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Thorium (Th) isotopes were applied to quantify the contributions of lithogenic inputs to the Qinghai Lake (QHH). Concentrations of dissolved 232Th and 230Th were measured in 59 water samples collected from Qinghai Lake and its exogenous recharge rivers. There are significant differences in the concentration of 232Th of the sampled water in QHH that confirm the input of variable lithogenic material sources. The 230Th concentrations were used to calculate a scavenging residence time for Th, which was then applied to calculate the flux of dissolved 232Th by matching the measured concentrations of dissolved 232Th. Then the 232Th content of lithogenic material was used with the solubility of Th from the preliminary particle data from the Qinghai–Qaidam district. When using a Th solubility from particles of 1%, the fluxes of lithogenic material range from 0.03 to 25.25 g/m2/yr in the surface water, consistent with the flux results of settled particles from the previous study. When a large number of exogenous recharge rivers are mixed into the northwest basin of Qinghai Lake, the 232Th content and lithogenic flux of the lake water are mainly influenced by the type and content of the particles in the Buha and Shaliu rivers. Conversely, in south basin with limited recharging rivers, the 232Th content of the lake water away from the estuary is mainly influenced by atmospheric dust. Furthermore, based on the 230Th normalization method (combining with 232Th and τTh), the Buha and Shaliu rivers located in the northwest basin contribute about 90% of the detrital flux to the lake. The lithogenic flux in the southeast lake is dominated by dust flux with a value of ∼0.109 g/m2/yr, while the higher lithogenic flux at the bottom of the lake was likely generated by accumulated sinking particulate matter and resuspension of bottom sediments in September. This study confirms the utility of long-lived Th isotopes to quantify lithogenic inputs based on the Th content of the dissolved lake water and also supply deposition resolution information for QHH sediment records with some certainty.
Keywords: 232Th content, 230Th normalization technique, lithogenic flux, dust flux, Qinghai Lake
INTRODUCTION
As an important component of atmospheric aerosols, dust has a significant impact on the Earth’s climate system, biogeochemical cycle, water cycle, and human health. Dust plays a role in different components of the climate by influencing the radiative balance and thus the energy balance of the Earth’s system. Dust can also act as cloud condensation nuclei, altering the hydrological cycle by changing cloud cover and microphysics (Jickells et al., 2005; Ding et al., 2009). The dust cycle is an important component of the Earth system, and the arid and semi-arid zones of Central Asia are one of the key regions for global change research due to their vast area and the huge amount of dust they provide (800 Tg of dust is delivered to the atmosphere each year in northwest China alone; Zhang et al., 1997). In addition, dust can also act as an exogenous source of nutrients to marine and remote terrestrial ecosystems, participating in carbon cycle processes (Martin and Fitzwater, 1988; Jickells et al., 2005). In recent years, the mechanisms of dust release and transport have become a hot topic of interest for both modern climatology and paleoclimatology. In this regard, changes in dust fluxes not only depend on regional climate changes but also can influence them in various ways, thus making dust fluxes one of the key elements in the exploration of regional climate environments (Cruz et al., 2021).
The traditional approach to calculating lake burial fluxes relies on determining the average mass accumulation rates based on age model tie points, intervening sediment thickness, and average sediment dry bulk density (Lyle and Dymond, 1976; DeMaster, 1981; Curry and Lohmann, 1986; Lyle et al., 1988; Rea and Leinen, 1988; Sarnthein et al., 1988; Mortlock et al., 1991). The temporal resolution of this approach is limited by the robustness of the age model, including the number of chronological tie points and their associated errors (Francois et al., 2004). Furthermore, this approach can easily be biased by sediment redistribution on the edge of the lake with river input, where sediment transport from the river can exceed the vertical rain of particles from the water column. As a result, constant flux proxies such as the 230Th normalization technique have the potential to be developed, providing more robust estimates of mass accumulation in the lake sediment. Constant flux proxies are geochemical parameters with well-constrained and stable source functions, such as 230Th (Bacon, 1984; Francois et al., 2004) and 3He (Marcantonio et al., 1996; Winckler et al., 2004; McGee and Mukhopadhyay, 2013). The U concentration of saline lakes in the alpine arid background is stable (Zhang et al., 2019; Zhao et al., 2020; Zhang et al., 2021). Furthermore, 230Th is produced by the steady decay of uranium dissolved in lake water, after which it is rapidly eliminated by sinking particles and buried by the lake sediment (Francois et al., 2004; Zhang et al., 2019). Because the 230Th production rate is relatively uniform in space and time, variability in 230Th concentrations in the sediment can be theoretically attributed to variable dilution by changes in sediment mass flux over time. This technique, 230Th normalization, allows both high-resolution sediment mass flux reconstructions independent of age model tie points and isolation of only the vertical component of sedimentation, regardless of the amount of lateral sediment transport from rivers.
The different isotopes of Th provide important information about the various processes occurring in the ocean. In seawater, Th has a stable IV oxidation state, which makes it highly particle reactive (Santschi et al., 2006); readily transports from the water column to particulate matter; and is buried in the underlying sediments as the particulate matter settles (Bourdon et al., 2003). Th isotopes have a very limited source in the lake environment, in which 232Th accounts for about 99.98% of all natural Th isotopes, and it is obtained almost exclusively through dissolution of river, wind, and lake sediments (Krishnaswami and Cochran, 2016), while 234Th, 230Th, and 228Th are derived from the α radioactive decay of 238U, 234U, and 228Ra in the ocean, respectively (Ojovan and Lee, 2014). The production rates of 234Th and 230Th have remained essentially stable since the reserves of U nuclides and their isotopic compositions in the saline have remained essentially stable over years (Zhang et al., 2019). The combination of particle reactivity and constrained sources makes Th isotopes one of the most versatile tools for studying particle fluxes in the ocean and sedimentary record (Costa and McManus, 2017). Under stable conditions, the residence time of Th was obtained based on the production rate of 232Th in the water column. The residence time combined with the storage of 230Th obtained the flux of 232Th (e.g., the 230Th normalization technique), which in turn was extrapolated to the flux of terrestrial or atmospheric deposition (Hayes et al., 2013).
