[image: image1]Seasonal River Chemistry and Lithium Isotopes in the Min Jiang at Eastern Tibetan Plateau: Roles of Silicate Weathering and Hydrology

		ORIGINAL RESEARCH
published: 25 April 2022
doi: 10.3389/feart.2022.838867


[image: image2]
Seasonal River Chemistry and Lithium Isotopes in the Min Jiang at Eastern Tibetan Plateau: Roles of Silicate Weathering and Hydrology
Baiyang Liu-Lu1,2, Zhangdong Jin1,3*, Long-Fei Gou1,4, Fei Zhang1,4, Mao-Yong He1,4 and Yang Xu1,2
1SKLLQG, Institute of Earth Environment, Chinese Academy of Sciences, Xi’an, China
2University of Chinese Academy of Sciences, Beijing, China
3Institute of Global Environmental Change, Xi’an Jiaotong University, Xi’an, China
4School of Land Engineering, Chang’an University, Xi’an, China
Edited by:
Philippe Claeys, Vrije Universiteit Brussel, Belgium
Reviewed by:
Santosh Kumar Rai, Wadia Institute of Himalayan Geology, India
Sambuddha Misra, Indian Institute of Science (IISc), India
* Correspondence: Zhangdong Jin, zhdjin@ieecas.cn
Specialty section: This article was submitted to Geochemistry, a section of the journal Frontiers in Earth Science
Received: 18 December 2021
Accepted: 16 March 2022
Published: 25 April 2022
Citation: Liu-Lu B, Jin Z, Gou L-F, Zhang F, He M-Y and Xu Y (2022) Seasonal River Chemistry and Lithium Isotopes in the Min Jiang at Eastern Tibetan Plateau: Roles of Silicate Weathering and Hydrology. Front. Earth Sci. 10:838867. doi: 10.3389/feart.2022.838867

Riverine lithium (Li) isotopes have been considered as a robust tracer for silicate weathering, but processes controlling riverine δ7Li ratios remain controversial. To address the impacts of weathering and hydrology on riverine δ7Li, the seasonal variation of water chemistry in the Min Jiang at the eastern Tibetan Plateau was investigated over December of 2009 to the end of 2010. The results showed distinct seasonal variations in ionic chemistry and δ7Li. Increased river discharge in the monsoon season diluted dissolved ions, and monsoonal hydrological changes caused frequent δ7Li fluctuations. High discharge caused by monsoonal rainfall reduced Li isotope fractionation by shortened rock–fluid interaction time, resulting in lower δ7Li, whereas the input of high δ7Li groundwater and landslide seepage elevated riverine δ7Li, together with lengthened rock–fluid interaction time in less rain intervals. Based on the high-resolution sampling strategy and dataset over one hydrological year, this study highlights that changes of hydrological conditions can have a significant impact on weathering processes and water sources, and therefore on riverine δ7Li variation.
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1 INTRODUCTION
Silicate weathering is thought to be a major sink of atmospheric CO2, which regulates the carbon cycle and climate on geological time scales (e.g., Walker et al., 1981; Bickle et al., 2015; Penman et al., 2020); thus, it is in turn an important control on global climate. It has been argued that tectonic uplift and exposure of fresh rocks has a strong influence on the weathering rate (Edmond et al., 1995). The uplift of the Himalayas and the Tibetan Plateau had strengthened silicate weathering and atmospheric CO2 consumption as a proposed trigger of global cooling since ∼50 Ma (e.g., Raymo and Ruddiman, 1992; Clift et al., 2008). Since materials in rivers have been used to trace weathering, that is, particulate sediments corresponding to the physical denudation rate and dissolved loads to the chemical weathering rate, respectively (Li and Zhang, 2002), the rivers draining the southern Himalayas and the eastern Tibetan Plateau are widely explored on the relationship between the tectonics and climate with weathering rates (e.g., Qin et al., 2000; Bickle et al., 2005; Wu et al., 2011; Bickle et al., 2015). For example, recent studies have shown that in the Himalayas and Qinghai, from where main Chinese rivers originate, the long-term CO2 consumption by silicate weathering occupies 3.8% of global silicate weathering (Wu et al., 2008), implying the role of the tectonics in enhancing silicate weathering. Similarly, Bickle et al. (2015) demonstrated that Himalayan rivers are dominated by silicate inputs, up to 60% riverine Sr in the catchment on the High Himalayan Crystalline Series from silicates, after they reviewed geochemical analyses of river waters from the headwaters and their tributaries of the Himalayan rivers. More recently, seismically enhanced ionic fluxes after the 2008 Wenchuan earthquake resulted in a 4.3 ± 0.4 time increase in CO2 consumption flux via silicate-derived alkalinity and a 0.000644 ± 0.000146 increase in 87Sr/86Sr isotopic ratios (Jin et al., 2016). At the millennial scale, silicate weathering was mainly related with runoff and physical erosion, while temperature played a secondary role (Dosseto et al., 2015). However, the relationships among silicate weathering, the carbon cycle, and climate at various time scales remain elusive. One of the key reasons is the lack of a robust tracer for silicate weathering.
So far, a number of isotopic tracers have been served for evaluating the silicate weathering rate and intensity, such as Sr, Mg, Si, and Os isotopes. However, none of them would be able to trace silicate weathering reliably, owing to the effects of other processes and/or unconstrained sources, such as biological processes for Mg and Si isotopes (Li et al., 2014; Mavromatis et al., 2016; Pogge von Strandmann et al., 2016), meta-carbonate-sourced radiogenic Sr (Edmond, 1992; Galy and France-Lanord, 1999; Bickle et al., 2005; Beck et al., 2013), and black shale-derived Os (Ravizza and Esser, 1993). Lithium (Li) is one of the most promising tracers for tracing silicate weathering. This is due to the fact that Li is hosted broadly in silicates, with significant fractionation during weathering (Huh et al., 1998; Huh et al., 2001). Li is soluble, with two stable isotopes (6Li and 7Li) that fractionate during low-temperature rock–fluid exchange reactions. Meanwhile, Li isotope variations are not significantly affected by biological processes (Lemarchand et al., 2010; Pogge von Strandmann et al., 2016). Thus, Li isotopes can record weathering and transportation information.
