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Abstract: The aim of this study was to obtain a detailed picture of the origin of the anthropogenic and
natural inorganic solutes in the surface waters of the Lake Baikal watershed using limited data on
solute sources. To reveal the origin of solutes, the chemical composition of water was considered as a
mixture of solutes from different sources such as rocks and anthropogenic wastes. The end-member
mixing approach (EMMA), based on the observation that the element ratios in water uncorrelated
with one another are those that exhibit differences in values across the different types of rocks and
anthropogenic wastes, was used for source apportionment. According to the results of correlation
analysis, two tracers of sources of most abundant ions present in riverine waters were selected. The
first tracer was the ratio of combined concentration of calcium and magnesium ions to concentration
of potassium ion ((Ca2+ + Mg2+)/K+), and the second tracer was the ratio of sulfate and bicarbonate
ion concentrations (SO4

2−/HCO3
−). Using these tracers, three sources of main ions in water, such as

sulfide-bearing silicate rocks, non-sulfide silicate rocks and carbonate rocks, were apportioned. The
results of cluster analysis showed the possibility of using the ratios of strontium, iron, manganese,
molybdenum, nickel, and vanadium concentrations (Sr/Fe, Sr/Mn, Ni/V, Mo/V) as tracers of the
trace element sources. The use of these tracers and the obtained data on sources of main ions showed
the possibility of identifying the natural trace element sources and distinguishing between natural
and anthropogenic trace element sources.

Keywords: Baikal watershed; surface waters; end-member mixing analysis; solute sources; tracers;
concentration ratios

1. Introduction

The problem of determining the origin of solutes in surface waters is the lack of data
on its possible sources. In particular, the problem of pollutant sources identification is the
lack or absence of emission composition data [1] called source profiles. Without data on
source profiles, the source identification is impossible, because the essence of identification
is to compare the ratios of pollutant concentrations in the source emission called source
tracers with those in water. The lack of the data on source profiles is particularly important
for Lake Baikal area. The only tracers ever used for source apportionment of solutes in
the surface waters of the Lake Baikal watershed were polycyclic aromatic hydrocarbons
(PAHs). The choice of PAHs as source tracers was solely conditioned by availability of
data on PAH profiles of local sources [2,3]. Due to a wide range of anthropogenic source
types and uniqueness of PAH source profiles, the multicomponent end-member mixing
analysis (EMMA) was used for source apportionment in that study [4,5]. Unfortunately,
in the other studies concerned with identification of water pollution sources in Lake
Baikal watershed, the comparison of chemical composition between the water and source
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emissions was not made. The high concentrations of pollutants such as PAHs [6–8], trace
elements [9–15], dissolved organic carbon, inorganic nitrogen, and phosphorus [16–22] and
even 30Si isotope [23,24] in water were used as pollution indicators. Despite the fact that
the most pollutants, like PAHs, nitrogen, and sulfur oxides, etc., may come from remote
sources, the industrial or municipal facility closest to water sampling point, located upwind
or upstream of it, was usually assumed to be the primary contributor of pollutants to the
surface water [2].

The problem of identification of natural solute sources, such as rocks and soils, is the
similarity of their chemical compositions (source profiles), which makes it difficult to select
chemical elements or ions that can be used as the source tracers. The scarcity of source
tracers causes the generality of the source identification procedure and the inability to
evaluate source contributions: in most studies, only one predominant source (which is
actually a combination of several sources) was identified [1]. The identification of natural
solute sources and the classification of waters according to their chemical composition are
both based on the dominance of one group of solutes over another group of solutes [25–28].
These solutes are mostly the anions. For example, the dominance of sulfate over the
bicarbonate ion in water indicates the presence of gypsum [29,30] or sulfides [31,32] in
watershed. The low bicarbonate-to-sum-of-ions ratio indicates the significant contribution
of atmospheric deposition to the chemical composition of surface water [33]. The high
percentage of chloride in the anionic composition of riverine water in coastal areas may be
due to seawater intrusion into groundwater [34] or due to high contribution of rainwater
to stream flow [35]. In noncoastal areas, the high chloride levels in surface waters may be
due to road-salt applications in watershed [36]. The presence of carbonate ions in water
indicates the predominance of carbonate rocks over silicate rocks in watershed, whereas
the predominance of bicarbonate ion over the other anions indicates the predominance of
silicate rocks over the other types of rocks [37]. The ratio between the carbonate and silicate
rocks in watershed is reflected in water mineralization value: the higher the mineralization,
the higher the contribution of carbonate rocks (and the lower the contribution of silicate
rocks) to water chemistry [38,39]. From this point of view, the predominant source of
solutes in surface waters of the Lake Baikal watershed is silicate rocks, because all waters
are low-mineralized and characterized by the predominance of bicarbonate ion [40,41].
Unfortunately, this conclusion is not scientifically sound, taking into account the variety of
minerals composing silicate rocks and the variety of silicate rocks in Lake Baikal watershed.

The data on the cationic composition of waters do not help much to understand
better the origin of solutes. According to Alekin [42], the predominance of calcium and
magnesium ions over bicarbonate ions, along with predominance of bicarbonate and
sulfate ions over calcium and magnesium ions (HCO3

− < Ca2+ + Mg2+ < HCO3
− + SO4

2−),
indicates the presence of igneous and sedimentary rocks in the Lake Baikal watershed.
Taking into account the variety of chemical and mineralogical compositions of igneous
and sedimentary rocks in the Lake Baikal watershed, this conclusion also seems to be too
general and imprecise.

