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Abstract

:

Thermokarst lakes and ponds formed due to thawing of frozen peat in high-latitude lowlands are very dynamic and environmentally important aquatic systems that play a key role in controlling C emission to atmosphere and organic carbon (OC), nutrient, and metal lateral export to rivers and streams. However, despite the importance of thermokarst lakes in assessing biogeochemical functioning of permafrost peatlands in response to climate warming and permafrost thaw, spatial (lake size, permafrost zone) and temporal (seasonal) variations in thermokarst lake hydrochemistry remain very poorly studied. Here, we used unprecedented spatial coverage (isolated, sporadic, discontinuous, and continuous permafrost zone of the western Siberia Lowland) of 67 lakes ranging in size from 102 to 105 m2 for sampling during three main hydrological periods of the year: spring flood, summer baseflow, and autumn time before ice-on. We demonstrate a systematic, all-season decrease in the concentration of dissolved OC (DOC) and an increase in SO4, N-NO3, and some metal (Mn, Co, Cu, Mo, Sr, U, Sb) concentration with an increase in lake surface area, depending on the type of the permafrost zone. These features are interpreted as a combination of (i) OC and organically bound metal leaching from peat at the lake shore, via abrasion and delivery of these compounds by suprapermafrost flow, and (ii) deep groundwater feeding of large lakes (especially visible in the continuous permafrost zone). Analyses of lake water chemical composition across the permafrost gradient allowed a first-order empirical prediction of lake hydrochemical changes in the case of climate warming and permafrost thaw, employing a substituting space for time scenario. The permafrost boundary shift northward may decrease the concentrations and pools of dissolved inorganic carbon (DIC), Li, B, Mg, K, Ca, Sr, Ba, Ni, Cu, As, Rb, Mo, Sr, Y, Zr, rare Earth elements (REEs), Th, and U by a factor of 2–5 in the continuous permafrost zone, but increase the concentrations of CH4, DOC, NH4, Cd, Sb, and Pb by a factor of 2–3. In contrast, the shift of the sporadic to isolated zone may produce a 2–5-fold decrease in CH4, DOC, NH4, Al, P, Ti, Cr, Ni, Ga, Zr, Nb, Cs, REEs, Hf, Th, and U. The exact magnitude of this response will, however, be strongly seasonally dependent, with the largest effects observable during baseflow seasons.
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1. Introduction


The impact of ongoing climate change on the functioning of aquatic ecosystems and biogeochemical cycles of chemical elements poses the main environmental threat in the arctic and subarctic regions [1]. Western Siberia is a key region and the most convenient platform to study the fundamental issues of climate–permafrost interaction, examine the applied aspects of these changes, and assess their possible social impacts [2,3,4]. Thawing of frozen peatlands under increasing air and water temperature and greenhouse gas (GHG) concentrations are the most crucial issues related to behavior of aquatic ecosystems in the north of Western Siberia, the largest permafrost peatland in the world.



The permafrost-affected part of the West Siberian Lowland (WSL) covers an area of 1.05 million km2 [5]. The majority of lakes here are of thermokarst origin, formed during thawing of frozen peat bogs, similar to other arctic and subarctic regions of the northern hemisphere. The lake coverage of the lowland can attain 40–60% in some areas. Recent estimates obtained using high-resolution satellite imagery show that the total area of the lakes amounts to 61,900 km2 [5], while the total number of thermokarst lakes of the WSL permafrost zone is 727,700 [6]. Thermokarst lakes in Western Siberia are the key components of GHG exchange between surface waters and the atmosphere [7]. Such lakes represent highly dynamic water systems [8,9,10,11], which are substantially fed by atmospheric precipitation [12,13]. Thermokarst lakes, as the most common water bodies in the arctic and subarctic regions, are also the main pools [14,15] and sources [16] of dissolved metals and dissolved organic carbon (DOC), and they play a crucial role for the adjacent hydrological network during flooding or drainage [17,18]. The surface of frozen peat bogs in the north of Western Siberia is smooth and flat; therefore, the water surface area of lakes is almost equal to the catchment area [13]. Most of the chemical elements and DOC enter the lakes during coastal abrasion of the reactive frozen peat [13,18,19], via surface runoff in the snowmelt period [12], via atmospheric transport [20], and after ground fires [21].



In high-latitude peatlands, thermokarst (thaw) lakes are formed due to ice melting and soil subsidence in frozen wetlands as a result of thermokarst processes [22,23,24,25,26,27,28,29,30,31]. Former studies of the history of thermokarst lakes revealed a cyclic nature of their formation and development [3,18,32,33,34,35], although these cycles are not observed in all circumpolar regions (i.e., References [25,36,37,38,39]). In the WSL, the cycle starts when frozen peat subsides due to warming, and a depression filled by thaw water is formed in the moss/lichen cover [3,18]. After some time, the depression attains the size of a lake due to ongoing subsidence of peat soil and degradation of its unstable edges. A mature thermokarst lake can eventually drain into another lake or into a hydrological system (local streams and rivers). The bottom of the drained lake is covered with gramineae-like plant communities alternated with mosses and lichens. The soil gradually heaves due to renewed permafrost, and small isolated mounds form and merge into a flat uniform palsa plateau. Another wet depression at the former basin of the thermokarst lake can start a new cycle. In this regard, the size of the water body can be indicative of the lake maturity, with small actively growing thaw ponds being a few years to a few decades old, and large, mature lakes with stable borders persisting for centuries (i.e., Reference [28]).



Thermokarst lakes in Western Siberia feature shallow depth (0.5–1.5 m), complete freezing in winter [40], and strong contact of thick sediments with overlaying water column via exchange of gases and solutes between porewaters and the water column [7,32]. Due to their shallow depth and unshaded (from the wind) position, the lakes lack vertical stratification in the water temperature, O2, and dissolved elements. Moreover, thermokarst lakes are typically isolated and not connected to hydrological networks. The watershed area of thermokarst lakes is typically very small, and it rarely exceeds the open water surface area. As a result, two main sources of solutes to the lake are peat abrasion/vegetation litter degradation on the lake shore, and subsoil inflow of the suprapermafrost ground waters above the frozen peat at the depth of 100 to 40 cm, depending on the active layer thickness (ALT). During the open water period from May/June to October, this suprapermafrost water originates from the rain/snowmelt water penetrating through moss and lichen layer and thawed peat ice, following progressively increasing ALT.



Thermokarst lakes in Western Siberia were studied primarily in summer [13,18,19,32,41,42,43,44], and the seasonal dynamics of the elemental composition was studied fragmentarily in one selected site of discontinuous permafrost zone [40]. As such, the seasonal dynamics of the elemental composition of lake water should be studied over a more extensive latitudinal transect of Western Siberia, encompassing several permafrost zones. By analogy with lakes of permafrost peatlands in Canada [12,26] or northern Sweden [45,46], one may expect that the hydrochemical pattern of lake water in WSL will follow the main hydrological events during the “active” (unfrozen) period of the year [47]: dilution by snowmelt in spring, evaporation and autochthonous biological processes in summer when the lake is fed by suprapermafrost waters, and beginning of freezing and sediment–bottom water exchange in autumn. However, it is not clear how and to which extent these processes will affect lake water chemical composition across small depressions, thaw ponds, and large thermokarst lakes abundant in different permafrost zones.



Ongoing climate warming in the Arctic can affect natural zones and cause spread of permafrost northward [48,49,50]. To predict changes in the elemental composition of surface waters [13,16,51,52], it is necessary to study the latitudinal gradient of the concentration of C, nutrients, and trace elements in water bodies. Generally, a latitudinal gradient allows using a “substituting space for time” approach as tested in Western Siberia for rivers [53,54,55], when contemporary spatial phenomena can be used to model future events (i.e., Reference [56]).



This work is aimed at getting new insights into the processes of formation of the lake water elemental composition across four permafrost zones of Western Siberia (from isolated to continuous permafrost zone), assessing a within-year variability of lake hydrochemistry, and predicting the evolution of elemental composition under ongoing climate change. For this, we addressed the following questions: (1) What are the relationships between element concentration and water surface area in different permafrost zones?; (2) How do the concentration and stock of DOC, DIC, nutrients, and trace elements in lake waters respond to the change in the main hydrological seasons?; (3) How do the concentrations and stocks of DOC, nutrients, and trace elements in thermokarst lakes change throughout the latitudinal profile of Western Siberia, and how may the elemental composition of the lake water respond to ALT increase and the permafrost boundary shift?



To shed light on these issues, we performed thorough seasonal measurements across all permafrost zones of the WSL in 2016. We studied major components of the C biogeochemical cycle in high-latitude water bodies—dissolved organic and inorganic carbon. Furthermore, we measured the concentrations and discussed the behavior of major anions (Cl, SO4), cations (Na, Mg, Ca, K), macro- (N, P, Si) and micro-nutrients (B, Mn, Fe, Co, Ni Cu, Zn, Rb, Mo, Ba), toxicants (As, Cd, Sb, Pb), and geochemical tracers (Li, Al, Ti, Cr, Ga, Sr, Y, rare Earth elements (REEs), Zr, Cs, Nb, Hf, Th, and U). As such, we covered all individual solutes of both ecological and general geochemical significance in the dissolved (<0.45 µm) fraction of the lake water. This set of data is novel compared to previous assessment of WSL thermokarst lake chemical composition performed in summer 2016 in the northern part of the lowland [13] and over four hydrological seasons in 2014 on a limited number of lakes in the sporadic permafrost zone [40].




2. Study Site Description, Sampling, Analytical and Statistical Methods


2.1. Study Site Description


The West Siberian lowland is covered by homogeneous taiga, forest–tundra, and tundra landscapes. The thermokarst lakes are developed in sporadic, discontinuous, and continuous permafrost zones, whereas raised bogs and ridge–pool complexes occur in isolated and sporadic permafrost zones [57]. The thermokarst lakes of Western Siberia are formed due to thawing and subsidences of frozen peatlands. The general cycles of their development are described elsewhere [2,3,32]. In the studied territory, the thermokarst lakes are shallow, isometric water bodies with sharp, rather abrupt shorelines. The mature thermokarst lake has stable frozen shores and it occupies clearly distinguishable depression in frozen peatlands. The height of the lake border can achieve 1.5 m which is comparable with the height of frozen mounds in the surrounding palsa peatbogs. The change of hydrological seasons leads to the change in lake depth due to evaporation and atmospheric input.



Lake water was sampled along the permafrost transect of Western Siberia, which includes four permafrost zones with four key sites in these zones: the southern site in the environs of the Kogalym town, taiga biome of the isolated permafrost zone; the environs of the Khanymey village, northern taiga biome of the sporadic permafrost zone; the environs of the Urengoy town, forest–tundra biome of the discontinuous permafrost zone; and most northern key site in the environs of the Tazovsky town, tundra biome of the continuous permafrost zone (Figure 1). In the description of the results obtained, the key study sites are referred to in accordance with the permafrost zones. The four key study sites are located essentially on watershed divides within the catchments of the Ob, Nadym, Pur, and Taz rivers. The average annual temperatures in these four territories are −4.0, −5.6, −6.4, and −9.1 °C when going from south to north [58]. During summer sampling, the average thickness of the active layer ranged from 200–300 cm in the south to 65 cm in the north [50]. A more detailed description of the study sites is provided elsewhere [7,13,49,50,59,60].



In the latitudinal transect of Western Siberia, we studied 67 lakes during three main hydrological seasons—melting of lake ice cover in spring, base flow in summer, and at the beginning of lake freeze-up in autumn. Specifically, we worked in 2016 at the ice-off event (20 May–13 June 2016), in the middle of the summer (8–24 August 2016), and just before lakes were ice-covered (25 September–8 October 2016). The sampling was performed in all four permafrost zones and included 18, 17, 16, and 16 lakes in the isolated, sporadic, discontinuous, and continuous permafrost zones, respectively.



The studied lakes are mostly rounded flat-concave shallow basins [7,13,62]. All the lakes have small catchments, with a watershed area almost similar to the area of the lake. The size of the lakes varies from several hundred meters to 1 km2 across all the permafrost zones. The studied lakes are characterized by shallow depth that varies significantly in different seasons since the main source of water supply for lakes is atmospheric precipitation and spring snowmelt [12,19,40], and parts of the small water bodies dry out in summer. The depth of the studied lakes in spring, during active snowmelt and abundant precipitation, was 122 ± 35 cm for the isolated zone, 50 ± 20 cm for the sporadic zone, 81 ± 37 cm for the discontinuous zone, and 140 ± 87 cm for the continuous permafrost zone. In summer, the depth of the studied lakes was observed to significantly decrease from the isolated to continuous zone and amounted to 90 ± 35, 36 ± 25, 45 ± 27, and 125 ± 77 cm, respectively. During autumn ice-on period and heavy rains, the depth of the lakes insignificantly increased, which was especially characteristic of sporadic and discontinuous zones (Figure S1A, Supplementary Materials).



The average temperature of lake water in the four key study sites ranged from 9.3 to 19.3 °C in the spring, 17 to 21.4 °C in the summer, and 3 to 8.1 °C in the autumn (Figure S1B, Supplementary Materials). There was no sizable temperature stratification between the most surface (0–20 cm) and most deep (0–10 m above sediments) water layers. All the lakes studied are characterized by high oxygen content, especially in the autumn (Figure S1C, Supplementary Materials). In order to obtain comparable results for the same season across full permafrost gradient, in spring, we moved from the south to the north, progressively sampling the lakes, following the northward advancement of the snowmelt. In summer and autumn, we moved from the north to the south. Note that, for seasonal observations, ultra-small water bodies (<100 m²), which often dry out in the summer, were excluded from sampling.




