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Lithium (Li) has two stable isotopes, 6Li and 7Li, whose large relative mass difference is responsible for significant isotopic fractionation during physico-chemical processes, allowing Li isotopes to be a good tracer of continental chemical weathering. Although physical erosion is dominant in the Polar regions due to glaciers, increasing global surface temperature may enhance chemical weathering, with possible consequences on carbon biogeochemical cycle and nutriment flux to the ocean. Here, we examined elemental and Li isotope geochemistry of meltwaters, suspended sediments, soils, and bedrocks in the Barton Peninsula, King George Island, Antarctica. Li concentrations range from 8.7 nM to 23.3 μM in waters, from 0.01 to 1.43 ppm in suspended sediments, from 9.56 to 36.9 ppm in soils, and from 0.42 to 28.3 ppm in bedrocks. δ7Li values are also variable, ranging from +16.4 to +41.1‰ in waters, from −0.4 to +13.4‰ in suspended sediments, from −2.5 to +6.9‰ in soils, and from −1.8 to +11.7‰ in bedrocks. Elemental and Li isotope geochemistry reveals that secondary phase formation during chemical weathering mainly control dissolved δ7Li values, rather than a mixing with sea salt inputs from atmosphere or ice melting. Likewise, δ7Li values of suspended sediments and soils lower than those of bedrocks indicate modern chemical weathering with mineral neoformation. This study suggests that increasing global surface temperature enhances modern chemical weathering in Antarctica, continuing to lower δ7Li values in meltwater with intense water-rock interactions.
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1 INTRODUCTION
Chemical weathering of silicate rocks consumes atmospheric CO2, releases solutes to ocean via river, and controls temporal variations in seawater chemistry. Therefore, understanding of silicate weathering has been highlighted to elucidate the global carbon cycle on a geological timescale (Walker et al., 1981; Berner, 2003). Lithium (Li) has two stable isotopes, 6Li and 7Li, whose large relative mass difference is responsible for significant isotopic fractionation during physico-chemical processes. The formation of secondary phases, especially clay minerals, preferentially takes up light isotope (i.e., 6Li), driving residual waters isotopically heavy (Pistiner and Henderson, 2003; Vigier et al., 2008; Pogge von Strandmann et al., 2010; Wimpenny et al., 2010a), while mineral dissolution is associated with little isotope fractionation (Pistiner and Henderson, 2003; Wimpenny et al., 2010b; Verney-Carron et al., 2011). In this context, Li isotopes have proved to be the most useful proxy for tracing the type and intensity of silicate weathering because Li is little in carbonates and Li isotopes are not affected by biological processes (Huh et al., 1998; Huh et al., 2001; Rudnick et al., 2004; Teng et al., 2004; Pogge von Strandmann et al., 2006; Lemarchand et al., 2010; Millot et al., 2010a; Liu et al., 2015). Ryu et al. (2014) assessed various factors controlling Li isotopes in soils developed along a 4 million year humid-environment chronosequence in the Hawaiian Islands, in which basalt weathering and secondary mineral formation mainly controls Li isotopes in these soil profiles.
Increasing global surface temperatures due to rising greenhouse gas levels for the Polar regions will enhances glacial melting, sea ice reduction, and organic matter decomposition in thawed permafrost as well as weathering of rocks (Kling et al., 1991; Oechel et al., 1993; Freeman et al., 2001; Jacobson and Blum, 2003; Serreze and Francis, 2006; Zimov et al., 2006; Schuur et al., 2008; Serreze et al., 2009; Ryu and Jacobson, 2012). Increased river runoff during glacial melting can promote chemical weathering and therefore negative feedbacks occur because chemical weathering of rocks regulates global carbon cycle on both human—and geological-timescales (Sharp et al., 1995). Many previous studies have long emphasized the impact of physical components of the Earth system, such as albedo, sea level, and possibly, ocean circulation (ACIA, 2005; IPCC, 2007). Recently, studies focusing on geochemical aspect have emphasized on the Arctic (Anderson et al., 2000; Tranter, 2003; Lee et al., 2004; Fortner et al., 2005; Bhatia et al., 2010; Wimpenny et al., 2010a; Wimpenny et al., 2011; Ryu and Jacobson, 2012). For example, the geochemistry of Greenland rivers has been examined to characterize dissolved organic matter associated with the ice sheet (Bhatia et al., 2010), to address the behaviors of Mg and Li isotopes during glacial weathering (Wimpenny et al., 2010a; Wimpenny et al., 2011), and to identify carbon cycle feedbacks in the present and future (Ryu and Jacobson, 2012). However, a few studies have been conducted in Antarctica (Lyons et al., 1999; Lyons et al., 2005; Harris et al., 2007; Welch et al., 2010; Witherow et al., 2010). The Barton Peninsula of King George Island, which is the focus of this study, is located in the marginal area of West Antarctica, where climate is warmer and more humid than in other parts of Antarctica (e.g., Campbell and Claridge, 1987), and will be much more sensitive to increasing global surface temperatures. Although previous studies have suggested little chemical weathering occurs in the Barton Peninsula (Lee et al., 2004; Santos et al., 2007), recent studies have indicated that chemical weathering may affect to some extent the water chemistry and soil formation (Lim et al., 2014; Lopes et al., 2019; Lopes et al., 2021).
This study focuses on Li isotopes for various types of samples (i.e., meltwater, lake, seawater, suspended sediment, soil, and bedrock) collected in the Barton Peninsula, in order to identify the various factors affecting water chemistry and then to examine if, how, and to what extent chemical weathering may occur in this area. Results will be compared with Li isotope data previously reported in the Polar regions.
2 MATERIALS AND METHODS
2.1 Study Area
Detailed descriptions of the study area are given in previous studies (e.g., Lee et al., 2004; Lim et al., 2014; Choi et al., 2022). In short, its surface area is approximately 1,310 km2 and its 92% is covered with glaciers with a maximum thickness of 395 m. The snow cover depth ranges from 2 to 73 cm, and mainly melts in summer (November–March; Jiahong et al., 1998). Ice-free area is exposed only along the shorelines in restricted area but has expanded with an increase of surface temperature (Park et al., 1998), in which relatively various vegetation such as flowering plant, bryophytes and lichens grow (Kim et al., 2007). According to climatic data collected at the King Sejong Station in the Barton Peninsula from 1988 to 1996, the climate is warmer and more humid than other Antarctic areas with an average annual temperature of −1.8°C, relative humidity of 89%, precipitation of 437.6 mm and wind velocity of 7.9 m/s from the northwest and southwest (Lim et al., 2009).