The studies concerned with the identification of natural solute sources using trace
metals as tracers are not numerous. The results of source apportionment using strontium
isotopes (87Sr/86Sr) as tracers showed that the solutes in water of small Lake Baikal
tributaries are originated from dissolution of silicate rocks [43,44], whereas solutes in water
of main tributaries (rivers Verkhnyaya Angara, Bargusin, and Selenga) are originated from
the dissolution of silicate and carbonate rocks [45,46]. The different origin of dissolved
solids in small and big rivers is explained by the higher diversity of geological conditions
in large watersheds. Unfortunately, the precise evaluation of contributions of silicate and
carbonate rocks to water chemistry is hardly possible using strontium isotopes because
87Sr/86Sr ratio values depend mostly on the age of rocks rather than on their chemical
composition [47].

The one aim of this study was to select ionic or element concentration ratios that can
be used as tracers specific enough to distinguish between contributions of different igneous
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and sedimentary rocks to water chemistry. Another aim was to identify anthropogenic
sources using the differences in values of selected tracers between pristine rivers and
urban/industrial rivers. The results of this study may be used by environmental scientists,
decision makers, and conservationists as the basis for the creation of local chemistry-based
classifications of streams.

2. Materials and Methods
2.1. Study Area and Sample Collection Sites

The study was conducted in the summers of 2019 and 2020 on the western shore of
Lake Baikal (Figure 1) and in the watershed of the Selenga river—the main Lake Baikal
tributary (Figure 2). The study area is a mountainous region characterized by a boreal
climate and coniferous vegetation. The study area is characterized by long, cold winters
lasting 4–5 months (November–March) and short hot summers (June–August). Winter air
temperatures reach −37 ◦C, and the summer air temperatures are about 25 to 30 ◦C. Spatial
variation in precipitation is high across the watershed, with the western coast receiving
about 400 mm of precipitation annually, while as much as 600 to 800 mm are deposited on
the southeastern coast. Extremely high precipitation (up to 1200 mm/year) is observed
on the northern slopes of Khamar-Daban Ridge, located on the southeastern coast of Lake
Baikal. Most of the precipitation falls in the summer.
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Figure 1. The studied northern (a) and southern (b) parts of southwestern coast of Lake Baikal:
(1) Boundaries of areas delineated on the basis of water chemistry data; (2) upper boundary of river
watersheds; (3) stream numbers (the same as in Tables S1 and S2); and (4) numbers of delineated areas:
I, Marituisky; II, Baikalsky; III, Listvyansky; IV, Goloustnensky; V, Buguldeisky; VI, Elantsinsky;
VII, Ongurensky.
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Figure 2. The location of water sampling stations in the studied part of the Selenga River; digits are
station numbers (the same as in all tables and figures containing data on Selenga water chemistry).

Water was sampled during the base flow conditions. Two water samples were collected
at each site: one collected in 2019 and the other in 2020. The differences in concentrations
of respective ions measured in 2019 and 2020 were within the range of 15–33% and the
differences in concentrations of respective trace elements were in the range of 30–40%. All
the figures and tables in this paper represent two-year average solute concentrations. The
Selenga River was selected as an urban river because its watershed is densely populated.
There were 11 sampling stations established on the Selenga River and the distance between
sampling stations was approximately 30 km.

The western tributaries were selected as pristine rivers because the western coast of
Baikal is the wilderness area. The total number of sampled rivers on the western coast was
75; water was sampled from river mouths. The choice of western rivers as study objects was
also caused by the great geological diversity of the western coast as well as by insufficient
knowledge about chemical composition of riverine waters. Until now, attention was
narrowly focused on Lake Baikal, rivers, and streams of the Khamar-Daban ridge [48,49]
located on the southeastern coast of the lake as well as on main Baikal tributaries [50,51]
(the rivers Selenga, Barguzin, and Upper Angara) flowing into Baikal on the eastern coast
to the north of the Khamar-Daban ridge.

The water in Lake Baikal and its tributaries is low-mineralized, Ca-HCO3 type water.
The highest values of water mineralization (up to 200 mg/L) and alkalinity are observed
in some rivers of the western coast. The lowest values of water mineralization (up to
50 mg/L) are observed in the small rivers of the Khamar-Daban ridge. The low mineral-
ization of water of the Khamar-Daban rivers is due to extremely high precipitation (up
to 1200 mm/year). The intermediate mineralization values (50–120 mg/L) are typical of
main tributaries.

A comparison of the chemical properties of the waters in different locations within
the western coast of Lake Baikal was made upon averaging their composition for the areas
(Figure 1) delineated by analyzing and interpreting cartographic material on the basis of
landscape and hydrochemical criteria. The areas were named in accordance with their
most recognizable toponyms. Some of the missing data on Selenga water composition
were derived from the literature [10].
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2.2. Chemical Determinations

The concentrations of main cations (Ca2+, Mg2+, K+, Na+), anions (HCO3
−, SO4

2−,
Cl−), and trace metals (Sr, Zn, Cu, Sn, Mo, V, Ti, Ni, Fe, Mn, Al) in the water samples
were measured. All dissolved components were measured in filtered water. Trace metals
were measured using Agilent 7500ce mass spectrometer. The ICP-MS was calibrated
at six concentration levels (0.5, 1, 2, 5, 10, and 20 µg/L) to determine the linearity of
the responses before sample analysis. The linearity of the calibration curve provides
accurate estimates of metal concentrations below 0.5 µg/L and above 20 µg/L. For the
calibration of the mass spectrometer, the multi-element standard solutions ICP-MS68A-A
and ICP-MS-68A-B (High-purity standards, Charleston, SC, USA) were used. To control
the analysis quality, all samples were spiked with internal surrogate standards. Since
there was no sample manipulation performed before measurement, the recovery of metal
analytes was not assessed. Detection limits for trace metals varied from 0.01 µg/L (for Ti)
to 0.027 µg/L (for Al). The accuracy (closeness of a measured value to a standard one) and
precision (closeness of repeat analysis values) expressed as standard deviation was either
excellent (<3%) or good (3–7%). The concentration of bicarbonate ion was measured by
means of potentiometric titration of riverine water samples with 0.02 M hydrochloric acid
(HCl). Main cations were measured using Optima 5300DV inductively coupled plasma
optical emission spectrometer (ICP-OES). The concentration of anions were measured
using a Dionex ICS-3000 ion chromatograph (IC). The calibration of ICP-OES and IC were
performed in a way similar to that of ICP-MS calibration. To check the accuracy of ICP-MS
measurements, the multi-element standard solutions ICP-MS68A-A and ICP-MS-68A-B
(High-purity standards, Charleston, SC, USA) were used. To check the accuracy of ICP-
OES, the PerkinElmer single-element standards were used. To check the accuracy of IC
measurements, the Sigma-Aldrich inorganic anion standards were used.

