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The Tao He, Huang Shui, and Datong He originate from the northeastern margin of the Qinghai-Tibet Plateau (QTP) and flow into the Yellow River on the Loess Plateau (LP), all with a basin area exceeding 15,000 km2, and are the three largest tributaries of the Yellow River QTP sub-basin. Water samples were collected at the river outlets, the QTP section, the transition zone between the QTP and the LP, and the LP section of each river. These water samples were used to explore CO2 consumption by chemical weathering and its control mechanisms. Runoff and physical erosion are the main factors controlling chemical weathering in the three rivers. The increase of relief ratio in the transition zone between the QTP and the LP makes the chemical weathering particularly intense in this area. The total CO2 consumption rates by chemical weathering in the Tao He and Huang Shui transition zones are 1.4 times and 1.7 times greater than in their QTP sections, and 1.7 times and 2.3 times greater than in their LP sections, respectively. In contrast, due to the high relief ratio of 8‰ in the Datong He transition zone, the residence time of the water is extremely short, and unweathered fine-grained materials are delivered downstream to continue weathering. The influence of differential lithology distribution on chemical weathering includes that the Datong He QTP section with carbonate exposure presents the most intense carbonate weathering in that basin, and the Tao He transition zone has low silicate weathering resulting from the distribution of early Permian strata. In addition, groundwater recharge most likely influenced the silicate weathering of Huang Shui significantly. The total area of the three rivers accounts for 25% of the Yellow River QTP sub-basin, while their contribution to the total CO2 consumption flux by chemical weathering approximates 36%. The silicate weathering of the northern QTP rivers is lower than the global average and significantly lower than those of the southern QTP rivers. However, carbonate weathering of the QTP rivers exhibit no north-south regional differences.
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1 INTRODUCTION
Chemical weathering of terrestrial rocks regulates global climate by consuming atmospheric CO2 (Berner et al., 1983), with a global CO2 consumption by chemical weathering of 0.22–0.29 Gt a−1 (Gaillardet et al., 1999; Hartmann et al., 2009). Numerous rivers originate from the Qinghai-Tibet Plateau (QTP), including the Ganges, Brahmaputra, Indus, Yangtze, and Yellow River. Exposure of abundant fresh materials via rapid uplift of the QTP produces a relatively high chemical weathering rate here (Raymo and Ruddiman, 1992). Hence, based on the potential influence on the global carbon cycle and climate change, chemical weathering in the QTP, especially net atmospheric CO2 absorption by silicate weathering on the geological time scales have received considerable attention (Gaillardet et al., 1999; Wu et al., 2005; Wu et al., 2008a, b; Noh et al., 2009). Wu (2016) found that silicate weathering rate is low in the inland rivers on the northern margin of the QTP, and combined with previous studies, suggested that the silicate weathering rate in the QTP may decrease in the order: southern>eastern>western>northern. Subsequently, the study of Jiang et al. (2018) in the small catchments of Mount Gongga on the southeastern QTP and the study of Zhang et al. (2019) in the Yalong River on the eastern QTP show that silicate weathering rates in these basins were lower than those in the rivers on the southern QTP and higher than those in the rivers on the northern QTP. However, due to complex lithologies, multiple climatic and tectonic zones, and increased anthropogenic activities on the QTP, additional information is urgently needed to further understand the spatial variability of chemical weathering and its mechanisms in the QTP.
The Yellow River is one of the main exorheic rivers originating from the QTP. Previous studies attributed a relatively high HCO3− concentration in the Yellow River to carbonate weathering within the loess (contains 10–20% carbonate) of the middle Loess Plateau (LP) sub-basin (Zhang et al., 1995; Chen et al., 2005). However, recent studies of the Yellow River have shown that the upper QTP sub-basin has a higher chemical weathering rate compared to the LP sub-basin (Wu et al., 2005; Fan et al., 2014; Wang et al., 2016). Although the QTP sub-basin accounts for only 30% of the Yellow River basin area, the CO2 consumption flux accounts for 61% of the entire basin’s flux (Wang et al., 2016).
The transition zone between the QTP and the LP of the Yellow River often has the highest weathering rate in the basin due to the sharp elevation drop, strong tectonic deformation, and drastic climate change. For example, the highest chemical weathering rate of both the Brahmaputra River (Singh et al., 2005; Hren et al., 2007) and the Yalong River (Zhang et al., 2019) occur in the area with the steepest average slope. Early studies of the Yellow River generally used the Lanzhou Hydrological Station as the boundary between the QTP and the LP (Wu et al., 2005; Fan et al., 2014; Wang et al., 2016). However, two large reservoirs, the Longyangxia and Liujiaxia reservoirs (with storage capacities of 247 × 108 and 57 × 108, respectively), were successively built upstream above the Lanzhou Hydrological Station on the Yellow River mainstream, which flows through the QTP margin (Figure 1). The presence of reservoirs alters the seasonal variation of river mass transport and makes it difficult to study the chemical weathering and its mechanism in the transition zone between the QTP and the LP of the Yellow River. The Tao He, Huang Shui, and Datong He (He and Shui mean “river” in Mandarin) are the three largest tributaries of the Yellow River upstream above the Lanzhou station. They originate from the QTP and merge into the Yellow River on the LP. The drainage area of the three rivers is approximately 25% that of the Yellow River QTP sub-basin, and the discharge contributed by these rivers reaches 32% that of the Lanzhou station on the Yellow River mainstream (Wang and Hu, 2011). To date, no medium or larger hydrologic projects have been reported to be in operation in these basins, making this an optimal zone for studying the chemical weathering and its mechanism in the transition zone between the QTP and the LP. However, few studies have focused on chemical weathering in these areas. Most studies have been limited to the ionic composition of downstream water or at the outlets (Wu et al., 2005; Fan et al., 2014; Wang et al., 2016).
[image: Figure 1]FIGURE 1 | (A) Elevation map and (B) Geological map of the Tao He, Huang Shui, Datong He, and Yellow River QTP sub-basin (upstream of the Lanzhou station). Elevation data were taken from https://srtm.csi.cgiar.org/srtmdata/. The geological map is modified from Chen et al. (2005), with reference to Pang et al. (2018) for details. Yellow River: TNH, Tangnaihai; GD, Guide; LZ, Lanzhou; Tao He: LQ, Luqu; XBG, Xiabagou; MX, Minxian; LJC, Lijiacun; HQ, Hongqi; Huang Shui: HY1, Haiyan; HY2, Huangyuan; XN, Xining; MH, Minhe; Datong He: TT, Tiantang; LC, Liancheng; XT, Xiangtang. The inset in panel B shows the study area divided into the (I) QTP sections (the drainage basins upstream Xiabagou of the Tao He, Haiyan of the Huang Shui, and Tiantang of the Datong He), (II) the transition zones between the QTP and the LP (Xiabagou to Lijiacun of the Tao He, Haiyan to Xining of the Huang Shui, Tiantang to Liancheng of the Datong He), (III) the LP sections (the drainage basins downstream Lijiacun of the Tao He, Xining of the Huang Shui, and Liancheng of the Datong He). The detailed latitude, longitude and elevation of the stations are in Supplementary Table S1.