2.2. Sampling and Analyses


Water samples were collected from the lake surface (15–20 cm) using sterile plastic syringes and vinyl gloves. The lake water was filtered in situ immediately after sampling through disposable MILLEX Filter units (0.45 μm). The first 20–50 mL of the filtrate was not analyzed. To determine nutrients, samples (50 mL) of water filtered through pre-combusted acid-washed 0.45-µm Whatman GF/F glass fiber filters at 550 °C for 4 h (Thermo Fisher Scientific, Waltham, MA, USA) were immediately frozen for subsequent analysis of N-NH4+, N-NO3−, and P-PO43−.



The filtered samples of lake water were divided into two parts, each of which was placed in a polypropylene vial (12 and 30 mL) pre-washed in a clean room (class A 10,000). One vial was acidified with bidistilled nitric acid to pH = 2 for cation analysis, and the other one was not acidified to analyze DOC, DIC, major anions (Cl, SO4), and ultraviolet (UV) absorbance. Prior to the analysis, the samples were stored in a refrigerator at 4 °C. At each sampling site, the temperature, pH, specific conductivity (SC), and dissolved oxygen (O2) were measured using a WTW Multi 3430 meter. The lake depth was measured using an echo-sonder (Cole-Parmer) at five points and represented as the median of a set of five numbers.



The nutrient concentration was analyzed using an automated flow injection analyzer (FIA star 5000, FOSS, Denmark) with detection limits of 1 µM·L−1 for N-NH4, 0.5 µM·L−1 for N-NO3, and 0.5 µM·L−1 for P-PO4. The CO2 and CH4 concentrations were measured by gas chromatography (see References [44,50] for details). The concentration of DOC, DIC, Cl, SO4, Si, major cations, and trace elements was measured by standard methods used for boreal organic-rich and low-mineralized water samples [18,43,63] as briefly described below. Trace elements were measured by inductively coupled plasma mass spectrometry using an ICP-MS quadrupole (Agilent Technologies 7500 ce, Santa Clara, CA, USA), with an In + Re internal standard and an uncertainty of ±5%. International geo-standard SLRS-5 (river water reference material for trace element analysis certified by the National Research Council of Canada) was used to validate the analyses [64]. The agreement of the results with certified SLRS-5 values ranged from 10% to 15% for 40 elements, except for B and P (≤30%). Non acidified samples were used for the following types of analysis: (1) measurement of DOC concentration by complete combustion at 800 °C using a platinum catalyst with subsequent determination of CO2 by infrared spectroscopy (TOC-VCSN, Shimadzu, Kyoto, Japan), with an accuracy of 5%, and a detection limit of 0.1 mg·L−1; (2) determination of chlorides and sulfates by high-performance liquid chromatography in the range of 0.05–10 mg·L−1 (Dionex ICS-2000, San Jose, CA, USA), with an accuracy of 2%, and a detection limit of 0.02 mg·L−1; (3) determination of ultraviolet radiation absorption at 254 nm using a Varian CARY-50 UV–visible light (Vis) spectrophotometer (Agilent Technologies, Santa Clara, CA, USA) and 10-mm quartz cuvette.




2.3. Statistical Treatment


The data on element concentrations were, firstly, checked for normal distribution using the Shapiro–Wilk test. Nonparametric statistics methods were employed even if a part of the data used in statistical processing was normally distributed and another part was distributed abnormally. The values of the median and interquartile range (median ± IQR) were used to describe the uncertainty due to a large number of extrema and outliers in the datasets and abnormally distributed data. For comparison, we also present the average values and standard deviation (mean ± SD) (Table A1, Appendix A). A correlation analysis with the calculated Spearman’s correlation coefficient (Rs) (p < 0.05) was used to identify the relationship between the elemental composition of lake waters and the water surface area, and to identify the shape of latitudinal patterns of chemical elements. The non-parametric Kruskal–Wallis test (H-test), which determines whether three or more independent samples originate from the same median population, was used to estimate the total difference in the concentration of major and trace elements between four sampling sites during three hydrological seasons. In this regard, this method is similar to the parametric one-way analysis of variance (ANOVA). In addition, a paired comparison analysis was performed using the non-parametric Mann–Whitney test (U-test) to identify statistically significant differences between two independent datasets based on one given parameter. Further statistical treatment of a complete set of element concentration in thermokarst lake waters included hierarchical cluster analysis (HCA) and principal components analysis (PCA) using a variance estimation method [65]. The PCA allowed testing the effect of various parameters, latitude and hydrological seasons in particular, on the behavior of DOC and the concentration of chemical elements. All graphs and drawings were plotted using Microsoft Excel 2016 and STATISTICA version 8 software package (StatSoft Inc., Tulsa, OK, USA) (http://www.statsoft.com).





3. Results and Discussion


3.1. Dependence of the Concentration of DOC, DIC, Anions, and Trace Elements on the Water Body Size


It is known that the main sources of chemical elements in thermokarst lakes in the north of Western Siberia are coastal abrasion of peat strata of frozen peat bogs (via leaching processes) and lateral soil (suprapermafrost) flow from the lake watershed [18,42,49,50]. As a result, the concentration of dissolved chemical elements, DOC, CO2, and CH4 strongly depends on lake surface area [13,19,40,42], as it is also known in various regions of the northern hemisphere [66,67].



The Spearman’s rank correlation coefficient (p < 0.05) was used to reveal the relationship between the concentration of chemical elements in different seasons and the water surface area for each study area. Correlation analysis data are presented in Table S1A (Supplementary Materials), which lists the elements that exhibit statistically significant values of the correlation coefficient during three hydrological seasons (spring–summer–autumn).



3.1.1. Isolated Permafrost Zone


In the isolated permafrost zone, the DOC concentration decreased (Rs spring = −0.72, Rs summer = −0.79, and Rs autumn = −0.76, p < 0.05) in all three hydrological seasons as the water surface area increased (Figure 2A), which can be due to progressive decrease of allochthonous DOC supply from the surrounding peat [18] upon lake surface area (Sarea) increase due to lake maturation. It is known that, when the lake surface area increases, the impact of peat (coastal abrasion) decreases [19]. This is accompanied by a replacement of allochthonous by autochthonous DOC [68,69]. A statistically significant increase in the SO4 concentration in lake water with the increase in Sarea (Figure 2B) during all three seasons (0.76 ≤ Rs ≤ 0.83, p < 0.05) can be attributed to an increased effect of the groundwater and to diffusion of sulfate from sediment porewater, where it accumulates, due to autochthonous organic matter (OM) [32], to the water column. These effects become more pronounced in the course of lake maturation, leading to elevated SO4 concentrations in the largest lakes.



The Mann–Whitney U-test (p < 0.05) did not show a statistically significant difference between two size classes (<10,000 m² and >10,000 m²) for lakes in the isolated permafrost zone. In the spring, when the Sarea increased due to lateral input of snowmelt water, a statistically significant increase in concentration with Sarea could be observed for Cl, N-NO3, B, K, Co, Rb, and Cs (0.51 ≤ Rs ≤ 0.66). In the summer base flow period, the concentrations of Li (Rs = −0.63), Cr (Rs = −0.5), Zn (Rs = −0.55), and Ga (Rs = −0.47) decreased with Sarea increase and the concentrations of Sb (Rs = 0.49) and Cs (Rs = 0.62) increased. In autumn, at the beginning of freeze up, the SC (Rs = −0.54), Li (Rs = −0.78), B (Rs = −0.49), and Cr (Rs = −0.54) showed a negative correlation with Sarea, whereas a positive correlation was observed for Rb (Rs = 0.53), Cd (Rs = 0.61), and Sb (Rs = 0.62). The other solutes did not demonstrate any sizable effect of lake area on their concentrations.




3.1.2. Sporadic Permafrost Zone


As described previously, the lakes of the sporadic permafrost zone exhibit strong dynamics of changes in the elemental composition of water depending on the lake surface area [19,40,42,60]. However, in this study, we could not track strong dynamics between these indicators during all hydrological seasons, probably due to a small number of studied lakes and the lack of ultra-small water bodies. Only lakes with Sarea > 150–200 m2, which do not dry out in summer, were used to study spatial and seasonal dynamics.



Statistically significant decreases in concentrations with Sarea increase in all three seasons were found only for SC (Rs spring = −0.54, Rs summer = −0.65, and Rs autumn = −0.71, p < 0.05) and DOC (Rs spring = −0.79, Rs summer = −0.51, and Rs autumn = −0.51, p < 0.05) (Figure 3A). The mechanisms responsible for elevated DOC values in small size lakes are peat abrasion and enhanced suprapermafrost water input, with limited processing of allochthonous DOC due to its stability with respect to bio- and photo-degradation (i.e., Reference [70]). Typically, young thermokarst thaw ponds are marked by the presence of organic matter from the degrading permafrost [69]. Another element exhibiting systematic change of concentration over all seasons is nitrite. The N-NO3 concentration increased with Sarea (Rs spring = 0.9, Rs summer = 0.73, and Rs autumn = 0.9, p < 0.05, Figure 3B), which can be indicative of nitrate diffusion from lake sediments, where it is produced due to enhanced input of allochthonous OM from decaying phytoplankton, which is typical for large lakes.



In the spring period of increased water volumes in lakes and breakup of ice, when the lake water surface area increases, an increase in the concentration of Cl, SO4, specific ultraviolet absorbance (SUVA245), N-NH4, K, V, Rb, and Mo was found to be statistically significant (0.50 ≤ Rs ≤ 0.84, p < 0.05). Only Cd exhibited a decrease in concentration with an increase in Sarea (Rs = 0.52, p < 0.05). The autumn was characterized by an increase in SO4, SUVA245, P-PO4, Ptot, Ti, V, Mo, Cs, rare earth elements (REEs), and Th concentration with an increase in Sarea (0.51 ≤ Rs ≤ 0.71, p < 0.05). In the summer low water period, the concentration of nutrients (K, Rb), Y, Zr, Hf, and REEs increased significantly (Rs = from 0.51 to 0.71). The behavior of these lithogenic elements, likely originated from alumosilicate dissolution in mineral soil and subsoil horizons, may mark significant influence of groundwater on the formation of the elemental composition of lake water. This can be highly sensitive to a change in geocryological conditions due climate warming and the shift of permafrost zones to the north (see Section 3.6 below).




3.1.3. Discontinuous Permafrost Zone


In the discontinuous permafrost zone in spring, most chemical elements exhibited statistically significant differences between the two distinguished lake size classes (<10,000 m2 and >10,000 m2). The concentration of both lithogenic (Al, Si, Ti, trivalent and tetravalent hydrolysates) and some labile elements (Li, Na, Mg, Ca, Sr, As, Mo, U) increased with an increase in Sarea, which can be explained by active lateral input during snowmelt and ice abrasion of the peat shoreline. Therefore, for these elements, the ratio of the lake circumference to lake volume is not a driver of their concentrations, similar to the case for sporadic/discontinuous permafrost zone [40,42]. Presumably, the main factor controlling the increase in concentration of these elements is snowmelt and leaching of trace elements (TE) from the vegetation of frozen peat bogs followed by their lateral transfer to lakes.



At the same time, the pH and concentration of Li, Mn, and Co significantly increased with Sarea during all three seasons (p < 0.05, Figure 4). Here, both mobilization from groundwater (Li) or lake sediments, due to redox reactions (Mn, Co; see Reference [32]) in large lakes, may be the governing factor of element increase during the baseflow period.




3.1.4. Continuous Permafrost Zone


The lakes in the continuous permafrost zone neither show a statistically significant difference between the size classes nor a distinct dependence of the concentration of chemical elements on the water surface area. Presumably, the presence of thawed mineral horizon [71] interferes with peat as the main source of chemical elements entering the thermokarst lake water, and this distinguishes the continuous permafrost zone from southern regions. In summer, a number of labile, presumably seawater-originated elements exhibited an increase in concentrations with increased Sarea: pH, Ca, Sr, Cu, Sb, Mo, U (Figure 5). The mineral horizons here are formerly marine clays represented by diatomites with illite and montmorillonite with some chlorite and allophanes (see Reference [51] for soil profile and references therein). These clays may contain a sizable amount of labile elements originated from seawater via adsorption during diagenesis (Ca, Sr, Mo, Sb, U). The high affinity of these elements to clay minerals such as smectite, chlorite and montmorillonite is fairly well known [72,73]. Therefore, we hypothesize that large thermokarst lakes of continuous permafrost zone are capable of eroding the peat underlying mineral horizons, and, after some threshold Sarea (around 50,000 km², see Figure 5), the exposed mineral layers on the lake bottom start to release a sizable amount of labile elements to the water column.



