

  water-13-03107




water-13-03107







Water 2021, 13(21), 3107; doi:10.3390/w13213107




Article



Major-Ion Chemistry and Quality of Water in Rivers of Northern West Siberia



Irina Ivanova 1,*[image: Orcid], Oleg Savichev 1,2[image: Orcid], Nikolay Trifonov 1[image: Orcid], Yulia V. Kolubaeva 1 and Natalia Volkova 1





1



Tomsk Branch of the Trofimuk Institute of Petroleum Geology and Geophysics, Siberian Branch of Russian Academy of Sciences, 634055 Tomsk, Russia






2



School of Earth Sciences and Engineering, National Research Tomsk Polytechnic University, 634050 Tomsk, Russia









*



Correspondence: ivanovais@ipgg.sbras.ru







Academic Editor: Maurizio Barbieri



Received: 24 September 2021 / Accepted: 2 November 2021 / Published: 4 November 2021



Abstract

:

This study reports a synthesis of years-long hydrogeochemical monitoring in northern West Siberia, performed by the Russian Meteorological Service (Rosgidromet) and several academic institutions. Natural factors and intensive human economic activity lead to the disruption of the ecosystems of the northern territories of Western Siberia. The aim of this study is to estimate the background water chemistry parameters in the rivers of northern West Siberia in the beginning of the 21st century. The mean values hydrochemical and geochemical indicators were determined with STATISTICA software, which can be used as background values in assessing the actual and allowable anthropogenic impact on water bodies. We revealed four water chemistry provinces: western Ob Gulf and Ob estuary catchments (I); eastern Ob Gulf and Taz Gulf catchments, except for the Taz River and its tributaries (II); Taz River catchments (III); Yenisei River catchments, right bank (IV). The major-ion chemistry of the sampled river waters records a combination of geological, geomorphological, and hydrological conditions in the four provinces. The features typical of the northern West Siberian Plain are especially prominent in province II, which has the lowest average total of major ions (Σmi), the highest chemical oxygen demand (potassium dichromate COD), and the highest contents of Fe and phosphates. The Σmi value is the highest in province IV. The river waters from four provinces share similarity in quite high organic contents (both potassium dichromate and permanganate COD), as well as high NH4+ and Fe. The long-term average Σmi of the waters is predicted not to change much in the coming one or two decades, though it may decrease slightly in the winter season but increase in the fall and spring time.
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1. Introduction


The world is currently living through notable climate change evident in many regions, including the high latitudes and specifically the Kara Sea drainage basin [1,2,3,4,5,6,7,8,9,10,11,12,13]. The near-surface air temperatures in the northern territories are increasing faster than in the middle and tropic latitudes. Correspondingly, the warming causes prominent effects on permafrost, which appear as (i) permafrost thawing, especially near rivers and lakes; (ii) coastline erosion; (iii) inputs of highly saline waters from cryopegs into the water turnover; (iv) changes in the contours of surface watersheds and aquifers; (v) disturbed water-level phases [4,6,9,11,12,14,15,16,17,18,19,20,21]. The environment changes, probably, will entrain changes in the water and solid flow regimes [22], recharge patterns, and water–rock interaction, and thus affect the chemistry and quality of surface waters.



Huge reserves of fresh water are concentrated in Western Siberia, the ecological state of which has not been alarming until recently. However, the environmental problems of the Arctic territories are becoming more relevant, since natural factors and intensive human economic activity, which associated with the extraction of hydrocarbons, lead to the disruption of the ecosystems of the northern territories of Western Siberia. The river water quality is a very important factor concerning human health and aquatic ecosystems. The gradual decrease of river water quality is considered a serious concern because it threatens the sustainability of the aquatic ecosystem. In this respect, hydrogeochemical monitoring is an environmental issue of top priority [23]. Such monitoring can follow standard government programs by meteorological and environment agencies or make part of extended research programs with a large scope of parameters and conditions to check. In Russia the monitoring results are published on a regular basis in reports of the Ministry of Natural Resources and its departments [24,25,26]. The water quality and related environmental problems have had a large literature for the recent decades, but most of the available publications focus on specific localities and water bodies (commonly lakes), or on a limited number of parameters. Some publications deal with long rivers (most often estuaries), which straddle several climate zones, but zonal variations remain overlooked [1,2,3,7,11,12,15,20,27,28,29,30,31,32,33,34,35,36]. Thus, the modern state of rivers in the Kara Sea basin is yet poorly constrained.