The purpose of this paper is to investigate CO2 consumption by chemical weathering in the QTP sections, the transition zones between the QTP and the LP, and the LP sections of the rivers on the northeastern margin of the QTP (the Tao He, Huang Shui, and Datong He rivers). The study of CO2 consumption by chemical weathering in the transition zones between the QTP and the LP will help to further understand the chemical weathering mechanism of rivers from orogenic belts such as the QTP. We also present the seasonal variations of CO2 consumption by chemical weathering in the three rivers. In addition, variations in chemical weathering in different drainage basins on the QTP are compared with rivers in other regions.
2 MATERIALS AND METHODS
2.1 Study Area
The Tao He, Huang Shui, and Datong He are located on the northeast margin of the QTP. The Tao He is located on the southern bank of the Yellow River with a total length of 673 km and a total basin area of 25,527 km2. The Huang Shui and Datong He are located on the northern bank of the Yellow River and flow eastward, parallel to each other, with the Daban Mountains as a boundary. Their river lengths are 374 and 561 km, and their basin areas are 15,342 and 15,133 km2, respectively (Wang and Hu, 2011). The QTP sections of the three rivers have an average elevation of about 4,000 m (Figure 1A), and an annual temperature of 3.12°C (Yang et al., 2004). There is almost no summer throughout the year, typical of a subalpine semi-arid climate. The outcropping rocks of the Tao He QTP section belong to the Triassic period and mainly contain shales and sandstones (Pang et al., 2018, Gansu Province 1:500,000 geological map, www.ngac.org.cn). The QTP sections of the Huang Shui and Datong He are subject to regional dynamic thermal flow metamorphism of the Qilian fold belt in the Early Mesoproterozoic. In addition to shale, gneiss and schist are also distributed with a small amount of granite derived from magmatic activity (Figure 1B, Wang and Chen, 1897; Pang et al., 2018). Loess containing evaporite and significant amounts of carbonate are also locally distributed in the Datong He QTP section (Chen et al., 2005).
The average elevation of the transition zones between the QTP and the LP drops from 4,000 to approximately 2,000 m. As the elevation decreases in the transition zones, the temperature rises, precipitation increases, and the climate changes to temperate semi-humid. The main industry gradually converts from pastoralism to agriculture. The transition zones of the three rivers are sporadically covered by loess (Pang et al., 2018). In addition to silicate and carbonate minerals (10–15%), the loess also contains a large amount of evaporite salts (5–10%), such as chlorides and sulfates (Zhang et al., 1995). Other rock types in the transition zones are similar to the QTP sections. It should be noted that the basin above Minxian of the Tao He mainly contains Triassic strata, while below Minxian strata such as Permian of an earlier age (Gansu Province 1:500,000 geological map, www.ngac.org.cn) dominates.
The average elevation of the LP sections is approximately 1,700 m. This area has little rain and a temperate continental climate, such that the ratio of evaporation to precipitation has reached 4.58 (1991–2000, Yang et al., 2004). The main industry is agriculture (Wang et al., 2012; Shichao et al., 2013).
2.2 Sampling and Analysis
The sampling stations are shown in Figure 1. Surveys were conducted in July 2013, October 2013, January 2014, and April 2014 at the outlets of the Tao He, Huang Shui, and Datong He. A whole-basin survey was conducted in August 2015 for each of the three rivers. Samples were also taken at the Lanzhou station on the Yellow River mainstream in all surveys. Water samples were collected in the middle of the river, approximately 50 cm below the surface, using floating bridges or boats. Cities and pollution sources were avoided when collecting the water samples.
The water samples for pH measurement were stored in polyethylene pre-cleaned bottles. The water samples for major ions were filtered through 0.45 μm cellulose acetate membrane filters and stored in pre-cleaned polyethylene bottles. The filtrate was divided into two parts: one part was acidified to pH < 2 with ultrapure 1:1 nitric acid for cation analysis (Na+, K+, Ca2+, Mg2+), and the non-acidified part was used for anion (SO42−, Cl−, NO3−) and dissolved silica (SiO2) determination. Samples for dissolved inorganic carbon (DIC) measurements were first filtered through a 0.45 μm cellulose acetate membrane into a 20 ml glass vial and poisoned with saturated HgCl2 (−0.02% of the filtrate volume; Dickson and Goyet, 1994). Samples were stored at 4°C before analysis and equilibrated to ambient temperature when analyzed.
The pH was determined with an Orion 3-Star Plus pH benchtop meter (Thermo Fisher Scientific Inc., Beverly, MA, USA) at a temperature of 25°C within 12 h of sampling. Before measurement, the pH meter was calibrated by the NIST standard. The measurement precision of pH was ±0.01. Cation analysis was done via atomic absorption spectrophotometry (AA240FS, Agilent Corporation, USA), calibrated by the standard solution from Sigma-Aldrich, while the anion analysis was via ion chromatography (ICS3000, Dionex Corporation, USA), calibrated by an anion standard (IC-FAS-1A, Inorganic Venture Inc., USA). The measurement errors of all ion concentrations were less than 1%. SiO2 was measured with spectrophotometric measurements of the Mo blue complex, calibrated by Bellancom SiO2 standard solution, and the measurement precision is better than 5%. The DIC samples were measured by a total organic carbon analyzer (TOC-VCPN, Shimadzu Corporation, Japan), corrected by the Standard Seawater (Batch 163) from Dickson Lab. The variance coefficient of the instrument was less than 1%. In this study, we used DIC values equal to the HCO3− concentrations. As in previous studies on chemical weathering, DIC is used values to represent HCO3− concentrations (Oh and Raymond, 2006; Wang et al., 2016). Samples for the total suspended solid (TSS) were assessed by weighing the material collected on the filter membranes by an electronic balance (AL 104, Mettler Toledo, Switzerland) at a precision of 0.0001 g. Total dissolved solids (TDS) were obtained by summing the concentration of measured ions and SiO2.
2.3 Forward Model
Major dissolved ions in rivers are derived from atmospheric input, anthropogenic activities, and chemical weathering. When the Forward model is used to identify the contributions of different sources, the total amount of an element X in the rivers can be expressed as follows (Galy and France-lanord, 1999):
[image: image]
where the subscripts denote riv, atm, ant, carb, sil, eva, and sul indicate river, atmospheric input, anthropogenic activity input, carbonate weathering, silicate weathering, evaporite dissolution, and sulfide oxidation, respectively. The ion concentration units in the calculation are molar concentrations.
2.3.1 Atmospheric Input
Atmospheric input of SO42− was deducted using the proportion of 1.7% of total SO42−, as reported by Zhang et al.’s (2020a) [image: image], [image: image] analysis of the source of sulfate in the Yellow River. For other ions, we used the method of Moquet et al. (2011) for deducting atmospheric inputs, which considers the ionic concentration of rainwater, precipitation, and runoff:
[image: image]
where Xatm is the corrected concentration of the rainwater; (X/Cl) rain is the molar ratio in rainwater; Cl−ave is the average value of the Cl− concentration of the rainwater in the basin; P is the precipitation in the basin (mm); and R is the runoff in the basin (mm).
The ionic concentration of rainwater was obtained from the China Global Atmosphere Watch Baseline Observatory at Waliguan, which is located on the northeast part of the QTP (Tang et al., 2000, Supplementary Table S2). According to the Yellow River Water Resources Bulletin1, the average precipitation and runoff in the Yellow River QTP sub-basin in 2013 and 2014 were 497 and 143 mm, respectively. Thus, the P/R ratio is 3.5. In the following, *Xriv represents the concentration of a certain ion after deducting the atmospheric input.