Considering all permafrost zones together, it was found that there was an increase in pH, DIC, alkali and alkaline-earth metals (Li, Mg, K, Ca, and Sr), divalent heavy metals (Co, Ni and Cu), trivalent and tetravalent hydrolysates (Y, Zr, REEs, and Th), Mo, As, and U with lake surface area. The increase in labile soluble elements (alkali and alkaline-earth metals, Mo, As, and U) in the southern, sporadic to discontinuous permafrost zone can be interpreted as due to the input of deep underground waters which contact with carbonate rocks and penetrate into large lakes via taliks or subsurface flow. In the continuous permafrost zone, this increase may be due to a desorption of soluble elements from marine clay mineral surfaces (illite, montmorillonite) exposed at the bottom of large lakes. The increase in concentration of insoluble trivalent and tetravalent hydrolysates with Sarea is pronounced mostly during baseflow period and likely stems from silicate-bearing rocks such as clays, whose dissolution in deeper soil horizons provide tri- and tetravalent hydrolysates (TE3+ and TE4+) to the lake water. These elements are then stabilized in solution via organic and organo-ferric colloids. In contrast, concentrations of DOC and Pb decreased with Sarea (Table S1B, Supplementary Materials), which reflects their dominant origin from peat, abrading at the lake shores. Subsequent delivery of these elements to the lake water column occurs via suprapermafrost flow over frozen organic horizons. These factors are mostly pronounced in small thaw ponds, having a high ratio of lake circumference (and lake watershed area) to the water volume.





3.2. Impact of Hydrological Season on the Concentration of DOC, DIC, Anions, and Trace Elements in Thermokarst Lake Water


Mean and median concentrations of lake water components measured in the WSL territory for each season are listed in Table A1 (Appendix A). Statistical analysis of the difference in concentrations of chemical elements among different hydrological season was performed for each of the four permafrost zones. For comparison, we used the non-parametric Mann–Whitney test (U-test) for unrelated samples. The correlation was based on a statistically significant difference between the seasons (p < 0.05). Table S2 (Supplementary Materials) shows the relationships where at least one value (compared pair) was statistically significant. During the analysis, the size classes of lakes were not divided due to the absence of very small and very large water bodies in the sample set. Following a previously developed approach, we considered a more than two-fold change in the concentration between the dataset to be significant [40].



There was a progressive increase in the concentration of Mg, Li, B, Al, and Ca from spring to autumn (an increase of 1.5–2-fold or more) in lakes located in the isolated permafrost zone (Figure 6A). Compared to spring season, significantly higher (50–120%) concentrations were observed in summer and slightly higher (10–40%) concentrations were observed in the autumn. The concentrations of DIC, Cl, Si, Cr, V, and Hf were the highest in the spring and autumn periods of heavy rains, and they decreased sharply in the summer during low water period. A particularly noticeable increase in their concentration could be observed in the autumn. The concentration of DOC, SO4, Fe, Mn, Pb, Na, Cd, Cu, Rb, K, Ti, Mo, Ba, Ni, Zr, Cs, Sr, Co, Sb, Nb, Th, U, and most REEs did not show a statistically significant (p < 0.05) difference between seasons.



Thermokarst lakes located in the sporadic permafrost zone showed a 0.5–3-fold increase (p < 0.05) in the concentration of SUVA245, DOC, Ptot, Fe, Sb, As, U, Ba, Zr, Sr, Cu, and Th and a 3–5-fold increase in the concentration of Mn, Al, Cd, Co, Ni, Ti, Cr, Li, Nb, and REEs in the summer relative to the spring (Figure 6B). The most pronounced increase was observed for Ca (6.3) and B (6.8). No statistically significant difference in concentrations between summer and autumn was observed.



Seasonal variations in the elemental composition of lake waters in the discontinuous permafrost zone are similar to those in the sporadic zone (Figure 6C). A sharp increase in the concentration of most of the studied elements was observed from spring to summer. Furthermore, a progressive increase in the concentration from spring to autumn (2–5-fold increase) was characteristic of DOC, Al, Ca, B, Cu, Li, Cr, Pb, Nb, Sr, Hf, Th, and some REEs (Y, Ce, Pr, Sm, Eu, Gd, Tb, Dy, Ho, Er, Yb, and Lu). The SUVA and concentration of Ptot, Mn, Cd, As, Ni, and Co increased sharply in summer and slightly decreased in autumn. Significant accumulation of Si (five-fold), Zn, Rb, and SO4 (1.5–2-fold) in thermokarst lake waters occurred in spring and autumn. This may indicate the inflow of these elements from plant litter which is flooded during snowmelt and heavy rains. Accumulation of SO4, especially in spring (a two-fold decrease in summer concentration), may indicate diffusive transport of sulfates from bottom sediments. The concentration of DIC, Cl, Fe, Na, K, Mg, Sb, Ti, Cs, Zr, V, U, Ba, and Mo remained stable over all three hydrological seasons.



A statistical analysis of the elemental composition of lakes located in the continuous permafrost zone, where most of chemical elements originate from thawed mineral horizon, showed a 1.5–3-fold gradual increase in the concentration of DOC, Cl, Al, Cu, Ti, Cr, Th, U, Li, Ni, Na, Si, Sr, Hf, Zr, Y, and REEs from spring to summer and autumn (Figure 6D). Lower concentrations of Fe, Mn, Cd, V, K, Rb, and Nb in summer relative to spring, when the water level in thermokarst lakes in this zone is minimal, may indicate a preferential lateral inflow of these elements into lake waters with surface runoff, which is mostly pronounced in the spring. This surface inflow is replaced by a subsurface (supra-permafrost) flow in the summer. The decomposition of aquatic vegetation and precipitation can represent additional sources of Zn and B, which show a eight- and 12-fold increase in summer and a four- and two-fold decrease in the autumn relative to the spring, respectively. The elevated concentrations of K, Rb, and Si during autumn compared to summer may indicate (i) ceasing of these nutrient uptake by macrophytes, planktonic, and periphytic diatoms, and (ii) degradation and release of autochthonous freshly produced organic matter. These effects (at least for Si) are also visible in the discontinuous and isolated permafrost zones.




3.3. Effect of the Permafrost Gradient on the Concentration of Elements in Thermokarst Lakes


Prior to testing the concentration dependence of chemical elements on the geographical latitude, we conducted the Mann–Whitney U-test to identify variations in concentration in the four areas over different seasons (spring, summer, and autumn) (Table S3, Supplementary Materials). The revealed variation shows that the concentrations of most elements change significantly across the areas in all three seasons. Sporadic and discontinuous permafrost zones show the greatest similarity in elemental composition, which can be due to similar conditions for lateral element delivery to the lakes via water leaching of the peat deposits and surrounding vegetation under condition of discontinuous/sporadic permafrost, drastically different from those in most southern (isolated) and most northern (continuous) permafrost zones.



The impact of permafrost gradients on thermokarst lake hydrochemistry was determined via analysis of correlation between element concentration in the lake water and geographical latitude. Spearman’s nonparametric correlation coefficient (Rs, p < 0.05) was used to analyze the data with abnormal distribution (Table S4, Supplementary Materials). Note that, for this treatment, we considered only trends of element concentration with latitude that were significant (p < 0.05) over all three hydrological seasons. Based on latitudinal dynamics of lake water chemical composition, the following group of elements were distinguished:



(1) The value of pH and concentrations of CO2, DIC, Mg, Ca, Mo, Sr, U, Ptot, Li, Na, Ti, V, Fe, Co, Ni, Cu, Y, Zr, REEs, Hf, and Th increased northward (Figure 7). Specifically, the pH and concentration of CO2, DIC, Mg, Ca, Mo, Sr, and U changed insignificantly from south to north (from the isolated to discontinuous permafrost zone) and increased sharply (2–3-fold) in the continuous permafrost zone. A possible factor affecting this pattern is shallower peat deposits in the north [3], such that the thawed layer reaches the mineral horizon (marine clays containing illite, chlorite, and montmorillonite) in the tundra zone. This promotes accumulation of low-mobile lithogenic elements and rapidly increases the concentration of dissolved inorganic carbon in lake waters of the continuous permafrost zone. Note that this behavior is somewhat different from that observed for rivers of this territory [16,51]. The elevated pH in the north may explain the enrichment in labile elements; unlike rivers, thermokarst lakes are essentially disconnected from groundwaters and, thus, former marine clays in Tazovsky are most likely the cause of elevated pH and concentrations of DIC, Mg, Ca, Sr, Mo, U, and partially K.



(2) Elements decreased their concentrations northward in all three seasons (p < 0.05): SO4, Cd, Pb, Sb, and Cs (Figure 8). The decrease in SO4 may be due to isolation of sulfate-bearing groundwater reservoirs from surface waters occurring in the continuous permafrost zone. Trace elements Cd, Pb, Sb, and Cs are known to enrich the peat and peat porewaters [49,50], and their decreased concentration in the north may reflect a decreased release of these elements to adjacent surface waters due to decreased peak thickness in the continuous permafrost zone [3]. Furthermore, a decreased input of these elements to the lake water in the north may be due to a decrease in the impact of atmospheric aerosol deposition [20].



(3) The elements which did not show statistically significant changes with latitude in all three seasons (p < 0.05) were SC, Cl, DOC, P-PO4, N-NO3, N-NH4, B, Al, Si, K, Cr, Mn, Zn, As, and Rb. However, some elements such as DOC, Al, Cr, and Mn demonstrated a clear maximum in the sporadic or discontinuous permafrost zone (Figure 9). Presumably, this permafrost belt with its highest ALT during summer and autumn baseflow and at the same time sizable amount of frozen peat provided the most optimal redox conditions for Mn (and Cr) mobilization from the lake sediments to the water column and DOC and Al leaching via peat abrasion and transport in the form of colloids [60].



It is noteworthy that, considering all lakes and all seasons simultaneously, there was no impact of latitude (or permafrost coverage) on major nutrients (P-PO4, N-NO3, N-NH4) (Table S4, Supplementary Materials). The only exceptions were a weak increase in PO4 concentration (Rs = 0.31) and a decrease of NH4 with latitude (Rs = −0.38), detectable in spring. In summer, there was also an increase in PO4 concentration with latitude, as illustrated in Figure S2 (Supplementary Materials). Other nutrients such as Si demonstrated an increase in concentration northward, which was, however, visible only in autumn (Figure 10A), presumably due to progressive involvement of soil mineral horizons, capable of supplying Si due to the shallow peat layer in the north. Alternatively, the autochthon uptake of Si by aquatic plants and diatoms could be much less pronounced in the north due to lower biomass and productivity. This phenomenon was described in WSL rivers [51]. A sharp increase in Si concentration in the discontinuous permafrost zone in spring may indicate active inflow during snowmelt due to Si leaching from forest–tundra litter. In the continuous permafrost zone, K concentration increased by a factor of 2–3 relative to southern regions (Figure 10B), which can be attributed to its atmospheric transport as part of the marine aerosols and inflow with spring and autumn rains. Finally, a micronutrient (Zn) could be strongly affected by a release from tundra vegetation, which intercepts atmospheric deposits and contributes to this element transport from the watershed to the lake. This may produce a sharp increase in Zn concentration in the continuous permafrost zone (Figure 10C).




3.4. Element Pools in Thermokarst Lakes of Western Siberia: Seasonal Variations and Dependence on the Geographic Latitude


Because the depth of lakes varies across permafrost zones and seasons, we estimated the seasonal dynamics of element pools in each permafrost zone based on evolution of concentration and depth, thus quantifying the role of lakes in accumulation of solutes in the water column. Note that, recently, we calculated the summer stock of carbon and chemical elements for the lakes located in the entire permafrost-affected WSL territory [6]. However, the seasonal dynamics of elementary pools is not yet studied. Here, we calculated changes in the pool of DOC, DIC, and trace elements in the studied lakes as a ratio of two most contrasting periods, summer and spring (Rsummer/spring). The changes in elemental pools across the seasons are provided in Table S5 (Supplementary Materials).



The degree of excess of summer over spring pool of DOC, DIC, and many trace elements (Li, B, Na, Mg, Al, Si, Ti, Cr, Ni, Sr, Ba, Se, Zr, Sb, REEs, Th, and U) in lakes increased northward. The overall increase ranged from 200% to 400% (Figure 11). Note the quite low Rsummer/spring of most elements in the isolated permafrost zone; this indicates that the main source of these elements can be lateral transfer to the lakes as a result of decomposition of plant litter during active snowmelt and rather minor inflow in summer. In this permafrost zone, the most significant decrease (20% to 80%) in Rsummer/spring value occurred for DOC, DIC, Se, Na, Mg, Al, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Rb, Sr, Zr, Cd, Sb, Ba, light REEs, Pb, Th, and U.



Summer pools of K and Rb were lower than in spring in all four permafrost zones (Figure S3A,B, Supplementary Materials), whereas Mo exhibited high seasonal stability of its pool in the four permafrost zones (Figure S3C, Supplementary Materials). Summer pools of Ca, Co, Cd, Mn, Fe, and Pb were 150–300% higher than in spring in the sporadic and discontinuous permafrost zones (Figure S3D–I, respectively, Supplementary Materials), while the pools of these elements in the isolated and continuous zones were comparable and even lower in summer relative to spring. In the continuous permafrost zone, summer pools of Zn and Ba exhibited a three- and 14-fold increase, respectively, relative to spring (Figure S3J,K, Supplementary Materials). The pool of total dissolved P (Ptot) was sizably higher in summer relative to spring (a factor of 2–10 for various permafrost zones), but the Rsummer/spring strongly decreased northward (Figure 11). Thus, the summertime inflow of P from watershed to lakes decreased northward, suggesting that the main source of P is thawed rather than frozen peat and mineral horizons, as also confirmed by experimental modeling of peat core interaction with aqueous solutions [74].