2.3. Data Processing

To classify the riverine and stream waters on the basis of ionic composition and to
demonstrate the relationships among the ions, the Piper diagram was used. To understand
the relationships among the trace elements and factors controlling their distribution in
surface waters, the hierarchical cluster analysis was performed.

2.3.1. Identification of Tracers and Sources

Natural and anthropogenic solute sources were identified using the end-member
mixing approach [4]. The identification procedure was based on plotting the water samples
with potential end-member sources on the same mixing diagram using the ratios of ion
or element concentrations (tracers) as co-ordinates. The criterion applied for selection
of X and Y tracer ratios was the absence of correlation or, at least, the absence of strong
positive correlation between their values. Strong positive correlation exists because one
variable influences the other; thus, positively correlated tracers have a common source.
The number of distinguishable sources was assumed to be one more than the number
of available tracers [4]. Water samples located in the mixing diagrams away from the
array of data points in directions of the largest spread of data were considered as possible
solute sources [5,52,53]. It was assumed that, under pristine conditions, the chemical
composition of such samples was conditioned by dissolution of predominantly one type of
rock. Under urban conditions, the chemical composition of outlier samples was assumed to
originate either from one type of rock or from one type of wastewater. Possible sources were
identified by comparing the tracer ratio values between the products of dissolution of rocks
(or wastewaters) present in the watershed of the respective river and water samples. The
rule used to select the real solute sources from among the possible ones was to determine
whether most samples could be tightly bound by a polygon whose vertices were solute
sources. When a point was inside a polygon, all the sources contributed to chemical
composition of the water sample, whereas, when a point was outside a polygon, only two
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neighboring sources (vertices) contributed to water chemistry. The closer the sample point
to source point, the higher the source contribution to chemical composition of water sample.

2.3.2. Evaluation of Source Contributions

The source contributions were calculated using simultaneous equations:
f1 + f2 + f3 = 1

T1
1·f1 + T1

2·f2 + T1
3·f3 = T1

mix
T2

1·f1 + T2
2·f2 + T2

3·f3 = T2
mix

(1)

where T is a tracer and f is the contribution of a specified source. Superscripts denote the
tracer number, subscripts denote the source number, and the subscript mix denotes mixture
or riverine water.

The solutions for samples lying outside the polygon have negative fractions for some
sources, which is not realistic. To solve this problem, fractions for outliers were resolved by
a geometric approach [54]. The idea underlying this approach is that the distance between
the perpendicular dropped from an outlier to the side of the polygon and either of the two
adjacent vertices is inversely proportional to the contribution of the corresponding source.
The contribution of the third source (the vertex opposite to this side of the polygon) was
set equal to zero.

3. Results
3.1. Ionic Composition of Waters and Its Relation to Watershed Geology

The surface waters in the study area are low-mineralized (Tables 1 and 2, Table S1 in
Supplementary Materials), Ca-HCO3-type waters (Figure 3). Nevertheless, the differences in
the quantitative chemical composition of water among the rivers are well pronounced. First
and foremost, this relates to the total dissolved solids (TDS). It must be noted that in this study,
TDS for simplicity was calculated as the sum of ions because the concentration of organic
matter (2–7 mg/L) was negligible with respect to the sum of ions (50–240 mg/L). The highest
TDS content (>190 mg/L) was observed for the Buguldeisky and Ongurensky areas, whereas
the lowest TDS content was observed for the Marituisky and Elantsinsky areas (50–80 mg/L).
The intermediate TDS content was typical for the Listvyansky and Goloustnensky areas
(80–140 mg/L). The differences in the spatial distribution of TDS content in riverine waters are
conditioned by the chemical composition of rocks in drained watersheds. The metamorphic
rocks rich in alkali and alkaline-earth metals, such as plagiogneisses, amphibolite shists,
amphibolites, marbles, etc. [55], that condition high TDS content in water are more widespread
in the northern and central parts of the western coast of Lake Baikal than in the southern
Cisbaikalia or in the lower reaches of the Selenga River [56].

Table 1. Ionic composition of riverine waters sampled on the western coast of Lake Baikal, mg/L.