The aim of this study is to estimate the background water chemistry parameters in the rivers of northern West Siberia in the beginning of the 21st century. For this purpose, additional water chemistry surveys were undertaken in the Kara basin by a joint team from the Tomsk Branch of the A.A. Trofimuk Institute of Petroleum Geology and Geophysics (Tomsk), Tomsk Polytechnical University, and Tomsk State University (Tomsk). The synthesis of our results and published evidence, including the reports of the Russian Meteorological Service (Rosgidromet), has provided the required information on the concentrations of dissolved elements, which can make basis for further assessment of climate change effects and anthropogenic loads associated with petroleum production.




2. Materials and Methods


2.1. Study Area


The territory of Northern West Siberia encompasses the Arctic, Subarctic, and temperate climate zones. The winter season generally lasts as long as seven to eight months, with monthly means of −23 to −29 °C, while the summer is within two months, and the mean July temperature is 10 to 14 °C. The amount of atmospheric precipitation increases from 300 to 550 mm/yr off the coast, out of which 40% is solid precipitation. The snow depth reaches 70–90 cm. The region is located in the West Siberian Plain, with a smooth terrain as low as 35–55 m above sea level. The dominant soil in the Taiga being podzols and sandy soils. Soils are represented mainly by Cryic Histosols, less often by Eutric Histosols, with thick organogenic horizons at the study area. The state of organogenic (peat) soil horizons significantly affects the depth of permafrost. This is a zone of continuous permafrost in the Yamal, Taz, and Gydan peninsulas and sporadic permafrost south of the peninsulas down to 64° N [37].



Geologically, the region belongs to the Late Paleozoic–Mesozoic West Siberian Plate, with Mesozoic-Cenozoic sediments upon a Paleozoic basement. Microcrystalline schists, phyllites and phyllitic schists of various compositions-muscovite, sericite, sericite-chlorite and chlorite, sometimes siliceous, are conventionally assigned to the Proterozoic (Rf3-V1). Lower Mesozoic (T-J) deposits are represented by alternating clays, marls, sandstones, and siltstones. Undivided Jurassic–Cretaceous deposits are represented by glauconite-quartz siltstones with interlayers of limestones and sandstones. Cretaceous deposits are represented by clays, interbedded with sandy–silty rock units. Undivided deposits (K-P1) are represented by clays (opoka-like interlayers, with nodules of marl and siderite, small pyrite inclusions) and mica kaolinized sands (with lenses and clay interlayers). The sediments of the Paleocene and Eocene are represented mainly by clayey, clayey-siliceous and siliceous rocks. Oligene deposits are represented by alternating sands and silts with clay interlayers. Neogene deposits are represented by sandy-argillaceous lignite deposits. The greatest part of the territory is occupied by marine, glacial, and mixed marine–glacial plains, where Middle Quaternary silty and clayey sediments are overlain by Middle Quaternary and Late Quaternary sand and silt deposited in lacustrine, fluvial, or mixed environments. The mostly peaty oligotrophic soils enclose thick organic horizons.




2.2. Sampling and Analytical Procedures


The sampled rivers with the catchment areas of ≤2000 km2 and from 2000 to 50,000 km2 [38] (Figure 1), at several sites: (1) tributaries of the Ob estuary and the Ob Gulf (Shchuchiya and Sob Rivers and Sob tributaries); (2) Poluy River, at Rosgidromet stations near Poluy community and Salekhard city; (3) tributaries of the eastern Ob Gulf catchment; (4) Nadym River and its tributaries; (5) Pur River, Pyaku-Pur River near Tarko-Sale town, and Pur tributaries; (6) Taz Gulf tributaries; (7) Taz River near Ratta community, and Taz tributaries; (8) streams in Turukhan River catchments, including Turukhan River near Yanov Stan community; (9) peat bogs and swampy areas (water-logged topographic lows with frozen organic-rich layer on top) [39]. The bog waters were sampled over the whole territory from the eastern slopes of the Urals (Ob tributaries) to the Bolshaya Kheta catchment. The sampling was from small and medium rivers, which reflect, respectively, local and zonal conditions, whereas large rivers that drain more than 50,000 km2 across multiple climate zones (Ob, Yenisei, Nadym, Pur, and Taz Rivers) are unsuitable for characterizing the water chemistry of the northern Kara basin.



