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Abstract

:

Lake Baikal is the largest freshwater body on Earth, once famous for its pristine conditions. However, the lake and its drainage basin with their unique ecosystems have in recent decades been subject to both climate warming above the world average and severe anthropogenic pressures from mining and agriculture. Although previous studies have targeted various hydroclimatic, geochemical, and biological conditions of the Lake Baikal basin, the heterogeneous nature and large size of the basin leave considerable knowledge gaps regarding ongoing metal contamination of the basin’s suspended sediments and waters. To address these knowledge gaps, the main objectives of this study are to (i) determine regional background values for water and suspended sediment quality with respect to multiple metals (representing undisturbed conditions) and (ii) further evaluate spatio-temporal concentration patterns of these metals, including regions with heavy anthropogenic impacts. We synthesize data from extensive field measurements within the Selenga River basin performed between 2011 and 2016, covering over 100 sampling locations. Results show that although the background metal concentrations (of both dissolved and suspended metal forms) in the alkaline Selenga River waters were close to the world averages, metal concentrations of up to two orders of magnitude above the background values were seen for Zn, As, Cd, Cu, Mo, and Pb in regions subject to anthropogenic impacts (cities and the mining industry). Specifically, dissolved As levels within the Selenga River basin were 2–5 times higher than the world average and well above the global guideline value in several regions. Notable hotspots for anthropogenic impacts of Cd were particularly found in Zakamensk and Ulaanbaatar. Our results highlight clear anthropogenic impacts and large-scale spreading of several pollutants of concern, with risks even to downstream parts including the Selenga delta and Lake Baikal. We expect that these results will aid in increasing the understanding of large-scale metal transport processes, as well as for designing relevant measures to mitigate further spreading of metals to Lake Baikal.
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1. Introduction


Rivers represent a major pathway for the delivery of natural and anthropogenic chemical substances to lakes and coastal zones. Anthropogenic inputs of contaminants and hydroclimatic impacts (e.g., [1]) can significantly change chemical properties of river waters. To determine the key catchment factors of contaminant transfer, most research efforts have focused on relatively limited data near downstream gauging stations [2,3,4,5], the outlets of the river basins [6,7,8], and estuary/coastal areas [9,10,11]. There are still relatively few studies that focus on basin-wide estimates, which limits the possibility of capturing potentially considerable spatial variability of suspended sediment and water quality across scales [12].



Lake Baikal has long been famous for containing some of the most unpolluted water resources globally [13]. Lake Baikal, and its main tributary, the Selenga River [13], had before the turn of the millennium rich aquatic ecosystems subject to limited anthropogenic impacts. However, the Selenga River basin comprises vast plains, the major part of which under recent decades has been increasingly exposed to anthropogenic pressures. In particular, following the collapse of the Soviet Union in the 1990s, the political and socioeconomic transition has induced massive changes in land and water use. These changes include forest losses [14] and forest-related challenges [15], climatic and atmospheric pollution changes [16,17], soil pollution [18,19], intensification of agriculture and mining activities [20,21,22], and urbanization. This has resulted in increasing loads of nutrients and pollution by potentially toxic elements including metals and persistent organic pollutants [23]. In addition, climate change signals—in particular temperature rise—are well above the global average [24]. These processes all have the potential to impact large-scale chemical concentrations and fluxes.



Although considerable research efforts have targeted the Lake Baikal basin, spatio-temporal coverage has still been low compared to the rapidly increasing anthropogenic impacts within such an extensive basin. Since the basin additionally displays considerable heterogeneities in hydroclimatic, geochemical, and biological conditions, there are large knowledge gaps regarding both background (natural) and anthropogenic (impacted) environmental conditions and their variation across large scales. With the lack of such knowledge, it is difficult to assess the overall rate(s) of pollution spreading and environmental degradation within the basin. This also hampers the development and testing of hydrologic and contaminant transport models introducing large uncertainties in model-supported assessments of future conditions [25,26].



Joint research efforts of Lomonosov Moscow State University, the Baikal Institute of Nature Management, the Russian Academy of Sciences, and Stockholm University have since 2011 contributed to improving the field data scarcity of the Selenga–Lake Baikal basin (for an overview of previous monitoring, see Supplementary Material, Table S1). The overall objective has been to gather a novel field-based monitoring dataset in this large river basin, targeting large spatial scales over multiple years and hydrological seasons, considering also a large number of hydrological and biogeochemical parameters. We here depart from the extensive datasets and previous results of this research collaboration, which has mainly concerned different aspects of water and sediment quality and associated in-depth modeling. Our overall aim is to systematically synthesize the various data and perform novel integrated assessments at large spatio-temporal scales. Specific objectives of the present study (Part I) are to determine



	(i)

	
regional background conditions of water and sediment quality, as reflected by upper reaches of unpolluted tributary rivers and streams, and




	(ii)

	
current metal concentrations in river water and suspended sediments, considering spatially varying regional conditions, including regions with different anthropogenic impacts.







Methodologically, the present study (Part I) focuses on spatio-temporal patterns, using data of suspended sediment concentration (SSC) and water geochemistry to assess concentrations of dissolved and suspended metals, in comparison with world average content and regional background levels. Part II of the work is devoted to metal partitioning under different hydroclimatic conditions, which is crucial for predicting their riverine water transport in different seasons and under pressures of climate change [27].




2. Materials and Methods


2.1. Study Area: Natural Conditions


The transboundary Selenga River (Figure 1) is the largest tributary of the Lake Baikal, with its basin covering over 80% of the total Lake Baikal catchment area. Russia (the Republic of Buryatia) accounts for almost 148,000 km² (33% of the Selenga basin) and Mongolia, for 299,000 km² (67%).



The major tributaries of the Selenga River are the following: Orkhon River (1124 km long; 3rd basin in Figure 1,) with its own tributaries Tuul (1st basin, Figure 1), Eroo, and Kharaa (2nd basin, Figure 1) in Mongolia; and Khilok (840 km; 6th basin) and Chikoy (769 km; 5th basin) in Russia. The other important tributaries of the Selenga in the Russian part of the basin are the rivers Uda (7th basin, Figure 1), Tugnuj, and Dzhida (4th basin) with its tributary Modonkul.



The relief of the Selenga River basin is basically mountainous with a predominance of strongly dissected mid-high mountains. Flat surfaces are confined to tectonic depressions and valleys of large rivers. The lowest level is the Lake Baikal surface (456 m), the highest one is Mount Erkhet Khairkhan (3535 m) in the upstream part of the Orkhon River basin. The Selenga basin has a complex geological structure. Magmatic rocks are most common here, as well as metamorphic and volcanogenic formations. Discontinuous disturbances of the earth’s crust of predominantly northeastern strike are widespread, which influenced the formation and morphology of river valleys [28,29,30,31].



The climate of the Selenga basin is determined by a powerful Siberian anticyclone, which forms in September-October and disappears in April-May. Therefore, a large number of sunny days and low air temperatures are typical for winter. In summer, continental polar air masses usually prevail. However, in the end of summer, the tropical marine air often enters the eastern and southern regions of the basin with the southern cyclones [32,33]. From May to September, 85%–95% of the annual precipitation falls, with the maximum in June. The distribution of precipitation is uneven across the basin: in the mountains about 400–500 mm, and in the valleys about 200–250 mm.



The Selenga River is characterized by extended summer floods and short occasional (event-driven) floods in the other seasons [34,35]. The maximum runoff usually lasts from May to September (Figure 2). During the winter low-water season, some rivers freeze to the bottom. The tributaries of the Selenga River are covered with ice from mid-November till April–May, and the ice drift lasts 3–6 days [36]. The mean annual turbidity of river waters ranges from 100 g/m3 in the upper reaches of the Selenga and Orkhon rivers to 250 g/m3 in the lower reaches of the Orkhon, Tuul, and Selenga rivers and some Russian tributaries of the Selenga River [37].




