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This study focused on the chemical composition of the rivers in the middle and upper reaches of the Yarlung Tsangpo River system. Samples were collected in April 2015 to analyze spatiotemporal variation characteristics and determine weathering processes and CO2 consumption using principal component analysis (PCA) and a modified forward model. The TDS on the southern bank of the upper and middle reaches of the Yarlung Tsangpo basin was found to be higher than that on the northern bank because of the difference in stratigraphic structure. The results show that the chemical facies of the rivers all belonged to Ca-HCO3, and the rate of sulfuric acid-dominated chemical weathering was extremely high in the sub-watershed by TZ+⁎/HCO3−⁎. Four major reservoirs (precipitation, silicates, carbonates, and evaporites) produce ions. The results of the chemical budget show that their contribution rates were 7.80% vs. 5.09% (PCA vs. modified forward model, the same below): 21.8% vs. 24.7%, 42.80% vs. 50.22%, and 10.30% vs. 21.59%, respectively. The ionic components from carbonate weathering in the study area were dominant, which is the main reason why the calculated results of the carbonate weathering rate (CWR) were higher than the silicate weathering rate (SWR). The CWR reached its maximum value during the monsoon period, whereas the SWR showed the opposite trend. Moreover, CO2 sequestration by chemical weathering of rivers might be the main carbon sink in Tibet, which contributes to the realization of carbon neutrality in Tibet.
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1 INTRODUCTION
Owing to its unique plateau climate, the Qinghai–Tibet Plateau is very sensitive to global climate change and human activities; therefore, it has always been a hot spot of global climate change (Jia et al., 2019; Lu et al., 2020; Yang et al., 2023). The Yarlung Tsangpo River Basin is the largest and most important source of water in Tibet (W. Jiang et al., 2023). The study of the hydrochemistry of the Yarlung Tsangpo River and its tributaries can reveal the chemical evolution and main controlling factors of water in Tibet, which is helpful for deepening the understanding of the hydrochemical cycle in the Tibetan Plateau.
In the middle of the 20th century, European scientists initially established the river hydrochemical system, and their primary goal was to understand the relationships in rivers between natural geology and the sources of major ions, including K+, Na+, Ca2+, Mg2+, Cl−, HCO3−, and SO42−, as well as the composition ratios of various ions (Livingstone, 1963; Dawdy and Feth, 1967). Gibbs studied the chemical composition (mainly in ion ratio differences) of the main solutes of several rivers and classified the natural solutes of river water into rock dominance, evaporation/crystallization dominance, and precipitation controlled, making a theoretical summary of the sources of solutes in natural rivers (Gibbs, 1971).
Chemical weathering affects the carbon cycle by absorbing CO2 from the atmosphere and storing it in weathering products or mineralized marine sediments (Goudie and Viles, 2012). Although a link between chemical weathering and the carbon cycle on a global scale has been proposed since the 19th century, their relationship remains controversial (Chamberlin, 1899; Goudie and Viles, 2012). Some scientists have suggested that the uplift of the Tibetan Plateau during the Cenozoic accelerated chemical weathering, leading to a reduction in the atmospheric CO2 content, which in turn contributed to global cooling during this period (Raymo and Ruddiman, 1992; Geng et al., 2023). This widely circulated hypothesis has led to the Tibetan Plateau and other orogenic belts becoming the focus of chemical weathering research in recent years (Ren et al., 2020; Geng et al., 2023).
The bedrock on the northern bank of the main stream is mainly composed of granitoids and volcanic rocks (Lhasa terrane) (Chamberlin, 1899), while the bedrock on the southern bank is mainly composed of clastic rocks and carbonates (Tethys sedimentary sequence, TSS) (Ma et al., 2022; Gao et al., 2023; Han et al., 2023). The significant spatial variation in the geographical environment within the watershed provides an ideal environment for studying chemical weathering processes and their intensities and controlling factors in the sub-watershed located in the southern Qinghai–Tibet Plateau (Goudie and Viles, 2012; Yu et al., 2021; Geng et al., 2023). However, there are some differences in the conclusions of different studies. Guan concluded that solute dissolution in the basin was low (Guan et al., 1984); Hren found low rates of chemical weathering and CO2 consumption in most of the southern region, which was attributed to the low rates of precipitation and erosion in the region (Hren et al., 2007). However, Jiang concluded that CO2 consumption caused by chemical weathering of silicates and carbonates significantly contributed to global CO2 consumption (Chamberlin, 1899), while the results of Yu are exactly opposite to Jiang, suggesting that the rate of the chemical weathering and CO2 consumption in the middle and upper reaches of the Yarlung Tsangpo River basin were almost the lowest in the world (Yu et al., 2021).
