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Abstract: The evolution of boron isotope compositions of seawater (d11Bsw) over the Cenozoic has 18 

important implications for reconstructions of atmospheric CO2 and is tightly linked to boron input 19 

from the Himalaya-Tibetan Plateau. However, controls on evolution in d11Bsw remain elusive. We 20 

report geochemical measurements of the Yarlung Tsangpo River draining the Tibetan Plateau and 21 

observe exceptionally high riverine boron concentrations and extremely low d11B values. 22 

Calculation indicates that >50% of riverine boron is sourced from geothermal waters. Combined 23 

with global datasets, we show that global riverine boron input to the ocean is largely influenced by 24 

geothermal input. Mass-balance calculations indicate that an averaged 1.5-fold decrease in global 25 

geothermal inputs is sufficient to introduce 3‰ increase in Cenozoic d11Bsw. Therefore, geothermal 26 

waters significantly affect global riverine and thus oceanic boron budgets. The increased d11Bsw 27 

since Cenozoic is resulted partly from declining global geothermal activity.  28 

Key Words: boron isotope, chemical weathering, geothermal water input, boron budgets, Yarlung 29 

Tsangpo River 30 

 31 

1. Introduction 32 

The uplift of the Himalayas-Tibetan Plateau is thought to have played a critical role in the global 33 

evolution of continental denudation and weathering, global geochemical cycles, atmospheric CO2, 34 

and climate shift over the Cenozoic (Raymo and Ruddiman, 1992; Li and Elderfield, 2013; Yao et 35 

al., 2013). One of the important proxies used to reconstruct past atmospheric CO2 levels over such 36 

long geological timescales is the isotopic composition of boron (d11B) in marine carbonates, that 37 

responds to both the oceanic pH (controlled by dissolved CO2 concentration and alkalinity) and 38 

d11B of seawater (Hemming and Hanson, 1992; Pearson and Palmer, 2000; Clarkson et al., 2015; 39 

Greenop et al., 2017). Due to the lack of reliable independent records (Greenop et al., 2017), 40 

constraints on the B isotope ratio of the seawater (d11Bsw) largely depended on models of global 41 

geochemical cycles that heavily rely on assumption the flux and d11B of river water (Lemarchand 42 
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et al., 2000). However, the factors that controlling flux and d11B of river water are subjected to large 43 

debates. 44 

This work investigates the boron isotopic systematics in the Yarlung Tsangpo River, the 45 

largest river system on the Tibetan Plateau. The uplift of the Himalayas-Tibetan Plateau is thought 46 

to have played a critical role in the global evolution of ocean chemistry (e.g., Sr, Os, and Li isotopic 47 

composition of seawater; Edmond, 1992; Galy et al., 1999; Klemm et al., 2005; Misra and Froelich, 48 

2012) due to the large weathering flux associated with uplift and the unique geological/geochemical 49 

of the uplifting terrains. Rivers draining the Himalaya-Tibetan Plateau contribute >17% of the 50 

global B input into the oceans (Lemarchand et al., 2000, 2002). We also expect very unique boron 51 

isotopic composition of the Tibetan River since the tectonically active Himalaya-Tibetan Plateau is 52 

characterized by widespread hydrothermalism, which significantly impacts the geochemical 53 

compositions of rivers in the area (Evans et al., 2001, 2004; Hren et al., 2007; Lü et al., 2014; Zhang 54 

et al., 2015, 2021, 2022). Given that geothermal waters usually have high B concentrations and low 55 

d11B values (Palmer et al., 1990; Evans et al., 2004; Millot et al., 2012; Louvat et al., 2014), even 56 

slight changes in geothermal activity in the Himalaya-Tibetan Plateau may substantially impacts 57 

the global oceanic B budget. However, the contribution of continental hydrothermalism to the 58 

global riverine B remains poorly constrained.  59 

Here, we quantify the contribution of dissolved B sourced from geothermal waters to 60 

