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The Selenga Baikal Basin: An Ecoregion of Global Importance 

As the deepest and oldest lake in the world, Lake Baikal features a unique 

ecosystem which was declared a world natural heritage site by the United Na-

tions in 1996. The lake's most important tributary is the Selenga River, which 

contributes about 50% of the influx into Lake Baikal and has a consierable part 

of its runoff generated in the Mongolian part of its basin (Chalov et al. 2015; 

Karthe et al. 2013). Together with the Angara and Yenisey rivers it forms the 

longest river network in Eurasia and has been widely recognized as a signifi-

cant driver for the state of Lake Baikal.  

Large parts of the Selenga River Basin, and in particular the upstream 

subcatchments of the Selenga and its tributaries, are sparsely settled and still 

in a relatively natural state. These headwater regions are often mountainous, 

forested and responsible for a large part of the runoff generation (Minderlein & 

Menzel 2015). Rivers have a largely natural hydrological regime without nota-

ble abstractions or hydromorphological modifications. Further downstream, 

meandering river courses flowing through wide valleys covered mostly by 

steppe are characteristic. Parts of these grasslands have been converted to 

cropland, which is often irrigated due to the low precipitation (below 500 mm 

for most of the river basin) and high evapotranspiration (Karthe et al. 2014; 

Menzel et al. 2011). Moreover, large herds of livestock (sheep, goats, cattle, 

horses, camels) are reared in the Mongolian part of the Selenga River Basin. 

Agricultural water demand had been increasing over the past decade and is 
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expected to rise further due to a warming trend that is about twice the global 

average (Malsy et al. 2015; Törnquist et al. 2014). The three largest cities of 

Mongolia (Ulaanbaatar, Erdenet and Darkhan) as well as Ulan Ude, the capital 

of the Republic of Buryatia in Russia, are located on the Tuul, Orkhon, Kharaa 

and Selenga Rivers, respectively. Because of the associated concentrations of 

population and industry, these cities are major water users and waste water 

producers (Gardemann et al. 2012; Karthe et al. 2015). In addition, various 

mining activities are concentrated in the basin, including the exploitation of 

coal, gold, copper, molybdenum and wolfram (Sandmann 2012; Thorslund et 

al. 2012). As a consequence, problematic concentrations of nutrients, heavy 

metals and other toxic substances have recently been detected in surface and 

groundwater resources (Avlyush 2011; Hofmann et al. 2015; Nadmitov et al. 

2014; Pfeiffer et al. 2015). At the same time, the transboundary location of the 

Selenga river system means that gathering consistent information on water 

availability and quality across state borders constitutes a challenge for regional 

water management Given the current development of the irrigation and mining 

sectors as well as plans for the construction of dams and reservoirs in the upper 

parts of the Selenga River, these problems could become exacerbated in the 

future (Chalov et al. 2015).  

North of Ulan Ude, the Selenga River branches into a wide delta, the 

largest freshwater inland delta in the world. The associated wetland constitutes 

a unique ecosystem (Гармаев & Христофоров 2010) and acts as the final 

geobiochemical barrier before the Selenga discharges into Lake Baikal. It has 

a great impact on pollution delivery to Lake Baikal, storing up to 60-70 % of the 

sediment load of the Selenga River (Тулохонов & Плюснин 2008).  

Bringing Together Selenga Baikal Research: An Interdisciplinary 
Collaboration of International Experts 

Given its large scale (see figure 1), global relevance and the numerous water-

related challenges, it is little surprise that the water resources and aquatic eco-

systems of the Selenga river and Lake Baikal basin were and still are the sub-

ject of various national and international research projects. Involving a multi-

tude of regional and foreign experts, the projects have not only dealt with a 
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wide range of geoscientific, biological, economic and socio-political topics, but 

also focused on different parts of the large Selenga River Basin.  

 

Figure 1: The size of Lake Baikal, as illustrated by one of the participants of the Bringing Together 
Selenga-Baikal Research Conference (Prof. Dr. Christian Opp, Marburg University, Germany) 
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During the past 5 years, several research projects which had started indepen-

dently from each other began exchanging data and coordinating their field ac-

tivities.This lead to the development of a collaboration between Lomonosov 

Moscow State University (Russia), Stockholm University (Sweden), the Helm-

holtz Centre for Environmental Research (Germany) and École polytechnique 

fédérale de Lausanne (EPFL, Switzerland) who in 2012 co-organized an inter-

national and interdisciplinary workshop, the “Bringing Together Selenga Baikal 

Research Conference”. The first such conference was held at the international 

campus of Lomonosov Moscow State University in Geneva, Switzerland, and 

attended by experts from France, Germany, Mongolia, Russia, Sweden, 

Switzerland, and the USA.  

In 2013, representatives of several groups conducted a joint expedition 

through the Selenga River Basin which was followed by the “Baikal – Strategic 

Global Resource of the 21st Century” conference in Ulan Ude, thereby contin-

uing the discussion and exchange of ideas that had been initiated the year 

before. 

In October 2014, the Helmholtz Centre for Environmental Research in 

Leipzig, Germany hosted the second “Bringing Together Selenga Baikal Re-

search Conference”. The conference was attended by more than 40 interna-

tional experts, some of them with several decades of research experience in 

the study region. The papers in this book, which are based on the conference, 

provide an overview about the objectives and key findings of past and current 

research activities in the Selenga-Baikal Basin. In this way, they summarize 

the present state of the art and but also indicate future research needs.  
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Photos: Participants of the Bringing Together Selenga-Baikal Research Conference on 31 Decem-
ber 2012 in Geneva, Switzerland at Moscow State University International Campus, and 2 October 
2014 at the Helmholtz Centre for Environmental Research, Leipzig, Germany 
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Key Results of the 2014 Bringing Together Selenga Baikal Re-
search Conference 

A first group of papers deals with the availability of surface and groundwater 

resources and the role of rising abstractions, climate and land use 

change in this context. Malsy & Flörke utilized the WaterGAP3 model and sce-

narios for climate change and socioeconomic development to forecast future 

water availability and abstraction trends. Kappas, Renchin, Munkhbayar, Vova 

and Degener discuss the feasibility of long-time satellite data series for the de-

tection of land use change. Such information is valuable since land cover chan-

ges are very pronounced in some parts of the Selenga-Baikal Basin, and are 

expected to have significant impacts on the regional hydrology. Renchin, Kap-

pas, Munkhbayar, Vova and Degener present an example of possible drivers 

of land degradation in a Mongolian province. Dandar et al. present first results 

of a study on groundwater recharge in the Mongolian national capital region. 

Their study shows that (a) groundwater is a very limited resource that can ea-

sily be overexploited in densely settled areas such as Ulaanbaatar, and that 

(b) quantitative assessments are restrained by poor data availability.   

A second group of papers deals with environmental pollution impacts 

of anthropogenic activities. Batbayar et al. analysed the water quality pattern 

in surface water bodies in Northern Mongolia, identifying pollution gradients 

that follow urban and mining impacts. Shinkareva et al. discuss the develop-

ment of heavy metal fluxes from mining areas and major urban centers to Lake 

Baikal. Chalov & Romanchenko considered the impacts of environmental 

changes in the river basin on sediment and pollutant transport. The three pa-

pers show that anthropogenic activities in the Selenga Baikal Basin have man-

ifold impacts on water quality, including increased sediment influx, rising nutri-

ent loads and contamination by heavy metals. Koshaleva et al. investigated the 

levels of soil contamination in six urban and mining areas along the Selenga 

and its tributaries. Two of the areas discussed here are described in more detail 

in the case studies presented by two additional papers. Timofeev assessed the 

effects of mining on soil contamination in the city of Zakamensk, where pollu-

tion levels in two thirds of the urban area were found to be significant. Sorokina 

created a geochemical map of Ulaanbaatar which localizes major pollution 
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sources and distinguishes between zones characterized by different levels of 

environmental pollution.   

In addition to the papers dealing with sediment transport primarily from a 

water quality perspective, two more contributions focus on fluvial transport 

dynamics and morphology. Promakhova & Alexeevsky analyse the results 

of field measurements of sediment loads in 2013-2014 done by Lomonosov 

MSU team together with Stockholm University and describe the sediment 

transport regime of the Selenga under different runoff conditions, thereby look-

ing at the entire length of the river system. One particularly relevant outcome 

of this study is that noted longitudinal inequalities in sediment balances could 

increase after the planned construction of dams along the Selenga. Le Dantec 

et al. investigated the Kukuy Canyon (Lake Baikal) by shallow bathymetry, in-

cluding a discussion of sediment transport and deposition pattern from the 

nearby mouth of the Selenga.     

The state of aquatic and terrestrial ecosystems and relevance of spe-

cific stressors is the focus of a fourth group of articles. Enkh-Amgalan et al. 

provide an overview of the natural environment and anthropogenic stressors in 

the Mongolian part of the Selenga River Basin. Gunin & Bazha analysed the 

modification and degradation of natural vegetation in the entire Selenga-Baikal 

Basin and compared it to the developments in neighboring regions of Central 

Asia. Luckenbach et al. show that climate change is likely to cause regional 

shifts and changes in the composition of the amphipod fauna of Lake Baikal. 

Shimaraeva et al. compared the development of Baikal phytoplankton in a ref-

erence area without waste water influence and the region impacted by treated 

waste water from the pulp and paper factory in Baikalsk (which was shut down 

in 2013). 

Water management is the central theme of a fifth section consisting of 

four papers. Garmaev et al. describe the history and categorization of flood 

events for the Russian part of the Selenga River Basin, including the relevance 

of hydrological research for better preparedness. Karthe et al. summarize the 

scientific basis for the conceptualization of an Integrated Water Resources 

Management (IWRM) in the Mongolian Kharaa River Basin. In the same con-

text, Heldt et al. discuss to what degree the European Water Framework Di-

rective (EU-WFD) could serve as a model for river basin management planning 
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in Mongolia. Westphal et al. assessed potential realizations of constructed wet-

lands for waste water treatment in Mongolian cities. 

The final section introduces innovative monitoring techniques that 

may be relevant for future water-related investigations in the Selenga-Baikal 

Basin. Akhtman et al. describe the development and deployment of a novel 

multispectral and hyperspectral remote sensing platform that is carried by ul-

tralight aircraft. Siegfried et al. outline advantages of biosensors for water qual-

ity monitoring and take a specific look at the applicability of the recently devel-

oped ARSOlux system for screening and monitoring of drinking water in poten-

tially arsenic-affected areas of Mongolia. The necessity of investigating drink-

ing, ground and surface water hygiene in the Selenga River Basin is discussed 

by Karthe, including perspectives for the application for advanced microbiolog-

ical techniques. Finally, Gerhardt introduces a freshwater biomonitor that can 

be used to detect water quality deteriorations by the responses of different in-

dicator species, including pollution-sensitive gammarids which are naturally 

present in the Selenga-Baikal system. 

The papers presented in this book are manuscripts present the views of 

the authors and have not been edited stylistically or content-wise. They range 

from consolidated findings to preliminary results of ongoing studies and future 

perspectives for research. Despite these differences, the collection of papers 

in this book constitutes a unique documentation of the current state of scientific 

knowledge on water issues in the Selenga-Baikal Basin – in particular because 

some of the findings presented here have previously not been published in 

English. Finally, the motivation of scientists representing several countries and 

disciplines to participate in the Bringing Together Selenga Baikal Research 

conference and to contribute a full paper to these proceedings demonstrate 

that there is a strong determination in the scientific community to share results 

and cooperate in order to come to a better understanding of water-related chal-

lenges in the Selenga-Baikal Basin.  
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Abstract  

The Selenga River Basin contributes more than 60% to Lake Baikal inflows. 

Beside changes in the hydro-climatic system water pollution is a rising issue. 

At this, mostly agricultural and industrial activities contribute to surface water 

pollution. Nevertheless, data and information about abstractions for sectoral 

water use purposes are very scarce. In this study, spatial-explicit quantification 

of consumptive water use for agricultural, industrial, and domestic uses in the 

Selenga River Basin is calculated. These abstractions were computed with the 

global water resources model WaterGAP3 for the base year 2005 and the sce-

nario year 2055 under the shared socio-economic pathway SSP2 and the rep-

resentative concentration pathway RCP 6.0. Climate simulations from five 

General Circulation Models (GCM), namely IPSL-CM5A-LR, MIROC-ESM, 

NorESM1-M, HadGEM2-ES and GFDL-ESM2M, were used. The results show 

an increase in all five sectors by 2055 with an extreme trend to higher water 

abstractions in the manufacturing sector, which is triggered by a strong eco-

nomic development in the global scenario. In total the calculated water abstrac-

tions increase from 163.54 Mio m³a-1 in 2005 to 298.28 Mio m³a-1 in 2055. 
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Introduction 

Recent studies for Mongolia focussed on aspects of current and future changes 

in water quantity (e.g. Batimaa 2006, Menzel et al. 2008, Malsy et al. 2012, 

Törnqvist et al. 2014) and/or water quality (e.g. Thorslund et al. 2012, Hofmann 

et al. 2013, Karthe et al. 2014), but mostly did not pay attention to current and 

future water uses for anthropogenic purposes. Batsukh et al. (2008) and Malsy 

et al. (2013) showed that water use abstractions play an important role in north-

ern Mongolia and are expected to increase in future due to urbanisation, in-

creasing population, and rising industrial activities. These water abstractions 

affect both water quality (e.g. water used for ore washing in mining) as well as 

water quantity. At this, water withdrawals are highest in the mining sector fol-

lowed by households and livestock. In this study, the integrated large-scale 

hydrological, water use, and water quality model WaterGAP3 (Alcamo et al. 

2003, Döll et al. 2003, aus der Beek et al. 2010, Flörke et al. 2012, Flörke et 

al. 2013) is used to simulate current (2005) and future (2055) sectoral water 

consumptive uses for livestock, irrigation, manufacturing, thermal electricity 

production, as well as domestic and small businesses purposes to quantify 

current and future impacts on water resources in the Selenga River Basin. 

Model and Data 

The WaterGAP3 model (Verzano 2009) is a further development of Wa-

terGAP2 (Alcamo et al. 2003) and is based on a five by five arc minutes grid 

(~6x9 km) with daily internal time steps. For each grid cell, a water balance is 

calculated under consideration of climate time series and physical geographic 

data, e.g., land cover and soil texture. Furthermore, sectoral water uses are 

computed for agricultural (irrigation, and livestock), manufacturing industry, 

thermal electricity production, and domestic and small business purposes (aus 

der Beek et al. 2010, Flörke et al. 2012, Flörke et al. 2013). At first, water ab-

stractions for the sectors livestock, irrigation, manufacturing, thermal electricity 

production as well as domestic and small business were computed using the 

socio-economic and energy-related drivers following the Shared Socio-eco-

nomic Pathway (SSP) 2 (van Vuuren et al. 2011, O’Neill et al. 2014) and fed 
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into the hydrological model. Afterwards, hydrological fields, such as evapotran-

spiration, were simulated for current and future climate conditions. For this pur-

pose, data from the general circulation models IPSL-CM5A-LR, MIROC-ESM, 

HadGEM2-ES, GFDL-ESM2M, and NorESM1-M, driven by the Representative 

Concentration Pathway (RCP) 6.0, were used.  

Results and Discussion 
 

 

Figure 1: Water consumption in the Selenga-Baikal River basin for the base year 2005 

The water use sectors (cf. Fig. 1) show a diverse picture for the Selenga-Baikal 

River basin. The domestic sector has the highest abstractions southeast of 

Lake Baikal, while the south-western part shows small, but area-covering ab-

stractions. Manufacturing abstractions focus on cities and are therefore less 

densely spread, but feature generally higher abstractions. Water use for live-

stock is distributed throughout the entire river basin with higher abstractions 

especially in the Mongolian part of the river basin. However, the amount of 
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livestock water consumption is generally in lower categories. Water abstrac-

tions for irrigation are clustered in the central part with high abstractions in the 

Dzhida, and Kharaa sub-basins. This is even more pronounced for thermal 

electricity production, which occurs only in a few places but features very high 

local water consumption. For a detailed description of the Selenga River basin 

and its sub-basins see Karthe et al. 2014. 

 

 

Figure 2: Water consumption in the Selenga-Selenga Baikal River basin for the scenario year 2055 

Future water consumption (cf. Fig. 2) shows an increase in the south western 

part, particularly for manufacturing but also for the domestic sector. Spatial pat-

terns remain the same for livestock, irrigation, and electricity production sec-

tors. Manufacturing increases in the sub-basins of Uda and Khilok River. This 

is also mirrored in total and relative sectoral contributions to total water con-

sumption (cf. Table 1). Hereby, manufacturing rises from 9.21 Mio. m³a-1 to 

121.27 Mio. m³ a-1 in 2055 with a relative sectoral contribution rising from 5.6% 

to 40.7%. This increase in manufacturing water consumption is mainly trig-

gered by a rapid increase of the Gross Value Added (GVA) till 2055 in SSP2 
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(O’Neill et al. 2014), which is a main driver of the manufacturing sector (cf. 

Flörke et al 2013). According to this high rise in the manufacturing sector, all 

other sectoral shares decrease in 2055, but nevertheless also show an in-

crease of water consumption in absolute terms (cf. Table 1).  

Considering other water use studies of Batsukh et al. 2008, and Malsy et 

al. 2013, it is difficult to make a comparison as both estimated the water uses 

for entire Mongolia, while in this study just the Selenga River Basin was exam-

ined. To our knowledge, there are no recent estimations of water consumption 

in the Russian part of the Selenga River Basin. Furthermore, this study focus-

ses on water consumption as opposed to water withdrawals, which are the ba-

sis of Batsukh et al. 2008. However, as the Selenga River Basin is the main 

river basin in Mongolia and features most of the available water resources, a 

relative comparison to Batsukh et al 2008 is possible. They estimated for 

2005/2006 the highest sectoral water abstractions for mining industry, followed 

by hydro-power plants, drinking water supply, and livestock with an overall wa-

ter use of 433.78 Mio. m³. Malsy et al. 2013 estimated 800 Mio m³ water with-

drawals for 2005, which is mainly driven by much larger abstractions for elec-

tricity production and irrigation compared to Batsukh et al. 2008.  
 

Table 1: Comparison of sectoral water consumption [Mio. m³*a-1] (top) and [%] (bottom) (base year 
2005 - scenario 2055) 

The Korean Environment Institute (KEI 2008) estimated 919 Mio m³ of water 

withdrawals in the Selenge River Basin for the year 2004 with an abstraction 

from surface waters of 70%. After utilisation, 660.0 Mio m³ where returned to 

the river network, which leads to a water consumption of 258.4 Mio m³. In terms 

Year Domestic Manufacturing Irrigation Livestock Electricity Production 

2005 39.95 9.21 73.49 27.97 12.92 

2055 43.32 121.27 84.38 29.38 19.93 

Year Domestic Manufacturing Irrigation Livestock Electricity Production 

2005 24.4 5.6 44.9 17.1 7.9 

2055 14.5 40.7 28.3 9.8 6.7 
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of the sectoral shares of water consumption, KEI (2008) reports the highest 

water consumption in the agricultural sector with 123.7 Mio m³, followed by in 

industry with 46 Mio m³ and by 30.9 Mio m³ for housing and communal ser-

vices. 57.8 Mio m³ water consumption in the "other" sector is unfortunately not 

explained in more detail. Priess et al. 2011 reported an increasing competition 

for water between the water use sectors in the Kharaa River. Furthermore, the 

agricultural sector, and hence the use of scarce water resources, is expected 

to grow significantly, “motivated by subsidised water fees, irrigation equipment 

and cheap loans” (Hantulga 2009 cited in Priess et al 2011). Generally, high 

losses from leakages of around 50% in piped water systems can be observed 

(Scharaw & Westerhoff 2011), which is partly mirrored by large per-capita val-

ues of daily domestic water use in urbanized areas compared to much lower 

values in ger districts and local herders (Batsukh et al. 2008). 
 

Figure 3: Modelled water availability for baseline time period 1971 - 2000 (left) and change to sce-
nario period 2041-2070 (respectively GCM mean) 

Current mean annual water availability (WA) (cf. Fig. 3) shows large parts with 

low water resources, especially in the southern Tuul catchment. Furthermore, 

also the Orkhon, Ider, Chulut, Delgermöron, Eg, Uda, and Khilok sub-basins 

feature wide areas with less than 50 mm mean annual water availability. The 

highest water availability above 500 mm a-1 can be found in the Upper Angara 

river basin and at the south-western shore of Lake Baikal with a maximum wa-

ter availability of 890 mm a-1. Spatially, these baseline simulations (GCM mean, 

1971-2000) show a high accordance compared with simulations conducted 



 Large-scale modelling of water resources in the Selenga River Basin 23 
 
with the reanalysis WATCH forcing data (see Karthe et al. 2014). However, 

recent studies reported an overestimation of GCM baselines compared to rea-

nalysis data (e.g. Malsy et al. 2012, Törnqvist et al. 2014). This aspect was 

beyond the scope of this study but might affect the total amount of available 

water resources leading to even lower available water resources. Future con-

ditions depict an increasing trend till 2055 for the Chikol, and Khilok headwater, 

the upper Angara, and the Turka River. River basins with decreasing water 

availability can be found, e.g. Chuluut, Ider, Delgermöron and Eg river basin, 

but are overall less dense than river basins with increasing or stagnating WA. 

The mean annual WA for the entire Selenga River Basin is 109 mm in 2005 

and rises to 124 mm in 2055, also the maximum value increases to 975 mm. 

According to Törnqvist et al. (2014), the temperature has been risen in the 

Selenga River Basin between 1938 and 2009 twice as much than the global 

average with decreasing inter-annual runoff variability, which points to perma-

frost thawing and therefore higher soil storage volumes.  

Conclusions and Outlook 

Generally, the water use projections show an increase of consumptive water 

uses by 2055 of 82.4% compared to 2005, particularly in the manufacturing 

sector. Furthermore, the manufacturing and domestic sectors spread spatially 

in the south western part of the Selenga River Basin and in the sub-basins 

around Ulan-Ude. Compared with Batsukh et al. 2008 and Malsy et al. 2013, 

mining plays an important role as water user but could not be included in this 

study as no data was available for the Russian part of the basin. At this, also 

large-scale impacts on water quality by mining, e.g., heavy metals and total 

dissolved solids, should be examined spatially explicit. Water availability shows 

an increasing trend in the northern part of the basin around Lake Baikal. A 

decreasing trend could be derived in the most western parts of the basin. As 

Permafrost melting is not included in this modelling study effects occurring due 

to permafrost thawing and their impacts on the water cycle could not be exam-

ined in this study, though they play a major role due to increasing soil storage 

water volume (cf. Menzel et al. 2008, Törnqvist et al. 2014). As Törnqvist et al. 

(2014) showed for water availability, future impacts on water uses should also 
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be studied for all SSP and RCP combinations to get the full range of future 

projections. 
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Abstract 

The paper provides a short review about the availability of long-term remote 

sensing data time series over Mongolia. Further it focuses on remote sensing 

products that could be used for different ecological applications. Main focus is 

the availability of data time series for detection and assessment of Land Use / 

Land Cover change. The need of regional land data products is explained and 

their importance as input for Land Change models (LCM’s) is highlighted. Ad-

ditionally various operational applications over Mongolia based on satellite re-

mote sensing data are presented.  

Keywords – Long-term satellite data, operational remote sensing over Mon-

golia, remote sensing applications 

Introduction 

Remote sensing data are some of the most effective input data for Land 

Change Models (LCM’s) [1]. In particular, multispectral and hyperspectral 

space-borne and airborne data are widely used to study changes in land use 

and land cover. Further different natural and anthropogenic processes includ-

ing fire detection, snow mapping, and grassland / rangeland vulnerability are 

mapped and evaluated by remote sensing data.  

Generally spoken there is a need for “Regional Land Data Products for Energy 

Budget and Water Cycle Trends and Processes in the future …” (Source: 

ISLSCP: Int. Satellite Land-Surface Climatology Project; 2009). The major task 
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is to produce consistent research quality data sets complete with error descrip-

tions of the Earth's energy budget and water cycle and their variability and 

trends on interannual to decadal time scales, and for use in climate system 

analysis and model development and validation. Therefore long-term satellite 

data are important input data for Land Change Models (LCM’s) that link pat-

terns and processes across multiple scales. The output of these LCM’s is se-

verely dependent on the quality of the input data (mostly remotely sensed 

data). Whereupon Land Cover / Land Use Change (LCLUC) is an interdiscipli-

nary scientific theme within the ultimate vision is to develop the capability for 

periodic global inventories of land use and land cover from space, to develop 

the scientific understanding and models necessary to simulate the processes 

taking place, and to evaluate the consequences of observed and predicted 

changes. Therefore the next chapter takes a look on available satellite mis-

sions and their significance for broad environmental oriented applications over 

Mongolia. 

Land Use / Land Cover relevant missions 

The main missions to analyze land use and land cover from space can be sep-

arated into systematic and exploratory missions (see figure 1). Figure 1 shows 

a few examples of both groups. The systematic observations deal with obser-

vations of key earth system interactions whereas the exploratory missions fo-

cus on specific earth system processes (e.g. land degradation) and specific 

parameters (e.g. NDVI / LAI dynamics, drought indices, dzud events). Also new 

technology development belongs to the exploratory missions. Well known mis-

sions are the Landsat mission, the AVHRR (Advaced Very High resolution ra-

diometer) or the MODIS (Moderate Resolution Imaging Spectroradiometer) 

mission which is a key instrument aboard the Terra (originally known as EOS 

AM-1) and Aqua (originally known as EOS PM-1). Terra's orbit around the 

Earth is timed so that it passes from north to south across the equator in the 

morning, while Aqua passes south to north over the equator in the afternoon. 

Terra MODIS and Aqua MODIS are viewing the entire Earth's surface every 1 

to 2 days, acquiring data in 36 spectral bands. These data will improve our 

understanding of global dynamics and processes occurring on the land. 
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MODIS, AVHRR and SPOT Vegetation data are playing a vital role in the de-

velopment of validated, global, interactive Earth system models able to predict 

global change accurately enough to assist policy makers in making sound de-

cisions concerning the protection of our environment. 

 

 
Figure 1. Examples of Systematic and Exploratory missions relevant over Mongolia (Source: Garic 
Gutman, oral presentation 2014 Ulaanbaatar). 

The mentioned satellite data from AVHRR, MODIS and SPOT Vegetation pro-

vide coarse resolution information about the earth surface. The pixel resolution 

in correspondence to the data product varies between 250m (MODIS) to 1, 4 

or 8 km (SPOT, AVHRR). AVHRR offers the longest available satellite based 

data set on earth. The important AVHRR based NDVI3g and LAI3g data sets 

are available for entire Mongolia with high product continuity. These products 

are delivered with elaborated documentation and product validation [2]. Figure 

2 gives an overview of current available satellite data sets over Mongolia. 
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Figure 2: Most important satellite missions over Mongolia. In future many more sensors for ecosys-
tem analysis like Sentinel, EnMAP and others will be available. Sentinel 2a was just launched in 
June 2015 and Sentinel 2b will follow in 2016. 

Land Monitoring at Moderate Resolution 

Moderate spatial resolution sensors (100–300 m) such as MODIS/MERIS with 

frequent (daily to weekly) or coarse resolution sensors (1000 m) such as NOAA 

AVHRR, SPOT Vegetation or SEASAT with their sensitive and unbiased ob-

servations of vegetation properties such as the Fraction of Absorbed Photo-

synthetically Active Radiation (FAPAR) or Leaf Area Index (LAI) deliver funda-

mental indicators for environmental assessments and have already been rec-

ognized as ‘Essential Climate Variables’ (ECV’s) by the Global Climate Ob-

serving System (GCOS). These measurements derive quantitative information 

about the environment and are useful for assessments. Indicators such as 

FAPAR or LAI replace dimensionless indices such as the Normalized Differ-

ence Vegetation Index (NDVI) [3, 4]. These data sets are completely available 

over Mongolia, but they need intensive validation by crosschecking with ground 

truth data. 

Landsat satellite family presents the most important information resource in the 

lower moderate resolution of 30m pixel size for regional studies. Landsat data 

are accessible free of charge at USGS and the Landsat Data Continuity Mis-

sion (LDCM; Landsat-8 was launched Feb 11, 2013) is an important infor-

mation source for further environmental studies over Mongolia. But Landsat 

observations are also insufficient and international cooperation is needed to fill 

the gaps to provide continuous data series. A challenging approach is the 
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WELD project (Web-enabled Landsat data) that is using all clear pixels by com-

positing to derive a cloudless mosaic over the landscape. 
  

 

Figure 3: Web-enabled Landsat data project (WELD), see: http://landsat.usgs.gov/WELD.php 

The Landsat data are available from 1972 (L1) up to date. Our review could 

discover 14433 Landsat images in the archive (status: August 2014) with a 

cloud cover (<10%) over Mongolia. A general problem is the image size of   

(185x185 km) that no consistent mosaic for Mongolia is producible because of 

a 16 days repetition cycle to monitor the same area. Cloud cover, atmospheric 

influences, sun angle changes and many other influences require comprehen-

sive calibrations. Therefore Landsat data are better for regional studies than 

for entire Mongolia. According to the specific Landsat mission we have different 

tiling over Mongolia (varies between 23-26 tiles; e.g.  WGS-2 Path:130/Row28; 

Landsat 8: 13; Landsat 7: 15; Landsat 4-5 TM: 77; Landsat 4-5 MSS: 0; 

Landsat 1-3 MSS (WMS-1): 0; total tilling: 105). The Landsat data are freely 

available under http://earthexplorer.usgs.gov/. 

Figure 4 shows an example of Land cover map derived from satellite data and 
ground truth data along a transect over Mongolia (Xilin Gol Transect). 
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Figure 4. Example of remote sensing based Land Cover Map over Mongolia. Source: Yunfeng Hu, 
Yifang Ban, Qian Zhang; Department of Urban Planning & Environment Royal Institute of Techno-
logy Stockholm, Sweden 2008 

Examples of operational use of satellite data over Mongolia 

A Satellite Observation System is available since 1970, where Mongolia has 

received information and images from the Polar orbit satellites. A digital infor-

mation station was installed during 1986 -1988. An Arc/INFO GIS package on 

Sun Sparc Workstation was installed in 1994. Cooperation agreement with 

NASA was signed in 1993 to use satellite SEASTAR. With the satellite-aided 

observation, the monitoring of forest fires and bushfires became possible. 

Since 2007, Mongolia has been receiving satellite images from MODIS which 

increased monitoring quality significantly. Based on MODIS data Mongolia de-

veloped several operational monitoring tools that deal as an information source 

for decision making. One important operational tool is the Mongolia Livestock 

Early Warning System (Mongolia LEWS). During the period from 1999 to 2002, 

Mongolia experienced a series of droughts and severe winters that diminished 

livestock numbers by approximately 30% countrywide. In the Gobi region, live-

stock mortality reached as much as 50%. Due to these extreme events and its 

impact on pastoral livelihoods, the USAID mission in Mongolia and the Global 

Livestock-CRSP (GL-CRSP) initiated the Gobi Forage program with the goal 

of transferring Livestock Early Warning System (LEWS) technology to Mongo-

lia.  The Livestock Early Warning System technology combines near real-time 
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weather, computer modeling, and satellite imagery to monitor and forecast live-

stock forage conditions so that pastoralists and other decision makers get in-

formation for timely decision making. Three major activities have been con-

ducted including: 1) infusion of forage monitoring technology to assess regional 

forage quantity; 2) development of nutritional profiling technology to assess 

forage quality, and 3) information delivery and outreach (source: 

http://glews.tamu.edu/mongolia/pagesmith/2). Figure 5 shows an example of 

the operational monitoring system for a 60 day forage forecast. 