2.3.2 Silicate Weathering
2.3.2.1 K+sil
In addition to silicate weathering, *K+riv is also affected by the application of potassium fertilizers (Chetelat et al., 2008; Wang et al., 2016). For K+ in the Yellow River from agricultural input, based on the average application ratio of 4.6:1 for nitrogen (by NO3−) and potassium (by K+) fertilizers in the Yellow River basin, and the utilization ratios of 0.35 and 0.48 for nitrogen and potassium fertilizers, Wang et al. (2016) calculated a NO3−/K+ (mol/mol) formed by excess nitrogen and potassium fertilizers to be about 5, and used this ratio to correct for the K+ from agricultural input. We applied the same NO3−/K+ ratio to correct the K+ from agricultural input. The NO3−/K+ ratios used in the Yangtze River basin were 3–4 (Chetelat et al., 2008). The K+ in the three rivers derived from silicate weathering can be expressed as follows:
[image: image]
2.3.2.2 Na+sil
When K+sil value is available, Na+sil can be calculated from the (K+/Na+)sil ratio (Gaillardet et al., 1999). Wang et al. (2016) studied the chemical weathering in the Yellow River mainstream, considered the predominant distribution of shale above the Lajia station in the Yellow River source area (Figure 1) and the river water has a very low SO42− concentration, suggested that the contribution of Na2SO4 to evaporite dissolution can be ignored. Therefore, the author obtained Na+sil at the Lajia station from the difference between the *Na+riv and *Cl−riv, giving a (K+/Na+)sil ratio of 0.37 ± 0.03 for the other parts of the Yellow River (downstream of the Lajia station) to calculate the Na+sil in the river water. We used the same ratio to calculate the Na+sil for each station, which can be written as follows:
[image: image]
2.3.2.3 Ca2+sil, Mg2+sil
The Ca2+ and Mg2+ of river water derived from silicate weathering can be obtained using the (Ca2+/Na+)sil and (Mg2+/K+)sil molar ratios of the silicate in the watershed (Galy and France-Lanord, 1999):
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The riverbed sand can represent the unweathered bedrock from the watershed and reflect the silicates’ composition (Blum et al., 1998; Dellinger et al., 2014). Wu et al. (2008a) measured (Ca2+/Na+)sil and (Mg2+/K+)sil ratios of 0.26 and 0.67, respectively, in the riverbed sand above Lanzhou of the Yellow River, and obtained Ca2+sil and Mg2+sil by using Na+sil and K+sil from silicate weathering and these ratios. Wang et al. (2016) also used these ratios to calculate Ca2+sil, Mg2+sil at the Lanzhou station of the Yellow River. Therefore, we used the same ratios to calculate Ca2+sil and Mg2+sil.
2.3.3 Evaporite Dissolution
2.3.3.1 Na+eva
After subtracting Na+sil from *Na+riv, almost all of the residual Na+ in the river water comes from the dissolution of evaporites (NaCl and Na2SO4). Thus, Na+eva can be expressed as follows:
[image: image]
2.3.3.2 Ca2+eva, Mg2+eva
The Ca2+ and Mg2+ derived from evaporite dissolution are mainly from their corresponding sulfates (CaSO4 and MgSO4). In addition to the atmospheric inputs and sulfate dissolution, the SO42− in the river could also be derived from pyrite oxidation (Torres et al., 2014). Previous studies on the Yellow River source area (Li et al., 2018) and the whole Yellow River basin (Fan et al., 2014; Wang et al., 2016) did not consider the contribution of pyrite oxidation to SO42−. However, recently Zhang et al. (2020a) used [image: image], [image: image] to study the sulfate source in the Yellow River and measured [image: image] of +4.7‰ and +7.3‰ and [image: image] of +5.4‰ and +14.9‰ at the outlets of the Tao He and Huang Shui (including the Datong He), respectively, and obtained the proportion of sulfate originating from gypsum and pyrite oxidation as 76.6, 21.7 and 87.3, 11.0% respectively. We used these proportions to correct for SO42− derived from pyrite oxidation in the respective rivers. After correcting for the contribution of pyrite oxidation and sodium sulphate dissolution to SO42−, the Ca2+ and Mg2+ contributed by evaporite dissolution can be expressed as:
[image: image]
where fsul is the percentage contribution of pyrite oxidation to SO42− in each river. *Cl−riv represents Na+NaCl. After correcting for atmospheric input the remaining Cl− in the river water is derived from the halite (NaCl) dissolution.
2.3.4 Carbonate Weathering
The dissolved cations produced by carbonate weathering mainly include Ca2+carb and Mg2+carb from calcite and dolomite weathering. Ca2+carb and Mg2+carb can be obtained by subtracting the Ca2+ and Mg2+ from silicate weathering and evaporite dissolution from the *Ca2+riv and *Mg2+riv:
[image: image]
2.4 Estimation of CO2 Consumption, Chemical Weathering Rate of Silicate and Carbonate, and the Physical Erosion Rate
Bicarbonate ions generated from silicate weathering using carbonic acid are all derived from atmospheric CO2, but half of the bicarbonate ions generated from carbonate weathering using carbonic acid are from atmospheric CO2. For basins where pyrite occurs, carbonate weathering by sulfuric acid also releases CO2, and so the dissolved cations derived from chemical weathering by sulfuric acid need to be deducted when calculating the CO2 consumption (Li et al., 2014; Torres et al., 2014; Zhang et al., 2020b). According to the method of Li et al. (2014), sulfuric acid consumed by silicate and carbonate weathering were calculated as follows:
[image: image]
where the subscripts sul indicate sulfuric acid from oxidation of pyrite, ssw and csw indicate sulfuric acid consumed by silicate weathering, sulfuric acid consumed by carbonate weathering, respectively.
Assuming that silicate and carbonate weathering by sulphuric acid occur in the same ratio as those by carbonic acid (Galy and France-Lanord., 1999), the ratio can be written as follows:
[image: image]
where R is the ratio of sulphuric acid consumed by carbonate weathering to sulphuric acid consumed by silicate weathering; subscripts carb and sil represent carbonate weathering and silicate weathering, respectively.
With combining Equations 10, 11 to obtain SO42−ssw and SO42−csw, the dissolved cations generated from silicate and carbonate weathering by sulfuric acid can be expressed as (Spence and Telmer, 2005):
[image: image]
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The CO2 consumption by chemical weathering can be calculated based on the charge balance after deducting the contribution of dissolved cations from chemical weathering by sulfuric acid (Li et al., 2014):
[image: image]
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where [image: image] and [image: image] stand for chemical weathering CO2 consumption flux and rate by carbonic acid, respectively; Q is the discharge; and A denotes the basin area.
In order to obtain CO2 consumption by chemical weathering in each sub-basin with different lithologies, Wang et al. (2016) divided the Yellow River mainstream into the QTP sub-basin, LP sub-basin, and lower sub-basin, and calculated the CO2 consumption by chemical weathering separately. Following the method of Wang et al. (2016), the Tao He, Huang Shui, and Datong He were divided into the QTP section (I), the transition zone between the QTP and the LP (II), and the LP section (III) based on careful consideration of elevation and lithological distribution (Figure 1B), and quantified the CO2 consumption by chemical weathering in sections with different lithological distributions, respectively. In the piecewise calculation, the ions in a given section mainly come from the chemical weathering in that section and from upstream input, while the output of the ions is transported downstream (Figure 2).