Himalayan rivers using samples systematically collected from the Yarlung Tsangpo River. Then, 61 

we compile a global dataset of both riverine and geothermal waters to constrain weathering and 62 

geothermal endmember contribution to the flux and d11B of global rivers. Finally, we address 63 

possible contributions of geothermal waters to long-term seawater B  budget and d11Bsw evolution 64 

over the Cenozoic using a sensitive test. 65 

2. Study area 66 
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As one of the major tributaries of the Brahmaputra, the Yarlung Tsangpo River flows over a 67 

distance of 2,093 km along the depression of the Indus-Tsangpo Suture (Fig. 1), draining an area 68 

of 23.8×104 km2 in which numerous geothermal springs have been reported (Lü et al., 2014; Liu et 69 

al., 2020). This river basin, affected by the Indian summer monsoon, exhibits a clear longitudinal 70 

climate gradient with a mean annual precipitation < 300 mm in the western part, 300-600 mm in 71 

the middle part, and > 2000 mm in the eastern part (Fig. 2). Air temperature also increases from 72 

west to east, with a basin average mean annual temperature of 5.9 °C (Fig. 2). The Yarlung Tsangpo 73 

River is mainly fed by monsoonal rainfall from June to September, as well as by glacier melting 74 

and geothermal waters. The geology of the southern part of the basin is dominated by the Tethyan 75 

Sedimentary Series, the northwestern part is underlain by the Tertiary volcanic, and the northeastern 76 

part drains Cretaceous-Tertiary granitic plutons and the Lhasa block (Singh et al., 2006). There are 77 

several N-S-striking rifts in the Yarlung Tsangpo drainage, such as the Dingri-Nima, Dingjie-78 

Xietongmen-Shenzha, Yadong-Dangxiong-Gulu, and Gudui-Sangri rifts (Fig. 1). Geothermal 79 

water often occurs in these rift zones, some of which can discharge into the Yarlung Tsangpo River 80 

directly (Zhang et al., 2022). For example, geothermal water in the Semi and Dagejia geothermal 81 

fields flow directly into the stem and tributary of the Yarlung-Tsangpo River, respectively. 82 

3. Materials and Methods 83 

3.1. Sampling 84 

Fifty-one river water samples were collected from the Yarlung Tsangpo River in June (dry 85 

season) and September (wet season), 2017 (Fig. 1). Seventeen geothermal waters and three 86 

rainwater samples were also collected within the basin in July. The river water samples of B1 (13 87 

Jan. 2011), B2 (12 Jan. 2011) and B3 (14 Jan. 2011; 14 Feb. 2012) in the lower Brahmaputra above 88 

its convergence with the Ganges were collected (Manaka et al., 2017). All water samples were 89 

filtered in situ using 0.45-μm porosity nylon membrane Millipore filters. The temperature, pH, and 90 

electrical conductivity (EC) were determined in situ using a portable Orion EC/pH meter. For 91 

cations, trace elements, and boron isotopes analysis, 500 mL of filtered water were stored in HDPE 92 
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bottles and acidified to pH < 2 by double-distilled GR HNO3. For anion measurements, 500 mL of 93 

filtered water was stored in HDPE bottles. All water samples were stored at 4 °C until analysis. The 94 

cations (Ca2+, Na+, Mg2+, K+, and SiO2) were detected by ICP-OES (Varian Vista-MPX) and anions 95 

(Cl-, NO3-, and SO42-) were detected by ion chromatography (Dionex ICS-90). Two suspended 96 

particulate matters (SPM) of sample M29 and M1 and 5 bank sediment samples at the sampling 97 

sites of M11, M17, M19, T10, and T18 were also collected for comparisons (Fig. 1). The SPM 98 

collected on the filters was removed in the clean laboratory using boron free Millipore Milli-Q 99 

water. Solutions containing the SPM were evaporated gently at 55 °C. Then, SPM and bank 100 

sediments samples were crushed in agate mortar after drying. SPM and bank sediment samples 101 

were digested by alkali fusion (Chetelat et al., 2009). 102 

3.2. Boron concentration and d11B	analyses 103 

B concentrations and d11B were analyzed using a PE 300D ICP-MS and a Thermo Neptune Plus 104 