The Qinghai–Tibet Plateau in the midlatitudes is the largest plateau in the world with the highest average altitude and is sensitive to global climate change due to the interplay of westerly winds and Asian summer winds, as well as feedbacks to atmospheric circulation and hydrological processes in the surrounding areas. Therefore, it has received much attention from researchers, and its concept as the “third pole of the earth” has been widely accepted. There are many lakes on the Qinghai–Tibet Plateau, and many of them record rich information on environmental changes at different spatial and temporal scales and are windows for research on past environmental changes. The Qinghai Lake basin is located at the confluence of the eastern monsoon region of China, the northwest arid region, and the alpine region of the Qinghai–Tibet Plateau, with distinct regional climatic characteristics, and is one of the most sensitive areas to global climate change, playing a crucial role in maintaining the regional hydrological cycle. With the expansion and in-depth study of the sedimentary environment of Qinghai Lake, more and more discussions have been made on the depositional flux or rate. However, due to the different methods or sampling points, the deposition fluxes obtained by different researchers vary greatly (Jin et al., 2009a; Xu et al., 2010; Wan et al., 2012). Little attempt has been made to define the chemical budget and mass balance of the CaCO3-rich sediments in Lake Qinghai, which are the basis of paleoenvironmental and paleoclimatic reconstructions using lake sediments. The results from the Lake Qinghai River system in the northeastern Tibetan Plateau suggest that atmospheric dust contributes 36–57% of the total dissolved cations to the river waters and further into Qinghai Lake (Zhang et al., 2009). Previous studies have confirmed that the contribution of atmospheric dust input to the elemental reservoir of Lake Qinghai water is up to about 65% based on the suspended particulate matter of the Buha River (Jin et al., 2009a). The soluble element content of lake waters is controlled by the variation of the elemental content of exogenously recharged river waters (Jin et al., 2009b). For studying the input–output budget characteristics, Qinghai Lake is uniquely positioned geographically to quantify the flux of Th and explore its potential to respond to environmental changes, thus providing more basic research information for subsequent evaluation of whether the U-series disequilibrium characteristics of lake sediments can provide the basin’s paleo-weathering history.
In view of this, the study first attempts to obtain the water residence time of Qinghai Lake by assessing the 230Th–234U disequilibrium; second, by investigating the surface distribution characteristics of 232Th concentration in the lake water column of Qinghai Lake and the recharging river and water column of the entire lake transect, we try to explore the source of 232Th and the variation of lithogenic flux in the water column of Qinghai Lake, and understand its potential to the response of the environmental changes. To a certain extent, this will fill the gap in the revenue and expenditure characteristics of 230Th and 232Th and their geochemical significance in the lake domain and also be an important reference for understanding the 230Th-indicated paleo-oceanic processes in marine sediments.
MATERIALS AND METHODS
Sampling Locations
Qinghai Lake (36°32′–37°15′N; 99°36′–100°47′E) is located in the northeastern part of the Qinghai–Tibet Plateau, with a length of about 109 km from east to west and a width of about 39.8 km from north to south, and an average water depth of 18.3 m. It is the largest inland saline lake in China. The geological and geographical environment and the current climate of this area have been examined in detail by Colman et al. (2007) and Jin et al. (2010). Qinghai Lake is developed within a basin surrounded by three mountain ranges, including Datong Mountain to the north, Riyue Mountain to the east, and the Qinghai Nanshan Mountains to the south (Bian et al., 2000). The lake is divided into two nearly equal sub-basins by an NNW-trending horst, from which an island (Mt. Haixin) emerges. Several minor fault scarps can also be found in the lake basin. The lake bed is generally flat, and the lake is hydrologically closed and evaporative (Zhang et al., 1994). The six largest rivers on the order of discharge inside the Lake Qinghai catchment are Buha, Shaliu, Hargai, Quanji, Daotang, and Heima rivers. These rivers are greatly impacted by the hydrological cycle linked to the area’s monsoonal climate, and they supply over 87% of the water (Li et al., 2007), ∼67% of the dissolved load (Jin et al., 2009a), and sediment discharge to the lake. Over half of these rivers start from the Buha River, whose water chemistry is affected by the underlain marine limestone and sandstones, which constrain carbonate-dominated compositions of the lake water (Jin et al., 2009b). Meltwater from surrounding mountain glaciers accounts for only 0.3% of the total runoff (Colman et al., 2007).
Qinghai Lake is a typically closed saline lake, and there is no output of surface water from the lake. The lake’s recharge water is mainly the recharging rivers, followed by natural precipitation and groundwater. There are more than 70 rivers of various sizes flowing into the lake, with an obvious asymmetrical distribution, the northwestern part being relatively large and having a high runoff volume, while the southeastern part is sparse and mostly seasonal. The runoff of the rivers is unevenly distributed within the year, with July to September having the highest runoff, accounting for 60%–80% of the total annual runoff, and January to February has the lowest runoff, accounting for only about 1% of the total annual runoff. Qinghai Lake receives its annual runoff recharge mainly from seven rivers, including the Buha, Shaliu, Hargai, Quanji, Ganzi, Daotang, and Heima rivers. The total annual runoff is about 2.5 billion m³, and the main rivers have a total annual runoff of about 2.2 billion m³, accounting for 90% of the total runoff in the basin.
The Buha River is the largest exogenous recharge river in the Qinghai Lake basin, with a total length of 286 km, a basin area of 14,387 km2, an average multi-year runoff of 7.85 × 108 m3, and a contribution of 46.9% of the runoff into the lake. The Shaliu River is the second largest recharge river in the Qinghai Lake basin, with a total length of about 106 km and a basin area of 1, 500 km2, with an average annual runoff of 2.46 × 108 m3, accounting for 14.5% of the total runoff into the lake. The third largest recharge river in the basin is the Hargai River. The Buha River, Shaliu River, and Hargai River account for more than 75% of the total runoff into the lake. Apart from these, the rest of the recharge rivers are relatively small in terms of basin area and average annual runoff and are mostly seasonal rivers that dry up seasonally (the Quanji River is 65 km long and has a basin area of 567 km2, the Daotang River is 60 km long and has a basin area of 727 km2, the Heima River is 17.2 km long and has a basin area of 107 km2, and the Ganzi River does not directly drain into Qinghai Lake but is surface runoff, which is submerged underground and then partly fed into the lake as groundwater). It is worth noting that the Daotang River is the only river in the Qinghai Lake basin that flows in a southeast to northwest direction.
Sampling Design and Methods
The water samples collected include Qinghai Lake and its exogenous recharge rivers. Among the recharge rivers, the Buha River, Shaliu River, Hargai River, and Daotang River were selected as the main study areas in view of the influence of various factors, such as the contribution rate of runoff from exogenous recharge rivers, the lithology control of the basins, and the seasonal differences of rivers. Due to the lack of seasonal water during the sampling period, no samples were collected from the Quanji River or the Heima River.
A sampling of the water samples required for the study continued from 2017 to 2020 and can be divided into four batches. In the first sampling batch, water samples were collected from Qinghai Lake in September 2017. The subsequent batches mainly sampled the duplicate samples from Qinghai Lake and the water samples from the exogenous recharge rivers of Qinghai Lake in June 2018, August 2019, and November 2020.
In the first batch, a total of 14 sampling sites were set up to sample the waters of Qinghai Lake, with a sampling range of 36°38′25′′∼37°07′52″N, 99°42′48′′∼100°41′23″E. Among them, three sampling sites took water samples from the surface layer (∼0.2 m) to the bottom layer of the lake at 3-m intervals, while the remaining nine sampling sites collected water samples from the surface layer of the lake only. One surface water sample was also taken during the second batch of sampling, and a total of 40 samples were collected from Qinghai Lake. The second, third, and fourth batches of water samples were collected from the exogenous recharge rivers of Qinghai Lake, including 13 samples from the upper, middle, and lower reaches of the Buha River and Shaliu River (6 from the Buha River and 7 from the Shaliu River), while six samples were collected from the Hargai River and Daotang River (3 from the Hargai River and 3 from the Daotang River), which are near the entrance of the rivers. A total of 19 samples were collected from the recharge rivers. The distribution of the sampling sites is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Map showing the locations of the sampled lakes and rivers in the Qinghai region. (Red diamonds represent surface sites and yellow diamonds represent depth profiles).
