53	18	France-Lanord et al.,
	Kali 1	4739	3471	-4.3	450	66	6	France-Lanord et al.,
	Kali 2	4639	3988	-3.7	590	75	8	France-Lanord et al.,
	Kali 3	4622	4026	-3.6	600	70	8	France-Lanord et al.,
	Kali 4	4077	5983	-0.2	960	73	13	France-Lanord et al.,
	Kali 5	3073	10557	5.9	1510	123	21	France-Lanord et al.,
	Seti	2058	994	12.1	3310	303	52	France-Lanord et al.,
	Marsyandi	3661	4119	2.3	1780	117	30	France-Lanord et al.,
	Narayani	3028	31795	6.2	1590	116	29	France-Lanord et al.,
	Dogxung Tsangpo		19700		243.55	12.6	3.4	Yu et al., 2021
	Nianchu River		11100		163.78	15.8	2.9	Yu et al., 2021
	Lhasa River		32500		291.63	12.5	4	Yu et al., 2021
	Niyang River		17500		865.71	20	5.6	Yu et al., 2021
	Jinsha Jiang_s		233000		211.95	22.7	11.3	Wu et al., 2008
	Jinsha Jiang_w		233000		64.425	10.6	1.5	Wu et al., 2008
	Lancang Jiang_s		89000		628.24 114.2	7.8	Wu et al., 2008
	Lancang Jiang_w		89000		110.2	23.3	2.4	Wu et al., 2008
	Nu Jiang_s		110000		927.16 130.2	11.4	Wu et al., 2008
	Nu Jiang_w		110000		126.43	17.4	4.2	Wu et al., 2008
	Huang He_s		146000		301.32	49.5	5.8	Wu et al., 2008
	Huang He_w		146000		40.392	6.8	0.9	Wu et al., 2008
	Yalong Jiang_s		129000		512.4	53	9.5	Wu et al., 2008
	Yalong Jiang_w		129000		165.99	19.7	2.7	Wu et al., 2008
	Dadu He_s		89000		1022.6 105.8	12.3	Wu et al., 2008
	Dadu He_w		89000		243.78	33.6	3.9	Wu et al., 2008
	Min Jiang_s		37000		613.67	88.7	13.7	Wu et al., 2008
	Min Jiang_w		37000		132.11	25	4.4	Wu et al., 2008

for the entire Lohit basin(Lupker et al., 

2017).

† MAT is estimated based on the upstream mean elevation; Runoff is estimated from the relative discharge proportion calculated in Table 4.6. § "U" represents the weathering rates calculated by river data uncorrected for SCP; "C" represents the weathering rates calculated by river data corrected for SCP.

Region North Chayu North Chayu North Chayu Middle Chayu Middle Chayu Middle Chayu South Chayu South Chayu Main River Main River Main River Main River Main River Main River Main River Main River Main River Main River Main River Main River West Chayu West Chayu
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The cyclic expansion and retreat of continental ice sheet could rejuvenise the surfaces affected by chemical weathering and so boost the weathering rate [START_REF] Crocket | Continental weathering fluxes during the last glacial/interglacial cycle: insights from the marine sedimentary Pb isotope record at Orphan Knoll, NW Atlantic[END_REF][START_REF] Foster | Negligible glacial-interglacial variation in continental chemical weathering rates[END_REF][START_REF] Vance | Variable Quaternary chemical weathering fluxes and imbalances in marine geochemical budgets[END_REF]. The cyclic latitudinal migration of the inter-tropical convergence zone and associated variation in monsoon strength could drive higher interglacial chemical flux [START_REF] Hein | Post-glacial climate forcing of surface processes in the Ganges-Brahmaputra river basin and implications for carbon sequestration[END_REF][START_REF] Wilson | Quaternary climate modulation of Pb isotopes in the deep Indian Ocean linked to the Himalayan chemical weathering[END_REF]. The exposure of continental shelf could introduce additional carbonate weathering flux into the ocean during glacial periods (e.g. [START_REF] Stoll | Effects of Quaternary Sea Level Cycles on Strontium in Seawater[END_REF], and probably silicate weathering flux in tropical areas (e.g. [START_REF] Wan | Enhanced silicate weathering of tropical shelf sediments exposed during glacial lowstands: A sink for atmospheric CO2[END_REF], although there are also studies suggesting stable weathering flux during the Quaternary climate cycles (e.g. von [START_REF] Von Blanckenburg | Stable runoff and weathering fluxes into the oceans over Quaternary climate cycles[END_REF].

Enhanced chemical weathering under periglacial environment is likely to require significant fractured bedrock allowing deep-water penetration before the freeze-thaw processes take place. Indeed, the Chayu valley is within a seismic belt (e.g. [START_REF] Mukhopadhyay | Earthquake swarms near eastern Himalayan Syntaxis along Jiali Fault in Tibet: A seismotectonic appraisal[END_REF] and affected by high magnitude earthquake capable of triggering landslides (e.g. [START_REF] Coudurier-Curveur | A composite rupture model for the great 1950 Assam earthquake across the cusp of the East Himalayan Syntaxis[END_REF][START_REF] Zhao | Insights into the geohazards triggered by the 2017 Ms 6.9 Nyingchi earthquake in the east Himalayan syntaxis, China[END_REF].