Due to the analytical technique development, research on Li isotope tracing silicate weathering has been blossoming in the last decade. Previous studies have mainly focused on the spatial variation of the riverine dissolved δ7Li, factors that control riverine Li isotopic fractionation, and how to use riverine δ7Li as a tracer of silicate weathering at various scales (Huh et al., 1998; Huh et al., 2001; Pogge von Strandmann et al., 2006; Vigier et al., 2008; Liu and Rudnick, 2011; Dellinger et al., 2014; Wang et al., 2015). However, the dominant processes controlling riverine δ7Li ratios remain debatable (Misra and Froelich, 2012; Dellinger et al., 2015). To address this issue, time–series change of riverine δ7Li ratios may provide helpful clues, because its sources and end-members can be well constrained or easily defined. Researchers found that there was a ∼10% difference of δ7Li at the same site in different seasons, and δ7Li of samples showed seasonal variations (Kısakürek et al., 2005; Liu et al., 2015), but the resolution of time–series of previous studies was not high enough to decipher the role of climate (Gou et al., 2019). In addition, there were only a few studies that mentioned about the hydrological impacts on riverine δ7Li (e.g., Lemarchand et al., 2010; Fries et al., 2019; Xu et al., 2021): how the hydrology (such as monsoon rain and groundwater) affecting riverine Li isotope behaviors is poorly constrained. Therefore, we set a high-resolution time–series research in order to explore the weathering processes in detail by seasonal riverine δ7Li variation at the eastern Tibetan Plateau.
The earth surface processes on the Tibetan Plateau is sensitive to climate, and climate regulation by silicate weathering is strongest at such high elevations (West et al., 2002; Maher and Chamberlain, 2014; Caves et al., 2016; Ma et al., 2020). The Min Jiang is one of the primary tributaries of the Yangtze River, draining the eastern edge of the Tibetan Plateau (Figure 1). As a tectonically active and fast-eroding region, the weathering within the Min Jiang catchment would be significantly influenced by climate and hydrology, making it as an ideal setting for exploring the controlling factors of riverine δ7Li ratios and its relationship with silicate weathering. In this study, we investigated water chemistry and Li isotope compositions of river samples collected weekly from the Min Jiang, in order to explore the controlling factors of riverine δ7Li during catchment weathering and the impacts of hydrology on riverine δ7Li on the Tibetan Plateau.
[image: Figure 1]FIGURE 1 | Map of the Min Jiang catchment, including sampling sites of river water at the Weizhou hydrological station, groundwater, and landslide seepage.
2 MATERIALS AND METHODS
2.1 Study Area
The Min Jiang (“Jiang” means “river” in Chinese) catchment (Figure 1) is situated at about 28°–33° N and 100°–104° E, and is limited by the Qionglai Mountains in the west and the Min Mountains in the east. The main stream catchment area is 45,500 km2 (Liu et al., 2020). The Min Jiang, as a tributary of the upper Yangtze River, is a 1279-km-long river sourced from the eastern edge of the Tibetan Plateau at an altitude of 4,579 m, with an elevation gradient of 3,560 m (Ren and Luo, 2013). The mainstream of the Min Jiang flows toward the southern direction with a rich network of tributaries, passing through Maoxian in Longmen Mountains and entering the plain of the Sichuan Basin near Dujiangyan. A significant elevation change is observed when it meets the Sichuan Basin, an alluvial plain with an average altitude of ∼500 m. After entering the plain, the Min Jiang main channel joins the Qingyi Jiang at Leshan, and finally imports to the Yangtze River at Yibin.
There are two main tributaries in the upper reaches of the Min Jiang: the Heishui and the Zagunao Rivers (Figure 1). Both the tributaries flow toward east and import into the Min Jiang main channel. The Heishui River is 122 km in length with an elevation gradient of 1,048 m, and its catchment area (7,240 km2) occupies about 31% of the Min Jiang upstream catchment, with an average water discharge (Qw) of 140 m3/s. The Zagunao River is 158 km lengthy and has 3,092 m elevation gradient, with a catchment area of 4,629 km2 and 9.9–122 m3/s of Qw. The river water sampling site, the Weizhou hydrological station, is located at 31°28′48.63″N, 103°34′57.86″E in the upper reaches of the Min Jiang, below the confluences of the Zagunao River and the main channel. The catchment area upstream from the station is 18,921 km2 (Bureau of Hydrology, 2010).
The Min Jiang catchment is located at the junction site among the Songpan-Ganzi fold belt, the west Qin Mountain orogenic belt, and the Longmen Mountain structural belt. The catchment appears to be a parallelogram inset in the Longmen Shan and the Min Mountain tectonic zone (Zhang et al., 2006). The geology of the region is dominated by bedrocks with aluminosilicate minerals, including metamorphic argillaceous sandstone and flysch, granite and monzonitic granite, and detrital sediments, as well as limestones (Jin et al., 2016). At the west side of the Min Jiang, the Songpan-Ganzi fold belt extensively develops Mesozoic flysch sedimentary formations (5–15 km thickness), within which metamorphic sandstone and limestone are dominant lithologies, with a minority of regional developed Indosinian intrusive granites, as well as minor outcrops of sandstone and mudstone interbedded with coal seams (Yoon et al., 2008). At the Longmen Mountain structural belt, the hypo-metamorphic Paleozoic basement is dominant, including slate and phyllite with intercalated marble, carbonate with clastic rocks, or coal-bearing silicates (SLCCC, 1998). From the source of the Min Jiang to north Maoxian, the riverbed is mainly Mesozoic flysch with little lithologic variation, while from Maoxian to the Dujiangyan stretch, the river bedrock is extensively made of Paleozoic complex formed in the Longmen Mountain structural belt (Zhang et al., 2006).