2.2. Study Area: Anthropogenic Pollution Hotspots


Industries and mining activities are the most dynamic sectors of the economy in Mongolia and the Republic of Buryatia (Russian Federation), and the most important sources of the river pollution in the Selenga basin [38,39,40,41]. The major hotspots affecting aquatic systems are the cities of Ulaanbaatar and Ulan-Ude, mining and processing plants in the towns of Erdenet and Zakamensk, the areas of gold mining in Zaamar and Boroo, and coal mining in the Tugnuj River basin.



Ulaanbaatar is the capital of Mongolia, with about 1.5 million people or 75% of the total population [42,43]. The main source of environmental pollution in the city is the heat and power complex, which includes 3 central heating plants operating on locally mined brown coal. In addition, there are enterprises in the construction, woodworking, food, and textile industries, as well as 26 treatment facilities [44,45]. Soils of the city are contaminated with As, Zn, Mo, Pb, and W [46,47].



Ulan-Ude is the capital and largest city of the Republic of Buryatia; 44% of the population of the Republic live in it. A significant contribution to the discharge of wastewater into surface water bodies of the city of Ulan-Ude is made by Municipal Unitary Enterprise Vodokanal—48.3 million m3—and Municipal Unitary Enterprise Levoberezhnoye—1.6 million m3. In addition, the discharge of wastewater in the amount of 2 million m3 is carried out by the municipal unitary enterprise Housing and Communal Services Selenginsk [48].



Erdenet is the second-largest city in Mongolia and the center of the mining industry. The Mongolian-Russian joint mining and processing plant Erdenet is one of the largest enterprises in Asia for the extraction and concentration of Cu and Mo ore with an annual production of 500 thousand tons of Cu and 2 thousand tons of Mo concentrate [49]. Soils of Erdenet are enriched with Mo, Cu, and Ag in comparison with average composition of upper continental crust [47]. Mo, Cu, and Se were reported as main pollutants of nearly all land-use zones of the town [50]. In addition, there are enterprises of the construction, thermal power plant, food, and textile industries.



Darkhan is the third biggest industrial center of the country. The metallurgical, construction, and food industries are developed here, as well as the thermal power station. Forty kilometers southeast of Darkhan, near the village of Sharyngol, the largest coal mine in Mongolia is located [51]. Soils of Darkhan in comparison with average composition of upper continental crust are enriched with Pb, Sn, Mo, Ag, and W [47].



Zakamensk is a small city in the Republic of Buryatia with a population of 11 thousand people, founded in 1934 to develop the Dzhidinsky W-Mo deposit. The Dzhidinsky mining and processing plant functioned until 1998, and in 2008 its slag processing work began. High concentrations of Pb, Zn, F, Be, Bi, and As associated with W-Mo ores were reported for the tailings of the Dzhidinsky plant that could endanger the ecological state of the adjacent territory [52,53,54]. The eroding of Dzhidinsky plant tailings negatively affects the state of the Modonkul River, which flows through Zakamensk and is the most polluted river in the Russian part of the Selenga basin. The main pollutants of the soils in Zakamensk are reported to be W, Bi, Cd, Pb, and Mo [50].



Zaamar has a gold deposit within the Tuul River basin and is the largest zone of disturbed lands in the Mongolian part of the Selenga basin. Mining started in the 1970s over a length of more than 40 km. In the Tuul River waters downstream from the Zaamar region concentrations of Cu, Zn, Mn, Cd, and Mo are significantly higher than upstream [55,56]. It is known that the placer gold mining at the Zaamar site has increased the total riverine mass flows of As, Cu, Fe, Mn, Pb, and Zn [38].



Boroo is the second largest area of placer gold deposits, located in the basin of the Kharaa River and its tributary Boroo. Many small rivers in this region dry up due to inefficient water use in the process of gold mining [57]. It is known that in the areas of gold mining, bedrocks are enriched with As, Sb, Pb, Cu, Zn, Hg, and other elements [58]. During the gold extraction processes, toxic substances are often used—mercury and sodium cyanide, which could enter the natural waters—therefore, in some areas of Mongolia, imported drinking water is used [31].



Tugnuisky coal deposit in the basin of the Tugnuj river, the left tributary of the Sukhara river, is the largest coal mining area in the Republic of Buryatia, providing coal to the Gusinoozerskaya Regional Power Station and the Ulan-Ude Power Plant-2. Existing biological treatment facilities do not always ensure the proper treatment of domestic wastewater to the standards [59].




2.3. Field Data Campaigns


This paper is based on field data obtained in 2011–2016 within the framework of the Selenga-Baikal Integrated Expedition project of the Russian Geographical Society, carried out by Lomonosov Moscow State University and the Baikal Institute of Nature Management of the Siberian branch of Russian Academy of Sciences, as well as projects at the Department of Physical Geography and the Bolin Centre of Climate Research, Stockholm University. Expeditionary studies were aimed at characterizing the behavior of metals and metalloids in the Selenga River–Lake Baikal system in different hydrological seasons (Figure 1 and Figure 2) and assessment of the anthropogenic impact of major industrial centers (Ulaanbaatar, Erdenet, Darkhan, Ulan-Ude, Zakamensk) on the environmental geochemical state of the Selenga River and its tributaries. Data were collected on more than 100 field stations located within Mongolia (rivers Selenga, Orkhon, Khan gol, Tuul, Khaara, Eroo), and Republic of Buryatia, Russia (rivers Selenga, Uda, Dzhida, Temnik, Chikoy, Khilok, Zheltura, Tugnuj,).



The 2011 fieldwork (season I, Figure 2) was conducted during the summer floods from July 23rd to August 13th in the Mongolian and from August 8th to 19th in the Russian part of the basin. On the Orkhon and Selenga rivers, the high flood was noted, and on the Tuul River, on the contrary, there was low flow. The 2012 fieldwork (season II) was carried out from June 11th to 25th during a period of very low water discharges in the Mongolian part of the basin. The low water period was also observed in the Russian part of the Selenga basin; however, on some tributaries (e.g., Dzhida River), heavy rainfall caused significant floods that were also detected in the lower reaches of the Selenga River itself. The 2013 fieldwork (season III) was done from September 8th to 20th, at the end of the flood period, when relatively uniform hydrological conditions were observed in the entire basin. In 2014, field data acquisition was carried out from August 4th to 19th in the Russian (season IV) and August 8th to September 1st in the Mongolian part of the basin. During that time, hydrological conditions could be described as a recession of the summer floods. In 2015, field studies were conducted during the winter low water season on March 3rd to 25th (season V). In 2016, from July 11th to 30th, the sampling was carried out in the Mongolian part, and from August 5th to 24th in the Russian part of the basin (season VI, Figure 2). This period was characterized by the highest water levels in comparison with the previous seasons.




2.4. Analytical Procedures


A river water sample was taken at each sampling station (in 2- and 5-liter polyethylene terephthalate bottles), in the mid-channel from the near-surface water layer. The water samples were then filtered on a Millipore vacuum pump through 47 mm diameter membrane filters with a pore size of 0.45 μm.



The suspended sediments of the Selenga River consist of the particles with a grain size above 0.45 µm. We did not further separate metals bound to suspended organic matter from those bound to minerals, as we focus on the total suspended metal (and metalloid) concentrations. The Suspended Sediments Concentration (SSC) in the river waters was determined by the direct (weighted) method. An optical method for estimating suspended sediments amount with the HACH 2100P photometer was used at the control sites. To preserve the water samples, 0.1 mL of HNO3 (conc.) was added to Saarstedt test tubes with the filtered river water. The tubes were carefully sealed with airtight stoppers. The filters were dried at room temperature (~21 °C). In total, 475 samples of river water and 459 samples of suspended sediments were collected (Table 1).



The grain size distribution in suspended sediments was analyzed on a Fritsch Analysette 22 laser particle size analyzer. The organic matter content in suspended sediments was determined either on a CHNS analyzer or by the loss on ignition in a muffle furnace at 400 °C (with preliminary treatment with concentrated HCl to remove carbonates). Determination of dissolved organic matter was carried out on a Shimadzu TOC-L CPH analyzer based on the specification of crude organic carbon (NPOC) in water samples that were separately collected and filtered through membrane filters with a pore size of 0.22 μm. Both analyses were performed in the laboratories of the Faculty of Geography of Lomonosov Moscow State University.