On the other hand, in areas sculptured by ice sheet or glacial (proglacial settings) fluctuations and exposed to weathering [START_REF] Foster | Negligible glacial-interglacial variation in continental chemical weathering rates[END_REF] the chemical weathering rate could be limited since the bedrock surface smoothed by ice motion could lack fractures. Therefore, the most remarkable increases in chemical weathering rate after ice sheet rejuvenation [START_REF] Foster | Negligible glacial-interglacial variation in continental chemical weathering rates[END_REF] will take place in active mountain belts where new fractures are constantly generated due to tectonic activity.

Temperate areas can also become a periglacial environment during the glacial expansion, e.g. central Eurasia [START_REF] Hubberten | The periglacial climate and environment in northern Eurasia during the Last Glaciation[END_REF] and mid-latitude North American [START_REF] Marshall | Extensive Frost Weathering Across Unglaciated North America During the Last Glacial Maximum[END_REF]. Among those areas, the periglacial weathering mechanisms should be more significant in the active mountain belts where fractures exist, and less on the stable terrains. Therefore, the alpine regions in active mountain Syntaxis (e.g. [START_REF] Mukhopadhyay | Earthquake swarms near eastern Himalayan Syntaxis along Jiali Fault in Tibet: A seismotectonic appraisal[END_REF] and the Chayu catchment is in a landslide-prone area [START_REF] Coudurier-Curveur | A composite rupture model for the great 1950 Assam earthquake across the cusp of the East Himalayan Syntaxis[END_REF][START_REF] Zhao | Insights into the geohazards triggered by the 2017 Ms 6.9 Nyingchi earthquake in the east Himalayan syntaxis, China[END_REF]. Therefore, the freeze-thaw process coupled with a physical erosion dominated by landsliding provide a strong rock exposure mechanism in alpine periglacial setting of the North Chayu. The preferential weathering of the reactive mineral phases is also more dominant since the partial availability of water, restricted to thaw periods and low temperature favour the preferential weathering of labile mineralogical phases and mineralogical sites and reduces the weathering rates of silicate. Alpine periglacial weathering is important since the headwaters of most mountain rivers originates from periglacial environment and granitoids are prevalent among the active mountain belts. In addition, the alpine periglacial weathering in active mountain belt could play an important role in modulating the chemical weathering during the Quaternary glacial-interglacial cycles. where the factor k varies from 1 to 2 between two extreme cases of no degassing and full degassing, respectively. The α equals to 0.998 in calcite precipitation and 0.992 in CO2 degassing [START_REF] Friedman | Data of Geochemistry: Compilation of stable isotope fractionation factors of geochemical interest[END_REF][START_REF] Morse | Chapter 7. The KINETICS of CALCIUM CARBONATE DISSOLUTION and PRECIPITATION[END_REF], and we adopt an average value of 0.995 for the case of calcite precipitation with full degassing. The uncertainties of the corrected concentrations and isotopic compositions are propagated with Gaussian's law. All the water composition data corrected for SCP are presented in Rishi Ganga watershed draining the High Himalayan Crystalline Series. However, they used Ca concentrations without SCP correction and there appears to be a negative correlation between the Na/Ca ratios and γ values [START_REF] Bickle | On discrimination between carbonate and silicate inputs to Himalayan rivers[END_REF]. In contrast, our dataset are corrected for SCP and covers a broader range of Na/Ca ratios than the Rishi Ganga, which means the positive correlation between the Na/Ca ratios and γ values of river sand [START_REF] Sun | Inversion model of drainage basins' tectonothermal evolution through detrital AFT ages: A case study of Chayu River in southeastern Tibet[END_REF], which should indicate stronger physical erosion (e.g. [START_REF] Montgomery | Topographic controls on erosion rates in tectonically active mountain ranges[END_REF], while the Xsil is slightly lower in the west (Figure 4.9). For this, we will make further discussions combining the silicate and carbonate weathering rates in Section 5.5. -12.5‰ [START_REF] Casey | What do dissolution experiments tell us about natural weathering? Chemical Geology, Geochemical kinetics of mineral-water reactions in the field and the laboratory[END_REF], and the oxidation and CO2 diffusion in soil cause a kinetical fractionation of 4.4‰ [START_REF] Cerling | Batch dissolution of granite and biotite in water: Implication for fluorine geochemistry in groundwater[END_REF]. As for the δ 13 C value of carbonate evaporation. But the evaporation effect should be small in CRC, corroborated by the relatively stable excess D values of the whole dataset (Table 4.1C).