 
Figure 5. Example of a 60 day forecast total forage over Mongolia based on Mongolia-LEWS ope-
rational system. (Source: http://www.mongolialews.net/images/filecabinet/forage-maps//2015-05-
31/2015-05-31-en-go-mo-bg-forage-deviation-60day.jpg) 

On the base of the Mongolia-LEWS many other applications are possible. The 

Mongolia-LEWS presents a good example of operational use of long-term sat-

ellite data available over Mongolia. Based on MODIS data not only forecasts 

of amount and quality of pastures in Mongolia are possible but also other im-

portant questions can be solved with the help of this operational system. An-

other important issue is the derivation of a Dzud-Index for better adaptation to 
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severe winter conditions. A snow index map for entire Mongolia is also availa-

ble. 

 
Figure 5. Derivation of a Dzud-Index based on MODIS stellite data and additional meteorological 
data from Mongolia-LEWS. 

Conclusion 
Long-term satellite data over Mongolia offer many possibilities to develop eco-

system assessments and can be used to create operational systems for many 

different applications. Looking back on 40 years research about biomass with 

Remote Sensing and ground truth data, estimates of pasture biomass amount 

for livestock fodder and pasture carrying capacity over whole territory of Mon-

golia is possible. In average the following values for spring potential biomass 

can be derived from this research: 27-50 gm2 in the forest steppe, 15-33 gm2 

in the steppe, 5-13 gm2 in the Altai Mountains and 3-6 gm2 in the Gobi desert. 

All Remote Sensing based studies showed that in past 40 years the total pas-

ture carrying capacity was drop down by 27 % because of biomass decrease. 

Based on current and future satellite data there is a strong need of applications 

in the near future such as applications for disaster monitoring on pasture, 
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drought and other disasters, generating products for heavy snow (dzud), forest 

and steppe fires and dust storms. 

The biggest challenge in the framework of using long-term satellite data over 

Mongolia is the integration of these data with other environmental data into a 

unique GIS-based system to build up an integrated Land Data Assimilation 

System for Mongolia (LDAS-Mongolia) to push political decisions and provide 

decision support. 
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Abstract 

Remote Sensing and GIS were used to monitor interactions and relationships 

between  land use and land cover changes in the regional ecology area of 

Umnugobi province (South Gobi).This study aims at determining the land deg-

radation conditions in 15 soums (administrative units) of the study area, Um-

nugobi province. Using GIS processing of data climate drivers (precipitation, 

air temperature) vegetation data and socio-economic drivers (livestock num-

bers, population figures, mining activities) were analyzed. We focused on de-

veloping a modeling approach for monitoring land degradation using GIS and 

Remote Sensing tools by integrating natural and socio-economic data. The 

Moderated Soil Adjusted Vegetation Index (MSAVI) from SPOT/VEGETATION 

was used to determine vegetation cover change for the period 2000 to 2013. 

Landsat data for the years 2000, 2010 and 2013 were analyzed to derive and 

classify “hot spot” areas of land degradation. GIS conditional functions were 

used for mapping and analyzing climate and socio-economic driving factors, 

both of which affect land degradation. Conditional functions such as MAP-Al-

gebra from ArcGIS were developed using ground truth data and data from Na-

tional Statistics. Our study documents that 60 percent of the study area is af-

fected by land degradation caused by human and climate drivers.  

Keywords – socio-economic change, mineral resources, grassland degrada-

tion, land degradation monitoring 
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Introduction 

The Gobi Region is an enormous area in Mongolia, sparsely populated and 

rich in mineral resources. Mongolia is susceptible to climate change due to its 

geographic location, vulnerable ecosystems and an economy that is highly de-

pendent on seasonal climates (e.g. pastoral systems). In the past 40 years, 

climate change and other anthropogenic activities have had a significant im-

pact on the Mongolian ecosystem, resulting in desertification, increased occur-

rences of drought, water source depletion, and a decrease in biological diver-

sity as well as affecting the well-being of local communities. The annual aver-

age temperature in Mongolia increased by 2.14°C between 1940 and 2008. 

When comparing this rise to the global annual average temperature increase, 

a rise of 0.85°C during the period 1880-2012, climate change is occurring rap-

idly in Mongolia and having a strong impact on melting glaciers.  

 Pastoral systems, where humans depend on livestock, exist largely in arid and 

semi-arid ecosystems in Mongolia, where the climate is highly variable. In 

many ways, pastoral livestock systems are closely adapted to climatic variabil-

ity. However, there has been little research done on how past climate records 

across extensive areas, such as the Gobi desert of southern Mongolia and 

northern China, could serve as a baseline to identify potential climate and en-

vironmental conditions (Hulle et al. 2010; Felauer et al. 2013). Calculations 

based on the methods outlined in the UN’s Convention to Combat Desertifica-

tion (UNCCD) showed that approximately 90 percent of pasture land in Mon-

golia lies within a vulnerable region that is susceptible to desertification and 

land degradation.  

Several studies have dealt with climate controls on primary vegetation produc-

tion in the dry land areas of Mongolia. These studies focused on the water 

component as the major climate constraint as identified by Nemani et al. 

(2003). Ni (2003) and Li et al. (2007) showed that relationships existed between 

vegetation production and both precipitation and evapotranspiration in Mongo-

lia.  Miyazaki et al. (2004) and Munkhtetseg et al. (2007) demonstrated the 

influence of climate on vegetation production in the growing-season. They both 

showed that precipitation in July had the greatest influence on vegetation pro-

duction. Furthermore, other studies (Zhang et al. 2005; Munkhtetseg et al. 
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2007) concluded that air temperature had a negative influence on vegetation 

production, especially in dry regions.   

Geist and Lambin (2004) found six common human and biophysical factors 

associated with the proximate causes of desertification. These factors included 

demographic factors, economic factors, technological factors, policy and insti-

tutional factors, climate factors and cultural factors. Each of these factors was 

associated with four common proximate causes of desertification namely: ag-

ricultural activities, infrastructure extension, wood extraction, and increased 

aridity.   

(Kappas and Propastin 2008 a, b) noted that drivers can determine both an-

thropogenic (e.g. demographic change) and natural forces. Human activities 

can be changed by socio-economic factors, which increase or diminish pres-

sures on the environment. Human based drivers can be altered by policy and 

societal influences or societal responses. Natural based drivers (e.g., climate 

variability) cannot be controlled by people directly, but must be considered for 

future land management and are more or less policy related. 

In general only a limited amount of research exists on drivers of land degrada-

tion in Mongolia. In order to determine land degradation in a specific area such 

as in the Mongolian Gobi region, there is a demand to develop a modeling 

approach applying GIS and Remote Sensing. 

The objective of this research is to assess current trends in driving factors af-

fecting land degradation in Umnugobi province. There is an urgent need to as-

sess the ways in which people interact with the environment in this study area. 

The study contributes to modeling land use change at a regional level. Remote 

Sensing and GIS assessed relationships between land use and land cover 

changes in the regional area by monitoring how local people were affected and 

how they were interacting with the landscape. The climate and natural driving 

factors (precipitation, air temperature, and vegetation condition) and economi-

cally driven factors (population density, mining activities) were analyzed. Each 

of these factors can cause land degradation. Our research approach shows 

that any other driving factors, such as policy or cultural aspects, can also be 

estimated. 
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Study Area 

Mongolia is a unitary state and divided administratively into 21 aimags (prov-

inces) and the capital city UlaanBaatar. The aimags are subdivided into 230 

soums. The study area is Umnugobi   

 

Mongolian desert and desert steppe: Here the mean annual precipitation is 

about 100 to 125 mm. The desert zone of Mongolia is the northern edge of the 

Central Asian Desert. Sand dunes, drifting sand, and salt marshes are com-

mon. Vegetation is scarce in this zone. Shrubs grow intensively during the rainy 

seasons. The Gobi remains a region where nomadic pastoralism has been 

practiced for millennia and continues to provide livelihoods for 30% of the rural 

population (Sternberg et al. 2009; Ulambayar and Fernandez-Gimenez 2013). 

Herders, communities and local governments have traditionally depended on 

shallow groundwater for basic needs (5-10 liters/person per day; UNEP 2011) 

and livestock (43 million animals in 2013; National Statistical Yearbook 2013), 

because of the feasibility and lower cost of access compared to deep water 

sources.  

 
Figure 1. Study area – Umnugobi province 



 Drivers of Land degradation in Umnugobi Province 41 

 

OyuTolgoi, Rio Tinto’s enormous copper-gold mine and TavanTolgoi, the 

world’s largest coking coal deposit (Reuters 2011), sit in the middle of Um-

nugobi Province and are part of the study area. Local populations that lack 

running water, depend on the hauling of water from mechanized wells (in 

towns) and shallow hand wells (in the countryside) inside the study area. Sum-

ming up, we can note that the study area offers a variety of land degradation 

drivers for a comprehensive study. 

We used remote sensing data from SPOT 4 VEGETATION with 1km resolution 

for the time period from April to October for the years 2000 to 2013.GIS data 

(climate data, socio-economic data) and LANDSAT ETM+  for the years Sep-

tember 2000, 2010 and 2013  were used in this research at the “hot spot”-level. 

The time series of SPOT 4VEGETATION RED and NIR channel data was used 

for calculation MSAVI and monitoring vegetation change inside the entire prov-

ince. Additionally, statistical data for socio-economic development in the 15 

soums of Umnugobi province and climate data (based on local climate stations 

in the province) were integrated into GIS for an explicit analysis. 

For the 15 soums (Bayandalai, Bayan-Ovoo, Bulgan, Gurvantes, Mandal-

Ovoo, Manlai, Nomgon, Noyon, Sevrei, Khanbogd, Khanhongor, Hurmen, 

Tsogt-Ovoo, Tsogttsetsii, Dalanzadgad) data on population, number of house-

holds/soum, number of herder households/soum, total number of herders, 

composition of livestock such as number of horses, cattle, sheep, goats or ca-

mels were collected and mapped inside the GIS.   

Methodology 

With regard to monitoring land degradation with remote sensing, we applied 

MSAVI indexes to monitor vegetation change over time in the years 2000 to 

2013. In order to analyze socio-economic and climate factors, conditional func-

tion MAP-Algebra from ArcGIS was applied. Many analytical tasks in the Grid 

rely on Boolean and conditional statements. At the simplest level we used the 

CON function inside ArcGIS to compute the influence of driver combinations. 

Output maps from remote sensing and conditional function maps from GIS 

were compared with each other. For validation, we used classifications derived 

from Landsat data to derive hot spot areas (e.g. areas below a certain MSAVI-

threshold). In a first step we calculated MSAVI for Spot 4 Vegetation data at 
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1km resolution. Next we assessed land cover changes between the years 2000 

and 2013 using MSAVI. Then areas with the greatest amount of land cover 

change were identified and assessed with higher resolution Landsat imagery 

for the years 2000 and 2013.  

The Landsat imagery was used to zoom into those areas that were found to 

have the greatest amount of potentially human-induced change. Considering 

the spectral domain, spectral bands (Near Infrared 0.78-0.89 μm, Short wave 

Infrared1.58-1.75 μm) and algorithms1-2 were selected for vegetation map-

ping. 

Huete (1998) suggested a new vegetation index, which was designed to mini-

mize the effect of the soil background, which he called the soil-adjusted vege-

tation index (SAVI) (1) developed from an iterated version of this vegetation, 

which is called MSAVI (2) 

        (1)                   

 

         (2)    

Derived MSAVI values vary from 0.03 to 0.09 for the period 2000 to 2013 (fi-

gure 2) which means that there is only a sparse vegetation cover on the ground. 

The spatial distribution of vegetation is indicated in the MSAVI maps by red 

colors (high vegetation condition), while dark blue and dark pink colors indicate 

low vegetation conditions (figure 3).  

The main climatic drivers are precipitation development and temperature in-

crease over the growing period. Figure 4 shows that precipitation had an in-

fluence on vegetation production; while air temperature had a negative in-

fluence on vegetation in the study area (figure 5). 

The figure 6 describes land cover classification for the Tsogttsetsii soum of 

Umnugobi province based on Landsat data. This soum was chosen as a hot 

spot area. 
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Figure 2: MSAVI values for the period 2000 to 2013Data 

 
Figure 3. MSAVI change map for the period 2000 to 2013 
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Figure 4. Relationship between Precipitation and MSAVI in the Umnugobi province 

 

Figure 5. Relationship between Temperature  and MSAVI of the Umnugobi province 

 

Figure 6. Land cover classification for in Tsogttsetsii soum,Umnugobi province based on Landsat 
data  for  years, 2000, 2010 and 2013 
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GIS analysis 
Using ground truth measurement, statistical data, and expertise working in the 

study area, we developed degradation maps using Map Algebra function in 

GIS. The ESRI ArcGIS software provides access to Map Algebra functions and 

operators. The conditional function (CON) was employed in the analysis of the 

impact of a number of socio-economic factors. Map Algebra functions operate 

on data that is in raster/grid format. 

The basic form of a Con function statement can be seen below. 

I. Con(<condition>, <true_expression>, {false_expression}) 

In formula I above, <condition> is a conditional expression that is evaluated for 

each cell in the participating raster datasets. If the condition is true, <true ex-

pression> identifies the value to be used to compute the output cell value. If 

none of the results of the evaluations of the conditional statements is true, a 

value or expression can be applied to the cells through the {false_expression} 

optional argument. (ESRI, 2008) 

The impact of socio-economic factors was defined by looking at the number of 

animals (e.g. goats), the population figures, the number of mining activities 

measured as increasing mining space, and climate impact (precipitation, and 

temperature change). All of these factors were used as conditional statements 

(formulas II-VII). Con-function statements can be nested. Formulas II-VII each 

show one nested Con-function statements. The result of processing each for-

mula was a new output raster dataset. From the field experience we selected 

the most degraded areas. Table 1 shows socio-economic average data for all 

soums over the years 2000-2013. The four soums Bayan-Ovoo, Kanbogd, Gur-

vantses, Tsogtsestsii were selected as being the most degraded area in the 

province (Table 1).  Average data from these soums were used to construct 

degradation function as follows 

 II. con ( [Livestock number] > 165677, 1, 0)  

III. con ( [MSAVI] < 0.05, 1, 0)   

IV. con ( [Temperature] > 22, 1,0) 

 V. con ( [Precipitation] < 8, 1, 0)  

VI. con ( [Population]  > 4358, 1, 0)  

        VII. con ( [Mining area >2 km², 1, 0)  
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In formula II, if the number of livestock was greater than 165677, then the out-

put was assigned a value of 1. A value of 1 is defined as a signifier of land 

degradation. If these conditions were not met, the output was assigned a value 

of 0, and then land degradation was not significant. In formula 3 if MSAVI was 

less than 0.05 then the output was assigned a value of 1. A value of 1 signified 

land degradation. In formula 4, if the temperature was higher than 22°C, during 

the vegetation season (June to September), the output was assigned a value 

of 1 which signified land degradation. In formula 5 if the precipitation was less 

than 8 mm per vegetation period, then the output was assigned a value of 1. A 

value of 1 signified land degradation. If these conditions were not met, the out-

put was assigned a value of 0, and then land degradation was not significant. 

In formula 6, if the population was greater than 4,358, then the output was 

assigned a value of 1, which signified land degradation. If these conditions 

were not met, again the output was assigned a value of 0. In formula 7, if the 

mining area is greater than 2 km², then the output was assigned a value of 1, 

which signified land degradation. If these conditions were not met, again the 

output was assigned a value of 0 and then land degradation was not significant. 

Finally, the six output raster datasets were summarized into one raster output 

dataset by summing the values at each cell location. Possible output cell values 

ranged from 0 – 6, illustrating different intensities of land degradation conditi-

ons. If an output cell indicates a value of 6 that means the 6 drivers have an 

influence on land degradation. If an output cell indicates 0 it means there is no 

land degradation detectable according to this simple valuation method.  

Summary of the con-functions 

The conditions on each GIS maps were graded on their relative land degrada-

tion (0=no land degradation in yellow colors through 6=land degradation in red 

color). Figure 7 shows output conditional land degradation maps.  

Socio-economic data for the years 2000 – 2013 were processed.  In each case 

the output was compared to ground truth data and MSAVI data derived from 

SPOT Vegetation for the years 2000-2013 during the vegetation growing se-

ason (April to October). 
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Figure 7. Land degradation condition map for the period 2000 to 2013 
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Table 1. Socio-economic data for the analysis 2000-2013 

 
Soum names 

Population Livestock MSAVI
Temperature 

C0 
Precipitation 

mm 

Mining 
area km2 
2000 year

Mining 
area km2 
2013 year

Bayandalai 2,148 176,320 0.06 20.5 11.1  15.2 
Bayan-Ovoo 2,148 133,233 0.04 22.4 8.9  692.02 
Bulgan 2,187 145,891 0.07 21.5 6.1   
Gurvantes 4,465 168,362 0.05 21.7 6.8 1.55 839.58 
Mandal-Ovoo 1,687 176,309 0.03 22.3 8.7 0.82 34.65 
Manlai 2,522 196,692 0.04 19.8 6.8  14.98 
Nomgon 2,624 240,139 0.05 20.7 7.9  115.10 
Noyon 1,388 113,257 0.07 23.0 5.8  390.61 
Sevrei 2,009 154,388 0.06 23.0 7.6   
Khanbogd 4,712 259,781 0.06 22.4 10.4  1796.68 
Khanhongor 2,113 172,134 0.06 22.0 9.9   
Hurmen 1,644 151,820 0.07 20.7 6.9  29.66 
Tsogt-Ovoo 1,644 100,974 0.05 24.3 10.7   
Tsogttsetsii 6,108 101,332 0.05 23.3 12.8 2.62 1186.11 
Dalanzadgad 21,581 78,187 0.06 20.0 9.9   

 

 

Figure 8.  Soums  of the Umnugobi province 
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Figure 9. Mining area change in the Tsogttsetsi soum 

 

Figure 10. Relationship between Goat number and MSAVI in the Tsogttsetsii soum 

Results and discussion 

Vegetation index (MSAVI) from SPOT data was applied in this area in order to 

determine vegetation cover change in the time period from 2000 to 2013. As 

shown on figure 2 MSAVI values vary from 0.03 to 0.09. There is virtually little 

change over the 13 years for the study area. By means of MSAVI variation 

alone we cannot assess the land degradation process. The result indicates that 

the vegetation is not a main driving factor for land degradation in the study 

area. GIS analysis was completed for 15 soums of the Umnugobi province to 

determine which soum is affected most by driving factors (figure 8). Raster 
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condition maps using the factors (number of goats, population figures, number 

of mining activities, climate impact such as precipitation and temperature 

change) for the time period from 2000 to 2013 have the outcome that “Gurvan-

tes” is the soum with the highest land degradation in the study area. Another 

result shows that by the year 2000 only one soum (Gurvantes) had an indica-

tive value of land degradation that comes from a larger number of goats during 

this time that caused overgrazing there in comparison to the other soums.  In 

2013 there were 5 soums most affected by all drivers and 4 soums were af-

fected by some drivers namely expansion of mining areas, total population and 

livestock numbers. The soum “Tsogtsetsii” was not affected by any driving fac-

tors from 2000 to 2001. Since 2002 there is land degradation steadily increas-

ing in this soum with an increasing population and number of animas number 

and the expansion of mining areas. Tsogtsetsii soum surveyed by a Landsat 

based land cover change analysis for the years 2000 and 2013 showed the 

greatest amount of land cover change today. The main driver is the expansion 

of the mining area in Togtstestii by around 9200 km² from 2000 to 2013 (figure 

9).  Increasing opportunities in the mining sector, despite increasing animal 

husbandry have a negative impact on the environment in this soum. The fac-

tors having the most impact in this soum were goat numbers and mining activity 

numbers. The simple map algebra approach allows us to determine which driv-

ing forces exist in the most degraded areas. These results should be useful for 

identifying “hotspots” of land degradation in Mongolia. Indeed this study ena-

bles us to infer that such land degradation “hotspots” are in fact the result of 

changes in climate or in socio-economic drivers such as livestock, population, 

mining activities or other impacts.  

A general statement from our statistical analysis of the livestock numbers over 

the growing season is that the number of goats is significantly greater than that 

of other animal groups. An increasing number of goats provoke overgrazing on 

the one hand but on the other hand goats are economically important in the 

area because of cashmere production and the value creation chain (figure 10).  

A total of 60 percent of the study area is affected by climate and socio-eco-

nomic drivers. According to the National Report (2014) on Mongolia 77.8% of 

the Mongolian landscape has been degraded at some level. The areas where 
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severe desertification occurred in the Umnugobi province are:  the Khanbogd, 

Tsottsetsii and Manlai soums.  

Due to increasing mining activities, there is an increased population caused by 

people migrating from the other parts of the country to these areas. This study 

contributes to the research which involves policy makers and stakeholders de-

fining and negotiating relevant scenarios with participatory approaches in the 

local area as well as to the studies which link people to the environment. Fi-

nally, the study argues the this basic modeling approach can be used in other 

dry land regions in order to determine the precise driving factors of land deg-

radation. 
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Abstract  

Aquifers are an important source of water for Mongolia, especially when sur-

face waters are frozen in winter time. Therefore, evaluating recharge is a nec-

essary step for any water planning. Unfortunately, few studies are devoted to 

groundwater recharge estimation in Mongolia. The objective of this study is to 

estimate the groundwater recharge using the soil water balance method in or-

der to evaluate groundwater resource from easily accessible climate and soil 

data in the upper Tuul River basin of northern Mongolia, as a preliminary step 

for the assessment of groundwater resource. To this end, we use meteorolog-

ical data from both local weather station and WATCH project and soil data from 

regional map. We compute an average yearly recharge of, at most, 17 mm/year 

for the 1993-2001 periods, which was relatively wet. This value is far too small 

when compared to river discharge (some 80 mm/year) which results basically 

from groundwater discharge. We conjecture that this underestimation is 

caused, first, by significant subestimation of rainfall (weather stations are lo-

cated at low elevations where rainfall is much lower than at high elevations) 

and, second, to ungauged winter rainfall and permafrost thawing.     

Keywords – recharge, potential evapotranspiration, field capacity, discharge 

INTRODUCTION 

Mongolia has limited freshwater resources distributed unevenly throughout the 

country. Groundwater is an important source of water supply, especially during 

winter when surface waters are freeze. In order to evaluate the groundwater 

resource, it is essential to quantify areal recharge. There are several detailed 
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reviews of methods for estimating recharge (Lerner et al., 1990; Scanlon et al., 

2002; Maliva et al., 2012). Recharge can be calculated by soil water balance 

(Kumar, 2003; Rushton et al., 2006), water table fluctuation (Healy and Cook, 

2002), lysimeters (Lerner et al., 1990), natural tracers (chloride mass balance, 

isotopes etc.) and tracer experiments (Custodio, 2010; Allison et al., 1994) and 

numerical modeling (Sanford, 2002). These methods have proven useful, but 

most of them require a lot of fieldwork and expensive to obtain data. 

The climate of Mongolia is semi-arid to arid (Batimaa et al., 2007), so that 

evapotranspiration (ET) is close to rainfall (R). In these cases, small errors in 

the evaluation of R or ET will cause large relative error in recharge estimates 

(Gee and Hillel, 1988 and Lerner et al., 1990) and the estimation of recharge 

with limited data remains one of the most challenging issues in water resources 

research.  

Few studies are focused on recharge estimation in Mongolia. Tserenjav 

(1981) classified the territory of Mongolia into four recharge zones depending 

on surface morphology (Batsukh et al., 2006): (1) mountain area with high re-

charge (31.54-63.07 mm/year), (2) mountain area with medium recharge (3.15-

31.54 mm/year), (3) lowland-hilly steppe region with insufficient recharge (1.26-

3.15 mm/year), (4) Gobi steppe-hilly region with scarce recharge (less than 

1.26 mm/year). Hiller and Jadambaa (2006) estimated the recharge in the 14 

sub-basins of the Selenge River basin using the equation of Kudelin.B (1960) 

which is based on the catchment water balance method. They reported re-

charge of approximately 6% or 20 mm/year of the average annual rainfall for 

the Selenge River basin and about 5.3 % or 18.6 mm/year for the entire Tuul 

River basin. Tadashi et al. (2004) and Tsujimura et al. (2007) evaluated re-

charge in the Kherlen River basin, eastern of Mongolia by the stable isotope 

ratios and continuous monitoring of soil water contents. They noted that 

groundwater recharge can occur only during large precipitation events of more 

than 30 mm of total rainfall.  

Buyankhishig et al. (2007) calibrated a 2-D groundwater model to obtain 

a set of recharge rate and hydraulic conductivities in alluvium-unconfined aq-

uifer which is located in the central source of water supply for Ulaanbaatar. 

They found that the source of water to the alluvial aquifer is the Tuul River. In 

addition, a recent study of the interaction between groundwater in the same 
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alluvial aquifer and river water using a multi-tracer approach presented that the 

groundwater is mainly coming from the Tuul River (Tsujimura et al., 2013). Still, 

the Tuul River is fed by groundwater discharge upstream because surface run-

off is negligible. Therefore, areal recharge needs to be evaluated throughout 

the basin in order to properly understand basin hydrology, to evaluate available 

resources and to assess its response to climate change. To this end, the soil 

water balance approach is the only method that can be applied with the avail-

able data to estimate areal recharge.  

The objective of this study is to estimate areal recharge using the soil 

water balance method in order to evaluate groundwater resources from easily 

accessible climate and soil data in the upper Tuul River basin, as a preliminary 

step to the assessment of groundwater resources. 

Study area 

The study area is located in the Upper Tuul River basin in northern of Mongolia. 

It includes Ulaanbaatar with a population around 1.37 million (NSO, 2013). To-

pography in the basin ranges from 1292 to 2773 m above mean sea level and 

covers an area of 7253 km2. The Tuul River, which is a tributary of the Selenge 

River, originates in the Khentii Mountains and flows through Ulaanbaatar, gen-

erally from northeast to southwest in a meandering channel. The rivers are 

completely frozen from December to February (Buyankhishig et al., 2007). 

Flow resumes in March and discharge gradually increases to peak in the rainy 

seasons from July and August. The average monthly temperature in the three 

weather stations of Figure 1 varies from a minimum of -22.6°C in January to a 

maximum of 16.8°C in August. Precipitation in the selected areas varies signif-

icantly from year to year, between 163.1 and 514.1 mm/year. Nearly 80% of 

the annual precipitation falls between June and September on average. During 

winter the ground is frozen and precipitation accumulates as snow. Snow usu-

ally falls between mid-October and mid-April, and thick snow covers the sur-

rounding mountains which remain covered until early April.  
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Figure1. Study area and soils of Upper Tuul Basin (National Soil Atlas of Mongolia, 1981) 

MATERIALS AND METHODS 

The meteorological datasets used in this study were obtained from two 

sources: the Institute of Meteorology and Hydrology of Mongolia (IMH) for the 

period of 1993-2013 and the WATCH forcing data (WFD) for period of 1958-

2001. The WFD is a half degree resolution daily data set that contains data of 

eleven variables: rainfall, maximum and minimum temperature, wind speed at 

height of 10 m, shortwave and longwave radiation and specific humidity 

(Weedon et al, 2011). For IMH data, we used daily precipitation, maximum and 

minimum daily temperature, daily wind speed at height of 2 m from 3 meteoro-

logical stations. Figure 2 is shown evolution of IMH and WFD meteorological 

data for the 1993-2001 interval and monthly averages of rainfall and tempera-

ture are quite similar for the two datasets (Figure 2a). However, figure 2b, daily 

values of rainfall are a lot more fluctuating for the IMH data, which reflects that 

WFD results from spatial averaging.  

River discharge used from 3 gauge stations (Selbe-Sanzai, Uliasatai and 

Tuul-UB) (Figure 1). These stations define the three test basins of this study. 
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Basin-1 is situated in the upper Selbe River basin. Its area is 33.4 km2 and 

elevation ranges from 1517 to 2026 m.a.s.l. Basin-2 is Uliastai River, a tributary 

of Tuul River. Its area is about 202.4 km2 and elevation ranges from 1484 to 

2194 m.a.s.l. Basin-3 is the upper Tuul River basin and its area of 6395.3 km2. 

The elevation ranges from 1292 to 2773 m.a.s.l. Basin-3 includes Ulaanbaatar. 

Figure 2. a) Monthly evolution of IMH and WFD meteorological data for the 1993-2001. b) Daily 
precipitation for IMH and WFD in 1994   

Soil properties 

As soil data, we used the soil map created by Mongolian and Russian research-

ers using aerophoto and satellite (National Soil Atlas of Mongolia, 1981). Soils 

are classified by reference soil group (Working Group World Reference Base, 

2006) (Figure 1). The majority of the study area (58.8%) is covered by cryosols 

(including cryosols with leptic and cryosols with gleyic), 12.8% by kastano-

zems, 9.5% by chernozems, 7.3% by leptosols, 6.4% by cambisols, 2.9% by 

gleysols and 0.7% by every chernozems, phaeozems and umbrisols. For each 

soil type, field capacity and wilting point were obtained from from Schroeder et 

al. (1994) and soil thickness and texture from FAO (2001a) (Table 1).  

 



60  Enkhbayar Dandar, Jesús Carrera, Buyankhishig Nemer 

Soil name Area, km2 Thickness, cm (*)
The soil 

tex-
ture(*) 

F.C, 
vol/vol 

(**) 

W.P, 
vol/vol 

(**) 

Cambisols 465.6 70 C-L 0.373 0.266 

Chernozems 688.8 70 Si - C –L 0.393 0.277 

Fluvisols 54.2 50 C 0.378 0.251 

Gleysols 215.0 50 S - C 0.366 0.288 

Kastanozems 933.1 50 C 0.419 0.332 

Leptosols 527.6 25 S - C -L 0.305 0.202 

Phaeozems 51.0 60 Si – L 0.360 0.203 

Umbrisols 53.2 50 Si - C –L 0.342 0.210 

Cryosols 1005.7 

100 S-L  0.190 0.085 Cryosols_leptic 2826.0 

Cryosols_gleyic 432.9 

Abbreviation: F.C-Field Capacity; W.P- Wilting Point; S-Sand; C-Clay; L-Loam; Si-Silt 

*    -  source:FAO. 2001a. Lecture notes on the major soils of the world 

** -  source: Schroeder et al., 1994 

Table 1.The soil properties 

Soil water balance method for estimating the groundwater recharge 

Areal recharge is the amount of rainfall that infiltrates below the root zone. It 

can be described by the soil water balance (Carrera et al., 2002) as follows: dVdt =  P − ES − ET − R                                                                  (1) 

where V  is the volume of water in the soil (root zone), P  is the rainfall, ES  is 

the surface runoff, ET  is the potential evapotranspiration, and R  is the re-

charge. All terms are expressed as volume of water per unit area and time (mm 

per day or mm per month). Rainfall is the primary source of water to the soil 

water cycle. Some part of the rainfall may be reduced due to surface runoff or 
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interception. We have not considered these terms because of small vegetation 

cover, because we are interested in long term recharge and because little sur-

face runoff occurs in the Tuul Basin.   

The most important term for the soil water balance method in semi-arid 

regions is ET, which is obtained from the potential evapotranspiration (PET). 

PET is defined as the amount of water that evaporates and transpires from a 

vegetated surface with no restrictions and both processes depending on solar 

radiation, air temperature, relative humidity and wind speed. There are several 

empirical methods to estimate PET (Lu et al., 2005; Zotarelli et al., 2009). We 

chose the Penman-Monteith (PET-PM) method as described by Allen et al 

(1998), which was used as the standard for comparison and used daily aver-

ages of the WFD and IMH data:  

 

PET = 0.408 ∆ (Rn − G) + γ 900T + 273 u (e − e )∆ + γ(1 + 0.34 u )                            (2) 

 

where PET  is the potential evapotranspiration (the reference crop evapo-

transpiration of FAO, in mm/d), Rn is the net radiation (MJ/m2/day), G is soil 

heat flux density (MJ/m2/day), T is mean daily air temperature (°C), u  is wind 

speed at 2 m height (m/s), e  is saturation vapour pressure (kPa), e  is actual 

vapour pressure, ∆ is the slope of the vapour pressure curve (kPa/°C), and γ 

is the psychometric constant (kPa/°C).  

The calculation procedure for the PET-PM method requires accurate 

measurements of air temperature and relative humidity, solar radiation and 

wind speed. Relative humidity and solar radiation are not available in this study 

area. Thus, e  was obtained, assuming that the minimum temperature is close 

to dewpoint (Tdew) (Zotarelli et al., 2009). The solar radiation was derived from 

the extraterrestrial radiation and relative sunshine duration (Allen et al, 1998).  