The Barton Peninsula consists mainly of lavas, pyroclastics, and Paleocene to Eocene hypabyssal and plutonic rocks. The Sejong Formation, existing at the lowestmost part, consists of mostly volcaniclastic sediments, which is distributed along the southern and southwestern coastal area of the Barton Peninsula. Most volcanic rocks over the Sejong Formation are widely distributed in the Barton Peninsula, ranging from basalt to andesite. Granodiorite is exposed in the southwestern region of Noel Hill and hydrothermal alteration is observed at the boundary between the volcanic rock and the granodiorite in the central part of the Barton Peninsula (Lim et al., 2014 and references therein).
2.2 Samples Collection and Field Measurements
A total of 36 water and 34 suspended sediment samples were collected in January 2015 at the Barton Peninsula, which are supraglacial streams, adjacent lakes, and seawater. A total of 29 surface soil samples were collected from the uppermost 10 cm of the active layer in the soil on the Barton Peninsula, avoiding soils on altered bedrocks (Figure 1). All sample locations were documented with a Garmin GPSMAP 60CSx handheld GPS meter. Temperature, pH, and electrical conductivity (EC) were measured in-situ using an ORION 5-STAR meter equipped with an ORION Combination epoxy pH electrode and DuraProbe 4-Electrode conductivity cells. Total alkalinity was measured using a Mettler Toledo T50A titrator with 0.01 M HCl acidmetric titration to an endpoint of pH = 4.5. Samples for dissolved cations, and Sr and Li isotopes were passed through 0.2 μm filter, collected in I-CHEM LDPE bottles, and acidified to pH = 2 using ultrapure HNO3. Samples for dissolved anions were passed through 0.2 μm filter and collected in acid-cleaned Nalgene LDPE bottles. About 500 ml of water sample was filtered in the laboratory using pre-weighed 0.2 μm filter, which were later dried at T = 60°C and reweighed in order to calculate the amount of suspended sediment (SS) per liter of meltwater.
[image: Figure 1]FIGURE 1 | Map showing sampling locations on Barton Peninsula, King George Island, West Antarctica. The sampling locations for suspended sediment are the same as those for water sample.
2.3 Preparation of Soil, Rock, and Suspended Sediment Samples
A total of 32 rock samples were the residual splits of bulk rock powders collected at the Barton Peninsula (Figure 1; Hur et al., 2001). About 0.1 g of soil and rock samples was completely digested in a 5:3 mixture of HF and HNO3. The samples were dried, refluxed several times in 6.0 M HCl to remove fluorides, and re-dissolved in 5% HNO3. Also, suspended sediment samples were processed in the same way as rock and soil samples.
2.4 Chemical and Isotopic Analyses
Cation and trace element concentrations were measured using a Thermo Scientific iCAP™ Q ICP–MS and a Perkin Elmer Optima 8300 ICP–AES at the Korea Basic Science Institute (KBSI). Anion concentrations were measured using a Dionex ICS–1100 ion chromatograph at the KBSI.
For water samples, strontium isotope ratios (87Sr/86Sr) were measured using a Neptune MC–ICP–MS upgraded with a large dry interface pump at the KBSI. Before the measurements, samples were dried in Teflon vessels, re-dissolved in 8 M HNO3, and separated from matrix elements using an Eichrom Sr resin. The 87Sr/86Sr ratios were normalized to 86Sr/88Sr = 0.1194, and the mean 87Sr/86Sr ratio of the NBS987 standard during analysis was 0.710248 ± 0.000053 (2σ, n = 32).
Lithium was separated from matrix elements using an AG 50W−X8 resin (200–400 mesh), dried, and re-dissolved in 5% HNO3 (∼40 ppb Li). Lithium isotope ratios were also measured using a Neptune MC–ICP–MS at the KBSI. Samples were analyzed using a blank-standard-blank-sample-blank-standard-blank external bracketing method, in which sample intensities were matched to within 10% of the intensity of the standard. The sensitivity was ∼90 V/ppm on mass 7 at a typical uptake rate of 100 μl/min, and blank values were low (∼30 mV for 7Li; 0.8%). Prior to the Li isotope measurement, each sample was checked for yield, which were greater than 99%. The Li isotopic composition is reported in delta notation (‰) relative to L-SVEC, where δ7Li = [(7Li/6Li)sample/(7Li/6Li)L-SVEC − 1] × 1000. The accuracy and reproducibility of the whole method was validated using the USGS rock reference materials (BCR-2 and BHVO-2) and seawater standard (IAPSO). BCR-2 yielded + 3.2 ± 0.6‰ (2σ, n = 10), BHVO-2 yielded +4.5 ± 0.0‰ (2σ, n = 2), and IAPSO yielded + 31.5 ± 0.8‰ (2σ, n = 6), which were all in good agreement with reported values (e.g., You and Chan, 1996; Moriguti and Nakamura, 1998; Tomascak et al., 1999; Nishio and Nakai, 2002; Magna et al., 2004; Huang et al., 2010; Ludwig et al., 2011; Ryu et al., 2014).
3 RESULTS
Table 1 presents physicochemical and isotopic compositions of water samples. Elemental and isotopic compositions of suspended sediment, soil and rock samples are given in Tables 2–4, respectively.
TABLE 1 | Physicochemical and isotopic compositions for water samples.
[image: Table 1]TABLE 2 | Elemental and isotopic compositions for the suspended sediments.
[image: Table 2]TABLE 3 | Elemental and isotopic compositions for soils.
[image: Table 3]TABLE 4 | Elemental and isotopic compositions for bedrocks.
[image: Table 4]3.1 General and Major Element Chemistry of Water Samples
The pH of most of water samples ranges from 5.69 to 8.72 except for four meltwater samples (K−6–9), which display much low pH (∼4.41). The EC of meltwaters (n=28) and lake waters (n=5) ranges from 48.1 to 269.9 μs/cm and from 61.5 to 4,944 μs/cm, respectively. On an average molar basis (Figure 2), major cation abundances of meltwater samples follow the order of Na+ (74%) > Ca2+ (15%) > Mg2+ (10%) > K+ (2%), while lake samples follow the order of Na+ (81%) > Mg2+ (9%) > Ca2+ (8%) > K+ (2%). Major anion abundances of meltwater samples follow the order of Cl− (69%) > HCO3− (19%) > SO42− (13%), whereas lake samples follow the order of Cl− (85%) > SO42− (8%) > HCO3− (7%). The high abundances of Na+ and Cl−, and the strong correlation between them (r2 = 0.99) suggest that water chemistry is mainly controlled by marine aerosol.
[image: Figure 2]FIGURE 2 | Ternary diagrams showing the relative molar abundances of cation and anion in the water samples.