Overall, the evolution of Rsummer/spring for DOC, DIC, Li, B, Na, Mg, Al, Si, P (Ptot), Ti, Cr, Ni, Cu, As, Se, Sr, Zr, Sb, Ba, REEs, Th, and U reflects the impact of ALT, climate, and biota on the combination of processes responsible for element delivery from the watershed to the lakes. The increase in Rsummer/spring northward for DIC, Li, B, Na, Si, Mg, Sr, Ba, Sb, and U may reflect progressive thawing of rather shallow depth of peat with involvement of underlying mineral horizons. Marine clays composed of illite, chlorite, and montmorillonite are, thus, capable of supplying these elements in summer, when the ALT exceeds the peat layer. The increase in summertime DOC storage northward may be due to enhanced delivery of DOC from thawing peat yet weak biodegradability of dissolved organic matter (DOM) in the north. The excess of DOM stabilizes low-soluble elements such as Al, Ti, Cr, Ni, Se, Zr, REEs, Th, and U in the form of organic and organo-mineral colloids; thus, the Rsummer/spring increases northward. Finally, more pronounced biotic input of K, Rb, and Zn in the north during summer may be linked to intensive cycling of these elements by lake macrophytes. The other elements exhibited stable pools over season and latitude, or they demonstrated a local maximum in Rsummer/spring in the sporadic to discontinuous permafrost zone, thus reflecting a combination of biotic uptake/release processes, deep groundwater and shallow suprapermafrost water feeding, lake sediment, and underlying rock/peat interactions with the water column.




3.5. Multiparametrical Statistical Analysis (PCA and HCA)


Further distinction of different groups of elements was achieved via a PCA treatment. It revealed two main factors controlling major and TE concentrations in WSL lakes across a latitudinal profile, although the explicatory power of these factors was rather low (Figure 12A). The first factor, providing 25% of overall variation, included (Al), Ti, (Fe), Cu, Y, Zr, REEs, Hf, Th, and U, i.e., elements of lithogenic (mineral) origin, controlled by organic and organo-mineral colloids. The second factor (7.7% variation) acted on mobile, soluble elements affected by groundwater feeding in the south and desorption from marine clays in the north (DIC, pH, Mg, (Ca, K, and Mo)).



The HCA treatment of all dataset on WSL lakes also demonstrated a distinct group of soluble highly mobile elements (Ca, Mg, DIC, Mo, Sr) linked to latitude and low-soluble, trivalent and tetravalent hydrolysates, Se and U, linked to DOC (Figure 12B). Note that a similar distinction of elements between two main factors was revealed for WSL rivers [16] and, as such, it can be considered as a general (universal) feature of surface waters in the WSL territory. These two main group of elements are (i) labile, highly soluble alkalis, alkaline-earths, and oxyanions, linked to groundwater reservoirs, and (ii) low-soluble lithogenic trivalent and tetravalent hydrolysates, controlled by organic and organo-mineral colloids. These colloids are formed via mixing of Fe(II) and Al-rich groundwater and DOM-rich surface waters due to adsorption onto and coprecipitation with Fe and Al hydroxides stabilized by OM. The two main groups of elements are also encountered in large rivers of the boreal zone, based on the element concentration–river discharge relationship and seasonal behavior of river water solutes [75,76]; thus, they reflect general principles of geochemistry of surface waters in high-latitude regions.




3.6. How Northward Shift in Permafrost Zones May Affect the Chemical Composition of Lakes


In the Arctic regions, temperature increases faster than in other areas [77,78], which contributes to permafrost thawing and the release of labile organic carbon into surface waters [11]. An estimated carbon loss of up to 15% is expected in the frozen landscapes of the Northern Hemisphere in the next 300 years [79].



In Western Siberia, common climate change scenarios predict a northward shift of permafrost boundaries and an increase in the depth of the seasonally thawed layer [80,81,82,83,84,85,86]. Within a space for time substituting approach [49,50,53,54], the northward shift of permafrost boundaries will transform the continuous permafrost zones into a discontinuous one, and the discontinuous zone into sporadic/isolated zones. As a result, contemporary permafrost zones located along the climate gradient in the WSL and measured lake ecosystem parameters can be used to assess the future status of the territory provided that there will be a lateral shift northward of aquatic and terrestrial landscapes. Such a highly empirical yet straightforward prediction takes into account the integral change of biomes, at the level of both lake watershed (vegetation, soil) and lake ecosystem (water temperature and aquatic biota). Below, we consider the effects of climate changes on the elemental composition of lake waters and pools of DOC, DIC, and trace elements in thermokarst lakes across the permafrost gradient.



The increase in temperature and ALT will alter the proportion of the main sources supplying the components to the lakes, especially in the sporadic and discontinuous permafrost zones; therefore, chemical changes in lake waters will be most pronounced in these areas. The number of small and ultra-small lakes in these permafrost zones is expected to increase [2,3], and thawing of frozen permafrost and discharge of the water into the river network is likely to be enhanced in this transitional permafrost zone [13,18,87]. The main sources of elements entering thermokarst lakes in the continuous permafrost zone are atmospheric depositions and leaching from thawed mineral horizon. Thus, an increased depth of the active layer can cause a rapid influx of dissolved elements from the mineral horizons and deep underground waters to the lake.



For a long-term forecast of changes in the concentrations of chemical elements in the WSL lake waters (due to lateral shift of the permafrost boundaries northward), from isolated to continuous zones, we used previously published data for the Arctic coastal zone of Western Siberia [13] (Figure S4, Supplementary Materials). We also calculated the ratio of mean element concentrations in lakes located in the continuous permafrost zone to those encountered in the discontinuous permafrost zone and similar ratios for the adjacent discontinuous/sporadic and sporadic/isolated permafrost zones (Table 1). As can be seen from Figure S4 (Supplementary Materials) and Table 1, a shift of permafrost zones by 2° to 4° northward will lead, in the region which is now the continuous permafrost zone, to a 2–5-fold decrease in the concentration of most labile components (DIC, Li, B, Mg, K, Ca, Ni, Cu, As, Rb, Sr, Ba, Mo, U), as well as of insoluble low-mobile elements present in colloidal forms (Y, Zr, REEs, Th). The pH will decrease by ca. two units and the concentrations of CH4, DOC, NH4, Cd, Sb, and Pb may increase by a factor of 2–3, while the other elements in northern thermokarst lakes will remain unaffected by this permafrost boundary shift. The changes in concentrations of other elements might not exceed a factor of 1.5 to 2.0, which, given the large lateral and temporal variability of lake hydrochemical composition, can be considered as of low significance. The changes in lake water chemical composition (virtually all components) due to transformation of discontinuous to sporadic zone will also be quite low, within a factor of 1.5 to 2.0. In contrast, the transformation of sporadic to isolated permafrost will lead to a sizable (a factor of 2–5) decrease in the southern part of the permafrost-affected WSL territory of CH4, DOC, NH4, Al, Ptot, Ti, Cr, Ni, Ga Zr, Nb, Cs, REEs, Hf, Th, and U concentrations. Of special interest is a two-fold decrease in DOC concentration in thermokarst lakes of the southern, currently sporadic zone and its comparable increase in the northern, currently continuous permafrost zone.



As previously described [6], the stocks of carbon and most of the elements in the water column of thermokarst lakes account for 10–20% of the riverine export in the area; however, at the same time, lakes may play an important role in the storage of a number of toxic elements in bottom sediments, thus preventing element transfer to the river [32]. The shift in the permafrost zones and change in the elementary supply may cause a 2–5-fold change in the overall dissolved (<0.45 µm) pools of a large number of elements in both the most northern and the most southern permafrost zones of the WSL. Note, however, that these predictions do not take into account the changes in the amount of precipitation and the duration of warm/cold seasons, as well as development of lake macrophytes (i.e., Reference [88]). As such, further integrative ecosystem and climate modeling should allow more precise predictions on changes in element concentrations and pools in lentic waters of the WSL.





4. Conclusions


The chemical composition (DOC, nutrients, major and trace elements) of thermokarst lakes in the largest permafrost peatland in the world, the Western Siberia Lowland, was studied across four permafrost zones (isolated, sporadic, discontinuous, and continuous) and three main hydrological open-water periods (spring, summer, and autumn). Using this unprecedented geographical and seasonal resolution, we identified and quantified the primary environmental factors controlling thermokarst lake water chemistry such as lake size and type of permafrost distribution. These factors determine the link of the lake with groundwaters, soil suprapermafrost waters, and underlying mineral sediments, as well as and the intensity of peat leaching at the lake shore. Using thorough statistical treatment, we revealed two distinct group of elements—soluble highly mobile DIC, Ca, Mg, Sr, Mo, U, linked to groundwater reservoirs and marine clay minerals (chlorite, montmorillonite) and low-soluble lithogenic trivalent and tetravalent hydrolysates, controlled by organic and organo-mineral colloids. Such a distinction can be considered as a general feature of all surface waters in the WSL territory. In order to predict possible changes in thermokarst lake water concentration of C, nutrient, major and trace elements in response to climate warming and permafrost boundary shift northward, we used a “substitution space for time” approach. A shift of permafrost zones by 2° to 4° northward may lead to a 2–5-fold decrease in the concentration of most of the dissolved components (CO2, DIC, Ca, Mg, Sr, Al, Fe, Ti, Mn, Ni, Co, V, Mo, Sr, Zr, Hf, Th, REEs, and U) in lakes located in the continuous permafrost zones. However, the elements supplied from leaching of the peat mass and top humus (DOC, Si, K, Cr, Zn, As, and Rb) will exhibit rather small changes in concentration (i.e., 30–50% decrease). In the southern part of the WSL (sporadic permafrost zone), a sizable decrease in concentrations of CH4, DOC, NH4, Ptot, Al, Ti, Cr, Ni, Ga, Zr, Nb, REEs, Hf, Th, and U can be anticipated. These predictions can be considered of first order only and require further verifications via coupled ecosystem, vegetation, groundwater, and climate modeling.
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Table A1. Seasonal elemental composition of lake waters in different permafrost zones (mean ± SD is the numerator, median ± interquartile range (IQR) is the denominator). The last column represents global element concentrations for the whole WSL permafrost-affected territory, averaged over three seasons.






Table A1. Seasonal elemental composition of lake waters in different permafrost zones (mean ± SD is the numerator, median ± interquartile range (IQR) is the denominator). The last column represents global element concentrations for the whole WSL permafrost-affected territory, averaged over three seasons.





	
Element

	
Units

	
Isolated

	
Sporadic

	
Discontinuous

	
Continuous

	
Average




	
Spring

	
Summer

	
Autumn

	
Spring

	
Summer

	
Autumn

	
Spring

	
Summer

	
Autumn

	
Spring

	
Summer

	
Autumn






	
SC

	
µS·cm−1

	
14 ± 5.2

	
15 ± 2.4

	
18 ± 3.6

	
13 ± 5.2

	
24 ± 9.9

	
26 ± 7.9

	
13 ± 4.6

	
22 ± 7.8

	
23 ± 8.2

	
16 ± 7.2

	
21 ± 11

	
24 ± 8.9

	
18 ± 8.4




	
12.5 ± 5

	
14 ± 4

	
17.5 ± 4

	
11 ± 4

	
21.5 ± 13

	
27 ± 8

	
11.5 ± 7

	
19 ± 12

	
22 ± 12

	
14.5 ± 9

	
16.5 ± 14

	
20 ± 14

	
17 ± 9.4




	
pH

	