The content of As, B, Bi, Cd, Co, Cr, Cu, Fe, Mn, Mo, Ni, Pb, Sn, Sb, U, V, W, and Zn was determined by the mass spectral (ICP-MS) and atomic emission (ICP-AES) methods on “Elan-6100” inductively coupled plasma mass spectrometer (Perkin Elmer, USA) and atomic emission spectrometer “Optima-4300”(Perkin Elmer, Waltham, MA, USA) at the All-Russian Scientific Research Institute of Mineral Raw Materials named after N.M. Fedorovsky in Moscow in accordance with the European Communities Environmental Objectives (2009), Surface waters regulations S.I. no. 272/2009, and ISO standards 5667-3 (2012).




2.5. Data Analysis


The data from all field campaigns were analyzed and graphically represented using a combination of processing programs and methods, including Microsoft Office, STATISTICA 8, ArcGIS, and Adobe Illustrator.



Normal distributions of the dataset of dissolved and suspended metals (and metalloids) concentrations in river water and suspended sediments were assessed using Kolmogorov–Smirnov, Lilliefors, and Shapiro–Wilk’s tests. Samples taken in the upper reaches of the basin, where anthropogenic impacts are negligible, were used as background levels. These background levels of the Selenga basin were then compared to the world average elements concentrations [60,61]. Background levels of dissolved metals (Bd) were compared with the average concentrations in the world rivers (Wd) [60]. The world rivers’ average content of suspended sediments (Ws) and the average values for the upper continental crust were used as a reference for the background levels of the suspended forms of metals (Bs) [61,62,63,64].



Sections of rivers located within the urban and mining areas, hence experiencing the most significant anthropogenic impact, are here defined as hot spots for dissolved (Hd) and suspended (Hs) metals. The rest of the sampled river locations, which did not classify either as background locations or a hot spot locations, were denoted “moderate anthropogenic impact” locations, abbreviated Ad for dissolved metals and As for suspended metals. Significant differences between background and hot spot groups of samples were tested using the Mann–Whitney U test. This test was used since both background and hot spots subsets are rather small (36–48 samples). The other reason is that despite the normal distribution of the statistical population, these subsets represent extreme values (relatively low concentrations on the background areas and high within the hot spots); thus, a nonparametric test was considered more suitable.



The median values of each of these two impacted categories (moderate anthropogenic and hot spots) were compared with the background Selenga values, in relation to which concentration factors were calculated (KD for dissolved and KS for suspended forms). For the subset “moderate anthropogenic impact,” the following formulas were used:


KD1 = Ad/Bd,



(1)






KS1 = As/Bs,



(2)







Ad and As in Equations (1) and (2) represent median values for the moderate anthropogenic subset, and Bd and Bs are the median background values of dissolved (d) and suspended (s) elements concentrations, respectively. According to the similar formulas, the concentration factors for the hot spot subsets were calculated:


KD2 = Hd/Bd,



(3)






KS2 = Hs/Bs,



(4)







In Equations (3) and (4,) Hd and Hs represent median values for the hot spot subset of dissolved (d) and suspended (s) elements, respectively.



Principal components analysis (PCA) with varimax rotation method was applied on dissolved and suspended metals concentrations to investigate source apportionment. For river water quality assessment, the concentrations of dissolved elements (in μg·L−1) in the Selenga River and its tributaries were compared with Russian (GN 2.1.5.1315-03, [65]), Mongolian (MNS 4586:98, [66]), and international [67] water quality guidelines. Concentration factors (CF) were also calculated as a ratio of metals’ concentrations from our dataset for the Selenga River basin to each of the guideline values (Russian, Mongolian, and WHO).





3. Results


3.1. Geochemical Properties of River Waters


Our results show that the average TDS value in the Selenga basin is generally low (Supplementary Material, Table S2), with average values of about 120 mg/L. The lowest range in values of 30–60 mg/L is characteristic for the mountain tributary rivers, such as Tuul, Orkhon, and Chikoy, in the upstream part of the basin. High values up to 188 mg/L have been determined in the small Modonkul River, which is the right tributary of the Dzhida River. Even more values exceeding 700 mg/L were found in the water of the Khan gol River fed by the water from the tailings of the Erdenet Cu-Mo plant.



The average pH value based on our data for the Selenga basin was 8.3 (Supplementary Material, Table S2). In the mountainous part of the basin, the soils are predominantly acidic, whereas they are neutral and alkaline in the plain part (Figure 3). In the Russian part of the basin, the pH values in main river branches were on average higher than in the main branches of Mongolian rivers, despite the presence of acidic soil conditions in headwater regions (Figure 3). The higher pH values of main river branches in the Russian part of the basin in comparison with Mongolian part are consistent with a wide distribution in the Transbaikalia of soda and soda-saline lakes with a pH of up to 10.5. The highest pH value of 10.5 was observed in the river Tuul at the Zaamar goldfield, which is related to the inflow of groundwater eroding calcareous rocks. The cities of Ulaanbaatar, Zakamensk, and Erdenet have an acidifying effect on river waters, whose pH downstream from the anthropogenic sources decreases from slightly alkaline to neutral values (6.9–7.2). The highest pH values (up to 10.5) were observed in the gold Zaamar development area on the river Tuul. In the Russian part of the Selenga basin, alkalization to 9.2 was detected in the Uda River in the city of Ulan-Ude. Overall, slightly alkaline waters predominate in the Selenga basin.



Suspended sediments of the Selenga basin are represented by clay, silt, and sand fractions which are transported in suspension, whereas coarse clastic particles are mostly transported along bed (bed load). The mean Suspended Sediment Concentration (g/m3) among the field-based dataset of the Selenga was 61 g/m3 (Supplementary Material, Table S2). Maximum SSC values were found in the sections of the Orkhon River upstream from Kharhorin (2307 g/m3) and upstream from the confluence of the Tamir-Gol River (1459 g/m3), as well as on the Tuul River in the Zaamar goldfield area (2384 g/m3). The lowest turbidity values 0.7–10 g/m3 are characteristic of the Temnik and Khilok rivers and water bodies of the central part of the Selenga delta. However, in the main channels of the delta, SSC is higher: in the main channel of the Selenga, up to 40–70 g/m3 (west part of the delta); in the Lobanovskaya channel, up to 200 g/m3 (east part of the delta). The city of Ulaanbaatar has the greatest influence on the content of suspended sediments along the river system, e.g., over 150 times increase in the Tuul River downstream of the city. The influence of the city of Ulan-Ude is also attributed to a 6-times increase of SSC within the Selenga River below the Uda River confluence (Figure 4). A seasonality in suspended sediment concentrations is also revealed (Figure 4): during seasons I and VI (2011 and 2016) field campaigns the highest SSC values were observed in the Mongolian part of the basin (blue and green columns on the graphs of the map); however, during seasons IV and V (2014 and 2015), sampling seasons the lowest SSC values throughout the entire Selenga basin were found (white and pink columns on the same graphs).



The dominant suspended sediments particle fraction is silt: the total share of coarse silt (0.01–0.05 mm [68]) and fine silt (0.001–0.005 mm) exceeds 60% (Supplementary Material, Figure S1). The share of clay particles (<0.001 mm) in suspended sediments ranges from 1% in the upstream of the Kharaa, Chikoy, and Temnik rivers to 30% in the upstream of the Orkhon River. The grain size composition of suspended sediments changes in areas with anthropogenic impact. For instance, the share of clay and silt in Orkhon River, downstream from the confluence of the Tuul River, increases to 75% and 14%, respectively, due to the erosion of waste dumps in the Zaamar goldfield. In the Uda River downstream Ulan-Ude town, a significant increase in the share of fine particles was found relative to its upstream part. Thus, the share of clay particles increased from 4% to 10% and fine silt from 18% to 30%. The erosion of tailings in Zakamensk results in a high amount of coarse silt in Dzhida river water (up to 66%) that remains after the confluence with the Selenga River in its main channel (55%–59%).