The climate of the Min Jiang catchment is mainly subtropical, and its upper reaches belong to a high elevation plateau climate characterized by low average temperature and little precipitation (Qin et al., 2006; Yoon et al., 2008). The rainfall of the most Min Jiang catchment is carried by Asian and Indian summer monsoons, with 75% of annual precipitation (600–1,100 mm/year) from May to October. In 2010, the annual precipitation in the whole Min Jiang catchment ranged from 455.6 to 2,782.7 mm. The annual Qw of the Min Jiang was 1.06 × 1010 m3 in 2000–2011 (Jin et al., 2016). In addition, the average winter and summer temperatures are 0.5°C and 15–17°C for the upper reach region but 5.5 and 26°C for the lower reach plain area in historical records before 2008, respectively (Yoon et al., 2008).
2.2 Samples and Analyses
A total of 71 river water samples were collected weekly from 7 December 2009 to 27 December 2010 at the Weizhou hydrological station. Among them, samples were collected densely during heavy rainfalls: The samples of WZ10-25 to 27 were collected on 27 May 2010, WZ10-29 to 30 were sampled on 7 June, WZ10-36 to 40 were sampled on 17 July, and WZ10-46 to 47 were sampled on 21 August. These samples were used to catch the signature of hydrological changes in river water chemistry and δ7Li. Also, two rainwater samples were collected in the post-monsoon season in 2010. Three groundwater samples were collected from upstream of the station in November 2020, including one well water sample (W1: 31°26′35.86″N, 103°32′28.43″E), and two spring water samples S2 (31°23′56.27″N, 103°03′8.38″E) and S3 (31°30′20.98″N, 103°12′39.58″E) that just gashed out the surface.
The middle reaches of the Min Jiang experienced moderate numbers of earthquake-triggered landslides induced by the Mw 7.9 Wenchuan earthquake on 12 May 2008. The earthquake triggered tens of thousands of landslides (Li et al., 2014) which increased suspended sediment and solute flux in the Min Jiang in the years that followed (Wang J. et al., 2015; Jin et al., 2016). In order to assess the potential impact of earthquake-triggered landslides on water chemistry, two samples of landslide seepage were collected near Yingxiu in 2018: X1 was the surface runoff on a landslide slope, and X2 was the bottom stream seeped through the landslide mass.
For each river, rain, and groundwater sample, temperature, pH, and TDS (total dissolved solids) were measured at the sampling spot synchronously during the collection. All samples were filtered in situ though 0.2 µm Whatman® nylon filters and then collected into two types of polyethylene bottles: one 60 ml fraction was for cation analysis, in which bottles were pre-cleaned with 6 mol/L double-distilled HNO3 and acidified to pH < 2 by proportionally adding the same pre-cleaned HNO3 into the samples. The other 30 ml fraction contained a filtered but unacidified sample for anion analysis. All bottles were filled without air, wrapped with a sealing film, and stored in a 3°C depository to keep from deterioration before treatment.
For the river and rain water samples, major cations (K+, Na+, Ca2+, and Mg2+) were analyzed by the Leeman Labs Profile inductively coupled plasma atomic emission spectrometer (ICP-AES), with the relative standard deviation (RSD) less than 1%. Major anions (F−, Cl−, and SO42−) were measured by ion chromatography (ICS 1200) with 2% RSD, and NO3− was measured by a Skalar continuous flow analyzer with 2.2% RSD. The experiments aforementioned were completed at the Nanjing Institute of Geography & Limnology, Chinese Academy of Sciences (CAS). Alkalinity (expressed as HCO3−) was measured by a Shimadzu Corporation total organic carbon analyzer (TOC-VCPH) at the Northwest Argriculture and Forestry University, with the RSD less than 1.5%. Li concentrations of these water samples were conducted at the State Key Laboratory of Loess and Quaternary Geology (SKLLQG) in the Institute of Earth and Environment, CAS (IEECAS) using a PerkinElmer NexION 300D Inductively Coupled Plasma Mass Spectrometry (ICP-MS) with the RSD better than 5%.