Additionally, for PET, we selected the Hargreaves and Samani (1985) 

method (PET-Harg). It requires only maximum and minimum air temperature, 

available at most weather stations and extraterrestrial radiation (Ra). The 

method is derived by assuming that cloud cover can be approximated by 

(Tmax-Tmin) and reads (also in mm/day): 
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where Tmax, Tmax, T  are the maximum, minimum and average daily air tem-

peratures (°C), respectively. Ra was calculated from the station latitude using 

the equation recommended by the FAO (Allen et al, 1998).  

Groundwater recharge (R) occurs when the soil water content exceeds 

the field capacity. It is calculated using equation (1) for daily time steps from 

1993 to 2013 for IMH data and from 1958 to 2001 for the WFD. Mean areal 

recharge for the whole basin can be written as:   R = ∑ ( )∑                                                                                    (4) 

where i is the soil type number, Ai is its area and Ri is its areal recharge, esti-

mated using the above methodology. When the using IMH data, Ri was com-

puted by averaging the result obtained with data from each station separately.  

Result and discussion 

Potential Evapotranspiration (PET) 

Daily potential evapotranspiration (PET) estimated from 1993 to 2013 using 

IMH data and both PET-PM and PET-Harg methods, from 1958 to 2001 using 

the WFD and the PET-PM method. Monthly integrated and averaged results 

are shown in figure 3 for 1993-2001 when data are available for all methods. 

PET-Harg (IMH data) had the highest value while PET-PM (IMH data) and 

PET-PM (WFD) were approximately equal. The highest PET occurs between 

May and July, with a maximum value in June: 102.13 mm for PET-PM (IMH 

data), 102.45 mm for PET-PM (WFD) and 160.02 mm in June for PET-Harg 

(IMH data).  
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Figure 3.The monthly comparative of potential evapotranspiration (PET), precipitation and temper-
ature for 1993-2001  

Total yearly average PET with PET-PM (IMH) method estimated 504.15 

mm/year, 534.84 mm/year for PET-PM (WFD) and 878.88 mm/year for PET-

PM (IMH) in 1993-2001. Figure 3 shows the maximum, minimum and mean 

temperature for IMH data and comparison of the precipitation for WFD and IMH 

data. The PET-PM method using WFD and IMH data yield very similar results, 

but very different to those obtained with the PET-Harg method which has 

worked well for Mongolian grassland area (Tuya et al., 2006).  

Groundwater recharge (R) 

We utilized the three different PET calculations above for estimating the 

groundwater recharge in the upper Tuul River basin. The resulting monthly re-

charge is shown in figure 4 and the evolution of annual recharge in figure 5. 

Recharge occurs in the rainy season from June to September.  

Figure 4. Monthly recharge for 1993-2001 and monthly precipitation for IMH data and WFD 

In figure 4, the highest recharge occurs in August and it equals 10.3 mm for 

the PET-PM (IMH data), 3.69 mm for the PET-PM (WFD) and 1.32 mm for 

using the PET-Harg (IMH data). The recharge from PET-PM (IMH data) is 
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much greater than the recharge from PET-PM (WFD), both because rainfall is 

somewhat higher in IMH data than in WFD and, especially, because IMH data 

contains much larger high rainfall events than WFD. These events are ones 

that cause most recharge. The recharge obtained with PET-Harg is lower than 

the recharge with PET-PM, because the PET-Harg is higher than the PET-PM. 

The mean annual recharge using PET-PM (IMH data) is 8.58 mm/year (or 3.2 

% of rainfall) for 1993-2013, the recharge using PET-PM (WFD) is 5.4 mm/year 

for 1958-2001 and the recharge using PET-Harg (IMH data) is 1.09 mm/year 

for 1993-2013. For 1993-2001, which are wet years, the mean annual recharge 

that using PET-PM (IMH data) is of 17.02 mm/year, the recharge using PET-

PM (WFD) is 5.72 mm/year and the recharge using PET-Harg (IMH data) is 

1.72 mm/year (Figure 5).  

 Figure 5. Evolution of annual recharge and rainfall 

River discharge (Q) for selected basins 

As a water to verify the approach, we compare computed recharge with river 

discharge at the three basins of Figure 1. The comparison implicitly assumes 

that there is no surface runoff which is consistent with observations. This com-

putation also acknowledges that recharge depends on soil moisture condition 

(field capacity and wilting point), root zone and the soil type. Computed and 

observed discharges are shown figure 6. Calculated river discharge using ac-

tual rainfall data (red line in figure 6) is much lower than observed for three 

rivers. We repeated the calculation multiplying rainfall by 1.5 (green line) and 

by 2.5 (violet line). It is clear that the rainfall data we have used cannot explain 

the observed river discharge. This can be attributed to several factors. First 

rainfall is likely to increase with elevation. Yet, all meteorological stations are 
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located in the low area, mostly not in mountain areas. Second snowmelt pro-

cess and permafrost phenomena can by influenced to estimation of the ground-

water recharge. 

CONCLUSION AND DISCUSSION 

Groundwater recharge was calculated in the upper Tuul River basin by the soil 

water balance method using daily meteorological data from IMH for the period 

of 1993-2013 and the WATCH forcing data (WFD) for the period of 1958-2001.  

 
Figure 6. Calculated and observed yearly discharge for the three basins from 1993 to 2013. Notice 
that comparable values can only be obtained by multiplying rainfall by a factor of 2.5. 

Potential evapotranspiration (PET) was calculated by two methods (Penman-

Monteith and Hargreaves-Samani). PET computed with the better method was 

much higher than with the PM method. For examples, PET is highest between 

May and July, with maximum values in June of 102.13 mm for PET-PM (IMH 

data), of 102.45 mm for PET-PM (WFD) and of 160.02 mm for PET-Harg (IMH 

data).  

We used these three PET time series for estimating the groundwater re-

charge in the upper Tuul River basin. The highest monthly recharge was com-

puted in August when rainfall is also highest. The recharge obtained PET-PM 

(IMH data) is much greater than the recharge used PET-PM (WFD). The mean 

annual recharge in the study area during the period 1993-2001 obtained with 

the PET-PM (IMH data) is of 17.02 mm, 5.72 mm for PET-PM (WFD) and 1.72 

mm for PET-Harg (IMH data). These values are much smaller than river dis-

charge (some 80 mm/year). Since river flow is essentially groundwater dis-

charge, we conclude that the recharge values we have computed are too small.  

We conjecture that recharge underestimation can be attributed to several 

factors. First, the most important actual rainfall may be much larger than meas-

ured because rainfall increase with elevation and the three weather stations 



66  Enkhbayar Dandar, Jesús Carrera, Buyankhishig Nemer 

are located at low altitude. Second, measured rainfall is zero during winter. In 

reality, it is not, but falls as snow in the mountain. Third, moisture can be cap-

tured by the permafrost. We are currently working to account for these factors.   
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Abstract 
Until today information about water quality in Northern Mongolia is rare. For 

this reason the aim of this snap short study was to assess the current chemical 

status in the region based on 40 surface water samples collected between May 

and July in 2014. As main outcome of this study we showed that chemical water 

quality varied in rivers, which is potentially due to geological differences, an-

thropogenic pollution and dilution/concentration effects related to evaporation 

and precipitation. The study indicates that chemical water quality is impacted 

in particular by mining, industry and urban wastewater discharge. However, a 

more in depth and long-term study is needed in order to assess the spatial and 

temporal contamination pattern and evaluate their ecological and public health 

relevance.  

Introduction 

Mongolia receives very limited precipitation with an annual mean value of 

round about 400 mm in the northern area. Some 70 to 90 % of the precipitated 

water evaporates back into the atmosphere (Davaa et al. 2006, Battogtokh et 

al. 2012). The study area, which covers the Mongolian part of the Selenga 

River basin, including the three largest Mongolian cities Ulaanbaatar (UB) (ca. 

850,000 inhabitants), Erdenet (ca. 80,000 inhabitants) and Darkhan (ca. 

70,000 inhabitants), is characterized by a highly continental climate with very 

cold winters and a limited natural water availability (Minderlein & Menzel 2015, 
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Karthe et al. 2014, Karthe et al 2015, MEGD 2012). Within this region, a con-

siderable part of the mining and industrial activities and more than half of Mon-

golia’s population with in total more than 3 Mio inhabitants are concentrated 

(Karthe et al. 2014). In recent years growing urbanization and mining industry 

have polluted surface and underground water resources significantly (Hoff-

mann et al. 2010, Pfeiffer et al. 2015, Thorslund et al. 2012). This has also 

impacted the associated ecosystems (Avlyush 2011, Krätz et al. 2010). Until 

now almost half of the Mongolian people receive water from sources regarded 

as unsafe, such as unprotected wells, rivers, run-off or snow (Javzan et al. 

2013). Investigations conducted by the Institute of Geo-ecology of the Mongo-

lian Academy of Sciences on drinking water wells in Ulaanbaatar (Javzan et al. 

2013) have shown that some wells are biogenic/organic polluted and have el-

evated concentrations of trace elements, like As (up to 13 µg/l), Se (up to 20 

µg/l), Al (up to 0.68 mg/l), Sr (up to 2.6 mg/l) and Mo (up to 0.35 mg/l). Moreover 

elevated levels of U (up to 57 µg/l) have been reported (Nriagu et al. 2012). 

While extensive water quality monitoring in Mongolia is still in its beginning, 

elevated levels of nutrients, arsenic and uranium have recently been docu-

mented in surface water, groundwater, soils/sediments and urban vegetation 

for several locations in northern Mongolia (Hoffmann et al. 2015, Pfeiffer et al. 

2015, Nriagu et al. 2012).  

Material and methods 

A sampling campaign was carried out in the Kharaa, Orkhon and Selenga River 

Basins between 27 May and 27 July 2014. Totally 40 water samples were col-

lected from the study area (Figure 1). On site we collected the main parameters 

water temperature, pH and electrical conductivity using a portable multimeter 

(WTW, Multi 3320). To determine the dissolved concentration of the investi-

gated parameters, the water samples were filtered through Minisart cellulose 

acetate filters. Afterwards all water samples were filled into brown glass and 

Sarstedt tubes, bubble-free. At the laboratories the filtered samples were 

stored at 4 0C in a refrigerator. For element analysis the samples were pre-

served with nitric acid (HNO3; pH < 2). All investigated elements were deter-

mined using ICP-MS, ICP-OES or CV-AAS. ICS was used to measure Cl- and 

SO4
2- concentrations. Organic carbon was determined as total concentration 
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(TOC) and after filtration as dissolved fraction (DOC) using a carbon analyzer. 

Total nitrogen, ammonia, nitrate, nitrite and soluble phosphorus were deter-

mined using continuous flow analysis. For total P and total N, we stored water 

samples in 30 ml HDPE bottles and preserved them by 350 µl H2SO4 (1:4) 

before analysis (Table1). 

 

 

 

 

 

 

Water ana-
lysis 

Country Laboratory Methodology Parameters 

Germany UFZ Helmholtz 
center for envi-
ronmental re-
search labora-

tory 

ICP-MS  Ba, Be, Li, Rb, Sr, B, Al, As, 
Cd, Co, Cu, Cr, Pb, Sn, Bi, Mo, 
Sb, Ag, Tl, Ti, V, U 

ICP-OES Ca2+, K+, Mg2+ , Na+, Fe, Mn, 
Ni, Zn 

ICS-3000  Cl-, SO4 2- 

Carbon analyzer TOC,DOC 

Continuous flow 
analysis 

Total P, Total N 

Atomic flu-
orescence  

Hg 

Mongolia Central Geologi-
cal laboratory 

ICP-MS As, U, Mn 

Table 1. Water analysis methodology and standards. 

Result and Discussion 

Here we primarily focus on comparisons of our samples with the Mongolian 

water quality general requirement (MNS 4586:1998), and Water Framework 

Directive (WFD) (Figure 3). In some cases the Mongolian quality general re-

quirement is stricter than the WFD and even the EPA guideline (Figure 3). In 

total 40 random water samples were collected. The parameters NO3-N, TNb, 

SRP, DOC, TOC, B, Cl,SO42-, Ca+, K, Mg2+, Na+, U, Ba, Be, Li, Rb, Sr,  Cd, 

Co, Cr, Sn, Bi, Tl, Ti, and V did not exceed the MNS 4586:1998 and WFD 

guidelines1.  

 

                                                            

1 Note: the underlined parameters are not set in the guideline. 
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Figure 1: Map of the study area, indicating sampling locations and mining areas. 
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Parameters Unit WFD MNS 4586:1998 Mean SD Min Median Max

Ammonium-N mg/l 0.5 0.5 0.16427 0.49812 0.011 0.039 2.8

NO2-N mg/l 0.5 0.02 0.00776 0.00558 0.006 0.006 0.033

NO3-N mg/l 50 9 0.43021 0.69863 0.024 0.104 3.03 

Total-N mg/l     1.42488 0.91515 0.387 1.24 4.7 

Total-Phosphate-P mg/l  0.1 0.1 0.15691 0.13434 0.01 0.126 0.458

SRP  mg/l     0.02 0.0414 0.003 0.007 0.235 

DOC mg/l     6.87 3.00814 3.81 5.635 15.2 

TOC mg/l     8.69515 5.09023 3.35 7.32 28.3 

Boron µg/l 1000   29 23.2002 10 18 98 

Cl- mg/l 250 300 6.09212 4.67797 1 5.58 20.8 

SO4
2- mg/l 250 100 25.50121 55.9311 2.66 14.3 332

Ca2
+ mg/l     33.29939 21.6772 4.3 32.1 131 

K+ mg/l     3.02736 1.52248 0.603 2.92 6.81 

Mg2+ mg/l     10.61103 8.15586 0.834 10 45.1 

Na+ mg/l 200   13.21697 12.4708 1.09 10.5 55.9 

Uranium µg/l     6.52727 5.83632 0.5 3.3 20.8 

Barium µg/l     59.42424 39.9765 11 48 172 

Beryllium µg/l     1 0 1 1 1 

Lithium µg/l     10.48485 6.29544 1 10 32 

Rubidium µg/l     8.63939 9.52585 0.5 5.1 38.6 

Strontium µg/l     281.27273 264.634 30 245 1610 

Aluminum mg/l 0.2   4.85085 5.50284 0.236 2.33 21.1

Arsenic µg/l 10 10 12.47576 41.6382 0.5 5 243

Cadmium µg/l 5 5 0.2 0 0.2 0.2 0.2 

Cobalt µg/l   10 2.07576 2.13834 0.4 1.1 8.1 

Copper µg/l 2000 10 16.95455 54.0641 2 5.1 316

Chromium µg/l 50 50 7.12121 7.20485 0.6 4.5 29.3 

Fe mg/l 0.2   4.68909 5.45376 0.23 2.16 19.7

Mercury µg/l 1 0.1 0.01469 0.01292 0.004 0.009 0.067 

Manganese  mg/l 0.05 0.1 0.13383 0.11195 0.007 0.0925 0.418

Nickel  µg/l 20 10 6.02121 5.29308 0.9 4 20.5
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Lead µg/l 10 10 2.55758 2.34295 0.5 1.5 7.8 

Tin (Sn) µg/l     1 0 1 1 1 

Zink mg/l   10 0.02478 0.01838 0.009 0.0167 0.0617 

Bismuth µg/l     0.80909 0.03844 0.8 0.8 1 

Molybdenum µg/l   250 7.76061 23.5752 0.7 3.3 138 

Antimony (Sb) µg/l 5   0.35758 0.17145 0.3 0.3 1.2 

Silber µg/l     0.97576 0.13926 0.2 1 1 

Thallium µg/l     1 0 1 1 1 

Titan µg/l     217.33333 258.644 9 91 1010 

Vanadium µg/l     12.55455 11.8528 0.6 8.6 46.5 

Table 2: Overview of analytical results as compared to Mongolian and international surface water 
standards. 

Compared to the Mongolian guideline the following limits were slightly ex-

ceeded: NO2-N (max 1.6fold, n = 2), Nickel (max 2.05fold, n = 1), SO4
2- (max 

3.32fold, n = 1), Manganese (max 4.18 fold, n = 16), Total-P (max 4.58fold, n 

= 23), Ammonium-N (max 5.6fold), Arsenic (max 24.3 fold, n = 9), Copper (max 

31.6 fold, n = 10). Following parameters exceeded the WFD guideline: Nickel 

(max 1.025fold, n = 6), SO4
2- (max1.32 fold), Manganese (max 8.36fold), Iron 

(max 98.5fold, n = 37), Aluminum (max 106fold, n=33). However, the Copper 

and NO2-N concentrations met with the WFD guideline. We found elevated 

Uranium U (n = 9) at Boroo (Measurement points: Kt4-Kt6) and Gatsuurt River 

(Kt1-Kt3). The Aluminum concentration of all river water samples exceeded the 

guideline value. 

The Orkhon River is 1,124 km long, the longest river of Mongolia (Meas-

urement points: O1-O4). The most polluted tributary of the Orkhon River is the 

Khangal River (Ot1), the reason for the high pollutant concentrations that we 

measured are the Erdenet Cupper Molybdenum industry, Erdenet city, as well 

as low water flux during our study (discharge on site 35 m3/sec). Primary result 

indicated direct effects from the tailing impoundment and Erdenet city on Khan-

gal River, which is downstream of the Erdenet industry and city. Furthermore 

high concentration of Copper and Molybdenum as well as nutrients were found 

in the Khangal River (Ot1). The maximum concentrations of Nickel occurred 

downstream of the Orkhon River (O3, O4), after the measure sites K5, Sh3, 
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and at E2 at the confluence. This could be explained by our samples down-

stream Sharyn River (Sh3) which is influenced by mining activities before it 

joins with the Orkhon River. Other parameters showed similar trends and heavy 

metals tended to increase northward (Figure 2). 

 

 

Figure 2. Concentration between Cu and Ni along our measuring track, downstream. T = Tuul, O = 
Orkhon, K = Kharaa, Sh =Sharyn River, E =Eroo River. Numbers show position downstream as in 
Fig. 1. 

Water quality variables including nutrients are illustrated in Figures 3 to 6. The 

content of Fe, Ni, Al, U, Cu, Mo, As, Mn, Ca, Mg and SO4 increased in down-

stream direction along each river. 

Maximum concentration of nutrient concentrations occurred in Khangal 

(Ot-1) and (O3) after the K5, Sh3, E2 confluence (Fig. 2 and 3). The concen-

trations of TNb and NO3-N were high downstream of the Sharyn River. We can 

easily see a nitrification process on O1, O2 and O3 after points Ot1, K5, Sh3 

and E2 respectively. Concentration of Ammonium was slightly elevated at K5, 

Sh3 and E2 and it flows to Orkhon River (O3). The downstream part of the 

Orkhon Basin stretches from Erdenet to the junction of the Orkhon and Selenga 

rivers. The concentration of soluble reactive phosphorus (SRP) was slightly 

elevated on Khangal River (Ot-1), but it decreased along the river. 
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Figure 3: Nutrient concentrations along the Orkhon River. 

The Tuul River (T5) is major left tributary of the Orkhon River and it flows 

through the capital city of Mongolia, Ulaanbaatar (between T1 and T2). We 

started the water sampling from the Bosgo Bridge (T1) which is located in the 

upstream section of the Tuul River, which shows (near-) natural reference con-

ditions. The Selbe River is a tributary of the Tuul River which enters the Tuul 

downstream of Ulaanbaatar. We found high concentration of NO2-N at Tt1 

which indicates the direct influence of untreated waste water from the ger set-

tlement and urban area as well as oxygen depletion (Figure 4). Both maxima 

may be interpreted as a consequence of anthropogenic eutrophication (nutrient 

input) and have a direct influence on aquatic life. Water quality continued to 

change further downstream the Tuul River. The sampling point T2 shows the 

impacts of a poorly working waste water treatment plant (WWTP) and samples 

T4 and T5 demonstrate the impacts of mining activities (Zaamar mine area). 

Location T5 marks the junction of Tuul and Orkhon River (Figure 4).  
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Figure 4: Nutrient concentrations along the Tuul River. 

The downstream tributaries of Orkhon River are the Kharaa, Eroo and Shariin 

Gol River which originate from the Khentii Mountains. These rivers are affected 

by gold mining activities (Figures 5 and 6).  

The area upstream of the Kharaa River (K1) is not affected by human 

activities. The Kharaa River is one of the main left tributaries of the Orkhon 

River and extensive studies on its hydrology, water quality and ecological state 

have been conducted by the MoMo project (Hofmann et al. 2010, Karthe et al, 

2015, Menzel et al. 2011) and UNDP-GEF project (Punsalmaa et al. 2013).  

In Kharaa river the concentration of Ammonium was slightly elevated af-

ter the little town Zuun-Kharaa (K2), Baruun-Kharaa (K3) and Darkhan city 

(K5), respectively (Fig. 5). Compared to sampling point K1 the following sam-

pling sites had elevated measurements of NO3-N (K4, K5) and slightly elevated 

TNb concentration at K3 to K5 (Figure 5).  
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Figure 5: Nutrient concentrations along the Kharaa River.  

The Sharyn and Eroo rivers are downstream tributaries of the Orkhon River. 

The downstream part of the Sharyn River is highly polluted by mine activities 

compared to the other rivers. Especially the concentrations of TNb, Ammo-

nium-N and Total-P were high (Figure 6).  



 Influence of urban settlement and mining activities on surface water quality in northern Mongolia 83 

 

 

Figure 6: Nutrient concentrations along the Eroo and Shariin River. 

Trace elements in Tuul, Kharaa, Eroo and Sharyn Gol River, showed high con-

centrations and this pollution of its tributaries negatively affected the water 

quality in the Orkhon River.  

Conclusion 

The results presented here only provide a snapshot of problems identified dur-

ing a single sampling campaign. Chemical water quality in Northern Mongolia 

is impacted by various anthropogenic activities including mining and industry. 

Uranium was also detected in notable concentrations in several surface water 

samples from rivers. Moreover, river water samples occasionally exceeded 

drinking water or surface water guidelines for Al, As, Mn, Cu, Fe and Ni. In the 

future, an assessment of seasonal changes in water quality due to climatic 

reasons and variations of anthropogenic impacts from point and non-point 

sources is necessary. 
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Abstract 

In recent years, increasing attention is drawn to the Lake Baikal water quality 

due to the growth of human activities in its catchment area. A special attention 

is paid to the transboundary Selenga River as a major tributary of Baikal expe-

riencing growing impact from industrial towns and mining activities. Our re-

search aims to assess quantitatively the geochemical fluxes of heavy metals 

both in dissolved and suspended forms in aquatic systems of the Selenga River 

and its tributaries. The study is based on about 200 samples of river water and 

suspended matter collected during the high water period in August 2011 and 

the low water period in June 2012. The contents of heavy metals were obtained 

by ICP-MS and ICP-AES methods. The study revealed the significant increase 

of the heavy metal fluxes from the upstream (Mongolian) to downstream (Rus-

sian) part of the Selenga River basin. The geochemical fluxes experience con-

siderable influence from Zaamar and Boroo mining areas, as well as Ulaanbaa-

tar, Zakamensk and Ulan-Ude towns. 

Keywords – geochemical fluxes, heavy metals, aquatic systems, Selenga 

River, Selenga delta, Lake Baikal, water quality, suspended matter 

Introduction 

The Selenga River is the biggest tributary of the Lake Baikal, which is the fa-

mous world's largest freshwater reservoir. It provides about 50% of the total 

river runoff into the lake. In recent years, the environmental state of the river is 

of a special concern due to the sharply increasing human activities in its basin. 

Selenga originates in the Hangai mountains of Mongolia and flows through the 

Republic of Buryatia (Russia) to the Lake Baikal. The Selenga River Delta ac-

cumulates more than a half of suspended matter that comes from the basin. 

The total catchment area of the Selenga River is 447 060 sq km and total length 



88  Galina L. Shinkareva, Nikolay S. Kasimov, Mikhail Yu. Lychagin 
 
is about 1024 km, while length within Russian Federation is 409 km [Soro-

kovikova L.M. et al, 2000]. The main tributaries of the Selenga River in Mon-

golia are Tuul, Orkhon and Kharaa rivers. 

There are numerous industrial and agricultural activities within the 

Selenga drainage basin, which influence the environmental state of aquatic 

systems. Main sources of anthropogenic activities in Mongolian part of the ba-

sin are the following: industrial towns Erdenet and Govi; metallurgy plant, car-

pet and woolen industries in Darkhan town; Ulaanbaatar city and gold mining 

areas in Boroo and Zaamar. Within the Russian part of the basin, there is also 

a number of pollution sources, such as Ulan-Ude town and W-Mo processing 

factory in Zakamensk town. 

Our study aimed to determine the present pollutant levels, main features 

of their spatial distribution, and to assess quantitatively the geochemical fluxes 

of heavy metals both in dissolved and suspended forms in aquatic systems of 

the Selenga River and its tributaries.  

Materials and methods 

The study is based on the field data collected in the Selenga River basin during 

summer periods of 2011-2012 in both Mongolia and Russia (fig. 1, table 1). In 

2011, the fieldwork was held in August to estimate migration of heavy metals 

during summer rain floods. In 2012, the sampling was done in June during the 

low water period. 
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Figure 1. Study area. Sampling points 

Subject 

Number of samples 

Russian 
part (except 

delta) 

Russian 
part 

(delta) 

Mongolian 
part 

Total 

River water 87 43 65 195 

Suspended 
matter 

88 45 60 193 

Table 1. Field sampling within the Selenga River basin in 2011-2012 

At each point some water characteristics were measured in situ from the boat 

with HANNA field equipment, e.g. pH, Total Dissolved Salts (TDS), Redox po-

tential (ORP). Water was sampled in 2l and 5l bottles. The water samples were 

filtered with Millipore Vacuum Pump (230v 50Hz) through 0.45 mic filters. The 

filtered samples were preserved with 1 ml of strong HNO3 and stored in 15 ml 

tubes with a screw cap. The filters with suspended matter were dried at room 

temperature. 

Later on dried filters and preserved water samples were taken to Moscow 

Federal state unitary enterprise «All-Russian scientific-research institute of 

mineral resources named after N.M. Fedorovsky» where they were analyzed 

with ICP-AES and ICP-MS methods. As a result, the concentrations of 71 ele-

ments were obtained. Among all of them 13 main contaminants were defined 

and analyzed with different toolkits: ArcGIS 10, STATISTICA 8, Microsoft Of-

fice 2007. 

On certain sites some hydrological characteristics, such as velocity, tur-

bidity and morphometric parameters of channel were determined also. The wa-

ter velocity was measured with hydrometric current meter ISP-1 at the one-fifth 

depths of each width increment, turbidity with HACH 2100P Turbidity Meter. 

The total water discharge was calculated by multiplying the discharge flow ve-

locities with cross-sectional areas of the rivers. The total sediment discharges 

were calculated by multiplying sediment-load velocities with average sus-

pended sediment concentration values and cross-sectional areas of the rivers. 

For all the considering elements fluxes of heavy metals per day in dis-

solved (Wc) and suspended (W) forms were calculated:  
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1) For dissolved forms: Wci = Q · Ci · 86400 / 109, where Wci – flux of i- 

element in dissolved form (kg per day), Q – water discharge (cbm per 

second), Ci – concentration of i-element in river waters (mkg per cbm), 

86400 – conversion factor seconds per day, 109 – conversion factor  mkg 

per kg. 

2) For suspended forms: Wi = R · Ci · 86400 / 106, where Wi – flux of i-

element in suspended form (kg per day), R – discharge of suspended 

matter (kg per sec), Ci - concentration of i-element in suspended matter 

(mg per kg), 86400 – conversion factor seconds per day, 106 – conver-

sion factor  mkg per kg. 

Results and Discussion 

All the results were compared with various average values. For the content of 

heavy metals (HM) in river water, the maximum permissible concentrations 

(MPC) for fishery water subjects were used. Values of HM in suspended matter 

were collated with the average composition in upper continental crust (UCC) 

according to K. Wedepohl [Wedepohl H.K., 1995] and average composition of 

suspended matter in river water [Savenko, 2006]. In the course of data inter-

pretation, the greatest interest was aroused by such HM as V, Cr, Mn, Fe, Co, 

Ni, Cu, Zn, As, Mo, Cd, Pb, and U, which are mostly discussed in the article. 

River Water  

Heavy metal concentrations in the water samples vary from the season to sea-

son (table 2), but some similarities can be defined. For example, average con-

centration of HM dissolved forms during the low water period of 2012 de-

creased in comparison with the period of floods 2011.  

Element MPC1 20112 20122 
V 1 1.93 2.69 
Cr 70 8.16 13.41 
Mn 10 28.32 59.95 
Fe 100 433.22 985.86 
Co 10 0.47 0.57 
Ni 10 1.42 2.00 
Cu 1 6.67 2.74 
Zn 10 35.00 10.05 
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As 50 3.12 8.69 
Mo 1 21.20 2.57 
Cd 5 0.29 0.04 
Pb 6 7.28 1.51 
U - 2.50 3.42 

1 - according to [An Order of Russian Federal Agency for 
Fisheries]; 
2 – our data. 

Table 2. Average concentration of HM, mkg/L, in field seasons 2011 and 2012, and Maximum Per-
missible Concentration for fishery water subjects (MPC). 

Comparing HM concentrations with the maximum permissible levels we can 

see that there are elements, average concentration of which is higher than 

MPC in both cases: V, Mn, Fe, Cu, Zn, Mo.  

Geochemical fluxes of dissolved HM generally increase towards the delta 

area. The Kharaa River upstream the discharge of the Boroo River had the 

lowest fluxes of both dissolved and suspended HM. In the main stream of the 

Selenga River near Russian-Mongolian state border right after the confluence 

of Selenga and Orkhon rivers and at the apical part of the Selenga delta the 

highest fluxes of metals in both forms were found in 2011 (fig. 2).  



92  Galina L. Shinkareva, Nikolay S. Kasimov, Mikhail Yu. Lychagin 
 

 
Figure 2. Fluxes of dissolved heavy metals along the Selenga River (2011), kg/day 

At the Figure 2 we can see also the influence of Dzhida and Chikoj rivers: up-

stream the Khilok river and at the same time downstream the Dzhida and 

Chikoj rivers there is a huge increase of fluxes of all elements: from 200 times 

for Zn (5,4 ÷ 1075,7 kg per day) to 7500 times for V (0,06 ÷ 444,61 kg per day). 

There are two major reasons for such a big difference: firstly the Dzhida river 

provides big inflow of heavy metals from the Zakamensk town and its mining 

and processing plant. The second reason is that the water discharge increased 

at this point by 1,2 times (from 679,4 cbm at the Russian-Mongolian State bor-

der to 830,0 cbm downstream Dzhida and Chikoj rivers). Also the groundwater 

discharge can impact a lot. 

During the low water period of June 2012 the largest fluxes of dissolved 

heavy metals were found in the Selenga River downstream Ulan-Ude town (fig. 

3) and at the beginning of the delta. 
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Figure 3. Fluxes of dissolved heavy metals along the Selenga River (2012), kg/day 

To estimate the geochemical impact of Ulan-Ude town we have compared the 

dissolved HM fluxes in the Selenga upstream and downstream the confluence 

of the Uda River. The fluxes increased significantly: by 1,2 times for As, Cr; 1,4 

for V; 2,1 for U; 3 for Mn and Ni; 3,7 and 3,8 for Zn and V respectively; 4,2 and 

4,3 for Co and Fe; 5,8 for Pb; 10,2 for Cu. Only for dissolved Mo the flux slightly 

decreased (by 1,2 times). 
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a )  

b)  

c)   
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d)  

Figure 4. Fluxes of dissolved Mo in 2011 (a) and 2012 (b) and dissolved Cu in 2011 (c) and 2012 
(d) in kg/day 

Some peculiarities of HM fluxes within the Selenga basin are shown on the 

Fig.4. During the low water period 2012 the main flux of Cu in the Mongolian 

part of the basin went from the upstream Tuul river (17,9 kg per day) while the 

Orkhon river didn't contribute that much (less than 1 kg per day). The copper 

flux changed significantly downstream the Selenga River itself. In the upper 

Mongolian part it was rather small (4,6 kg of dissolved Cu per day), than it 

increased up to 8,3 kg per day after the confluence with the Orkhon River. In 

the Russian part of the river the Cu flow arouse up to 32,9 kg per day after the 

confluence with Dzhida river. However the largest contribution into the flux of 

dissolved Cu was made by Ulan-Ude: downstream the town it increased from 

22,8 to 233,2 kg per day. Towards the Selenga River delta the flow increased 

up to 703,3 kg per day.  