Surface water samples from Qinghai Lake and its exogenous recharge rivers were collected directly in high-density polyethylene (HDPE) plastic bottles, while other water samples at different depths were collected in HDPE plastic bottles using a Plexiglas (PPMA) water collector. The first batch of 39 water samples collected from Qinghai Lake in September 2017 were transferred to a 50 ml centrifuge tube and centrifuged three times (7 min) at 3,500 rpm to remove insoluble impurities such as insoluble particles. After centrifugation, the supernatant of each sample was taken and stored in a new HDPE plastic bottle to analyze the follow-up chemistry procedure. Samples collected from the other batches were filtered within 24 h of collection using a Nalgene manual vacuum filtration system (Nalgene 300–4,100; 6,133–0,010) with a 0.8-μm pore size mixed cellulose membrane (Millipore AAWP04700). After pretreatment, the water samples were stored in HDPE plastic bottles and sent to the laboratory for testing. The details of sampling information are shown in Table 1.
TABLE 1 | Sampling site information for the water samples.
[image: Table 1]In order to verify whether centrifugation and filtration methods to separate particles affect the experimental results, three samples were centrifuged and filtered through 41-, 0.8-, and 0.45-μm filters, respectively, to assess the proportion of particulate matter of different sizes in the total particulate matter. The results show that the particle sizes in the centrifuged samples were less than 41 μm. In addition, we compared 232Th concentrations filtered by 41-μm filters and 0.8-μm filters in four lakes from the Qaidam Basin (Table 2). The results show that the size of thorium-enriched particles is mostly between 0.8 and 41 μm, and the proportion of particles less than 0.8 μm is limited. Thus, the lake fluxes involved in this study are calculated from the 232Th concentration in a particulate matter less than 41 μm, and the 232Th concentration in river waters is in a particulate matter less than 0.8 μm. Therefore, we believe that Th concentration filtered by 0.8-μm filters and centrifugation three times could represent the content of dissolved Th in saline lake water to a certain extent.
TABLE 2 | 232Th concentration of samples filtered by 41-μm and 0.8-μm filters from several lakes in the Qaidam Basin.
[image: Table 2]The method of Th isotope analysis of water samples can be broadly divided into two stages: chemical separation and mass spectrometry, where the chemical separation stage consists of co-precipitation, low-speed centrifugation, ion-exchange resin separation, collection, and purification. The specific steps involved are as follows:
1) Co-precipitation separation: A certain amount of water sample was weighed in a pre-prepared HDPE plastic bottle, a certain amount of 14N HNO3 (1 N = 1 M), and 1–2 drops of HClO4 and tracer (233U–236U–229Th) were added to the water sample, heated and dried, and 2N HCl was used to dissolve the dried sample. Then, three to five drops of Fe solution was added to the sample, use NH3·H2O to reconcile the pH of the sample to 8 to 9, and mixed well and left for some time until a yellow precipitate appears at the bottom of the bottle.
2) Low-speed centrifugation: The water sample was transferred into a centrifuge tube and centrifuged at a low speed. After skimming off the upper clear layer, the resulting iron salt precipitate was rinsed with ultrapure water (>18 MΩ). The centrifugation process can be repeated 2–3 times to avoid other metal ions and soluble impurities from affecting the results. The resulting iron salt precipitate was dissolved by 14N HNO3, transferred to a Teflon beaker, and then heated and dried for the next treatment.
3) Ion-exchange resin separation: The precipitate was completely dissolved using 7N HNO3 and then transferred to a pre-prepared AG1-X8 anion resin exchange column, followed by the addition of 3CV 7N HNO3 to remove Fe (CV: column volume), 3CV 6N HCl to achieve the Th isotope separation process.
4) Collection and purification: For this, 1 to 2 drops of HClO4 was added to the separated Th isotope solution, heated and dried, and then dissolved with 14N HNO3. The procedure was repeated 2–3 times, then fixed using a dilute acid (2% HNO3 + 0.01% HF), and transferred to a small plastic vial for subsequent mass spectrometric analysis.
The mass spectrometry procedure was relatively straightforward. The nuclide ratio of samples was determined by Thermo Fisher’s Neptune Plus MC-ICP-MS, and the concentrations of 230Th and 232Th in samples were calculated by isotope dilution. All measurements were carried out using the peak jump program in ion counting mode at the retarding potential quadruple. For Th, the measurement uncertainties involved propagated errors from ICP-MS isotope ratio measurements, spike concentrations, and blank corrections. The procedural blanks for chemical and mass spectrometric analyses at the Laboratory of Isotope Geochemistry in Xi’an Jiao Tong University are approximately 205 fg (5.3 e6 atoms) for 232Th, and 37 ag (1.0 e5 atoms) for 230Th. The methods used herein have been fully described by Cheng et al. (2000), Cheng et al. (2013) and Shen et al. (2002), Shen et al. (2012).
The measured 230Th concentrations were corrected for in-growth due to decay of 234U throughout the time the specimen was retained. To utilize 230Th-234U disequilibrium to obtain a Th residence time, 230Thxs concentrations must also be corrected for the proportion of 230Th liberated by the dissolution of lithogenic substances. This adjustment is made with concurrent measurements of 232Th, with a lithogenic ratio of 230Th/232Th = 4.0 × 10−6 mol/mol (Roy-Barman et al., 2009).
Theory
The particle-reactive isotopes in the U and Th decay series are helpful tracers of particulate flux in water. The geochemistry of 230Th in sediments is also important with respect to spatial and temporal variations in particulate flux (Ankney et al., 2017). Previous studies have shown that 230Th is produced by the decay of 234U at a constant rate. In natural waters, 230Th is adsorbed by particulate matter in the water and eliminated from the water as it sinks. This process takes much less time than its radioactive decay rate (half-life of 232Th = 14.1 × 109 years; half-life of 230Th = 75.6 × 103 years) (Edmonds et al., 2004). The scavenging rate of Th is equal to the reciprocal of its corresponding residence time, and the hydraulic residence time of Th (τTh) in the lake water column can be obtained by measuring the concentration of 230Thxs in water (Eq. 1) (Hayes et al., 2013).
[image: image]
where the multiplication of 234U activity and λ230 is considered as the increment of 230Th, λ230 = 9.1705 × 10−6 (Cheng et al., 2013).
In the following, the 232Th fluxes will be calculated, and their contributions will be assessed in relation to the 232Th distribution characteristics of the lake water column, respectively. The formula for calculating the 232Th fluxes in lake water is given in Equation 2 (Hayes et al., 2013).