The database on river water chemistry includes the results, which obtained by authors in 2009 through 2020 and published elsewhere [14,31,32,36,37,40,41,42], as well as the latest data were obtained from 23 river water samples collected during the fieldtrip to the Yamal-Nenets district in summer 2020 (Figure 1). The choice of these rivers was restricted by the possibility by using road transportation. The water samples were obtained upstream of the bridge. The total number of analyzed samples amounted to 360.



The water temperature, pH, dissolved oxygen, and electric conductivity in the main stem and tributaries were measured directly in the field using Hanna portable instruments. The water was sampled in cleaned polypropylene bottle from 20–30 cm depth in 1 or 2 m offshore [43].



The concentrations of major ions and N, P, and Si compounds, concentrations of Fe, Cu, Zn, Pb, Cd, and Hg, pH, and chemical oxygen demand (both for potassium dichromate and permanganate) were estimated with reference to compatibility between our methods and the Rosgidromet practices [44]. Most of the river and bog water were analyzed in accredited laboratories. The samples collected in 2020 were analyzed at the Basic Research Laboratory of Hydrogeochemistry of Tomsk Polytechnic University (accreditation ROSS RU.0001.511901) by different methods, following the guidelines of Rosgidromet [44] and the World Meteorological Organization [45]: potentiometry for pH; titrimetry for chemical oxygen demand and the concentrations of CO2, Ca2+, Mg2+, HCO3−, and Cl−; turbidimetry for SO42−; photometry and mass spectrometry with inductively coupled plasma (ICP-MS) on a NexION 300D spectrometer for Si, NH4+, NO2−, NO3−, phosphates, and iron; ion chromatography and atomic absorption spectrometry (AAS) for Na+ and K+; stripping voltammetry, AAS, and ICP-MS for Zn, Cu, Hg, Pb, Mn, Ni, and Al. The ICP-MC method was also applied to determine trace-element contents in filtered water samples (Sartorius filter, 0.45 µm pore size). The analytical work was performed at the certified laboratories of the Tomsk Polytechnical University and the Tomsk Regional Department of Natural Resources and Environment (Oblkompriroda).




2.3. Data Processing and Statistical Analysis


The data were processed by means of mathematical statistics using the MS Excel and Statistica software at a significance level value of 5%. The water compositions were classified into bicarbonate (HCO3−+CO32−), sulfate (SO42−), and chloride (Cl−) ionic types according to major anions [46], and each type was further divided into calcic, magnesian, and sodic subtypes according to major cations.



The water chemistry studies consisted of several steps. The work began with data inventory and classification of rivers according to flow and recharge patterns [47,48]. Then statistics were calculated over specific parts of the Kara basin [49,50], and the rms errors were estimated as


   δ A  ≈  σ   N    ,  



(1)




where σ is the rms error and N is the number of measurements (size of statistical sample). At the next step, the Fisher KF (Equation (2)) and Student Kt (Equation (3)) distributions of the statistics were calculated at 5% significance level to test the variance [48,49,50].


   K F  =   max    σ x 2  ;  σ y 2      min    σ x 2  ;  σ y 2      ,  



(2)






   K t  =      A x  −  A y         N x  ·  σ x 2  +  N y  ·  σ y 2      ·      N x  ·  N y  ·    N x  +  N y  − 2        N x  +  N y        ,  



(3)




where Ax and Ay, σx and σy, Nx and Ny, are, respectively, the arithmetic means, rms errors, and sizes of the statistical samples x and y. If both Fischer and Student tests confirmed the specified low variance, the statistical samples were joined, and tested further in the same way.