	
4.57 ± 0.2

	
4.51 ± 0.4

	
4.51 ± 0.5

	
4.9 ± 0.8

	
4.14 ± 0.2

	
4.4 ± 0.2

	
4.62 ± 0.4

	
4.18 ± 0.4

	
4.7 ± 0.5

	
6.18 ± 0.5

	
6.99 ± 0.7

	
6.58 ± 0.6

	
5 ± 1




	
4.53 ± 0.2

	
4.4 ± 0.2

	
4.39 ± 0.3

	
4.65 ± 0.6

	
4.15 ± 0.3

	
4.42 ± 0.3

	
4.57 ± 0.4

	
4.1 ± 0.4

	
4.53 ± 0.3

	
6.38 ± 0.7

	
7.01 ± 0.8

	
6.63 ± 0.8

	
4.52 ± 1.3




	
CH4

	
µmol·L−1

	
1.12 ± 0.9

	
1.35 ± 1.49

	
1.72 ± 2.3

	
0.661 ± 0.89

	
1.08 ± 2.4

	
15.9 ± 47.8

	
16.3 ± 23

	
4.45 ± 7.8

	
13.7 ± 27

	
5.26 ± 5.9

	
1.18 ± 0.7

	
0.639 ± 0.7

	
5.17 ± 18




	
0.73 ± 1.1

	
1.02 ± 1.3

	
0.9 ± 1.5

	
0.33 ± 0.37

	
0.34 ± 0.58

	
0.49 ± 1.2

	
13.1 ± 13

	
2.2 ± 3.7

	
5 ± 9.9

	
2.2 ± 9.3

	
1.2 ± 1

	
0.34 ± 0.54

	
0.97 ± 2.3




	
CO2

	
µmol·L−1

	
75.6 ± 30

	
61.6 ± 27.6

	
86.2 ± 24

	
49.7 ± 12

	
71.4 ± 26

	
156 ± 251

	
120 ± 50

	
100 ± 80

	
139 ± 128

	
211 ± 85

	
205 ± 73

	
175 ± 75

	
119 ± 106




	
65 ± 48

	
57 ± 18

	
86 ± 19.4

	
47.7 ± 18

	
65 ± 7.7

	
78.2 ± 49

	
112 ± 37

	
80 ± 24

	
108 ± 34

	
218 ± 142

	
212 ± 114

	
151 ± 92

	
88 ± 69




	
Cl-

	
mg·L−1

	
0.188 ± 0.09

	
0.118 ± 0.09

	
0.188 ± 0.08

	
0.1 ± 0.08

	
0.148 ± 0.1

	
0.199 ± 0.2

	
0.106 ± 0.08

	
0.223 ± 0.19

	
0.261 ± 0.17

	
0.123 ± 0.04

	
0.136 ± 0.1

	
0.178 ± 0.04

	
0.163 ± 0.12




	
0.171 ± 0.1

	
0.09 ± 1.7

	
0.189 ± 0.07

	
0.08 ± 0.06

	
0.119 ± 0.18

	
0.18 ± 0.11

	
0.08 ± 0.03

	
0.171 ± 0.2

	
0.187 ± 0.21

	
0.12 ± 0.04

	
0.11 ± 0.08

	
0.17 ± 0.06

	
0.14 ± 0.13




	
SO42-

	
mg·L−1

	
0.466 ± 0.25

	
0.607 ± 0.42

	
0.64 ± 0.39

	
0.192 ± 0.1

	
0.243 ± 0.2

	
0.302 ± 0.3

	
0.154 ± 0.6

	
0.09 ± 0.09

	
0.117 ± 0.11

	
0.159 ± 0.1

	
0.192 ± 0.1

	
0.281 ± 0.2

	
0.295 ± 0.29




	
0.368 ± 0.4

	
0.479 ± 0.7

	
0.49 ± 0.6

	
0.16 ± 0.09

	
0.226 ± 0.18

	
0.247 ± 0.22

	
0.135 ± 0.1

	
0.045 ± 0.08

	
0.063 ± 0.09

	
0.15 ± 0.06

	
0.14 ± 0.19

	
0.24 ± 0.23

	
0.2 ± 0.23




	
SUVA245

	
L·mg-C−1·m−1

	
3.8 ± 0.45

	
3.4 ± 0.46

	
3.2 ± 0.36

	
3.6 ± 0.5

	
4.7 ± 0.7

	
4.5 ± 0.7

	
3.9 ± 0.74

	
4.5 ± 0.66

	
4.2 ± 0.61

	
4.4 ± 0.4

	
4.1 ± 1

	
3.9 ± 0.7

	
4 ± 0.7




	
3.8 ± 0.7

	
3.3 ± 0.6

	
3.2 ± 0.5

	
3.6 ± 0.6

	
4.5 ± 0.8

	
4.4 ± 1

	
3.8 ± 1.1

	
4.2 ± 1

	
4.1 ± 0.8

	
4.3 ± 0.6

	
3.9 ± 0.7

	
3.8 ± 1.1

	
3.9 ± 1




	
DOC

	
mg·L−1

	
9.3 ± 3.02

	
10.8 ± 3.4

	
11.3 ± 3.43

	
11.2 ± 3.9

	
27.4 ± 15

	
25.9 ± 9.6

	
10.8 ± 2.9

	
24.9 ± 12

	
24.1 ± 9.2

	
8.46 ± 3.9

	
13.5 ± 5.2

	
15.9 ± 4.4

	
16 ± 10




	
8.5 ± 3.8

	
10.8 ± 5.3

	
11.2 ± 5.4

	
10.5 ± 4.8

	
20.7 ± 13

	
23.5 ± 14

	
10.2 ± 3.4

	
22.3 ± 12

	
22 ± 9.3

	
7.27 ± 4.6

	
12.2 ± 3.3

	
14.9 ± 8.6

	
12 ± 9




	
DIC

	
mg·L−1

	
0.307 ± 0.06

	
0.274 ± 0.11

	
0.395 ± 0.12

	
0.313 ± 0.05

	
0.395 ± 0.1

	
0.496 ± 0.2

	
0.408 ± 0.06

	
0.424 ± 0.19

	
0.55 ± 0.28

	
1.41 ± 0.9

	
1.67 ± 1.2

	
1.82 ± 1.2

	
0.689 ± 0.76




	
0.289 ± 0.11

	
0.221 ± 0.14

	
0.434 ± 0.19

	
0.327 ± 0.05

	
0.401 ± 0.17

	
0.51 ± 0.25

	
0.388 ± 0.06

	
0.369 ± 0.15

	
0.508 ± 0.34

	
1.04 ± 1.3

	
1.34 ± 1.9

	
1.36 ± 1.9

	
0.4 ± 0.3




	
P-PO4

	
µg·L−1

	
1.42 ± 0.86

	
1.76 ± 2.14

	
1.66 ± 0.99

	
1.87 ± 1.3

	
2.52 ± 1.7

	
3.31 ± 3

	
2.02 ± 1.4

	
5.51 ± 8.2

	
2.08 ± 1.6

	
2.27 ± 0.9

	
4.11 ± 2.2

	
2.6 ± 1.2

	
2.61 ± 3




	
1.46 ± 1.3

	
1.06 ± 1.1

	
1.63 ± 1.3

	
1.44 ± 0.84

	
2.24 ± 2.4

	
2.24 ± 4

	
1.62 ± 0.8

	
1.96 ± 3.8

	
1.72 ± 2.4

	
2.07 ± 1.4

	
3.48 ± 2.8

	
2.44 ± 1.5

	
1.9 ± 1.8




	
N-NO3

	
µg·L−1

	
11.9 ± 17

	
7.03 ± 9.3

	
24.4 ± 42

	
18.6 ± 22

	
6.2 ± 5.9

	
37.2 ± 53

	
3.33 ± 3.8

	
2.83 ± 1.9

	
3.48 ± 2.07

	
4.1 ± 2.1

	
1.5 ± 1.3

	
25.4 ± 3.5

	
12.2 ± 25




	
7 ± 9.2

	
1.6 ± 10

	
4.1 ± 14

	
7.5 ± 28

	
3.2 ± 8.5

	
9.8 ± 37

	
2.39 ± 1.7

	
2.19 ± 2.7

	
2.57 ± 3.6

	
3.72 ± 2.8

	
1.44 ± 2.8

	
12.4 ± 29

	
3.2 ± 8




	
N-NH4

	
µg·L−1

	
108 ± 102

	
20.6 ± 44

	
38.9 ± 87

	
130 ± 98

	
105 ± 151

	
348 ± 277

	
88.8 ± 124

	
54.2 ± 76

	
164 ± 302

	
11.8 ± 12

	
8.74 ± 9.1

	
23 ± 46

	
89 ± 161




	
120 ± 135

	
5.13 ± 4.8

	
7.6 ± 12

	
137 ± 193

	
55 ± 118

	
361 ± 564

	
38 ± 105

	
20 ± 80

	
7.6 ± 95

	
8.3 ± 12

	
5.36 ± 5.2

	
6.62 ± 17

	
14 ± 86




	
Li

	
µg·L−1

	
0.167 ± 0.15

	
0.331 ± 0.49

	
0.381 ± 0.52

	
0.108 ± 0.1

	
0.336 ± 0.2

	
0.422 ± 0.1

	
0.128 ± 0.08

	
0.357 ± 0.24

	
0.403 ± 0.25

	
0.511 ± 0.3

	
1.01 ± 0.4

	
1.23 ± 0.5

	
0.443 ± 0.44




	
0.124 ± 0.02

	
0.21 ± 0.04

	
0.244 ± 0.08

	
0.103 ± 0.07

	
0.294 ± 0.21

	
0.4 ± 0.17

	
0.112 ± 0.15

	
0.24 ± 0.37

	
0.24 ± 0.32

	
0.43 ± 0.39

	
0.97 ± 0.63

	
1.19 ± 0.7

	
0.26 ± 0.36




	
B

	
µg·L−1

	
2.02 ± 1.12

	
2.76 ± 0.71

	
2.91 ± 0.77

	
1.77 ± 1.3

	
6.38 ± 2.3

	
3.88 ± 1.8

	
1.25 ± 1.3

	
2.63 ± 0.97

	
3.4 ± 1.7

	
2.24 ± 1.8

	
17.6 ± 12

	
3.61 ± 1.5

	
4.26 ± 5.7




	
1.8 ± 1.2

	
2.7 ± 1.2

	
2.7 ± 0.49

	
1.38 ± 1.6

	
6.2 ± 3.3

	
3.8 ± 2.3

	
0.916 ± 1.1

	
2.17 ± 1.2

	
3.13 ± 2

	
1.49 ± 2.4

	
14.9 ± 20

	
3.57 ± 2.1

	
2.7 ± 2.6




	
Na

	
µg·L−1

	
201 ± 61

	
200 ± 124

	
169 ± 170

	
232 ± 114

	
297 ± 184

	
193 ± 120

	
225 ± 167

	
363 ± 303

	
341 ± 345

	
362 ± 157

	
686 ± 440

	
535 ± 257

	
314 ± 265




	
183 ± 62

	
181 ± 54

	
136 ± 43

	
211 ± 102

	
302 ± 159

	
179 ± 129

	
182 ± 101

	
242 ± 415

	
227 ± 279

	
320 ± 138

	
675 ± 388

	
470 ± 316

	
221 ± 228




	
Mg

	
µg·L−1

	
81.8 ± 49

	
97.6 ± 83

	
144 ± 129

	
48.6 ± 36

	
109 ± 149

	
161 ± 133

	
54.8 ± 47

	
105 ± 117

	
148 ± 120

	
709 ± 392

	
1098 ± 746

	
1225 ± 537

	
331 ± 501




	
74 ± 13

	
79 ± 18

	
115 ± 33

	
43 ± 36

	
52 ± 37

	
74 ± 213

	
34 ± 64

	
62 ± 71

	
113 ± 107

	
583 ± 539

	
811 ± 1006

	
1029 ± 744

	
92 ± 239




	
Al

	
µg·L−1

	
27.4 ± 14

	
38.7 ± 12

	
41 ± 9.7

	
51.3 ± 94

	
111 ± 40

	
94.8 ± 36

	
52.1 ± 33

	
137 ± 65

	
163 ± 111

	
31.2 ± 32

	
61.9 ± 67

	
97.6 ± 87

	
74.6 ± 72




	
26 ± 27

	
38 ± 17

	
42 ± 15

	
28 ± 14

	
123 ± 63

	
94 ± 37

	
50 ± 56

	
120 ± 88

	
129 ± 87

	
18 ± 32

	
40 ± 37

	
76 ± 70

	
47 ± 64




	
Si

	
µg·L−1

	
239 ± 69

	
236 ± 338

	
425 ± 451

	
134 ± 49

	
273 ± 446

	
282 ± 539

	
660 ± 725

	
185 ± 174

	
970 ± 1167

	
239 ± 156

	
379 ± 253

	
1021 ± 702

	
415 ± 581




	
235 ± 85

	
147 ± 62

	
266 ± 144

	
151 ± 78

	
107 ± 143

	
145 ± 161

	
217 ± 1391

	
98 ± 201

	
471 ± 750

	
217 ± 269

	
294 ± 361

	
744 ± 1067

	
219 ± 262




	
Ptot

	
µg·L−1

	
0.518 ± 0.66

	
3.53 ± 2.5

	
3.66 ± 2.04

	
4.25 ± 2.7

	
24.8 ± 7.7

	
8.97 ± 3.8

	
10.3 ± 6

	
26.4 ± 13

	
13.2 ± 6.3

	
14.2 ± 8.9

	
20.9 ± 23

	
13 ± 6

	
11.6 ± 11




	
0.16 ± 0.31

	
3.14 ± 2.1

	
3.3 ± 2.6

	
4.6 ± 4

	
22 ± 15

	
9.4 ± 5.6

	
7.6 ± 9.7

	
21 ± 11

	
11 ± 8.9

	
13 ± 8.9

	
12 ± 10

	
12 ± 5

	
9.1 ± 13




	
K

	
µg·L–1

	
77.7 ± 44

	
85.1 ± 68

	
85.5 ± 63

	
77.2 ± 39

	
68.4 ± 44

	
56.4 ± 38

	
54.9 ± 31

	
52.6 ± 33

	
43.7 ± 20

	
198 ± 153

	
141 ± 166

	
194 ± 142

	
95 ± 97




	
75 ± 44

	
52 ± 61

	
62 ± 27

	
63 ± 71

	
49 ± 47

	
33 ± 61

	
50 ± 51

	
42 ± 22

	
40 ± 18

	
141 ± 138

	
82 ± 58

	
132 ± 93

	
67 ± 75




	
Ca

	
µg·L−1

	
132 ± 137

	
273 ± 232

	
363 ± 237

	
73 ± 45

	
378 ± 284

	
321 ± 169

	
124 ± 108

	
462 ± 297

	
593 ± 599

	
1408 ± 888

	
2329 ± 1364

	
2488 ± 1031

	
746 ± 1009




	
107 ± 58

	
227 ± 120

	
301 ± 202

	
68 ± 61

	
273 ± 113

	
283 ± 143

	
92 ± 57

	
329 ± 242

	
387 ± 201

	
1165 ± 1076

	
1937 ± 1418

	
2042 ± 1734

	
302 ± 755




	
Ti

	
µg·L−1

	
1.41 ± 0.84

	
1.71 ± 1.5

	
1.9 ± 1.2

	
2.08 ± 0.9

	
8.94 ± 5

	
9.24 ± 5.4

	
3.45 ± 2.3

	
5.62 ± 4.5

	
7.31 ± 4.5

	
3.17 ± 2.1

	
7.6 ± 9

	
8.5 ± 6.1

	
5.04 ± 5.2




	