[image: Figure 2]FIGURE 2 | CO2 consumption flux by chemical weathering in different sections (Modified from Wang et al., 2016). I represents the QTP section, II represents the transition zone between the QTP and the LP, and III represents the LP section.
Equations for piecewise calculation of the CO2 consumption fluxes and rates by chemical weathering are as follows:
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where i represents the section of the river, and out and in indicate the outlet and inlet of the section, respectively.
The total, carbonate and silicate chemical weathering rates (TWR, CWR, and SWR) can be estimated as follows:
[image: image]
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It should be noted that the ion concentration units in Equations 22, 23 are mass concentrations.
The physical erosion rate (PER) can be expressed as:
[image: image]
where TSS is the total suspended solid, in mass concentration.
The total denudation rate (TDR) can be written as:
[image: image]
2.5 Statistical Analyses
The average values are reported with ±standard deviation (S.D.). The correlations between two variables were analyzed using the SPSS 21 software (IBM SPSS Statistics, IBM Corporation, Armonk, New York, NY), and the statistical analyses all had a significance level of 0.05.
3 RESULTS
3.1 Field Measurements
The water in the Tao He, Huang Shui, and Datong He is weakly alkaline with pH values varying from 8.02 to 8.61 (Table 1, 2). The average TDS in each basin in summer were 306 ± 18, 449 ± 137, 327 ± 17 mg L−1 in the Tao He, Huang Shui, and Datong He, respectively. The average TDS values in all four seasons at the outlet were 413 ± 76, 865 ± 220, 318 ± 29 mg L−1 for the Tao He, Huang Shui, and Datong He, respectively. The average TDS value at the Lanzhou station (413 ± 50 mg L−1) on the mainstream of the Yellow River was similar to that of the Tao He, half that of the Huang Shui, and higher than that of the Datong He. Except for the summer measurement of 2013 at the outlet of the Datong He, all of the TDS values were higher than the average value for the world’s rivers (283 mg L−1, Han and Liu, 2004). The total dissolved cation charge (TZ+ = Na+ + K++ 2Mg2+ + 2Ca2+) and total dissolved anion charge (TZ− = Cl− + NO3− + 2SO42− + HCO3−) of each sample were basically balanced, and most samples had normalized inorganic charge balances (NICBs) within ±10%, which indicated that the influence from other unknown ions was small.
TABLE 1 | Dissolved chemical composition for the Tao He, Huang Shui, and Datong He and the Lanzhou station on the Yellow River mainstream in summer.
[image: Table 1]TABLE 2 | Seasonal dissolved chemical composition at the outlets of the Tao He, Huang Shui, and Datong He and the Lanzhou station on the Yellow River mainstream.
[image: Table 2]As seen in Tables 1 and 2, HCO3− was the dominant anion in the Tao He, Huang Shui, and Datong He, with concentrations of 3,418 ± 250, 3,433 ± 577, and 3,140 ± 287 μmol L−1 (the average value of the outlet in four seasons and all stations during the summer in each river, respectively. The same calculation was used to obtain the following values). The HCO3− concentrations of the Tao He and Huang Shui were higher than that at the Lanzhou station on the mainstream of the Yellow River (3,220 ± 170 μmol L−1). Followed by the concentrations of Cl− + SO42−, which were 680 ± 573, 4,012 ± 2,685, 571 ± 193 μmol L−1 for the Tao He, Huang Shui, and Datong He, respectively. Only the Cl− + SO42− concentration of the Huang Shui exceeded that at the Lanzhou station (1,526 ± 495 μmol L−1). The major dissolved cations in the three rivers were Ca2+ and Na+, with concentrations of 1,439 ± 288 and 620 ± 509 μmol L−1 in the Tao He, 2,167 ± 635 and 3,608 ± 2,741 μmol L−1 in the Huang Shui, and 1,413 ± 168 and 435 ± 86 μmol L−1 in the Datong He. Similarly, only the Ca2+ and Na+ concentrations of the Huang Shui were higher than those of the Lanzhou station (1,529 ± 122 and 1,327 ± 417 μmol L−1, respectively). In addition, the NO3− concentrations of the three rivers, which were strongly influenced by agricultural activities, all exhibited an increasing trend from upstream to downstream (12–475 μmol L−1).
3.2 Hydrochemistry Type
Hydrochemical data for the Tao He, Huang Shui and Datong He (blue symbols) together with the mainstream of the Yellow River (black symbols) are plotted in Figure 3 to illustrate the changing ion composition downstream. From upstream to downstream of the Yellow River mainstream, the proportions of Ca2+ and HCO3− gradually decrease, and the proportions of Na+ + K+ and Cl− + SO42− gradually increase. The highest proportions of Ca2+ and HCO3− (unfilled black symbols) occurred in the shale-dominated source area (upstream of the Tangnaihai station, Figure 1). However, due to evaporite dissolution input in the section from Tangnaihai to Lanzhou, the proportions of Na+ + K+ and Cl− + SO42− increase significantly (black crosses). The hydrochemistry type upstream of the Lanzhou station is Ca2+-HCO3−. After entering the hinterland of the LP (downstream of the Lanzhou station), evaporite dissolution becomes the primary source of ions (unfilled black triangles), the proportions of Na+ + K+ and Cl− + SO42− become higher downstream, and the hydrochemistry type changes from Ca2+-HCO3− to Na+-Cl− + SO42−.
[image: Figure 3]FIGURE 3 | Ternary plots of the (A) major cations and (B) anions-silica for the Tao He, Huang Shui, and Datong He (blue symbols) and the Lanzhou station on the Yellow River mainstream (blue stars) in summer (in μEq units). The solid blue symbols represent data collected in this study, and the half-filled blue symbols represent data from Wu et al. (2005). The black symbols are data from the Yellow River mainstream obtained from Wu et al. (2005), Fan et al. (2014), and Wang et al. (2016). The symbols marked in the figure are MD 1 (Maduo1), ZL (Lake Zaling), and MD (Maduo) are all located in the source area of the Yellow River in the Maduo territory. Because of thin-bedded halite deposits (Zheng, 1997), the proportion of Na+ + K+ is extremely high. In addition, data reported by Wu et al. (2005) were collected at the Lanzhou station during the non-flood season (LZN) in May and June, which caused exceedingly higher proportions of Na+ + K+ and Cl− + SO42−. However, other data in Figure 3 were collected during the flood season in July and/or August.
The hydrochemistry type of the Tao He and Datong He are similar to that of the Yellow River source area (Figure 3), which is Ca2+-HCO3−. For the Huang Shui, only the hydrochemistry type upstream of the Haiyan station is Ca2+-HCO3−. From the Huangyuan station in the midstream to the outlet, the hydrochemistry changes similar to that below Tangnaihai station in the mainstream of the Yellow River, showing that the proportions of Na+ + K+ and Cl− + SO42− gradually increase, and the hydrochemistry type gradually changes from Ca2+-HCO3− upstream to Na+-Cl− + SO42− downstream. In addition, the SiO2 contents of the three rivers are consistently low.