The content of dissolved organic compounds (DOC) in the Selenga delta varies within the range of 1.2–14.6 mg/L. Suspended organic compounds (SOC) are brought into the rivers mainly during spring–summer floods, when its content is 2–5 times higher than at low water. The organic matter content in the suspended sediments varies from 23.6% during (spring) flood periods to almost complete disappearance in the winter low-water season.




3.2. Metals in River Waters


3.2.1. Dissolved Metals


Selenga River and its tributaries are characterized by low metals concentrations in comparison with all relevant national and international standards (Table 2). The main pollutants of the Selenga basin according to this study belong to three different hazard classes according to GN 2.1.5.1315 03 of the Russian Federation. Substances of the first class are considered extremely dangerous (As), of the second class, highly hazardous (B, Mo, Cd, Pb, Co, and Ni); and of the third class, moderately hazardous (Cu, Zn, Cr, Mn) [58].



Background values of dissolved metals and metalloids (Bd) in river waters of the Selenga basin (Table 2) are in general close to the world averages (Wd) [60]. Only concentrations of dissolved U, Mo, Cr, V (2 times), and Zn (5 times) in the background areas of the Selenga basin are higher compared to the world rivers (Table 2). Considering the entire Selenga basin’s median concentrations, a similar pattern emerges, with the accumulated metals Zn (11-fold exceedance over the world average value), U, Mo (3–4-fold), As, Cr, and V (1.5–2-fold).



Analysis of the metal concentration distributions indicates that anion-forming elements, which are highly mobile in the alkaline environment prevailing in river waters, have an increased regional background level in the Selenga River basin. An exception is Zn, a cation-forming element whose content in both background and contaminated areas is significantly higher than the global average, which could, however, be explained by the underestimated world average Zn background (0.6 μg·L−1) for unpolluted rivers [60]. Dissolved Fe and Mn, despite low median values, are in many samples (including those of background regions) ten times higher than the world average, suggesting these metals to be of main concern throughout the basin.



Relative to the background Selenga basin values (Bd), the areas of moderate anthropogenic impact (Ad) showed rather low concentration factors (KD1). The maximum KD1 values, equal to 2–3.5, were found only for Cd, B, Cu, Zn, and Mn (Figure 5). The maximum metal content in river waters of urban and mining industry hot spots (Hd) showed concentration levels up to eight orders of magnitude higher than background levels (Figure 5); for Ni, Zn, Co, Sb, W, and Cu, KD2 values were ≤4, whereas for Mo, As, U, Mn, Cd, and B, values ranged between 4 and 8. However, hot spot areas are responsible only for local increase of concentrations. For example, high Mo content (3–5 μg·L−1) in waters of the Sharyngol River (#2, Figure 1) is due to its increased level in coal deposits. The main anthropogenic sources of Mo in the basin are Cu-Mo mining in Erdenet and W-Mo mining in Zakamensk, which resulted in high Mo content in the Khan gol River (80 μg·L−1).



Spatial patterns of elements concentration distribution were also revealed. For example, rather high B and U content in rivers of the Mongolian part of the basin is an order of magnitude higher than in the Russian one (Figure 6a; Supplementary Material, Figure S2). Maximum U content reaches 56 μg·L−1 in water of the Tuul River (#1 in Figure 1).



Arsenic showed high differences in concentrations (Figure 7a,b) in the river waters of the more arid Mongolian part of the basin where it is higher than in the Russian part (Figure 7a) due to its high solubility in the alkaline environment. For instance, As content increased up to 40–80 μg·L−1 in the Khan gol River below the tailings of the Erdenet Cu-Mo plant and in the Tuul River in the area of Zaamar goldfield (Figure 7). The maximum content of As exceeding 800 μg·L−1 was found in the Sharyngol area of brown coal mining (#2 in Figure 1). High concentrations of dissolved B and As (Figure 6b) were found in the lower reaches of the Khan gol River (B—66–340 μg·L−1, As—15–42 μg·L−1), Boroo River (B—75–130 μg·L−1, As—13–820 μg·L−1), and the Tuul River downstream of the Zaamar goldfield (B—50–104 μg·L−1, As—8–11 μg·L−1).




3.2.2. Suspended Metals


Both background (Bs) and entire basin median concentrations values (Table 3) are less than or close to the world averages (Ws) [61]. The concentration factors KS1 and KS2 for areas with anthropogenic impact (As) and hot spots (Hs) relative to Selenga background levels (Bs) are mostly around 1 (Figure 5), which indicates the predominance of natural factors in the formation of the chemical composition of river-suspended sediments in most of the Selenga basin. According to the median values, the suspended sediments are rather unpolluted. Only in sections of rivers that belong to the hot spots areas, the median contents of B, Cr, U, Cd, Cu, Zn, W, and Sb exceed the background levels by 1.5–2.2 times (Figure 5). However, the maximum concentrations of elements are many times higher, most of all, for Bi (up to 913), Pb (505), Cu (232), Cd, As, Mo, B (100–150), Cr, W, Zn, U, Ni, Sb, Sn, and Mn (10–100). These values however are observed locally and are confined to the urban and mining hotspots.



For example, content of As in suspended sediments increases up to 86 mg·kg−1 near Dzhidinsky W-Mo field, 360 mg·kg−1 in the area of Zaamar goldfield, and 180 mg·kg−1 in Tuul River in the area of Ulaanbaatar due to its high content in brown coal, widely used as fuel. The maximum As value of 1 680 mg·kg−1 was determined in the section of the Kharaa River basin subjected to both gold mining and brown coal mining activities. Naturally increased values of U in the suspended sediments are characteristic for the upstream of the Tuul River (#1 at Figure 1). The content reaches 50–70 mg·kg−1, being confined to granite massifs north of Ulaanbaatar. This is 20 times higher than the background content in suspended sediments (Table 3). Even higher U content in suspended particles was determined in the Dzhida River catchment within the Russian part of the basin. The maximum value of 149 mg·kg−1 was found in the Modonkul River affected by waters draining the tailings of Zakamensk W-Mo field. High U contents were followed up to the confluence with the Selenga River. The influence of Zakamensk on the distribution of dissolved U is less and can be traced only locally.



The content of metals in the suspended sediments usually exceeds the content in associated soils or bottom sediments due to the increased sorption ability of fine suspended particles. However, the comparison with the average content in the upper continental crust [64] makes it possible to more clearly identify the regional geochemical specificity of suspended sediments in the Selenga basin. In decreasing order of magnitude of the enrichment factor (subscript), the elements form the following range: Bi10, Cd9Pb, Cu, As4B, U, Mo3Mn, Zn2. Content of Cd and Bi exceeds average crust values by 2 or more times in 60% of samples of suspended sediments, As and Mn—40%, B, U, Mo—25%. For Pb, Zn, Cu, Co, Sn, Be, and W, local excesses of continental crust values were noted by 4%–17% of samples confined to specific sources of pollution, mainly cities and mining centers. U, As, and B as a whole are characterized by an increased regional geochemical background, whereas for Bi, Pb, Cu, W, Mo, Zn, and Cd, high contents in suspended sediments are usually associated with mining activities (Erdenet, Zakamensk). These elements can be considered priority pollutants of the Selenga River basin.





3.3. Results of Variability Analysis and PCA of the Metals Content


Variability of metals concentrations. The coefficients of variation (Cv-values) for the concentrations of different metals in river waters within the Selenga basin are generally large, due to spatial differences in anthropogenic impacts and heterogeneous hydroclimatic conditions. The lowest Cv-values were observed for the dissolved forms of V, Bi, Sn, Ni, and Cr (<66%) in unpolluted river waters (Cvn), which indicates that natural factors only have a weak influence on their distribution. These elements are slightly soluble in the alkaline environment prevailing in the rivers of the basin. On the contrary, anion-forming U, B, Mo, and As, which are much more mobile under these conditions, are characterized by higher Cv-values (100%–150%). High variability (150%–200%) is also shown for dissolved Fe, Mn, and Zn, particularly in the acidic waters of the mountain taiga part of the basin. The background variability of metal concentrations in suspended sediments is determined mainly by the lithogeochemical heterogeneity of the basin. Cv-values of suspended sediment concentrations are mostly higher than 100% and for some elements (W, Cr, V) even more than 200%.