Pretreatment for the purification of Li was carried out in an ultraclean lab (100 classes in operating window) following the method developed by Gou et al. (2018). Briefly, it was a one-step purification procedure for Li and then an accurate and high-precision determination of its isotopic compositions by MC-ICP-MS (multi-collector inductively coupled plasma mass spectrometer) at IEECAS. First, water samples containing 100–200 ng Li were dried and transformed into 0.5 mol/L HNO3 solution. Then all the solute samples were purified by a single-step cation exchange chromatographic column filled up with 8 ml resin (Bio-rad AG50W X-12, 100–200 mesh), with 0.5 mol/L diluted HNO3 as an eluent. The purified Li fraction was extracted in 2% HNO3 for MC-ICP-MS measurement. Splits collected before and after the main Li elution peak were analyzed for Na and Li contents, to ensure full column recovery. Li recoveries were measured by PerkinElmer NexION 300D ICP-MS and yielded >99.9% recoveries for all samples. The weight Na/Li ratios in all samples were less than 1, which ensured qualified standard deviations and negligible matrix effect during Li isotopic ratio measurements (Gou et al., 2017; Gou et al., 2018; Gou et al., 2020). Li isotope compositions were measured by ThermoFisher NeptunePlus MC-ICP-MS with the standard deviation (s.d.) less than 0.25 and the total procedural blank below 0.3 ng Li. The standard-sample bracketing (SSB) method was used in the measurement with NIST LSVEC as isotopic standard. The results were normalized to LSVEC as follows:
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Each sample was measured in triplicate to determine average values with RSD. Standards were run together with the samples to verify precision and reliability of the measurements, including the standard of the Isotopic Geochemical laboratory of University of Science and Technology of China (USTC-L, with δ7Li = −19.3 ± 0.2‰), standard of SPEX CertiPrep (SPEX-Li, with δ7Li = +12.2 ± 0.2‰), seawater standard (NASS-6, with δ7Li = +31.1 ± 0.7‰), and Li element standard GBW(E)080547 (δ7Li = +8.3 ± 0.2‰). The long-term external reproducibility of Li isotope testing was better than ±0.9‰ (2 s.d.), with less than 100 ng sample consumption (Gou et al., 2018), and Li isotope standards tested were in agreement with the values stated previously and from previous studies (e.g., Rudnick et al., 2004; Chetelat et al., 2008; Wang et al., 2015; Pogge von Strandmann et al., 2016), with the trueness better than 2% within 0.5‰ isotopic value errors. Similar analysis methods were operated for landslide seepage samples at Nanjing University and groundwater samples at SKLLQG, IEECAS, respectively.
3 RESULTS
3.1 Hydrology and Water Chemistry
The hydrological and chemical data of the Min Jiang water during December 2009 and December 2010 are listed in Table 1. The air temperature (T) increased with fluctuations from middle January to middle August, and then decreased in a similar pattern until the end of 2010 (Figure 2), with a minimum of 1.1°C in December and a maximum 29.5°C in August. From May to October (the monsoon season), most of the daily air T were above 15°C. The whole year river water T ranged from 4.0 to 19.5°C, with the lowest value in January and the highest in August (Figure 2), a similar trend as the air T but with less fluctuation. The TDS ranged from 169.6 to 435.6 mg/L, with the lowest TDS in July and the highest in November, all within the range of the source region of the Yangtze River (50–3,012 mg/L) (Liu M. et al., 2021). The 2010 annual Qw was 328.0 m3/s in average and had a distinct difference between monsoon and non-monsoon seasons: the Qw ranged from 53.4 to 390.0 m3/s in the non-monsoon season and 228.0 to 1,500.0 m3/s in the monsoon season. The minimum Qw in the monsoon season was about two times higher than the average of the non-monsoon seasons. The Qw kept a stable and relatively low value from January to April, and increased abruptly under strong rain when stepping into the monsoon season in May. In the monsoon season, the Qw responded directly to the rainfall intensity, and high Qw reflected the frequent rainfall in the Min Jiang catchment. A stormy event in 8 June generated the maximum Qw (1,500.0 m3/s). After the monsoon season, the Qw quickly returned to lower values and remained stable for the rest of the year (post-monsoon season).
TABLE 1 | Ionic and lithium isotopic compositions of all water samples collected within the Min Jiang river catchment.
[image: Table 1][image: Figure 2]FIGURE 2 | Seasonal variations in (A) rainfall, (B) river water discharge (Qw), (C) δ7Li, (D) Li flux, (E) Li/Na, (F) TDS (total dissolved solid), and (G) water and air temperature (T) at the Weizhou hydrological station over 2010, all showing obvious seasonality. Light and dark blue narrow shades labeled “R” and “G” with numbers represent the R- and the G-type waters, among which R2 and R5 contain two short intervals.
The water chemistry of river dissolved loads in the Min Jiang was closely related to the monsoon climate (Figure 3). First, all ions had a similar variation trend through different seasons: they remained stable at relatively high values in the pre-monsoon season, dropped to a lower and stable level in the monsoon season, and run ups and downs in the post-monsoon season. Second, Qw variations impacted ion concentrations. The ions showed both dilution and chemostatic behaviors (Koger et al., 2018). As Qw increased from 50 to 400 m3/s in the non-monsoon seasons, ionic concentrations decreased rapidly, showing an inverse relationship with Qw (Figure 4). During the monsoon season, there was a less rain interval in middle July to middle August in which the ionic concentrations increased slightly (Figure 3). When Qw rose continually to >400 m3/s during the monsoon season, there was less dilution effect on ionic concentrations (Figure 4), suggesting an excess input under intense water flow. The ionic concentrations in the post-monsoon season were not as stable as those in other seasons. They increased with fluctuation, and dropped back with undulations to low values near the pre-monsoon season at the end of the year.
[image: Figure 3]FIGURE 3 | Seasonal variation of major ions for the Min Jiang river waters, including (C) Ca2+, (D) Mg2+, (E) Na+, (F) K+, (G) Cl−, (H) NO3−, (I) SO42−, and (J) HCO3−, along with (A) rainfall and (B) water discharge (Qw). The monsoon season is shaded by gray, with a relatively less rain interval during mid-July and mid-August shaded by faint yellow.
[image: Figure 4]FIGURE 4 | Changes of (A) cation and (B) anion concentrations with water discharge (Qw). Qw at 400 m3/s as a boundary marked gray dashed lines, where below 400 m3/s the ionic concentrations are strongly affected by the dilution effect, whereas above 400 m3/s the riverine ion concentrations are less affected by increasing Qw.