MC-ICP-MS at the Institute of Earth Environment, Chinese Academy of Sciences (IEECAS), 105 

respectively. Before d11B measurements, B was purified from the samples matrix by ion 106 

chromatography using the B-specific anion resin of Amberlite IRA 743. Before loading samples 107 

onto the column, the solution pH was adjusted to 6-7 and the resin was conditioned with 0.3 M 108 

NH3·H2O, before being rinsed using Milli-Q water. Finally, 500 ng B was eluted by 5 mL 2% 109 

HNO3. For a solution with a B concentration of 100 ng/g, the 11B ion intensity was measured at 110 

~1.0 V, while the blank value of 2% HNO3 was ~4 mV. A washout time of 240 s was used to reduce 111 

the B signal to <1% of the signal achieved for standards and samples at 100 ng/g of B. Boron isotope 112 

composition was measured using the standard-sample bracketing (SSB) method. The reference 113 

materials NIST SRM 951, ERM AE 121 and ERM AE 122 were included in measurement 114 

sequences to check for measurement accuracy and reproducibility. The measured values are 115 

presented in delta notation relative to NIST SRM 951:  116 

d11B = [(11B/10B)sample/(11B/10B)standard - 1] × 1000 117 
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The d11B of repeated NIST SRM 951 was 0.01‰ (2 s.d.=0.20‰, n=40). The d11B of repeated 118 

ERM AE 121 was +20.1‰ (1 s.d.=0.37‰, n=18), and ERM AE 122 was +39.5 ± 0.6‰ (2 s.d., 119 

n=40), which are consistent with their certified values of +19.9‰ and +39.7‰, respectively (Vogl 120 

and Rosner, 2012).  121 

4. Results  122 

The [B]rw of the investigated river water of Yarlung Tsangpo River straddles four orders of 123 

magnitude ranging from 0.16 to 371 μmol/L (median 34.7 μmol/L; average 72.5 μmol/L), which is 124 

much higher than the worldwide riverine average of 0.9 μmol/L (Lemarchand et al., 2002). The 125 

d11Brw values in the Yarlung Tsangpo River range from -14.4 to +0.9‰ (averaging -9.2‰), which 126 

is substantially lower than other globally large rivers (averaging +10‰) (Fig. 3; Rose  et al., 2000; 127 

Lemarchand et al., 2002; Chetelat and Gaillardet, 2005; Lemarchand and Gaillardet, 2006; Chetelat 128 

et al., 2009; Liu et al., 2012; Louvat et al., 2011, 2014; Ercolani et al., 2019). Our dataset reports 129 

the highest [B]rw (tributary sample T10 in dry season) and lowest d11Brw values (mainstream M11 130 

in wet season) of river water measured to date (Fig. 1). The [B]rw decreases while d11Brw increases 131 

downstream, with overall lower values during the wet season (Fig. 4). The [B] and d11B of 132 

geothermal water within the Yarlung Tsangpo River Basin varies from 15.6 to 8580 μmol/L and 133 

from -16.0 to -0.1‰, with median of 2800 μmol/L and -8.6‰, respectively (Table S1). These values 134 

are in agreement with previous measurements (Lü et al., 2014; Zhang et al., 2015; Fig. 3). Three 135 

rainwater samples show [B] of 0.13 μmol/L, 0.58 μmol/L, and 0.62 μmol/L, much lower than most 136 

of the Yarlung Tsangpo River. The d11B values of three rainwater samples are +0.2‰, -2.7‰ and 137 

-3.4‰, higher than that of the Yarlung Tsangpo River (Fig. 4b). 138 

Two SPM samples show [B] and d11B of 123 and 40.1 μg/g, and -5.3‰ and -5.2‰, respectively. 139 