3.2 Major Element Chemistry of Solid Phases
The compositions of the suspended sediment samples are, on average, different from those of rock (Hur et al., 2001) and soil samples. Based on the average wt%. (Tables 2–4), major cation abundances of the suspended sediment samples collected in meltwater follow the order of Na (37%) > Al (33%) > Fe (16%) > Ca (6%) > Mg (4%) = K (4%), whereas rocks and soils follow the order of Al (35%) > Fe (27%) > Ca (17%) > Na (10%) > Mg (6%) > K (5%), and Al (40%) > Fe (26%) > Ca (12%) > Na (10%) > Mg (7%) > K (5%), respectively.
3.3 Strontium and Lithium Isotopes
The 87Sr/86Sr ratios of meltwater, lake and seawater samples range from 0.704554 to 0.707716 with an average of 0.706004 (n = 26), from 0.706274 to 0.709006 with an average of 0.707822 (n = 5), and from 0.709025 to 0.709397 with an average of 0.709186 (n = 3), respectively (Table 1). Previous study showed that rock samples display the 87Sr/86Sr ratios, ranging from 0.703218 to 0.704620 with an average of 0.703685 (Shin et al., 2009).
The rock samples display Li concentrations ranging from 0.42 to 28.3 mg/kg (11.6 mg/kg, n=32) and δ7Li values ranging from −1.8 to +11.7‰ (+5.2‰, n = 29). Compared to rock samples, the soil samples show higher Li concentrations ranging from 9.56 to 36.9 mg/kg (15.9 mg/kg, n = 28) but lower δ7Li values ranging from −2.5 to +6.9‰ (+3.8‰, n = 28). The suspended sediment samples have much lower Li concentrations ranging from 0.011 to 1.4 mg/kg (0.50 mg/kg, n = 28) but higher δ7Li values than soil and rocks, ranging from −0.4 to +13.4‰ (+8.3‰, n = 23). On the contrary, meltwater samples have the lowest Li concentrations ranging from 8.69 to 176 nM (50.6 nM, n = 28) but much higher δ7Li values ranging from +16.4 to +41.1‰ (+26.4‰, n = 27). Lake samples display Li concentrations ranging from 13.1 nM to 2.38 μM (819 nM, n = 5) and also higher δ7Li values ranging from +24.2 to +33.6‰ (+30.5‰, n = 5). Seawater samples have Li concentrations ranging from 5.36 to 23.3 μM (16.8 μM, n = 3) and δ7Li values ranging from +30.6 to +31.5‰ (+31.1‰, n = 3), consistent with reported δ7Li value for seawater (+31‰; Millot et al., 2004) (Figure 3).
[image: Figure 3]FIGURE 3 | Li isotopic compositions in different types of samples collected in this study. Seawater and UCC δ7Li are from Millot et al. (2004) and Sauzéat et al. (2015), respectively.
3.4 Correction of Atmospheric Inputs
In order to constrain the controls on the dissolved Li isotope signatures, it is important to first determine the sources of dissolved Li. Because Li concentrations of meltwater samples are relatively low, it is critical to evaluate the atmospheric contribution before considering either rock or mineral inputs in waters, especially in maritime regions. Given the proximity of the study area to the ocean, it can be assumed that atmospheric input has the same chemical composition as seawater, as shown in other regions (Millot et al., 2010a; Millot et al., 2010b). Solute concentrations in meltwaters were corrected for atmospheric input using the equation as follows:
[image: image]
where [image: image] is the corrected concentration of solute i in meltwater (μmol/L), [image: image] is the measured concentration of solute i in meltwater (μmol/L), [image: image] is the measured concentration of Cl− in meltwater (μmol/L), and [image: image] is the molar concentration ratio of solute i to Cl− in seawater, in which two seawater samples (K−1 & 2) were used. Eq. 1 assumes that Cl− in meltwater only originates from atmospheric input, which is reasonable because neither Cl–rich evaporates nor hot springs occur in the study area, and Cl− behaves conservatively during transport (Feth, 1981).
4 DISCUSSION
4.1 Sources of Dissolved Lithium
4.1.1 Atmospheric Inputs
Based on major water chemistry, it is critical to evaluate the atmospheric contribution before considering the effect of either rock or mineral dissolution on meltwater chemistry. The atmospheric contribution to dissolved Li was calculated using Eq. 1 and the average molar ratio of 1000*Li to Cl− in two seawater samples (K−1 & 2; 0.047) as described in Section 3.4. Interestingly, corrected Li concentrations in one sample (K−36) among five lake samples, and eleven samples (K−3–5, K−20–22, K−31–35) among twenty-eight meltwater samples display negative values, highlighting a Li loss. Indeed, this result suggests that dissolved Li was preferentially sorbed into/onto secondary phases. On the contrary, corrected Li in the other samples account for 4%–79% (mean 46%, n = 17) of measured dissolved Li, indicating Li may come from other sources.
4.1.2 Rock Weathering
Several studies have suggested that both phosphatization and sulfurization enhance chemical weathering in Maritime Antarctica (Lopes et al., 2019; Lopes et al., 2021). As it can be assumed that anthropogenic effects on major dissolved ions are negligible in Maritime Antarctica, the major sources for Li corrected from atmospheric input should be related to rock weathering.
A linear correlation between (Ca* + Mg*) and (HCO3* + SO4*) in meltwater samples suggests that these ions are mostly derived from chemical weathering by carbonic and sulphuric acids (Figure 4A). Interestingly, four samples plotted on high SO4 (K−6–9) display low pH (∼4.4), indicating that the sulphuric acid produced by sulphide oxidation is a major agent. Likewise, a plot of Mg/Na and Ca/Na ratios shows that meltwater samples plot near the silicate end member (Figure 4B), likely indicating that silicate weathering is dominant with a little carbonate weathering.
[image: Figure 4]FIGURE 4 | Plots of (Ca + Mg)* and (HCO3 + SO4)* (A) and Mg/Na versus Ca/Na (B). Asterisk represents the concentration corrected for atmospheric input. Bedrock endmembers are from Gaillardet et al. (1999).
It has been shown that Li is correlated to Mg in world river waters due to similar ionic radii between Li+ (0.78Å) and Mg2+ (0.72Å), allowing Li to substitute for Mg in silicate minerals (Huh et al., 1998). Corrected Li concentrations in meltwater are in general proportional to Mg/Na ratios but poorly correlated with K/Na ratios even though K comes from silicate weathering (not shown). This suggests the tendency of Li to be preferentially retained in secondary phases, substituting for Mg2+ or occupying the vacancy generated by Mg2+ substitution of Al3+ (Huh et al., 1998). In contrast, K preferentially remain in the dissolved phase.
4.2 Li Isotope Fractionation During Weathering
4.2.1 High δ7Li in Meltwaters