[image: image]
The dissolved 232Th flux was then used to estimate a particulate lithogenic flux considering the content of 232Th in the basaltic lithogenic material around the QHH region (10.5 μg/g; Wang et al., 2016) and the fractional solubility of 232Th in lithogenic material (STh; from our preliminary Th result of particles from QHH and Qaidam Basin) as shown in Equation 3 (Hayes et al., 2013).
[image: image]
To obtain an estimation of the flux of lithogenic material using dissolved Th-isotopes, it is first necessary to convert 232Th concentrations into a dissolved flux using the residence time calculated. For this, dissolved 232Th was integrated from the surface to an integration depth and divided by the corresponding 230Th residence time (Eq. (1)).
RESULTS
The Spatial Distribution of Th Isotope Concentration in Surface Lake Water
Based on the surface water samples obtained from 15 different sampling locations in Qinghai Lake, the spatial distribution of Th isotope concentration data in the lake water is shown in Zhang et al. (2019). The details are shown in Supplementary Table S1. There are differences in the distribution of 232Th concentrations between different sampling sites at the same depth, ranging from 0.265 to 3.356 pmol/kg, with a mean value of 1.247 pmol/kg, with the maximum value occurring at 107 and the minimum value at 131. The details are shown in the supplementary material file as Supplementary Figure S1. The total dissolved 230Th concentration varied from 0.27 to 19.03 μBq/kg, with a mean value of 7.76 μBq/kg, with the maximum value occurring at site 127 and the minimum value at site 123, which fluctuated considerably. In the lake surface water, the 230Thxs content of the 14 sites ranges from 0.2 to 18.2 μBq/kg with an average value of 7.39 μBq/kg, except for site 123, where no excess 230Th occurred in the surface water. The maximum value appeared at site 127 and the minimum value appeared at site 201, with a large fluctuation and an average value of 7.39 μBq/kg.
In summary, there are significant differences in the concentrations of 232Th, 230Th, and 230Thxs in the surface water of Qinghai Lake. The concentration of 232Th at sites 107, 115, 116, 118, and 201, located at the edge of the northwest lake area, had significantly higher levels than other areas of the lake, with a mean value of 2.513 pmol/kg at the five sites, which was higher than the other samples. In contrast, the average content of 230Thxs in sites 131, 126, 127, and 132 in the south lake area was 11.98 μBq/kg, far higher than the average value of surface water.
The Vertical Distribution of Th Isotope Concentrations in Lake Water
Lake water was sampled at varying depths at three sites (107, 123, and 131) in Qinghai Lake, and the results are shown in Zhang et al. (2019). The details are shown in Supplementary Table S2, Supplementary Figure S2, and Supplementary Figure S3. Site 107 is located in the northern lake area. The concentration of 232Th varied from 3.356 to 14.995 pmol/kg, with an average value of 6.273 pmol/kg. From the surface to the bottom of the lake, the concentration of 232Th exhibited a gradual and limited downward increase before decreasing at the bottom of the profile. Total dissolved 230Th ranges from 7.08 to 21.59 μBq/kg, with an average value of 12.63 μBq/kg, with a maximum value at 21 m and a minimum value at 9 m. The concentration of 230Thxs ranges from 5.3 to 12.5 μBq/kg, with a mean value of 8.24 μBq/kg, maximum values at 15 m and 27 m, and a minimum value at 9 m. The total dissolved 230Th and 230Thxs increased with depth before decreasing at a depth of 24 m.
At site 123, the concentration of 232Th varied from 0.439 to 1.791 pmol/kg, with an average value of 1.005 pmol/kg. From the top to the bottom of the sampling profile, the concentration of 232Th increased slightly with depth before decreasing at 21 m. The total dissolved 230Th content ranges from 0.07 to 3.44 μBq/kg, with an average value of 1.35 μBq/kg, a maximum value at 21 m, and a minimum value at 3 m. The concentration of 230Thxs content ranges from 0.5 to 2.2 μBq/kg, with a mean value of 1.16 μBq/kg. The maximum value occurs at 21 m and the minimum at 26 m.
At site 131, which is located in the southern lake area, the concentration of 232Th ranged from 0.265 to 4.563 pmol/kg, which increased with the sampling depth, peaked at 21 m and then decreased, with an average value of 0.872 pmol/kg, lower than that of sites 123 and 107. The concentration of total dissolved 230Th ranges from 7.34 to 18.61 μBq/kg, with an average value of 12.52 μBq/kg. The concentration of 230Thxs ranges from 6.9 to 18.5 μBq/kg, with a mean value of 11.9 μBq/kg. The maximum and minimum values of total dissolved 230Th and 230Thxs occurred at 18m and 3m, respectively. Unlike sites 107 and 123, the concentration of total dissolved 230Th and 230Thxs in site 131 fluctuated widely and showed an overall decreasing trend with increasing depth.
Characteristics of Th Isotope Concentration Distribution in Exogenous Recharged River Waters
Overall, 19 surface water samples were sampled from the Buha River, Shaliu River, Hargai River, and Daotang River. The characteristics of the distribution of Th isotope concentration in these recharged river waters are shown in Table 3.
TABLE 3 | Distribution of Th isotope concentrations in exogenous recharge river water.
[image: Table 3]In the Buha River, the concentration of 232Th ranges from 1.531 to 2.874 pmol/kg, with a mean value of 2.583 pmol/kg, showing a decreasing trend from the northwest (upstream) to southeast (downstream) regions. The concentration of total dissolved 230Th ranges from 0.72 to 3.60 μBq/kg, with an average value of 2.38 μBq/kg. The concentration of 230Thxs ranges from 0.8 to 1.7 μBq/kg, with a mean value of 1.37 μBq/kg, except for three sampling sites where no excess 230Thxs was observed.
In the Shaliu River, the concentration of 232Th ranges from 4.488 to 46.913 pmol/kg, with an average of 12.341 pmol/kg, which is higher than that in the Buha River and the Hargai River. The total dissolved 230Th concentration ranges from 3.15 to 39.84 μBq/kg, with an average value of 11.51 μBq/kg. The concentration of 230Thxs ranges from 0.5 to 7.1 μBq/kg with a mean value of 2.89 μBq/kg. The concentrations of 232Th and total dissolved 230Th and 230Thxs of SL-401 are much higher than those in other samples, which may be related to the sampling season. The sample SL-401 was sampled in winter, while other samples were sampled in summer.
In the Hargai River, the concentration of 232Th ranges from 0.433 to 3.132 pmol/kg, with an average value of 1.962 pmol/kg and little variation between sampling sites. The concentration of total dissolved 230Th ranges from 2.62 to 88.41 μBq/kg, with an average value of 31.30 μBq/kg. 230Thxs ranges from 0.4 to 88.1 μBq/kg, with a mean value of 29.93 μBq/kg. HEG-401, which was sampled in winter, had much lower 232Th concentrations than the other two samples. However, the concentration of total dissolved 230Th and 230Thxs of HEG-401 is approximately 40 times and 80 times more than that of the other two samples, respectively.