Finally, the hydrochemical and hydrological parameters were correlated and the regression relationships were obtained separately for the statistical samples and for the whole data set, as recommended in [48]:


   r  ≥ 0.70 ;    r  ≥   2 ·   1 −  r 2        N − 2     ;      k r    ≥ 2 ·  δ  k r   ,  



(4)




where r is the correlation coefficient; kr and δkr are the regression coefficient and its rms error.





3. Results and Discussion


The sampled rivers were first divided into eight groups: (1) tributaries of the Ob estuary and Ob Gulf: Shchuchiya, Sob (Rosgidromet station near Kharp community, and Sob tributaries), Ob Gulf tributaries; (2) Poluy River (Rosgidromet stations near Poluy community and Salekhard city); (3) tributaries of the Ob Gulf (right bank); (4) Nadym River (Rosgidromet station near Nadym community) and its tributaries; (5) Pur River (Rosgidromet station near Tarko-Sale community) and its tributaries; (6) Taz Gulf tributaries; (7) Taz River (Rosgidromet station near Ratta community) and its tributaries; (8) streams in the Turukhan (Rosgidromet station near Yanov Stan community) and Bolshaya Kheta catchments. Then the groups were joined into four provinces according to water chemistry similarity.



The rivers of group 1 flow within the western slope of the Urals, along major geological and hydrological boundaries: at the junction between the Ural orogenic belt and the West Siberian Basin filled with Paleozoic and Mesozoic sediments, and between the rivers of the mountainous-tundra zone and the plainland rivers of the West Siberian tundra and forest zones [47]. The rivers of groups 3–6 are located within the West Siberian Basin and its Paleogene, Neogene, and Quaternary sediments, and within the tundra and forest zones [47]. Groups 2 and 7 represent the conditions that are generally intermediate between the plainland rivers of the West Siberian Basin interior on one side and groups 1 and 8 on the other side [47,51].



For each group, we calculated the arithmetic means and rms errors of element concentrations, and variance in the Σmi series (Ca2+, Mg2+, Na+, K+, HCO3−, CO32−, SO42−, and Cl−) was checked by means of Fisher (Table 1) and Student (Table 2) tests, at a 5% significance level. As a result, the Σmi data for groups 1 and 2 were jointed into one statistical sample corresponding to province I. Similar Σmi values were obtained for rivers in the Taz catchment. On the other hand, the rivers of groups 1, 2, and 7 jointly belong to province III, as they share the intermediate geological and geomorphological position between plainland and highland conditions, though the Taz catchment is located far from the eastern Ural slope. Groups 3–6 that include typically plainland rivers of the tundra, forest tundra, and northern taiga zones represent similar geological and geomorphological settings. The Σmi and variance for the Yenisei tributaries differ from the respective data for all other sampled rivers, including the Taz tributaries, as well as from bog waters. Bogs generally do not represent any specific climate zones and differ from rivers in both average Σmi and variance (Table 1 and Table 2).



The major-ion totals in the river waters are the highest in the Yenisei tributaries (province IV) and the lowest in the right side of the Ob Gulf and the Taz Gukf tributaries (province II). The contents of total iron and phosphates, as well as the chemical oxygen demand (dichromate COD) are, on the contrary, the highest in province II and lowest in province IV. The waters in provinces I–III are fresh and calcium bicarbonate of type 2, according to the classification of Alekin [46]. The compositions of this type commonly result from water interaction with sediments and weathered bedrocks. The waters of the Yenisei tributaries are likewise fresh and have a calcium bicarbonate chemistry, but belong to type 1 [46] corresponding to the interaction of waters with Na- and K-rich igneous rocks. These results agree with the local geology, i.e., with the presence of Cretaceous sediments in the eastern part of the area (Figure 2). However, the greatest part of the territory, between the Ob and Taz Rivers, is occupied by Upper Quaternary and Middle Quaternary sediments covered with peat.