3.3 Contributions of Different Sources to Dissolved Cations
Figure 4 shows the contributions of the different sources to dissolved cations in the three rivers. These values were calculated using the Forward model after deducting the input from agricultural fertilization. The contributions from carbonate weathering to dissolved cations in the Tao He, Huang Shui, and Datong He decrease from 90, 67, and 70% at their sources to 75, 37, and 66% at their outlets, respectively. Meanwhile, contributions from evaporite dissolution to dissolved cations increase from 4, 24, and 24% at their sources to 18, 59, and 28% at their outlets, respectively. It can be seen that the dissolved cations in the Tao He and Datong He are mainly from carbonate weathering, while those of the Huang Shui is dominated by evaporite dissolution. The contributions of silicate weathering and atmospheric inputs to the dissolved cations in the three rivers are relatively small, ranging from 1 to 4% and 3 to 6%, respectively.
[image: Figure 4]FIGURE 4 | Diagram showing the proportional contributions of the different sources to dissolved cations in summer. Data for contributions of different sources to dissolved cations are in Supplementary Table S3.
It should to be noted that there are some uncertainties in calculating ions from different weathering source by using the Forward model. The most prominent example is that when calculating the Ca2+ and Mg2+ from silicate weathering using the (Ca2+/Na+)sil and (Mg2+/K+)sil ratios with ±50% uncertainty obtained from riverbed sand, commonly used in studies (Galy and France-Lanord, 1999; Singh et al., 2005; Wu et al., 2008a; Jiang et al., 2018), it would bring an uncertainty of about ±22 and ±1% to the estimated cation from the silicate weathering and carbonate weathering, respectively. There are also uncertainties relating to the NO3−/K+ ratio used to calculate the K+ from agricultural fertilization in river water, the (K+/Na+)sil ratio used to calculate Na+ from silicate weathering, and fsul (percentage contribution of pyrite oxidation to SO42−) used to deduct the contribution of SO42− from pyrite oxidation, which can all cause some errors in calculating the ions from different weathering source.
3.4 CO2 Consumption by Chemical Weathering
CO2 consumption rates by chemical weathering of the Tao He, Huang Shui, and Datong He in summer are shown in Table 3 (piecewise calculation, discussed in Section 2.4). The CO2 consumption rates of carbonate weathering in the Tao He and Huang Shui are the highest in the transition zones between the QTP and the LP, followed by the QTP sections and the lowest in the LP sections. In contrast, the CO2 consumption rates of carbonate weathering along the Datong He are as follows: the QTP section > the LP section > the transition zone.
TABLE 3 | CO2 consumption by chemical weathering of the Tao He, Huang Shui, Datong He, and the Lanzhou station on the Yellow River mainstream in summer (June to August).
[image: Table 3]The CO2 consumption rates of silicate weathering in the Tao He in summer showed less variation and was lower than those of the other two rivers (Table 3). The CO2 consumption rate of silicate weathering in the QTP section of the Huang Shui was lower than that in the transition zone between the QTP and the LP, but significantly higher than that in the LP section. For the Datong He, the CO2 consumption rates of silicate weathering showed a gradual increase from the QTP section to the LP section.
The total CO2 consumption flux of carbonate and silicate weathering in summer of the three rivers is the highest in the Tao He (19.97 × 108 mol a−1), followed by the Datong He (17.70 × 108 mol a−1), and the lowest in the Huang Shui (16.31 × 108 mol a−1) (Table 3).
Based on seasonal variations in CO2 consumption rates by chemical weathering at the outlets of the three rivers (Table 4), the CO2 consumption rates of carbonate weathering for the Tao He and Datong He in summer are much higher than those in other seasons. However, except for the relatively low CO2 consumption rate of carbonate weathering for the Huang Shui in winter, the differences between other seasons were small and were about two times higher than that in winter. The CO2 consumption rate of silicate weathering was highest in summer for the Datong He, in autumn and summer for the Tao He, and in autumn for the Huang Shui. The annual CO2 consumption rates of carbonate weathering at the outlets of the three rivers were all higher than that at the Lanzhou station on the mainstream of the Yellow River. However, only the annual CO2 consumption rate of silicate weathering for the Huang Shui was higher than that at the Lanzhou station.
TABLE 4 | CO2 consumption by chemical weathering at the outlets of the Tao He, Huang Shui, and Datong He, and Lanzhou station on the Yellow River mainstream in four seasons.
[image: Table 4]Although the area of these three rivers only accounts for 25% of the Yellow River QTP sub-basin, their contribution to the total CO2 consumption flux by chemical weathering approximates 36% (36% for carbonate weathering, 29% for silicate weathering), which is 177.75 × 108 mol a−1 (Tao He: 92.81 × 108 mol a−1, Huang Shui: 39.60 × 108 mol a−1, Datong He: 45.16 × 108 mol a−1). Among the three rivers, the total annual CO2 consumption flux by chemical weathering in the Tao He accounts for 52% of the contribution of the three rivers to the Lanzhou station.
4 DISCUSSION
4.1 Main Factors Controlling the Chemical Weathering in the Tao He, Huang Shui, and Datong He
The QTP sections and the transition zones between the QTP and the LP of the Tao He, Huang Shui, and Datong He have high chemical weathering rates, which are the main contributors to the CO2 consumption fluxes in these drainage basins.
The QTP sections are dominated by shale (Figure 1B), but the CO2 consumption rates of carbonate weathering are more than one magnitude higher than those of silicate weathering (Table 3). This may be related to a small amount of carbonate contained in shale (Wu et al., 2008a), as carbonate has faster dissolution kinetics than silicate (Kump et al., 2000). Even the amount of carbonate in the bedrock is minimal and the drainage basin is dominated by carbonate weathering (Blum et al., 1998). The CO2 consumption rate of carbonate weathering in the QTP section of the Datong He is significantly higher than that in the Tao He and Huang Shui. This is related to locally exposed carbonate and loess in the QTP section of the Datong He, and this section is also the main discharge-producing region of this basin. In terms of silicate weathering in the QTP sections (Table 3), the CO2 consumption rate of silicate weathering in the Tao He is significantly higher than that in the Datong He. Because the QTP section of the Tao He is mainly composed of shale and sandstone, while in addition to shale, the QTP section of the Datong He has gneiss and schist (Figure 1B), whose weathering rates are only 0.4 times that of shale (Meybeck, 1987). Although the QTP section of the Huang Shui is also dominated by gneiss and schist, the calculated CO2 consumption rate of silicate weathering is much higher than that of the Tao He and Datong He (Table 3). This most likely relates to hot spring input, which is often an essential source of silicate ions in the watershed (Evens et al., 2004). Hot springs are widespread on the margins of the QTP (Zhou et al., 2012) and are distributed in the Huang Shui basin (Tan et al., 2012). However, due to the lack of sufficient data, we did not correct the ions from hot spring input when estimating the CO2 consumption by chemical weathering.