3.2 Li Concentrations and Li Isotopes
Li concentrations ([Li]) and δ7Li values of all Min Jiang water samples are listed in Table 1. Over 2010, the dissolved [Li] in the Min Jiang ranged from about 0.714 μmol/L (during the monsoon season) to 2.225 μmol/L (during the non-monsoon seasons) with an average of 1.266 μmol/L, which is much higher than the world’s average riverine [Li] (0.22 μmol/L) (Hu and Zhou, 2012; Liu et al., 2021). These values were generally higher than those of many rivers around the globe, such as the Amazon River with [Li] from 0.06 to 1.67 μmol/L (Dellinger et al., 2015), the Mackenzie River from 0.02 to 1.29 μmol/L (Millot et al., 2010a), and the Orinoco River from 0.01 to 0.81 μmol/L (Huh et al., 2001), but overall, they were relatively lower than those of the Yangtze River main channel, in which [Li] ranged from 0.42 to 4.57 μmol/L (Wang et al., 2015). The [Li] of groundwater in the Min Jiang catchment ranged from 0.232 to 0.370 μmol/L, within the range of the world groundwater [Li] ranging from 0.01 to 28 μmol/L depending on different settings (Su, 2012; Mayfield et al., 2021). Rainwater [Li] were generally low, reported to be 0.004–0.292 μmol/L (Millot et al., 2010b). The [Li] in the rainwater of the Min Jiang catchment were 0.248 and 0.249 μmol/L. The [Li] of landslide seepage samples were even lower, 0.140 (X1) and 0.145 μmol/L (X2) (Table 1).
Over the sampling period, the dissolved δ7Li in the Min Jiang ranged from +10.48‰ in monsoon season to +16.37‰ in the non-monsoon seasons, covering a narrower range than the spatial δ7Li variation in the Yangtze River (ranging from +7.6 to +42.1‰) (Wang et al., 2015) and other global rivers (ranging from +1.2 to +42.1‰, with an average +23.4‰) (Liu et al., 2021). The δ7Li values of two groundwater samples in the Min Jiang catchment were +16.82 and +20.70‰, respectively, within the range of the reported global groundwater δ7Li (+6.7 to +28.6‰) (Hu and Zhou, 2012; Su, 2012; Liu et al., 2021; Mayfield et al., 2021). Close to those of the groundwater samples, two landslide seepage samples had δ7Li values of +17.1 and +14.7‰, respectively.
The riverine Li flux and δ7Li also showed significant seasonal variations in response to the Qw in the Min Jiang through time in 2010. As shown in Figure 2, Li flux and δ7Li remained in invariant levels until the beginning of the monsoon season. During the monsoon season, with the increasing Qw, Li flux increased owing to strong weathering, with large fluctuations. Along the time that the monsoon ended, Li flux returned to the level of the monsoon’s beginning. Similarly, δ7Li fluctuated dramatically with Qw during the monsoon season, and turned to a stable level, with relatively higher values than the pre-monsoon season. One of the most interesting observations is that both Li flux and δ7Li in the Min Jiang waters exhibited not only seasonal variation but also sensitive response to hydrological changes as discussed in the following text.
3.3 Riverine δ7Li Responses to Hydrological Changes During the Monsoon Season
During the monsoon season in 2010, there were several strong rainfall intervals with high Qw, interrupted by a less rain interval (Figures 2, 3). During the strong rainfall intervals, the Min Jiang waters were characterized by decreased δ7Li but increased Li flux relative to their neighbours (as shaded by light blue in Figure 2). Since these waters were associated with strong rainfall, we defined them as the “R-type” water. There were six intervals with the R-type waters, marked as R1 to R6 in Figure 2, in which R2 and R5 consisted of two short intervals. In each R-type water interval, when Qw went up, riverine δ7Li decreased abruptly. Meanwhile, its Li flux reached a high value at the moment and then quickly dropped back to a lower value. For instance, in the R4 interval, the Qw increased from 615 to 1,190 m3/s and δ7Li dropped nearly 1.5‰ (from +13.33 to +11.74‰), while Li flux increased from 258.7 to 560.8 mg/day.
Between the R-type water intervals, there were another six intervals characterized by increased δ7Li but decreased Li flux relative to their neighbours (as shaded by dark blue in Figure 2), in contrast to the R-type waters. In each interval, Qw rose slightly and riverine δ7Li increased, corresponding to lower Li flux than before and after it. Considering that the high δ7Li may be affected by the input of groundwater and/or landslide seepage, both with higher δ7Li, as discussed in the following text, these waters were named as the “G-type” waters, marked as G1 to G6 in Figure 2. Take the G4 for an example, it happened during the less rain period of the monsoon season, but its Qw increased from 228 to 311 m3/s with little rainfall; the riverine δ7Li increased from +13.38 to +14.16‰, with Li flux decreasing from 166.8 to 139.6 mg/day.
The value differences of Li flux, riverine δ7Li, and Li/Na ratios before and during the intervals of the R- and the G-type waters are presented in Table 2 and Figure 5. It demonstrated that riverine Li flux and δ7Li were clearly impacted by monsoonal hydrological conditions, with two distinct responses as discussed in Section 4.4 in the following text.
TABLE 2 | Comparisons of δ7Li, Li fluxes, and Li/Na ratios between, before, and during the intervals of the R- and G-type waters.
[image: Table 2][image: Figure 5]FIGURE 5 | Comparisons of δ7Li, Li flux, and Li/Na for the R-type and G-type waters with water discharge (Qw). The values during the intervals with the R-type and G-type waters are plotted by light and dark blue filled rectangles, and the values before the intervals by blank rectangles with gray frames, respectively.