The bog waters of the region are on average fresh and have calcium bicarbonate chemistry, like the river waters, and are intermediate between waters of types 1 and 2 in the contents of major ions. This composition may be due to thinning of water lenses and/or to accumulation of Na and K ions in the active layer above the permafrost. Compared to the river waters, the bog waters expectedly have higher dichromate COD due to peat formation, and Fe iron contents due to accumulation of dissolved compounds with organic acids.



In general, the major-ion totals are higher along the margins of the West Siberian Plain, while the organic compounds and their derivatives are more abundant in the swampy central areas. This fact has to be taken into account when estimating natural and anthropogenic effects on water bodies, e.g., using average values for provinces I–IV as background pH, COD, major ion concentrations, inorganic compounds of N, phosphates, Si, and Fe (Table 3).



Unfortunately, the available data on trace-element contents are insufficient to provide a reliable basis for distinguishing the water chemistry provinces, though some trends appear in lateral variations across the region: e.g., Ni and Cu increase slightly eastward. The waters were sampled for a larger number of elements during the trip of September 2020 by a team from the Tomsk branch of the Trofimuk institute of petroleum geology and geophysics of Siberian branch of Russian academy of sciences (Table 4). The regional average contents of Li, B, V, Co, Ni, Ge, As, Rb, Cd, Pb, La, Ce, and Pr we obtained differ for less than 50% from the previous estimates over the rivers from the Kara Sea drainage basin [36].



The total of major ions varies seasonally as a function of runoff patterns. The Σmi and the water discharge Qt are commonly related as


     mi   = a ·      Q t     Q a      − b    



(5)







See the general Σmi vs. Qt/Qa relationship for all four provinces in Figure 3, where Qt is the water discharge (flow rate) at a certain time and Qa is the respective average value; a and b are empirical constants. In the case of province IV, at very small discharge ratios (Qt /Qa < 0.01), mainly in the winter low-water season, Σmi can even increase slightly at higher Qt /Qa (Figure 4). This state may correspond to influx from saline water lenses in permafrost (cryopegs). The effect of saline water inputs smooths down as the surface runoff into the river network increases, and the major-ion total decreases in a stable way with increasing discharge at Qt/Qa > 0.2–0.3. The Σmi and the discharge correlate in an intricate way, being first directly and then inversely proportional. This reversal was attributed [53] to the water chemistry control jointly by slope, surface, and subsurface run-off components, while the run-off, in its turn, depends nonlinearly on the air temperature [53].



The power–law relationship (Figure 3) can be used for preliminary estimation of possible climate-driven changes in the water chemistry of the Arctic rivers. Specifically, it was found out that the subsurface component of the river run-off in Northern Asia has undergone a statistically significant increase in the past two to four decades, and the duration of water-level seasons has changed [4,7,13,15]. Therefore, the major-ion total can be expected to increase slightly in the winter low-water time but may increase in the fall and spring seasons.




4. Conclusions


The analyzed statistical samples of total major-ion contents in the rivers of northern West Siberia reveal four water chemistry provinces: western Ob Gulf and Ob estuary catchments (I); eastern Ob Gulf and Taz Gulf catchments, except for the Taz River and its tributaries (II); Taz River catchment (III); and Yenisei River catchment (right bank) (IV). The compositions of river waters in different provinces record the hydrogeochemical conditions corresponding to the Ural eastern slope (province I) and to the junction between the West Siberian and Central Siberian plates (province IV), while the conditions in province III are intermediate between the two provinces. The conditions in province II are the most typical of the northern West Siberian Plain: the lowest average Σmi, the highest dichromate COD, and the highest contents of Fe and phosphates. The major-ion total is the highest in the rivers of province IV, as a result of its geological specificity and due to inputs of saline waters from cryopegs in watershed permafrost.



Some trace elements (e.g., Cu and Ni) show increasing trends from west to east. The river waters from all four provinces share similarity in quite high organic contents inferred from both dichromate and permanganate COD, as well as high NH4+ and Fe. Thus, the waters of the area do not comply with the quality requirements for the waters of fishery and household uses.