The similar pattern of the spatial changes during the low water period 

was found for Mo fluxes. However during the high water period (2011) fluxes 

of dissolved Cu and Mo in Orkhon river and Selenga itself were close (40-50 

kg per day for Cu and 60 kg per day for Mo). These values redoubled down-

stream Russian-Mongolian State Border (126,2 and 158,5 kg/day respectively) 

slightly changed towards the Selenga delta (134,7 and 142,2 kg/day). 
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Suspended Matter 

Heavy metal content in the suspended matter (Table 3) were compared with 

the average composition of the upper continental crust [Wedepohl, 1995] and 

average composition of suspended matter in World's rivers [Savenko, 2006]. 

After the comparison, we can say that concentrations of Mn, Ni, As, U are 

above both estimations for all seasons. 

Element UCC1 
World's 
average2 

20113 20123 

V 53 120 151 86
Cr 35 85 69 48
Mn 527 1150 2308 1871
Fe 30890 50300 51382 34945
Co 11,6 19 29 18
Ni 18,6 50 50 28
Cu 14,3 45 206 35
Zn 52 130 226 80
As 2 14 25 25
Mo 1,4 1,8 5,3 1,7
Cd 0,102 0,5 1,42 0,24
Pb 17 25 209 0,9
U 2,5 2,4 8,4 5,7

1 - according to [Wedepohl, 1995]; 
2 - according to[Savenko, 2006]; 
3 - according to field measurements. 

Table 3. Average concentration of HM, mg/kg, and average values for the suspended matter 

In August 2011, the major flow of the suspended matter in the Mongolian part 

of the basin come from the Orkhon River (fig. 5). For instance, the flux of sus-

pended Cu in the Orkhon River upstream confluence with the Tuul River was 

found as much as 500 kg/day while downstream it changed to 188 kg/day. Tuul 

River in a less extent is responsible for the pollutant flows. However 

downstream the Zaamar mining area, which is located on the Tuul river, fluxes 

of suspended metals increase as well, e.g. for Ni by 2,7 times, Sn by 3,8 times, 

Mo, Cd and Sb by 1,5 times. In June 2012, the largest suspended matter flow 

was found at the Selenga River downstream the confluence with the Itanca 

River, and further downstream to the beginning of the Selenga delta, where for 

Cu it was equal to 1344 kg/day and for Mo 264 kg/day. The Ulan-Ude also 
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contributed a lot: downstream this town flows of suspended Cu and Mo in 2012 

low water period changed from 25,6 and 8,4 kg/day to 209,4 and 55,8 kg per 

day respectively. 

 

a)  

b)   
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c)  

d)  
Figure 4. Fluxes of suspended Mo in 2011 (a) and 2012 (b) and suspended Cu in 2011 (c) and 
2012 (d), kg/day 

 
The seasonal changes of HM fluxes were found significantly different for the 

Selenga River tributaries. For example, the Tuul River during the low water 

period 2012 was characterized with higher flows of dissolved Mn (in 200 times), 

Zn, Fe (50-40), Cd, Cr, Co, Cu, Ni (10-3), and suspended V and Mo (3-2 times). 

The HM fluxes in the Orkhon River were found larger in the high water period: 

dissolved Mo and Pb (more than 1000 times), U (100), Cu, As, Ni, V (50-10), 

Fe, Co, Zn (10-2 times). For the suspended forms the difference is even higher: 

U (7600 times), Pb, Cd, As, Cu, Ni, Co, Cr, Zn (300-100), Mn, V, Fe, (100-50).  
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On the contrary, in the Khan Gol River the HM suspended fluxes changed 

slightly: Mo in 11, Zn in 6 times. For the dissolved formes the difference is 

higher: Fe, Mn (1000), Zn, Cu, Co (40-10), Cd, Ni, V (5-3). For the Kharaa River 

the difference in suspended flows between the two seasons was distinguished 

only for U and V (in August 2011 the flow was higher more than in 10 times), 

and also Cr, Cd, Pb (2-3); the HM dissolved form fluxes were found larger dur-

ing the low water period (June 2012) for Mn, Fe (more than 100 times), Co, Zn, 

Cd, Ni, Cu (10-2). 

Conclusions 

Analysis of the heavy metal levels in rivers of the Selenga basin showed that 

average content in water of V, Mn, Fe, Cu, Zn, Mo is above MPC fishery values. 

Content of Mn, Ni, As and U in the suspended matter is higher than average 

composition of upper continental crust and average composition of suspended 

matter in World's rivers. 

Along the main stream of the Selenga River the fluxes of both dissolved 

and suspended forms of heavy metals decreased in low water period in the 

Mongolian part of the basin (except for dissolved Mn, Fe, Zn, and Cd). In Rus-

sian part of the basin fluxes of dissolved and suspended V, Cr, Mn, Fe, Co, Ni, 

Cu, as well as dissolved Cd and suspended Zn, As, Mo increased in the low 

water period from 2,5 to 50 times. 

Geochemical fluxes of dissolved HM increased towards the Selenga 

River Delta from 2 (V, Ni, Mo) to 485 (Mn) times during high water period and 

from 1,4 (Cd) to 378 (Cr) times for low water 2012. Flows of suspended forms 

had grown form 1,7 - 2,0 (Mn, Cr, Co, Ni, Cu, U) to 25,7 (Cd) times in 2011 and 

from 32 (V, Cd, Pb) to 358 (Mo) times in 2012.  

During the period of summer rain floods Orkhon River provided the main 

runoff of HM in suspended and dissolved forms from Mongolian side and 

around Russian-Mongolian State Border it increased its maximum. Chikoj and 

Kiran rivers contributed to the dilution of Selenga River but towards the Selenga 

delta area this flow started to rise again. During the low water period HM fluxes 

in both forms grew along the stream of the Selenga River and reached the 

maximum values right before the apical part of the Selenga delta. 
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Abstract 

The present study is particularly devoted to link geochemical flux and climate 

and land use changes in the Selenga river catchment. Results indicate that 

high sediment loads were reported both for altered and natural rivers. Reported 

multi-decadal declines in sediment loads in the downstream part of Selenga 

River can be attributed to the abandonment of cultivated lands and changing 

hydroclimatic factors, such as in particular climate-driven decrease of water 

flows and intensified water use for irrigation purposes. Empirical sediment rat-

ing curves show that a series of peak flow events during spring and summer 

contribute to the main part (up to 98 %) of the annual sediment and pollution 

loads. The highest contribution of flood sediment load was obtained for the 

particular wet years, the lowest - for the dry, which is generally reflects the 

increase of water  runoff during high floods in annual flow. Whereas sediment 

flows were connected with the hydroclimatic conditions in the catchment, ele-

mental composition of the mass flows mostly relate to the soil/petrologic con-

ditions. With the exception of small impacted rivers where water quality impacts 

associated with mining were found, the formation of elemental compositions 

and sediment-associated chemical constituents generally reflects catchment 

characteristics 

1 Introduction 

Recent studies point to a strong coupling of river discharge, climate oscillations 

and land use (Syvitski, 2003). Human-induced changes have significantly al-

tered both the composition and magnitude of allocthonous material entering 

rivers. The latter leads to the significant shift in geochemical fluxes and water 
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quality. As far as sediment transport rates are also a function of sediment avail-

ability (Asselman, 1999), the climate oscillations and land use changes have a 

profound impact during flood events when physical and biological processes 

operate to increase matter export. In this perspective close interdependence 

among climate, land use, vegetation cover density, and erosion rates remains 

the key questions in both global and regional estimates of the sediment and 

contaminants loads (fig. 1).  

 

Fig. 1. Schematic representation of the controlling factors of catchment/river interface (red lines in-
dicate sediment delivery during floods events, green dotted lines – during low-water periods) 

Changes in sediment availability during the floods are resulted in so-called hys-

teresis effects. Clockwise (positive) hysteresis loops (type II), anti-clockwise 

hysteresis (type III) as far as single (direct, no hysteresis effect) (type I) or com-

plicated type (IV) of S=f(Q) relations can occur (Gellis, 2013). The export of 

land-derived constituents from drainage basins as a result of episodic dis-

charge could exerts first-order control on the cycling of sediment and contami-

nants loads in rivers (e.g. Zwolsman, 1997; McKee et al. 2004).Typically (table 

1) studies on flood impacts on in the context of finding  the bridge between 

catchment and rivers are based on: 

 sediment rating curves and hysteresis effect analyses 

 intensive detailed basinwide investigations of the small catchments 

 detailed investigations on the long-term observational data for the outlet 

stations in the large catchments as a surrogate measure of catchment to 

river interface 

With some exceptions (e.g. Asselman, 1998) large-size river basins are chara-

cterized by the data from outlet stations, whereas chemical elements behavior 
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during hydrological event is much less studied (e.g. Audry et al., 2004, Horo-

witz et al, 2008, Ollivier et al., 2011).  Conversely, much more detailed studies 

in terms of the observational data have been done for small catchments (e.g. 

Roussiez et al, 2013; Gellis, 2013) (table. 1). For both scales relatively small 

amount of studies have addressed the composition and magnitude of the ma-

terial supplied during short-lived events.  
Study area and scale Methods Datasets (station, time, varia-

bles)
Catchment proper-
ties

Reference 

10 sub-catchments 
of the Geba river, 
northern Ethiopia 
(F=from 121 to 4592 
km2) 

Basinwide 
sediment rating curves 
analyses, determina-
tion of grain size dis-
tribution (sieve-pipette 
method) 

41 monitoring stations, 2004 – 
2007 during rainy season (July-
September), pressure measure-
ment every 10 min (TD-
diver)+manual measurements of 
flow depth, runoff discharge and 
sampling of suspended sedi-
ments (2-3 times per week in 
2004, in 2005-2007 – daily)  

Topography, size, 
land use, vegetation 
cover, lithology  

Vanmaercke, 
2010  

Rhine catchment  
between Kaub and 
German-Dutch 
boarder (165000 
km2)  

Basinwide sediment 
rating curves analyses, 
“supply-based” model 
(computes sediments 
transport as a function 
of water discharge and 
the amount of sedi-
ment in storage) 
 

Stations along Rhine river and its 
main tributaries, 1975-1990 - 
daily discharge and suspended 
sediment concentrations 

Base of slopes, 
drainage area, dis-
tance from river 
source, travel time 
of the sediments  

Asselman, 
1998  

4 catchments of 
Puerto Rico 
(F=from 3,5 to 20 
km2) 

Sediment rating 
curves analyses using 
Factor analysis and 
stepwise regression on 
the factor scores. 

1 site per catchment character-
ized by various land use 
storm-generated 
sediment loads and concentra-
tions 

Type of land use Gellis, 2013  

Wadi Sebdou catch-
ment (256 km2) 

Graphical analysis 
method based on fea-
tures of hysteresis 
loops 

31-year period (1973-2004) at 
the outlet of basin 

Seasonality of flood 
types and sediment 
sources 

Megnounif et 
al, 2013  
 

16 in Northern Sibe-
ria and Far East of 
Russia (large and 
medium rivers) 

Sediment rating 
curves analyses, plots 
grouped over the 
phases of water re-
gime 

27 gages (1-2 station per catch-
ment) with chronological plots of 
S=f(Q) relationship  

Duration of events 
(spring flood, freshet 
period), sediment 
sources, seasonal 
permafrost, topogra-
phy, soil types, 
travel time of the 
sediments 

(Tananaev, 
2011) 

Selenga catchment 
(F = 447000 km2)  

Basinwide accounting 
segment  
 

150 grab sampling sites around 
the catchment with daily water 
discharges and more than 50 
chemical variables;  
7 monitoring stations  

Topology, land 
Use and land cover, 
population density, 
climatic variables  

Present study 

Table 1. Some examples of the regional studies of land-derived constituents during floods 
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The key task still remains open is to disentangle the influence of climate change 

and related changes in floods and episodic discharges from that of other 

changes in catchment condition (firstly land use drivers). Less is known about 

flood sediment transport magnitude and hysteresis effect connections with 

magnitude and structure of geochemical fluxes. 

The present study is focused on detailed analyses of geochemical fluxes 

and the role of single floods in suspended sediment dynamics due to climatic, 

hydrological and land use impacts within relatively large Selenga river basin 

(table 1). The Selenga River, which originates in Mongolia, contributes about 

50 % of the total inflow into Lake Baikal. The catchment is still lacks of any type 

of soil and water conservation and sediment control programmes as far as res-

ervoir constructions which are in the global perspective cause decreased sed-

iment fluxes (e.g. Walling, Fang, 2003). The main anthopogenic inputs are re-

lated to mining, industrial and agricultural activities within the Selenga drainage 

basin. At the same time, the region is reported to experience the warming 

trends with acceleration since the 1970s (Unger-Shayesteh et al., 2013), what 

has a profound impact on the components of hydrological system in the area. 

Elevated sediment-associated chemical concentrations were reported for the 

area (Chalov et al, 2014).  

In particular, this study aims at (i) long-term changes of hydrocilmatic 

drivers of sediment delivery into river channel, (ii) investigating the impacts of 

hydrological peak-flow events on total annual load contributions and their im-

plication on geochemical fluxes, (iii) determining importance of export of land-

derived constituents and related human activities on the cycling of sediment 

and contaminants loads in rivers 

2 METHODS 

The study is based on data from the national gauging network of the Selenga 

River Basin, which is implemented by the Russian and the Mongolian hydro-

meteorological surveys for their corresponding parts of the basin. The long-

term hydrological changes in the selected rivers were calculated based on ref-

erence period 1975-1995 for the average values of 1996-2011: 



 
 Linking Catchments to Rivers 105 

 

19951975

20111996




Q

Q
Q  

Regional climatic modelling of land use impact on air temperature and precipi-

tation was done based on COSMO-CLM (Consortium for Small-scale Model-

ing) tool (Böhm et al, 2006) with a spatial resolution 14 km. The modelled ap-

proach was based on the comparative study of predicted precipitation and tem-

perature in in Central part of Selenga catchment (Northern Mongolia) simulated 

for 2 scenarios: 

1. Scenario of modern landscapes to predict actual recent values of  pre-

cipitation P0 and temperature fields T0 

2. Scenario of landscapes extremely disturbed by mining operations to pre-

dict precipitation Pdisturbed and temperature Tdisturbed fields in altered condi-

tions. The areas of disturbed lands were determined according to areas 

available to mining approved recently by Mongolian Government (fig. 2). 

The difference of modelled values between undisturbed and disturbed condi-

tions were calculated as  

 
disturbedP

P
P 0  and 

disturbedT

T
T 0   

Suspended sediment monitoring data included daily averages for the period 

1970-2010 which were used to obtain S=f(Q) relationships (table 2) between 

daily suspended sediment concentrations S and daily water discharges Q for 

the flood season which covers both melting period (April-May) and rainfall 

floods (occurred in June-August). Each flood event was characterized by the 

particular relationships. The representative equation for the given gauging sta-

tion was used in further analyses to estimate contribution of flood season to 

the annual sediment yield. 

 

River-station Type of S(Q) rela-
tion 

Relationship 

rising limb falling limb 

Selenga - Mostovoi 
 

IIIb 
S = 0.043Q1.05 S = 0.0002Q1.7 

R² = 0.84 R² = 0.64 
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Chikoy -Gre-
myachka 
 

IIIb 
S = 0.011Q1.58 S = 0.0027Q1.7 

R² = 0.78 R² = 0.63 

Khilok - Khaylastuy 
IIa 

S = 6.81e0.009Q 

R² = 0.68 

Uda – Ulan-Ude IIIb 
S = 2.29Q0.79 S = 0.02Q1.66 

R² = 0.71 R² = 0.79 

Khara - Burunkhara 
 Ib 

S=17.6Q+87.3 

R² = 0.73 

Table 2. Representative S=f(Q) relationships during flood season (April to August) 

For the detailed investigation of geochemical patterns novel screening cam-

paigns were conducted in June–September 2011-2014 in both the Russian and 

the Mongolian parts of the Selenga river basin. The special focus of the study 

is on the episodic rainfall discharges and associated geochemical fluxes which 

were analysed on the data from 3 monitoring stations located in the Upper Or-

kon river (near Kharokhorin), Tuul river (near Ulan-Baatar) and Khara river 

(near Burunlhara) (fig. 1). Water discharge and water sampling were performed 

during 3-4 weeks campaigns in 2011, 2012, 2013 and 2014.  To record sus-

pended sediment data, 2000-4000 mL plastic sampling bottles were used to 

collect water samples manually both with optical turbidity measurements by 

Hach 2100P during the rising and falling limb of a storm hydrograph. The water 

samples were filtered through pre-weighed filter papers of pore size 0,45 μm. 

Filter papers were oven dried, weighed, and suspended sediment concentra-

tions calculated gravimetrically. Moreover, the water samples were also col-

lected during rainfall–runoff events in 2012 at intervals of 5 minutes at Khara 

river (near Burunkhara) by YSI automatic sampler operated by Momo project 

(Karthe et al, 2014).  

Discharge and suspended sediment concentration (SSC) data were com-

bined to yield estimates of daily and monthly water discharges, suspended load 

averages at more than 150 locations. All samples (suspended and streambed 

sediments and filtered water) were analyzed for 62 elements by inductively-
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coupled plasma mass spectrometry ICP-MS (ICP-AES) using a semi-quantita-

tive mode and a 10-fold automated dilution during the analysis. Elemental anal-

yses were conducted on the filtered samples without additional treatment. For 

a fully quantitative analysis, the instrument is calibrated with a series of known 

standards for each element. Corrections are applied for potential interferences, 

and more comprehensive quality assurance/control measures are performed 

for each element.  

The spatial variability of geochemical fluxes was evaluated based on en-

vironmental surveys conducted in 2011- 2014. The surveys targeted sites lo-

cated along the Tuul River (T), the Orkhon River (O), the Eg River (EG), the 

Yeroo River (ER), the Khangal River (H), the Selenga River (S) and the Kharaa 

River (Hr) in Mongolia (Fig. 1). In Russia the observational sites were located 

along the main stem of the Selenga River (S) and its main tributaries – Dzhida 

(D), Temnik (TM), Chikoy (CHK), Hilok (HK), Orongoy (OR), Uda (U), Itantsa 

(IT), Kiran (KR), Kudara, Zheltura (G), Udunga (UD), Suhara (SH), Tugnui 

(TG), Menza (MZ), Buy, Bryanka (BK), Ilka (IK), Chelutay, Kurba (KB), Kodun 

(KD), Kizhinga (KG), Ona (Fig. 2).  

 

Figure 2. Selenga River Basin showing sampling sites, major mining sites and main subcatch-
ments (1 – whole Selenga catchment. 2 – Orkhon river, upper part; 3 – Tuul river; 4,5 – upper 
Selenga River with Eg River and Khovsgol Lake); 6 – areas available to mining in Mongolia (un-
published data from E. Simonov) 
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3 DISCUSSION AND RESULTS 

3.1 Hydrocilmatic drivers of sediment delivery  

Climate variability and change is one of the major driver of hydrological trends 

in dry lands. In Mongolia, air temperature has increased by 1.80C since the 

1940s, and precipitation decreased in some parts of the country, including the 

Western slopes of the Khentii mountains. The latter is regarded to be the main 

reason of long-lasting low water period (since around 1989) that is reported for 

the Selenga River. The runoff records for downstream Selenga (Mostovoy) 

shows statistically significant downward trend from 903 m3/s (for the period 

since 1941 to 1982) to 888 m3/s (for the period since 1983 to 2011), or even 

more drastic for the recent decades – from 940 m3/s (for the period since 1975 

to 1995)  to 689 m3/s (for the period since 1995 to 2011). The mean annual 

discharge at some gauging stations within the Mongolian part of the basin) 

demonstrated even more significant decrease during the last decades, from an 

average of  53,3 m3/s during the period 1975-1995 to only 18,1 for the years 

1996-2011 at the upper Orkhon river (Orkhon-Orkhon) and from 35,3 m3/s to 

14,9 m3/s for the Tuul river at UlaanBaatar respectively. The changes were 

caused mostly by intensive rainfall floods which determined high water period 

in the early 1990 and late 1970-1980. This decrease primarily caused a reduc-

tion in precipitation and an increase in evapotranspiration during that period, 

though intensified water use for irrigation purposes may have contributed as 

well.  
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Figure 3. Long-term changes of average runoff in Selenga catchment (location of the gauging sta-
tion – see fig. 2) 

Decrease of observed mean annual Q since 1990 is largely due to decreased 

peak discharge during summer. Mentioned climatic variability have been sig-

nificantly changed the maximal discharges over last decades (fig. 4) and the 

flood contribution became smaller than in the middle of XX century (average 

annual difference between maximal and minimal discharges Qmax – Qmin de-

creased from 3740 to 2920 m3/s). This correspond to the highest warming rate 

in the Selenga River Basin during the latest 20-year period (1989–2009; 0.048 

°C/year). On the other hand, land disturbance, especially by mining operations, 

could significantly influence water balance components due to changes in re-

gional evaporation patterns. The results of COSMO-CLM model application in-

dicated spatial redistribution of both precipitation and temperature field with 

maximal shifts in annual summer precipitation ∆P=300 mm. The most signifi-

cant shifts will occur during dry years.  
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Figure 4. Long-term changes of maximal annual discharges Qmax (m3/s) at Tuul, Orkhon and 
Selenga river  

Following mentioned changes in climatic conditions, there has been a substan-

tial decline in sediment yield of Selenga River (from 5832 t/day to 3015 t/day) 

and its main tributaries in the Russian part of the river basin. In the upper part 

of the basin where an absence of routine monitoring of sediment loads pre-

cludes statistical analyses of the sediment trends, the few evidences of the 

sediment yield decrease have been seen based on the comparison between 

SPM concentrations measured during the campaigns of 2011-2014 and histor-

ical field campaigns of 1934-1936 (Kuznetsov, 1955). At the upper part 

Selenga above the Eg River (S-1) SSC varied between 1.2 mg/l (20th Febru-

ary) to 1193 mg/l (8th August) in 1934, whereas in 2001 it was 11.5 mg/l (18th-

24th August). During our field campaigns SSC varied from 9.51 mg/l (16th 

June, 2012) to 114 mg/l (2nd August, 2011). At the confluence of Orkhon and 

Tuul, a 65-fold increase of SSC was observed during summer floods for the 

Tuul River (T-9) (from 11 mg/l at the 19th October, 1934 to 716 mg/l at the 26th 

August, 1934) and 43-fold for the Orkhon River (O-6) (from 23.3 mg/l at the 

17th June, 2012 to 1000 at the 7th May, 1934). 

Taking into account the CMIP 5 ensemble mean projections expected 

continued T increase by as much as 5°C until the end of the XXI century 

(Törnqvist et al, 2014), increased runoff in near in the future is indicated. This 
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implies shifts in sediment transport patterns particularly during event condi-

tions. Among the main driving forces of the water and sediment transport are 

shifts in soil temperature and moisture which exert a strong control on soil ag-

gregate stability, and thus on soil erosion intensity; permafrost thaw which likely 

to continue. Recent mining impacts on sediment loads were seen mostly during 

relatively short hydrological events, during which an intensified slope wash 

near floodplain mining activities could flush large amounts of turbid water into 

the river. A significant suspended sediment load increase was reported for the 

Tuul River at sites located near the Zaamar placer gold mining area. During 

the flood season in 2011, a 2.3-fold sediment load increase from 307 to 710 

t/day was recorded. During base flow periods in 2012, a 1.2-fold increase from 

115 to 143 t/day was detected. 

3.2 Impacts of hydrological peak-flow events 

Long-lasting flood season typically has a significant effect on the annual sedi-

ment loads. Up to 98 % of annual sediment loads in the river are transported 

during the flood season (April to August) (table 3). The highest contribution of 

flood sediment load was obtained for the particular wet years, the lowest - for 

the dry, which is generally reflects the increase of water  runoff during high 

floods in annual flow. The temporal variability of sediment discharge within in-

dividual basins indicates that maximal role of flood given sediment transport 

events relates to small rivers. Changes in sediment transport rates correspond 

with changes in SPM size which are probably related to the intensive slope 

wash during rainfall events that dominate the flood period. They may further-

more be related to seasonal changes of vegetation coverage and properties, 

temperatures (that influence the concentration of suspended matter), colloids, 

and organisms.  
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River-station Year Flood contribution  Duration of period, 
days/% of year 

R, tons R/W % of 
year,  

Selenga - Mostovoi 1976(dry) 2720000 98 183/50% 

1967(average) 3120000 82 183/50% 

1973(wet) 13900000 99 264/67% 

Chikoy -Gre-
myachka 

1972(dry) 28100 52 183/50% 

1963(average) 138000 89 183/50% 

1962(wet) 431000 99 183/50% 

Khilok - Khaylastuy 1977 (dry) 43300 72 188/52% 

1967(average) 87900 94 266/73% 

1973(wet) 345000 99 217/59% 

Uda – Ulan-Ude 1977(dry) 30300 96 183/50% 

1963(average) 104000 97 216/59% 

1973(wet) 267000 99 218/60% 

Khara - Burunkhara 2002(dry) 4340 97 189/52% 

1992(average) 27900 97 245/67% 

1990(wet) 38300 97 253/69% 

Table 3. Flood contribution (R, tons and % of the year) to annual sediment yield W for the selected 
gauging station in Selenga river catchment 

Variations of the sediment load during short-lived hydrological events (rain 

floods) can have even more significant effect on sediment transport patterns 

and depend on different synoptic situation and geological and geomorphologi-

cal conditions in the catchments. During June-August 2012 rain floods in the 

downstream of the Khara river (KH-4) were relatively small (maximal change 

in the sediment concentrations in 2012 within two adjacent days was 22%). In 

the upper mountain part of the catchment (KH-2) the heavy rains when the total 

precipitation between the 20th and the 22nd of June was 28.1 mm (7 % of the 

annual value) lead to the SSC increase from 13.3 to 518 mg/l. The same effects 
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of rain floods in the mountain valley induce rather fast changes in sediment 

transport rates for Orkhon river upstream (O-1, fig 2). 15-times increase of sed-

iment load during the day was reported as a response to an intense rainfall that 

amounted to a total of 50 mm (29-31 July 2011), which corresponds to 20 % of 

the annual average precipitation.  

These findings give an important conclusion that the observed long-term 

changes in sediment yield have been caused by the climatic drivers of water 

runoff shortage with associated flood decrease. Fluctuations in sediment fluxes 

in the given catchment are determined by changes in sediment patterns during 

event conditions (interseasonal variability). Even relatively small (∆ = 1,3, or 30 

%) decrease of annual runoff have large impact (almost 50 % decrease) on 

sediment yield due to river’s flood response. This gives quantitative thresholds 

of global sediment fluxes behavior evidencing that one of the largest impacts 

of climate change is through changes in the overall water balance with subse-

quent impacts on land cover density and thus erosion rates (Knox, 1993). On 

the other hand, our results based on COSMO-CLM model indicate that land 

use changes (e.g. land disturbance by mining operations) may have an impact 

on water balance and could lead to the increased instability of the summer 

precipitation fields. Future runoff increase will be associated with growth of 

maximal discharges and floods magnitude and may imply then increased 

transport of sediments and contaminants (e.g., Chalov et al., 2014). 

3.3 Importance of export of land-derived constituents and their connec-
tions with hydroclimatic conditions 

Since the sediments in many cases contain relatively high metal concentrations 

from, e.g., mining operations (Thorslund et al., 2012), shifts in sediment 

transport patterns from altered hydrology within the Selenga River Basin may 

also influence the heavy metal loading to Lake Baikal. Above-discussed histor-

ical trends hence suggest lower loads of metals in recent years, all other con-

ditions equal. Slight increase of total dissolved solids and twice increase of SO4 

(from 6.2-8.6 in 1950-1970 to 10.6-16.4 mg/l during 1995-2011) was caused 

by the lasting low-water period. Origin of metals and sediment-associated 

chemical constituents could be related both to natural and anthropogenic driv-

ers. The examples of the upper Orkhon, upper Selenga and Tuul rivers, as far 
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as downstream Selenga river represent contrasting environmental condition 

(table 4). Upper Selenga is relatively undisturbed part of Selenga catchment 

with typical distribution of pastures as the only dominated type of land use. This 

is forested part of Mongolia. The upper Orkhon contains few small towns and 

mining sites. Tuul river drains the driest and mainly steppe part of Selenga 

catchment, which contains both largest mining and industrial center of Mongo-

lia and regarded to be the mostly polluted river in the region. Half of the Mon-

golian population is concentrated within its capital (Ulaanbaatar). Due to poor 

maintenance, lack of spare parts, outdated equipment, and frequent power out-

ages, waste water from the wastewater treatment plants in Ulaanbaatar might 

be released directly into the Tuul River without treatment. Geochemical pat-

terns in various parts of the catchment are determined by both natural and 

technogenic factors. Regional petrology causes the general enrichment of sus-

pended matter and sediments by As, Cd, Sn, Sr, W, Pb in comparison with the 

lithosphere averages. The common feature of the basin consists in a prevailing 

transport of dissolved forms of chemical elements which a highly mobile in al-

kaline environment (Table 4). The share of dissolved forms of B, As, Mo, Cr, U 

increases (in some cases up to 98%) mostly during the low-water period (June 

2012). The high water period (July 2011) is characterised by increasing turbid-

ity of river water and the growing importance of the particulate forms of heavy 

metals (Fe, Mn, Ni, Co, Pb, Cu, Zn).  
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Concentration 
of chemical 
elements in 

the particulate 
form 

Orkhon catchment Tuul river catchment Selenga river catch-
ment, upstream 

Selenga river catchment, 
downstream 

July 
2011 

June 2012 July 2011 June 2012 July 2011 June 2012 July 2011 June 2012

> 75 % V, Cr, 
Mn, Fe, 
Co, Ni, 
Cu, Zn, 

Pb 

- Mn, Fe, 
Co, Zn, Pb

- V, Mn, 
Fe, Co, 
Zn, Pb 

Fe V V, As 

50-75 % As, U Fe, Cu V, Ni, Cu Fe Ni, Cu Cr, Mn, Co, 
Cu, Pb 

Cr, Mn, 
Fe, Co, 
Ni, Cu, 
Zn, As, 

Pb 

Mn, Fe, Co, 
Ni, Cu, Pb 

25-50 % B V, Mn, 
Co, Ni, 

Pb 

- V, Mn, 
Co 

B, As V, Ni, Zn - B, Cr, Zn 

< 25 % Mo B, Cr, 
Zn, As, 
Mo, U 

B, Cr, As, 
Mo, U 

B, Cr, Ni, 
Cu, Zn, 
As, Mo, 
Pb, U 

Cr, Mo, 
U 

B, As, Mo, 
U 

B, Mo, 
U 

Mo, U 

∆Q  2,93  2,35  1,3 1,46  

Average ele-
vation, m 

1750 1375 1750 - 

Afforestation 
(%) 

32 32 50 - 

Population 50000 1300000 5000 2500000 

% of mining 
areas 

0,7 0,7 < 0,1 - 

Table 4. Seasonal variability of geochemical patterns related to the hydroclimatic and anthropo-
genic variability  (The discharge data are according to the following stations: Selenga-Mostovoy, 
Selenga-Zuunburen, Orkhon-Orkhon, Tuul-Ulaanbaatar) 

The reported individual storm events were associated with changes in heavy 

metal concentrations. During a storm event reported for the Orkhon River (O1) 

in 29–31 July 2011, the mass concentrations (mg/kg) in the suspended load 

decreased for the main part of the chemical constituents during peak flow, and 
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increased again on the falling limb, with exception of Ag and Br. Bulk concen-

trations (mg/l) increased during peak flow, since SPM concentrations also 

peaked. The only exception is As, which showed lower values during the high-

est discharges. The highest increase of bulk concentrations during this individ-

ual flood event was reported for Fe and Al (2.3 and 2.4 times accordingly). 
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Abstract 

In this study, a geochemical assessment of two large cities (Ulaanbaatar, Dar-

khan) and four mining towns (Erdenet, Zakamensk, Zaamar, Sharingol) in the 

Selenga river basin was conducted. The features of geochemical transfor-

mation of soils in the urban environments and priority pollutant sources were 

revealed. The detailed study of concentrations of heavy metals in the urban 

soils of the selected sites, characterized by different land-use types, showed 

that the associations of accumulating heavy metals are determined by the 

emissions of industrial enterprises and motor vehicles, while the levels of heavy 

metals are controlled by soil properties. The geochemical conditions in the min-

ing centers are derived from geochemical features of parent rocks and ore bod-

ies, which are usually rich in heavy metals. The environmental risks associated 

with the contamination of the mining landscapes are determined not only by 

the high background concentrations of ore and ore-linked elements in soils and 

rocks, but also by the technologies used in the mining operations, and by the 

volumes of the produced waste. 