Figure 5 shows that the highest CO2 consumption rate of carbonate weathering for both the Tao He and Huang Shui appear in the transition zones between the QTP and the LP where the relief ratios (relief/basin length) and runoff (water discharge/surface area) are high. The transition zones experience a sharp drop in elevation and a highly tattered landform, resulting in a significant increase in the physical erosion rate (PER, Figure 6A), and thus providing ample weathering materials. Meanwhile, the climate of the transition zones changes from subalpine semi-arid to temperate semi-humid, and runoff increases. All of these factors facilitate chemical weathering. As a result, the CO2 consumption rates of carbonate weathering in the transition zones are significantly higher than those in the QTP sections, and much higher than those in the LP sections (Table 3), where there is gentle terrain and an arid climate. The ratio of the total chemical weathering rate (TWR) to the total denudation rate (TDR) (Figure 6B), shows that TWR dominates TDR in the QTP section, indicating the supply of weathering materials is insufficient and chemical weathering is in a “transport-limited” situation (West et al., 2005; Gabet et al., 2010). However, the TWR/TDR ratio of the Tao He transition zone is close to 50%, and so the weathering materials, as well as the climatic factors (temperature and runoff), have great influence on chemical weathering. The physical erosion rate (PER) of the Huang Shui transition zone is extremely high (Figure 6A) due to the widespread distribution of loess (Figure 1B), and the TWR/TDR ratio is extremely low (Figure 6B). With sufficient supply of weathering materials, the chemical weathering rate is limited by the kinetics of weathering reactions, defined as “kinetic-limited” (West et al., 2005; Gupta et al., 2011). Due to the great increase in runoff of the Huang Shui transition zone compared to the QTP section, it leads to a higher CO2 consumption rate of carbonate weathering in the transition zone than that in the QTP section (Table 3). In the LP section of the Tao He and Huang Shui, the higher physical erosion rate (PER) (Figure 6A) leads to relatively low TWR/TDR (Figure 6B), and chemical weathering is in “kinetic-limited” situation mainly influenced by temperature, runoff and other climatic factors. The limited increase in runoff (Table 3) is the main reason for the low CO2 consumption rate of carbonate weathering in the LP section.
[image: Figure 5]FIGURE 5 | Relationships between the CO2 consumption rates of carbonate (black symbols) and silicate (blue symbols) weathering and (A) the relief ratio (relief/basin length) and (B) runoff (water discharge/surface area) in the transition zones and the LP sections of the Tao He, Huang Shui, and Datong He in summer. The solid symbols represent the transition zone. The unfilled symbols represent the LP section. In this paper, river length is substituted for basin length. Data for relief ratio and runoff are in Supplementary Table S4.
[image: Figure 6]FIGURE 6 | Physical denudation rate (PER) (A) and the ratio of total chemical weathering rate (TWR) to total denudation rate (TDR) (TDR = TWR + PER) (B) of Tao He, Huang Shui, and Datong He. I represents the QTP section, II represents the transition zones, and III represents LP section, and data are shown in Supplementary Table S6.
However, for the Datong He, the CO2 consumption rate of carbonate weathering in the transition zone with a relatively high relief ratio is lower than that in the LP section (Figure 5A). We notice that the increase of physical erosion rate (PER) in the Datong River LP section is not significant (Figure 6A), and the TWR/TDR ratios in its transition zone and LP section are around 50% (Figure 6B). Weathering materials, as well as temperature, runoff and other climatic environmental factors all have a high influence on chemical weathering. The lowest increase in runoff was observed in the LP section of the Datong He among the three rivers (Table 3), and the low physical erosion rate (PER) was associated with this. The CO2 consumption rate of carbonate weathering in the LP section of the Datong He is more than double that in the Tao He and Huang Shui (Table 3). For the LP sections of the three rivers, slight differences in lithology and runoff would not lead to striking differences in CO2 consumption rates of carbonate weathering within a limited area. The possible reason for this is that the Datong He transition zone has a river length of less than 60 km, with the relief ratio reaching 8‰ (Table 1, Supplementary Table S4). Such a high relief ratio reduces the water’s residence time, and thus large quantities of fine-grained materials produced by the intense physical erosion in this section are delivered downstream without sufficient weathering. These materials may undergo extensive weathering after they are delivered to the gentle LP section. A similar situation occurs in the Ganges, where the downstream Gangetic plain has a higher chemical weathering rate than the upper and middle mountainous areas (West et al., 2002; Gabet and Mudd, 2009).
Variation of CO2 consumption rates of silicate weathering in the transition zones of the Huang Shui and Datong He is consistent with carbonate weathering. Huang Shui has the highest CO2 consumption rate by silicate weathering in the transition zone due to its high relief ratio and runoff (Figures 5A,B). As for the Datong He, it exhibits a lower CO2 consumption rate of silicate weathering in the transition zone than downstream LP section because the fine-grained weathering materials are transported downstream without sufficient weathering due to the high relief ratio. However, the CO2 consumption rate of silicate weathering in the Tao He does not show a high value in the transition zone, like carbonate weathering, and remains almost unchanged as the relief ratio and runoff increase (Figures 5A,B). The geological information that can be accessed at present shows that although the Tao He transition zone is dominated by shale and sandstone, the basin above Minxian belongs to the Triassic strata, and the basin below Minxian belongs to the Permian strata of an earlier age (Gansu Province 1:500,000 geological map, www.ngac.org.cn). Judging from the age of land surfaces, the highly leached old surfaces can no longer produce high chemical yields (Blum, 1997). This is probably one of the reasons for the low CO2 consumption rate of silicate weathering in the transition zone of the Tao He, which requires further study.
Consequently, it appears that the transition zones between the QTP and the LP contribute the most to the CO2 consumption by chemical weathering in these basins. The total CO2 consumption rates by chemical weathering in the Tao He and Huang Shui transition zones are 1.4 times and 1.7 times greater than in their QTP sections, and 1.5 times and 2.0 times greater than in their LP sections, respectively. However, the relief ratio in the Datong He transition zone reaches 8‰, and unweathered fine-grained materials are delivered downstream to continue weathering.
4.2 Seasonal Variations in Chemical Weathering in the Tao He, Huang Shui, and Datong He
In addition to seasonal variations in temperature, runoff is also a major factor controlling seasonal variations in chemical weathering (White and Blum, 1995). The CO2 consumption rates of carbonate weathering at the Tao He and Datong He outlets have a strong positive correlation with specific runoff (Figure 7A, p < 0.05, r2 = 0.99, n = 8). However, for the Huang Shui, the CO2 consumption rates of carbonate weathering in spring, summer, and autumn were not correlated with runoff. Especially in summer and autumn, the CO2 consumption rates of carbonate weathering decreased compared to that in spring, when runoff increased. We noted that the TSS at the Huang Shui outlet in summer and autumn was about four times higher than in spring (Table 2). The sediment content in the Huang Shui mainly comes from the transition zone between the QTP and the LP, and the TSS at the Xining station in summer was observed to approach 9,950 mg L−1 (Table 1). Chemical weathering is limited by excessive physical erosion (Gabet and Mudd, 2009).
[image: Figure 7]FIGURE 7 | Relationships between the CO2 consumption rates of (A) carbonate and (B) silicate weathering and specific runoff (water discharge/surface area) at the outlets of the Tao He, Huang Shui, and Datong He throughout the year. Huang Shui data were excluded when calculating the correlation. The inset in panel B shows seasonal variations in runoff at the outlet and precipitation at the Xining station in the transition zone of the Huang Shui. The bars indicate runoff at the outlet. The black dotted line indicates the precipitation at the Xining station during the sampling period (Qinghai Water Resources Bulletin3). Runoff data are in Supplementary Table S5.