Area K+ Na+ Mg2+ Ca2+ Cl− SO42− HCO3−

Two-year average ionic composition of riverine water from 7 areas selected on the western coast
Marituisky (n = 13) * 1.16 2.38 1.38 8.57 0.41 9.05 28.4

Baikalsky (n = 8) 0.78 2.79 3.30 12.9 0.71 11.2 49.1
Listvyansky (n = 11) 0.94 3.93 6.37 18.7 1.26 26.1 66.0

Goloustnensky (n = 4) 0.56 1.83 8.03 22.3 0.44 15.7 93.8
Buguldeyisky (n = 9) 1.66 7.46 17.6 48.7 1.69 22.4 229
Yelantsinsky (n = 13) 0.99 2.14 3.73 14.0 0.91 4.88 61.1

Onguryonsky (n = 17) 1.22 2.13 11.3 28.6 1.09 14.7 131

Basic statistical parameters of ionic composition of water from 75 western tributaries
Average 1.10 3.14 7.27 21.5 0.96 14.3 92.7

Minimum 0.20 0.80 0.36 5.20 0.17 2.10 17.3
Maximum 3.10 13.1 41.9 92.0 6.16 60.3 446

RSD ** 0.61 2.24 7.55 17.2 9.41 12.4 85.8

* Number of sampled streams; ** Relative standard deviation.
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Table 2. Ionic composition of water of the Selenga River sampled at different stations and its basic
statistical parameters, mg/L.

Station K+ Na+ Mg2+ Ca2+ Cl− SO42− HCO3−

1 1.66 6.91 6.23 28.0 1.53 15.1 118
2 1.68 7.01 6.32 29.3 1.61 15.5 120
3 1.73 6.93 6.81 29.3 1.54 18.1 120
4 1.57 6.82 6.11 28.4 1.45 14.2 121
5 1.39 5.64 5.54 25.1 1.32 12.1 104
6 1.31 5.51 4.81 22.2 1.14 10.3 95.3
7 1.26 4.82 5.12 22.3 1.23 12.1 88.3
8 1.21 4.81 4.72 19.3 1.24 9.22 85.5
9 1.25 4.73 4.01 21.4 1.23 10.3 85.4

10 1.31 4.92 4.51 22.2 0.93 9.33 87.1
11 1.25 4.91 4.30 21.1 0.84 8.21 90.1

Average 1.42 5.73 5.32 24.4 1.28 12.2 101
Minimum 1.21 4.73 4.01 19.3 0.84 8.21 85.4
Maximum 1.73 7.01 6.81 29.3 1.61 18.1 121

RSD * 0.20 0.99 0.94 3.71 0.25 3.14 15.5
* Relative standard deviation.
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(8) Selenga River.

The differences in water chemistry among the rivers were also clearly visible in
anionic composition of water. Despite the fact that the HCO3

− is the predominant anion
that contributes from 52 to 96% (expressed in equivalents) to the sum of anions (HCO3

− +
SO4

2− + Cl−), the content of SO4
2− in water of the half of studied rivers was also high

enough (20–49% of the sum of anions).
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The sources of bicarbonate in all the waters are the dissolution of CO2 and carbonate
minerals. Sulfates were certainly from the dissolution of sulfur-bearing minerals such as
sulfides and sulfates. The rivers characterized by the highest contributions of sulfates to
anionic composition of water were located in the Marituisky and Lisvyansky areas. The
contribution of Cl− to anionic composition of water was negligible (0.3–9%).

The differences in cationic composition of the water among the rivers were less clear
because Ca, Mg, K, and Na are the most abundant alkali and alkaline-earth metals in
Earth’s crust and, consequently, in most of the rock-forming minerals. The most abundant
cation contributing about 60% to the sum of Ca2+, Mg2+, K+, and Na+ in the water of the
studied rivers was Ca2+. The second most abundant cation was Mg2+ (17–30% of the sum
of cations). The least common cations were Na+ (3–14%) and K+ (1–4%).

3.2. Trace Elements Composition of Waters and its Relation to Watershed Geology

The differences in trace element composition of water among the rivers of the studied
territories were less pronounced than the differences in ionic composition. The only way to
figure out somehow the origin of those elements was to try to derive their paragenetic asso-
ciations linked to paragenetic associations of minerals that are related by specific chemical
processes [57]. Element associations were derived using cluster analysis. According to the
results of cluster analysis, all the trace elements were divided into four clusters (Figure S1
in Supplementary Materials). The first three clusters contained single elements: Sr, Al, and
Fe. The fourth cluster contained eight elements (Ti, V, Mn, Ni, Cr, Mo, Cu, and Zn) at once.

The strontium absolutely prevailed over the other measured elements in the water
of the Selenga River (Table 3) and in water of most parts of the western Baikal tributaries
(Table 4, Table S2 in Supplementary Materials). Concentration of Sr varied from 20 to
360 µg/L, accounting for 119 µg/L, on average. Being the geochemical analogue of
calcium, Sr isomorphically substitutes Ca in most minerals, especially in carbonates. This
explains the high Sr concentrations in the waters of the Buguldeisky and Goloustnensky
areas that drain metamorphic (amphibolites, marbles) and silica-undersaturated igneous
rocks (leucites, nepheline syenites) rich in alkaline-earth metals. Low concentrations of
strontium in the waters of the other areas are conditioned by low content of Ca-bearing
minerals, like amphiboles and plagioclases, in silica-oversaturated (granites) igneous rocks
widely spread in those areas.

Table 3. Trace element composition of the water of the Selenga River sampled at different stations
and its basic statistical parameters, µg/L.