Introduction 

Development of industrial cities and rapid growth of urban population in the 

Selenga basin causes multiple ecological problems in the region. The man-

made pressure on the environment is accompanied by air and water contami-

nation, accumulation of pollutants in soil cover, bottom sediments and vegeta-

tion. Besides deteriorating environmental conditions, the contamination also 
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affect public health, threaten biodiversity and put at risk the prospects for sus-

tainable development both on the spot and also in a wider area. The purpose 

of the present study is to evaluate the pollution of the environment with heavy 

metals (HMs) in the largest industrial centers located in the Selenga river basin. 

The investigation is comprised of the following steps:  

 geochemical study of non-polluted (background) territories;  

 identification of priority pollutants and evaluation of geochemical trans-

formation of the urban environments using the geochemical background 

values; 

 environmental risk assessment on the basis of maximum permissible 

concentrations (MPC) specified in Soil Quality Standards of Mongolia 

and Russia. 

The studies considered the following objects: 2 large cities in Mongolia 

(Ulaanbaatar, Darkhan) and 4 mining towns. Among them are Erdenet and 

Zakamensk, which are known as the largest centers of non-ferrous metallic 

mineral mining; Zaamar, located in the Tuul river valley, with large-scale placer 

gold mining operations and Sharingol which is the place where sulfur coal is 

produced in open-cast mine. The studies began in 2008 and are still in the 

process: in 2014 they included the territory of Ulan-Ude. 

Study area 

The study area is characterized by complex mountain, hollow and valley relief; 

the cities are situated in the valleys of the Selenga tributaries. The climate is 

extremely continental. Soil-forming rocks are represented mainly by alluvial 

and proluvial deposits and also by shales and granitoids. Forests on mountain-

forest soils cover slopes with northern aspects; dry shrub- and meadow-steppe 

vegetation on mountainous chernozems and chestnut soils occupies south-

facing slopes (Nogina, 1984). 

The cities differ significantly from each other in terms of area, population 

and the number of motor vehicles. The population of Ulaanbaatar exceeds one 

million people. The common sources of pollution in all cities are power plants 

and ger districts. These entities use brown coal which combustion products 

pollute the atmosphere. Different sets of elements in ash emitted by the power 
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plants and by coal stoves in private houses originate due to different tempera-

ture of combustion. Other major sources of pollution are associated with vari-

ous industries, motor vehicle fleet using leaded gasoline in Mongolia, and ter-

rigenous dust in the south of the region 

Materials and methods 

The samples of the urban soils, surface technogenic materials, collected in the 

tailing areas and at landfill sites, the sediments, accumulated on the bottom of 

river channels and ponds and samples of brown coals and fly ash collected in 

Ulaanbaatar power station (Table 1) were examined for total contents of 20 

HMs and metalloids by mass-spectral and atomic-emission methods with in-

ductively coupled plasma (ICP-MS) at the All-Russia Research Institute of Min-

eral Raw Materials (Moscow). Additionally, in some cities the samples of veg-

etation, snow solutions and suspended load were also analyzed for HMs con-

tent. 

The samples of the urban soils were collected from the upper horizons 

(0-10 cm) using a regular grid with relatively even spacing in all functional 

zones of the cities. Background conditions were studied within recreational ar-

eas or in natural landscapes adjacent to urban territories. 

 

Geomedia 
Ulaan-
baatar

Ulan-
Ude 

Dark-
han 

Erde-
net 

Zaka-
mensk

Zaama
r 

Sharyn
-gol 

Total 

Topsoil 90 293 155 260 141 79 82 1100 

Soil pits 18 – 3 23 35 50 4 133 

Landfill & 
tailing mate-

rial 
– – – 10 14 – 8 32 

Bottom sedi-
ments 

5 5 2 10 11 11 12 56 

Table 1. Number of samples collected in the cities and mining centers  

The extent of soil pollution was determined in relation to reference (back-

ground) sites using enrichment factor and integrated soil pollution index. The 

enrichment factor (EF) was calculated for the each element and for the each 

sampling site using the formula EF=Сa/Сr (Сa>Сr), where Ca is the measured 
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concentration of each metal or metalloid in urban soils and Cr is the reference 

concentration of the element in the background soils. The cumulative techno-

genic impact on urban soils, related to multielement pollution, was described 

on the basis of the integrated pollution index Zc=ΣEF – (n-1), where n – number 

of elements with EF >1.5 (Environmental geochemistry, 1990). 

The environmental risks associated with landscape pollution are deter-

mined on the basis of the integrated pollution indices (Table 2) for the whole 

territories of the cities, as well as for their individual land-use zones and also 

for each sampling site. The maps displaying the distributions of these indices 

help to identify spatial patterns in contamination of the urban territories. 

 

Pollution levels /  
environmental risks 

Dust fall-
out Pn, 

kg/km2 per 
day 

Integrated pollution indices  

Heavy metal 
immission Zd

Snow pollu-
tion Zc 

Soil pollu-
tion Zc 

Low /Acceptable  < 200 < 1000 < 32 <16 

Moderate / Moderate 200 – 300 1000 – 2000 32 – 64 16–32 

High / High 300 – 500 2000 – 4000 64 – 128 32–64 

Very high / Very high 500 – 800 4000 – 8000 128 – 256 64–128 

Extremely high / Ex-
tremely high  

> 800 > 8000 > 256 >128 

Table 2. The levels of contamination of soils and snow cover in urban landscapes and the corre-
spondent degrees of associated environmental risks (Kasimov et al., 2012) 

Statistical treatment of the data was performed using Statistica 7, for the cal-

culations of the indices MS-Excel was used. Soil and geochemical data were 

visualized and geochemical maps were constructed using ArcGIS 10 and 

MapInfo 12. To reveal the major factors and conditions which may control ge-

ochemical heterogeneity of the urban areas, multivariate regression analysis 

was performed using SPLUS package. 
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Results and discussion 

The assessment of the pollution in the large cities 

Ulaanbaatar, the capital of Mongolia, is the most particulate matter-polluted 

city in the world (Gutticunda, 2007; http://www.nso.mn/v3/). Its population is 1.2 

million persons. One of the main sources of pollution is fuel-energy complex. It 

includes three power plants and households in ger areas. In the power plants 

and coal-fired ger stoves the brown coals from Nalayh, Baga-Nur and Sharyn-

gol mines are used. Relative to the composition of the continental crust, the 

burned coals contain higher amounts of Pb, As and Mo, and also Cu, Sr, Cd, 

Ni. Compared to other brown coals of the world, they are rich in Pb, Cu, Ni, W 

and Mo. Another source of pollution is motor vehicle fleet represented by 300 

thousand vehicles that use leaded gasoline with a high content of Pb. Besides, 

the construction, textile and food processing industries are located in 

Ulaanbaatar and serve as additional pollution sources. 

The comparison between the background concentrations of heavy met-

als and metalloids in the soils of the study area and the global abundances of 

the elements in the lithosphere (the elements’ clarkes) showed that the regional 

geochemical background conditions are associated with high levels of As and 

Cd and low concentrations of other HMs. Relative to the reference sites, the 

urban soils, show the high degree of accumulation of Pb (EF=3.1) and Zn 

(EF=2.6). The mean values of EF for other trace elements do not exceed 2. 

The intensity of accumulation is decreasing in order: Mo> Cr> Cu> Cd> Ni> 

Co> Sr> V> As. The most stable association traced in the soils of Ulaanbaatar, 

are Ni-Co-V, As-Sr and Cu-Cd-Cr-Zn. The first association is derived from the 

composition of the parent rocks (shale and clay), the second association com-

bines the elements traced in ash emissions from coal combustion and the third 

one includes the elements from the anthropogenic sources such as emissions 

from industrial enterprises, motor vehicles and domestic waste. 

The geochemical specialization associated with the functional identity of 

the territories is manifested in noticeable pollution of soils in the industrial zone 

of Ulaanbaatar with Zn, Mo, Cr, Cd, Pb, Cu (EF > 2.0). The soils in the resi-

dential area with many-storeyed apartments were found to be more intensively 

contaminated, especially with Pb (EF=5.8) and Zn (EF=3.2), than the soils in 
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the areas with one-storeyed housings. The accumulation of HMs is more pro-

nounced in the central part of the city, where a geochemical anomaly is formed 

due to the impact of many different sources of soil pollution (residential, indus-

trial and traffic) with common element associations: Ni-Co-V; Cu-Cd-Zn; As-

Mo. 

The spatial distributions of HMs in the urban soils are determined by the 

sources of their origin: Zn, Pb, Cd, Cu are introduced to the urban environment 

mainly through transport emissions, As, Sr, V are released by the fuel energy 

sector, the additions of Ni, Co, Cr are associated with the construction industry. 

Mo, that exists in anionic form, can be transferred to and accumulated in the 

soils of subordinate positions. The major spatial patterns in HMs distribution 

are complicated by numerous local technogenic anomalies. 

The concentrations of the majority of the studied heavy metals are con-

trolled by soil properties: humus content (As, Cd, Cu, Mo, Zn), proportion of 

clay (Ni, Co), levels of sulfates (Pb, Sr), pH (Cr). However, the variations in V 

concentrations are found to be dependent on the type of anthropogenic impact 

which varies with functional identities of territories. 

The values of the integrated pollution index Zc in the industrial area, in 

the city’s center and around the major city’s highways reach 16–32 units (Fig. 

1a). The least pollution with Zc < 8 is observed in the western part of the city. 

The anomalies in the residential area with private buildings are characterized 

by Zc values less than 30 units. They are formed due to the additions of HMs 

through coal ash release and due to emissions from traffic and domestic land-

fills. In the vicinity of sewage treatment plants the anomalies (Zc=26) are re-

lated to the sewage sludge impact. The environmental risks associated with 

the pollution are characterized by the percentage of the area where the con-

centrations of HMs in soils are above the established sanitary standards (the 

MPC). It was found that 100 % of the Ulaanbaatar territory has higher levels of 

As; 38 % of the city’s area have high levels of Zn; 20 % − of Mo; 18 % – of Pb 

and 4 % – of Cr. 
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Fig.1 The distribution of the integrated soil pollution index Zc in Ulaanbaatar (a) and Darkhan (b) 

Darkhan, with a population of 93 thousand, is the third largest city in Mongolia 

and a major industrial center with a cement, a leather tanning, an iron-steel 

plants, a power plant and some other industrial enterprises. The residential 

area with modern apartments where 86 % of the citizens live occupies the cen-

tral part of the city. The ger districts are located in the eastern, northern and 

western outskirts of the city. The transport network is represented by major 

highways with asphalt cover and the railway. A significant part of the city is 

occupied by vacant territories. 

Regional soil geochemical background conditions are manifested by high 

contents of W, As, Cd, Sn, Pb and low contents of Co, Cr, Cu, Ni relatively to 

clarkes (Grigoriev, 2009; Taylor, McLennan, 1985; Turekian, Wedepohl, 1961; 

Vinogradov, 1959). The urban soils accumulate Sb, Pb, W, Mo, Cu, Cr, Zn, As, 

Cd, however the difference between the observed concentrations and the 

background values is not significant (EF=1.75-1.25). Even so, each land-use 

zone is characterized by its own set of accumulating elements. 

In the industrial zone the soils are enriched with Pb, Sb, Zn, W, Cd, Cr 

(EF=3.2-1.8). A priority pollutants in the traffic network are Cd (EF=2.9) and 

also Cu and Sb. The soils in the residential area with many-storeyed apart-

ments are characterized by high concentrations of Sb, Cd, Zn, Pb, Cu and Cr 

(EF=2.2-1.3), the soils in the area with one-storeyed buildings are rich in Sb, 
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Zn, Pb, Cu, Cr, Cd (EF=1.7-1.25). The soils of the recreational area are char-

acterized by high levels of W (EF=3.7), and those of the vacant territories have 

high concentrations of W, Mo, Sb, As and Cr (EF=2.5-1.5). 

The paragenetic associations of the elements traced in the urban soils of 

Darkhan are As-Mo-W, Zn-Cd-Cu, Co-V-Cr-Ni and Sb-Pb. The first association 

combines the elements added to soils due to burning of brown coal in the power 

plant and in individual stoves (Sorokina et al., 2013), the second association is 

derived from techngenesis, the third one combines the elements that exist and 

migrate in cationic form. 

The levels of HMs accumulation are defined mainly by soil properties. For 

the majority of the heavy metals (Zn, W, Cd, Mo, Cr, Ni, V) and also for the 

integrated soil pollution index Zc the main controlling factor is the content of Fe 

oxides in the soil. The accumulation of Cu and Sn is controlled by humus con-

tent, pH values influence the accumulation of Pb and the content of Mn oxides 

defines the distribution of As. 

The integrated soil pollution index Zc estimated for Darkhan is 7, which 

indicates low contamination level (Fig. 1b). The anomaly with Zc > 32 is re-

stricted to the industrial zone in the south of the city and occupies the adjacent 

vacant territory which acts as a buffe zone, protecting the residential areas from 

the emissions of industrial enterprises. Another anomaly is localized near the 

grinding plant and along major highways. 

The excess over the MPC is revealed for Pb, Mo, As, Zn, Cu, Ni, Cr and 

V. The percentage of the area with the excessive concentrations of certain el-

ements is diminishing in the order: As (97 %) > V (26 %) > Mo (17 %) > Pb (9 

%) > Cr (4 %). 

The assessment of the mining centers 

Erdenet. Erdenet is a mining town where since 1976 one of the largest world 

deposits of copper and molybdenum ore has been being exploited. Currently 

27.8 million tons of ore per year is mined. As a result of 40-year history of the 

mine operation a huge tailing area covering more than 1500 hectares has been 

formed. 
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There is a natural geochemical anomaly in the soils formed on Permian 

volcanic and volcano-sedimentary deposits which is manifested in high con-

centrations of Se, Mo, Sb, Sr relatively to clarkes of the lithosphere.  

The list of priority elements polluting the soils in all land-use zones of the 

city, except for the ger area, includes ore elements (Mo, Cu) and the heavy 

metals released by burning gasoline, coal and domestic waste (Bi, Cd, Pb, Zn) 

(Fig. 1). The highest technogenic load is observed in the industrial zone where 

the accumulation of Mo (EF=10.7), Cu (EF=10.6), Se (EF=2.3), As (EF=1.6), 

Sb (EF=1.5) and W (EF=1.5) occurs. The minimum loading is observed in the 

ger areas at the furthest locations on the leeward side of the ore deposit. The 

elements with similar spatial distributions, notably with common areas of accu-

mulation and dispersion in the surface layer of the urban soils, are incorporated 

into three stable paragenetic association reflecting compositional features of 

the parent rocks: Cu-Mo-As-Sb-Bi, Zn-Cd-Pb-Sn and V-Co-Cr-Ni. 

The elements of the first association form two distinct anomalies: one in 

the tailing zone and another within the territory of the ore processing factory 

"Erdenet", where the highest levels of contamination occur and the concentra-

tions of Cu-Mo-As-Sb-Bi-Cd-Zn are respectively 982, 460, 44, 42, 12.6, 10.7 

and 5 times higher than in the reference samples. The second association 

forms two less distinct anomalies in the residential area with many-storeyed 

apartments and on the territory of the city’s landfill. The third association in-

cludes the elements which average contents have rather homogeneous spatial 

distribution and are very close to the reference values due to the low contents 

of these elements in porphyry complexes typical for the ore field. 

The spatial patterns of Cu, Mo, As, Sb, Zn, Cd and Pb distribution are 

determined by the degree of technogenic disturbances. The spatial distribution 

of other elements – Ni, Bi, Ba, W, Se, V, Co, Sn, Cr, Cs, Sr – are controlled 

mainly by soil properties. The concentrations of the elements which belong to 

the first group are 1.4-5 times higher in the industrial and residential areas than 

in other functional zones. Within some areas the distribution patterns of the 

elements belonging to the first association are controlled by soil properties: pH 

values (Cd, Pb), humus content (Zn), the contents of Fe and Mn oxides (As, 

Cu, Mo, As, Zn) and soil texture (Cd). The second group of HMs and metalloids 

is accumulated together with Fe oxides (Ni, Bi, Ba, W and Se); Mn oxides (V, 
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Co and Sn); Al oxides (Cr and Cs). The trace elements are fixed in neofor-

mations and various minerals. 

The highest increase (3.8-8.6 times) over sanitary standards of Mongolia 

are revealed for As, Cu and Mo in the industrial zone (Fig. 2). The analysis of 

the Zc values showed that half of the city can be considered as clean (Zc <8), 

and 16% of its territory − as slightly polluted (Zc=8-16). The eastern part of the 

city, located within the industrial zone, is characterized by very high levels of 

soil contamination (Zc=64-128). Distinct anomalies are restricted to the tailings 

and to the territories of ore processing plant "Erdenet" and a smaller plant, 

called “Erdmin”" (with maximum Zc =1560). 

 
Fig. 2. The coefficient Ко, showing the excess of Mo, Cu, As, V, Zn concentrations in soils of 
Erdenet in various functional zones over the established standards (the MPC). Zones: B – back-
ground areas; I – industrial zone; T – transport network zone; N –residential area with many-sto-
reyed apartments; U – ger areas; P – grasslands. 

Zakamensk. The primary industry in Zakamensk is mining of Mo, W, and Au 

reserves. The ore processing plant has produced 44.5 million tons of waste 

which were stored in the Dzhidinsky, Barun-Naryn tailing areas and also in the 

emergency tailing basin. In 2011 nearly 3.5 million tons of waste were translo-

cated to the top of the Barun-Naryn basin from the emergency tailing. 

Local geochemical background conditions in soils, relatively to clarkes in 

the Earth’s crust (Grigoriev, 2009; Taylor, McLennan, 1985; Turekian, 

Wedepohl, 1961; Vinogradov, 1959), are characterized by high contents of W, 

Mo, Bi, Sb. The first-priority pollutants for the urban soils are W, Bi, Cd, Pb and 

Mo (Fig. 3). The highest technogenic loadings were identified for the soils in 

the industrial zone and in the residential area with many-storeyed apartments. 

The list of contaminants in the industrial zone includes Bi (EF=23.6), W 

(EF=21), Cd (EF=10.8), Be (EF=8.1), Pb (EF=8.0), Mo (EF=6.9), Sb (EF=6.6). 
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In the residential area the list of contaminants is represented by W (EF=6.0), 

Bi (EF=5.2), Cd (EF=4.8), Pb (EF=2.6), Be (EF=2.5), Zn (EF=2.4) and Cu 

(EF=1.5). 

 
 

Fig.3 Geochemical spider diagrams for the soils located in different functional zones of Zakamensk 

Two stable associations are identified in the surface horizons of the urban soils: 

Be-Cs-W-Bi-Cu-Zn-Cd-Sn and As-Sb-Pb-Mo. They combine mainly chalco-

phile elements which are very typical for the rocks of Pervomaiskii stockwork, 

Inkurskoye and Kholtoson deposits. Both of these two elements’ associations 

have a common accumulation zone in the city’s centre where the tailing areas 

are located. The concentrations of W are 529-824 times higher than the ele-

ment average concentration in uncontaminated world soil (Kabata-Pendias, 

2011) the concentrations of Sb are 91-657 times higher, Mo − 23-255 times, Bi 

− 83-188 times, Cd − 32-80 times, Pb − 48-56 times, Cu – 9.3-46.3 times and 

Zn − 13-20 times higher. The maximum concentrations are restricted to Barun-

Naryn sluge pond. They are associated with buried humus horizons, which 

were exposed to the day surface as a result of remediation operations. 

The spatial distribution of the integrated soil pollution index Zc is deter-

mined by the nature and the intensity of anthropogenic impact. In the industrial 

area, relatively to reference sites, the distinct anomalies (Zc=185-710) are 

formed in technogenic surface materials with low clay content and acid reac-

tion. Acid reaction is typical for the tailings areas, disposal channel and Modon-

kulskoe technogenic mineral deposit. In other areas the variations of Zc values 

are determined by natural landscape-geochemical processes and factors: 
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heavy metals are accumulated in the soils of subordinate positions at biogeo-

chemical barriers. The capacities of the barriers are related to the amount of 

humus in soils. The accumulation positions (with average values of Zc=36.7) 

are restricted to the floodplain and the terrace of the Modonkul river occupied 

by private housing and natural recreational landscapes. 

The greatest environmental risk is posed by Pb, Sb, Cd and As, which 

concentrations in the soils of the industrial zone are 1.7-7.8 times higher than 

the MPC. 

Zaamar. The development of the Zaamar gold field started in 1994. In the pro-

cess of gold recovery dragline excavators and dredges are used. There is a 

secondary hydraulic mining from the waste rock done by Illegal miners. The 

official gold mining area covers more than 4000 hectares and together with the 

surrounding territories represents 5 main land use units. They are the land-

scapes of current placer gold mining, the landscapes used previously for waste 

rock disposal and hydraulic tailings, remediated territories, aquatic landscapes, 

weakly disturbed or undisturbed landscapes. Due to excavation works on the 

floodplain the channels for dredges are created. The erosion of the ponds’ and 

channels’ dikes contributes to high sediment load in the river Tuul. Geochemi-

cal changes in the man-made environment are defined by the method of gold 

mining which involves the settling of particles with high specific gravity and re-

moval of other materials to the drainage system. As a result, a sharp rise in 

suspended load in the river Tuul and the changes in chemical composition of 

alluvial sediments caused by changes in sediment granulometry and mineral-

ogy are observed. 

In technogenic surface materials and in the soils of the study area the 

following association Co-As-W-Ni-Zn-Sr is accumulated, providing a number of 

local maxima in the area of current gold mining (EF up to 2.8). High concentra-

tions of Zn, Ni, Sr occur more frequently. The maximum level of Zn and Ni is 

typical for the areas of current mining; while in the areas of previous waste rock 

disposal and particularly at the remediated sites the levels of the elements drop 

and even become lower than the background concentrations, except for Sr, 

characterized by very high concentrations. 

The major factor controlling the accumulation of As, Co, Cu, Mo, W in 

technogenic surface materials and in the soils of the study area is the content 



 Hotspot Pollution Assessment: Cities of the Selenga River Basin 131 
 

 

of Fe oxides serving as sinks for a wide spectrum of metals. The factor of sec-

ondary importance is pH. The rise of pH values from 7.3 to 9.9 increases the 

accumulation of As, Co, Cu, Mo in the surface soil horizons and also in the 

ground. Mn oxides contribute to the accumulation of As and W due to their 

binding under oxidizing conditions into stable organo-mineral compounds. The 

soils of the undisturbed areas are distinguished by low concentrations of As, 

Co, Cu, and W. Mo has low concentrations in old waste rock piles. The accu-

mulation of Mo and W is controlled by humus content that varies between 0.5-

3.4 % in the upper (0-10 cm) soil horizons. The location of the soil within the 

catena only affects the content of Co: the maximum of Co concentrations are 

commonly found at the autonomous (summit) positions. 

The assessment of the aquatic landscapes was performed on the basis 

of the chemical analysis of bottom sediments and suspended material sampled 

in the river with grain-size of 0.05-0.1 mm. Within the mining area the contents 

of Cu, Ni, Co, As, Pb in the bottom sediments increase downstream. The max-

imum concentrations of Cd, Bi, Cu, Ni, Co, As, Pb, Sn, Sb, Mo, Cr, Zn, V, Ba 

(EF=1.5-3.0) are restricted to the depositional geochemical barriers which oc-

cur in the ponds left in the valley after the works of dredges. The pollution of 

the ponds, which are enclosed systems, is the result of two technogenic factors 

– official mining and secondary gold recovery by illegal miners. The bottom 

sediments of the Tuul river are rich in Sb, Sn, Pb, compared to the global 

clarkes of the lithosphere (Grigoriev, 2009; Taylor, McLennan, 1985; Turekian, 

Wedepohl, 1961; Vinogradov, 1959). 

The main sources of the suspended load in the territory of placer gold 

mining are the eroding overburden and the tailings produced by dredging. The 

maximum concentrations of 13 trace elements in the suspended sediments 

(with EF=1.5-2.0) are restricted to the territory of placer gold deposit. Down-

stream, to the confluence of the Tuul river with the Orkhon river, a gradual 

decrease in the elements’ concentrations along 50-kilometer stretch is ob-

served. 

The concentration of HMs in soils, technogenic surface materials, bottom 

sediments and suspended load were compared with the MPC, specified in 

Mongolian Soil Quality Standards. The high ratio between the observed ele-

ments’ concentrations and their established standards in surface materials and 
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soils of the tailing and remediated areas was found only for As and V. On av-

erage, the concentrations of As are 3.7 times higher than the established stand-

ards and at certain sites they are 9.3 times higher. The concentrations of V are 

1.1 - 1.5 higher than their standards. In the background landscapes the excess 

of As concentrations over the MPC is very common and the difference between 

the observed levels and the established standards is 2 times and more. The 

excess of Sr (1.2 times) was found only at certain reference sites. In the sedi-

ments accumulated within the mining area on the bottom of the Tuul river and 

the ponds the concentrations of Hg are 4.7 times higher than the established 

standards and the concentrations of As 2.9 times (on average) or 6.5 times 

higher (at certain sites). The contamination of the bottom sediments with Hg is 

the result of amalgamation process used during illegal gold mining. The con-

centrations of V are very close to the established standards and for 8 trace 

elements they are even lower than the MPC. On average, the difference be-

tween the observed concentrations and the established standards is 1.7-8.0 

times. 

Sharyngol. In the town with a population of over 10 thousand the brown coal 

mining was conducted up until 1964. The Sharyngol open cut coal mine is 1.5 

km long and 240 m deep. As a result of 50-year history of the mine operations, 

the waste tips reaching 30 m and covering nearly 800 hectares (which is twice 

as large as the town’s area) have been formed. Mineralogical and petrographic 

composition of the overburden varies considerably due to the mixing of Qua-

ternary deposits with deeper strata. The most significant emissions from coal 

combustion are recorded in winter period resulting in contamination of the ur-

ban landscapes. In the study area 7 landscape and land-use units are identi-

fied: the residential areas with many-storeyed apartments and low-rise build-

ings, the waste tip areas, the placer gold mining sites along floodplain sections 

of the Sharyngol river, vacant territories and landfills, arable lands, weakly dis-

turbed and undisturbed landscapes. 

The surface technogenic materials of the overburden are characterized 

by high contents of W (EF=4.9), As (EF=3.4), Mo (EF=2.7), Bi (EF=1.8) (Fig. 

4). The urban soils located within the residential area with many-storeyed 

apartments accumulate Pb (EF=1.8), W (EF=1.6), Zn (EF=1.5). In the residen-

tial area with private low-rise housing the soils are relatively rich in W (EF=1.8), 
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Pb (EF=1.7), Mo (EF=1.6), Sb (EF=1.5). The geochemical anomalies formed 

in the soils of Sharyngol due to the deflation of overburden are overlain by the 

anomalies with similar association of elements derived from brown coal fly ash. 

A significant addition of Pb and Zn to the urban soils is found to be due motor 

vehicles’ emission (Sorokina et al., 2013). 
 

 
Fig.4. Geochemical anomalies in the areas of waste tips (dumps), formed during opencast brown 
coal mining 

The bottom sediments of the Sharyngol river in the urban environment are 

characterized by elevated concentrations of Mo and W (EF=5.9), As (EF=5.0), 

Cu (EF=2.5), Bi (EF=1.4). The additions of the elements are derived from the 

discharges of mining waste water and water from municipal sewer treatment 

system. The pH values in the sediments decrease sharply from 8.2 to 7.1, 

which is due to the discharges of formation water pumped out during the coal 

mining. In the vicinity of the open cut mine the discharge of suspended load 

increases from 7.7 to 37 g/s. The maximum concentrations of As, Cu, Mo, Ni, 

W, Sb (EF=1.5-2) in the suspended load are found within the area of the coal 

deposit. However, downstream, at the distance of 80 km just before the con-

fluence with the Orkhon river, a sharp decline in the elements’ concentrations 

is observed. 

The leading factor, controlling the accumulation of As, Bi, Mo, Pb, W, Zn 

in the urban soils and surface technogenic materials, is the affiliation of the 

territory with the waste tips. The growth of pH values promotes the loss of As, 
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Mo, Pb, W, Zn and the accumulation of Bi; the increase of humus content con-

tributes to the accumulation of all the elements, except for As. In the soils, oc-

cupying footslopes and the floodplain, all the elements, except for Mo and W, 

are accumulated. The increase of Fe oxide content is associated with the 

losses of As, Bi and Zn, while the accumulation of Mn oxides is accompanied 

by the deposition of Bi and W and the loss of Mo. 

The environmental risks of pollution associated with the waste tips are 

defined by high levels of As (the concentrations of As are 8.3 times higher and 

in some cases 18 times higher than the established standards), Mo (1.3-5.7), 

V (1.1-1.5). For As the excess of the observed concentrations over the MPC 

was recorded in 100% cases, V – in 67 % cases, Mo – in 25 % cases. The 

local maxima of the integrated soil pollution index Zc in the area of the waste 

tips varies from 36.1 (high level of environmental risk) to 75,3 (very high level) 

however on average it equals 22.5 indicating the moderate level of environ-

mental risk. In the urban soils the concentrations of As 2.9 times higher than 

the established standards, Mo – 1,1 to 1.4 times higher and Zn −1.1 to 3.4 

times higher. The integrated soil pollution index Zc on average equals 11.3, 

indicating the acceptable level of environmental risk however the local maxima 

of Zc vary from 17.0 to 21.3. The concentrations of Cu, Mo, Ni, Zn in the water 

of the Sharyngol river are 1.3-19 times higher than the standards established 

in fishery. 

Conclusions 

The studied cities can be viewed as pollution hotspots: they are the areas which 

receive high pollution loads and pose a threat to the surrounding environment 

and public health. The associations of heavy metals, accumulating in the urban 

soils, are determined by the emissions of industrial enterprises and motor ve-

hicles, however the levels of heavy metals are controlled by the properties of 

urban soils, defining their absorption capacity. If the granulometry of the urban 

soils is dominated by coarser fractions and the soils are characterized by low 

humus content, the significant portion of the pollutants does not accumulate in 

the soil medium, heavy metals can be involved into biogeochemical cycling and 

released to the surrounding ecosystems through water and air fluxes. 
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The geochemical conditions in the mining centers are caused by geochemical 

features of parent rocks and ore bodies, which are usually rich in HMs. The 

environmental risks associated with the contamination of the mining land-

scapes are determined not only by the affiliation of the areas with metallogenic 

anomalies with high concentrations of ore and ore-linked elements, but also 

are influenced by the methods and technologies used in the mining operations, 

as well as by the volumes of the produced wastes. The location of waste and 

tailings is important regarding public health: the tailing areas should be located 

far from the residential areas in accordance with the wind rose, as well as they 

should be protected from water and wind erosion. 
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Abstract 

The results of the geochemical survey conducted in 2012 made it possible to 

identify spatial distribution patterns and abundances of 18 hazardous heavy 

metals and metalloids in the soils of the town of Zakamensk. The chalcophylic 

elements (W, Bi, Cd, Pb and Mo) appeared to be the priority pollutants nearly 

in all functional zones. The maximum accumulation of Bi, W, Cd, Be, Pb, Mo, 

Sb is restricted to the industrial area where total pollution index of soils (Zc) 

more 128. Environmental assessment of surface soil horizons geochemistry in 

Zakamensk showed that two-thirds of its area have dangerous and extremely 

dangerous levels of soil pollution. 