1.24 ± 1.4

	
1.37 ± 0.8

	
1.68 ± 0.9

	
2.07 ± 0.9

	
8.67 ± 6.6

	
9 ± 4.8

	
2.85 ± 3.9

	
4.1 ± 2.6

	
6.1 ± 4.6

	
2.48 ± 2.4

	
3.63 ± 5.4

	
6.9 ± 4.5

	
3.2 ± 4.9




	
V

	
µg·L−1

	
0.594 ± 0.28

	
0.201 ± 0.05

	
0.232 ± 0.05

	
0.491 ± 0.4

	
0.606 ± 0.3

	
0.596 ± 0.3

	
0.515 ± 0.41

	
0.45 ± 0.13

	
0.453 ± 0.16

	
1.21 ± 0.3

	
0.731 ± 0.7

	
0.628 ± 0.4

	
0.552 ± 0.41




	
0.736 ± 0.57

	
0.193 ± 0.04

	
0.23 ± 0.06

	
0.295 ± 0.43

	
0.542 ± 0.1

	
0.575 ± 0.2

	
0.289 ± 0.83

	
0.447 ± 0.17

	
0.428 ± 0.27

	
1.08 ± 0.23

	
0.47 ± 0.38

	
0.56 ± 0.19

	
0.46 ± 0.46




	
Cr

	
µg·L−1

	
0.121 ± 0.03

	
0.107 ± 0.07

	
0.287 ± 0.09

	
0.143 ± 0.1

	
0.523 ± 0.1

	
0.595 ± 0.1

	
0.312 ± 0.61

	
0.479 ± 0.17

	
0.56 ± 0.3

	
0.224 ± 0.2

	
0.394 ± 0.3

	
0.61 ± 0.3

	
0.352 ± 0.3




	
0.106 ± 0.04

	
0.088 ± 0.06

	
0.269 ± 0.07

	
0.15 ± 0.08

	
0.529 ± 0.25

	
0.539 ± 0.18

	
0.115 ± 0.17

	
0.436 ± 0.22

	
0.481 ± 0.24

	
0.14 ± 0.1

	
0.31 ± 0.27

	
0.57 ± 0.33

	
0.28 ± 0.39




	
Mn

	
µg·L−1

	
8.93 ± 5.2

	
7.54 ± 3.8

	
8.53 ± 3.8

	
5.14 ± 2

	
15.4 ± 9.5

	
13.2 ± 7.1

	
13.9 ± 16

	
32.4 ± 24

	
28 ± 18

	
41.8 ± 34

	
13.9 ± 14

	
19.2 ± 21

	
17 ± 19




	
7.28 ± 2.7

	
8.1 ± 3.5

	
8.33 ± 4.1

	
5 ± 3.7

	
11.8 ± 5.1

	
11.6 ± 9

	
6.5 ± 14

	
23 ± 30

	
22.6 ± 17

	
33.4 ± 22

	
7.33 ± 15

	
12 ± 16

	
9.9 ± 13




	
Fe

	
µg·L−1

	
122 ± 68

	
107 ± 98

	
97.6 ± 92

	
62.7 ± 26

	
171 ± 70

	
154 ± 53

	
160 ± 161

	
215 ± 207

	
303 ± 346

	
520 ± 345

	
361 ± 304

	
366 ± 217

	
215 ± 231




	
101 ± 101

	
79 ± 73

	
75 ± 56

	
55.6 ± 32

	
175 ± 139

	
148 ± 44

	
95 ± 138

	
163 ± 90

	
185 ± 177

	
379 ± 468

	
191 ± 432

	
306 ± 309

	
134 ± 161




	
Co

	
µg·L−1

	
0.042 ± 0.01

	
0.039 ± 0.02

	
0.047 ± 0.01

	
0.03 ± 0.01

	
0.11 ± 0.1

	
0.1 ± 0.03

	
0.08 ± 0.07

	
0.249 ± 0.14

	
0.22 ± 0.1

	
0.389 ± 0.3

	
0.297 ± 0.2

	
0.342 ± 0.3

	
0.158 ± 0.18




	
0.044 ± 0.02

	
0.035 ± 0.02

	
0.046 ± 0.02

	
0.028 ± 0.02

	
0.104 ± 0.08

	
0.1 ± 0.04

	
0.051 ± 0.06

	
0.196 ± 0.2

	
0.195 ± 0.1

	
0.31 ± 0.31

	
0.23 ± 0.27

	
0.28 ± 0.22

	
0.1 ± 0.15




	
Ni

	
µg·L−1

	
0.079 ± 0.04

	
0.095 ± 0.06

	
0.065 ± 0.02

	
0.166 ± 0.1

	
0.39 ± 0.2

	
0.523 ± 0.8

	
0.219 ± 0.11

	
0.558 ± 0.3

	
0.438 ± 0.22

	
0.858 ± 0.5

	
1.6 ± 0.7

	
1.91 ± 0.5

	
0.56 ± 0.69




	
0.061 ± 0.03

	
0.083 ± 0.04

	
0.066 ± 0.03

	
0.132 ± 0.13

	
0.374 ± 0.38

	
0.337 ± 0.15

	
0.203 ± 0.13

	
0.551 ± 0.33

	
0.465 ± 0.32

	
0.74 ± 0.66

	
1.48 ± 0.69

	
2.08 ± 0.51

	
0.27 ± 0.57




	
Cu

	
µg·L−1

	
0.402 ± 1.08

	
0.118 ± 0.05

	
0.101 ± 0.04

	
0.211 ± 0.1

	
0.459 ± 0.2

	
0.16 ± 0.1

	
0.178 ± 0.11

	
0.453 ± 0.24

	
0.69 ± 1.1

	
0.465 ± 0.3

	
1.31 ± 1.6

	
1.1 ± 1

	
0.47 ± 0.79




	
0.116 ± 0.05

	
0.107 ± 0.02

	
0.09 ± 0.06

	
0.161 ± 0.13

	
0.436 ± 0.2

	
0.134 ± 0.1

	
0.16 ± 0.1

	
0.387 ± 0.34

	
0.212 ± 0.23

	
0.41 ± 0.36

	
0.72 ± 0.97

	
0.97 ± 0.72

	
0.23 ± 0.38




	
Zn

	
µg·L−1

	
5.48 ± 3

	
11.3 ± 11

	
3.96 ± 1.2

	
8.32 ± 10

	
8.37 ± 3.7

	
6.55 ± 3.2

	
12.4 ± 5.6

	
9.29 ± 2.9

	
8.35 ± 14

	
4.79 ± 2.4

	
36.4 ± 31

	
3.31 ± 1.9

	
9.56 ± 13




	
4.67 ± 1.5

	
8.95 ± 3.5

	
3.94 ± 1

	
3.8 ± 6.4

	
7.13 ± 4.5

	
5.37 ± 5.4

	
10.7 ± 6.6

	
8.67 ± 3.9

	
4.45 ± 2

	
4.59 ± 3.1

	
24.5 ± 60

	
3.06 ± 3

	
5.75 ± 5.8




	
Ga

	
µg·L−1

	
0.003 ± 0.003

	
0.01 ± 0.002

	
0.01 ± 0.002

	
0.008 ± 0.01

	
0.021 ± 0.01

	
0.019 ± 0.01

	
0.007 ± 0.003

	
0.016 ± 0.008

	
0.031 ± 0.03

	
0.008 ± 0.004

	
0.009 ± 0.007

	
0.014 ± 0.02

	
0.012 ± 0.01




	
0.002 ± 0.005

	
0.008 ± 0.002

	
0.008 ± 0.003

	
0.006 ± 0.003

	
0.022 ± 0.01

	
0.018 ± 0.01

	
0.006 ± 0.005

	
0.015 ± 0.01

	
0.019 ± 0.01

	
0.01 ± 0.007

	
0.01 ± 0.006

	
0.01 ± 0.006

	
0.009 ± 0.009




	
As

	
µg·L−1

	
0.386 ± 0.08

	
0.51 ± 0.09

	
0.424 ± 0.08

	
0.267 ± 0.1

	
0.552 ± 0.2

	
0.465 ± 0.11

	
0.184 ± 0.09

	
0.386 ± 0.15

	
0.347 ± 0.12

	
0.585 ± 0.25

	
0.801 ± 0.37

	
0.601 ± 0.14

	
0.458 ± 0.23




	
0.37 ± 0.08

	
0.508 ± 0.15

	
0.437 ± 0.14

	
0.266 ± 0.09

	
0.501 ± 0.15

	
0.459 ± 0.13

	
0.164 ± 0.08

	
0.342 ± 0.21

	
0.332 ± 0.16

	
0.48 ± 0.4

	
0.72 ± 0.24

	
0.56 ± 0.2

	
0.42 ± 0.2




	
Se

	
µg·L−1

	
25.8 ± 5.1

	
28.8 ± 8.4

	
28.7 ± 5.3

	
25 ± 5.9

	
57 ± 21

	
53.1 ± 12

	
16.8 ± 3.4

	
45.7 ± 17

	
38.2 ± 9.8

	
24.5 ± 11

	
46.6 ± 22

	
42.6 ± 10

	
36 ± 17




	
25.5 ± 6.1

	
30.4 ± 11

	
29 ± 9.6

	
25.7 ± 7.6

	
45.8 ± 26

	
55 ± 17

	
17 ± 4.6

	
42.2 ± 19

	
38 ± 17

	
20 ± 10

	
38.4 ± 15

	
42 ± 9.3

	
33 ± 19




	
Rb

	
µg·L−1

	
0.194 ± 0.12

	
0.149 ± 0.19

	
0.131 ± 0.17

	
0.178 ± 0.12

	
0.163 ± 0.16

	
0.145 ± 0.15

	
0.145 ± 0.09

	
0.048 ± 0.04

	
0.057 ± 0.07

	
0.35 ± 0.25

	
0.09 ± 0.11

	
0.359 ± 0.44

	
0.169 ± 0.2




	
0.212 ± 0.15

	
0.065 ± 0.18

	
0.054 ± 0.11

	
0.178 ± 0.21

	
0.091 ± 0.2

	
0.065 ± 0.24

	
0.122 ± 0.15

	
0.039 ± 0.02

	
0.044 ± 0.04

	
0.32 ± 0.26

	
0.03 ± 0.13

	
0.21 ± 0.17

	
0.11 ± 0.2




	
Sr

	
µg·L-1

	
1.52 ± 1.1

	
1.73 ± 1.8

	
1.84 ± 1.9

	
1.07 ± 0.45

	
2.39 ± 1.6

	
1.87 ± 1.1

	
1.3 ± 0.91

	
3.02 ± 2

	
4.91 ± 7

	
7.28 ± 3.9

	
11.8 ± 5.4

	
11.4 ± 5.7

	
4.12 ± 5




	
1.22 ± 0.73

	
1.27 ± 0.6

	
1.36 ± 0.98

	
1.02 ± 0.59

	
1.6 ± 1.3

	
1.7 ± 1.6

	
0.947 ± 0.76

	
2.14 ± 2.4

	
2.3 ± 2.1

	
6.37 ± 5.1

	
11.1 ± 7.1

	
8.98 ± 7.3

	
1.7 ± 4.3




	
Y

	
µg·L−1

	
0.012 ± 0.01

	
0.019 ± 0.01

	
0.018 ± 0.01

	
0.01 ± 0.006

	
0.05 ± 0.03

	
0.035 ± 0.03

	
0.022 ± 0.02

	
0.063 ± 0.04

	
0.088 ± 0.1

	
0.09 ± 0.05

	
0.16 ± 0.14

	
0.231 ± 0.17

	
0.065 ± 0.09




	
0.01 ± 0.007

	
0.015 ± 0.008

	
0.015 ± 0.008

	
0.009 ± 0.01

	
0.056 ± 0.04

	
0.027 ± 0.04

	
0.015 ± 0.03

	
0.052 ± 0.04

	
0.042 ± 0.04

	
0.07 ± 0.03

	
0.12 ± 0.09

	
0.18 ± 0.15

	
0.03 ± 0.06




	
Zr

	
µg·L−1

	
0.014 ± 0.02

	
0.019 ± 0.03

	
0.023 ± 0.03

	
0.032 ± 0.02

	
0.106 ± 0.06

	
0.1 ± 0.08

	
0.042 ± 0.03

	
0.075 ± 0.05

	
0.084 ± 0.04

	
0.087 ± 0.07

	
0.149 ± 0.15

	
0.269 ± 0.27

	
0.081 ± 0.12




	
0.012 ± 0.006

	
0.013 ± 0.008

	
0.014 ± 0.005

	
0.025 ± 0.03

	
0.096 ± 0.08

	
0.068 ± 0.07

	
0.029 ± 0.06

	
0.06 ± 0.08

	
0.068 ± 0.06

	
0.06 ± 0.04

	
0.11 ± 0.11

	
0.23 ± 0.18

	
0.05 ± 0.09




	
Nb

	
µg·L−1

	
0.0031 ± 0.002

	
0.002 ± 0.001

	
0.0035 ± 0.003

	
0.006 ± 0.004

	
0.023 ± 0.012

	
0.019 ± 0.012

	
0.007 ± 0.004

	
0.012 ± 0.006

	
0.014 ± 0.005

	
0.008 ± 0.007

	
0.006 ± 0.006

	
0.012 ± 0.006

	
0.01 ± 0.009




	
0.003 ± 0.003

	
0.002 ± 0.002

	
0.003 ± 0.003

	
0.004 ± 0.003

	
0.024 ± 0.02

	
0.017 ± 0.01

	
0.008 ± 0.007

	
0.011 ± 0.007

	
0.013 ± 0.01

	
0.005 ± 0.006

	
0.004 ± 0.003

	
0.011 ± 0.006

	
0.007 ± 0.009




	
Mo

	
µg·L−1

	
0.005 ± 0.004

	
0.004 ± 0.003

	
0.003 ± 0.001

	
0.006 ± 0.005

	
0.007 ± 0.005

	
0.011 ± 0.008

	
0.007 ± 0.005

	
0.009 ± 0.01

	
0.01 ± 0.008

	
0.035 ± 0.033

	
0.052 ± 0.062

	
0.038 ± 0.02

	
0.016 ± 0.03




	
0.003 ± 0.005

	
0.004 ± 0.003

	
0.004 ± 0.002

	
0.005 ± 0.007

	
0.004 ± 0.006

	
0.008 ± 0.011

	
0.006 ± 0.007

	
0.005 ± 0.007

	
0.008 ± 0.011

	
0.026 ± 0.017

	
0.03 ± 0.06

	
0.032 ± 0.02

	
0.007 ± 0.01




	
Cd

	
µg·L−1

	
0.016 ± 0.004

	
0.017 ± 0.006

	
0.018 ± 0.006

	
0.008 ± 0.005

	
0.025 ± 0.019

	
0.021 ± 0.011

	
0.007 ± 0.003

	
0.022 ± 0.011

	
0.018 ± 0.008

	
0.006 ± 0.004

	
0.004 ± 0.003

	
0.006 ± 0.005

	
0.014 ± 0.01




	
0.018 ± 0.006

	
0.017 ± 0.01

	
0.019 ± 0.009

	
0.006 ± 0.005

	
0.018 ± 0.008

	
0.018 ± 0.009

	
0.006 ± 0.005

	
0.018 ± 0.01

	
0.017 ± 0.007

	
0.005 ± 0.003

	
0.003 ± 0.003

	
0.004 ± 0.003

	
0.01 ± 0.01




	
Sb

	
µg·L−1

	