The relationships between the CO2 consumption rates of silicate weathering and specific runoff for the three rivers are shown in Figure 7B. For the Tao He and the Datong He, the CO2 consumption rates of silicate weathering are positively correlated with specific runoff (Figure 7B, p < 0.05, r2 = 0.70, n = 8). However, the correlation is slightly weaker compared with the correlation between CO2 consumption rates of carbonate weathering and specific runoff (Figure 7A). The main reason is that the CO2 consumption rates of silicate weathering of the Tao He does not increase with significantly increased runoff in summer (the symbol with maximum runoff in Figure 7B). This may be attributed to the low CO2 consumption rate of silicate weathering in the transition zone of the Tao He (discussed in Section 4.1). The CO2 consumption rates of silicate weathering in the Huang Shui have no apparent correlation with runoff. For example, the discharge of the Huang Shui is nearly the same in summer and autumn, but the CO2 consumption rate of silicate weathering in autumn is about twice that in summer (Table 4). This significant difference in the silicate weathering under similar discharges may be related to differences in the recharge sources of the river water. By comparing the seasonal variations in precipitation at the Xining station in the transition zone to the runoff at the outlet of the Huang Shui (inset in Figure 7B), it was found that during the sampling period, the variation of precipitation and runoff during the summer are synchronized, and both have high values. Precipitation is infrequent in autumn, whereas the runoff remains at a high level. This indicates that the river water recharge from groundwater is much greater during autumn than during summer. Groundwater contains high concentrations of silicate weathering products (Evens et al., 2004), thus exhibiting a higher calculated CO2 consumption rate of silicate weathering in autumn than in summer. The variation in CO2 consumption rates of silicate weathering in winter and spring are similar to those in autumn and summer, respectively, influenced by groundwater recharge.
4.3 Comparison of the CO2 Consumption Rates by Chemical Weathering in the Tao He, Huang Shui, and Datong He With Those of Other Basins
To evaluate the CO2 consumption rates by chemical weathering of the three rivers on the QTP, we compared the CO2 consumption rates by chemical weathering of the three rivers with those of the other major rivers on the QTP and in other basins (Figure 8). The CO2 consumption rates of silicate weathering of most rivers from the QTP are higher than the average value for the world’s rivers (Figure 8A). In particular, values for the Ganges, Brahmaputra, and four others rivers on the southern QTP are over two times higher than the average value for the world’s rivers. In contrast, the CO2 consumption rates of silicate weathering in the Yellow River and the Indus, as well as the Tao He, Huang Shui, and Datong He on the northern QTP are significantly lower than the average value for the world’s rivers.
[image: Figure 8]FIGURE 8 | Comparison of the CO2 consumption rates by chemical weathering for the rivers originating on the QTP and in other basins. The unfilled symbols are the data in this paper. The black solid symbols represent data for the QTP rivers, which are from Gaillardet et al. (1999), Singh et al. (2005), Wu et al. (2008a, b), Noh et al. (2009), Wang et al. (2016), and Zhang et al. (2019). The gray solid symbols represent rivers in other basins with discharges exceeding 200 km3a−1 (data from Gaillardet et al., 1999). The average value of CO2 consumption rate of silicate and carbonate weathering for the world’s rivers is from Gaillardet et al. (1999).
The terrain of the QTP is high in the northwest and low in the southeast. The annual average temperature increases from −6°C in the northwest to approximately 20°C in the southeast. The northern QTP is dominated by alpine arid and semi-arid climates, which gradually changes to a temperate semi-humid climate and finally to a humid climate toward the south. The eastern Himalayas and the Hengduan Mountains on the southern QTP have developed deep faults and extrusions that become more apparent southward. To the southern margin of the QTP, the range-gorge elevation difference reaches 1,000–1,500 m, with frequent geological activity and a highly tattered landform. Furthermore, this area is influenced by warm moist air flowing from the Indian Ocean and the Pacific Ocean. The rapid tectonic uplift and warm humid climate are likely the main reasons for the more intense silicate weathering in the southern QTP than in the northern QTP. For example, the eastern syntaxis of the Himalayas in the Brahmaputra Basin exhibits some of the highest rates of mountain uplift. The intense physical erosion and high precipitation in this area generate high CO2 consumption rates of silicate weathering, which is comparable to the most rapidly eroding basaltic terrains such as the Reunion and Iceland (Singh et al., 2005; Hren et al., 2007). Thus, it seems that the contribution of silicate weathering to net global CO2 uptake on the QTP may mainly come from the southern part.
As shown in Figure 8B, there is no significant north-south regional difference in CO2 consumption rates of carbonate weathering of the QTP rivers. The CO2 consumption rates of carbonate weathering fundamentally increase with increasing runoff. Furthermore, the CO2 consumption rates of carbonate weathering of the QTP rivers are significantly higher than those of rivers with similar runoff values. However, the Indus has the lowest CO2 consumption rate of carbonate weathering among the QTP rivers due to its low runoff, and is also much lower than the average value for the world’s rivers.
In this study, a forward model is used to estimate the ion sources and CO2 consumption by chemical weathering of the Tao He, Huang Shui, and Datong He. However, the simplification of some calculations may have introduced uncertainties into the results. For example, we uniformly calibrated the atmospheric inputs for the entire basin using the rainwater ion concentration of the QTP section. However, the three rivers straddle the QTP and the LP, and multiple climates coexist in this region, resulting in slight deviations in the estimated atmospheric inputs. Previous study shows atmospheric dust on the QTP composes ∼70% of material from local sources (Zhang et al., 2001). Wu et al. (2008a) used a forward model to estimate the ions from chemical weathering of seven rivers originating from the QTP, assuming that the dust input must be local origin (i.e., redistribution of material, and thus ignoring the effect of dust input on the ion composition of river water). Due to the lack of data, it was also not considered in this study. However, ignoring dust input may result in slightly overestimated estimates of chemical weathering. Similarly, we obtained the contributions of Ca2+sil and Mg2+sil derived from silicates in the river water from the (Ca2+/Na+)sil and (Mg2+/K+)sil ratio of silicate fraction in the riverbed sand in the Yellow River QTP sub-basin. Although the LP section area, which has a different lithological distribution, is small, it still causes deviations in the results. Moreover, the (Ca2+/Na+)sil and (Mg2+/K+)sil ratio have ±50% uncertainty. Secondly, there is inaccuracy by deducting the SO42− originating from pyrite oxidation in river water for all seasons using the percentage contribution of pyrite oxidation to SO42− in summer at the outlets of each river. The contribution of pyrite oxidation to SO42− varies slightly in different seasons. In addition, when we estimated the CO2 consumption by chemical weathering based on the current concentration of major ions in the river, we did not deduct the effect of groundwater input, nor did we consider the influence of CO2 generated form organic matter degradation and organic carbon degradation in shale. Consequently, the calculation results must be higher than the actual amount of atmospheric CO2 absorbed by chemical weathering. All these issues need to be studied further.
5 CONCLUSION
The dissolved cations in the Tao He and Datong He are mainly from carbonate weathering, while those of the Huang Shui is dominated by evaporite dissolution. Carbonate weathering is the main contributor to the CO2 consumption by chemical weathering in the basin. The CO2 consumption fluxes of carbonate weathering for the Tao He, Huang Shui, and Datong He are 86.16 × 108 mol a−1, 32.01 × 108 mol a−1 and 41.14 × 108 mol a−1, respectively. The CO2 consumption fluxes of silicate weathering are 6.65 × 108 mol a−1, 7.59 × 108 mol a−1 and 4.02 × 108 mol a−1, respectively. Although the total area of the three rivers accounts for 25% of the Yellow River QTP sub-basin, their contribution to the total CO2 consumption flux by chemical weathering is close to 36%, with more than half of the contribution from the Tao He.