The total major-ion concentrations vary seasonally: they decrease at higher run-off and water levels and increase in the low-water season. In view of the revealed correlation between the water chemistry and water level (discharge) patterns, and in the presence of climate-induced changes in the subsurface run-off component and in the duration of hydrological seasons, it can be assumed that the long-term average Σmi values will hardly change much in the coming one or two decades, though they may decrease slightly in the winter season but increase in the fall and spring time.
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Figure 1. Location map of study area in northern West Siberia. 
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Figure 2. Map of northern West Siberia and local geology [52]. 
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Figure 3. Σmi vs. Qt/Qa relationship for provinces I–IV (Table 3); (I)    Σ  mi   = 50.121 ·      Q t     Q a      − 0.200    ; (II)    Σ  mi   = 35.140 ·      Q t     Q a      − 0.337    ; (III)    Σ  mi   = 71.723 ·      Q t     Q a      − 0.092    ; (IV)    Σ  mi   = 59.463 ·      Q t     Q a      − 0.407    . 
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Figure 4. Σmi vs. Qt/Qa relationship for province IV (Table 3) at small Qt/Qa ratios. 
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Table 1. Ratio between actual KF (in formula 2) and critical KF, 5% (5% significance) variance.
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	Area
	1
	2
	3
	4
	5
	6
	7
	8
	9





	1
	0.56
	21.90
	7.38
	27.04
	12.15
	4.86
	39.74
	23.69
	1.32



	2
	21.90
	0.39
	1.64
	0.48
	0.69
	2.56
	0.70
	0.42
	8.83



	3
	7.38
	1.64
	0.55
	2.03
	0.91
	0.86
	2.98
	1.78
	2.97



	4
	27.04
	0.48
	2.03
	0.63
	0.86
	3.16
	0.93
	0.26
	10.90



	5
	12.15
	0.69
	0.91
	0.86
	0.39
	1.42
	1.26
	0.75
	4.90



	6
	4.86
	2.56
	0.86
	3.16
	1.42
	0.57
	4.64
	2.77
	1.96



	7
	39.74
	0.70
	2.98
	0.93
	1.26
	4.64
	0.36
	0.38
	16.03



	8
	23.69
	0.42
	1.78
	0.26
	0.75
	2.77
	0.38
	0.23
	9.55



	9
	1.32
	8.83
	2.97
	10.90
	4.90
	1.96
	16.03
	9.55
	0.53







Note: statistically significant difference is in bold. Numerals 1–9 stand for names of areas: 1 = rivers in the Yenisei catchment; 2 = rivers in the Nadym catchment; 3 = Poluy River; 4 = rivers in the Pur catchment; 5 = rivers in the Taz catchment; 6 = rivers in the western Ob Gulf catchment; 7 = rivers in the eastern Ob Gulf catchment; 8 = rivers in the Taz Gulf catchment; 9 = bogs and swampy areas.
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Table 2. Ratio between actual Kt (in formula 3) and critical Kt, 5% (5% significance) variance, Student t test.
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	Area
	1
	2
	3
	4
	5
	6
	7
	8
	9





	1
	0.00
	1.29
	1.13
	2.63
	0.98
	1.32
	1.39
	0.95
	0.64



	2
	1.29
	0.00
	1.84
	0.19
	1.08
	1.24
	0.86
	0.34
	1.19



	3
	1.13
	1.84
	0.00
	3.49
	0.79
	0.38
	2.41
	1.54
	0.54



	4
	2.63
	0.19
	3.49
	0.00
	1.84
	2.48
	0.95
	0.31
	2.42



	5
	0.98
	1.08
	0.79
	1.84
	0.00
	0.39
	1.82
	1.08
	0.73



	6
	1.32
	1.24
	0.38
	2.48
	0.39
	0.00
	1.70
	1.07
	0.76



	7
	1.39
	0.86
	2.41
	0.95
	1.82
	1.70
	0.00
	0.34
	1.39



	8
	0.95
	0.34
	1.54
	0.31
	1.08
	1.07
	0.34
	0.00
	0.92



	9
	0.64
	1.19
	0.54
	2.42
	0.73
	0.76
	1.39
	0.92
	0.00







Note: statistically significant difference is in bold. Numerals 1–9 stand for names of areas: 1 = rivers in the Yenisey catchment; 2 = rivers in the Nadym catchment; 3 = Poluy River; 4 = rivers in the Pur catchment; 5 = rivers in the Taz catchment; 6 = rivers in the western Ob Gulf catchment; 7 = rivers in the eastern Ob Gulf catchment; 8 = rivers in the Taz Gulf catchment; 9 = bogs and swampy areas.
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Table 3. Average values of hydrochemical parameters of river (four provinces) and bog (region as a whole) waters.
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I