0.035 ± 0.004

	
0.038 ± 0.008

	
0.041 ± 0.008

	
0.026 ± 0.006

	
0.04 ± 0.014

	
0.04 ± 0.011

	
0.015 ± 0.005

	
0.027 ± 0.008

	
0.031 ± 0.023

	
0.026 ± 0.047

	
0.022 ± 0.014

	
0.026 ± 0.009

	
0.03 ± 0.02




	
0.036 ± 0.007

	
0.038 ± 0.013

	
0.044 ± 0.014

	
0.024 ± 0.011

	
0.038 ± 0.016

	
0.038 ± 0.018

	
0.015 ± 0.007

	
0.024 ± 0.014

	
0.026 ± 0.009

	
0.013 ± 0.01

	
0.017 ± 0.012

	
0.025 ± 0.012

	
0.03 ± 0.02




	
Cs

	
µg·L−1

	
0.005 ± 0.004

	
0.005 ± 0.006

	
0.005 ± 0.004

	
0.008 ± 0.006

	
0.011 ± 0.011

	
0.018 ± 0.014

	
0.005 ± 0.003

	
0.0021 ± 0.003

	
0.002 ± 0.002

	
0.001 ± 0.0003

	
0.001 ± 0.001

	
0.002 ± 0.004

	
0.006 ± 0.008




	
0.004 ± 0.005

	
0.003 ± 0.007

	
0.003 ± 0.006

	
0.008 ± 0.011

	
0.009 ± 0.01

	
0.015 ± 0.017

	
0.004 ± 0.006

	
0.001 ± 0.002

	
0.001 ± 0.004

	
0.0005 ± 0.0004

	
0.001 ± 0.0006

	
0.001 ± 0.001

	
0.003 ± 0.007




	
Ba

	
µg·L−1

	
1.63 ± 1.3

	
1.4 ± 0.99

	
1.34 ± 1.2

	
1.65 ± 0.84

	
3.35 ± 1.8

	
2.27 ± 1.7

	
2.89 ± 1.3

	
6.03 ± 4.8

	
4.59 ± 3.3

	
2.34 ± 0.75

	
87.4 ± 81

	
2.59 ± 0.58

	
9.78 ± 33




	
1 ± 1.7

	
1.1 ± 0.57

	
0.984 ± 0.81

	
1.49 ± 1.2

	
2.61 ± 2.1

	
1.88 ± 1

	
3.14 ± 2.3

	
4.3 ± 5.5

	
3.5 ± 1.6

	
2.1 ± 0.57

	
78 ± 117

	
2.75 ± 1

	
2.2 ± 2.2




	
La

	
µg·L−1

	
0.032 ± 0.03

	
0.022 ± 0.03

	
0.011 ± 0.005

	
0.236 ± 0.55

	
0.028 ± 0.012

	
0.026 ± 0.017

	
0.04 ± 0.039

	
0.57 ± 0.04

	
0.055 ± 0.06

	
0.064 ± 0.03

	
0.123 ± 0.11

	
0.155 ± 0.11

	
0.072 ± 0.18




	
0.017 ± 0.03

	
0.01 ± 0.006

	
0.01 ± 0.006

	
0.092 ± 0.11

	
0.027 ± 0.01

	
0.023 ± 0.02

	
0.03 ± 0.02

	
0.035 ± 0.05

	
0.033 ± 0.03

	
0.05 ± 0.02

	
0.09 ± 0.06

	
0.14 ± 0.09

	
0.03 ± 0.06




	
Ce

	
µg·L−1

	
0.05 ± 0.06

	
0.022 ± 0.012

	
0.022 ± 0.014

	
0.024 ± 0.014

	
0.06 ± 0.03

	
0.058 ± 0.042

	
0.062 ± 0.06

	
0.262 ± 0.046

	
0.129 ± 0.12

	
0.154 ± 0.07

	
0.268 ± 0.26

	
0.357 ± 0.28

	
0.12 ± 0.2




	
0.023 ± 0.033

	
0.019 ± 0.008

	
0.018 ± 0.01

	
0.022 ± 0.02

	
0.069 ± 0.04

	
0.04 ± 0.05

	
0.04 ± 0.07

	
0.149 ± 0.22

	
0.078 ± 0.09

	
0.14 ± 0.03

	
0.184 ± 0.17

	
0.297 ± 0.24

	
0.05 ± 0.12




	
Pr

	
µg·L−1

	
0.003 ± 0.002

	
0.002 ± 0.002

	
0.003 ± 0.002

	
0.002 ± 0.001

	
0.007 ± 0.004

	
0.007 ± 0.005

	
0.006 ± 0.005

	
0.012 ± 0.011

	
0.016 ± 0.015

	
0.02 ± 0.01

	
0.035 ± 0.03

	
0.048 ± 0.035

	
0.013 ± 0.02




	
0.002 ± 0.002

	
0.002 ± 0.001

	
0.002 ± 0.002

	
0.002 ± 0.002

	
0.007 ± 0.006

	
0.05 ± 0.007

	
0.004 ± 0.007

	
0.008 ± 0.01

	
0.01 ± 0.01

	
0.017 ± 0.005

	
0.024 ± 0.02

	
0.04 ± 0.03

	
0.006 ± 0.01




	
Nd

	
µg·L−1

	
0.012 ± 0.008

	
0.01 ± 0.007

	
0.011 ± 0.009

	
0.009 ± 0.005

	
0.029 ± 0.016

	
0.028 ± 0.021

	
0.024 ± 0.02

	
0.046 ± 0.04

	
0.065 ± 0.06

	
0.082 ± 0.04

	
0.141 ± 0.136

	
0.203 ± 0.15

	
0.054 ± 0.08




	
0.011 ± 0.007

	
0.008 ± 0.003

	
0.01 ± 0.008

	
0.009 ± 0.009

	
0.03 ± 0.02

	
0.02 ± 0.028

	
0.018 ± 0.03

	
0.031 ± 0.04

	
0.041 ± 0.05

	
0.07 ± 0.02

	
0.101 ± 0.09

	
0.166 ± 0.14

	
0.02 ± 0.06




	
Sm

	
µg·L−1

	
0.007 ± 0.003

	
0.006 ± 0.002

	
0.009 ± 0.003

	
0.004 ± 0.001

	
0.012 ± 0.004

	
0.012 ± 0.005

	
0.009 ± 0.006

	
0.018 ± 0.01

	
0.036 ± 0.042

	
0.023 ± 0.01

	
0.034 ± 0.03

	
0.054 ± 0.045

	
0.018 ± 0.02




	
0.006 ± 0.004

	
0.006 ± 0.003

	
0.009 ± 0.003

	
0.004 ± 0.001

	
0.012 ± 0.005

	
0.011 ± 0.01

	
0.006 ± 0.007

	
0.013 ± 0.01

	
0.018 ± 0.01

	
0.021 ± 0.07

	
0.024 ± 0.02

	
0.046 ± 0.03

	
0.01 ± 0.01




	
Eu

	
µg·L−1

	
0.001 ± 0.0009

	
0.0011 ± 0.001

	
0.001 ± 0.001

	
0.001 ± 0.0004

	
0.0022 ± 0.001

	
0.002 ± 0.001

	
0.002 ± 0.001

	
0.003 ± 0.002

	
0.003 ± 0.001

	
0.004 ± 0.002

	
0.015 ± 0.009

	
0.017 ± 0.03

	
0.004 ± 0.01




	
0.001 ± 0.0002

	
0.001 ± 0.0001

	
0.001 ± 0.0003

	
0.001 ± 0.001

	
0.002 ± 0.002

	
0.001 ± 0.002

	
0.001 ± 0.001

	
0.002 ± 0.003

	
0.002 ± 0.001

	
0.004 ± 0.002

	
0.011 ± 0.01

	
0.009 ± 0.007

	
0.002 ± 0.003




	
Gd

	
µg·L−1

	
0.003 ± 0.002

	
0.004 ± 0.002

	
0.004 ± 0.003

	
0.0024 ± 0.002

	
0.009 ± 0.005

	
0.007 ± 0.004

	
0.005 ± 0.0048

	
0.014 ± 0.01

	
0.02 ± 0.02

	
0.02 ± 0.01

	
0.036 ± 0.03

	
0.05 ± 0.04

	
0.014 ± 0.02




	
0.003 ± 0.002

	
0.003 ± 0.002

	
0.004 ± 0.002

	
0.0021 ± 0.002

	
0.009 ± 0.008

	
0.005 ± 0.007

	
0.005 ± 0.006

	
0.01 ± 0.017

	
0.011 ± 0.01

	
0.017 ± 0.007

	
0.027 ± 0.02

	
0.04 ± 0.03

	
0.006 ± 0.01




	
Tb

	
µg·L−1

	
0.0005 ± 0.0003

	
0.001 ± 0.0003

	
0.001 ± 0.0004

	
0.0003 ± 0.0002

	
0.002 ± 0.001

	
0.0012 ± 0.001

	
0.001 ± 0.0007

	
0.002 ± 0.001

	
0.003 ± 0.0025

	
0.003 ± 0.001

	
0.005 ± 0.005

	
0.007 ± 0.005

	
0.002 ± 0.003




	
0.0004 ± 0.0003

	
0.001 ± 0.0003

	
0.0005 ± 0.0005

	
0.0002 ± 0.0003

	
0.002 ± 0.001

	
0.001 ± 0.001

	
0.001 ± 0.001

	
0.002 ± 0.001

	
0.001 ± 0.001

	
0.002 ± 0.001

	
0.004 ± 0.003

	
0.006 ± 0.005

	
0.001 ± 0.002




	
Dy

	
µg·L−1

	
0.002 ± 0.0013

	
0.004 ± 0.0018

	
0.003 ± 0.0026

	
0.0022 ± 0.001

	
0.01 ± 0.006

	
0.007 ± 0.005

	
0.004 ± 0.004

	
0.013 ± 0.008

	
0.016 ± 0.02

	
0.016 ± 0.009

	
0.03 ± 0.028

	
0.041 ± 0.03

	
0.012 ± 0.02




	
0.002 ± 0.001

	
0.003 ± 0.002

	
0.003 ± 0.002

	
0.002 ± 0.0017

	
0.009 ± 0.008

	
0.006 ± 0.008

	
0.003 ± 0.005

	
0.01 ± 0.01

	
0.008 ± 0.01

	
0.014 ± 0.01

	
0.021 ± 0.02

	
0.033 ± 0.03

	
0.007 ± 0.01




	
Ho

	
µg·L−1

	
0.0005 ± 0.0004

	
0.001 ± 0.0004

	
0.001 ± 0.0005

	
0.0005 ± 0.0003

	
0.002 ± 0.001

	
0.0013 ± 0.001

	
0.001 ± 0.0007

	
0.003 ± 0.002

	
0.003 ± 0.003

	
0.003 ± 0.002

	
0.006 ± 0.005

	
0.008 ± 0.006

	
0.002 ± 0.003




	
0.0003 ± 0.0002

	
0.001 ± 0.0003

	
0.001 ± 0.0004

	
0.0004 ± 0.0005

	
0.002 ± 0.002

	
0.001 ± 0.002

	
0.001 ± 0.0007

	
0.002 ± 0.002

	
0.002 ± 0.001

	
0.003 ± 0.001

	
0.004 ± 0.003

	
0.007 ± 0.005

	
0.001 ± 0.002




	
Er

	
µg·L−1

	
0.001 ± 0.001

	
0.002 ± 0.001

	
0.002 ± 0.0016

	
0.001 ± 0.0008

	
0.006 ± 0.003

	
0.004 ± 0.003

	
0.003 ± 0.002

	
0.01 ± 0.004

	
0.01 ± 0.0099

	
0.01 ± 0.005

	
0.016 ± 0.01

	
0.024 ± 0.01

	
0.007 ± 0.01




	
0.001 ± 0.0009

	
0.002 ± 0.001

	
0.001 ± 0.001

	
0.0005 ± 0.001

	
0.006 ± 0.005

	
0.003 ± 0.005

	
0.002 ± 0.003

	
0.006 ± 0.005

	
0.005 ± 0.004

	
0.009 ± 0.003

	
0.012 ± 0.01

	
0.02 ± 0.017

	
0.004 ± 0.007




	
Tm

	
µg·L−1

	
0.0001 ± 0.0002

	
0.0003 ± 0.0002

	
0.0003 ± 0.0003

	
0.0001 ± 0.0001

	
0.0009 ± 0.0005

	
0.001 ± 0.0005

	
0.0004 ± 0.0004

	
0.001 ± 0.0006

	
0.0015 ± 0.001

	
0.0014 ± 0.001

	
0.002 ± 0.002

	
0.003 ± 0.002

	
0.001 ± 0.001




	
0.0001 ± 0.0001

	
0.0002 ± 0.0002

	
0.0003 ± 0.0002

	
0.0001 ± 0.0002

	
0.001 ± 0.0007

	
0.0004 ± 0.001

	
0.0002 ± 0.0006

	
0.001 ± 0.0007

	
0.001 ± 0.001

	
0.001 ± 0.0001

	
0.002 ± 0.001

	
0.003 ± 0.002

	
0.0005 ± 0.001




	
Yb

	
µg·L−1

	
0.002 ± 0.0012

	
0.002 ± 0.0014

	
0.002 ± 0.0016

	
0.001 ± 0.0009

	
0.005 ± 0.003

	
0.004 ± 0.003

	
0.003 ± 0.002

	
0.01 ± 0.004

	
0.01 ± 0.001

	
0.01 ± 0.004

	
0.015 ± 0.01

	
0.024 ± 0.02

	
0.007 ± 0.01




	
0.001 ± 0.001

	
0.0015 ± 0.001

	
0.0013 ± 0.001

	
0.001 ± 0.001

	
0.005 ± 0.004

	
0.003 ± 0.004

	
0.002 ± 0.003

	
0.005 ± 0.005

	
0.004 ± 0.005

	
0.01 ± 0.004

	
0.01 ± 0.008

	
0.02 ± 0.01

	
0.003 ± 0.007




	
Lu

	
µg·L−1

	
0.0003 ± 0.0002

	
0.0002 ± 0.0002

	
0.0003 ± 0.0003

	
0.0002 ± 0.0002

	
0.001 ± 0.0004

	
0.0005 ± 0.0005

	
0.0004 ± 0.0004

	
0.0008 ± 0.0006

	
0.0015 ± 0.001

	
0.0014 ± 0.001

	
0.002 ± 0.0017

	
0.004 ± 0.003

	
0.001 ± 0.001




	
0.0002 ± 0.0002

	
0.0002 ± 0.0001

	
0.0002 ± 0.0001

	
0.0001 ± 0.0003

	
0.001 ± 0.0006

	
0.0003 ± 0.0007

	
0.0003 ± 0.0005

	
0.001 ± 0.0007

	