4 DISCUSSION
4.1 Control of Seasonal Variations in Min Jiang Water Chemistry
Similar to river chemistry in the Yangtze River headwaters and the Yellow River (Zhang et al., 2015; Ma et al., 2020), the summer monsoons bring abundant rainfall, resulting in dilution of the riverine ions in the Min Jiang during the monsoon season. A similar seasonal pattern was also observed elsewhere and was related to the Indian monsoon (Galy and France-Lanord, 1999; Tipper et al., 2006). However, when Qw exceeded 400 m3/s, the ionic concentrations seemed not to correlate with Qw (Figure 4), suggesting excess input to the river water by intensified weathering and/or groundwater associated with the hydrological events (Zhang et al., 2015), as discussed in the following text. The excess input of Ca2+ and HCO3− can be further supported by the relation between Ca/Na* versus Mg/Na* ratios (where Na* = Na+ − Cl−) at different seasons. As shown in Figure 6, lower Ca/Na* and Mg/Na* ratios in the river waters of the non-monsoon seasons were clearly separated from those of the monsoon season, with different slopes. The higher Ca/Na* and Mg/Na* ratios in the river waters of the monsoon season waters than those of the non-monsoon seasons reflected more contribution of carbonate dissolution relative to silicates, supported by higher Ca2+ and HCO3− in the monsoon season than those in the non-monsoon seasons (Figure 7). All these features can be attributed to faster dissolution kinetics of carbonates under monsoon conditions.
[image: Figure 6]FIGURE 6 | Correlations of Mg/Na* vs. Ca/Na* (Na* = Na+ − Cl−) for river water samples from the dry and wet seasons, respectively, also showing rainwater, groundwater, and landslide seepage with low Mg/Na* and TDS.
[image: Figure 7]FIGURE 7 | Piper diagrams for ions of river water samples from the Min Jiang catchment. Dark gray dot curves show a surmised annual cycle of anions from pre-monsoon to post-monsoon seasons.
4.2 Sources of Major Ions and Li in the Min Jiang
In order to address the δ7Li signatures of river waters, it is important to determine the sources of major ions and dissolved Li (Vigier et al., 2009). Major reservoirs affecting large river chemistry include dissolution of silicate, carbonate, evaporite, and human inputs (Gaillardet et al., 1999), as well as rainwater (Yoon et al., 2008). We employed the forward model to evaluate the contributions of the major reservoirs, which sequentially allocates the major ions and dissolved Li to their sources (Meybeck, 1987; Gaillardet et al., 1997; Dellinger et al., 2015; Gou et al., 2019).
For atmospheric inputs of major ions, chloride (Cl−) was used as a reference for the rain correction:
[image: image]
where Xrain represents the concentration of ion X (Na+, Mg2+, Ca2+, and SO42−) derived from rainwater, (X/Cl)rain refers to the measured X/Cl ratio in rainwater, and Clref was the lowest Cl− concentration of the catchment river sample dataset (here 23.0 μmol/L of Cl− was used from the river water sample at the upper reaches near Zhenjiangguan).
After the correction of atmospheric inputs, we attributed the remaining Cl− and SO42− to evaporite and sulfide (abbreviated as Cleva and SO4,eva) dissolution. Then, the Na+ and Ca2+ proportions from evaporites and sulfides were determined by Eqs 3, 4.
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For silicate dissolution, we considered that all K+ and the residual Na+ after the corrections of rain, evaporite, and sulfides were from silicate weathering, abbreviated as Ksil and Nasil. Ca2+ and Mg2+ from silicate dissolution were calculated by multiplying Nasil by Ca/Na (0.54) and Mg/Na (0.26) ratios of local silicate rock compositions (Qin et al., 2006; Yoon et al., 2008).
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After the aforementioned corrections, the remaining Ca2+ and Mg2+ were thought to be from carbonate contribution by Eqs 8 and 9:
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The results showed that in the hydrological year of 2010 (four samples of 2009 are not included), the total cations from evaporites and sulfides reached 11.9 ± 6.2% in the pre-monsoon seasons, followed by 9.1 ± 8.8% in the monsoon season, and 27.9 ± 20.7% in the post-monsoon season. This indicated that dissolution of evaporites and sulfides played a more important role in the post-monsoon season than other seasons in the Min Jiang catchment. The contribution of carbonates for cations occupied 56.8 ± 8.1% in the pre-monsoon season, while 59.1 ± 14.1% in the monsoon and 41.8 ± 24.2% in the post-monsoon season. Meanwhile, the silicate contribution for cations was relatively stable through all seasons, with 18.4 ± 3.2% in the pre-monsoon season, 14.0 ± 6.0% in the monsoon season, and 17.7 ± 6.0% in the post-monsoon season.
For Li as a trace element, [Li] in rainwater is low (here 0.25 μmol/L) so that the contribution of atmospheric input to riverine Li+ is usually assumed to be negligible (Huh et al., 2001; Wang et al., 2015). Here, we used the typical Li/Ca ratio value of [image: image] in carbonates (Hathorne and James, 2006; Pogge von Strandmann et al., 2013) and a mean Li/Na value of [image: image] for evaporites (Kloppmann et al., 2001) to obtain the proportions of Li+ derived from carbonates and evaporites by
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The result showed that 0.9 ± 0.8% of dissolved Li+ was sourced from carbonates and less than 0.4% of Li+ was from evaporites. The remaining Li+ after subtracting Lieva and Licarb was considered to be from silicates. The result showed 99.0 ± 0.8% Li+ from silicates ([Li]sil).