It is shown in Table 4.6A that for the mixing results calculated with the single component equation, Cl, δ 18 O and δD lead to similar results, except that the δ 18 O and δD give negative value of the discharge of RYG 151. We ascribe the result to the small basin area of RYG 151 and the similarity of water isotope between the upstream sample The total discharge of the CRC is 832 m 3 /s, as has presented in Section 2, but the respective discharge of the eastern and western branches are unknown. Although the basin size of the eastern branch is 40% larger than the western branches (Table 4.1A), the western branch is on the windward side with wider river channel and faster current observed during the field work, therefore we regard the western branch should contribute more water flux. We assume the discharge is 432 m 3 /s for the western branch and 400 m 3 /s for the eastern branch, and then propagate the estimation of discharge upstream with the FT values of the main tributaries. The discharge proportion of the upstream site on the western branch (RYG 144) is estimated by its area proportion.

Considering the high precipitation of 3000 to 4000 mm in the upstream western branch [START_REF] Bookhagen | Toward a complete Himalayan hydrological budget: Spatiotemporal distribution of snowmelt and rainfall and their impact on river discharge[END_REF], the estimated runoff of 2846 mm/yr in the west branch is likely to be underestimated, which means that the discharge from the western runoff, on the increasing rates of about 1.5 t km 2 yr -1 /°C and 0.005 t km 2 yr -1 /mm. seepages or the south tributaries unreachable during the field survey. Since the low elevation tributaries and streams are not providing extremely low TDS, considering their high discharge flux, these rivers with low K*/Si, Ca*/Si ratios and X values should have an impact on the main river and decrease the elemental ratios. Therefore, I prefer the explanation 3 and 4 for the observed elemental ratios along the main river.

In summary, the area influenced by periglacial weathering is relatively large in CRC, and we found that the dissolved load of the main river preserves the signals of periglacial weathering regarding K/Si, Ca/Si and X ratios. This may establish the base for future studies about reconstructing periglacial weathering extensions during the glacial-interglacial cycles using geological archives for chemical weathering.

5.3 CO2 sink/source effect of chemical weathering under the warm

Eocene

In Chapter 2 and 4, we have explained the effect on the carbon cycle by chemical weathering. For a short review, the silicate weathering by carbonic acid can play as the long-term sink for atmospheric CO2 that fix Catm into the marine carbonate sediments;

the carbonate weathering coupled with sulphide oxidation can play as the long-term source for atmospheric CO2 before the SO4 2-reduction in the ocean coupled to the remineralisation of organic carbon and carbonate cementation to compensate the previously release CO2, which happened on the timescale over 10 Myr [START_REF] Calmels | Sustained sulfide oxidation by physical erosion processes in the Mackenzie River basin: Climatic perspectives[END_REF][START_REF] Turchyn | Oxygen Isotope Constraints on the Sulfur Cycle over the Past 10 Million Years[END_REF]; the carbonate weathering by carbonic acid is a shortterm carbon sink before the carbonate compensation in the ocean (5-10 kyr) and neutral on longer timescale; the combination of sulfuric acid with silicate has no carbon effect until SO4 2-reduction in the ocean (10 Myr timescale, e.g. [START_REF] Turchyn | Oxygen Isotope Constraints on the Sulfur Cycle over the Past 10 Million Years[END_REF].

In CRC tributaries draining watersheds with different climatic conditions, it is shown that the silicate weathering rates (SWR) is positively correlated with both the temperature and runoff, suggesting a strong kinetic control on silicate weathering in the CRC, the eastern part of the modern Trans-Himalaya. By regression, the dependency of SWR on temperature is ~1.5 t km 2 yr -1 /°C and on runoff is ~0.005 t km 2 yr -1 /mm.

Following the correlation, as the mean temperature estimated from marine δ 18 O was 6-12 °C higher than today before EOT (e.g. [START_REF] Westerhold | An astronomically dated record of Earth's climate and its predictability over the last 66 million years[END_REF], the SWR will increase by 9-18 t km 2 yr -1 , being 1.5 to 3 times what it is today (9.3 t km 2 yr -1 for the the erosion might be weaker than during the latter period when the Eastern Himalayan Syntaxis started rapid exhumation. Therefore, the supply for sulphide might have been limited during the Eocene, and finally limiting the process of carbonate weathering by sulphuric acid and the related CO2 release. Considering all the factors, we suspect that there might be more carbonate in the Eocene

Gangdese, but the carbonate weathering coupled with sulphide oxidation is limited by the supply of sulphide, therefore the long-term CO2 source effect might be weaker than today. On the other hand, the silicate weathering rate might be accelerated by the higher temperature and runoff, generating stronger CO2 sink effect. Therefore, I suspect that Ca/Si and sulphate preserved in the sedimentary archives surrounding the Tibetan Plateau may be helpful for constraining the development of the cryosphere on the Tibetan Plateau.
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