Introduction 

Ore mining has a large-scale environmental impact and leads to the irreversible 

changes of soils, water, vegetation and atmosphere. Mining landscapes are 

specific technogenic landscape-geochemical systems with abnormally high 

concentrations of elements, mainly landscape-affecting (Kasimov, 2013). Im-

posing of technogenic auras and dispersion flows on natural geochemical 

anomalies quite often creates serious threat to the health of population. There-

fore the environmental effects of mining activities are intensively studied in 

many countries of the world. However, the approaches to environmental as-

sessment and zoning of litologically and geochemically heterogeneous mining 

areas are the least developed (Avessalomova, 1986, 2004; Makhinova et al., 

2014). The principal processes and mechanisms of heavy metals (HM) and 

metalloids fixation in soils that complicates soil remediation and reclamation 

are also studied insufficiently. 
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The purpose of this work is to determine concentrations of heavy metals 

(HMs) and metalloids in soil cover of the town of Zakamensk where the 

Dzhidinsky tungsten-molibdenum mining plant is located, and to estimate the 

environmental hazard associated with soil pollution. 

Study object 

Natural settings. The territory of Zakamensk (45 sq.km) is located in the 

southern part of the Mongol-Siberian mountain belt and belongs to the 

Selenga-Vitim zone with moderate neotectonic activation of the earth’s crust 

(Ufimtsev, 1991). It is situated within the border of two regional geological struc-

tures, i.e. carbonate and terrigenous Lower Paleozoic strata of the Dzhidinsky 

synclinorium and granitoid intrusions of the Modonkulsky massif with relative 

elevations of 300-400 m. 

The region has severely continental climate with cold (-49ºС) and long, 

rather low-snow winter and short warm (mean July temperature is +15,6°C) 

summer. The annual amount of precipitation is 250-400 mm; western and 

southwestern winds prevail in the area (36% and 16% respectively) (Fig. 1).  

Mountain sod-taiga soils are developed in the autonomous landscapes; 

steep slopes with periodically washing water regime have sod-forest lithogenic 

soils with shortened vertical profile. Sod-forest or gray forest soils are devel-

oped on the flat lower parts of slopes and in depressions (Nogina, 1964), while 

the Modonkul and Dzhida river valleys have alluvial-meadow soils. 

The natural vegetation includes forest-steppe and forest altitudinal belts. 

The flat-leaved birch (Bétula platyphýlla) and Siberian larch (Lárix sibírica) in 

combination with meadow steppes prevail in the forest-steppe belt; boreal light-

coniferous forests with Siberian larch (Lárix sibírica) as a cenosis-forming spe-

cies are widespread in the forest belt. 

The main water course is the Modonkul River, the right tributary of the Dzhida 

River. The valley between watersheds is 3 to 7 km wide, the valley sides are 

mostly steep with erosion cutting up to 2,0-2,5 m. The main inflows – the Barun-

Naryn River, the Zun-Naryn River, the Inkur stream, etc. – don't function today: 

tailing ponds were created on the first two of them, while the last one is turned 

into the cascade of reservoirs used for the extraction of placer gold and tung-

sten. 
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Technogenic impact. During 1934-2001 the town’s primary enterprise was 

the Dzhidinsky tungsten-molibdenum mining plant (DTMMP) with a number of 

mining fields: stockwork molybdenum (Pervomayskoye), sulphide-tungsten 

(Inkurskoye and Holtosonskoye, both ore and placer) and placer gold (Myr-

gensheno, Ivanovka). Ores contain admixture elements of hazard categories I 

to III (Pb, Zn, F, Mo, W, Be, Bi, As, etc.). During the DTMMP operation 44.5 

million tons of wastes were stored in Dzhidinsky (piled), Barun-Narynsky (hy-

draulic-mine dump) and emergency tailing ponds (Fig. 1). In the course of 2011 

reclamation 3.5 million tons of waste was moved from the last one to the top 

part of the Barun-Narynsky tailing pond. 

After acquisition of Barun-Narynsky and Dzhidinsky tailing ponds the 

Zakamensk JSC has evaluated the reserves of metals in technogenic sands 

and in 2010 started their processing with formation of a new tailing pond in the 

Zun-Naryn River valley.  

Besides mining, wood production and processing, cast iron, steel and bronze 

production, construction, stone working and production of food are character-

istic of the town. 

Functional zoning of the city. Basing on the land use type and the level of 

technogenic loading the territory of the town of Zakamensk was subdivided into 

several functional zones (Fig. 1): two residential (private housing and urban), 

transport, natural-recreational (natural forests, urban parks and recreation ar-

eas) and industrial. The multi-storey residential zone occupies floodplains on 

the right bank of the Modonkul River; the private housing zone is on its left bank 

and on the high floodplain of the right bank of the Dzhida River. The industrial 

zone includes: Pervomaysky and Inkursky mines, overburden rock dumps, the 

DTMMP areas, the Liteyshchik plant and the heat and power plant. All these 

facilities are located to the south of the town. Barun-Narynsky, Zun-Narynsky 

and Dzhidinsky tailing ponds are to the west of the residential zones on the 

right bank of the Modonkul River. The Modonkulsky mining field of technogenic 

sand was formed on its left bank. Top surfaces and gentle slopes of the hills in 

the Modonkul River valley outside the town limits were considered to be back-

ground territories. 
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Fig. 1. Geological conditions of the town of Zakamensk and its functional zoning with the topsoil (0-
10 cm) sampling sites. Tailing ponds: 1 - Dzhidinsky (piled), 2 - Barun-Narynsky (hydraulic-mine 
dump), 3 - Zun-Narynsky; 4 - the Modonkulsky mining field of technogenic sand. 

Materials and methods 

Soil-geochemical survey of the town of Zakamensk was carried out in summer 

2012. All 129 samples (including 24 background ones) were taken from the 

topsoil (0-10 cm) on a regular grid with a step of 450-650 m (Fig. 1). Total 

concentrations of 54 elements were analyzed using inductively coupled plasma 

mass spectrometry (ICP-MS) at the Fedorovsky All-Russian Research Institute 

of Mineral Resources. Priority pollutants of hazard categories I (Zn, As, Pb, 

Cd), II (Cr, Co, Ni, Cu, Mo, Sb) and III (V, Sr, Ba, W) and some other elements 

(Be, Sn, Cs, Bi) were analyzed more in detail. 
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The values for HMs and metalloids in background samples Cb were 

grouped according to soil-forming rocks and compared to average global val-

ues in soils С (Kabata-Pendias, 2011) by calculating regional enrichment and 

depletion factors REF= Cb/С, RDF=С/Cb. Basing on the average values of 

REF/RDF geochemical spectra were drawn which characterize the geochemi-

cal features of background soils developed on different rocks. 

Geochemical transformation of urban soils was also evaluated taking into 

account the lithologic-geochemical heterogeneity of the territory: local enrich-

ment LEF=Сi/Сb and depletion LDF=Сb/Сi factors of elements (Сi is concentra-

tion of an ith element in urban samples) were calculated against the background 

values of soils formed on the same rocks. Geochemical spectra of urban soils 

are drawn for particular functional zones differing in both concentrations and 

combination of priority pollutants.  

Environmental-geochemical assessment of urban soils is based on the 

indicators recommended for the complex environmental-geochemical and san-

itary-hygienic investigation of urban environment, i.e. maximum and estimated 

permissible concentrations (MPC/EPC) (GN 2.1.7.2041-06, GN 2.1.7.2042-06) 

and the ratio showing the excess of maximum allowable concentrations of par-

ticular elements Ir=Сi/MPC. 

The degree of the technogenically-induced geochemical transformation 

of soil cover was determined basing on the integral pollution index Zc=∑LEF–

(n–1), where n is the number of elements with LEF>1. The environmental haz-

ard of high concentrations of HMs and metalloids in soils was assessed by the 

integral indicator accounting for the toxicity of pollutants: IIR=∑(p*Сi/С)–(n–1), 

where n is the number of elements with Сi > С, p – the toxicity coefficient (for 

hazard category I elements р = 1,5; for hazard category II – 1,0; for hazard 

category III – 0,5) (Methodical recommendations …, 1999). Values of Zc and 

IIR are given in Table 1. Application of two integral indicators is reasonable 

because mining landscapes are located within a metallogenic anomaly with 

increased concentrations of mining and accompanying elements. 

 



142  Ivan V. Timofeev 
 

 

Zc and IIR val-
ues 

Level of contami-
nation 

Environmental risk 

< 16 Low Acceptable 
16 – 32 Medium Moderate 
32 – 64 High High 

64 – 128 Very high Very high 
> 128 Maximum Extremely high 

Table 1. Levels of soil contamination with HMs and metalloids and corresponding degrees of envi-
ronmental risk (Geochemistry…, 1990; Kasimov et al., 2012) 

The natural and anthropogenic factors influencing spatial distribution of pollu-

tants in soils and technogenic superficial objects (TSO) are identified using the 

regression trees method in the S-Plus software package (MathSoft, 1999). The 

method allows to determine levels of total soil pollution Zc under various com-

binations of factors, and to estimate their importance.  

Soil-geochemical data were visualized using the kriging method in 

MapInfo 11.5 and Surfer 11 packages. A fragment of the state geological map 

(Zinovyeva et al., 2011) and the plan of the town based on space imagery 

available in the MSU Geoportal system formed the basis for the geochemical 

maps. To prevent overestimation of pollution the sites with extremely high con-

centrations of HM and metalloids manifold above their averages in soils of the 

town were excluded from interpolation (Methodical recommendations …, 

1999). Such sites identified by the three-sigma rule are shown on the map as 

point anomalies. 

Results and discussion 

Geochemical features of background soils. Background soils are formed on 

(1) alluvial deposits; (2) the Paleozoic Dzhidinsky complex, its first phase (pla-

giogranites, granodiorites and diorites); (3) the Middle Permian – Low Triassic 

Chernoyarovskaya suite; (4) the Cambrian complex (ore-bearing rock). The 

soils formed on these deposits are characterized by different concentrations of 

HMs and metalloids in the topsoils (Table 2). 
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Values 
Element hazard category 

I category II category III category n/determined 
As Cd Pb Zn Co Cr Cu Ni Mo Sb Ba Sr V W Bi Be Cs Sn

Alluvial sediments (n=6)* 
average, mg/kg 7,7 0,3 22,8 98,8 14,8 69,3 35,5 40,2 3,6 2,2 506,7 290,0 126,5 7,1 0,5 1,8 16,5 2,9

min, mg/kg 4,3 0,28 20 78 11 55 28 30 1,9 0,66 440 210 89 4,5 0,38 1,4 3,6 1,9
max, mg/kg 16 0,38 29 120 18 88 48 55 5,4 5,6 550 390 150 9,9 0,66 2,3 42 3,6
REF/RDF** 1,1 1,3 1,2 1,4 1,3 1,2 1,1 1,4 3,2 3,2 1,1 1,7 1,0 4,2 1,3 1,4 3,3 1,2

Paleozoic Dzhidinsky complex (n=15) 
average, mg/kg 4,9 0,4 31,7 133,5 22,8 47,8 81,0 34,1 7,8 1,6 698,0 274,0 175,5 34,3 1,3 3,8 10,8 2,6

min, mg/kg 3 0,23 18 54 11 37 34 20 1,4 0,71 380 130 81 3,1 0,22 1 4,3 1,8
max, mg/kg 6,7 0,72 100 200 38 67 200 67 48 3,1 1200 480 300 220 9,8 35 54 3,8
REF/RDF 1,4 1,1 1,2 1,9 2,0 1,2 2,1 1,2 7,1 2,4 1,5 1,6 1,4 20,2 3,0 2,8 2,1 1,1

Cambrian complex: Khokhurtovskaya and Dzhidinskaya suites (n=4) 
average, mg/kg 3,5 0,5 40,5 113,0 13,6 35,4 39,3 27,8 5,1 1,2 587,5 205,0 101,0 31,2 1,1 1,2 5,3 1,7

min, mg/kg 1 0,23 5,9 37 3,3 8,6 27 11 2,1 0,64 290 150 14 2,1 0,19 0,39 1,1 1,3
max, mg/kg 5,4 0,89 90 200 18 62 67 48 10 2 1100 320 170 62 2,9 1,8 8,1 2,1
REF/RDF 2,0 1,1 1,5 1,6 1,2 1,7 1,0 1,0 4,6 1,8 1,3 1,2 1,3 18,3 2,7 1,1 1,0 1,4

Middle Permian – Low Triassic Chernoyarovskaya suite (n=2) 
average, mg/kg 6,6 0,2 16,5 81,5 17,0 56,5 29,5 25,5 1,4 2,8 655,0 130,0 185,0 4,9 0,3 1,3 7,9 2,0

min, mg/kg 4 0,13 15 78 15 41 18 20 0,96 1,9 510 120 180 3,8 0,26 1 5,9 1,7
max, mg/kg 9,1 0,18 18 85 19 72 41 31 1,8 3,7 800 140 190 6 0,39 1,5 9,8 2,3
REF/RDF 1,0 2,6 1,6 1,2 1,5 1,1 1,3 1,1 1,3 4,2 1,4 1,3 1,4 2,9 1,3 1,1 1,6 1,3

Notes: *n – number of samples, **regional enrichment factors REF are in bold; regional depletion 
factors RDF are in italics. 
Table 2. Statistical and geochemical parameters of HM and metalloid concentrations in the back-
ground topsoils (0-10 cm) 

All background soils under study have a common group of elements with con-

centrations above the global percentage abundance, namely W (REF=2.9-

20.2), Mo (1.3-7.1), Bi (2.7-3.7), Sb (1.8-4.2). Mining elements W and Mo are 

characterized by the highest values of REF. Soils on the Chernoyarovskaya 

suite formed of intermediate and basic effusive rocks are poor in all elements, 

except W, Mo, Sb, Cs, Co, Ba and V. 

Soils on the Dzhidinsky complex of the Paleozoic age have the highest 

average concentrations of the elements of hazard categories I (Be and Zn); II 

(Co, Cu and Mo) and III (Ba and W). Background samples of soils on alluvial 

deposits are characterized by the greatest average concentrations of both haz-

ardous elements (As, Cr, Ni, Sr) and those of non-determined hazard category 

(Bi, Cs, Sn). The lowest average concentrations of practically all elements are 

typical for soils on the Chernoyarovskaya suite and the Cambrian complex, 

except Sb and V for the first one and Cd and Pb for the second. 

Geochemical features of urban soils. Priority pollutants of the topsoils in the 

town of Zakamensk are determined using the geochemical spectra for different 

functional zones. The elements are ranged according to the decrease of their 
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LEF values in the most polluted industrial zone (Fig. 2). Priority pollutants of 

soils of the industrial zone are as follows (the lower index is the LEF value): 

Bi23.6W21.0Cd10.8Be8.1Pb8.0Mo6.9Sb6.6. The combination is due to the following 

sources:  

• tailing ponds with high concentrations of the above-listed elements in-

herited from the initial ores (Khodanovich et al., 2002a);  

• emissions of the Liteyshchik plant containing W, Sb, Mo, Pb, Cu, Cr 

(Geochemistry …, 1990); 

• emissions of the heat and power plant which fire the fuel oil with mineral 

components obtaining V, Ni, Cr, Mo, Pb, Cu (Novoselov, 1983; Geo-

chemistry …, 1990). 

 

Fig. 2. Geochemical spectra of soils in different functional zones of the town of Zakamensk 

The multi-storey residential zone is the second highest in soil contamination. 

Technogenic sands of the Dzhidinsky tailing pond lacking the surface vegeta-

tion cover are in the immediate vicinity of it. Therefore the intensive wind and 

water erosion, sheet washing and chemical (sulfate) weathering resulting in the 

accelerated oxidation of sulfides and dissolution of weathering products are 

observed there. The lateral migration leads to the enrichment of soils of the 

adjacent residential zone with W6.0Bi5.2Cd4.8Pb2.6Be2.5Zn2.4. Accumulation of 

W7.6Bi5.1Be2.5Pb2.5Cd2.1Mo2.1 is characteristic for the soils of the transport zone 

and Bi4.3Mo3.0 for those of the natural-recreational zone. The soils of private 

housing and natural-recreational zones are the least contaminated.  
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Hence, the chalcophylic elements (W, Bi, Cd, Pb and Mo), mainly in the form 

of sulfide minerals (Greenwood, Earnshaw, 2008), are among the priority pol-

lutants of soils in the town of Zakamensk. 

Assessment of the technogenic geochemical transformation of urban 

soils. Effects of the technogenic impact on soil cover of the town were evalu-

ated against the background soils on the same soil-forming rocks using the 

map of the integral pollution index (Zc) by HMs-metalloids complex.  

The analysis of the map showed several anomalies (TSO or their combinations 

with natural soils) in the zone of the DTMMP influence. The most contrast one 

is within the emergency tailing pond reclaimed in 2011. The Zc values in the 

exposed (formerly buried) humus horizon reach 485-721, 3-5 times above the 

extremely dangerous level. 

The second anomaly was formed within the Barun-Narynsky and Zun-

Narynsky tailing ponds with maximum Zc values 316 and 292 respectively. The 

third one includes the Modonkulsky technogenic field on the left bank of the 

river; it was formed by the processes of washout, channel transportation and 

re-deposition of material from existing tailing ponds. The maximum Zc values 

reach 200 there. The fourth anomaly covers the Dzhidinsky tailing pond and 

the emergency channel of DTMMP waste dumping where the Zc values are 

more than twice above the extremely dangerous level. 

The greatest technogenic influence on soils is characteristic of the areas 

where the DTMMP wastes are stored: the multi-storey residential zone with the 

highest densities of population, children’s institutions and other infrastructure, 

floodplains and terraces of Modonkul, Barun-Naryn, Zun-Naryn. Inkur and 

other rivers, as well as the overburden rock dumps. The maximum level of soil 

and TSO contamination (Zc > 128) is recorded within 26% of the urban territory 

where wastes containing toxic elements of hazard categories I to III are widely 

used (preparation of cement mix for construction of houses, road filling, etc.). 

These total TM concentrations result in the increased number of cases of res-

piratory and bone and muscular system diseases. Soils of private housing and 

the natural-recreational zone (suburban areas, both banks of the Modonkul 

River in its upper courses and the left bank in its middle and lower courses, 

upper courses of the dried-up Zun-Naryn and Barun-Naryn rivers) show the 
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lowest technogenic geochemical transformation (Zc > 16). The area of these 

sites accounts for 35% of the whole territory. 

Assessment of the environmental risk associated with the soil cover pol-

lution in Zakamensk. To assess the environmental hazard of soil contamina-

tion in the town of Zakamensk the concentrations of TM and metalloids were 

weighted against the RF standards for V, Pb, As, Cd, Cu, Ni, Zn and Sb. 

Pb, Sb, Cd and As are among the most hazardous elements in all func-

tional zones (Fig. 3). Their distribution in soil cover depends mainly on the level 

of technogenic loading and the distance from tailing ponds. Thus, in the indus-

trial zone the Ir coefficients for these elements are 7.8, 3.6, 2.1 and 1.7 respec-

tively, while in the multi-storey residential one 1.8, 0.5, 0.8 and 1.0. The lowest 

Ir values for all elements, except Pb, Zn and Sb, are characteristic of the soils 

of the transport zone. The main sources of pollution are DTMMP wastes be-

cause the W-Mo ores of the Pervomaysky stockwork, Inkursky and Holtoson-

sky fields are also rich in Pb (400 to 5600 mg/kg) and Zn (380 to 3800 mg/kg) 

(Smirnova, Plusnin, 2013).  

 
Fig. 3. Ir ratio showing the excess of maximum permissible concentrations of heavy metals and 
metalloids in soils of the functional zones of the town of Zakamensk. Zones: I – industrial; N – 
multi-storey residential; F – private housing; R – natural-recreational; T – transport. B – back-
ground territories. 

Multi-element pollution of topsoils causes very dangerous environmental situ-

ation in the town of Zakamensk: values of the IIR integrated index vary from 

1.5 to 1737.5 with an average of 93.3. There are several anomalies within the 

town (tailing ponds, the Modonkulsky technogenic field, and the dammed valley 

of the Inkur River). Nearly half of the town (49%) is within the zone of environ-

mental disaster with recorded changes in morbidity rates for children and teen-

agers (Prusakov et al., 2005).  

Thus, a critical environmental situation with very dangerous and ex-

tremely dangerous contamination of soils is characteristic of two-thirds of the 
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urban territory. Reclamation of Dzhidinsky, Barun-Narynsky, Zun-Narynsky 

tailing ponds and the Modonkulsky field with isolation or phyto-remediation of 

DTMMP wastes could be considered among the urgent measures for improve-

ment of the environmental situation. The environmental monitoring of the new 

Zun-Narynsky tailing pond and adjacent territories is necessary to control the 

dynamics of accumulation of HMs and metalloids. 

Conclusions 

1. Priority pollutants of soils in the town of Zakamensk are chalcophylic ele-

ments W, Bi, CD, Pb and Mo. This is caused by the active processes of phys-

ical and chemical aeration of tailing ponds, and also by the use of wastes from 

the Kholtosonsky and Inkursky sulphide-tungsten ore fields for construction of 

buildings, playgrounds, roads, etc. 

2. Spatial distribution of the integral pollution index (Zc) depends on the degree 

of technogenic impact, specific features of extraction technologies, as well as 

landscape and geochemical factors. The maximum Zc values (185-710) are 

characteristic of the TSO with low content of clay fraction and acid reaction 

(Barun-Narynsky, Zun-Narynsky, Dzhidinsky and emergency tailing ponds, the 

channel of waste dumping, the Modonkulsky technogenic field). In other func-

tional zones HMs accumulate in the subordinated positions and on the bioge-

ochemical barrier which capacity depends on the amount of humus. These 

sites with average Zc of 36.7 are located within the floodplain and the first ter-

race of the Modonkul River. 

3. As a result of the DTMMP activities the critical environmental situation is 

characteristic of two-thirds of the urban soil cover. Pb, Sb, Cd and As which 

concentrations in soils of the industrial zone exceed maximum and estimated 

permissible concentrations (MPC/EPC) by 1.7-7.8 times are among the most 

hazardous elements. Reclamation measures with isolation or phyto-remedia-

tion of DTMMP wastes are necessary, as well as the geochemical monitoring 

of soils and vegetation in the impact zone of tailing ponds and ore fields. 

4. Experience of the environmental-geochemical assessment of soil cover in 

the impact zone of mining enterprises could be useful for other fields of the 

non-ferrous metals with high lithological-geochemical heterogeneity of the ter-
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ritory. It suggests the need of accounting for the geological diversity and spe-

cific features of metallogeny of an area. Geochemical indices LEF/LDF should 

be calculated against the individual background values for each soil-forming 

rock. Such approach allows more accurate assessment of the degree of tech-

nogenic geochemical transformation of soils and the environmental hazard of 

pollution. 
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Abstract 

The wide spectrum of spatial and analytical data was used to compile an inte-

gral map which combined environmental, geochemical and anthropogenic in-

formation about the urban territory. The 20 types of urban landscapes were 

defined within Ulaanbaatar city. They differed from original natural areas to sig-

nificantly transformed industrial territories. The analysis of the location of pol-

lution fields in geomedias showed the areas with a long-term contamination 

and with year-round and seasonal air pollution. Moreover the map allowed us 

to trace the migration of pollutants between geomedia, to forecast future 

changes of the pattern of urban and suburban territories, and to assess the 

potential danger of geomedia pollution in Ulaanbaatar. 

1. Introduction 

The purpose of the study is to compile an environmental-geochemical map of 

urban territory which includes both landscape and technogenic information and 

shows the result of anthropogenic impact. 

The object of the study is Ulaanbaatar city. It’s a rapidly growing capital 

of Mongolia with population about 1.3 mln. The main anthropogenic sources 

are three thermal power plants (TPPs) using brown coal with a high content of 

heavy metals (Kosheleva et al. 2010), industrial and municipal waste, and 260 

thousand vehicles using leaded petrol (Sorokina, Enkh-Amgalan 2012). A re-

gional feature of Ulaanbaatar is ger (or yurt) quarters – residential areas with 

traditional Mongolian dwellings and private houses where half of the city pop-

ulation lives and uses brown coal for heating (Gunin et al. 2003; Gutticunda 

2008). 
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The city is located in a wide intermountain valley of Tuul river, within a 

unique forest-steppe ecotone natural zone (Gunin et al. 2003; Ecosystems 

2005). This area has a severely continental climate with winter anticyclonic 

weather conditions which cause temperature inversions and increase the air 

pollution (Kasimov et al. 1995). 

2. Data Sources and Mapping Procedure 

The map is based on a field work and chemical-analytical data obtained in 

2008-2012 by the author and colleagues from Faculty of Geography of Lomon-

osov MSU and Joint Russian-Mongolian Complex Biological Expedition of RAS 

and MAS. 

Landscapes and land use of Ulaanbaatar city and the surrounding area 

(up to 50 km from the city) were studied using satellite images (URL 1; URL 2), 

maps (e.g. National… 1990) and published materials (e.g. Nogina 1984; Bat-

khishig 1999; Gunin 2003; Ecosystems... 2005). The collected data were veri-

fied and refined during field work. 

Geomedia sampling included snow cover (21 samples), topsoils (96) and 

poplar leaves (84) of urban and background areas. In all the samples, concen-

trations of heavy metals were determined by ICP-MS method. The detailed 

information about sampling process, samples location, geochemical features 

and pollution of Ulaanbatar city geomedia were published in (Kasimov et al. 

2011a, 2011b; Sorokina et al. 2013).  

Present-day methods of mapping of the urban environment were studied 

(e.g. Mapping… 2011; Kasimov et al. 2013). ArcGIS 10.0 was used for map-

ping in this study. 

The map compiling algorithm is shown on the fig. 1. It involves three 

steps:  

- a map of the modern city territory structure compiled using spatial 

data from field observations, satellite images, maps, literature etc.; 

- a map of pollution sources and pollution fields in geomedia compiled 

using analytical and published data; 

- a complex map with landscape, land use, geochemical, and pollution 

information. 
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3. Results and discussion 

The main result of the work is the complex environmental-geochemical map of 

Ulaanbaatar city and surrounding areas (fig. 2). The legend of this map is 

based on the principles of geochemical systematics of urban elementary land-

scapes. It consists of information about the modern structure of the territory 

(matrix I), the assessment of the anthropogenic impact (matrix II) and the list 

of main pollution sources (matrix III).  

3.1. The pattern of the modern city territory 

The 20 types of urban landscapes form the pattern of the modern Ulaanbaatar 

city. They differ with the original natural features (fig. 2, columns of matrix I) 

and the degree of anthropogenic transformation (fig. 2, lines of matrix I).  

     
       Fig.1. Environmental-geochemical mapping algorithm. 

Taiga, steppe and flood plain landscapes can be distinguished quite clearly 

even in the modern city. They have been modified in accordance with human 

activity. In the Tuul flood plain, an industrial-traffic-residential urban center with 
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the multistoried residential areas, plants and factories, main squares and roads, 

and with a high degree of soil sealing has formed. On the steppe slopes, vast 

ger quarters with private residential building and with a low degree of soil seal-

ing are located. On the taiga slopes, there is a recreation area of Bogd Khaan 

Uul Mountain which is one of the oldest reserves in the world. 

The degree of impact and transformation of the original natural landscape in-

creases in the range: recreation → ger → multistoried → industrial area. Urban 

landscapes in recreational series (fig. 2, line R in matrix I) largely correspond 

to the initial natural analogues. Anthropogenic influence can be expressed in 

the compaction of the soil surface, the reduction of the vegetation, the invasion 

of weed species, and in garbage dumps. 

Urban landscapes of ger series (line G) are characterized by dense pri-

vate residential buildings (houses and gers), the almost complete destruction 

of woody vegetation, and the replacing for the original herbaceous species to 

the weed and resistant to trampling species (Carex duriuscula, Atriplex patula, 

etc.). Soil compaction (paths, ger sites), mixing of the upper soil horizons (e.g. 

vegetable gardens), the extensive network of dirt roads, and single paved 

roads are also observed in ger quarters. 

Urban landscapes of multistoried (line M) and industrial series (line I) are 

transformed significantly compared to the original natural landscapes. Techno-

logical soils are formed instead of natural ones, the sealed soils area increases, 

the radial and lateral water migration ratio changes. The woody vegetation is 

represented by planted poplar (Populus laurifolia) and larch trees (Larix 

sibirica). In the industrial area the impact is higher than in the multistoried one, 

due to the lower proportion of green space and a greater variety and intensity 

of pollution sources. 
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Fig.2. Environmental-Geochemical Map of Ulaanbaatar City 
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The industrial-traffic-residential frame of Ulaanbaatar city had formed during 

last few decades. Contemporary building activity is adjusting to it. The main 

processes of the modern city development are: 

- an expansion of ger quarters to the north of the city where areas 3R 

are being transformed to the 3G, areas 4R to the 4G, areas 7R to 

the 7G; 

- an active multistoried building process to the south and southeast of 

the city center where areas 8R are being transformed to the 8M. 

- In prospect this expansion will continue and also territories to the 

south and southwest of the industrial area (8R, 7G) will be changed. 

3.2. The assessment of the anthropogenic impact 

Based on the average contents of heavy metals in the solid and liquid fractions 

of snow water (snow dust and snow water respectively), topsoils, and poplar 

leaves in Ulaanbaatar city and surrounding territory we calculated enrichment 

and dispersion factors (EF and 1/EF respectively) and integral indexes (Zc and 

Zv) for every sampling point and every geomedia (fig. 2, matrix II). The detailed 

geochemical and hazard analysis of geomedia were published in (Kasimov et 

al. 2011a, 2011b; Sorokina et al. 2013). For the complex map compiling we 

were interested in the integral indexes only (fig. 2, matrix II). Hazard criteria are 

taken from (Environmental 1990; Kasimov et al. 2011b). 

The snow contamination reflects the air pollution during winter when the 

impact on the Ulaanbaatar landscapes is the strongest due to the heating sea-

son. The city average Integral Pollution Index Zc for the snow dust is 30, which 

corresponds to the low level of contamination. At the same time Zc for the snow 

water is 559, which means the highest pollution level. The snow water is 

strongly polluted with the dissolved forms of heavy metals almost on the whole 

city territory. It is a potential risk of contamination of groundwater and surface 

water with mobile forms of heavy metals. By the end of the winter medium- and 

high-contrast geochemical anomalies of heavy metals formed in the center and 

east of the city, and in the western part of the industrial area. The most signifi-

cant impact was found in ger quarters (Zc = 853 for the snow water and 41 for 

the snow dust) and industrial areas (547 and 42 respectively). 
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The contamination of poplar leaves reflects the features of the air 

transport of pollutants in summer. The city average Integral Biogeochemical 

Index Zv is 13 and various slightly with the trace elements imbalance of 10 - 15 

units in most parts of the city. The strongest impact with abnormal for 

Ulaanbaatar value of Zv = 49 was found along the roads, the weakest one with 

Zv = 5 was found in the recreation area. On the map there are three types of 

biogeochemical anomalies: 1) caused by traffic – in the north of the city center, 

2) caused by industry – in the industrial area, near TPPs, 3) caused by the 

intensive air transport of pollutants – in the east of the city, the Uliastai area. 

On the Sukhbaatar square a minimum biogeochemical transformation is ob-

served because of a young tree planting and beautification activity in a tourist 

part of the city. 