Station Sr Al Fe Ti Mn Zn Cu V Mo Ni Cr

1 211 19.3 33.2 0.81 15.1 0.91 1.91 1.74 2.53 0.61 0.31
2 202 69.1 90.1 2.33 10.2 1.02 2.02 1.93 2.52 0.75 0.42
3 220 17.4 47.5 1.24 8.01 1.15 2.13 1.61 2.31 0.95 0.35
4 210 19.1 20.4 0.83 6.42 0.31 1.89 2.22 2.24 0.71 0.35
5 160 26.3 23.1 0.92 7.03 1.97 1.76 1.51 1.75 0.62 0.31
6 174 11.0 10.1 0.64 7.51 2.96 1.75 0.73 1.86 0.55 0.34
7 159 17.5 19.3 0.85 8.62 1.43 1.64 0.74 1.65 0.65 0.30
8 151 31.4 36.2 1.13 9.54 1.61 1.61 0.63 1.61 0.64 0.45
9 153 20.2 20.1 0.81 10.7 1.22 1.52 0.62 1.63 0.63 0.41

10 154 39.3 60.0 1.63 13.1 1.54 1.73 1.51 1.62 0.75 0.50
11 161 47.1 96.3 2.12 15.0 1.01 2.01 1.47 1.74 1.05 0.44

Average 175 29.1 41.2 1.21 10.1 1.32 1.83 1.34 1.91 0.71 0.44
Minimum 150 11.3 10.1 0.62 6.42 0.31 1.51 0.63 1.63 0.62 0.33
Maximum 220 69.4 96.5 2.33 15.0 2.93 2.14 2.21 2.54 1.13 0.51

RSD * 26.6 17.1 29.3 0.61 3.13 0.71 0.22 0.62 0.43 0.24 0.12
DL ** 0.014 0.027 0.020 0.011 0.016 0.021 0.013 0.014 0.020 0.026 0.022

* Relative standard deviation; ** Detection limit.
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Table 4. Trace element composition of riverine waters sampled on the western coast of Lake Baikal, µg/L.

Station Sr Al Fe Ti Mn Zn Cu V Mo Ni Cr

Two-year average trace element composition of riverine water from 7 areas selected on the western coast
Marituisky 78.1 76.2 81.5 9.52 13.1 2.73 3.87 0.94 0.63 1.12 0.31
Baikalsky 88.4 38.5 46.6 4.21 6.72 2.71 2.54 0.65 0.31 0.83 0.23

Listvyansky 124 20.3 46.1 2.63 7.45 2.52 2.61 0.51 0.72 0.74 0.32
Goloustnensky 123 16.1 47.3 2.35 7.26 1.77 2.62 0.54 0.54 0.75 0.34
Buguldeyisky 253 76.4 39.0 11.6 4.81 4.89 3.34 9.73 3.91 0.83 0.71
Yelantsinsky 77.0 93.3 42.2 22.9 6.73 3.85 3.03 7.72 1.23 0.51 0.35

Onguryonsky 118 119 64.1 20.3 7.44 7.24 4.12 0.96 1.12 0.74 0.43

Basic statistical parameters of trace element composition of water from 75 western tributaries
Average 118 71.3 55.4 12.1 8.04 4.03 3.31 3.01 1.22 0.83 0.34

Minimum 7.01 4.15 12.3 0.32 2.15 0.92 0.82 0.13 0.13 0.24 0.11
Maximum 360 351 214 68.1 50.2 38.0 12.4 53.2 13.4 3.56 1.45

RSD * 86.1 61.8 37.3 14.1 6.26 4.81 1.93 8.01 2.12 1.36 1.43
DL ** 0.014 0.027 0.020 0.011 0.016 0.021 0.013 0.014 0.020 0.026 0.022

* Relative standard deviation; ** Detection limit.

The ranges of Al and Fe concentrations (4–350 µg/L and 12–214 µg/L, respectively)
in studied waters were close to that of Sr; however, their average values were twice lower
than the average Sr concentration (71 µg/L and 55 µg/L, respectively). Al and Fe are the
third and the fourth most abundant elements in the earth’s crust, respectively (after the
O and Si). Thus, taking into account that the more than 90 percent of the earth’s crust is
composed of silicate rocks, they are undoubtedly the source of Al and Fe in riverine waters.
The high concentrations of Al and Fe in waters often coincide with the low concentration
of Sr that probably means that these two elements are associated with silica-oversaturated
(acid) rocks like granites. Igneous rocks are the only source of Al because Al ores like
bauxites are absent in the region of study. Unlike Al, sources of Fe are variable. Fe is
widely distributed in ore minerals such as hematite, magnetite, limonite, etc., that occur
as inclusions within silicate rocks. Moreover, Fe also tends to accumulate in products of
primary aluminosilicates’ weathering, such as clays, oxides and hydroxides, which may
also be the sources of Fe in surface waters.

The elements that belong to the fourth cluster were characterized by lowest concen-
trations among all the measured elements. Their concentration values varied in the range
from 12 µg/L (Ti) to 0.3 µg/L (Cr). The origin of Ti, V, Ni, Cr, Mo, Cu, and Zn in water
was unclear since these elements are associated with various accessory minerals [58] be-
longing to different mineral classes, such as silicates, sulfides, sulfates, borates, arsenates,
carbonates, oxides, etc. In contrast to those seven elements, the origin of Mn is more readily
understandable: Mn is the 12th most abundant of the Earth crust’s elements, and it is often
found in minerals in combination with Fe.

3.3. Identification of Main Ion Sources

To identify solute sources and their tracers, all possible biplots for all combinations
of main ion concentrations normalized to each other were generated. The SO4

2−/HCO3
−

and (Ca2+ + Mg2+)/K+ ratios were finally chosen as tracers because they were uncorrelated
with one another (Figure 4). It means that the large part of K+ and SO4

2− ions in one hand
and the large part of Ca2+, Mg2+, and HCO3

− ions in the other hand were originated from
different sources [4,5]. Moreover, these tracers allow the longest distances possible between
any two neighboring points and, consequently, the largest possible differences between
the ionic compositions of water samples. As it was mentioned above, the existence of
two tracers implies the presence of three solute sources that form a mixing triangle that
should bound the maximum-possible number of datapoints on the mixing diagram [4].
Since the chemical composition of end-member waters containing products of dissolution
of particular kinds of rocks were unknown, the three water samples characterized by
distinctly different SO4

2−/HCO3
− and (Ca2+ + Mg2+)/K+ ratio values should have been
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chosen as source waters. From this point of view, two of the three vertices of the triangle
should have been the outliers located away from the data cloud and the third vertex should
have been the point located near the origin of coordinates.
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area, and (8) Selenga River.