To analyze the accuracy of the above hypothesis, a detailed hydrochemical survey was conducted in April 2015 to evaluate the process and intensity of chemical denudation in the upper and middle reaches of the Yarlung Tsangpo River (UMRYT) and its subbasin. The modified forward model (Yu et al., 2021) was used to quantitatively calculate the proportion of chemical weathering in the basin, decipher the contribution of river solutes from different sources, and determine the geochemical process of hydrochemistry in the study area. The results were verified using principal component analysis (Pearson, 1901; Hotelling, 1933), and the rate of CO2 consumption was calculated to test the correctness of the hypothesis above. The data were compared with the total carbon emission data of Tibet in 2014 and 2015 to evaluate the contribution of river chemical weathering sequestration of CO2 to regional carbon neutrality.
2 MATERIALS AND METHODS
The Yarlung Tsangpo River Basin is the most important source of water resources in Tibet. The river originates from the northern slope of the central Himalayas, flows from west to east, turns southward, and finally flows into India in the Luoyu region (Guo et al., 2023; L. G. Jiang et al., 2015). The study area of this paper is in the middle and upper reaches of the Yarlung Tsangpo River, with its geographical location of 27° 48′–31° 18′ N and 85° 18′–112° 24′ E, covering an area about 216,000 km2, and its elevation ranges from 3,543 to 7,068 m, 4,878.5 m on average (Bao, 2019; Bao et al., 2023; W. J. Liu et al., 2022; Lyu et al., 2023). The Indian Ocean monsoon is weakened in the region by the resistance of the Himalaya Mountains, so while the study area is located in a plateau region with intense radiation and long sunshine, the total accumulated heat is low, making the average temperature in the hottest month ranging from 11.2°C to 17.0°C, and the temperature of the coldest month below 0°C (Guo et al., 2023; Hu et al., 2022; W. J. Liu et al., 2022; Yu et al., 2021).
2.1 Geological setting
The strata in the study area are well-developed in all ages with various sedimentary types, the strata are well exposed, and fossils are abundant, especially from the Mesozoic period (Y. P. Feng et al., 2020; Ma et al., 2022). The southern side of the main stream is the Himalayan tectonic belt. The boundaries of the northern and southern tectonic belts are as follows: the Yarlung Tsangpo suture zone and main boundary collision fault are in the south, which are composed of the Precambrian metamorphic basement, overlying the Indian plate, and the sedimentary cap assemblage of the same period. The northern part of the belt is mainly composed of sedimentary caps, whose orientation is near east to west, and is composed of a set of Paleozoic and Mesozoic continental margin deposits, known as the TSS, see Figure 1A (J. L. Feng et al., 2017; Y. P. Feng et al., 2020). In the south, the Precambrian metamorphic basement is mainly composed of a set of highly deformed middle and deep metamorphic rocks that constitute the main body of the Himalayan tectonic belt. In the study area, the Nianchu River, Dogxung Zangbo, and Parlung Zangbo are located in the north of the Himalayan structural belt, and their underlying rocks are mostly clastic rocks, whereas the Lhasa and Niyang Rivers are located in the north of the middle and lower reaches of the main stream, and their underlying rocks are mostly volcanic rocks and granites (Goudie and Viles, 2012; Hemingway et al., 2020). The locations of the basin of the UMRYT and its tributaries are shown in Figure 1A.
[image: Figure 1]FIGURE 1 | (A) Location of the UMRYT and its tributaries basins, with the sampling sites of this study. (B) Geologic map of the UMRYT basin (revised from Yu and China Geological Survey).
2.2 Sampling and analytical methods
70 samples were collected from the mainstream and tributaries of the UMRYT in April 2015, including 69 river samples, and a rain sample. The locations of the river samples are shown in Figure 1A.
When the middle part of the river could be reached by a bridge or boat, samples were collected from the middle channel. When they could not be reached, samples were collected at the edge of the rivers. Acid-washed low-density polyethylene bottles were used to collect approximately 1 L of water samples at a depth of 50–100 cm below the surface of the river.