The topsoil contamination characterizes long-term trends of the city pol-

lution. The Ulaanbaatar average Integral Pollution Index Zc for topsoils is 11, 

which corresponds to the low level of contamination. Zc is 16 – 32 units for the 

topsoils of the industrial area, city center and near busy roads. A western part 

of the city is weakly polluted (Zc < 8). In ger quarters geochemical anomalies 

reach 30 units due to the traffic and household waste dumps. Near the sewage 

treatment plant Zc is 26. 

In Ulaanbaatar city all the main sources are located in areas 8I, 3-8G and 

along the roads. But the strongest geochemical anomalies were found in areas 

7G, 7M, 8G in the east of the city. The main reason is that western wind influ-

ences significantly on the air migration of pollutants within Ulaanbaatar city. So 

the location of anthropogenic geochemical anomalies often does not coincide 

with the location of pollution sources. 

Despite the fact that Bogd Khaan Uul Mountain is a protected area, pol-

lution with heavy metals is found on its northern slope. This fact was also re-

ported by (Kasimov 1995). The reasons are the strong urban air contamination 

and air circulation features within the intermountain valley.  

3.3. The relative analysis of contamination fields in geomedia 

The relative analysis of contamination fields in geomedia reviles pollution 

trends. Matching geochemical anomalies in the snow cover and poplar leaves 
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indicate areas of a year-round immission whereas non-matching anomalies in-

dicate summer (leaves) or winter ones (snow). Contamination of topsoils indi-

cates areas of a long-term pollution. 

The biggest long-term year-round geochemical anomalies forms in 

Ulaanbaatar in the confluence of the Uliastai and the Tuul (areas 7-8 R, G, M). 

A big year-round anomaly forms in the snow and leaves to the south of indus-

trial area (7G, 8R, 8I). A vast anomaly of summer period forms in the lower 

reaches of the Selbe (4G, 7G) and a small one forms on the left bank of the 

Tuul (7M). 

Large winter anomalies are observed in the snow cover of ger quarters 

on the northern slopes of the valley (3-4G, 7G). These anomalies are contam-

inated predominantly with the dissolved mobile forms of heavy metals which 

migrate with meltwater and accumulate in flood plain transaccumula-

tive - superaqual geochemical positions of relief where wide long-term topsoil 

anomalies forms (areas 8R, M). The other long-term topsoil anomaly is found 

near wastewater treatment plant (8I) and caused by the sewage. 

4. Conclusions 

4.1. The environmental-geochemical map shows the modern pattern of the city 

territory. It allows to understand a present-day structure of the city and to esti-

mate the degree of anthropogenic transformations. It also can be used to pre-

dict its future changes of the territory and to plan its development. 

4.2. The location of anomalies of pollutants often does not coincide with the 

location of pollution sources. The map allows to define them, to analyze, and 

to compare different natural and anthropogenic migration factors. 

4.3 The relative analysis of contamination fields in geomedia reviles pollution 

time trends. Geochemical anomalies in the snow cover and poplar leaves iden-

tify areas of year-round and seasonal heavy metals immission from the air. 

Topsoil contamination indicates areas of the long-term pollution. 

4.4. The addition of new data about soil cover patterns and topsoil chemical 

characteristics (pH, the amount of the organic carbon, etc.) can be used to 

improve the map. This data can help to analyze geochemical migration fea-

tures and to indicate areas that are potentially vulnerable for contamination. 
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Abstract 

The Selenga River is the main tributary of Lake Baikal. We analyzed the aver-

age annual water balance and related the average annual and seasonal sedi-

ment load budgets of the river and its tributaries. Determined that the average 

annual water flow at the mouth for the period from 1934 to 2009 was 28.6 km3. 

The water flow in the Selenga River at the Russian-Mongolian border was 37% 

of this value. The 73% and 7% of the average annual sediment load passed 

across the border during high water and low water stages, respectively. It was 

found that longitudinal suspended sediment concentration depended on the 

water regime phase, it decreased in 160 times for floods and increased in 15 

times for low water. 

Keywords – sediment load budget, water budget, suspended sediment con-

centration. 

1. Introduction 

The Selenga River is the major tributary of Lake Baikal, its length is 1024 km. 

The river provides 60% of the annual water inflow of the lake (Гармаев, 

Христофоров, 2010). The biggest tributary of the Selenga River is the Orkhon 

River that exceeds its length of 100 km. The total length of the river system 

from the Orkhon River source to the Selenga River mouth is 1546 km. The area 

of the Selenga River Basin is 447,000 km2, the upstream part of the basin is 

located in Mongolia (67%), the downstream part belongs to Russian Federation 

(33%). There are spring snowmelt floods and summer rain floods for most of 



168  Ekaterina Promakhova, Nikolay Alexeevsky 

 

part of the basin. In the south-eastern rivers of the basin spring floods virtually 

lack, in the high mountain area snowmelt floods observed during spring and 

summer. 

Issue of water resources and river water quality of the Selenga Basin is 

becoming urgent nowadays (Nadmitov et al., 2015; Pfeiffer et al., 2015; Thor-

slund et al., 2012). Low-flow period is marked in the study region since the 

2000s (Потемкина, 2011). Deterioration has occurred in the winter-autumn low 

water stage in 2014-2015, thereby the Russian Government has decided to 

draw off the Baikal level below acceptable marks by the Irkutsk HPS (Decree 

No. 97 of 04.02.2015) with the subsequent impoundment of the lake in the 

spring flood 2015. Moreover, new approaches in Mongolian water manage-

ment was set after the election of the new President in 2013 and Ministry of 

Nature reorganizing (Гомбоев et al., 2014). As a result, Mongolia has become 

once again discuss the Orkhon-Gobi water diversion project and construction 

of hydropower stations on the rivers of the basin (Withanachchi et al., 2014). 

To do this, the Mongolian side is attracting investments of the World Bank (Pro-

ject No. P118109) (MN-Mining Infrastructure ..., 2013). The project may lead 

to irreparable damages for the ecosystem of the region, therefore Russia, in 

turn, wrote a letter to the bank to refrain from financing (River without Bounda-

ries, 2013). 

Development of the mining industry in the Selenga River Basin leads to 

decrease in water resources, water quality deterioration and additional fluxes 

of suspended solids and associated pollutants (Chalov et al., 2015; Karthe et 

al., 2014). 

The main objective of this paper is analysis of the water and suspended 

sediment load budgets of the Selenga River Basin under the growing human 

impact in a sparsely monitored region. 

2. Methods 

Water flow data was obtained from the 18 gauging stations in Mongolia and 58 

in Russia. The final site (Raz’ezd Mostovoy) is located at the top of the Selenga 

Delta in 115 km from the Baikal Lake, it was opened in 1934. The Novose-

lenginsk site found in 1932, it is the station with the longest observation period. 

Within the Russian part of the Selenga River Basin daily suspended sediment 
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concentration (SSC) is determined by 12 gauges at the 6 rivers (Selenga, 

Chikoy, Khilok, Uda, Kiran, Kuytunka). In Mongolia occasional observations 

were conducted at the six sites (Tuul, Orkhon, Selenga, Khara, Eroo, Egeyn 

Gol) (Stubblefield et al., 2005: Власова, 1983; Гидрологический режим..., 

1977; Кузнецов, 1955). 

Four field campaigns were organized from 2011 to 2014. Two of them 

were the most large-scale, they were held during the summer floods in 2011 

and at the low water stage in 2012 to clarify the features of seasonal water 

runoff and sediment load in the Selenga Basin. Approximately 30 sites within 

Mongolia and 50 sites in Russia were studied every year in the Selenga River 

and its tributaries, the discharge and sediment load were measured. Water 

samples for SSC and turbidity were taken cumulatively in the few gage points 

across the river width. The samples were filtered through the pre-dried and pre-

weighed membrane filter with 0.45 μm pore size during 2 hours under 105 °С, 

after filtration it was dried during 3 hours under the same temperature. We used 

portable turbidity meter Hach 2100P for turbidity determining. The water cur-

rent was measured by a hydrometric propeller ISP-1. The discharges were ob-

tained by acoustic Doppler profiler Rio Grande 600 kHz Teledyne RD Instru-

ments. 

Water and suspended sediment budgets were calculated based on the 

balance method: ∆W = W2 – W1, where W1 – is inflow matter (water or sedi-

ment) to the upper reach of the river, W2 – is outflow material from the reach. 

If ∆W > 0 in case of water flow, lateral inflow was found; in case of sediment 

load, the erosion along a river reach was observed. Water losses for evapo-

transpiration or sediment accumulation were determined for conditions ∆W < 

0. 

3. Results and Discussion 

Analysis of the annual flow water balance for the period from the mid-20th cen-

tury to the early 21st century has shown that the runoff of the river naturally 

increases along the Selenga river system from source to sink (Fig. 1). 
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Figure 1. The water budget of the Selenga River Basin from the mid-20th century to the early 21st 
century 

The average annual water flow into Lake Baikal during the study period (1934-

2009) was 28.2 km3. The Orkhon River flow reached 16% from this value, and 

the total flow from the Mongolian part of the Selenga Basin provided 37%. The 

most full-flowing tributary of the Russian part is the Chikoy River, its water com-

posed 29% of the total runoff of the Selenga River. The evapotranspiration 

losses in the river basin estimated at 3.54 km3 or 13% of the total water flow in 

the mouth.  

Lag time changes depending on the river water regime: during low water 

season the water from the upper of the Selenga River Basin reaches Lake 

Baikal for 11-12 days, for floods it flows faster – for 7-8 days (Гармаев, 

Христофоров, 2010). 

Water flow largely determines the sediment load, their synchronous os-

cillation is usually observed. However, since the 1980s this trend changed, 

there is a decrease of sediment load due to the degradation of agriculture in 

the region (Потемкина, 2011). 
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The data was obtained during the expeditions allows to analyze the sed-

iment load spatial distribution from the source to the mouth in certain phases 

of the water regime and to study the contribution of flow transport capacity. 

Rainfall in July–August 2011 caused an intensification of the catchment 

and slope erosion, an increase of water flow and transport capacity. The totality 

of these factors caused the rising of SSC along the river systems of the 

Selenga Basin. SSC within the river network of the Selenga Basin ranged from 

1.43 mg/l (the upstream of the Dzhida River) to 2847 mg/l (the Orkhon River at 

Kharkhorin) during the flood season. The average SSC for the Mongolian part 

of the basin was 270 mg/l, which is 15 times higher than the value in Russian 

part (19.0 mg/l). Along the Orkhon-Selenga river system, where the human 

impact is minimal, a decrease in SSC from the upstream to the mouth is 160 

times (Fig. 2). 

Regular decrease in SSC along the rivers during high water phase vio-

lated under the influence of industry. SSC of the Tuul River downstream from 

Ulaanbaatar increased 5-fold compared with the baseline SSC (from 1.68 to 

8.36 mg/l), downstream from the Zaamar Goldfield it increased almost three-

fold (from 107 to 289 mg/l). Similar processes were studied along the Boroo 

River and Khangal River. In the first case, SSC increased in 1.6 time from 39.2 

to 64.2 mg/l downstream from the Boroo Gold placer mining. Along the Khangal 

River SSC multiplies 18 times (from 15.2 to 266 mg/l) below a tailings pond of 

the Erdenet copper-molybdenum mining and processing works. 

 

 

Figure 2. Longitudinal SSC distribution during flood season (July-August 2011): SSCi, SSCm – sus-
pended sediment concentration in a site and in the mouth (10.6 mg/l), respectively; Li – distance 
from the source: L – the total length of the Orkhon-Selenga river system (1546 km) 
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SSC gradually decreased due to the energy flow losses from the upstream to 

downstream of the river network. As a result, there was a process of accumu-

lation of suspended sediment 1145 tons/day in the midstream. The Selenga 

River received tributaries (Dzhida, Temnik, Chikoy) in the Russian part of the 

basin, which delivered 775 tons/day of suspended particles because of floods. 

The accumulation was 2,445 tons/day in the downstream of the river due to 

reducing transport capacity and decreasing channel slope (Fig. 3). 

During the low-flow period (June 2012) the average SSC in the Selenga 

Basin was 74.5 mg/l, the minimum value was observed in the upstream of the 

Tuul River (1.68 mg/l), the maximum SSC was 618 mg/l in the upstream of the 

Khaara River when a local flood occurred. At the upper part of the Selenga 

Basin SSC was significantly lower compared to the flood season due to lower 

water flow. Along the Orkhon River SSC increased 5 times from 4.20 mg/l in 

the upstream to 19.9 mg/l in the mouth due to the channel erosion. For the 

Orkhon-Selenga River System SSC increased from the source to the mouth in 

15 times according to rising water flow. This pattern was changed in local 

reaches of the river network in connection with an additional input of sediments 

from the tributaries (Fig. 4). 

 

 

Figure 3. The sediment budget of the Selenga River Basin during flood season (July-August 2011) 
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Figure 4. Longitudinal SSC distribution during low water season (June 2012) along the Orkhon-
Selenga river system (the designation the same with Fig. 2) 

The accumulation of suspended particles 34 tons/day was found at the Orkhon 

downstream below inflow of the Tuul River with mining areas in the basin and 

local floods in the Khaar and Eroo Rivers. Despite supplementation of sediment 

load 636 tons/day by the Dzhida, Temnik and Chikoy Rivers, the sediment 

starving took place in the lower part of the Selenga River, it caused the erosion 

of sediments that were deposited earlier in the flood period, and their re-entry 

into the stream was 428 tons/day. However, about 10% (186 tons/day) of the 

total sediment load again accumulated before the Selenga delta (Fig. 5). As a 

result, for the low water phase SSC mainly depends on the vertical sediment 

fluxes between the flow and alluvium. 
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Figure 5. The sediment budget of the Selenga River Basin during low water season (June 2011) 

Comparison of the sediment load in the various phases of the water regime to 

the average annual data for the 1952-2009 (Fig. 6) shows that in general re-

moval of material down the river system dominates within the Russian part of 

the Selenga Basin. It is caused by intense slope erosion in the spring during 

snow melt, when the no grass-covered on the surface of the catchment. 

The average annual sediment flux through Russian-Mongolian border 

was 3455 tons/day. For the summer floods transboundary sediment load was 

73% of this value and for the low water phase was 7%. According sediment 

load of tributaries and combine of erosion and deposition of sediment their av-

erage annual delivery to the Selenga delta was 5,700 tons/day. During both 

the low water period 2012 and high water 2011 this value was about 27% of 

the annual sediment load to the delta: 1,549 and 1,560 tons/day, respectively. 
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Figure 5. The average annual sediment budget of the Selenga River Basin (1952-2009) 

The maximal sediment accumulation along the river network was observed 

during the peak flood, its value run up to 2445 tons/day for the Selenga River 

reach from the confluence with the Orkhon River to the Chikoy River. 

4. Conclusions 

Water flow naturally increased along the Selenga River network, on the Rus-

sian-Mongolian border it consisted 37% of the flow at the river mouth. Depend-

ing on the water stage the flow differently affected the longitudinal distribution 

of SSC. In flooding 73% of the average annual sediment load passed the bor-

der, in the low water – only 7%. 

Longitudinal sediment flux was depend on erosion and transport capac-

ity. SSC increased from source to mouth for low water season in 15 times due 

to channel erosion. It decreased in 160 times during flood season because of 

sediment deposition. In consequence of human impact, SSC increased signif-

icantly 3-8-fold downstream from the non-ferrous metals mining. 

Channel storage determined sediment budget in the downstream part of 

the Selenga River during high water period. For low water season channel ero-

sion was dominated at the catchment. 
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Abstract 

We present preliminary results on the morphology of the upper reaches of the 

Kukuy Canyon and Selenga shelf in front of Proval Bay (Lake Baikal), derived 

from newly acquired, high-resolution bathymetry. Numerous and varied ero-

sional and transport features provide an interpretation framework for source to 

sink transfer and gravity flow processes in this shallow and active tectonic en-

vironment, suggesting on-going gravity instabilities and sediment-laden flows. 

Scarps in the canyon head are likely signatures of retrogressive incision of the 

western tributary and eastward lateral migration of the western tributary, the 

latter coming within about 1 km of the shoreline. Immature gullies incising the 

upper-slope feedings of the Kukuy Canyon indicate gravity flows with low ero-

sional power. Large arcuate scarps on the break of the narrow shelf east of 

Proval Bay reveal gravity instabilities. The morphological connection between 

the Selenga Delta and the Kukuy Canyon suggests a direct pathway for fluvial 

sediment focused through breaches in the Sakhalin sand shoal, with likely oc-

currence of hyperpycnal flows into canyons heads during high sediment dis-

charges. The neotectonic activity affects both the accommodation space 

around the prograding delta via earthquake-induced subsidence of coastal ar-
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eas, and the location of incisions through slope instability triggering. Subse-

quent surveys allowing diachronic analysis would help determining the influ-

ence of tectonic and climatic factors controlling sediment transfer across the 

land-lake continuum and interpreting the morphological signature of the asso-

ciated gravity processes shaping the delta and surrounding shelf and canyons. 

1. Introduction 

Sediment transfer from land to deep basin is a major process in the formation 

of landforms and sub-aquatic morphologies like submarine canyons. It mainly 

occurs during extreme climatic or geological events (floods, earthquakes...), 

supplying large quantities of sedimentary material to basins during brief and 

repetitive episodes (Korup, 2012). In deep environments, gravity flows as tur-

bidity currents are mostly responsible for canyons incision in the continuity of 

the main rivers. The triggering of turbidity currents remains a topical research 

question in marine environments (Piper and Normark, 2009). Scientific issues 

include the continuity at sea of hyper-concentrated stream flows generating 

hyperpycnal flows into canyons, mass wasting and re-suspension of sediment 

deposits under the influence of oceanographic factors (waves, currents). The 

interface between fluvial and submarine sedimentary systems is a key area to 

understand the morphological evolution and transformation associated with 

sediment transfer processes. In recent years, high-resolution bathymetric data 

acquired with latest-generation multibeam technologies in shallow-water envi-

ronments provides advances in outlining detailed morphological features, and 

in understanding the sedimentary processes at canyon heads (Smith et al., 

2007; Yoshikawa and Nemoto, 2010; Casalbore et al., 2011; Lastras et al., 

2011; Babonneau et al., 2013). 

Lake Baikal in Siberia is among the best examples of a large tectonic 

lake. It occupies the central part of the presently still active Baikal Rift Zone. It 

is the world's largest and deepest freshwater lake. Morphologically, it is sub-

divided into three deep basins, the South, Central and North Baikal Basins, 

which are separated by inter-basin highs: the Selenga Delta accommodation 

zone (or Buguldeika Saddle) and the Academician Ridge accommodation 

zone. The development of the Baikal basin results from earthquakes, which are 
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accompanied by considerable vertical displacements of the lake bottom, col-

lapses and landslides in the coastal zone (Shchetnikov et al., 2012). Contrary 

to the pronounced morphological structure (tectonic escarpments) observed on 

the northwestern side, the more gently sloping eastern side of the rift shows 

major lithospheric extension associated with rearrangement of blocks in the 

upper lithosphere slab. 

The Selenga River is a major river in Asia and forms a large delta on the 

southeast shoreline of Lake Baïkal. The mean discharge of the Selenga River 

into Lake Baikal in winter is approximately 100 m3.s-1, which increases to 1,700 

m3.s-1 in spring as the snow melts. The Selenga Delta consists of a multibranch 

fan-like channel structure. The northern shelf of the delta is incised by a deep 

NE-SW oriented canyon (the Kukuy sub-aquatic canyon) feeding a large tur-

biditic fan. The morphology of this fan is characterized by a network of sinuous 

turbidite channels, as observed in deep-sea fans, which suggest active and 

frequent sediment transfer from the deltaic channels to the deep lake via tur-

bidity currents or hyperpycnal flows into the canyon. 

Proval Bay, to the East of the Selenga Delta, was formed by a large seis-

mic dislocation event: the 1862 earthquake caused subsidence (up to 7-8 m) 

of the former Tsagan steppe below the water surface. This seismotectonic phe-

nomenon constitutes an example of scaled subsidence of crustal blocks in 

coastal zones (Shchetnikov et al., 2012). On the south and the east, the littoral 

zone of the bay is controlled by the Delta fault, which has a defined scarp up 

to 10-12 m high. Comparison of old charts with modern maps shows that the 

boundary of the Selenga River delta has shifted considerably eastward (Vo-

logina et al., 2010) due to intense progradation from the Selenga River delta 

plain (66 mm/yr). Sedimentation rates vary greatly across Proval Bay depend-

ing on proximity to the Selenga River. Seismotectonics thus plays a role of 

buffer mechanism in the sediment transfer through the land-sea interface, as 

subsidence events generate accommodation space. Sediments prograde into 

the recently formed coastal embayments instead of being delivered directly to 

the Baikal basin through the canyon and shelf break. Before the rise of water 

level when the Irkutsk hydropower station of Angara dam was put into opera-

tion, Proval Bay was separated from Lake Baikal by the oblong Sakhalin island. 
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The remnants of this sand ribbon still exist as an underwater sand shoal con-

sisting of numerous bars bordering most of the bay. The entire system of un-

derwater bars is active, with a general eastward and offshore drift on the order 

of 50 m/yr (Rogozin, 1993). 

We have acquired high-resolution bathymetry in the shallower section of 

the lake in front of Proval Bay, on the upper reaches of the Kukuy Canyon. 

Here, we are presenting preliminary results on the morphology of the canyon 

and shallow shelf. We describe erosional features and infer sediment transport 

pathways. The main scientific issues are : (1) to identify the potential activity of 

turbidity currents initiated in the canyon heads by the observation of active bed-

forms and fresh erosional structures ; (2) to understand the continuity of the 

sedimentary processes between the delta and the canyons (morphological 

continuity, transformation of the flows, sediment instabilities…) and (3) to de-

termine the influence of tectonic factors in the triggering of gravity instabilities, 

and in the control of the location of morphological incisions. This initial study 

highlights the interest in extending the survey to cover the entire shelf in front 

of the delta, possibly with repeated surveys to develop a multi temporal ap-

proach (Franzetti et al., 2013, Babonneau et al., 2013). 

2. Data and methods 

A high-resolution bathymetric dataset of the Northern Selenga Delta was col-

lected in August 2014 during the SELENGA 2014 survey, using a shallow-wa-

ter multibeam echosounder Kongsberg EM3002. This high-resolution 300 kHz 

multibeam system was temporarily set up on a lake survey boat, which allowed 

acquisition of bathymetric data in water depths ranging from 2 m up to 250 m 

with a vertical resolution of up to 10 cm. Sound velocity profiles were carried 

out twice a day in the vicinity to correct sound refraction errors. Multibeam 

soundings were edited with QINSy software to provide a 4-m grid DTM. Figure 

1 shows the surveyed area.  
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Figure 1: Bathymetric map of Lake Baikal (INTAS, 2002; Sherstyankin et al., 2006). Insert: Loca-
tion map showing the Selenga Delta and the study area (3 boxes indicating the new high-resolution 
bathymetric data). 

3. Results 

The derived bathymetry is decomposed in 3 areas for the presentation of the 

results (Figure 2). Survey planning was devised to focus on the upper reaches 

of the canyon, off the Western side of Proval Bay, and on the shelf break of the 

Eastern side of the bay. In the first of the 2 zones, the delta shows significant 

focusing of the sediment discharge through the sand bar, which is visible on 

satellite images (Figure 2). The head of the canyon exhibits a bifurcation, with 

the main branch turning toward the shore and coming within about 1 km of the 

shoreline. The second branch is mainly in the same orientation as the canyon 
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itself but it is much less deeply incised. In the results description, the canyon 

head will constitute area 1. Near the shelf break, the Kukuy Canyon exhibits a 

sharp lateral jog, where the orientation of the thalweg abruptly turns at 90° and 

back. The section of the canyon up-canyon of this lateral shift and down-can-

yon of the canyon head runs nearly parallel to the shelf break. Along this sec-

tion, secondary channels incised along the upper shelf feed the main canyon 

beyond the head. This sector will be area 2. While the lake has a mostly narrow 

shelf (5 km wide on the South shore and 10-15 km wide on the North shore), 

in the Selenga accommodation zone in front of the delta, the shelf extends over 

30 km into the lake. Data collected off the Eastern side of Proval Bay, where 

the shelf becomes much narrower after a sharp inshore turn of the shelf break 

(300m isobath), is presented as area 3.  

 
Figure 2: High-resolution bathymetric map at the mouth of the Selenga delta and Proval Bay (Sat-
ellite Image: Landsat 8 from August 18th, 2014). 

Area 1: Head of the Kukuy Canyon 

Of the two tributaries composing the head of the Kukuy Canyon, the western 

tributary canyon is slightly asymmetric and bounded by a steep and rectilinear 

left side in the continuity of the canyon side. The NE-SW rectilinear orientation 

suggests a strong morphological control by a major fault, matching with the 

main rift structures. The canyon head is characterized by several rounded 
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scarps at less than 50 m of water depth, which can be interpreted as local slope 

instabilities generating a retrogressive incision of this canyon head. The can-

yon floor is about 1 km wide and shows irregular bedforms and erosional fea-

tures. It is not draped by muddy sediment but shows relatively fresh sedimen-

tary features indicating a recent activity of gravity processes. 

The eastern tributary canyon is the most incised. Its morphology is highly 

asymmetric with a steep eastern side oriented N-S and an arcuate morphology. 

This arcuate morphology is consistent with the sinuous path of the thalweg in 

the deeper part of the canyon. The presence of current and abandoned mean-

ders along the thalweg indicates a mature canyon incised and active for a long 

time. The morphology of the western side of the tributary canyon shows several 

rounded erosional structures suggesting the lateral migration of the canyon 

head from West to East. The present canyon head shows very fresh scarps 

initiated at less than 20 m of water depth. The longitudinal depth profile in the 

canyon axis shows a succession of small steps suggesting active processes of 

slope instabilities. 

 
Figure 3: Zoom of the bathymetric map focused on Area 1, western feeding of the Kukuy Canyon 
(isobaths at 20, 50, 100 and 200 m water depth and location of the bathymetric profiles). Insert: 
Bathymetric profiles. 
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Area 2: Upper slope feedings of the Kukuy Canyon 

The central area also corresponds to a sector with smaller tributary canyons 

and gullies incising the upper slope and feeding the Kukuy Canyon. In this area, 

two small canyons are distinguished with incision about 25 m deep and width 

about 200-300 m. The sinuosity of these small canyons is low and suggests 

more immature morphology. Other erosional features are visible. They are 

straight and their incisions are superficial, corresponding to immature gullies 

suggesting gravity flows with low erosional power. 

 
Figure 4: Zoom of the bathymetric map focused on Area 2, eastern feeding of the Kukuy Canyon 
(isobaths profiles location as in Figure 3). Insert: Bathymetric profiles. 

Area 3: Shelf break off Eastern Proval Bay 

Shallow bathymetry illustrates the morphology of the shelf break and the upper 

slope at the eastern extremity of the delta. The eastern area is not directly 

linked to the Kukuy Canyon. In this area, the submarine slope is steeper east-

ward and shows large arcuate scarps. Such morphology probably corresponds 

to gravity instabilities of the shelf break, which contribute to mass transport 

through the canyon, generating slump, debris flow or turbidity flow. Earth-

quakes as well as sediment overload are likely trigger mechanism for slope 

failure. The absence of morphological evidence of sediment-laden, bottom 

flows in the shallow bathymetry between the delta and the shelf break, contrary 
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to the 2nd area, can be explained by the earthquake-induced creation of Proval 

Bay offering accommodation space for the prograding delta.  

 
Figure 5: Zoom of the bathymetric map focused on Area 3, Shelf break and upper slope of the 
eastern part of the delta (isobaths profiles location as in Figure 3). Insert: Bathymetric profiles. 

4. Conclusions and perspectives 

The interpretation of shallow bathymetric data aims to show the detailed struc-

ture of the upper reaches of the Kukuy Canyon. Preliminary results provide 

new elements on the issues of source to sink transfer and gravity flow pro-

cesses in this shallow and active tectonic environment. The number and vari-

eties of sedimentary features and the recently-generated morphologies (scarp, 

bedforms ...) observed in shallow water suggest active gravity instabilities and 

gravity flows as turbidity currents. The morphological connection and close 

proximity between the delta channels breaching the sand bar and the upper 

reaches of the Kukuy Canyon suggest a direct pathway for fluvial sediment. It 

is likely that high sediment discharge volume of the delta during snow melt 

periods generates hyperpycnal flows feeding the Kukuy canyons heads. More-

over, the active seismic setting both affects the accommodation space around 

the prograding delta, with morphological changes of the lake basin through 

earthquake-induced subsidence, and is also a very likely predisposing factor 

for slope instability triggering, with a strong tectonic control on the location of 

incisions and scarp failures by rift faults. Multitemporal bathymetric surveys will 
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be carried out in the next years, providing new measurements in order to better 

understand the relationships between variation of sediment discharge and 

gravity processes, and the links between shallow and deep gravity processes. 
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Abstract 

The Selenge basin belongs to the central part of Mongolia and it is a core re-

gion of considerable deposits of mineral resources of Mongolia, infrastructure, 

roads, and arable lands, it can be deemed as a key region of the country’s 

development.  Selenga Basin is located in a very unique landscape composed 

of various combinations of natural conditions. It moves outside the basin area 

transition in the boundary regions in the unique natural ecosystems and plays 

an important role to maintain the ecological balance in Mongolian.  

The water, soil and air are polluted due to technogen, in particular the level of 

environment pollution to be reach critical amount near to mining industry and 

settled area of soums, aimags, Erdenet, Darkhan and Ulaanbaatar city. Big 

industrial centers with dense population, (Ulaanbaatar, Darkhan, Erdenet), cer-

tain local mining enterprises, leather and wool processing light industries cause 

negative impacts to the environment by deteriorating nature’s manner and pol-

luting water, soil and air. Especially, due to mountain mining activities, small 

rivers and streams are getting wiped out thus a problem of water lack is be-

coming tensional. Consequently, the issue to use water reserve for production 

has been more vital in Mongolia. There is too much air pollution in Ulaanbaatar 

city, especially, in wintertime, because of using plenty of brown coal.  

Keywords – Socio-economic potential, arable land, land degradation, soil re-

sources, landscape change, morphogenetic types 
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Socio-Economic Potentials of the Selenge River Basin 

Economically, the Selenge basin belongs to the central part of Mongolia and 

accounts for 20.3%of the total population of the country, 19.7% of families, 

20.8% of industrial product sales, 68.9% of arable lands and 26.1% of total 

livestock respectively (Fig 1).  

 

 

Fig1. Map of Selenge River Basin 

Migration of the people has been on the increase recently, to the cities and 

their neighboring areas [1]. The Selenge river basin totally includes 21 specially 

protected areas, and covers 592,2 thousand hectares of lands thus accounting 

for 37,2% of the territory of Mongolia and 11,3% of the basins. Selenge basin- 

4 protected areas, 4 natural reserves, 10 natural complexes, and 3 natural 

sightseeing. 1. Special protected areas, 2.Natural complexes, 3.Natural re-

serves, 4.Natural sightseeing, 5.Locally protected areas [2].  

In Mongolia, it started to mine gold in the vicinities of Yeruu and Boroo river 

basins, in Khuvsgul area from beginning of 20th century. Such deposits as Bo-

roo and Bumbat near Zaamar region are considered having big reserves and 

some of plate layers comprise 10g/tn of gold content. The former gives 5 tons 

and the latter does 1.5 tons of gold a year. Shariin gol brown coal deposit has 
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been exploited since 1961 by means of open cast mine and as of 2010, around 

1 million tons of coal are mined. There are coal mines like Ulaan-Ovoo Brown 

coal deposit with high heat in Selenge province, Julchig and Nuurstein Am in 

Khuvsgul province. Ereen and Saikhan-Ovoo coal deposits in Bulgan province 

where coals are mined in little amount respectively. Since 1912, Nalaikh coal 

mine has been exploited and 600-800 thousand tons of coal were mined a year 

that used to provide thermo power stations of Ulaanbaatar city with coal thus it 

was a sole source of fuel. But it was closed now because of security problem 

[3]. 

As for economic zone, it comprises 189 soums and 881 bhags of 11 prov-

inces and has a total population of 985 thousand. There are three big cities 

such as Ulaanbaatar, Darkhan and Erdenet in the region.  