The chemical composition of water samples characterized by high (Ca2+ + Mg2+)/K+

ratio values (>30) and low SO4
2−/HCO3

− ratio values (<0.2) was probably originated
from the dissolution of carbonates (Figure 4) like calcite or marble (CaCO3) and dolomite
(CaMg(CO3)2):

CaMg(CO3)2 + 2H2O + 2CO2 → Ca2+ + Mg2+ + 4HCO3
− (2)

CaCO3 + H2O + CO2 → Ca2+ + 2HCO3
− (3)

Thus, the lower right vertex of the mixing triangle was assumed to represent dissolu-
tion products of carbonate rocks.

The chemical composition of water samples characterized by low (Ca2+ + Mg2+)/K+

ratio values (<30) and high SO4
2−/HCO3

− ratio values (>0.2) was probably originated
from the oxidation of sulfides like pyrite (FeS2) and dissolution of orthoclase (KAlSi3O8)
and, to a lesser extent, the dissolution of plagioclase (CaAl2Si2O8) under the influence of
sulfuric acid (H2SO4) produced due to pyrite oxidation:

4FeS2 + 15O2 + 14H2O→ 4Fe(OH)3 + 8H2SO4 (4)

2KAlSi3O8 + H2SO4 + 9H2O→ Al2Si2O5(OH)4 + 4H4SiO4+ 2K+ + SO4
2− (5)

CaAl2Si2O8 + H2SO4 + H2O→ Al2Si2O5(OH)4 + Ca2+ + SO4
2− (6)

Thus, the upper vertex of the mixing triangle was assumed to represent dissolution
products of sulfide-bearing silicate rocks.
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However, the waters of some rivers were characterized by the high values of both
(Ca2+ + Mg2+)/K+ and SO4

2−/HCO3
− ratios. This probably means that the dissolved

solids in those rivers originated from the dissolution of sulfates like gypsum (CaSO4):

CaSO4·2H2O→ Ca2+ + SO4
2− + 2H2O (7)

Finally, the chemical composition of water samples characterized by both low (Ca2+ +
Mg2+)/K+ and SO4

2−/HCO3
− ratio values (<30 and <0.2, correspondingly) was proba-

bly originated from the dissolution of orthoclase (KAlSi3O8) and, to a lesser extent, the
dissolution of plagioclase (CaAl2Si2O8) under the influence of carbonic acid:

2KAlSi3O8 + 2H2CO3 + 9H2O→ Al2Si2O5(OH)4 + 4H4SiO4 + 2K+ + 2HCO3 (8)

CaAl2Si2O8 + 2H2CO3 + H2O→ Al2Si2O5(OH)4 + Ca2+ + 2HCO3
− (9)

Thus, the lower left vertex of the mixing triangle was assumed to represent the
dissolution products of acid and intermediate silicate rocks most typical for the Lake
Baikal watershed.

3.4. Identification of Trace Element Sources

In this section, the shortened version of discussion is presented. The detailed dis-
cussion is presented in the Supplementary Materials. To identify trace element sources
and their tracers, all possible biplots for all combinations of trace element concentrations
normalized to each other were generated. The two uncorrelated pairs of element ratios,
such as Sr/Fe and Sr/Mn on the one hand and Ni/V and Mo/V on the other hand, were
finally chosen as tracers (Figures 5 and 6).
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The chemical composition of water samples characterized by high Sr/Fe and Sr/Mn
ratio values (>5 and >20, respectively) was probably originated from the dissolution of
carbonate rocks, because Sr substitutes Ca in CaCO3.

The chemical composition of waters characterized by low Sr/Fe and Sr/Mn ratio
values (<5 and <20, respectively) was assumed to represent products of the dissolution of
Fe-Mn-rich sedimentary rocks and clays. The particular sources of Fe and Mn are probably
Fe-Mn bog ores [59–61], weathering crusts of metamorphic silicate rocks like ferruginous
quartzites (gespillites) containing hematite (Fe2O3) and magnetite (FeO·Fe2O3) or soils
containing Fe-rich and Mn-rich clays [62].

The chemical composition of water samples characterized by high (>1) Ni/V ra-
tio values was probably originated from the dissolution of sulfide-bearing silicate rocks
(Figure 5a,b). The particular Ni sources are probably Ni-bearing sulfides [63], such as
Ni-bearing pyrite (FeNiS2) and petlandite ((Ni, Fe)9S8) [64].

The chemical composition of water samples characterized by high (>1) Mo/V ratio
values could have originated from the dissolution of ore-bearing silicate rocks (Figure 6a,b).
The particular Mo sources are probably Mo-bearing ferruginous quartzites as well as
weathering crusts of quartzites [65].

The Fe bands in such ores are of hematite (Fe2O3) and magnetite (FeO·Fe2O3) whereas
the major Fe minerals in the weathered crusts of quartzites are hoethite (FeOOH) and
hydrohoetite (FeOOH·nH2O). To date, the existence of waters characterized by high Mo/V
ratio values in the western coast (near the Bolshoy Cheremshaniy cape) have already been
reported [66].

The enrichment of the water of the Selenga River with Mo could be due to the dissolu-
tion of primary Mo minerals like molybdenite (MoS2), ferrimolybdite (Fe2(MoO4)3·8H2O),
and povellite (CaMoO4) contained in porphyry molybdenum deposits [67].