Ob Gulf Catchment (Western Part)

	
II

Catchments of Ob Gulf (western part) and Taz Gulf

	
III

Upper Taz Reaches and Taz Tributaries

	
IV

Yenisei Triburaties

	
V

Bogs






	

	
A

	
δA

	
N

	
A

	
δA

	
N

	
A

	
δA

	
N

	
A

	
δA

	
N

	
A

	
δA

	
N




	
pH,

	
7.05

	
0.07

	
56

	
6.17

	
0.07

	
134

	
7.03

	
0.14

	
19

	
7.04

	
0.11

	
32

	
5.64

	
0.17

	
41




	
Water classification after [46]




	
Class/

group/

type

	
C/Ca/II

	
C/Ca/II

	
C/Ca/II

	
C/Ca/I

	
C/Ca/I(II)




	
mgO/L




	
PO

	
10.34

	
1.42

	
72

	
11.80

	
0.99

	
96

	
13.10

	
1.82

	
13

	
11.77

	
0.96

	
12

	
53.55

	
17.45

	
8




	
BO

	
20.55

	
1.82

	
65

	
30.62

	
2.30

	
108

	
27.68

	
2.70

	
17

	
20.50

	
1.61

	
23

	
167.85

	
41.35

	
8




	
mg/L




	
CO2

	
15.0

	
3.1

	
21

	
9.3

	
1.8

	
16

	
2.1

	
1.1

	
5

	
7.1

	
1.6

	
18

	
18.2

	
3.9

	
8




	
Σmi

	
72.0

	
5.3

	
84

	
36.8

	
2.2

	
126

	
62.0

	
8.0

	
19

	
136.8

	
23.1

	
49

	
98.9

	
16.5

	
41




	
Ca2+

	
8.0

	
0.6

	
84

	
4.2

	
0.2

	
126

	
8.1

	
1.0

	
19

	
14.1

	
1.9

	
49

	
0.9

	
0.4

	
8




	
Mg2+

	
3.8

	
0.3

	
84

	
1.8

	
0.1

	
126

	
3.3

	
0.5

	
19

	
6.9

	
1.0

	
49

	
0.5

	
0.2

	
8




	
Na+

	
6.5

	
0.9

	
84

	
3.6

	
0.3

	
126

	
3.7

	
0.8

	
19

	
8.7

	
2.7

	
49

	
0.7

	
0.3

	
8




	
K+

	
0.7

	
0.1

	
84

	
0.5

	
0.1

	
126

	
1.0

	
0.3

	
19

	
2.7

	
1.2

	
49

	
0.2

	
0.1

	
8




	
HCO3−

	
35.9

	
3.0

	
84

	
17.3

	
1.5

	
126

	
38.4

	
5.9

	
19

	
88.8

	
14.2

	
49

	
5.4

	
2.9

	
8




	
Cl−

	
9.1

	
1.0

	
84

	
4.2

	
0.4

	
126

	
3.0

	
0.5

	
19

	
5.5

	
1.4

	
49

	
0.8

	
0.2

	
8




	
SO42−

	
7.8

	
0.7

	
84

	
7.7

	
1.0

	
126

	
3.6

	
0.5

	
19

	
10.1

	
3.3

	
49

	
3.5

	
1.0

	
8




	
NO3−

	
0.22

	
0.13

	
4

	
0.28

	
0.06

	
70

	
0.81

	
0.39

	
10

	
1.21

	
0.31

	
27

	
0.07

	
0.03

	
8




	
NO2−

	
0.01

	
0.00

	
8

	
0.03

	
0.00

	
71

	
0.01

	
0.00

	
10

	
0.13

	
0.08

	
19

	
0.01

	
0.00

	
8




	
NH4+

	
0.53

	
0.20

	
4

	
0.35

	
0.05

	
74

	
0.31

	
0.06

	
11

	
0.57

	
0.09

	
17

	
2.55

	
0.47

	
8




	
Phosphates

	
0.06

	
0.04

	
4

	
0.14

	
0.04

	
54

	
0.06

	
0.03

	
5

	
0.02

	
0.01

	
8

	
0.05

	
0.02

	
8




	
Si

	
4.75

	
0.37

	
71

	
5.25

	
0.37

	
80

	
5.04

	
0.75

	
13

	
3.06

	
0.52

	
11

	
2.44

	