The [B] and d11B of five sediments samples varies between 15.8 μg/g and 25.0 μg/g and between -140 

10.2‰ and -6.3‰, with an average value of 21.3 μg/g and -7.4‰, respectively (Table S1).  141 

5. Discussion 142 
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5.1. B source and geothermal contribution 143 

Owing to limited human activities within the basin, anthropogenic input to riverine B is minor. 144 

Based on a B/Cl molar ratio in local precipitation of 0.02 (Rose et al., 2000), the atmospheric input 145 

is calculated to be 4.9 (+8.7/-3.5)% (superscript and subscript quantify uncertainty and represent the 146 

25th and 75th percentiles of the calculated probability distribution, respectively) with lower values 147 

in upstream. This spatial variability of atmospheric contribution is in line with the precipitation 148 

gradient in the basin (Fig. 2). Furthermore, based on B/SO4 and B/Ca molar ratios (Chetelat and 149 

Gaillardet, 2005; Lemarchand and Gaillardet, 2006), the combined contribution of evaporite 150 

dissolution and carbonate weathering to riverine B is estimated at 1.2 (+2.6/-0.9)%. Previous studies 151 

on d11Brw in large rivers have shown that silicate weathering at the Earth’s surface typically results 152 

in higher d11Brw values than those of river SPM and sediments, due to the preferential release of 11B 153 

to waters and retention of 10B in secondary phases such as clays (Gaillardet and Lemarchand, 2018). 154 

This is in stark contrast with our results, as d11Brw values in the Yarlung Tsangpo River are generally 155 

lower than d11B values of SPM and bank sediments (Table S1). This observation indicates that 156 

surficial silicate weathering, as typified in soils, is not the dominant source of dissolved B in the 157 

Yarlung Tsangpo River.  158 

Geothermal waters sampled in the Yarlung Tsangpo Basin are characterized by high B 159 

concentrations ([B]gw, 2780 (+1771/-2409) μmol/L) but low d11B (d11Bgw, -8.8 (+4.1/-1.7)‰ (Fig. 3). The 160 

geothermal waters are enriched with arsenic (As) and the elevated riverine As concentrations 161 

([As]rw) in the Yarlung Tsangpo River have been shown to be related to geothermal water inputs 162 

(Li et al., 2013; Zhang et al., 2021). The strong positive correlation between [B]/[Cl]rw and 163 

[As]/[Cl]rw supports that the high [B]rw and low d11Brw observed here across the Yarlung Tsangpo 164 

Basin is also due to geothermal water inputs (Fig. 4a). Based on B/Cl molar ratio measured in 165 

geothermal water samples near the river sampling sites, the calculated contribution of geothermal 166 

waters to river dissolved B is 72.0 (+79.5/-59.9)%. 167 
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The spatial pattern of [B]rw and d11Brw within the Yarlung Tsangpo Basin is also consistent with 168 

a significant influence of geothermal waters on river chemistry there (Fig. 2b). Snow-melt waters 169 

and rainfall in the Yarlung Tsangpo Basin have relatively low B concentrations and high d11B 170 

values, compared to those of the geothermal waters (Fig. 4b). As a consequence, eastward trend 171 

towards a wetter climate (more snow-melt and rainfall) lead to a downstream decrease of [B]rw 172 

through dilution, together with an increase in d11Brw, thus determining the observed spatial gradients 173 

in [B]rw and d11Brw in the basin (Fig. 2). This inference is also supported by the negative relationship 174 

between instantaneous water discharge (Qw), which increases with rainfall inputs, and [B]rw (Fig. 175 

4c), as well as by the positive relationship between Qw and d11Brw during both seasons (Fig. 4d). In 176 

addition, d11Brw values in the wet season and dry season have similar range and variation trend in 177 