4.3 Weathering Rate and Its Relationship With Riverine δ7Li
Based on the calculations aforementioned, silicate weathering dominated the source of riverine Li+ in the Min Jiang. The rate of silicate weathering (SWR, mol/km2/day) was calculated by silicate-derived cations multiplying daily Qw, and then divided by the total catchment area (A) above the Weizhou hydrological station (18,921 km2) as the following equation (Zhang et al., 2015):
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The SWR in the Min Jiang also had distinct seasonal variations. The SWR remained within 161.0 ± 62.5 mol/km2/day in the pre-monsoon season, and then increased sharply to 523.8 ± 146.2 mol/km2/day in the monsoon season, with fluctuations by the domination of different types of waters as discussed in the following text. In the post-monsoon season, the SWR declined to 381.2 ± 100.7 mol/km2/day. Apparently, a higher SWR appeared during the monsoon season, also demonstrated by higher Si/Na* (Figure 8A), indicating that monsoon rainfall accelerated silicate weathering (Figure 8B). This is consistent with previous findings (Qin et al., 2006; Zhang et al., 2015). This daily SWR was generally within the range of the middle reaches of the Yellow River (∼9.5–565.2 mol/km2/day), which also showed strong weathering in the monsoon season (Zhang et al., 2015). The annual average SWR in upper Min Jiang was 129.1 × 103 mol/km2/year or 3.7 t/km2/year, within the range of the Yangtze River headwater basins (1.8 to 12 t/km2/year) (Li S.-L. et al., 2014; Ma et al., 2020), also close to the Mackenzie (0.13–4.3 t/km2/year) draining the Rocky Mountains in the subarctic (Millot et al., 2003), but less than the Ganga, Yamuna, and Kosi Rivers with higher annual SWR of 8.4, 10.3, and 9.3 t/km2/year, respectively; however, their tributaries displayed lower values than main channels (Pogge von Strandmann et al., 2017). Moreover, the SWR in the Min Jiang was far less than that of the rivers draining the Andes with a mean value at 22 t/km2/year (Moquet et al., 2011) but was 4–5 times higher than that of the Austrilian Victorian Alps region (23–31 × 103 mol/km2/year) (Hagedorn and Cartwright, 2009). The CO2 consumption yield was (186.4 ± 26.4) × 103 mol/km2/year for the Min Jiang catchment area in 2010, which is higher than those of the Yellow River and the Yangtze River.
[image: Figure 8]FIGURE 8 | Relations between (A) Si/Na* ratio (Na* = Na+ − Cl−) and (B) silicate weathering rate (SWR) vs. water discharge (Qw), and (C) δ7Li vs. SWR. Following the Qw boundary in Figure 4, gray dashed lines divide into dry and wet seasons. In panel (C), blank diamond symbols with error bars represent average δ7Li and SWR values for each class of samples. Violet and red dot lines mark δ7Li values of landslide seepage and groundwater samples, respectively, because they have no SWR data.
The δ7Li of the river dissolved load was considered to be related to the intensity and regime of silicate weathering at the scale of the basin (Vigier et al., 2009; Millot et al., 2010a). Within one hydrological year in the Min Jiang catchment, the SWR was proportional to Qw (Figure 8B), whereas δ7Li and SWR exhibited a negative correlation, with relatively high δ7Li and low SWR in the non-monsoon seasons and low δ7Li and high SWR in the monsoon season (Figure 8C). This correlation was consistent with Vigier’s empirical law that δ7Li and SWR fit a negative power function. In fact, similar patterns had been reported by the Amazon, Ganges, Orinoco, Lena, the Yellow River, and the Qiantang River that all displayed (at their outlet) δ7Li values higher than 21‰ for corresponding chemical erosion rates lower than 14 t/km2/year (Huh et al., 1998; Gaillardet et al., 1999; Wu et al., 2005; Vigier et al., 2009). It was also reported that tributaries of Himalayan rivers draining silicates had lower dissolved δ7Li values (by 2.3–4.2‰) following the monsoon when weathering was more intense due to higher runoff and elevated temperatures (Kısakürek et al., 2005).
4.4 Impacts of Hydrology on Riverine Li Isotopes
One of the most interesting observations for the seasonal δ7Li in the Min Jiang waters is that there are two types of river waters with different responses of the δ7Li values to hydrology during the monsoon season, as defined previously as the R- and G-type waters (as shades in Figure 2). Considering that Li is not involved in terrestrial biological cycles (e.g., Lemarchand et al., 2010; Pogge von Strandmann et al., 2016) and that vegetation within the upper Min Jiang catchment is sparse, [Li]sil should not be affected by biological processes in the Min Jiang. [Li]sil should be dominantly controlled by dilution/evaporation processes at the first order, and then by the balance between silicate weathering and incorporation into secondary minerals.
The R-type waters with low δ7Li usually appeared during a major rainfall which was caused by the rapid rise of Qw. The δ7Li drop was accompanied by an increase in both [Li] and Li flux. The decreased riverine δ7Li but increased Li flux can attribute to an increase in silicate dissolution during the monsoon season. As the Qw increased, more dissolved Li+ was flushed into the river, leading to a rise in the Li flux during the monsoon (Figures 2, 5). It is further supported by increasing Si/Na* and SWR proportional to Qw (Figures 8A,B). However, for the R-type waters, rapidly increased Qw sped up water flow velocity, meaning relatively short water residence time. The decrease in riverine δ7Li is most likely due to the increased input of silicate weathering with low δ7Li and/or a decrease in rates of secondary mineral precipitation during the rain intervals. It means that the δ7Li in the R-type waters should only equilibrate with the solid. Lowest average δ7Li but highest SWR values for the R-type waters (Figure 8C) further support that riverine δ7Li is a strong kinetic control (West et al., 2002). After each R-type water interval, riverine δ7Li returned to higher values, which may result from more 6Li incorporation into secondary minerals during the longer water–rock interaction when Qw decreased (e.g., Lemarchand et al., 2010). This is also supported by laboratory water–rock interaction experiments that showed large (19‰) increases in δ7Li in solutions over a short period of time (Pogge von Strandmann et al., 2019).