For quantitative measurement of cations, two bottles of filtered water samples were stored in two clean PE bottles, one of which was acidified with three drops of 1:1 ultra-pure nitric acid to achieve <2 pH for cationic measurement. Samples from another bottle were used for anion testing. Major cations (K+, Na+, Ca2+, and Mg2+) were determined using inductively coupled plasma emission spectrometry (ICP-OES, Prodigy, Leeman) with a resolution of 0.001 mg/L. The major anions (Cl−, NO3−, and SO42−) were determined by ion chromatography (ICS-900, Dionex) with a resolution of 0.01 mg/L. Repeated measurements showed errors of ±2% for ICP-OES and ±5% for IC. HCO3− was calculated by titration.
3 RESULTS
3.1 Spatial variation characteristics of hydrochemical ion components
By analyzing the spatial variation trend of TDS along the main stream (Figure 2), it was found that from the upper reaches to the end of the middle reaches of the Yarlung Tsangpo River, the TDS of the river first decreases (ends at the start of the middle reaches), then increases (ends when the Nianchu River influx), and finally decreases (until the end of the study area). By comparing the changes in TDS along the five tributaries (Figure 3), it was found that the values of TDS in the Lhasa and Niyang Rivers, which are on the north bank of the main stream, were relatively low. However, their values in the Nianchu River and Parlung Zangbo, which are on the south bank, were relatively high. The same applies to Dogxung Zangbo, which is on the north bank. Combined with the geological setting of the study area (Section 2.1), it was found that there was a very good coupling between the change rule of ion concentration in the river and the underlying layer.
[image: Figure 2]FIGURE 2 | Variation in TDS along the main stream.
[image: Figure 3]FIGURE 3 | Changes in TDS along the tributaries.
By comparing the ratio of the ions, it was found that Ca2+ and HCO3− were the dominant anions and cations in the study area, respectively (Figure 4). In the upper reaches of the main stream, the proportion of HCO3− was in the range of 70%–80%, whereas in the middle reaches, the proportion was slightly reduced to approximately 70%. In the tributaries (Figure 5), the proportion of HCO3− in the Parlung Zangbo Basin was the highest (approximately 75%), slightly higher than in the Niyang, Lhasa, and Nianchu Rivers (the percentages in the three rivers were all about 70%), and the lowest appeared in the Dogxung Zangbo (approximately 65%). The proportion of Ca2+and Mg2+ in the cation increased along the flow of the river. They increased from approximately 50% in the upper reaches to approximately 70% at the end of the middle reaches. In the tributaries, the proportion of Ca2+and Mg2+ in Parlung Zangbo was the highest (approximately 85%), followed by the Nianchu, Lhasa, and Niyang Rivers (the percentages in the three rivers were all approximately 70%), and the lowest appeared in Dogxung Zangbo (only 55%).
[image: Figure 4]FIGURE 4 | Changes of anion–cation along the main stream of Yarlung Tsangpo River.
[image: Figure 5]FIGURE 5 | Changes in anion–cation along the tributaries.
The high proportions of Ca2+and HCO3− indicate that carbonate dissolution is a common geochemical process in the UMRYT, and the dissolution of river ions is usually influenced by rock and mineral weathering, precipitation input, and human activities (Millot et al., 2002; Z. F. Zhou et al., 2023). Through analysis of the correlation and differences between ions, the influence of the above effects on the ionic type of the basin can be analyzed qualitatively and quantitatively.
3.2 Identification of chemical weathering processes
Chemical weathering refers to the process by which rocks change their chemical composition and form new substances under the influence of chemical factors such as water, CO2, and O2 as well as environmental factors such as temperature and wind (Jiang et al., 2015; Gao et al., 2023; Geng et al., 2023). The types of chemical weathering in the study area were determined by drawing a Gibbs diagram.
It was found that when using Na+/(Na+ + Ca2+) or Cl−/(Cl− + HCO3−) as indicators, the sampling projection points were all clustered in the rock dominance by drawing the Gibbs diagram (Figure 6), which confirms that the main composition of river ions in the study area tended to be dominated by rock weathering rather than dissolution of evaporative rocks in the surroundings or precipitation.
[image: Figure 6]FIGURE 6 | Gibbs diagram of rivers in the UMRYT.