The incorporation of Li into/onto secondary phases may results in Li isotope fractionation explaining the enrichment of 7Li in the meltwater samples. However, as sea salt may also have high δ7Li values, it is important to elucidate whether high δ7Li values in meltwater result from isotope fractionation or source effects with high δ7Li value.
The meltwater δ7Li values ranging from +16.4 to +41.1‰ (26.4‰, n = 27) are significantly higher than those of suspended sediments, rocks, and soils. As described in Section 3.3, there is a clear difference in 87Sr/86Sr ratios among water samples. Furthermore, the negative correlation between 87Sr/86Sr ratios and Sr/Na (molar ratio) reflects that water chemistry is mainly controlled by a simple binary mixing between seawater and silicate weathering (Figure 5A). Likewise, it might be expected that a binary mixing affects both Li concentrations and δ7Li values in meltwater samples because Li contents in carbonates are negligible. As shown in the correlation between 87Sr/86Sr ratios and Sr/Na, it seems that the correlation between δ7Li and Li/Na (molar ratio) also reflect a binary mixing between seawater and silicate weathering (Figure 5B). However, there is a little correlation between δ7Li and 87Sr/86Sr ratios (Figure 5C), indicating a simple binary mixing cannot explain Li isotopic compositions in meltwater.
[image: Figure 5]FIGURE 5 | Plots of 87Sr/86Sr ratios versus Sr/Na (molar ratio) (A), δ7Li versus Li/Na (molar ratio) (B) and δ7Li versus 87Sr/86Sr ratios (C). Bedrock 87Sr/86Sr ratios are from Shin et al. (2009).
If a binary mixing controls δ7Li values in meltwater samples, one lake and eleven meltwater samples showing negative Li concentration after atmospheric input correction should have seawater δ7Li value because all Li comes from seawater. However, their δ7Li values range from +24.3‰ to +41.1‰ with an average of +32.9‰ (n = 12), which is higher than seawater δ7Li value (31.3‰; K−1 & 2). The other meltwater samples having excess Li after sweater correction display δ7Li values ranging from +16.4‰ to +29.6‰ with an average of +22.0‰ (n = 16), which is much lower than seawater δ7Li, suggesting a non-negligible contribution from silicate weathering.
As described above, we can assume that the dissolved Li is essentially explained by a binary mixing as follows:
[image: image]
 where fsw is a fraction of seawater in total Li concentration and δ7Liweathering is an average δ7Li value of bedrock (+5.2‰; Table 4). The differences in between measured and calculated δ7Li values range from −7.0 to +10.2‰, with an average of +2.3‰ (n = 16), implying that conservative mixing is not a dominant control on δ7Li and process-related fractionation occurs in this system. Below, multiple process-controlled fractionations are considered in more detail.
4.2.2 Rock Weathering and Soil Formation in This Region
Experimental studies have demonstrated that Li isotopes fractionate significantly during weathering processes, mostly during secondary phase neoformation (Vigier et al., 2008; Hindshaw et al., 2019; Zhang et al., 2021). Indeed, rock/mineral dissolution or leaching is a congruent process, not fractionating Li isotopes, except for small and temporary effects related to diffusion (e.g., Verney-Carron et al., 2011). In contrast, Li uptake by secondary phases, such as smectite, kaolinite and Fe-oxides, induce significant isotopic fractionations, resulting in 6Li-enriched secondary phases (Maffre et al., 2020).
As reported in previous studies, if chemical weathering in Barton Peninsula is insignificant (Lee et al., 2004; Lee et al., 2019), Li isotopic compositions of rock and soil should be consistent due to dominant physical weathering and thus little secondary phase formation. However, δ7Li values of bedrock samples (mean +5.2‰, n = 29) are higher than those of soil samples (+3.8‰, n = 28), indicating the existence of secondary phases in soil (Figure 3) with lower δ7Li values. Previous soil study in the Barton Peninsula also showed that interstratified phyllosilicates, such as smectite and vermiculite, and crystalline Fe-oxides (goethite), occur in soil profiles (Lopes et al., 2019). Recent study on soil chronosequences in Hawaii (Ryu et al., 2014) showed that the mineralogical evolution of soil profiles through time is accompanied by progressive δ7Li decrease, resulting from sequestration of Li into 6Li-rich secondary phases. Taken together, this result suggests that secondary mineral formation and sorption into/onto them are the major processes controlling isotope fractionation during soil formation even if the extent of Li isotope fractionation is different from minerals (Vigier et al., 2008).
Although soil samples plot near igneous rock endmember on a plot of Na/Al versus Li/Al (Figure 6A), they plot outside a weathering trend between igneous rocks and shales endmembers on a plot of δ7Li versus Li/Al (Figure 6B), displaying lower δ7Li values than igneous rocks. It clearly supports that a significant modern chemical weathering occurs with mineral neoformation in the Maritime Antarctica.
[image: Figure 6]FIGURE 6 | Plots of Na/Al (mass ratio) (A) and δ7Li (B) versus Li/Al (mass ratio) in the suspended sediment and soil samples. Bedrock endmembers are from Dellinger et al. (2014).
4.2.3 Suspended Sediments
The δ7Li values of the suspended sediment samples ranging from –0.4 to +13.4‰ (mean +8.3‰, n = 20, Table 2) are higher than those of bedrock (mean +5.2‰) and soil (mean +3.8‰) samples, but much lower than meltwater samples (mean +26.4‰). Due to the high solubility of Na during chemical weathering compared to immobile Al, the Na/Al ratio can be regarded as “a weathering index” (Millot et al., 2010) or an index of the leaching intensity, such as the K/Mg (Bastian et al., 2017; Bastian et al., 2021). A positive correlation between Na/Al and Li/Al ratios suggests that Al-rich phases, such as clays, mainly controls Li concentrations in the suspended sediment (Figure 6A), which conforms observations from the dissolved δ7Li (see previous section). Also, a positive correlation observed in δ7Li and Na/Li ratio shows that the low Na/Li ratios are associated with low δ7Li values (not shown). Applying the modelling developed in previous studies (e.g., Bouchez et al., 2013; Dellinger et al., 2014; Dellinger et al., 2017), this is consistent with the fact that the particle δ7Li values depend on the ratio of dissolution/neoformation. In this context, low δ7Li values could be best explained by either lower dissolution rates or higher neoformation rate. However, more detailed investigations are needed to confirm it.