Runoff and physical erosion are the main controls on the chemical weathering of the three rivers. In addition, the increase of relief ratio in the transition zone between the QTP and the LP makes chemical weathering particularly intense in this area. The total CO2 consumption rates by chemical weathering in the Tao He and Huang Shui transition zones are 1.4 times and 1.7 times greater than in their QTP sections, and 1.5 times and 2.0 times greater than in their LP sections, respectively. In contrast, due to the high relief ratio of 8‰ in the Datong He transition zone, the residence time of the water is extremely short, resulting in unweathered fine-grained materials being delivered downstream to continue weathering. The influence of the differential distribution of lithology on chemical weathering is mainly reflected in two aspects. Firstly, the Datong He QTP section has the highest CO2 consumption rate of carbonate weathering in the basin due to carbonate exposure. Secondly, the low CO2 consumption rate of silicate weathering in the transition zone of the Tao He may relate to the distribution of highly leached early Permian strata that no longer produce high chemical yields. Groundwater recharge in the Huang Shui probably has a significant effect on silicate weathering. For example, the highest calculated CO2 consumption rate of silicate weathering occurs in autumn when groundwater recharge is highest.
In comparing rivers on the QTP with other regions of the world, the CO2 consumption rates of silicate weathering in the Tao He, Huang Shui, Datong He, and other rivers on the northern QTP rivers are generally lower than the average value of the world’s rivers and are significantly lower than those in the rivers on the southern QTP. However, the CO2 consumption rates of carbonate weathering in QTP rivers do not exhibit regional differences from north to south. Therefore, the contribution of silicate weathering to net global CO2 uptake on the QTP may mainly come from the southern QTP.
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Basin Station Season Area Natural Foossi Feo,cas Doo,si Deo,cas
(10°km?  discharge  (10°mola™)  (10°mola™)  (10° mol km% (10° mol km™%a™)

(10° m?a™)
Tao He Honggi Summer 250 252 234 3753 937 150.13
Autumn 250 18 242 2092 967 83.66
Winter 250 49 055 1027 221 41.09
Spring 2.50 98 1.34 17.44 537 69.75
Whole year 250 516 665 86.16 2662 344.64
Huang Shui Minhe Summer 1.53 58 219 822 14.30 53.71
Autumn 1.53 54 357 9.46 2331 61.86
Winter 1.53 20 156 442 10.16 28.87
Spring 1.53 40 028 990 1.83 64.74
Whole year 1.53 17.3 759 3201 4960 200.18
Datong He Xangtang ~ Summer 151 19 207 19.11 1372 126,57
Autumn 1.51 T 143 13.18 947 87.25
Winter 151 24 032 447 212 27.60
Spring 1.51 28 020 468 131 31.00
Whole year 151 246 402 4114 2662 272.43
Yellow River Lanzhou Summer 22.26 1104 2731 165.34 1227 74.28
Autumn 22.26 772 2004 12259 900 55.07
Winter 22.26 47 843 69.84 379 3138
Spring 22.26 642 705 8183 317 36.76
Whole year 22.26 2036 6283 439,60 2822 197.48

Data from June 2014 was used due to a lack of discharge data for June 2013.
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Basin Section Area Natural discharge Foousi Foogcars Doy
(10* km?) in (10° mol a™) (10° mol a™) (10° mol km-%a~")
summer (10° m?)

Tao He I 0.90 323 0.28 5.40 3.16 59.94
] 1.07 9.54 0.32 9.00 3.02 84.17
i 053 10.71 0.15 2.53 2.86 47.99
Entire basin 2.50 10.71 0.76 16.93 3.04 67.78
Huang Shui | 0.07 021 0.05 0.35 6.31 49.25
] 0.83 5.12 0.86 6.84 10.39 82.30
i 063 6.16 013 238 1.99 37.71
Entire basin 1.63 6.16 1.03 9.57 6.74 62.39
Datong He | 1.26 9.12 032 12.02 255 95.63
] 0.13 917 0.12 0.98 8.59 73.37
i 0.12 9.60 o1 1.07 9.34 87.98
Entire basin 151 9.60 0.55 14.07 3.63 93.05
Yelow River  Lanzhou 2226 86.11 11.75 12313 528 55.31

Natural discharge refers to river cischarge without anthropogenic activity disturbances, equal to the sum of the measured discharge, water consumption, and reservoir storage variables
Wang et al, 2006). Measured discharge data were obtained from the National Water and Rain Information Network (http://xxtb.mwr.cr). The ata on water consumption and reservoir
storage variables for the Tao He, Huang Shui, and Datong He were obained from the Gansu Water Resources Bulletin, the Qinghai Water Resources Buletin, and the Yelow River Water
Resources Buletin. According to theaverage annual discharge ratio at the Xiabagou and Honga stations for the Tao He from 1956 to 2006 (Zhu etal, 2012), andthe discharge dataat the
Hongai station during the sampling period, we apply the discharge ratio to obiain the absence dischame data of the Xiabagou station.
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Huang Shui

Datong He

Yellow River
mainstream

‘Station

Hongqi®

Minhe®

Xiangtang®

Lanzhou

Season

Summer
Autumn
Winter
Spring
Summer
Autumn
Winter
Spring
Summer
Autumn
Winter
Spring
Summer
Autumn
Winter
Spring

Samplingdate pH Na' K' Mg Ca® CI° SO2 NOy HCO;y SO, TDS® TSS NICB®
dd/mm/yy pmol L™ mg L %
02007/2013 855 437 36 871 1,94 175 287 36 3150 117 812 438  1.4%
01/10/2013 848 1038 66 606 1,820 476 787 89 3375 152 427 108 7.7%
08/01/2014 848 1627 35 787 1949 856 908 12 3,836 T 495 62 8.6%
06/04/2014 832 1,002 55 696 1,613 437 682 95 3,576 140 420 40 3.6%
02/07/2013 816 3012 132 695 2361 2333 1768 264 3,845 167 699 1597 -7.8%
01/10/2013 810 4334 160 849 2874 3127 2255 159 4001 154 832 1227 1.2%
0801/2014 823 9382 170 1040 8259 6130 33690 95 4153 110 1185 154  57%
06/04/2014 813 4938 120 986 2058 2155 1877 475 3763 102 746 286  9.0%
02/07/2013 837 316 50 372 1,476 190 149 47 2,840 113 281 297 16.9%
01/10/2013 847 414 53 391 1606 330 167 51 3082 147 310 179  16.0%
08/01/2014 845 472 87 442 1503 197 200 15 3596 147 339 74 4.0%
06/04/2014 832 535 44 420 1,560 825 170 95 3498 189 342 187  6.2%
02/07/2013 828 904 67 424 1476 534 406 62 3041 125 347 550  6.7%
3009/2013 835 1238 69 512 1634 819 585 59 3235 128 403 340  57%
07/01/2014 845 1,963 51 544 1,624 1,163 737 15 3,397 96 451 98 4.8%
05/04/2014 822 1,486 60 496 1,568 1,317 757 135 3,376 14 452 161 -11.8%
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o015 3164 61 645 154 22 68 1267 8 60 16 3707 124 316 34 25%
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