The Piper diagram (Figure 7) can be used to project water samples onto the grid by their ion concentration ratio, and the types of water can be judged by their position on the grid (Alqarawy, 2023). It was found that the type of all samples in the tributaries was Ca-HCO3, the same as the main stream, which indicates that the chemical weathering in the study area was dominated by calcium bicarbonate. There was almost no difference in the proportion of anions in the tributaries of the right inferior anion triangle, whereas obvious differences in the ratio of Ca2+ were found in the left inferior cation triangle from high to low in Parlung Zangbo, Nianchu River, Niyang River, Lhasa River, and Dogxung Zangpo, indicating that the types of chemical weathering among the tributaries were quite different.
[image: Figure 7]FIGURE 7 | Piper diagram from each tributary.
The weathering of pyrite and weathering and dissolution of evaporite are the two main sources of sulfate in the rivers in the study area (Bao, 2019; Bao et al., 2023; L. G. Jiang et al., 2015). The influence of ions by sulfuric acid accounts for a large proportion of the chemical weathering in tributaries. Therefore, if all the SO42− comes from the weathering of pyrite (mainly FeS), the projection of samples at the anion triangle in the piper diagram should be in the top left corner, but the result shows that they are at the bottom left, it could be concluded that the weathering and dissolution of evaporite were still the main source of SO42−.
The correlation coefficient reflects the source and connection of the ions. The Pearson correlation coefficient was calculated for the eight major ions in the study area (Table 1), finding that the pairwise correlation between K+, Na+, and SiO2 was abnormally high (higher than 0.8), which indicates that the three ions were likely to have the same source. SiO2 is almost completely derived from the weathering of silicate rocks; therefore, it can be inferred that the main source of the three ions was the dissolution of silicate rocks.
TABLE 1 | Pearson correlation of the main ions.
[image: Table 1]Moreover, the correlation coefficients between Ca2+, Mg2+, Ca2+, and HCO3− were also very high (higher than 0.8). The correlation coefficient between Mg2+ and HCO3− was not low (0.69); therefore, it can be inferred that the main source of the three ions was probably the same. Combined with the stratigraphic and geographical information that calcium bicarbonate dominates chemical weathering in the study area, the main source of these three ions should be carbonate weathering.
As the influence of human effects on chemical weathering is minimal in the study area, HCO3− and SO42− were extremely high in anions, and other ions such as HNO3−and Cl− were in very small parts of the anion, it was deduced that the mixture of sulfuric acid and carbonic acid dominates regional weathering (Noh et al., 2009). To gain a better understanding of the trend of ion changes, it is necessary to understand the contribution ratio of sulfuric acid and carbonic acid to regional weathering.
According to the geological conditions of the study area (2.1), the underlying strata of the upper, middle upper, and southern banks of the UMRYT were TSS, which are mostly carbonate and silicate rocks. However, the middle lower reaches of the main stream and the northern bank of UMRYT were mostly affected by intrusive rock, mostly granite and volcanic rocks (Hemingway et al., 2020), and the dissolution reaction of carbonate and silicic rocks with carbonic or sulfuric acids would make the ratio between total cation and SO42−, and the ratio between total cation and HCO3− differ (Meybeck et al., 2003), so TZ+*/SO42−* and TZ+*/HCO3−* were used to outline the carbonated and sulfuric acid-dominated chemical weathering reactions (Dawdy and Feth, 1967; Yu et al., 2021) (TZ+ denotes the total cation, and * denotes the mass concentration, the same as below).