3.5. Source Apportionment of Main Ions

The results of the source apportionment of main ions showed that the ionic compo-
sition of waters in the Ongurionsky and Elantsinsky areas (Figure 7) as well as of water
of the Selenga River was conditioned mostly by the dissolution of acid and intermediate
silicate rocks (Table 5).
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Table 5. Average contributions of solute sources to ionic composition of water of western tributaties
of Lake Baikal and Selenga River, %.

Area Sulfide-Bearing Silicates Silicates Carbonates

Marituisky 46 52 2
Baikalsky 42 46 12

Listvyansky 58 22 20
Goloustnensky 20 33 47
Buguldeyisky 7 54 40
Yelantsinsky 9 82 9

Onguryonsky 8 75 17
Selenga Watershed 20 61 19

The water chemistry in the Buguldeisky and Goloustnensky areas was mostly con-
ditioned by the weathering of carbonates. The highest contribution of sulfide-bearing
silicate rocks to ionic composition of water was observed in the Marituisky, Baikalsky
and Listviansky areas. However, in the Marituisky and Baikalsky areas, the second most
important solute source was non-sulfide silicates whereas in the Listvyansky area, the
contributions of non-sulfide silicates and carbonates were equal to each other. Another
feature of the waters of the Listvyansky area was the high values of (Ca2+ + Mg2+)/K+

and SO4
2−/HCO3

− ratios typical of gypsum dissolution products. Since gypsum was
never found in this area, the high values of tracer ratios were probably due to influence
of regional flow on the chemical composition of riverine waters [5]. Thus, the obtained
data on solute source contributions to ionic composition of surface waters is in accordance
with the data on water chemistry and watershed geology described in the previous section.
It means that the values of source contributions may serve as the basis for local water
classifications based on solutes origin.

3.6. Source Apportionment of Trace Elements

The results of the source apportionment of trace elements on the basis of Sr/Fe-Ni/V
(Figure 5a) and Sr/Mn-Ni/V (Figure 5b) diagrams showed that the trace element composition
of surface waters in the Marituisky, Baikalsky, Ongurionsky, and Elantsinsky areas as well
in the Selenga River was conditioned mostly by the dissolution of Fe-rich and Mn-rich
sedimentary rocks and soils containing Fe-rich and Mn-rich clays (Figure 8, Table S3 in
Supplementary Materials). The value of their contribution varied from 50% to 70%.
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In the Elantsinsky and Ongurensky areas, the sources of Fe, Mn, and V in waters
are probably represented by weathering crusts of Fe-Mn-rich metamorphosed sediments
like ferruginous quartzites [68]. In the Selenga watershed, most sources of Fe, Mn, and
V in water are Fe-Mn-bearing silicate minerals, including clays and Fe ore minerals of
weathering crusts of both silicate and carbonate rocks [69]. In the Marituisky and Baikalsky
areas, the most probable Fe, Mn, and V sources are lacustrine deposits of Mezozoic age
containing Fe- and Mn-rich clays and Fe-Mn nodules [70]. The predominant sources of
trace elements in the waters of the Listvyansky area are sulfide-bearing silicates (58%).

The average contributions of carbonate rocks calculated for the Buguldeisky and
Goloustnensky areas using the Sr/Mn-Ni/V diagram were equal to 69% and 26%, respec-
tively, whereas the contributions obtained for those areas using the Sr/Fe-Ni/V diagram
were much lower: 35% and 9%, respectively. That was due to different sample points used
as carbonate end-members on those diagrams because the selection of end-member points
was performed according to the rule stating that the most samples should be tightly bound
by a polygon whose vertices are solute sources.

The contributions of carbonate rocks calculated using the Sr/Fe-Mo/V (Figure 6a)
and Sr/Mn-Mo/V (Figure 6b) mixing diagrams were similar in respective areas despite the
different sample points used as carbonate end-members on those diagrams. This probably
means that the Mo/V ratio is the more suitable tracer for distinguishing between those two
sources than Ni/V ratio. The highest contributions of carbonate rocks were observed for
the Buguldeisky (58–69%), Goloustnensky (24–33%), and Listvyansky (19–24%) areas.

In all the areas except the Buguldeisky, the predominant solute sources were Fe-
Mn-bearing sedimentary rocks and clays (Figure 9). According to Mo/V diagrams their
contributions to trace element composition of surface waters varied in the range 53–92%.
The contributions of ore-bearing silicate rocks to water chemistry were quite low (10% on
average) in all the areas.
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3.7. Source Identification and Apportionment of Anthropogenic Trace Elements

The trace element composition of the water of Selenga River and its sources is of
special interest because unlike the western coast, the Selenga watershed is characterized
by a high density of municipal and industrial facilities like oil- and coal-fired boilers,
wastewater treatment plants, polymetallic mines, engineering enterprises, wagon repair
plants, paper mills, etc. [2,71]. Thus, the influence of at least one anthropogenic solute
source on water chemistry is quite probable.

To identify possible anthropogenic trace element sources, all possible pseudo-3D
diagrams for all combinations of Sr/Fe, Sr/Mn, Ni/V, and Mo/V ratios were generated.
The Sr/Fe, Sr/Mn, and Ni/V ratios were finally chosen as tracers of four sources (Figure 10):
two natural ones and two sources that can be either natural or anthropogenic. Two natural
sources used previously in Figures 5 and 6 were carbonate rocks and Fe-Mn-bearing
sedimentary rocks. The water of the Selenga River sampled downstream from the Ulan-
Ude city (station 7 in Figure 2 and Table 4) could represent the municipal wastewater
because it was characterized by trace element composition distinctly different from that of
waters sampled at the other Selenga stations. However, chemical composition of Selenga
water in this river section could be affected by natural groundwater draining Mn-rich
carbonate rocks.