The fact that δ7Li values of the suspended sediments are higher than those of bedrock and soil samples suggests additional Li input with high δ7Li values. Interestingly, eight suspended sediment samples (mean +10.7‰; K–3–5, 22, and 32–35) collected from meltwater showing a Li loss have much higher δ7Li values than the other samples (+7.4‰). Also, they do not show any correlation between δ7Li and Na/Li ratio with relatively constant δ7Li values regardless of Na/Li ratios. The differences in δ7Li between meltwater and suspended sediment samples (Δ7Liwater-sed) are clearly distinct from between suspended sediments affected by high sea salt input and the others. That is, Δ7Liwater-sed of the former and latter samples are +23.9‰ and +15.5‰, respectively. The results could be explained by the fact that meltwater Li entirely coming from sea salt input is sorbed onto/into secondary phases present in the glaciers, allowing the suspended sediments to be δ7Li higher than those less affected by sea salt input as well as soils and rocks. That is, δ7Li values in the suspended sediments are not simply controlled by incorporating light 6Li that would result in lower δ7Li than rock/soil samples. Instead, they incorporate Li from sea salt with higher δ7Li that finally results in higher δ7Li in the suspended sediments relative to rock/soils.
Although it is difficult to estimate the partitioning of Li transported in the dissolved and particulate load in this study because chemical weathering process is not at steady-state (Vigier et al., 2001), this study clearly suggests that both dissolved and suspended sediment samples reflect Li isotope fractionation occurring presently during chemical weathering which is operating despite icy conditions.
4.3 Comparison With Other Studies in the Polar Regions
Lithium isotope studies have been conducted in the Arctic regions (Vigier et al., 2009; Millot et al., 2010; Wimpenny et al., 2010a) although there is only one study in the Antarctica (Witherow et al., 2010). In order to understand the factors controlling Li isotope fractionation in the dissolved phases, all data plotted on a plot of δ7Li vs. Li/Na (molar ratio) (Figure 7). At first glance, all δ7Li values negatively correlate with Li/Na ratios. Interestingly, three studies (Iceland rivers, Dry Valley, and this study) are distinguished from the others (Mackenzie and Greenland rivers) based on 1000*(Li/Na) = 1, and δ7Li values in the Mackenzie rivers are relatively lower than other studies. This indicates that the stages of chemical weathering control dissolved Li isotopic compositions. That is, either poorly crystalline or short-range order (SRO) minerals, such as Fe-(oxyhydr)oxides, during the incipient stages of chemical weathering could cause fluids to be more 7Li-enriched as shown in Greenland (Wimpenny et al., 2010a) and the Mackenzie basin (Millot et al., 2010), while crystalline secondary phases, such as clays, during relatively late stages could induce relatively low 7Li-enriched fluids as shown in the low-lying plains of the Mackenzie basin (Millot et al., 2010).
[image: Figure 7]FIGURE 7 | Plot of δ7Li versus Li/Na (molar ratio) in the water samples. Data for Iceland, Mackenzie and Greenland rivers, and the McMurdo Dry Valley are from Vigier et al. (2009), Millot et al. (2010), Wimpenny et al. (2010a), and Witherow et al. (2010), respectively.
Although Vigier et al. (2009) suggested that δ7Li values in Icelandic rivers closely correlated with basalt chemical erosion rates where high δ7Li values are associated with low chemical erosion rates but low δ7Li values with greater chemical erosion rates, Millot et al. (2010) argued that δ7Li values in the Mackenzie River Basin are controlled by the weathering regime where incipient weathering in the Rocky Mountains and Shield areas causes high 7Li enrichment in the fluid resulting from the Li uptake by oxyhydroxide phases, whereas relatively low 7Li enrichment is associated with groundwater experienced more intense water-rock interactions forming the secondary phases in the lowlands. On the contrary, δ7Li values in Greenland rivers (both non-glacial and glacial rivers) are mainly controlled by Fe-oxyhydroxides with preferential uptake of 6Li on their surface, where Fe-oxyhydroxides are formed under the ice as a product of sulphide oxidation in the glacial rivers (Wimpenny et al., 2010a). Compared to the Arctic rivers, the McMurdo Dry Valley study suggested dissolved Li isotopic compositions are affected by a mixture of different sources with different δ7Li values (Witherow et al., 2010). Whatever processes controlling dissolved Li isotopic compositions are different in each study, it is consistent that dissolved Li isotopic compositions are enriched in 7Li compared to those of suspended sediment and bedrock due to preferential 6Li uptake by secondary phases. However, relatively higher δ7Li in this study suggest that sea salt Li is sorbed into/onto secondary phases formed during incipient weathering, resulting in much higher dissolved Li isotopic compositions than seawater δ7Li.
Overall, given that the increase in global surface temperature enhances chemical weathering in Antarctica, it is expected that the increase in temperature causes a decrease in Δ7Lisolution–solid (δ7Lisolution – δ7Lisolid) as chemical weathering of bedrocks becomes congruent.
5 CONCLUSION
Elemental and Li isotope geochemistry of meltwaters, suspended sediments, soils and bedrocks in the Barton Peninsula, King George Island, Antarctica are investigated in order to elucidate the processes controlling Li isotopes in meltwaters. Li concentrations and isotopic compositions are quite variable in the samples, where dissolved phases display the lowest Li concentration but the highest Li isotopic composition. Correlation between elemental and Li isotope geochemistry reveals that dissolved Li isotopic compositions are mainly controlled by incongruent dissolution with secondary neoformation, rather than sea salt inputs from atmosphere or ice melting. Likewise, δ7Li values of soils also are affected by a modern chemical weathering with mineral neoformation rather than a binary weathering between igneous rocks and shales. However, the sorption of sea salt Li into/onto the suspended sediments causes δ7Li values higher than soils and bedrocks. Compared to other studies in polar regions, this study suggests that increasing global surface temperature enhances modern chemical weathering in Antarctica, which cause dissolved Li isotopic compositions to be as low as those in the Arctic rivers.
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Sample Lithology Al Ca Mg Na Fe K sr &L 87gr/%6gr?
(wt%) (mg/kg) (%)