A high value of TZ+*/SO42−* indicates that chemical weathering in the area was dominated by sulfuric acid, and high values of TZ+*/HCO3−* indicate that chemical weathering in the area was dominated by carbonic acid (Xuan et al., 2020). There are three possible sources of SO42− in rivers: gypsum dissolution, sulfide oxidation, and anthropogenic input (Stachnik et al., 2016). However, because the study area is located in the interior of the Tibetan Plateau and belongs to the original environment, the influence of anthropogenic inputs on the concentration of sulfate ions was negligible. However, halides, evaporites, and sulfide minerals (mainly gypsum and pyrite) were found in the study area (Yan et al., 2022; J. W. Zhang et al., 2022; L. Zhou et al., 2022), so it is difficult to determine whether the main source of SO42− in the river comes from evaporite dissolution (mainly hydrolysis of gypsum) or oxidation of sulfide (mainly pyrite). The exact source of SO42−* cannot be determined, so it is impossible to use the index of TZ+*/SO42−* to calculate the influence of sulfuric and carbonic acids on regional weathering. Compared with SO42−, after eliminating human disturbance and precipitation input, HCO3− in the study area was mainly (almost exclusively) derived from rock weathering; therefore, it was more reasonable and accurate to use TZ+*/HCO3−* for analysis instead of TZ+*/SO42−*, and the calculation expression is as follows (Hindshaw et al., 2016):
Silicate weathering from carbonic acid:
[image: image]
Carbonate weathering from carbonic acid:
[image: image]
Silicate weathering from sulfuric acid:
[image: image]
Carbonate weathering caused by sulfuric acid:
[image: image]
In the entire watershed, the average pH is 8.4, and the average pH of each tributary is close to 8, all of which are weakly alkaline. The evaporite dissolution of sulfuric acid (with a low concentration) preferentially reacts with carbonate rocks with more active properties than silicite rocks (Hindshaw et al., 2016). At the same time, the main area of weathering in the study area is the TSS, which is easily weathered and denuded on the south bank of the UMRYT, whose internal lithology is mostly carbonate rocks. Based on these two factors, the reaction between sulfuric acid and silicate rocks was ignored in the study area. According to Eqs 1–4, the percentage of influence of sulfuric and carbonic acids on rivers in the study area can be calculated. The calculation results are in Table 2.
TABLE 2 | Average percentage of the influence of sulfuric and carbonic acids on tributaries.
[image: Table 2]The results show that the tributaries closer to the upstream were more affected by sulfuric acid, whereas the tributaries closer to the downstream were more affected by carbonic acid (Figure 8). The weathering of the mainstream in the entire study area was slightly more affected by carbonic acid than by sulfuric acid. Considering the stratigraphic information and the location of the watershed above, the phenomenon could be explained as follows: rivers flow fast and dangerously near the upstream, and a higher velocity makes sulfuric acid more likely to ionize instead of carbonate acid. Although the proportion of bicarbonate in the basin is more prominent, weak alkali conditions allow sulfuric acid to react first, which causes a stronger erosion of surrounding rocks. The underlying surface of the middle and lower reaches of the main streams is relatively flat, helping the velocity of the flow to slow down; thus, the rivers have more time to fully react with the surrounding carbonate rocks, making the carbonate erosion of the surrounding rocks stronger.
[image: Figure 8]FIGURE 8 | Variation in the main stream under the influence of the ratio of sulfuric and carbonate acids.
3.3 Contributions of chemical weathering
3.3.1 Hydrologic model method
There were six the main sources of ions in the study area, and they were as follows: precipitation, evaporation, oxidation of sulfide, silicate weathering, carbonate dissolution, and human activities (L. G. Jiang et al., 2015; Yan et al., 2022). The influence of human activities on chemical weathering in the study area was ignored because it was not significant. When calculating the contribution ratio of weathering, the modified forward model can be expressed as Eq. 5:
[image: image]
where X represents cations, and the subscripts riv, atm, eva, sul, sil, and car represent cations in the river, atmospheric input, evaporite dissolution, sulfide oxidation, silicate weathering, and carbonate dissolution, respectively (see below).
The idea of the model is to cover all input ions; however, it is difficult to fully measure the data of each input term. To calculate various weathering results with limited data, the model simplifies and approximates the source of each ion (J. J. Liu and Guo, 2023; Yu et al., 2021). The results are as follows:
1) All Cl− in rivers originated from evaporite dissolution after modified atmospheric input; 2) all Na+ in the river originated from silicate weathering after modified atmospheric input and evaporite dissolution; and 3) all K+ in the river originated from silicate weathering after modified atmospheric input. 4) The correlation coefficient between SO42− and Ca2+ (R2 = 0.837) was significant, indicating that the source of the two ions may be from the dissolution of gypsum or carbonate, as well as sulfuric acid formed by the oxidation of sulfide. 5) Therefore, we assume that half of the SO42− in river came from evaporite dissolution, which is more reasonable than assuming all SO42− in river was from evaporation or sulfide oxidation (Yu et al., 2021).