The products of the dissolution of sulfide-bearing silicate rocks characterized by
increased acidity similar to that of polymetallic mine drainage [72,73] were selected as
the one more source that can be either natural or anthropogenic. The choice of mine
drainage as the possible solute source was not occasional. The enrichment of the water of
the upper Selenga reaches with products of dissolution of polymetallic ores and mining
wastes is quite probable because of W and Mo ore deposits and mines located in the upper
Selenga basin [67]. The pollution of water of the lower Selenga reaches could be due to
waters percolating from old mine workings and tailing dumps that contain residual wastes
remained after the extraction of metals at the Dzhida W-Mo plant located in the basin of
the Modonkul River—the right tributary of the Dzhida River which is, in turn, the left
tributary of the Selenga River [11,15,72,73]. The Dzhida molybdenum plant has not been
in operation since 1997; however, its tailing dumps are still full of wastes, so pollutants can
still reach the Selenga water via groundwater. It was surprising that despite the present
and old Mo mining activities in the Selenga basin, no evidence was found to suggest that
the Mo/V concentration ratio can be used as a tracer of any mining operations.
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To provide the more complete assessment of the applicability of Sr/Fe, Sr/Mn, Ni/V,
and Mo/V ratios as tracers of natural and anthropogenic solute sources, the distribution of
those tracer values along the Russian part of the Selenga River was assessed. It was found
that the Ni/V ratio increases in the direction from the Mongolian border to Lake Baikal
(Figure 11), whereas the Sr/Fe, Sr/Mn, and Mo/V ratios decrease.
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Since the most V source in the Selenga basin are silicate rocks [10,74], the increase of
the Ni/V ratio in the downstream direction was probably due to the decrease in abundance
of V-bearing minerals in rocks. Another reason of the Ni/V ratio increase could be the
increase in population density and, consequently, the increase of pollution of the Selenga
water with municipal Ni-bearing wastes [75] including faecal matter [76,77]. This point of
view is supported by the peaks of the Ni/V ratio that correspond to stations 3, 7, and 11,
located downstream the settlements (stations 3 and 11) and cities (station 7).
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The decrease in Sr/Fe and Sr/Mn ratio values in downstream direction was probably
due to decrease in the occurrence of carbonate rocks containing Sr as well as due to increase
in mobility of Fe and Mn. The increase in mobility of Fe and Mn was, in turn, due to increase
in the concentration of dissolved organic carbon (DOC) and decrease in concentration of
dissolved oxygen (DO) in downstream direction [10,12,18]. The peaks of Sr/Fe and Sr/Mn
ratios at station 4 can be explained by the discharge of Ca-Sr-rich effluent from the ash
dump of the Gusinoozerskaya electric power plant to the Temnik River—the left Selenga
tributary. The presence of Sr/Fe peak at station 7, located downstream the Ulan-Ude city,
could also be due to discharge of Sr-rich effluent from ash dump of the Ulan-Ude electric
power station, whereas the absence of a Sr/Mn peak at that station was probably due to the
increased mobility of Mn conditioned by decreased pH in the lower reaches of the Selenga
river [10].

According to Mochizuki et al. [69], the highest Mo/V ratio values were observed in
the Orkhon River—the right Selenga tributary, polluted with the wastewater from the
Erdenet mine (Erdenet city, Mongolia). From the place of confluence of the Orkhon and
Selenga rivers to Lake Baikal, the Mo/V ratio values in the Selenga water were gradually
decreased (Figure 12) due to dilution of waters unpolluted with Mo except some river
sections. According to the present study, the river section characterized by elevated Mo/V
ratios was the section between stations 5 and 9. The elevated Mo/V ratio in this section was
probably due to pollution of the Selenga water with stormwater runoff from impervious
surfaces of the Ulan-Ude city and surrounding areas. The city’s stormwater contains the
products of dissolution of V-bearing coal ash [74,78] emitted by coal-fired boilers and
thermal power stations. Most of this ash was emitted during the winter and accumulated
in snowpack; after, the snowmelt ash particles were accumulated in soil. Another V source
in urban environment could be the exhaust of diesel engines [79].
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4. Conclusions

The main conclusions reached in this study are as follows:

1. Uniform ionic composition of surface waters in the Lake Baikal watershed indicated
the existence of only two tracers of main ion sources, such as (Ca2+ + Mg2+)/K+ and
SO4

2−/HCO3
−. The use of these tracers allowed identification of the three sources of

main ions, such as silicate rocks, sulfide-bearing silicate rocks, and carbonate rocks,
and evaluation of their contributions to ionic composition of surface waters.
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2. The variety of trace element compositions of surface waters in the Lake Baikal water-
shed indicated the existence of multiple tracers of trace element sources, four of which,
namely Sr/Fe, Sr/Mn, Ni/V, and Mo/V, were identified. The use of these tracers
and the obtained data on sources of main ions showed the possibility of identifying
natural trace element sources and distinguishing between natural and anthropogenic
trace element sources.

3. The proposed approach allows classification of inland surface waters according to
the chemical composition of natural and anthropogenic solute sources and, thus,
creation of local water chemistry-based classifications of streams. The classified data
on contributions of solute sources to water chemistry are necessary to support and
improve water quality.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/su13105389/s1, Table S1: Ionic composition of riverine waters sampled on the western
coast of Lake Baikal, mg/L; Table S2: Trace element composition of riverine waters sampled on
the western coast of Lake Baikal, µg/L; Table S3: Average contributions of solute sources to trace
element composition of water of western tributaries of Lake Baikal and Selenga River, %; Figure S1:
Hierarchical dendrogram for 11 trace metals in water of western tributaries of Lake Baikal and
Selenga River, the detailed version of Section 3.4: Identification of trace element sources.
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