Fig. 4b, where the B/Cl can minimize the effect of dilution. Therefore, discharge can dilute [B]rw 178 

while it exerts minor influence on d11Brw. The higher d11B values in the dry season than the wet 179 

season (Fig. 4f) was related with B isotope fractionation under different discharge. The very fast 180 

flow at high discharge in wet season would lead to the shorter water-rock interactions than in dry 181 

season. Therefore, less 10B is incorporated into the secondary minerals in the river as SPM or bed 182 

sediments in wet season, resulting in lower riverine δ11B. Despite an increasing downstream trend 183 

of d11Brw in the Yarlung Tsangpo River, the relatively invariant d11Brw values observed at the outlet 184 

of the Brahmaputra (samples B1, B2, and B3 in Fig. 1 and Table S1, d11Brw=-6.5‰) are still much 185 

lower than those of the other large rivers (Fig. 3).  186 

Importantly, the d11Brw values of other rivers originating from the Tibetan Plateau, such as the 187 

Salween (-3.11‰), the Mekong (+2.31‰), the Yangtze (+4.10‰), and the Yellow River (+5.15‰), 188 

are all potentially impacted by similar geothermal inputs because they drain the same area, 189 

considering their lower than the world average d11Brw value (Lemarchand et al., 2002). At the global 190 

scale, geothermal waters with relatively high [B]gw and low d11Bgw have also been reported in 191 

tectonically active regions including volcanic islands, such as Guadeloupe, Réunion, Iceland, New 192 
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Zealand, and Taiwan (Aggarwal et al., 2000; Louvat et al., 2011, 2014; Liu et al., 2012; Millot et 193 

al., 2012; Fig. 3). Collectively, these observations lend support to our interpretation for the low 194 

d11Brw values in the Yarlung Tsanpo River, and warrant a quantitative examination of the potential 195 

impact of continental hydrothermalism on global riverine and oceanic d11B. 196 

5.2. B budget of geothermal water input to the ocean 197 

We develop a mass balance model to explore the potential effects of historical global changes in 198 

geothermal inputs on the observed ~3‰ increase in seawater δ11Bsw throughout the Cenozoic era 199 

to the present day (Greenop et al., 2017; Gaillardet and Lemarchand, 2018; Sosdian et al., 2018).  200 

Given that geothermal water inflows to the ocean through river systems, our study initially test 201 

the contribution of geothermal water B to the global riverine B content and its impact on the global 202 

river δ11B (δ11Briv). Subsequently, we evaluated the cumulative influence of geothermal water B on 203 

seawater δ11B (δ11Bsw). Our underlying assumption was that global riverine B is sourced from two 204 

principal origins: continental weathering and geothermal inputs, denoted as δ11Bw and δ11Bgw 205 

respectively. The δ11Briv can be expressed as follows: 206 

d11Briv × (Fgw + Fw) = d11Bgw × Fgw  + d11Bw × Fw  (1) 207 

where Fgw and Fw represent the relative mass contributions of geothermal waters and weathering 208 

materials to the annual global riverine B flux. According to the dataset provided by Lemarchand et 209 

al. (2002), the contemporary global riverine B influx into the ocean (Fgw + Fw) is estimated to be 210 

0.38 TgB/yr, exhibiting a δ11Briv value of +10‰. Moreover, a mean δ11B of geothermal water B 211 

(δ11Bgw) value of -6.8‰ was derived from a comprehensive compilation of data originating from 212 

tectonically active regions (132 data entries) and used as δ11Bgw baseline value (Palmer and 213 

Sturchio, 1990; Kasemann, 2004; Millot et al., 2012; Louva et al., 2014; Lü et al., 2014; Zhang et 214 

al., 2015; Sosdian et al., 2018). Because of the limited data availability of geothermal water and 215 

weathering fluxes, the direct estimation of global geothermal water inputs relative to weathering-216 

derived B in global rivers proves challenging. Nevertheless, by employing Equation (1) in 217 
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conjunction with riverine B influx into the ocean (0.38 TgB/yr) and the average δ11Briv value 218 