In the Daotang River, the 232Th concentration ranges from 2.350 to 61.941 pmol/kg, with a mean value of 24.532 pmol/kg. The concentration of total dissolved 230Th ranges from 10.03 to 101.34 μBq/kg, with an average value of 53.78 μBq/kg. The concentration of 230Thxs ranges from 3.5 to 99.7 μBq/kg, with a mean value of 36.6 μBq/kg. There were significant differences in the horizontal distribution of 232Th, total dissolved 230Th, and 230Thxs in the three samples from the Daotang River. The 232Th concentration of DT-401, which was sampled in winter 2020, was 7 times higher than the other samples.
DISCUSSION
Th Scavenging Residence Time in Lake Water
Th Scavenging Residence Time in Surface Lake Water
According to Equation 1, we measured the concentration of 230Th at the surface water of Qinghai Lake, determined the 230Th increment generated from 234U decay, and obtained the 230Th residence time (τTh) in the water column. The details are shown in Table 4. The 230Th residence time of surface water samples has a limited variation, ranging from 0.1 to 6.2 years, with an average value of 2.3 years. The concentration of 230Thxs in the southeast lake area is significantly higher than that in the northwest lake area. Thus, the 230Th residence time in the southeast basin is higher than that in the northwest basin, indicating that the particle scavenging rate in the northwest basin is faster than that in the southeast basin, for instance, a slower sedimentation rate in the southeast lake area with ∼7-year resolution of deposition recording core in the southeast lake area.
TABLE 4 | Dissolved 232Th concentration, τTh, dissolved 232Th flux and lithogenic flux of Qinghai Lake.
[image: Table 4]Th Scavenging Residence Time in Depth Profiles of Lake Water
The 230Th concentration differs between stations since the short scavenging residence time of 230Th makes it sensitive to variations in particulate flux (Figure 2). The 230Th data show that the residence time of Th in the water column at different depths at 107, which is located in the north of Qinghai Lake, ranges from 1.6 to 4.3 years, with a mean value of 2.8 years and little variation in the vertical profile, indicating that there was no significant difference in the scavenging rate of Th at different depths of the water column in the same area. This likely suggests limited varying particulate matter size and with ∼4-year resolution of deposition recording in site 107, which means that it takes ∼4 years for particulate matter to be removed from the water column into the sediment. The residence time of Th in site 123 is 0.2–0.7 years, with a mean of 0.4 years, which is lower than that in the other two sites. The 230Th residence time is short and therefore it can be transferred more rapidly from the water column to sinking particulate matter through vertical fluxes, meaning that the scavenging rate is the fastest in the western lake area of Qinghai Lake. This likely suggests a larger particulate matter size with faster removal rates and with ∼0.7-year resolution of deposition record in site 123. Site 131 in the southern area of the lake has the longest 230Th residence time varying from 2.3 to 6.3 years, with a mean value of 4.1 years, indicating the slowest scavenging rate in this area. The top depth of site 131 shows a longer residence time, suggesting that there exists another source of older water mixture in the top 10 m and finer particulate size. The relationship between the scavenging rates of the three depth profiles is 123 > 107>131. The variable disequilibrium between the western, northern, and southern regions of the lake area indicates variable and often large particle fluxes and/or changes in particle size from the western lake region rather than the other regions of the lake, which probably indicate more particle matter flux and/or larger particle size from the Buha river mixing into the lake water with hydraulic sorting effect (Tao et al., 2021). Thus, those differences are probably controlled by variations in the river water influx and its corresponding differences in particle flux and/or particle composition in the northern basin and western basin. However, a lower 232Th content in site 131 and a longer residence time indicate a limited effect of the river in the southern basin.
[image: Figure 2]FIGURE 2 | Distribution characteristic of 230Th residence time (τTh) in depth profiles of Qinghai Lake.
Seasonal Changes in 232Th Content in the Exogenous Rivers of Qinghai Lake
Due to the concentration of 232Th having seasonal differences in lake water, eight samples in different months were selected from four exogenous rivers of Qinghai Lake for analysis and comparison. As shown in Table 5, there are visible seasonal changes in the 232Th content of the rivers. The samples from November have higher 232Th concentrations than the June and July samples, except for the Hargai River, where more wetlands and swamps decrease the amount of dust in Hargai during November. Therefore, in the dry season with little wet atmospheric precipitation from October to May, the 232Th content of rivers in the Qinghai region was higher than that in the rainy season from June to September, which was influenced by sand and dust particles from the northwest wind into the lake water.
TABLE 5 | Seasonal changes of 232Th content in the exogenous rivers of Qinghai Lake.
[image: Table 5]Thorium-Derived Dissolved 232Th flux and Lithogenic Flux to the Qinghai Lake
Qinghai Lake is a typically closed saline lake, and the lake’s recharge water is mainly from exogenous recharge rivers, followed by natural precipitation and groundwater. Previous studies have suggested that the 232Th concentrations in surface water appear to be linked to the water column scavenging rate (Cochran et al., 1995; Edmonds et al., 1998; Edmonds et al., 2004). 232Th is non-radiogenic, so most of the 232Th in the lake water comes from the lake margins (bank erosion), rivers, or aeolian detrital particulate material. Th is insoluble in water and is rapidly eliminated from solution via scavenging on particulate material (Moore and Sackett, 1964). Therefore, if there were no contributions from other sources, the variation of 232Th concentrations in water should decrease with depth and show the highest values in surface water. Therefore, depth profiles can be used to assess the lithogenic fluxes in lake water. More specifically, the 232Th fluxes in deep water indicate a deep source of dissolved 232Th, possibly as a result of boundary scavenging. The sampling profiles indicate that the 232Th concentrations in Qinghai Lake increase slowly with depth, with higher bottom water concentrations in all three profiles. These trends suggest that an additional 232Th enters the water column at the bottom of the lake, possibly from the contribution of the bottom sediments. The 232Th concentrations at the lake surface (Supplementary Table S1 and Supplementary Figure S1 in the supplementary material file) suggest that the dissolved 232Th flux is primarily derived from the input of aerosol (dust) in shallow waters. Furthermore, the fluxes near the entrance of the recharging river appear to be derived from the 232Th contributed to the lake by the river. The 232Th in the lake is therefore thought to be due to the dissolution of dust aerosols in combination with inflow from the recharging rivers (Zhang et al., 2019). The characteristics of the horizontal and vertical distribution of 232Th in the lake water of Qinghai Lake suggest that there is an exogenous source contribution, of 232Th to its lake water, and that different areas of the lake do not receive exactly the same proportion of the exogenous source contribution which is from hydraulic sorting of grain size and types. Because several major recharge rivers flow through stratigraphic source rocks that are different, including felsic rocks, carbonate, metamorphic rocks, and clastic rocks. In view of this, it is reasonable to assume that the main sources of 232Th in the lake water column of Qinghai Lake include atmospheric deposition dust, exogenous recharge river, and the mix from the interface of water-rock with the water depth increase. Selecting an integration depth at which the lithogenic inputs can be effectively quantified has been a subject of discussion with varying particle types. Due to the sampling method and evaluation method of this study being different from Jin’s (Jin et al., 2009a), the lithogenic flux in this study is different from the flux in Jin’s. Jin et al. estimated the dust flux based on the suspended particulate matter supplied by the Buha River to Qinghai Lake, and the lithogenic flux of Qinghai Lake in our study includes two sources, atmospheric deposition and river recharge. The dust flux in this study refers to the particulate matter caused by atmospheric dry deposition.