0.56

	
8




	
Fe

	
0.644

	
0.064

	
80

	
1.247

	
0.096

	
135

	
0.744

	
0.139

	
19

	
0.550

	
0.090

	
34

	
8.135

	
2.591

	
41




	
μg/L




	
Ni

	
2.3

	
0.5

	
16

	
10.1

	
2.2

	
62

	
22.1

	
8.5

	
9

	
21.9

	
5.8

	
15

	
2.7

	
0.4

	
41




	
Cu

	
0.8

	
0.1

	
4

	
8.9

	
1.8

	
62

	
6.1

	
2.3

	
9

	
8.0

	
1.4

	
15

	
0.5

	
0.1

	
8




	
Zn

	
2.3

	
0.9

	
4

	
15.4

	
4.2

	
62

	
19.7

	
14.4

	
9

	
63.1

	
18.8

	
15

	
7.1

	
2.2

	
8




	
Cd

	
<0.01

	
<0.01

	
4

	
0.28

	
0.07

	
45

	
0.07

	
0.05

	
9

	
0.04

	
0.01

	
9

	
0.03

	
0.01

	
8




	
Pb

	
<0.1

	
<0.1

	
4

	
2.0

	
0.5

	
62

	
2.1

	
0.9

	
9

	
2.5

	
0.7

	
15

	
1.0

	
0.5

	
8








Note: A and δA are, respectively, arithmetic mean and its error found by Equation (1); N is the number of measurements; BO and PO are carbon oxygen demand for potassium bichromate and potassium permanganate, respectively; Σmi is the total of major ions (Ca2+, Mg2+, Na+, K+, HCO3−, CO32−, SO42−, and Cl−).
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Table 4. Average values of trace elements in rivers of the Kara basin, sampled in September 2020, μg/L.
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Element

	
Element Concentration (September 2020)

	
A* [36]




	
A

	
δA






	
Li

	
1.72

	
0.23

	
2.23




	
B

	
8.63

	
2.32

	
11.10




	
Al

	
169.5

	
74.4

	
27.8




	
Ti

	
5.77

	
3.89

	
0.39




	
V

	
0.80

	
0.28

	
1.01




	
Cr

	
0.96

	
0.16

	
0.27




	
Mn

	
15.93

	
3.51

	
34.00




	
Co

	
0.18

	
0.04

	
0.13




	
Ni

	
1.97

	
0.37

	
1.17




	
Cu

	
0.63

	
0.10

	
1.06




	
Zn

	
1.44

	
0.28

	
2.36




	
Ge

	
0.01

	
0.00

	
0.01




	
As

	
0.72

	
0.09

	
0.45




	
Rb

	
0.46

	
0.08

	
0.64




	
Sr

	
23.21

	
5.11

	
69.70




	
Y

	
0.311

	
0.044

	
0.051




	
Mo

	
0.040

	
0.012

	
0.670




	
Cd

	
0.003

	
0.001

	
0.004




	
Cs

	
0.008

	
0.005

	
0.002




	
Ba

	
5.55

	
0.66

	
22.40




	
Pb

	
0.105

	
0.047

	
0.090




	
La

	
0.217

	
0.042

	
0.166




	
Ce

	
0.475

	
0.096

	
0.310




	
Pr

	
0.064

	
0.011

	
0.046




	
U

	
0.031

	
0.019

	
0.300








Note: A is the arithmetic mean value; δA is the rms error found by Equation (1), at N = 23; A* = average over the rivers of the Kara basin according to [36].
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