(+10‰), as long as one of the four parameters of Fgw, Fw, d11Bgw and d11Bw is given, the remaining 219 

three parameters can be calculated. Subsequently, the sensitivity of seawater δ11Bsw to geothermal 220 

water inputs can be examined. 221 

In this study, we adopted two extreme scenarios to estimate these fluxes. The Brahmaputra Basin 222 

was identified as a source of 0.02 TgB/yr (Fgw) of geothermal B, constituting approximately 5% of 223 

riverine B (Lemarchand et al., 2002). In the absence of information regarding geothermal water B 224 

contributions from other regions, we adopted the boron inputs from the Brahmaputra Basin as the 225 

lower limit estimate for the contribution of geothermal water B to riverine B. Consequently, we can 226 

derive the weathering flux (Fw,) to be 0.36 TgB/yr, accounting for approximately 95% of riverine 227 

B, accompanied by a δ11Bw value of +10.6‰, representing the upper limit for Fw and lowest limit 228 

for d11Bw. 229 

Conversely, in another extreme scenario, the highest reported weathering δ11B value (+43‰) by 230 

Lemarchand et al. (2002) was adopted as an estimate for highest limit for δ11Bw. This led to 231 

estimates of Fgw and Fw amounting to 0.25 TgB/yr and 0.13 TgB/yr, respectively, as calculated 232 

through Equation (1). This scenario indicates that geothermal inputs account for approximately 233 

66% of global riverine B inflows into the ocean. Therefore, we employed 5% and 66% as the 234 

respective lower and upper bounds for global geothermal water B to riverine B. The potential 235 

impact of geothermal inputs on seawater δ11Bsw via global rivers was calculated using the following 236 

Equation (2): 237 

d11Bsw-0 × M + d11Bgw × ΔFgw × T = d11Bsw × (M + ΔFgw × T)      (2) 238 

here, d11Bsw-0 and d11Bsw represent the initial and geothermal water enhanced seawater d11B values, 239 

respectively, T represents the residence time of seawater B (1.4×107 yr), and M denotes the seawater 240 

B inventory (6.2×105 TgB; Lemarchand et al., 2000). ΔFgw denotes changes in geothermal inputs 241 

to the ocean. We also define the Δ11Bsw as the alterations in seawater δ11Bsw due to shifts in 242 
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geothermal inputs to the ocean, expressed as Δ11Bsw = d11Bsw - d11Bsw-0. Assuming a constant 243 

seawater B inventory (M) during the past, that is, (M + ΔFgw × T) in the Equation (2) can be replaced 244 

by M. And then, we bring Δ11Bsw into the Equation (2), thereby the mass balance model can be 245 

simplified to the following Equation (3): 246 

Δ11Bsw = ΔFgw × d11Bgw × T / M     (3) 247 

For the lower bound estimate of geothermal contribution to seawater δ11B, a tenfold increase in 248 

flux (from 0.02 TgB/yr (5%) to 0.21 TgB/yr (37%); indicated by the green arrow in Fig. 5a) of 249 

geothermal water input to global runoff proves sufficient to account for the observed 3‰ decline 250 

in seawater δ11B (∆11B) from the present to the early Cenozoic. At the upper limits of current global 251 

geothermal inputs to riverine B, even a modest 0.8-fold increase in flux (from 0.25 TgB/yr (66%) 252 

to 0.45 TgB/yr (77%); indicated by the blue arrow in Fig. 5a) of geothermal water input into global 253 

rivers provides an explanation for the 3‰ decrease in ∆11B from the present to the early Cenozoic. 254 

On average, a 1.5-fold enhancement in geothermal water fluxes (from 0.13 to 0.33 TgB/yr) into 255 

global runoff sufficiently explains the 3‰ decrease in ∆11B from the present to the early Cenozoic 256 