The dissolved 232Th fluxes can be converted to lithogenic-material fluxes with knowledge about the composition of the material and its Th fractional solubility (Eq. (3)). In other words, this flux of lithogenic material is required to sustain the calculated dissolved 232Th and therefore the measured concentration of 232Th. The lithogenic material from the Qinghai region has a 232Th content varying from 10.5 to 11.7 μg/g (Wang et al., 2016). Therefore, we use this value for the calculations of the lithogenic flux in our area of study.
The largest source of uncertainty in the calculation of lithogenic fluxes is the solubility of 232Th from particles, which is a highly unconstrained parameter. From the few studies that report 232Th solubility in marine particles, highly variable values were found, ranging from 1% to 23%, depending on the particle size and depth (Arraes-Mescoff et al., 2001; Roy-Barman et al., 2002). There is no report about 232Th solubility in lake particles. According to our preliminary results from lake particles from the Qaidam Basin, ranging from 1 to 10%, depending on the particle size and types (unpublished data).
The Spatial Trends of Dissolved 232Th Flux and Lithogenic Flux in Lake Water
The climatic characteristics of Qinghai Lake do not vary greatly within the region, and the contribution of 232Th atmospheric dust in lake surface water is generally consistent when other exogenous factors are ignored, so the distribution of 232Th concentrations in lake surface water of Qinghai Lake should generally remain consistent under ideal conditions. However, the concentration of 232Th in the surface lake shows that the spatial distribution characteristics of 232Th concentrations in Qinghai Lake vary (0.265–3.356 pmol/kg), with a mean value of 1.24 pmol/kg. Sites 107, 115, 116, 118, and 201, located at the edge of the northwestern lake area, had significantly higher values of 232Th than those in other areas of the lake, with a mean value of 2.513 pmol/kg. The spatial distribution of 232Th concentration in the surface water of Qinghai Lake near the Buha River is significantly higher than that in other areas. The 230Thxs content is significantly higher in the southeast basin than in the northwest basin. The mean value of 230Thxs content at sites 131, 126, 127, and 132 in the south lake is 12.0 μBq/kg, which is much higher than the mean value of surface water, and therefore, exogenous detritus contributes less Th to the south lake area than the other areas.
The results of the dissolved 232Th flux and lithogenic flux in surface lake water were calculated by equations 2 and 3. As a study suggested in the Nansen Basin, the Arctic Ocean (Cochran et al. (1995)), elevated particle concentrations near the basin margin, if coupled with greater particle fluxes, could produce enhanced removal of reactive radionuclides from the water column. The dissolved 232Th flux in surface lake water ranges from 0.013 to 26.840 nmol/m2/yr, with an average value of 5.060 nmol/m2/yr (Table 4; Figure 3). The dissolved 232Th flux in the northwest basin has significantly higher values than that in the southeast basin, especially near the entrances of the Buha River and Shaliu River. The results show that in addition to the 232Th contributed by atmospheric deposition, the exogenous recharge rivers contributed a certain amount of 232Th to Qinghai Lake. Sites 105 and 201, located at the northwestern edge of Qinghai Lake, have much shorter Th residence times than average and much higher dissolved 232Th fluxes than other areas, suggesting that the faster rate of particulate matter production in the lake edge area more effectively removes radionuclides, and thus the 230Thxs showed minimal values here.
[image: Figure 3]FIGURE 3 | Distribution characteristics of dissolved 232Th flux in the surface water of Qinghai Lake.
For lithogenic flux, when using a Th solubility from particles of 1%, we obtain fluxes of lithogenic material ranging from 0.03 to 25.25 g/m2/yr in the surface water, while the values range from 0.003 to 2.525 g/m2/yr when using a Th solubility from particles of 10% (Table 4; Figure 4). It is worth noting that the dissolved 232Th flux and lithogenic flux at site 201 are tens to hundreds of times higher than those of the other sites, which may be due to the sampling location near the lake shore and the source of flux is the dissolution of continental material. Since the lithogenic fluxes in the southeast basin are lower than those in the northwest basin, we believe that the contribution of exogenous detrital materials by river input to lake water in the southern basin is limited. The dust flux in September from atmospheric deposition can thus be confirmed. In general, when other exogenous factors are ignored, the dust flux from Qinghai Lake in September is basically stable with a value of 0.109 g/m2/yr.
[image: Figure 4]FIGURE 4 | Distribution characteristics of lithogenic flux in the surface water of Qinghai Lake.
The Depth Trends of Dissolved 232Th Flux and Lithogenic Flux in Lake Water
The mixing of runoff from exogenous recharge rivers with the original water of Qinghai Lake may affect the variation of 232Th flux and lithogenic flux in the lake water column and eventually affect the vertical distribution of 232Th concentration in the lake water. The distribution characteristics of 232Th concentration in the lake water column with vertical gradient and the residence time of Th in the water column combined with Eq. 2 and Eq. 3 calculated the vertical gradient profile flux. The calculation results are shown in Table 4. Dissolved 232Th flux and lithogenic flux in all three depth profiles of Qinghai Lake showed an increasing trend with depth (Figure 5, Figure 6). Site 107, located northwest of the lake, has the highest dissolved 232Th flux and a higher mean particulate flux. This site has the largest increase in dissolved 232Th flux, which ranges from 0.318 to 171.366 nmol/m2/yr from the lake surface to the bottom, with a mean value of 46.436 nmol/m2/yr. The lithogenic flux of site 107 varied from 0.7 to 378.64 g/m2/yr, with an average value of 102.60 g/m2/yr. The dissolved 232Th flux and lithogenic flux at site 123 near the center of the lake also increased with depth, peaking at the highest mean values of 57.56 nmol/m2/yr and 127.18 g/m2/yr, respectively. Site 131, located in the south area of Qinghai Lake, has the least dissolved 232Th flux and lithogenic flux. The dissolved 232Th flux ranges from 0.013 to 26.840 nmol/m2/yr, with an average value of 5.060 nmol/m2/yr. The lithogenic flux of site 131 ranges from 0.03 to 59.30 g/m2/yr, with an average value of 11.18 g/m2/yr. The data from three depth profiles in Qinghai Lake show that dissolved 232Th flux and lithogenic flux increase with depth, and the average dissolved 232Th flux and lithogenic flux in the northwest basin is significantly higher than that in the southeast basin, which has a great relationship with the input of the exogenous recharge river and hydraulic sorting.