After assuming the limitations above, the source of each ion in the river can be obtained as Eqs 6−11:
[image: image]
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At the same time, the equations for each weathering source can be expressed as Eqs 12−16 (denotes molar concentration, the same below):
[image: image]
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The source of Cl− in rivers was relatively stable without the influence of human activities, and Cl− will not react with other ions and form precipitates; therefore, the concentration of other ions in precipitation can be calculated by the ratio of Cl−. The equations used are as Eqs 17, 18 Gaillardet et al. (1999):
[image: image]
[image: image]
where F denotes the evapotranspiration coefficient in Clref = Clave×F, Xatm denotes the concentration of ions produced by precipitation, (X/Cl)rain denotes the molar concentration ratio of TDS to Cl− in precipitation, and Clmin denotes the minimum Cl− in the river. The value of F in the study area is 1.41 during non-monsoon periods. Therefore, the value of Clmin in April 2015 was 18.4 μmol/L. Using the relationship between the other ions and Cl− (D. D. Zhang et al., 2003), which are shown in Table 3, the values of the other ions in precipitation can be calculated as shown in Table 4.
TABLE 3 | The ratio between ions and Cl−.
[image: Table 3]TABLE 4 | Ion contribution of meteoric water to the river basin.
[image: Table 4]According to Moon and Noh, the concentrations of Ca2+ and Mg2+ imported from surface runoff weathered by silicate rocks (mainly anorthite) can be expressed as Eqs 19, 20 (Moon et al., 2007; Noh et al., 2009):
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Theoretically, the values of (Ca2+/Na+)sil and (Mg2+/K+)sil should be the average everywhere in the river basins, but this is almost impossible when studying a large basin. Therefore, we chose to use the data of sand and rocks in the riverbed as an approximation for an alternative analysis (Wu, 2016). The values of (Ca2+/Na+)sil and (Mg2+/K+)sil in the study area were measured by electron probes based on 42 types of plagioclase particles, which were approximately 0.545 and 0.3, respectively (Booth et al., 2004; Hren et al., 2007).
The results showed that the average contribution of precipitation to the river ion concentration was approximately 5.09%, and the average proportions in the tributaries were in the order of the Niyang River (8.39%) > Parlung Zangbo (7.16%) > Lhasa River (5.16%) > Duxiong Zangpo (4.20%) > Nianchu River (3.11%), which is consistent with the spatial distribution of rainfall.
The average evaporite weathering was approximately 21.59%, and the average in the tributaries was in the order of Dogxung Zangbo (26.23%) > Lhasa River (22.68%) > Parlung Zangbo (20.71%) > Niyang River (20.25%) > Nianchu River (19.59%). A similar number of results indicates that evaporite weathering occurred over a wide and stable range in the study area. However, the results for Dogxung Zangbo were approximately 5% higher than the average of the other tributaries. In addition to the topographic effects mentioned above, this phenomenon also indicates that the dissolution of gypsum and halide is significant in Dogxung Zangbo.
The average contribution of silicate weathering to the river ion concentration was approximately 2 24.07%, and the average proportion in the tributaries was in the order of Dogxung Zangbo (35.05%) > Lhasa River (23.28%) ≈ Niyang River (23.02%) > Nianchu River (17.82%) > Parlung Zangbo (11.61%). The elevation of the water surface varied greatly in Dogxung Zangbo because its basin is in the upper reaches of the main stream; therefore, it has a good erosion effect on silicates that are relatively insoluble, making it the first in the tributaries. Meanwhile, Parlung Zangbo, which is in the same stratum as Dogxung Zangbo, had a relatively weak weathering effect on silicates because it is located downstream and the topography is relatively flat. The results for the Lhasa and Niyang Rivers were higher than those for the Nianchu River because of the difference in the underlying layers.
The average contribution of carbonate weathering to the river ion concentration was approximately 50.22%, and the average in the tributaries was in the order of Parlung Zangbo (60.52%) > Nianchu River (59.47%) > Lhasa River (48.88%) ≈ Niyang River (48.33%) > Dogxung Zangpo (34.09%). The rocks beneath Parlung Zangbo are mostly carbonate rocks, and the location of the river is around the middle and lower reaches of the main stream, helping it flow gently, which made the carbonate weathering very strong here. The ion concentrations from chemical weathering in Duoxiong Zangpo were higher than those in the Niyang and Lhasa Rivers, but a larger number of ions from other chemical weathering sources, which made the ratio of carbonate weathering relatively low.
3.3.2 Principal component analysis
Principal component analysis (PCA) (Pearson, 1901; Hotelling, 1933) is a statistical method that converts a set of potentially correlated variables into a set of linearly uncorrelated variables through orthogonal transformation and calculates the main influencing factors from the differences in the explained variance of each other. It treats the remaining unexplained factors, such as noise (or unimportant factors) (Bhatt and Maclean, 2023). Here, PCA was used to cluster the river ion concentrations and analyze the load of the principal component. The results of the control factors were the chemical weathering effects, which can be used to calculate and prove the contribution of different rock weathering processes to river solutes.