Similar changes of dissolved δ7Li were observed both in a forested granitic catchment (Strengbach, Vosges Mountains, France) (Lemarchand et al., 2010) and in a highly weathered catchment (Quiock Creek in Guadeloupe archipelago, French West Indies) (Fries et al., 2019). Lemarchand et al. (2010) found that δ7Li in both a spring and a stream decreased with an increasing Qw. This was because Li isotopic fractionations occurred during the secondary phase precipitation along the water pathway through the rocks, resulting in high δ7Li with increasing residence time of waters. Similarly, Fries et al. (2019) found that the δ7Li values of the river dissolved load in the Quiock Creek catchment decreased by ∼2% after the largest rain event and remained low afterward. The decreased δ7Li was considered due to either input of Li from isolated pockets of soil solution with lower δ7Li that were flushed out during the rain events, or due to a decrease in rates of secondary mineral (mostly halloysite and kaolinite) precipitation during the rain events. After a rain event, the secondary mineral phase turned unsaturated, consistent with lower rates of precipitation, in which case, either enhanced dissolution of secondary minerals or suppressed secondary mineral formation could result in lower riverine δ7Li (Fries et al., 2019).
Between the R-type water intervals, there were six intervals with the G-type waters whose Qw rise was not related to rainfall—sometimes, it was after rainfall (as shaded by dark blue in Figure 2). During the G-type water intervals, though Qw increased, the Li fluxes became low and δ7Li jumped to higher values relative to their neighbours. Considering that groundwater had higher δ7Li values than river waters (Figures 8B, 9), it is certainly possible that groundwater affected riverine δ7Li in the Min Jiang. Groundwaters are typically concentrated in silicate-derived cations (such as Li+) as a result of prolonged water–rock interaction (e.g., Tipper et al., 2006). Meanwhile, the majority (55–68%) of global groundwater discharge was from silicates in humid, low-latitude, and tectonically active regions, and groundwater derived solute fluxes occupied at least 5% of the riverine fluxes. Therefore, groundwater discharge might play an outsized role in terrestrially derived solute fluxes of silicate weathering and thus the regulation of atmospheric CO2 (Luijendijk et al., 2020; Mayfield et al., 2021). In mountain areas, the river deeply cuts the valley and groundwater supplies river water. As a result, some rivers even have higher δ7Li than groundwaters (e.g., Bagard et al., 2015; Liu et al., 2015; Manaka et al., 2017). Since the catchment above the Weizhou hydrological station is located at the mountain areas, discharge of such groundwater could shift river chemistry toward higher δ7Li (Figures 8B, 9). Meanwhile, seismic landslides triggered by the 2008 Wenchuan earthquakes are prevalent throughout the study region (e.g., Li et al., 2014), which can act as solute generators by producing reactive fine-grained sediment (Wang et al., 2015) and by focusing flow through this material (e.g., Jin et al., 2016). Leaching of exchangeable cations from finely grounded landslide debris could also contribute to the solute load. The landslide mass embraced large porosity in which it gave Li isotope time and physicochemical environment to fractionate, mainly by secondary minerals absorbing 6Li in the pore water, making landslide seepage waters heavy Li isotope signature, but less aqueous Li remained. Indeed, two samples of landslide seepage were at relatively higher δ7Li values compared to river waters (Figures 8C, 9). On the other hand, the [Li] of both groundwater and landslide seepage were all less than that of river water within the Min Jiang catchment (Table 1). When such waters were delivered to the river channel, river water would increase δ7Li but decrease Li flux relative to their neighbours, being as a G-type water (Figure 9). Higher δ7Li but lower Li/Na* ratios for the post-monsoon waters (Figure 9) probably indicate an excess Li supply of such waters to the Min Jiang relative to the pre-monsoon season. As the monsoon season gradually faded out, the change of strengthened evapotranspiration and oversaturation of clays probably resulted in more 6Li incorporated into clays and higher δ7Li in the residual pore water (Xu et al., 2021), which might be finally imported into the river as landslide seepage. In addition, the lengthened rock–fluid interaction times during the less rain intervals could simultaneously cause higher riverine δ7Li (e.g., Bagard et al., 2015; Pogge von Strandmann et al., 2019) as the G-type waters.
[image: Figure 9]FIGURE 9 | Scatterplots for δ7Li vs. water discharge (Qw) and 1,000*Li/Na for river waters in the Min Jiang River. Following Qw boundary at 400 m3/s in Figure 4, the gray dashed lines divide into dry and wet seasons. As the same as Figure 7, violet and red dot lines mark δ7Li values of landslide seepage and groundwater samples, respectively, because they have no Qw data.
5 CONCLUSION
In the Min Jiang catchment along the eastern Tibetan Plateau, seasonally hydrological variation caused by Asian and Indian summer monsoons influences water chemistry and riverine Li isotope compositions. Silicate weathering produced more than 98.2% of the riverine Li. Relative to distinct variation in riverine δ7Li during the monsoon season, Li isotopic compositions were relatively stable in the pre- and post-monsoon seasons, with overall lower δ7Li values averaged 13.6‰ in the pre-monsoon season and higher δ7Li values averaged 15.5‰ in the post-monsoon season. Based on the distinct response of the riverine δ7Li to increasing Qw, two types of river waters were distinguished in the Min Jiang during the monsoon season. When the Qw was dominated by monsoonal rainfall (the R-type waters), riverine δ7Li decreased about 1.9‰ and Li flux increased 223.7 mg/day in average, owing to short rock–fluid interaction time by rapid water flow as a strong kinetic control of silicate weathering. In relatively less rain periods during the monsoon season and the post-monsoon season, groundwater and/or landslide seepage delivered to the river channel, with relatively longer water residence times, resulted in δ7Li increased 1.6‰ but Li flux decreased 99.4 mg/day in average compared to their neighbors, as the G-type waters. This study highlights that both monsoon climate and hydrology could have impact on the riverine Li isotope behavior. Such impacts of hydrology on riverine δ7Li may provide some clues for the relation between Li isotopes and hydrological conditions as proposed previously (Misra and Froelich, 2012; Dellinger et al., 2015).
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