In rivers subject to high anthropogenic impact, the Cv values (Cva) tend to increase. The ratio Cva/Cvn (Figure 8) is the highest for the dissolved forms of Bi, Sn, V, As, Mo, and Pb. The same elements except V show relatively high values of the ratio (>2) for the suspended forms. The high Bi variability in polluted waters is associated with its presence in tailings of the W-Mo plant in Zakamensk and increasing mobility in acid solutions. The Cva/Cvn ratio for Pb is high for similar reasons.



PCA of metal concentrations. As a result of PCA, four meaningful (with eigenvalues > 1) principal components or factors were extracted for metals in river water and five for suspended sediments. For dissolved metals, those four factors explained 77% (Supplementary Material, Table S3) of the variance in their spatio-temporal distribution (each share of variance explanation is written in subscript, %): (1) Factor 1(35): Fe-Bi-Pb-Sb-V, (2) Factor 2(19): B-As-U-Ni, (3) Factor 3(15): Mo-Sn-W, (4) Factor 4(8): Cd-Co-Cu. Five factors for suspended metals and metalloids explained 69% (Supplementary Material, Table S4) of the variance in total: (1) Factor 1(28): V-Cr-Ni-Fe-Co, (2) Factor 2(19): Zn-Cd-U-Cu, (3) Factor 3(10): Bi-Pb, (4) Factor 4(8): Sn, (5) Factor 5(6): B.



Factor 1 is responsible for the spatio-temporal distribution of dissolved Fe-Bi-Pb-Sb-V association with factor loadings > 0.7. In suspended sediments, Factor 1 combines V-Cr-Ni-Fe-Co, with strong connection (factor loadings > 0.7). A borderline factor loadings value of 0.67 was found for suspended Mn, which then also can be attributed to this group. We assume that these elements originate mainly from the bedrock. The hypothesis of crustal origin of those associations both for dissolved and suspended metals is supported by the fact that these factors account for the highest share (28%–35%) of the total element variance and have an influence throughout the whole Selenga basin (Supplementary Material, Figures S3a and S4a).



Dissolved Co and Cu showed medium connection with Factor 1 and strong connection with Factor 4 (Supplementary Material, Table S3). In contrast to its dissolved forms, Pb and Bi in suspended sediments belong to Factor 3 (Supplementary Material, Table S4, Figure S4c), to which Mo could also be attributed (factor loadings = 0.4)—an indicator of mining activities.



Factor 2 for dissolved elements determines the distribution of anion-forming B, As, U, and Ni. Cr can also be added to this association, though it has rather weak connection (factor loadings = 0.38). B in suspended sediments is the only constituent of Factor 5 with a high factor loading value (0.85). However, suspended W (factor loadings = 0.39) could also be assigned to this factor (Supplementary Material, Table S4). These elements probably have a natural origin, connected with metallogenic specialization of parent rocks within the Mongolian part of the basin (Supplementary Material, Figures S3b and S4e).



Factor 3 explains 15% of the variance for dissolved elements and is characterized by a Mo-Sn-W association. In suspended sediments, the Factor 4 association (8% of variance) accounts for Sn distribution (factor loadings = 0.76) and to a lesser extent Sb (0.64), W (0.57), and Mo (0.35). Thus, this is a regional factor related to the mining activities in Tuul, Orkhon, and Dzhida basins (Supplementary Material, Figures S3c and S4d).



Dissolved Cd, Co, and Cu show strong connection with Factor 4 (factor loading > 0.7); Zn shows a borderline factor loadings value of 0.69 with Factor 4; and Mn shows a weaker factor loading of 0.37. In suspended sediments, Zn, Cd, U, and Cu are connected with Factor 2, (Supplementary Material, Figure S4b).





4. Discussion


4.1. Source Apportionment of the Metals Content


The results of the PCA allowed the distinguishing of four main element associations due to their possible common origin (in the following text, elements in brackets indicate weaker connection with the main association and lower factor loadings).



Bedrock material. The most likely source of the first association, i.e., Fe-Bi-Pb-Sb-V in river water and V-Cr-Ni-Fe-Co(-Mn) in suspended sediments, is the bedrocks of the Selenga basin. The trivalent form of Bi is the most stable and abundant in the geosphere [69]. Dissolved Bi concentrations vary only slightly within the waters of the Selenga basin. Bi is a typical cation-forming element that is poorly soluble in alkaline waters. Only the waters of Modonkul River showed enrichment of dissolved and suspended Bi (Supplementary Material, Figure S5a,b). This is due to the high content of Bi in W-Mo ores of Zakamensk and acid environment of the tailings. However, due to an increased pH in the Dzhida River below the confluence of the Modonkul River, the dissolved Bi concentrations returned again to lower values (Supplementary Material, Figure S5a). Since the effect of pH on suspended Bi is not significant, its concentrations in the Dzhida river are also high (Supplementary Material, Figure S5b). Bi is a chalcophilic heavy metal and usually associated with Pb–Zn–Cu sulphide mineralization. The close geochemical associations of Bi in Pb–Zn–Cu sulphide ore result in high contamination of these elements in soils in the vicinity of modern Pb and Cu smelters [70]. Bi, Pb, and V have also been found in pyrites and chalcopyrites in Central Mongolia [71]. Sb and Bi are contained in gold ore in Mongolia and therefore are used as gold-mining indicators [72]. Fe and Mn could enter river waters from weathering of basalts and granites [73]. It is reported [74] that the bedrock of the Selenga River basin is composed mainly of Proterozoic granites, Mesozoic sediments, and Tertiary basalts.



Mongolian metallogenic conditions of parent rock account for the second association, i.e., B-As-U-Ni-Cr in river water and B-W in suspended sediments. The Selenga River basin is characterized by generally increased U levels due to its location within the Uranium-rare-metal Gobi Khentey-Daurskaya ore province [75,76,77]. Uranium, like As and Mo, is an anion-forming element, highly soluble in an alkaline environment. It can accumulate in natural waters due to evapo-concentration. Investigations of the U content in groundwater of Ulaanbaatar showed elevated concentrations in both highly developed areas of the city and the parts heavily populated with Mongolian traditional dwellings. Therefore, the authors concluded that U comes from leaching of local rocks and soils [77]. We here showed that the maximum U content in the river water of the Selenga basin during the present campaigns reached 56 μg·L−1 in the Tuul River (Figure S5). This is 70 times higher than the background median value of U and 140 times higher than the world average estimated at 0.4 μg·L−1 [60]. We explain these high values by both a locally increased geochemical background of U and the climate aridity of the Mongolian part of the basin. High U contents in Selenga waters were noted also by [78,79]. In addition, it was reported earlier that As concentrations in river water of Mongolia have strong correlations with U [80]. B and U were found in high concentrations in lakes of Northwestern Mongolia located within the Tsagan-Shebetin potential U ore zone [81].



The arsenic content in the waters of the Selenga River basin varied between 1 and 3 μg·L−1 during the present campaigns. This is 2–5 times higher than the world average. Relatively high As contents can occur as a result of inputs from geothermal sources, and also of sewage water, mine wastes, and mill tailings (Figure 7a). The content of As in surface waters affected by Au-mining activities can increase up to 200–300 μg·L−1 [82]. An increase in arsenic content downstream of the Zaamar goldfield was previously noted by Thorslund et al. [38]. This is consistent with the data presented here: the As concentration in river water downstream of the Zaamar goldfield was up to 6.5 times higher than the upstream concentration. Increased As concentrations are also reported in arid areas, especially in surface waters with high pH and alkalinity. Dissolved As is mostly found in inorganic form as oxyanions of arsenite or arsenate, which are highly mobile in a wide range of pH-Eh conditions. At near-neutral pH, the mobility of As is limited by adsorption to hydrous metal oxides in clay or organic matter. In contrast, most oxyanions including arsenate tend to become less strongly sorbed as the pH increases [83]. The high geochemical background of As in soils, sediments, and river waters of the Mongolian part of the basin implies that even slight anthropogenic As inputs can lead to hygiene standards being exceeded in river waters, posing a risk to public health.