[image: Figure 5]FIGURE 5 | Distribution characteristics of dissolved 232Th flux in the depth profiles of Qinghai Lake.
[image: Figure 6]FIGURE 6 | Distribution characteristics of lithogenic flux in the depth profiles of Qinghai Lake.
In the three depth profiles of Qinghai Lake, sites 107, 123, and 131, total dissolved 230Th and 230Thxs showed an increasing trend only at sites 107 and 123, which is similar to the trend of positive correlation of 230Th with water depth in marine water (Cochran et al., 1995). In contrast, 230Thxs shows a decreasing trend at site 131, in complete contradiction to the linear increase in 230Th content in marine water with water depth, which is probably from the mixing of other older water sources. The 230Thxs values are higher than those in the northwest lake area. When the parent nuclide of 230Th, 234U, is approximately homogeneous in the lake water, combined with the lower contribution of 232Th and 230Th from exogenous particulate matter, it can be assumed that the scavenging rate at site 131 was slower. In addition, it has been shown that the nature of the particulate matter plays a role in the removal effect of 230Th in the lake (Clegg and Whitfield, 1991). The mean particulate matter flux at depth profile 131 is approximately ten times lower than that at the other two sites, and the mean 232Th concentration is the lowest of the three sites. Since site 131 is away from the Daotang River, which first flows into Erhai, then flows into Qinghai Lake through a limited channel, the recharge water from Erhai is characterized by low fluxes and higher Th concentrations. It can be inferred that the Daotang River and Erhai contribute very limited exogenous particulate matter to the south of Qinghai Lake and that the source of particulate matter in the southeastern lake area of Qinghai Lake is mainly the dissolution of atmospheric dust with low content 232Th contribution to the lake surface water. Since there is a bird island in the center of the lake, and combined with the fact that the lithologic fluxes based on 232 Th decrease sequentially from northwest to southeast in the surface layer, the surface fluxes located at the south of the bird island do not show a decreasing gradient in contrast to the north, we believe that there exists a limited possibility of river transpolar to the southeast.
Quantification of Lithogenic Fluxes to the Qinghai Lake Based on the Mixing of River in Lake Water
As the two largest recharge rivers to Qinghai Lake, both the Buha River and the Shaliu River have higher mean values of 232Th concentrations than those in the surface water of Qinghai Lake (mean value of 1.247 pmol/kg). The high values of 232Th combined with the low values of 230Thxs indicate that these two rivers carry more exogenous debris material and contribute a certain amount of particulate matter to the lake. Thus, the high values of 232Th at sites near the northwestern edge of Qinghai Lake (107, 115, 116, 118, and 201) suggest that the inputs from the Buha River and the Shaliu River may be responsible for this phenomenon. The low values of 232Th near the river entrances of the Hargai and Daotang Rivers show that these two rivers contribute limited flux to the lake.
Previous studies have shown that the uranium content in Qinghai Lake shows a uniform distribution, indicating that its activity is generally consistent, which implies that there is always a consistent and steady-state source of 230Thxs in the lake water (Zhang et al., 2019). However, the determination of thorium isotopes at each station in Qinghai Lake revealed that the content varies greatly from station to station, which is very different from the distribution of uranium isotopes in the lake water. Due to the pro-particulate properties of thorium (Kretschmer et al., 2010), thorium is easily eliminated by the migration and removal of particulate materials. Therefore, the horizontal river and the amount of particulate material have a huge influence on it.
We compared the lithogenic flux of surface water and depth profiles of Qinghai Lake with the results of Qinghai Lake sediments in the study of Jin et al. (2013), and the results were consistent (Table 6). Thus, the lithogenic material flux calculation using thorium isotopes for the QHH region seems to be promising, and once the Th solubility in the QHH lake is better constrained, the uncertainties will be reduced. The long-lived Th isotopes offer a unique and powerful tool to evaluate the supply of lithogenic flux. However, there are a number of sources of uncertainty that must be addressed in future studies to further refine our estimates of lithogenic fluxes. These include seasonal effects of Th input and removal in the lake away from the edge of QHH, the chemical speciation and size partitioning of 232Th and 230Th in lake water.
TABLE 6 | Comparison of lithogenic flux in the present study with the results of sediments from the study of Jin et al. (2013).
[image: Table 6]In conclusion, when a large number of exogenous recharge rivers are mixed into the northwest basin of Qinghai Lake, the 232Th content and lithogenic flux of the lake water are mainly influenced by the type and content of the particles in the Buha and Shaliu rivers. Conversely, when the contribution of recharge rivers is limited, the 232Th content of the lake water is mainly influenced by atmospheric dust. For example, based on the 230Th normalization method (combining with 232Th and τTh), the dust flux in September can be evaluated. Based on the safety of sampling on the lake, the samples were collected at a time when there was no wind and no rain. Thus, the atmospheric dust could be evaluated. And based on the retention time of particulate matter in the water column, the depth profile results can reflect the lithogenic fluxes on a seasonal to annual scale with some certainty.
Contribution of Recharging Rivers of Qinghai Lake and Atmospheric Dust to 232Th Fluxes in Lake Water Column
According to previous studies (Edmonds et al., 1998; Edmonds et al., 2004; Hayes et al., 2017), since most of the dissolved 232Th in seawater originates from atmospheric dust which dissolves into the ocean after settling to the sea surface, the 232Th concentration in marine waters decreases with depth and reaches its highest value at the sea surface. This is in contrast to the phenomenon we observed in the lake. All three depth profiles of Qinghai Lake showed a positive correlation between 232Th concentration and depth, and the high 232Th values in surface waters near site 107 suggested that this may be due to the input from exogenous recharge rivers. The advection of particulate matter from the nearshore shelf can increase regional scavenging rates and fluxes. The recharge rivers carried more exogenous detrital material into the lake and mixed it with the lake water, causing the particulate flux to increase with depth and reaching a maximum in the bottom water of the lake.