HB25 Less altered basaltic andesite 101 623 207 296 630 124 665 109 26 0703546
HB26 985 663 193 281 598 048 730 587 20 0703454
HB37 983 720 286 2.76 609 095 740 721 12 0703320
HB38 981 788 258 2.57 601 022 653 153 06 0703218
HB3 Altered basaltic andesite 7.86 037 041 4.12 2.03 278 221 331 9.1 0.704188
HB21 916 437 321 1.82 6.14 043 434 106 44 0.703507
HB23 805 253 030 446 303 094 409 157 61 0703603
HB24 968 474 283 385 635 179 626 15.1 17 0.703567
HB27 413 067 002 070 16.1 010 988 0.42 108 0703430
HB28 954 433 185 328 59 079 744 868 44 0.703554
HB29 110 015 002 081 723 015 916 147 88 -

HB32-2 990 316 468 1.98 732 061 310 283 38 0.703578
HB32-3 929 026 006 052 522 215 110 164 - 0.704341
HB32-4 1.7 206 010 291 978 254 910 566 74 0703536
HB32-5 780 030 010 076 518 271 169 100 1.7 0704620
HB32-6 113 210 103 1.42 585 197 442 204 15 0.703826
HB32-7 8.89 175 126 338 693 096 511 165 18 0.703517
HB33 911 272 025 218 419 097 760 915 91 0.703554
HB35 9.40 104 210 247 758 014 789 652 64 0.703447
HB36 295 626 101 084 303 043 189 830 - 0.703419
HB4 Quartz-veined volcaniclastic rock 1.05 126 023 045 089 029 28 9.45 112 0704085
HBS5 456 466 047 1.53 561 099 89 122 92 0.704227
HB6 8.47 447 189 267 7.06 103 232 233 51 0.703711
HB? 560 250 073 246 854 0.44 252 128 81 0.703791
HB16A 797 446 1.00 3.19 986 096 502 124 23 0.703541
HB16B 207 155 106 055 574 038 1110 119 63 0.703491
HB1 Altered dyke 10.1 799 263 211 426 044 758 581 18 0.703554
HB14 7.95 207 072 267 7.34 279 341 7.67 32 0.703835
HB15 6.47 404 129 1.55 12.4 138 408 144 1.0 0.703598
HB30 Granodiorite 877 379 208 336 550 232 450 193 - 0.703709
HB31 800 385 204 319 555 219 401 152 85 0.703682
HB32-1 846 287 132 332 435 274 375 104 52 0.703850