Mining areas. The third association consists of Mo-Sn-W in river water and Sn-Sb-W-Mo in suspended sediments and is related to local mining areas in the Tuul, Orkhon, and Dzhida basins. The Mo deposits of Mongolia are highly exploited: the two largest ones are the porphyry Cu-Mo deposits in Erdenet and Tsagaan Suvarga [84]. There is also a cluster of seven porphyry Cu-Au-Mo deposits in Oyu Tolgoi, southern Mongolia [85], in addition to several smaller ones. The basin average value of Mo in the Selenga River reported here is 1.4 μg·L−1, which is 3 times higher than the world average and similar to previously reported values for the Selenga River [78,79]. In the Russian part of the basin, the main source of W and Mo is the tailings of Dzhidinsky W-Mo mining and processing plant in Zakamensk (Supplementary Material, Figures S3c and S6). Timofeev et al. [41] found high concentrations of Sb (356 times higher than in the background area), Mo, W (42–55 times), and Sn (6 times) in the soils of Zakamensk town, near the tailings. The maximum Mo concentration reported in this study for river water (1600 μg·L−1, Supplementary Material, Figure S6) was equal to the concentration in waters draining the tailings of Zakamensk W-Mo field. The spatial distribution of Mo in unpolluted rivers of the Selenga basin is similar to As due to the similarity of their properties. Mo is also migrating in inorganic form as oxyanions, being especially mobile under alkaline oxic conditions [82].



The Pb-Bi(-Mo) association in suspended sediments also acts as an indicator of mining activities (Supplementary Material, Figure S4c). These elements were reported among the main pollutants of urban soils in the impact zone of the Dzhidinsky W-Mo mining and processing plant [86]. Average Bi content in suspended sediments of the Selenga basin aquatic systems is relatively low, with median enrichment factors between 0.62–3.3 when normalized by different reported values of the world average [61,63,87]. According to our data, the maximum content of Bi in suspended sediments of the Modonkul River reaches 470 mg·kg−1 (Supplementary Material, Figure S5b), which is almost 1000 times higher than the background value 0.5 mg·kg−1. The content of Bi in suspended sediments of the Dzhida River exceeds the background by 1–2 orders of magnitude.



Urban areas. The fourth association consists of Cd-Co-Cu(-Zn-Mn) in river water and Zn-Cd-U-Cu in suspended sediments. The fact that suspended Factor 2 accounts for 19% of variance and dissolved Factor 4 only for 8% of the variance is consistent with these metals originating mainly from urban hotspots—Ulaanbaatar, Erdenet, Darkhan, Kyakhta, and Ulan-Ude—especially considering dissolved Factor 4 factor score distribution (Supplementary Material, Figure S3d). The input of elements is related to insufficient wastewater treatment [72], which is a well-known problem of urban centers in Mongolia. For example, sediments of the Tuul River in the lower part of Ulaanbaatar city were enriched with Zn and Cu in comparison with its upper part [88]. The U content in suspended sediments of some sections of the Kharaa River located north of Ulaanbaatar is more than 20 mg·kg−1 [89]. In suspended sediments of the Selenga River, the U concentrations were moderate relative to the continental crust average with median enrichment factor values of about 1 [61,63]. Co, Mo, and Fe enrichments are caused by mining near Erdenet (Co-Mo mine) and near Darkhan (Fe mine). Moreover, the “Erdenet Hivs” which is the largest company in Mongolia that produces wool, cashmere, carpets, and different wool products may contribute to Cd and Zn enrichment of the Erdenet area, since these are admixtures for wool dyes [90]. Cd additionally contributed to pollution of woody vegetation of the Ulaanbaatar industrial zone [91]. Silow [92] reported that the municipal water treatment plant of the city of Ulan-Ude generates 2 × 105 m3/day of purified industrial and domestic wastewater, which contains Cd among other pollutants. High concentrations of Zn in the Selenga water in Ulan-Ude and at the Russian-Mongolian border (near Kyakhta) were also identified by Nadmitov et al. [93]. Our data showed that Zakamensk is a hotspot for the enrichment of suspended sediments with U.



Cd is usually associated with non-ferrous metallurgy. The world average estimated for dissolved Cd is 0.08 μg·L−1 [60]. Our data revealed that maximum Cd levels within the Selenga basin occurred both in river water (up to 11 μg·L−1) and suspended sediments (up to 32.5 mg·kg−1) in the Modonkul river within Zakamensk town (Supplementary Material, Figure S7a and S7b), where it, for instance, has been seen to pollute technogenic sands [18]. Thus, dissolved Cd-Co-Cu(-Zn-Mn) and suspended Zn-Cd-U-Cu associations could be defined as urban-originated.




4.2. River Water Quality within the Selenga Basin


All sampling points’ (n = 475) data analysis revealed the main patterns of metals behavior in comparison with different standards that are shown in Figure 7b and Supplementary Material, Figure S8. Principal pollutants of the Selenga basin are Pb, As, Cd (maximum values exceed WHO, MNS, and MPCD standards), Mo and Mn (MNS, MPCD), Cr (WHO, MNS), Sb (MPCD), Cu, Ni and Zn (MNS), Fe, and B (MPCD). For Bi, Co, V, W, and U no significant excess of standards was detected even within hot spot areas with very intense anthropogenic impact. The largest excesses over guidelines were recorded for As and Pb (82–60-fold), Zn (58-fold), Fe (40-fold), Mn (31-fold), Cu (22-fold), and Cr (11-fold) over territories with high anthropogenic load. Mn and Fe were previously reported as main contaminants of the most rivers of the Selenga River basin [93,94,95,96].



Overall, concentrations of elements in the rivers of the Selenga basin exceed standard values only at local to regional (sub-basin) scale. The WHO guidelines [67] were exceeded for Cr, Pb, Cd, and As. Whereas locations where As concentrations exceeded the WHO guidelines make up 6% of all 475 sampling locations (with maximum Enrichment Factor = 82), the corresponding percentage for Pb, Cr, and Cd was about 3%–5% (EFMAX = 60, 11, and 4, respectively). High levels of As pollution were seen in the Boroo river (Table 4), which is explained by the large amount of this element in groundwater of the region washed out of the arsenopyrite veins. High arsenic levels, up to 7 times higher than the WHO guideline value, were observed also in the Lake Victoria mining areas in Tanzania [97], where the main source of As was suspected to be the oxidation of arsenopyrite in mine tailings. The geogenic origin of As and its increased levels in water, soils, and plants within the area of Morila Mine (Mali) in connection with mining activities was also noted by Bokar et al. [98]. Furthermore, the sediments enrichment in As compared with sediment quality guidelines for freshwater ecosystems was shown for the section of Tuul River located within the city of Ulaanbaatar by Dalai and Ishiga [88].



The Modonkul River had high levels of Pb and Cd, the latter or which also was found in high concentrations in tailings pond water from Zakamensk. These spatial patterns of river water pollution corresponds well to reported pollution of the upper horizons of soils [99] in Erdenet (by Mo and Cu) and Zakamensk (by Bi, W, Cd, Pb, Mn). These upstream regions can act as pollutant sources for the Khan gol, Modonkul, and Dzhida rivers during flood events. These data suggest that technogenic pollution, even when confined to relatively small source areas, can have a strong load impact on the ecological conditions of considerable parts of the basin, including the downstream-most river delta. However, within the Selenga Delta area, aquatic vegetation acts as a barrier, which can cause precipitation (i.e., settling) of a significant share of incoming pollutant fluxes, especially suspended ones [100]. High Cd concentrations related to gold mining operations were also reported for surface waters in South Africa and Zimbabwe [101], demonstrating the ore origin of this element. High levels of Cr pollution within the Selenga basin (Table 4) were seen in the upstream part of Orkhon River during intensive rain floods, the upstream part of Tuul River around Ulaanbaatar city, Khan gol River downstream of Erdenet town, Selenga main branch at the Russian–Mongolian border, and downstream Dzhida River.