The accumulated eigenvalues of the factors were calculated as shown in Table 5. The first four principal components, whose cumulative variance contribution rate was approximately 87.4% (more than 85%), were selected and considered to have no loss of information. After factor analysis of the data and orthogonal rotation of the initial factors by Minitab, the score coefficient matrix (Table 6) and common factor variance matrix (Table 7) were obtained.
TABLE 5 | Accumulation of eigenvalues.
[image: Table 5]TABLE 6 | Matrix of score coefficients.
[image: Table 6]TABLE 7 | Loadings and common factor variance.
[image: Table 7]To better determine the actual physical significance of each factor, hierarchical cluster analysis (HCA) was used to make assumptions regarding the sources of ions observed in the rivers (J. J. Liu and Guo, 2023). The samples could be divided into different hydration groups according to the correlation between the ion concentrations (Figure 9). The ion concentration changes were similar in the same group, indicating that there may be similar provenances. Samples of the nine ions were divided into four main groups according to Figure 9: Group 1: Ca2+, Mg2+, and HCO3−; Group 2: Na+, K+, SiO2, and Cl−; Group 3: SO42−; and Group 4: NO3−.
[image: Figure 9]FIGURE 9 | Ions loading.
The variance contribution rate of the first factor was 41.80%, and it was mainly related to Ca2+, Mg2+, and HCO3− according to the score matrix table (Table 5), which were the main products of carbonate weathering; therefore, carbonate weathering is the first factor that influences the ion concentration in the basin. Similarly, the variance contribution rates of the second, third, and fourth factors were 27.20%, 10.50%, and 9.50%, respectively, which represent the weathering of silicate rock, evaporite, and precipitation, respectively. The results of the variance contribution rates here are similar to the results calculated by the modified forward model in 3.3.1, which proves the correctness of the model calculation results from a statistical perspective.
The North test (Deschasaux-Tanguy et al., 2021) is a significant test implemented by calculating the error range of the eigenvalue. The eigenvalues are denoted by λ, and their error range can be expressed as Eq. 21:
[image: image]
where n is the number of samples. When the adjacent eigenvalue λj+1 meets λj-λj+1≥ej, the two empirical orthogonal functions are regarded as valuable, so the table of the results of the North test can be made as follows.
The four factors have passed the North test according to the test results in Table 8.
TABLE 8 | North test.
[image: Table 8]3.4 Rate of chemical weathering
The carbonate weathering rate (CWR) and silicate weathering rate (SWR) were calculated by combining the cationic components of carbonate and silicate with the velocity of runoff and catchment area as Eqs 22, 23 (Grasby et al., 2000).
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Hydrochemical data from the sampling site closest to the estuary were used to calculate the average rate of chemical denudation within the catchment. Therefore, 11 samples were selected from the estuaries of the five tributaries to represent the average values.
The uncertainty factors in the study mainly originated from the uncertainty of the volume of runoff and cation concentration. Therefore, the error propagation equations were evaluated in this study, that is, [image: image], where σWR indicates the transmission error of the chemical weathering rate, and σQ and σC indicate the volume of runoff and ion concentration error caused by measurements, respectively. The uncertainty of the chemical weathering rate in the study area was found to be less than ± 20% after the calculation.
The calculation results are compared with the results of other scholars in the same period in Table 9, which shows that the CWR data are lower but the (Berry et al., 2005) SWR data are relatively higher in the study than in the monsoon (summer), which is consistent with the natural conditions of rain heat synchronization in the study area.
TABLE 9 | Comparison between SWR and CWR.
[image: Table 9]There is no obvious difference between the SWR and CWR in the study area, while the large differences between the tributary strata indicate that carbonate and silicate weathering may be oversaturated, which may be limited by temperature, rainfall, and material conditions other than the region itself.
4 DISCUSSION
Compared with the modified forward model, the PCA calculation results for the contribution rates of different weathering processes were mostly smaller. This is because the accumulated variance explanation rate of the first four principal components was only 87.4%, 12.6% of which was ignored as noise, including the influence of human factors. However, the contribution of the four chemical weathering effects was considered 100% in the modified forward model, making the calculation results higher.