“data from Shin et al. (2009).
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8.44
10.1
10.8
10.8
103
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103
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1.1
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10.8
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9.14
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3.38
3.79
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3.13
3.04
3.66
3.30
0.93
1.46
0.48
237
512
3.36

4.04
315
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381
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0.93
4.95
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1.92
229
217
0.30
244
1.99
212
1.31
174
244
1.72
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228
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1.97
0.44
1.93
267
226
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1.46
1.55
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1.85
242
272
228
153
147
e
294
256

293
202
241
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6.13
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Sample Al Ca Mg Na Fe K L L

(wt%) (mg/kg) (%)
K-23 041 006 011 067 018 0.10 1.05 6.4
K-12 008 003 000 024 001 003 0.27 11.0
K-14 043 005 010 025 022 0.12 0.86 a1
K-19 030 009 004 006 032 007 0.52 -0.4
K-28 027 004 005 044 021 002 0.65 13.4
K-36 016 001 001 035 002 000 0.30 11.2
K-3 016 002 002 023 005 004 0.48 9.8
K-4 011 001 000 026 001 001 0.31 11.8
K-5 008 002 000 025 000 003 0.29 1.1
K-8 058 015 011 033 035 005 1.18 86
K-7 042 007 008 028 025 004 0.94 6.4
K-8 068 021 016 015 052 005 0.98 44
K-9 003 002 001 001 006 003 0.06 -
K-10 018 003 002 024 009 002 0.50 71
K-11 041 008 005 029 018 006 0.92 1
K-13 005 002 002 001 004 000 0.12 -
K-15 067 014 012 017 045 0.1 1.43 3.1
K-16 022 002 002 025 008 003 0.58 7.4
K-17 019 004 001 025 026 001 0.44 7.7
K-18 020 005 002 026 022 002 0.561 6.4
K-20 000 001 000 001 000 000 0.02 -
K-21 000 001 000 001 000 000 0.01 "
K-22 009 002 000 025 001 003 0.32 10.4
K-24 016 002 001 028 004 000 0.39 8.4
K-26 028 004 003 030 011 004 0.62 7.2
K-26 020 002 001 033 004 002 0.41 83
K-27 013 001 000 025 002 000 0.29 1.7