(Fig. 5a), assuming comparable B isotopic compositions for weathering products and geothermal 257 

waters during the Cenozoic. Alternatively, the dynamic evolution of seawater δ11Bsw throughout 258 

the Cenozoic may have been jointly influenced by both weathering products and geothermal water 259 

inflow into the ocean. 260 

5.3. The role of geothermal input in Cenozoic seawater d11B evolution 261 

The collision between the Indian plate and the Eurasian plate in the early Cenozoic was 262 

associated with significant magmatism (Hu et al., 2016; Guo et al., 2021), which has potentially led 263 

to enhanced geothermal water inputs into the rivers and oceans. Thus, the geothermal activity 264 

related to the Indian-Eurasian collision over the Cenozoic may have affected the delivery of 265 

elements associated with geothermal inputs into rivers. We propose that the relatively low d11Bsw 266 

in the early Cenozoic is at least partially a result of such input of enhanced geothermal water with 267 
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low d11Bgw, besides potential changes in surficial silicate weathering. Enhanced geothermal water 268 

inputs in the early Cenozoic are further supported by strong collision-related magmatism in Tibet 269 

in the same period, as reflected by the melting degree based on geothermal data (Fig. 5b; Guo et 270 

al., 2021). Indeed, the melting degree showed substantially decreased magmatic activity since the 271 

last 50 Ma (Fig. 5b; Guo et al., 2021). This would result in decreased geothermal output to rivers 272 

and the oceans. As a consequence, the secular evolution of oceanic d11B since the Cenozoic should 273 

take into account the potential role of variations in geothermal waters.  274 

6. Conclusions  275 

Based on the analysis of major ions, boron concentration and isotopic compositions, we observe 276 

that the boron concentrations are exceptionally high while d11B values are extremely low in the 277 

Yarlung Tsangpo River. Due to a wetter climate and the dilution downstream, the [B]rw shows 278 

deceasing trend while d11Brw shows an increasing trend from upstream to downstream. The lower 279 

d11Brw values of river water than SPM and bank sediments, and the strong positive correlation 280 

between riverine B/Cl and As/Cl support that geothermal water input influences the boron 281 

geochemistry in the Yarlung Tsangpo River (Fig. 4a). Further, the contribution calculation indicates 282 

that more than half of boron in the Yarlung Tsangpo River is sourced from geothermal waters. 283 

Based on a sensitive test of mass-balance calculations, we observe that geothermal input 284 

significantly affects global riverine and oceanic boron budgets, and an averaged 1.5-fold decrease 285 

in global geothermal inputs is sufficient to introduce 3‰ increase in Cenozoic d11Bsw. Compared 286 

with collision-related magmatism in the Tibet, we propose that the increased d11Bsw since Cenozoic 287 

is resulted partly from declining global geothermal activity.  288 
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Figure captions 445 

Fig. 1. Geological map and sampling locations along the Yarlung Tsangpo-Brahmaputra River. 446 

Green stars are sites of geothermal water samples, and red solid and white circles are sites of river 447 

water samples from the mainstream and tributaries, respectively.  448 

Fig. 2. Maps of (a) elevation, (b) precipitation, and (c) air temperature within the Yarlung Tsangpo 449 

Basin. The size of green stars and circles in Fig. 2a, 2b, and 2c stands for the elevation, B 450 

concentrations, and δ11B of geothermal samples and river water samples, respectively. 451 

Fig. 3. Crossplot between the reciprocal of dissolved [B] and d11B of global geothermal waters 452 

compared with those of global rivers. [B] is B concentration expressed in μmol/L. Geothermal water 453 

data are from Palmer and Sturchio, 1990; Kasemann, 2004; Millot et al., 2012; Louva et al., 2014; 454 

Lü et al., 2014; Zhang et al., 2015; Sosdian et al., 2018. Data for global rivers are from Rose  et al. 455 

2000; Lemarchand et al. 2002; Chetelat and Gaillardet, 2005; Lemarchand and Gaillardet, 2006; 456 

Chetelat et al., 2009; Liu et al., 2012; Louvat et al., 2011, 2014; Ercolani et al., 2019. 457 