Based on Th isotope data and flux information of surface water in Qinghai Lake, the dust flux of lithologic material in September contributed by atmospheric dry deposition to the lake can be calculated, which is approximately 0.109 g/m2/yr. The lithogenic fluxes delivered to the lake by rivers can be quantified based on the data from stations located near the recharging rivers. The fluxes of lithologic material from the recharge rivers input into the lake are 120.55 g/m2/yr in the northwest basin and 12.42 g/m2/yr in the southeast basin, which are calculated by the mean value of lithogenic fluxes at depth profiles of 107 and 123 sites and the mean value at depth profile site 131, respectively. Sites 126, 127, 131, and 132 are located in the southeast of Qinghai Lake, far away from the estuary, and the 232Th of surface water is mainly derived from atmospheric dust. The mean lithogenic flux of the surface water at these four sites is 0.109 g/m2/yr. Sites 105, 107, 113, 115, 116, and 118 are located in the northwest and southwest of Qinghai Lake near the estuary. Their lithogenic fluxes mainly come from fluvial suspended particles and atmospheric dust. The mean lithogenic flux of the surface water at these six sites is 1.046 g/m2/yr. The contribution of atmospheric dust and river input to the lithogenic flux of Qinghai Lake can be assessed by these two mean values. For instance, the Buha River and Shaliu River contribute ∼90% of the lithogenic flux to the northwest basin of the lake, while the atmospheric dry dust deposition contributes only 10% of the flux. Therefore, unlike the northwest region, the source of particle material flux in the southeast basin of the lake is dominated by atmospheric deposition, and the contribution of the recharging river to the lake’s water flux is less than that of the atmospheric dissolution of dust at the lake surface. In jin et al. (2009a), the dust input represents 65% of the total input of dissolved and particulate forms, which is estimated based on the suspended particulate matter supplied by the Buha River to Qinghai Lake. Among the four recharge rivers of Qinghai Lake, from our result, the Buha and Shaliu Rivers have higher lithogenic fluxes, including dust input into the river and 232Th concentrations, contributing a large amount of particulate matter to the northwestern area of Qinghai Lake with a ratio of ∼90% of the detrital flux to the lake in September, which is actually not contradictory to Jin’s result with ∼65% of the dust input origin of the total input of dissolved and particulate forms in the Buha River and recharge into Qinghai Lake. This study supplies several rivers’ loads into the lake by a novel 230Th normalization method, which is further complementary to the detrital flux into Qinghai Lake with several major incharge rivers.
Hayes et al. (2013) suggest that there are two sources of Th in the ocean: one shallow due to dust dissolution and one deep associated with sediment dissolution/resuspension; and one removal mechanism, scavenging throughout the water column. Therefore, another reason for the higher concentration of 232Th in the deep water than in the surface water in the saline lakes may be due to the redissolution of 232Th in the sediment at the bottom of the lake. The other possibility is from accumulated sinking flux due to the slow deposition rate. In the future, we expect to use Th isotope information in lake sediments, combined with Th concentration data of depth profile particles’ composition and size, to further quantify the contribution of 232Th to lake sediments.
Overall, in September, the Buha and Shaliu rivers in the northwest basin contribute about 90% of the detrital 232Th flux to the lake. The lithogenic flux in the southeast lake is dominated by dust flux with a value of ∼0.109 g/m2/yr, while the higher lithogenic flux at the bottom of the lake was likely generated by accumulated sinking particulate matter and resuspension of bottom sediments in September.
CONCLUSION
The 232Th concentrations on the horizontal spatial scale at the surface of Qinghai Lake are unevenly distributed, being significantly higher around the river entrance of the northwest basin than in other lake areas, with more 230Th from exogenous material in the total dissolved water. When a large number of exogenous recharge rivers are mixed into the lake water in the northwest basin, the 232Th content and the corresponding dust flux of the lake water are mainly influenced by the type and content of the recharging river particles. Conversely, when the recharge river contribution is limited in the southeast basin, the 232Th content of the lake water away from the estuary is mainly influenced by the atmospheric dust. Furthermore, based on the 230Th normalization method (combining with 232Th and τTh), the dust flux of Qinghai Lake in September can be evaluated with an average of ∼0.109 g/m2/yr. When using a Th solubility from particles of 1%, the fluxes of lithogenic material range from 0.03 to 25.25 g/m2/yr in the surface water, consistent with the flux results of settled particles from the previous study. Deposition record resolutions of 7, 4, and 0.7 years are present in the southeast, northwest, and southwest of Qinghai Lake, respectively.
Among the four recharge rivers of Qinghai Lake, the Buha and Shaliu rivers have higher 232Th concentrations, contributing a large amount of particulate matter to the northwestern area of Qinghai Lake, with a ratio of ∼90% of the detrital flux to the lake in September. The lithogenic flux in the southeast lake is dominated by dust flux with a value of ∼0.109 g/m2/yr, while the higher lithogenic flux at the bottom of the lake was likely generated by accumulated sinking particulate matter and resuspension of bottom sediments in September. This study confirms the utility of long-lived Th isotopes to quantify lithogenic inputs based on the Th content of the dissolved lake water and also supply deposition resolution information for QHH sediment records with some certainty.
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and longitude
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Qinghai Lake QHH-9-0 0.2 107 36°59'35", 100°06'22" 10 September 2017 1
QHH-9-3 3
QHH-9-6 6
QHH-9-9 9
QHH-9-12 12
QHH-9-15 16
QHH-9-18 18
QHH-9-21 b 4
QHH-9-24 24
QHH-9-27 27
QHH-15-0 0.2 123 36'50'12", 100°04'59" 11 September 2017 1
QHH-15-3 3
QHH-15-6 6
QHH-15-9 9
QHH-15-12 12
QHH-15-18 18
QHH-15-21 21
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QHH-21-0 0.2 131 36°39'59", 100°37'18" 17 September 2017 1
QHH-21-3 3
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QHH-21-12 12
QHH-21-15 15
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QHH-120-S 0.2 120 36'46'34", 99°59'02" 11 September 2017 1
QHH-126-S 0.2 126 36°40'41", 100°28'09" 17 September 2017 1
QHH-127-S 0.2 127 36°43'19", 100°20'18" 17 September 2017 1
QHH-132-S 0.2 132 36°38'25", 100°41'32" 17 September 2017 1
QHH-201-S 0.2 201 37°11'62", 99°48'34" 18 June 2018 2
Buha River BH-201 0.2 201 37°22'35", 98'50'34" 17 June 2018 2
BH-202 0.2 202 37°12'53", 99°09'54" 17 June 2018 2
BH-203 0.2 203 37°08'06", 99°30'59" 17 June 2018 2
BH-301 0.2 301 37°22'35", 98'50'34" 23 July 2019 3
BH-302 0.2 302 37°12'53", 99°09'54" 23 July 2019 3
BH-303 0.2 308 37°08'06", 99°30'59" 23 July 2019 3
Shaliu River SL-201 0.2 201 37°37'18", 99'58'17" 18 June 2018 2
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SL-208 0.2 203 37°19'43", 100°07'28" 18 June 2018 2
SL-301 0.2 301 37°37'18", 99'58'17" 23 July 2019 3
SL-302 0.2 302 37°31'09", 100°05'11" 23 July 2019 3
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SL-401 0.2 401 37°19'92", 100°07'29" 18 November 2020 4
Hargai River HEG-201 0.2 201 37°17'11", 100°28'38" 18 June 2018 2
HEG-301 0.2 301 37°13'11", 100°28'37" 23 July 2019 3
HEG-401 0.2 401 37°13'11", 100°28'39" 18 November 2020 4
Daotang River DT-201 0.2 201 36°34'30", 100°44'49" 19 June 2018 2
DT-301 0.2 301 36°34'30", 100°44'49" 24 July 2019 3
DT-401 0.2 401 36°23'56", 100°58'28" 18 November 2020 4
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