K-29 039 004 001 091 004 002 0.27 10.9
K-30 017 002 001 038 003 001 0.28 105

K-31 019 003 001 026 008 002 0.39 -

K-32 024 003 001 045 005 0.00 0.29 10.5
K-33 026 003 002 032 009 002 0.41 10.3
K-34 018 002 001 028 006 001 0.39 11.8
K-36 034 003 002 032 017 004 0.47 97

not measured.





OPS/images/feart-10-913687-g007.gif





OPS/images/feart-10-913687-t001.jpg
Sample Location T pH EC ca Mg K Na Cl S0, HCO®  sr L CBE® &L 7S
Latititude  Longitude () [ (mM) (uM) (%) (%)
~N w) cm)

Seawater
K- 62.220 58.770 10 72 51280 949 449 828 405 502 249 224 798 233 -3 310 07
K2 62.228 58.789 33 79 53000 864 427 796 386 468 235 184 766 218 -2 315 07
K-23 62.229 58.711 07 87 34280 356 188 294 139 162 803 097 274 536 -1 306 07

Lake water
K12 62216 58.760 80 64 615 005 003 001 031 033 006 003 019 002 2 384 07
K14 62.233 58713 22 82 2200 072 305 068 258 304 161 076 620 163 -1 307 07
K19 62241 58.747 23 72 210 024 012 002 097 108 018 036 040 005 -3 242 07
K-28 62.225 58.793 43 71 4944 091 38 078 326 393 234 025 749 238 -1 308 07
K-36 62.232 58.779 14 57 639 001 004 001 037 042 002 001 016 001 1 386 07

Meltwater
K3 62.220 58.768 09 67 129 006 009 002 067 080 006 015 021 0010 -3 a1 07
K4 62.220 58.769 06 64 248 015 019 003 124 165 011 014 044 0019 -1 404 07
K5 62.220 58.769 02 62 249 015 019 003 121 153 012 020 044 0023 -2 392 07
K6 62.220 58.775 36 44 232 032 015 005 074 080 050 018 081 0100 -7 251 07
K7 62221 58775 23 44 236 037 017 005 074 078 058 026 090 0094 -8 250 07
K-8 62.221 58.776 12 46 270 041 017 005 073 076 064 018 095 0.0t -6 221 07
K9 62.221 68.775 04 43 251 031 013 004 074 079 051 015 084 0176 -8 166 07
K-10 62215 58.758 16 67 686 006 004 001 033 029 008 006 021 0039 1 219 07
K1 62215 58.758 09 71 686 006 003 001 033 020 008 007 021 0042 2 196 07
K13 62.219 58.766 02 77 947 006 004 001 054 048 004 016 019 0020 1 183 07
K15 62.231 58.713 02 83 180 034 012 002 064 048 013 088 059 0068 -2 208 07
K-16 62.232 58.712 10 87 238 041 016 003 091 060 020 110 066  0.106 -1 nd 07
K7 62.241 58.747 02 71 192 022 012 002 080 081 022 035 030 0058 -4 164 07
K18 62.241 58.747 04 72 186 021 012 002 081 08 021 030 031 0086 -3 175 07
K-20 62241 58.748 00 73 214 023 012 002 100 115 013 034 040 0038 -1 267 07
K21 62.241 58.747 01 75 214 024 012 002 103 116 012 040 041 0037 -1 266 07
K22 62.239 58.723 02 75 132 015 005 001 066 066 005 034 024 0024 -2 243 07
K-24 62.230 58.713 01 75 206 013 015 002 106 118 009 036 042 0081 -2 241 07
K-25 62.231 58.710 45 80 208 020 016 003 103 115 010 053 049 0079 -3 220 07
K-26 62.231 58.712 23 75 202 014 016 002 106 117 009 031 043 0079 0 242 07
K-27 62.226 58.791 03 62 870 004 005 001 044 046 008 003 014 0037 -1 197 07
K-29 62.237 58.752 03 71 849 005 004 001 047 052 004 006 021 0029 1 284 07
K-30 62.238 58.751 11 67 847 005 004 001 044 049 003 007  O11 0024 [ 296 07
K31 62.239 58.748 02 67 714 004 004 001 040 045 003 006 019 0020 [ 308 07
K32 62.237 68755 03 64 496 001 003 001 029 031 002 003 015 0012 1 343
K-33 62.234 58.770 02 65 481 001 002 001 021 023 002 003 014 0009 1 25 07
K34 62.235 68.770 18 64 603 003 004 001 032 03 004 005 009 0016 -1 312 07
K-35 62.234 58.777 15 62 751 002 004 001 043 044 005 002 017 0013 1 338

HCO3 = total akalinty.
"CBE: a percent charge balance error =(1Z" = TZ(TZ" + TZ') x 100 (%)

“two standard error (n = 20).
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