Fig. 4. Seasonal differences in the geochemical signature of water in the Yarlung Tsangpo River. 458 

a, B/Cl vs. 1000*As/Cl molar ratio. b, B/Cl molar ratio vs. d11B. c, B concentration vs. water 459 

discharge. d, d11B versus water discharge. Error bars for δ11B in Fig. 4b and 4d represent the 2 s.d. 460 

analytical uncertainty. 461 

Fig. 5. Sensitivity tests for the influence of geothermal B input on oceanic d11Bsw. (a) Estimation of 462 

the changes of geothermal input required to explain the observed 3‰ change of Cenozoic d11Bsw 463 

(∆d11Bsw). (b) Secular d11Bsw changes during the Cenozoic (Lemarchand et al., 2002) compared 464 

with collision-related magmatism in the Tibet reflected as proxied by the degree of melting of local 465 

igneous rocks over the last 50 Ma (Guo et al., 2021). The green, blue and orange curves with arrows 466 

in Fig. 5a represent the results using lower bound, upper bound and average estimates for the 467 

relative contribution of geothermal waters in the global riverine ocean budget, respectively. The 468 

numbers at both ends of the curves represent the B input fluxes in Tg B/yr.  469 
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Fig. 1. Geological map and sampling locations along the Yarlung Tsangpo-Brahmaputra River. 480 

Green stars are sites of geothermal water samples, and red solid and white circles are sites of river 481 

water samples from the mainstream and tributaries, respectively.  482 
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 497 

Fig. 2. Maps of (a) elevation, (b) precipitation, and (c) air temperature within the Yarlung Tsangpo 498 

Basin.The size of green stars and circles in Fig. 2a, 2b, and 2c stands for the elevation, B 499 

concentrations, and δ11B of geothermal samples and river water samples, respectively. 500 
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 511 
Fig. 3. Crossplot between the reciprocal of dissolved [B] and d11B of global geothermal waters 512 

compared with those of global rivers. [B] is B concentration expressed in μmol/L. Geothermal water 513 

data are from Palmer and Sturchio, 1990; Kasemann, 2004; Millot et al., 2012; Louva et al., 2014; 514 

Lü et al., 2014; Zhang et al., 2015; Sosdian et al., 2018. Data for global rivers are from Rose et al. 515 

2000; Lemarchand et al. 2002; Chetelat and Gaillardet, 2005; Lemarchand and Gaillardet, 2006; 516 

Chetelat et al., 2009; Liu et al., 2012; Louvat et al., 2011, 2014; Ercolani et al., 2019. 517 

 518 

 519 

 520 



22 
 

 521 

 522 

 523 

 524 

 525 

 526 

 527 
Fig. 4. Seasonal differences in the geochemical signature of water in the Yarlung Tsangpo River. 528 

a, B/Cl vs. 1000*As/Cl molar ratio. b, B/Cl molar ratio vs. d11B. c, B concentration vs. water 529 

discharge. d, d11B versus water discharge. Error bars for δ11B in Fig. 4b and 4d represent the 2 s.d. 530 

analytical uncertainty. 531 
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 542 

Fig. 5. Sensitivity tests for influence of geothermal B input on oceanic d11Bsw. (a) Estimation on the 543 

changes of geothermal input required to explain the observed 3‰ change of Cenozoic d11Bsw 544 

(∆d11Bsw). (b) Secular d11Bsw changes during the Cenozoic (Lemarchand et al., 2002) compared 545 

with collision-related magmatism in the Tibet reflected as proxied by the degree of melting of local 546 

igneous rocks over the last 50 Ma (Guo et al., 2021). The green, blue and orange curves with arrows 547 

in Fig. 5a represent the results using lower bound, upper bound and average estimates for the 548 

relative contribution of geothermal waters in the global riverine ocean budget, respectively. The 549 

numbers at both ends of the curves represent the B input fluxes in Tg B/yr.  550 
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