The result of CO2 absorption by the SWR was lower in this study than that reported by Yu. This is because the resistance to weathering in silicate rocks is stronger than that in carbonate rocks. Therefore, silicate weathering reacts more thoroughly than carbonate weathering at the low velocity of a large contact area, which is consistent with the fact that the flow velocity in the study area decreases significantly in winter. The Niyang River performed best in the SWR among the five tributaries because of its high flow rate, and its depth is 3–4 times more than that of the other tributaries, making it highly erosive. The underlying rocks of Parlung Zangbo are carbonate. The low flow velocity in a large contact area helped it rank first in CWR. However, the performance of the SWR in Parlung Zangbo was not as good as that in the Niyang River, indicating that the drainage basin may be oversaturated by chemical weathering. In other words, excessive weathering of carbonate rocks seized the reactant, which could react with silicate rocks due to oversaturation.
Global warming increases the rate of chemical weathering and glacial melt, but there is no clear evidence that it can increase global precipitation. Therefore, under the conditions of global warming, the rate of CO2 absorption in the Yarlung Tsangpo River Basin will certainly increase before the decrease in water from the melting of the glacier. Yu et al. (2021) found that the amounts of CO2 sequestration caused by chemical weathering of carbonate and silicate in the four tributaries (excluding the Parlung Zangbo basin) is about 34.70 × 109 mol/y by the samples collected in 2012 and 2013, while our study found that the annual carbon sequestration of the four tributaries is estimated to be 35.64 × 109 mol/y in 2015. Consistency across the two studies bolsters the credibility of our calculations and reaffirms the upward trajectory of CO2 absorption trends.
Though the data from the CEADs (Shan et al., 2017) showed that the total carbon emissions (TCE) in the whole region of Tibet in 2014 was 5.518 × 109 kg, the figure is expected to rise to 35.73 × 109 kg in 2015 because of the massive output of natural gas (the carbon emissions caused by natural gas reached 29.073 × 109 kg in 2015 and no more than 1 × 109 kg in 2014). According to “the Plan of Tibet for the Control of Greenhouse Gas Emissions during the 13th Five-Year Plan Period,” Tibet started saving energy and reducing emissions in 2015, and CO2 emission intensity per unit of GDP was reduced by 12% in 2020, as compared with 2015. This suggests that the impact of human activities on carbon emissions in Tibet peaked in 2015 and is expected to gradually diminish in the foreseeable future. However, the annual carbon sequestration of the five tributaries is estimated to be about 62.38 × 109 mol/y, or 2.74467 × 109 kg/y, accounting for 49.7% of the TCE in 2014 and 7.7% of the TCE in 2015 in Tibet, underscoring the potential significance of river-based carbon sequestration as a vital CO2 treatment sink (Yu et al., 2021; Bao et al., 2023). These findings suggest that river-based carbon sequestration could play a crucial role in achieving carbon neutrality objectives in Tibet.
5 CONCLUSION
The TDS along the main stream of the study area first decreased and then increased. The ion concentrations of the tributaries were in the order of Nianchu River > Dogxung Zangbo > Lhasa River > Niyang River ≈ Parlung Zangbo. The average TDS of the sampling sites located on the south bank of the main stream was higher than that on the north bank, and was mainly influenced by the underlying layer and different flow velocities in different regions. The hydrochemical type of river water in the study area was Ca-HCO3. The two ions accounted for 62.4% of the total ion concentration on average, followed by Na+, Mg2+, and SO42−; the weathering type in the study area was rock weathering, which was mainly controlled by sulfuric acid.
The results of the chemical budget calculation showed that the contribution rates of precipitation, silicate, carbonate, and evaporite weathering to the ionic components in the surface water of the study area were 7.80% vs. 5.09% (PCA vs. modified forward model, same below), 21.8% vs. 24.7%, 42.80% vs. 50.22%, and 10.30% vs. 21.59%, respectively. The contribution of carbonate weathering to the source of ion components in the study area was dominant, which was the main reason why the CWR results were higher than those of the SWR. The CWR reached its maximum value during the monsoon period, whereas the SWR showed the opposite trend. The values of the SWR in the tributaries showed that chemical weathering in the study area may be oversaturated. Carbon sequestration from rivers in Tibet has been an important sink for CO2 treatment for decades, which makes a great contribution to the realization of carbon neutrality in Tibet. However, the phenomenon of carbon pollution in Tibet is insignificant, and the ecological capacity of carbon storage remains strong.
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