Assessed by the Mongolian National Standard (MNS 4586: 98 [66]), the main pollutants of the Selenga River are Zn (exceedance in 33% of the considered locations, EFMAX = 58), As (exceedance in only 3.4%, but very high EFMAX = 82), and Pb (exceedance in only 1.2%, however with EFMAX = 60). Lower EFMAX values were found for Mn (6.6% exceedance, EFMAX = 31), Cu (2.6% exceedance, EFMAX = 22), and Cr (1.4% exceedance, EFMAX = 11). Regions with high concentrations of several pollutants include the Tuul River around Ulaanbaatar city (Table 3; Mn, As, Cr, Zn), the Khan gol River (Cu, As, Zn, Cr, Mn), the Kharaa-Boroo River system (As, Zn, Mn), tailings pond areas in Zakamensk (Mo, As, Cd), the Modonkul River (Zn, Cu, Pb, Mn, Co, Cd, and Ni), and the Tugnuj River (Mn, Zn, Ni, Cu). Hence, notable multi-contaminant pollution areas within the Selenga basin included Ulaanbaatar city, Erdenet town, Boroo gold mining area, Zakamensk town with mining and processing plant on the Modonkul River, and coal mining areas within the Tugnuj River basin.



Near the Russian–Mongolian border, where Nadmitov et al. [93] previously had recorded high Zn concentrations and Sorokovikova et al. [102] high mimineralization values, the present study showed an average Zn concentration of 52 μg·L−1, which corresponds to a 5-fold exceedance of MNS (4586: 98). Further downstream, Zn concentrations decreased, reaching a new maximum downstream of Dzhida River. After the confluence with Chikoy River, the Zn concentration sharply decreased to about 10 μg·L−1 due to dilution. Within the Selenga River basin, two main regions with high dissolved Zn content were identified: (1) the rivers of the Mongolian part of the basin, where main sources are the burning of wood in ger (Mongolian yurts) areas and household waste, and (2) Temnik (with 160 μg·L−1 of dissolved Zn) and Bayangol (200 μg·L−1) within Russian part of the basin. Zn and Pb contamination of river water could be associated with acid mine drainage of low-grade ore stockpiles as was found at Kabwe in Zambia and the Letaba Mine in South Africa [101].



The concentration of dissolved Cu is characterized by rather low concentrations and low variability within the Selenga River system. Exceptions include the local maximum in Khan gol river (equal to an exceedance of MNS by factors between 2 and 6) and Modonkul river (20–22 times exceedance). Cu water pollution associated with copper mines and smelters is also common on the Zambian Copperbelt, in Zimbabwe, and at the Selibe-Phikwe copper-nickel mine area in eastern Botswana [101]. The considerable migration of Mo in dissolved form is facilitated by the generally alkaline conditions in river waters (average pH of 7.9–8.3). The main sources of dissolved Mo are tributaries within the Mongolian part of the basin and the Dzhida River in Russia. Regarding the migration of dissolved Mn in the Selenga River, a main factor is likely to be the rather high content of dissolved organic matter. Current-future changes in temperature and discharges due to global warming could affect the delivery of DOC to downstream areas including Selenga Delta and Lake Baikal [103], with resulting increasing transport of several metals of concern bound with organic matter.



The greatest exceedances of the MPCD standards (GN 2.1.5.1315-03 [65]) were observed during the summer floods in the Modonkul River for Mn (4.5 fold exceedance), Cd (8.6–11.0), and Pb (1.1–60.0) downstream the Zakamensk town, where the erosion of the tailings of the Cu-Mo mining and processing plant occurs and the adit water flows into the river. High concentrations of Mn, Fe, Ni, Cr, Cu, Pb, Cd, As, and Zn were reported for wastewater collected at Zakamensk town [93]. A significant decrease in the metal concentrations due to the dilution of Selenga waters with cleaner tributaries waters was defined when moving downstream towards the Selenga delta. The highest concentrations of Mn (up to 1.2 MPCD fold) in the lower reaches of the Selenga were found downstream the Kabansk town, as well as in the Glubokaya (up to 12 MPCD), Levoberezhnaya (up to 4 MPCD), and Lobanovskaya (up to 5 MPCD) channels of the delta. These patterns correspond with previous data on dissolved Cr, V, Co, Mn, Fe, Cd, and Be accumulation in the Selenga Delta area [31]. Although there was an observed dilution effect further downstream to the Lake Baikal coastal zone, the risk of pollution pulses from the multiple upstream anthropogenic hot spot areas might periodically bring multiple metals of concern downstream towards the Lake Baikal. This was documented in significant increases in suspended sediments and suspended metals fluxes within the Selenga Delta area during summer rain floods [31]. Nevertheless, concentrations of pollutants (such as persistent organic pollutants and heavy metals) in the Lake Baikal waters are reported to be rather low: only water of the littoral zone and in bays near large settlements could be considered as polluted as a result of unsatisfactory operations of sewage treatment plants, growing tourist activity, and intense ship traffic [104].





5. Conclusions


This study has provided the first synthesis and interpretation of large-scale metal concentrations, covering the complete Selenga basin, over multiple sampling years. Although many complex patterns emerge over space and time, our study highlights clear signals of anthropogenic activities, with elevated levels of multiple metals of concern in so-called hot spot areas located within urban and mining areas. We specifically show that the metal content in river waters subject to these anthropogenically active areas reach tens or hundreds of times higher than the background levels for a considerable subset (Zn, As, Cd, Cu, Mo, Pb) of the studied metals. Particularly, As was shown to be a main contaminant of regional concern, with up to an order of magnitude higher concentrations than world average values and with frequent exceedance of both local and global guideline values. Other metals showing similar patterns were Fe and Mn, which were particularly elevated downstream of classified hot spot areas. Hot spots for anthropogenic impacts of Cd were particularly found in Zakamensk and Ulaanbaatar. Increased contents of multiple metals relative to different relevant water quality standards were also centered along the Tuul River, around the Ulaanbaatar city and the Zaamar goldfield area, and the Khan gol River around Erdenet town, within the Dzhida-Modonkul and the Kharaa-Boroo river systems. Major cities and mining sites also impacted the sediment grain size composition and caused increasing suspended sediment concentrations, e.g., due to erosion of mine tailings. The presence of multiple pollution sources within the Selenga basin contributes to the large-scale spreading of metals also downstream of hot spot regions, which showed elevated levels compared to background values for a range of different metals, and in different seasons. These multiple anthropogenic pollution hotspots also increase the spreading risk of several pollutants (e.g., Pb, As, Cd) of concern to downstream parts, including the Selenga delta and Lake Baikal. Such risks for the Selenga delta and the Lake Baikal might also be elevated, with increasing pollution pulses during flood events, which are expected to become more frequent in this system under future hydroclimatic projections. We expect that our results will aid in increasing the understanding of large-scale metal transport processes, as well as in designing relevant measures to mitigate further spreading of metals to the Lake Baikal. More generally, our study highlights the relevance of large-scale approaches for improving the understanding of main pollution sources and their relation to local-regional water quality impacts.
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Figure 1. Selenga River and its tributaries catchments (numbered), as well as sampling stations for the field campaigns between 2011–2016 of this study. 






Figure 1. Selenga River and its tributaries catchments (numbered), as well as sampling stations for the field campaigns between 2011–2016 of this study.



[image: Water 12 02137 g001]







[image: Water 12 02137 g002 550] 





Figure 2. Water level (at gauging station Ulan-Ude) and hydrological seasonality of the Selenga River during field campaigns of 2011–2016. 
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Figure 3. pH values in soils and river waters of the Selenga River basin. 