0.001 ± 0.001

	
0.001 ± 0.0006

	
0.002 ± 0.001

	
0.003 ± 0.002

	
0.0004 ± 0.001




	
Hf

	
µg·L−1

	
0.003 ± 0.002

	
0.003 ± 0.002

	
0.003 ± 0.002

	
0.005 ± 0.003

	
0.016 ± 0.01

	
0.014 ± 0.01

	
0.005 ± 0.004

	
0.013 ± 0.007

	
0.029 ± 0.04

	
0.012 ± 0.01

	
0.021 ± 0.02

	
0.035 ± 0.03

	
0.013 ± 0.018




	
0.002 ± 0.0015

	
0.002 ± 0.001

	
0.003 ± 0.002

	
0.005 ± 0.003

	
0.015 ± 0.01

	
0.011 ± 0.01

	
0.003 ± 0.007

	
0.013 ± 0.01

	
0.015 ± 0.02

	
0.01 ± 0.01

	
0.02 ± 0.01

	
0.03 ± 0.02

	
0.008 ± 0.01




	
Pb

	
µg·L−1

	
0.274 ± 0.22

	
0.19 ± 0.1

	
0.218 ± 0.11

	
0.139 ± 0.08

	
0.257 ± 0.16

	
0.3 ± 0.1

	
0.085 ± 0.04

	
0.2 ± 0.11

	
0.281 ± 0.14

	
0.065 ± 0.03

	
0.067 ± 0.04

	
0.088 ± 0.09

	
0.184 ± 0.14




	
0.241 ± 0.15

	
0.162 ± 0.09

	
0.18 ± 0.12

	
0.111 ± 0.12

	
0.222 ± 0.13

	
0.316 ± 0.25

	
0.085 ± 0.04

	
0.184 ± 0.1

	
0.245 ± 0.21

	
0.06 ± 0.03

	
0.05 ± 0.06

	
0.06 ± 0.05

	
0.15 ± 0.16




	
Th

	
µg·L−1

	
0.002 ± 0.001

	
0.003 ± 0.001

	
0.003 ± 0.002

	
0.003 ± 0.001

	
0.011 ± 0.01

	
0.011 ± 0.005

	
0.006 ± 0.004

	
0.011 ± 0.01

	
0.012 ± 0.01

	
0.01 ± 0.008

	
0.021 ± 0.02

	
0.028 ± 0.01

	
0.01 ± 0.01




	
0.002 ± 0.001

	
0.002 ± 0.001

	
0.003 ± 0.002

	
0.003 ± 0.002

	
0.011 ± 0.01

	
0.012 ± 0.01

	
0.003 ± 0.008

	
0.008 ± 0.009

	
0.01 ± 0.01

	
0.006 ± 0.006

	
0.01 ± 0.01

	
0.03 ± 0.02

	
0.01 ± 0.01




	
U

	
µg·L−1

	
0.001 ± 0.0003

	
0.001 ± 0.0005

	
0.001 ± 0.0005

	
0.002 ± 0.001

	
0.004 ± 0.002

	
0.003 ± 0.002

	
0.0012 ± 0.001

	
0.002 ± 0.0015

	
0.004 ± 0.006

	
0.007 ± 0.005

	
0.017 ± 0.01

	
0.017 ± 0.01

	
0.005 ± 0.008




	
0.001 ± 0.0004

	
0.001 ± 0.0006

	
0.001 ± 0.0009

	
0.002 ± 0.001

	
0.004 ± 0.002

	
0.003 ± 0.002

	
0.001 ± 0.001

	
0.001 ± 0.002

	
0.002 ± 0.001

	
0.006 ± 0.002

	
0.01 ± 0.01

	
0.01 ± 0.01

	
0.002 ± 0.004
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Figure 1. Map of the study area in the Western Siberia Lowland (WSL), Russia. Color shading represents different permafrost zones of the WSL according to ref. [61]. Red squares indicate the studied sites. Panels (A), (B), (C1,C2), and (D1,D2) refer to the sites in the continuous, discontinuous, sporadic, and isolated permafrost zones, respectively. The inserts (A,B,C1,C2,D1,D2) are from Google Maps®. 
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Figure 2. Dependence of the concentration of dissolved organic carbon (DOC) (A) and SO4 (B) in lake waters of the isolated permafrost zone on the water surface area (Kogalym). 
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Figure 3. Dependence of the concentration of DOC (A) and N-NO3 (B) in lake waters of the sporadic permafrost zone on the water surface area (Khanymey). 
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Figure 4. Dependence of the concentration of pH (A), Li (B), Mn (C), and Co (D) in lake waters of the discontinuous permafrost zone on the water surface area (Urengoy). 
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Figure 5. Dependence of pH and element concentration in lake waters of continuous permafrost zone on the water surface area (Tazovsky): pH (A), Ca (B), Cu (C), Mo (D), Sr (E), Sb (F), and U (G). 
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Figure 6. The ratio of concentrations of chemical elements between different hydrological seasons (summer/spring and autumn/summer): isolated (A), sporadic (B), discontinuous (C), and continuous (D) permafrost zones. The diagrams show elements with statistically significant differences recorded for at least one compared pair (p < 0.05). 
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Figure 7. Increase in pH and concentrations of some chemical elements in different hydrological seasons in the permafrost profile of Western Siberia: pH (A), Mo (B), DIC (C), CO2 (D), Mg (E), Ca (F), Sr (G), and U (H). 
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Figure 8. Decrease in concentrations of chemical elements during all three hydrological seasons across the permafrost profile of Western Siberia: SO4 (A), Cs (B), Pb (C), Cd (D), and Sb (E). 
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Figure 9. Elements whose concentrations exhibited a maximum in the sporadic and discontinuous permafrost zones: DOC (A), Al (B), Cr (C), and Mn (D). 
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Figure 10. Elements that showed a sharp increase in concentrations in the discontinuous and continuous permafrost zones during individual seasons: Si (A), K (B), and Zn (C). 
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Figure 11. Seasonal increase in pools of chemical elements in thermokarst lakes in summer relative to spring, across the permafrost gradient of Western Siberia: DOC (A), DIC (B), Se (C), Li (D), B (E), Na (F), Mg (G), Al (H), Si (I), Ti (J), Cr (K), Ni (L), Sr (M), Zr (N), Sb (O), Nd (P), Th (Q), U (R), Ptot (S), and Ba (T). A value of 100% (Rsummer/spring = 1) means that the summer and spring periods exhibit the same pools of elements. 
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Figure 12. Principal component analysis (PCA) (A) and HCA (B) treatment of dissolved elements and studied parameters of lake waters during all seasons. 
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Table 1. Prediction of change in concentrations (factor of increase or decrease relative to the current state) of DOC, DIC, and trace elements in lake waters on climate change and 2° to 4° northward (N) shift of the permafrost zones. SC—specific conductivity; SUVA245—specific ultraviolet absorbance.






Table 1. Prediction of change in concentrations (factor of increase or decrease relative to the current state) of DOC, DIC, and trace elements in lake waters on climate change and 2° to 4° northward (N) shift of the permafrost zones. SC—specific conductivity; SUVA245—specific ultraviolet absorbance.















	Element
	Continuous

into

Discontinuous
	Discontinuous

into

Sporadic
	Sporadic

into

Isolated
	Element
	Continuous

into

Discontinuous
	Discontinuous

into

Sporadic
	Sporadic

into

Isolated





	SC
	1.05
	0.92
	1.34
	Ga
	0.57
	1.11
	2.45



	pH
	1.46
	1
	0.99
	As
	2.17
	0.71
	0.97



	CH4
	0.21
	1.96
	4.21
	Se
	1.13
	0.74
	1.63



	CO2
	1.64
	1.3
	1.24
	Rb
	3.2
	0.51
	1.03



	Cl−
	0.74
	1.32
	0.9
	Sr
	3.3
	1.73
	1.05



	SO42−
	1.76
	0.49
	0.43
	Y
	2.78
	1.81
	1.97



	SUVA245
	0.98
	0.99
	1.24
	Zr
	2.51
	0.84
	4.22



	DOC
	0.63
	0.93
	2.05
	Nb
	0.81
	0.67
	5.64



	DIC
	3.55
	1.15
	1.23
	Mo
	4.84
	1.08
	1.99



	P-PO4
	0.94
	1.25
	1.59
	Cd
	0.35
	0.87
	1.04



	N-NO3
	3.21
	0.16
	1.43
	Sb
	1.02
	0.69
	0.92



	N-NH4
	0.14
	0.53
	3.48
	Cs
	0.4
	0.25
	2.46



	Li
	3.1
	1.03
	0.98
	Ba
	6.84
	1.86
	1.66



	B
	3.23
	0.6
	1.56
	La
	2.25
	0.52
	4.48



	Na
	1.71
	1.29
	1.27
	Ce
	1.72
	3.18
	1.51



	Mg
	9.86
	0.97
	0.99
	Pr
	3.07
	2.13
	1.97



	Al
	0.54
	1.37
	2.4
	Nd
	3.14
	2.05
	1.98



	Si
	0.9
	2.63
	0.77
	Sm
	1.76
	2.3
	1.23



	Ptot
	0.96
	1.31
	4.93
	Eu
	4.93
	1.59
	1.56



	K
	3.52
	0.75
	0.81
	Gd
	2.69
	2.13
	1.67



	Ca
	5.28
	1.53
	1
	Tb
	2.77
	1.76
	1.76



	Ti
	1.18
	0.81
	4.04
	Dy
	2.67
	1.7
	2.05



	V
	1.81
	0.84
	1.65
	Ho
	2.57
	1.7
	2.2



	Cr
	0.91
	1.07
	2.45
	Er
	2.6
	1.82
	2.11



	Mn
	1.01
	2.2
	1.35
	Tm
	2.45
	1.83
	2.1



	Fe
	1.84
	1.75
	1.19
	Yb
	2.55
	1.89
	1.92



	Co
	1.87
	2.29
	1.87
	Lu
	2.61
	1.98
	1.81



	Ni
	3.59
	1.13
	4.5
	Hf
	1.44
	1.33
	4.18



	Cu
	2.17
	1.59
	1.34
	Pb
	0.39
	0.81
	1.02



	Zn
	1.48
	1.29
	1.12
	Th
	2.02
	1.11
	3.45



	
	
	
	
	U
	5.87
	0.9
	2.6
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