Figure 3. pH values in soils and river waters of the Selenga River basin.



[image: Water 12 02137 g003]







[image: Water 12 02137 g004 550] 





Figure 4. Spatial distribution of the suspended sediments concentration (g/m3) in the Selenga River basin. 
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Figure 5. Concentration factors for dissolved and suspended metals in the Selenga basin in areas with anthropogenic impact (KD1 and KS1 respectively) and hot spots areas (KD2 and KS2) relative to background levels of the Selenga basin. 
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Figure 6. Scatter plot of the correlation between dissolved B and U (a), and B and As (b), in the main Selenga tributaries. 
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Figure 7. Dissolved As levels in the river waters of the Selenga basin (a) and EF of the As in relation to WHO, MNS, and MPCD Standards value for drinking water (b). 
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Figure 8. Ratio of the coefficient of variation (Cv) within anthropogenically disturbed (hot spots) areas (Cva) and natural (background) areas (Cvn) for dissolved (blue line) and suspended (orange line) metals in the Selenga River basin. 
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Table 1. Analytical database (number of samples for each field data campaign).
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	Object
	Season I (2011)
	Season II (2012)
	Season III (2013)
	Season IV (2014)
	Season V

(2015)
	Season VI

(2016)
	Total





	River water
	95
	114
	110
	83
	34
	39
	475



	Suspended sediments
	80
	113
	113
	83
	34
	36
	459
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Table 2. WHO guidelines (WHO), Mongolian national standard (MNS), and Russian guidelines for drinking water (MPCD) for dissolved metals and their content in river waters of the world and Selenga River basin (μg·L−1): background and hot spots areas and areas with moderate anthropogenic impact (median values).






Table 2. WHO guidelines (WHO), Mongolian national standard (MNS), and Russian guidelines for drinking water (MPCD) for dissolved metals and their content in river waters of the world and Selenga River basin (μg·L−1): background and hot spots areas and areas with moderate anthropogenic impact (median values).





	
Metals

	
WHO 1

	
MNS 2

	
MPCD 3

	
Hazard Class 3

	
World Average 4, Wd

	
Selenga Basin




	
Basin Average

(n = 475)

	
Back-

ground, Bd (n = 39)

	
Moderate

Anthropogenic

Impact,

Ad (n = 387)

	
Hot Spots,

Hd (n = 49)






	
As

	
10

	
10

	
10

	
1

	
0.6

	
1.1

	
0.6

	
1.1

	
2.7




	
B

	
2400

	
no data

	
500

	
2

	
10.2

	
10.8

	
4.0

	
10.9

	
32.0




	
Bi

	
no data

	
no data

	
100

	
2

	
no data

	
0.004

	
0.004

	
0.004

	
0.004




	
Cd

	
3

	
5

	
1

	
2

	
0.08

	
0.013

	
0.004

	
0.014

	
0.029




	
Co

	
no data

	
10

	
100

	
2

	
0.1

	
0.09

	
0.06

	
0.08

	
0.19




	
Cr

	
50

	
50

	
500

	
3

	
0.7

	
1.2

	
1.5

	
1.2

	
1.2




	
Cu

	
2000

	
10

	
1000

	
3

	
1.5

	
1.1

	
0.5

	
1.1

	
1.9




	
Fe

	
no data

	
no data

	
300

	
3

	
66

	
21

	
21

	
22

	
15




	
Mn

	
no data

	
100

	
100

	
3

	
34

	
4

	
2

	
4

	
12




	
Mo

	
no data

	
250

	
250

	
2

	
0.4

	
1.5

	
0.8

	
1.4

	
3.4




	
Ni

	
70

	
10

	
20

	
2

	
0.8

	
0.6

	
0.4

	
0.6

	
0.9




	
Pb

	
10

	
10

	
10

	
2

	
0.1

	
0.05

	
0.05

	
0.05

	
0.05




	
Sn

	
no data

	
no data

	
no data

	
no data

	
34

	
0.1

	
0.05

	
0.05

	
0.05




	
Sb

	
0.02

	
no data

	
5

	
2

	
66

	
0.08

	
0.06

	
0.08

	
0.18




	
U

	
0.03

	
no data

	
100

	
2

	
0.4

	
1.3

	
0.8

	
1.3

	
4.1




	
V

	
no data

	
no data

	
100

	
3

	
0.7

	
1.5

	
1.5

	
1.2

	
1.2




	
W

	
no data

	
no data

	
50

	
2

	
0.1

	
0.04

	
0.03

	
0.04

	
0.10




	
Zn

	
no data

	
10

	
1000

	
3

	
0.6

	
6.7

	
3.0

	
6.9

	
6.5








1 World Health Organization (WHO) guidelines for drinking-water quality [67]; 2 Mongolian surface water quality guideline, MNS (4586: 98) [66]; 3 Russian Federation Maximum permissible concentrations (MPCD) of chemicals in water bodies of drinking, cultural, and domestic water use (GN 2.1.5.1315 03), [65]; 4 according to [53].













[image: Table] 





Table 3. Metals content in suspended sediments of the world and the Selenga River basin (mg·kg−1): background and hot spots areas, and areas with moderate anthropogenic impact (median values).
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Metals

	
World Average *, Ws

	
Selenga Basin




	
Basin Average (n = 460)

	
Background, Bs (n = 38)

	
Moderate Anthropogenic Impact, As (n = 378)

	
Hot Spots,

Hs (n = 44)






	
As

	
36.3

	
13.1

	
12.0

	
13.2

	
14.7




	
Mo

	
2.98

	
1.05

	
1.28

	
1.03

	
1.56




	
U

	
3.3

	
2.8

	
2.8

	
2.8

	
4.4




	
B

	
–

	
38.3

	
27.8

	
39.3

	
42.0




	
Cr

	
130

	
56

	
37

	
56

	
56




	
V

	
129

	
94

	
85

	
94

	
90




	
Cu

	
75.9

	
33.6

	
26.0

	
33.8

	
50.4




	
Zn

	
208

	
96

	
78

	
96

	
149




	
Pb

	
61.1

	
23.6

	
23.0

	
23.2

	
32.3




	
Bi

	
0.85

	
0.53

	
0.51

	
0.54

	
0.55




	
Cd

	
1.55

	
0.29

	
0.22

	
0.28

	
0.36




	
W

	
1.99

	
1.72

	
1.59

	
1.57

	
3.49




	
Sn

	
4.57

	
1.54

	
2.17

	
1.51

	
1.55




	
Sb

	
2.19

	
0.34

	
0.28

	
0.36

	
0.63




	
Ni

	
74.5

	
38.1

	
29.4

	
38.4

	
40.4




	
Co

	
22.5

	
15.8

	
13.0

	
16.0

	
17.1




	
Mn

	
1679

	
1576

	
1751

	
1603

	
1192




	
Fe

	
58,100

	
40,248

	
31,711

	
40,964

	
40,738








* according to [54].
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Table 4. The main pollutants of the areas with high anthropogenic impact in the Selenga River basin relative to national and international water quality standards.
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	Area
	WHO
	MNS
	MPCD





	Tuul River, Ulaanbaatar city
	Cr11 *
	Mn20As8Zn5
	Mn31As8B3



	Khan gol River, Erdenet town
	–
	Cu6Zn5As4
	As4



	Kharaa-Boroo river system
	As82
	As82Zn4Mn4
	As82Mn4



	Modonkul River
	Pb60Cd3
	Pb60Zn56Cu22Mn5Cd2
	Pb60Cd11Mn5Sb4



	Zakamensk, tailings
	Cd2
	Mo6As3
	Mo6Cd5As3



	Selenga downstream Dzhida River
	Cr4
	–
	–



	Tugnuj River
	–
	Mn6Zn5Ni2
	Mn6



	Selenga Delta
	–
	–
	Mn2







* the maximum Enrichment Factor value is written in subscript.
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