Table 1. Economic and Population parameters 

 

 

  

 

 

 

 

 

2013, 25.0 thousand head of livestock have been counted in the provinces of 

Selenge basin thus it accounts for 40% of the total livestock of the country. The 

most percentage of livestock is in Tuv, Uvurkhangai and Bayankhongor prov-

inces. The least percentage of livestock is in Orkhon and Darkhan-Uul prov-

inces.  

№ 
  

Provinces 
name 

 S
ou

m
 

 

B
ag

a 

Territory 
/thou.km

2/ 
 

Population 2013 
(thou. person) 

Total 
Aimag 
center

Soum 
center 

Count
ryside 

1 Zavkhan  24 114 82.4 69.7 15.5 14.6 39.6 
2 Arkhangai  19 99 55.3 92.5 20.7 17.9 53.7 
3 Bayankhongor  20 100 116 82.2 27.1 11.7 43 
4 Bulgan  16 72 48.7 58.8 12 18 28.8 
5 Orkhon  2 19 0.8 91.1 85.3 2.2 3.6 
6 Khovsgul  24 121 100.6 123 38.8 27 60.7 
7 Darkhan-Uul  4 24 3.3 93.5 74.4 12.5 6.6 
8 Selenge  17 49 41.2 105.2 22.5 66.3 16.4 
9 Tov  27 97 74 88.4 15.4 33 40.2 
10 Khentii  17 83 80.3 69.2 17.5 22 25 
11 Uvurkhangai  19 103 62.9 111.8 28.5 33 50.2 
12 Ulaanbaatar 9    4.7 1287.1       
   Total  189 881 745.8 2340.6 447.6 205.8 398 
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№  Provinces  2013 

      Horse  Cow Sheep  Goat Camel  Total 

1 Zavkhan  130,128 115,283 128,001 1,007,298 6,289 1,386,999 

2 Arkhangai  268,152 427,151 1,944,074 1,131,782 1,107 3,772,266 
3 Bayankhongor  108,041 145,728 835,421 1,860,648 37,226 2,987,064 
4 Bulgan  225,681 221,005 1,449,566 859,808 1,125 2,757,185 
5 Orkhon  11,569 21,629 79,864 65,749 145 178,956 
6 Khovsgul  165,535 316,835 1,722,754 140,214 1,915 2,347,253 
7 Darkhan-Uul  12,812 3,924 144,924 81,892 185 243,737 
8 Selenge  71,467 171,477 624,195 446,557 5 1,313,701 
9 Tov  283,635 239,417 1,815,912 1,231,286 2,738 3,572,988 
10 Khentii  195,587 20,718 1,408,743 1,060,238 3,586 2,688,872 
11 Uvurkhangai  205,881 144,926 1,541,304 1,574,192 1,974 3,468,277 

12 Ulaanbaatar 30,202 64,611 134,616 99,540 12 328,981 
   Total 1,708,690 1,892,704 11,829,374 9,559,204 56,307 25,046,279

Table 2. Livestock Husbandry Situation 2013 [1] 

The Morphogenetic Types of Reliefs, Formation and Landscape 
Change of Selenge Basin 

Selenga Basin is located in a very unique landscape composed of various com-

binations of natural conditions. It moves outside the basin area transition in the 

boundary regions in the unique natural ecosystems and plays an important role 

to maintain the ecological balance in Mongolian.  

In other words, here is Asia type, on the other hand, ingressive occur-

rence south Siberia Natural Park. The surface of the external and internal pro-

cess of the Earth's crust as a combination of service and the geological era 

long- term development agenda has grown as a result of tectonic erosion pro-

cesses [4]. Selenge river basin included geomorphological great region covers 

a large territory such relief as wide open steppe, intermountain depression, 

between hills valleys, foothills, hillocks, small, medium and high mountains. In 

the Selenge river basin include northern part of the Siberian great region, and 

region of Huvsgul, of Murun, western and eastern region of Huvsgul, southern 

part of the Central Asian state geomorphological creat region and  region of 

Orkhon-Selenge and north, north western of Khangay region, respectively. Dis-

tribution of relief for branch Khentii Mountains and north-east of region of 

Khentii Mountain sector, Baga Khentii Mountains include ancient glacial fea-

tured strong dissected, steep slopes high mountains to the medium dissected 

middle Mountain, Baga Khentii Mountains and it’s along the Branch Mountains, 
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east part of Buren and Buteel Mountains, basin of Orkhon- Selenge, Low 

Mountains, hummocky, erosion and upland plain combination with surface. 

Therefore, morphogenetic types of relief have different structures. The relief, 

distributed in Selenge river basin divided in to following 4 main types: 1.Tec-

tonic erosion, 2.Volcanic, 3.Erosion, 4. Accumulation [5]. 

Global warming and our country's natural resources especially produc-

tion mineral mining affect to change structure of relief and landscape type. 

Selenge River Basin represented Selenge province, during the past 21 years, 

the land changes of the area can be divided into two phases between 1990, 

2011. We did a research work on the progress of landscape-land cover 

changes in the study area from 1990 through 2011 using landscape studies 

data and satellite data. Landscape and land cover classification of Selenge 

province classified basic  types level 7 these are forest, forest steppe, meadow 

steppe, wetland steppe, lakes, and affected by human activities landscape (ur-

ban land, cropland and affected by mining activities). As a result of the re-

search, we found the following landscape-land cover changes in the area (Ta-

ble 3, Fig 2, 3). 
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№ Type 

Total area, 1990 
years 

Total area, 2011 
years 

Landscape-land 
cover change 

(1990-2011 years) 

hectare % hectare % hectare % 

1 Forest 1623817 39.4 1411120 34.2 -212697 -13.1 

2 Forest steppe 215150 5.2 315200 7.6 100050 46.5 

3 Meadow steppe 51513 1.2 45150 1.1 -6363 -12.4 

4 Wetland steppe 130970 3.2 115270 2.8 -15700 -12.0 

5 Steppe 1754280 42.5 1863970 45.2 109689.6 6.3 

6 Lakes 34021.6 0.8 34647 0.8 625.4 1.8 

7 

Affected by human activities landscape   

Urban land 21354 0.5 21945 0.5 591 2.8 

Cropland 293570 7.1 311721 7.6 18151 6.2 

Affected by mi-
ning activities 

324 0.008 5977 0.145 5653 
17.4 in-
creased 

again 

The total territory: 4125000 га 

Table 3. Landscape- land cover classification its change, Selenge province  (1990-2011 years) 



 Geo-ecological Issues in the Selenge River Basin Catchment 199 

 

Figure 2. Land Cover Classification 1990             

Figure 3. Land Cover Classification 2011 

During, 1990-2011 landscape and land cover had changed in the province [6]: 
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 Forest area decreased by 212.7 thousands hectare. 

 Forest steppe area increased by 100.0 thousands hectare. 

 Meadow steppe area decreased by 6.4 thousands hectare. 

 Wetland steppe area decreased by 15.7 thousands hectare. 

 Steppe area increased by 109.7 thousands hectare. 

 Lakes area increased by 0.7 thousands hectare. 

 Urban land area increased by 21.4 thousands hectare. 

 Cropland area increased by 18.1 thousands hectare. 

 Affected by mining activities area increased by 5.9 thousands hec-

tare 

Global climate warming, mineral extraction chaos and excessive grazing 

pressure, cutting of forests and other natural and human activity due to its 

nature as a result of service associated with complex and changing ecosystem 

balance is achieved. In other words, an increase in the scope of use of land-

based resources, environmental, economic, social and environmental issues 

can be complex. Into areas due to excessive pressure and degrade, a negative 

impact increase has trend change in the local environment. 

Geo-Ecological Issues of the Selenge River Basin 

In the basin of the Selenge River the climate change and aridity have become 

intensively in the comparison of the other regions, Mongolia.  For instance, 

above said region the annual average air temperature has been increased by 

2.40C (in the other regions by 2.10C), while the annual precipitation has de-

creased by 18% [7].   

Because the entire Selenge river basin is located mountain-forest-steppe 

zone, for the soil resources mountain taiga and mountain steppe soils cover 

the main part of the basin. According to the small-scale soil map, 35% (10.2M 

ha) of the total area of basin cover mountain forest and taiga soil, including 

mountain taiga cryomorphic soil and mountain derno-taiga soil, mountain taiga 

podzolic soil, and mountain forest-dark colored soil are dominated and forest 

slightly podzolic sandy soil involve very much area. The mountain chernozem 

and mountain kastanozem soils occupy 37.4% (10.9M ha) of the total area 

while high mountain meadow and meadow steppe soil, mountain tundra soil all 



 Geo-ecological Issues in the Selenge River Basin Catchment 201 

 

together take 7.2% (2.1M ha) of the Selenge river basin. In the depressions 

between mountains, river valleys, terraces and levels mostly become spread 

chernozem, kastanozem, meadowish kastanozem soils (15.8% or 4.6M ha) 

and meadow-boggy soil and floodplain soil, water surface take the other parts 

(4.3% or 1.2 million hectare) [8].  

In the exploitation of the soil, pasture and grazing land are mostly domi-

nated and forestry and arable land occupy a considerable part. Due to devel-

oping settlements, mining, industry and road network, there tendency to be 

decreased agricultural land. On the other hand, because of human activity, 

technogen process, facts such as erosion, degradation, pollution and losing of 

the fertility of the soil, the condition of the environment is deteriorating [9].  

About 80% of total area of arable land and 70% of the woodlot of the 

Mongolia is located in the basin of the Selenge River. So, it is evident that lost 

and degradation of the arable land and forest soil, today have become a seri-

ous problem. In 2002, arable land area was 756T ha, but in 2012 it was in-

creased to 1031T ha, and considerably land was additionally tilled. In 2012, 

there was abandoned 292T ha of land and this land seriously broke down and 

impossible to plant [9] 

Loosing and decline fertility of the agricultural soil is connected first of all 

with the passes of the surface soil got off by wind erosion. Today almost half 

of total arable land in some degree is subject to break up and fertility of soil is 

decreased. The losses of soil lighter particle and soil organic carbon due to 

wind erosion in the highly eroded cultivated area are 131-195 t/ha and 40-60%, 

respectively. In the moderately eroded cultivated area, there are 70-110 t/ha 

and 15-30%, respectively rather then 24-54 t/ha and 5-10% for slightly eroded 

cultivated land [7] 

Many topical issues of agro ecоlogical such as improve the productivity of the 

soil, protection from erosion, restoration of the eroded soil and the perfectibility 

of tillage technology are essential for decide forthwith.  

The forest area of this region is reduced by 14175 thousand hectare in 2002 

year while it is continuously decreased by 13301 and 12101 thousand hectare 

for 2008 and 2012 years, respectively. Totally 2074 thousand hectare area of 

forest has been destroyed in the last two decades. It is obvious that main rea-

son of forest area decline is either usage of forest clear cutting or effects of 
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forest insect, diseases, and the exploitation of mining [10]. Only for the last 4 

years (2009-2012), accounting for burning 501 thousand hectare, 603 thou-

sand hectare forest affected by insects and diseases, 113 thousand hectare of 

forest area disturbed by the exploitation of mining of the total forest fund area. 

The area of burned forest is more expanded in the Selenge, Bulgan, Khuvsgul 

and Arkhangai province while forest influenced by insect and desease is very 

serious in Khuvsgul and Bulgan province. Many examples can be observed 

that conversion process from forest soils into steppe type soil is active due to 

sharp changes of soil heat and soil moisture in the un-forested area. Above 

mentioned the global warming is accelerating to this changing process of soil 

type. 

The water, soil and air are polluted due to technogen, in particular the level of 

environment pollution to be reach critical amount near to mining industry and 

settled area of soums, aimags, Erdenet, Darkhan and Ulaanbaatar city. Se-

quent studies found that the indicators of soil pollution such as arsenic, zinc, 

nickel, chrome and lead are over polluted in the many points around Ulaanbaa-

tar city. Therefore bacteria and ammonian pollution created by deposition of 

domestic waste are infiltrated to soil while it is possible to effect on human 

health. Facts that river water, soil located near to gold mining are polluted by 

cyanite and mercury [11]. 

Mining sector is important for Mongolian economic development but it has been 

one of main factor for land degradation. During the building construction, earth-

road of car, the building materials factory, the exploitation of the mining, there 

has changing landscape scenes,. Restoring degraded ecosystem is almost be-

ing left behind. As of 2002, in the basin of the Selenge River the mineral explo-

ration license and the exploiting special license have about 1000 and 600, re-

spectively. As follow this license, area for mineral exploration is about 7 M hec-

tares whereas exploitation permitted area is approximately 150 thousand hec-

tare. Most of explotation license areas are gold, building materials, coal mining. 

Degraded land in Selenge province is very high due to the mining operations 

and it is about 2735.0 hectares. In 2002 only, 1900 hestares area in Selenge 

river basin have been destroyed and abandoned without rehabilazation due to 

mining industry. Due to mining industry, mineral exploration natural ecosystem 
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such as soil, water, and vegetation is degraded and soil, water and air pollution 

appears. 

Conclusion  

According to all of these, it is necessary to keep control of all sources of pollu-

tion and to be carry precaution from potential threat for ensures human health 

and environment. Further, the ecological safety research in the region of indus-

try and settlement is necessary that it is need to choose right approach to clear 

up complex challenges for that one hand rehabilitation, conservation, and 

proper use of natural resources on the other hand human life, people to work 

and great decent conditions for human.   
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Annotation 

This case study describes the results of the spatial distribution of degradation 

processes in Selenga River basin and the levels of their impacts on the biota 

on the example of the Southern part of Lake Baikal territory within Mongolia. 

Inventory of ecosystems and their state assessment were executed on the ba-

sis of complex landscape-ecological mapping on the scale of 1: 500 000. On 

the basis for studying of changes in plant communities we had classified the 

most negative degradation processes dividing them on 5 main types. The san-

disation and wind erosion provokes an invasion of Caragana Bungei which ac-

tively penetrates to the larch forest and steppe ecosystems of the basin. As a 

result, a projective cover and an aboveground phytomass of caragana species 

has increased in 2 – 2,5 times over the last 10 years. On the southern border 

of Selenga River basin an intensive process of Ephedra sinica distribution was 

registered. Being more aggressive on the vital strategy these species easily 

force out the native vegetation from ecosystems of dry steppes. 

Introduction 

Baikal Basin area occupying 540 000 km2 situated on the junction of three 

world’s largest watershed: Arctic Ocean, Pacific Ocean, and The Central-Asian 

Internal Drainage Basin. About 52 percent of the Baikal watershed area and 

over two thirds of the main artery of the Selenga River is in the central and 

northern parts of Mongolia (Figure 1). This region of Mongolia is one it’s most 
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densely populated and industrialized, and this creates conflicts between eco-

nomic development of the region and enhanced conservation of resources. 

Mitigation of the conflicts requires better understanding of ecological conditions 

in the Southern (Mongolian) part of the Lake Baikal basin  

The main objectives of our study are: i) to conduct an inventory of the 

ecosystems, and to assess their level of modification; ii) to analyze negative 

processes affecting Selenga River basin’s ecosystems and components such 

as vegetation, soil, topographical relief, etc for classifying them according to 

ecological affect; and iii) to assess negative risks in the southern (Mongolian) 

part of the Basin to help mitigate environmental degradation; . 

 

 
Figure 1. The Selenga River basin on the junctions of three world’s largest watersheds and the re-
search polygons (A, B).  

Methodologies and Approaches  

The investigation of the modification of the basin’s environment involved land-

scape or ecological principles are used when the goal of assessment is to try 

to differentiate the biosphere into large scale mapping units (e.g., ecosystem 

types). The studies conducted by the Russian-Mongolian Complex Biological 

Expedition, the Russian Academy of Sciences, and the Mongolian Academy of 

Sciences, in the territory of Central Asia have been effective where the soil and 

plant cover has been well studied and when specialized and integrated maps 
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of the regions have been available. As a basic unit we used the level of 

mesoecosystems. For more convenient presentation of the results we have 

combined 49 types of terrestrial ecosystems in 15 groups of ecosystems based 

on their zonal and altitudinal position.  

We have analyzed ecosystems that have become modified at five levels 

due to anthropogenic impact. The techniques used are based on quantitative 

indices of changes in particular ecosystem components (vegetation, soil cover, 

relief) and their differentiation in terms of anthropogenic modification into major 

levels: absent, slight, moderate, heavy, very heavy, and transition between 

these categories (Gunin, Bazha, 2003). 

The factors can be divided into two groups: 1) those leading to destruc-

tion of natural vegetation, disruption of natural links, and initial ecotype for-

mation; and 2) transformation (sharp or occurring in the course of invasion 

or/and successional replacement) of indigenous vegetation and the ecotype 

which largely are recovered after the anthropogenic disturbances are discon-

tinued. In terms of the types of economic transformation, the basin’s ecosys-

tems were classified into: 1) anthropogenic, 2) anthropogenic-natural, and 3) 

natural (Tateishi, Gunin, 2006).  

Ecosystem diversity and their Anthropogenic disturbance 

In total, the Selenga River basin encompasses ¾ of the ecosystem diversity of 

the Palaearctic part of the Asian continent (Table 1). This diversity is the com-

bined result of: i) the location of the basin at the junction of three biogeograph-

ically distinct regions, namely the Central Asian, Eastern Asian, and European-

Siberian region; ii) climatic variation across latitudes and longitudes; iii) the ex-

istence of multiple mountain ranges with large differences in altitude. Main eco-

system types in the basin include mountain tundra’s, taigas, steppes, as well 

as river and lacustrine valleys.  
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Main Ecologi-
cal Groups Ecosystem types Rate  (%) 

Area, 

sq.km. 

Automor-phic 
and semi-hy-
dromor-phic 

natural 

I Nival-golets 3,55 10346,35

II Mountain-tundra-grassland 5,30 15419,64

III Sub-golets 3,58 10432,15

IV North-taiga 0,14 420,50

V Mid-taiga 12,48 36333,85

VI South-taiga 9,90 28821,54

VII Mountain-meadow-steppe 6,79 19795,14

VIII Forest-steppe 6,92 20146,32

IX Moderate dry steppe 7,63 22215,43

X Dry steppe 27,23 79279,54

Hydro-mor-
phic natural 

XI High-mountain and forest 4,33 12597,11

XII Forest-steppe 3,07 8933,60

XIII Steppe 5,74 16717,77

Anthropo-ge-
nic 

XIV Arable and fallow land 2,17 6323,28

XV Urbanized and abandoned 1,18 3432,51

Total    100 291198,0

Table 1. Diversity of terrestrial ecosystem groups in the Selenga River basin (Mongolian part) 

In general, landscapes at high altitudes of over 1800 m asl are dominated by 

mountain tundra. Alpine forests and Siberian cedar forests are in the lower re-

gions of these high altitudes. Mid-elevation landscapes between 1200 – 1800 

m asl are characterised by coniferous forests and cedar groves. Low-mountain 

landscapes between 600 – 1200 m asl are dominated mostly by conifers, cedar 

and larch, pines, and mixed taiga habitats. The low plains are characterized by 

forest, meadow, steppe and marsh landscapes. 
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The structures of terrestrial ecosystem cover of the Southern part of 

Selenga River basin include 14242 areas (mapping circuits) and reflected in 49 

ecosystem types described at the level of zonal and intrazonal mesoecosys-

tems, which account for 88,4 percent of zonal ecosystems in the basin’s area. 

Intrazonal ecosystems including hydromorphic account for 10.6 percent; and 

lacustrine ecosystems account for no more than 1.0 percent. The dominance 

of mountain-forest and plain-steppe ecosystems is indicative that the Mongo-

lian part of the Baikal basin should be classified as a region with a predominant 

distribution of mountain-forest-steppe ecosystems, which confirms its ecotone 

nature. The main ecosystem groups were further sub-divided according to their 

level of anthropogenic disturbances (Table 2). 

Ecosystems 
group 

Area, sq. km Area by the level of disturbance, sq. km 

I II III IV V 

I 10346,35 2112,80 1928,11 5579,38 726,07 0,00

II 15419,64 1820,38 3109,62 9268,77 1220,87 0,00

III 10432,15 1782,32 3291,27 4927,51 431,05 0,00

IV 420,50 217,70 155,29 31,85 15,65 0,00

V 36333,85 3074,81 17029,00 14758,06 1471,99 0,00

VI 28821,54 7148,81 10985,33 8955,57 1718,47 13,35

VII 19795,14 632,22 2692,21 8690,91 7769,89 0,00

VIII 20146,32 941,14 7853,15 8389,08 2705,16 250,99

IX 22215,43 201,86 774,41 9649,33 11578,71 11,12

X 79279,54 419,93 5246,73 31200,66 42112,38 299,85

XI 12597,11 651,46 361,09 7289,76 4292,76 2,05

XII 8933,60 53,81 132,94 3918,49 4828,35 0,00

XIII 16717,77 26,59 991,94 6878,29 8820,96 0,00

XIV 6323,28 0,00 26,66 1421,36 4875,26 0,00

XV 3432,51 0,00 120,47 1403,90 1897,85 10,30

Total 291198,0 19 083,8 54 698,2 122 362,9 94 465,4 587,65 

Table 2.  Area of main ecosystem groups divided by the level of disturbance  
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The eco-biological assessment of the state of ecosystems led us to conclude 

that the detrimental anthropogenic impacts on the structure and functioning of 

the ecosystems are manifested at the physiognomic level when the modifica-

tion is at the IIIrd level. Under the Vth level of modification the ecosystems are 

classified as completely transformed anthropogenic. Analysis of modification 

as determined by various anthropogenic factors reveals that overgrazing has 

to date heavily and very heavily modified 13.2 percent of ecosystems’ area, 

and rangeland ecosystems that have been moderately modified account for 

54.6 percent of their total area. Felling and fires have modified forestry ecosys-

tems heavily and very heavily in over 20 percent of the forest-covered territory. 

Virtually all of the agroecosystems of the region have been anthropogenically 

modified to the IIIrd to Vth degree.  

Based on our assessment of degradation processes responsible for 

heavy and very heavy anthropogenic modification of the natural environment 

we have distinguished five groups of hazardous degradation processes: 1) 

rangeland overgrowth with shrubs, 2) deforestation of forest-steppe ecosys-

tems, 3) desertification of ecosystems on light soils, 4) depletion of ecosystems 

with sand soils, and 5) narcotization of agrocenoses in modified ecosystems. 

We also have differentiated the impacts on the basis of their significance to 

ecosystems, the economic systems, or social systems, respectively (Gunin, 

Bazha, 2003).  

In terms of economy, degradation processes include deforestation of for-

est-steppe ecosystems and the processes of rangeland depletion in hydromor-

phic landscapes. A deforestation of forest massifs is most intensive in the for-

est-steppe zone where forest ecosystems are “insular” because of their expo-

sure to maximum phytocenotic pressure on the part of steppe vegetation. Thus, 

when a tree stand is replaced by a shrub or grass stand the impact often is 

significant because of a reduction not only of biological diversity, but also be-

cause of a reduction in forest carrying capacity. 
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Study of interaction between the Central Asian and Selenga River 
basin ecosystems 

Degradation processes that are significant to social-economic systems stem 

from the invasion of synanthropous and anthropofilic species of plants particu-

larly those containing alkaloids. Despite the heterogeneous nature of the pro-

cesses they have a common feature of affecting human health. 

As it has mentioned above, the extent of joint border between the 

Selenga River basin and the Central Asia’s area is about 1450 km, or over 30 

percent of total length of Basin’s border. Character and consequences of eco-

system interactions between Selenga River basin and The Central Asian Re-

gion steel needs to be investigated more comprehensively. The influence of 

external factors on two transboundary research polygons: Tosontsengel – at 

the west side, and Undjul – on the southern border of Selenga River basin was 

studied (Figure 1). 

Investigated sites represent the ecotones which have been chosen by us 

on the western and southern periphery of Selenga River basin in a zone of 

interaction with desert-steppe and desert landscapes of the Central Asia. The 

most suitable to studying of such ecosystems is the method of ecological pro-

filing allowing the closest captures a difficult structure of a contact zone (Bazha, 

et al., 2013). Desertification processes of the forest-steppe ecosystems caused 

by penetration of desert-steppe bush Caragana bungei Ledeb. to native vege-

tation on the example of Tosontsengel research polygon, Western side of 

Selenga River basin were studied in 2004 and 2014. Investigated communities 

are located in a valley of Ider River, and they presenting the east part of Cara-

gana bungei (56-1, 56-2, 56-3, and 56-4) (table 3).  

Desertification processes characterised by invasion to the dry-steppe 

plant communities of deserted-steppe evergreen low shrub Ephedra sinica 

Staph. were studied in 2005 – 2010 on Unjul research polygon at southern 

border of Selenga River basin on gently ridged plains in Bayan-Undzhul Soum 

(Central Aimag of Mongolia). In the investigated plant communities (14, 15, 19, 

and 26) the participation rate of Ephedra sinica was various - from absolute 

domination to absence of species (Table 3).  

 



214  Petr D. Gunin, E.V. Danzhalova and Sergey N. Bazha 

 

De
sc

rip
tio

n 
In

de
x 

Plant Associations 

 

Pr
og

ec
tiv

e 
co

ve
r 

of
 C

ar
ag

an
a 

bu
ng

ei
 

Pr
og

ec
tiv

e 
co

ve
r  

Coordinates 

El
ev

at
io

n,
 м

, e
xp

o-
su

re
, s

lo
pe

  

56-1 Larch forest with sedge -
motley grass - caragana  

12,0 - N48° 39’ 1,7” 

E98° 56’ 1,4” 

1858,  

SE, 30° 

56-2 
Mountain steppe with 
petrophyte motley grass – 
sedge - caragana  

26,3 - N48° 39’ 2,1” 

E98° 56’ 8,1” 

1875,  

NE, 40° 

56-3 
Meadow-steppe with 
larch and motley grass - 
sedge - caragana  

19,0 - N48° 39’ 2,3” 

E98° 56’ 10,2” 

1856, 

NE, 25° 

56-4 

Mountain steppe with 
petrophyte sedge - mot-
ley grass –- cereal - cara-
gana  

16,1 -
N48° 39’ 13,5” 

E98° 56’ 07,3” 

1870,  

SE, 27° 

14 
Cereal – ephedra steppe 
with caragana and synusia 
of annual species 

- 10,0 N46° 58’ 49,0” 

E105° 55’ 48,8” 

1323  

Plain 

15 
Steppe with caragana - 
ephedra and synusia of 
annual species  

- 10,0 N46° 58’52,4” 

E105° 55’ 50,0” 
1321 
Plain 

19 

Steppe with onion – sum-
mer cypress - feather 
grass and  synusia of an-
nual species 

- -
N46° 57’59,6” 

E105° 34’ 27,0” 
1339 
Plain 

26 
Steppe with ephedra - 
caragana and synusia of 
annual species  

- 25,0 N47° 09’10,8” 

E105° 23’ 56,0” 
1166 
Plain 

Table 3. Participation of Caragana bungei Ledeb. and Ephedra sinica Staph. in vegetation compo-
sition of Unjul and Tosontsengel research polygons 
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Results and discussion 

On the western periphery of Selenga River basin Caragana bungei defines a 

structure of the transformed steppe communities by the bottom of flat parts 

along the slopes of hills and the leveled surfaces adjoined to them with eleva-

tion of 1400-1580 m asl. As a result, rapid invasions of Caragana bungei into 

grasslands the pasture turns in caragana thickets with a projective covering of 

bush from 20 percent up to 50 percent. On the sandy massifs generated as a 

result of aeolian movement, Caragana bungei penetrates into communities of 

petrophyte mountain steppe, as well as into the larch forest. A considerable 

abundance of Caragana is characteristic for mountain steppes. In Mountain 

steppe with petrophyte motley grass – sedge - caragana community (56-2) 29 

bushes of Caragana per 100 м2 are counted, and their projective covering has 

made more than 26 percent. Participation the other kind of bushes is rather 

insignificant. In the Mountain steppe with petrophyte sedge - motley grass - 

cereal plant community (56-4) the greatest participation of Caragana bungei 

was fixed. Its share here is 73 percent from the total projective covering (Table 

3). 

For penetration of Caragana bungei into larch forest the repositioned 

sand massifs on steep (20 – 30 °) slopes of hills of a northeast exposition serve 

as natural ecological corridors. Thus, the wood floor of larch forest (56-1) is 

represented by middle-aged larch (Larix sibirica), 10 – 12 m height and with 

rare undergrowth. Sparse shrub layer of single individual cotoneaster (Cotone-

aster melanocarpa) and meadowsweet (Spiraea media) did not become a bar-

rier for Caragana penetration (12 species per 100 м2). The projective covering 

of a grass layer has 28 percent, with the dominance of Erysimum hieracifolium 

and Carex pediformis. In communities with sparse tree layer Caragana is more 

plentiful. In the meadow-steppe with sparse larch and motley grass - sedge 

plant community (56-3) a projective cover of Caragana bungei has made 19 

percent. 

Thus, a peculiar ecological corridors generated as a result of aeolian 

transport, as well as the absence of competitive species in shrub cover are the 

main contributors for the spread of Caragana bungei in the community of hemi 

boreal larch forests in the taiga-meadow-steppe mountain zone.  
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Studies of plant communities in arid ecosystems of Bayan-Undzhul soum 

showed widespread adoption of Ephedra sinica, both in lowland ecosystems 

and rocky slopes of low hills and in the ecosystems of plains. Mapping of 

steppe ecosystems in Bayan-Undzhul soum showed that ephedra is a part of 

the communities currently involved in more than 1/3 of the research polygon’s 

area. (Gunin et al., 2012). 

In severely degraded communities (14, 15) with a low abundance of 

grasses (Agropyron cristatum, Cleistogenes squarrosa, Koeleria criststa, Stipa 

krylovii) Ephedra has the leading role. Its projective cover was 10 percent, while 

the number of partial bushes per 1 m2 is 13,5 in average. Phytocenotic role of 

ephedra increased in transformed communities with complete loss of herbage 

grasses, as it was revealed in the Steppe - caragana with synusia of annuals 

plant community (26). Lack of Ephedra sinica observed in the Steppe with on-

ion – summer cypress - feather grass and synusia of annuals plant community 

(19). It is in relatively better condition compared with 1970 – 1980, and retained 

virtually all of their species composition (Dry steppes of MPR, 1984). 

According to our observations in different parts of Mongolia, ephedra is 

not reliable due to the nature of the relief and soil composition. It introduced 

and grows well on various soil types, dedicated to a variety of types of relief 

(Gunin et al., 2012). 

Colony forming ephedra, which may be relatively isolated from each 

other. Such a mosaic distribution of ephedra in Mongolia, without rigid binding 

to specific ecotopes, suggests that one of the important reasons for its settle-

ment is zoochory, i.e. spread ephedra using phytophagous mammals and 

birds. In particular, in the Mongolian steppes, its seeds can spread hoofed an-

imals, eating a juicy ephedra fruits.  

Conclusion 

The results of soil and geo-botanical studies conducted on the border between 

the Selenga River basin and the Central Asian inland runoff made possible 

determining the cross-border cooperation places in the vegetation cover. 

The nature of such interactions were identified as invasive, primarily as-

sociated with the penetration of the Central Asian desert-steppe species into 
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the Selenga River basin ecosystems: in forb-grass steppe and larch forest - 

Caragana bungei, and into dry steppe - Ephedra sinica. 

It should be noted that the current invasive succession in both parts of 

the Basin are differ by as the dominant species taking an active part in inva-

sions, and in their territorial scope and landscape confinement. In the first case, 

the clear confinement of Caragana bungei communities to habitats with sandy 

sediments deposited aeolian flows from the Great Lakes basin in Central Asia 

was found. Inclusion of the seeds of this species in the wind-sand flow provides 

long-range transport of indigenous communities, and stimulates penetration of 

caragana into the new types of ecosystems which are not typical places for this 

kind of species.  

In the second case (Unjul research polygon), there is a formation of 

monodominant plant communities of Ephedra sinica or its significant participa-

tion. To date, the spatial distribution of ephedra communities is patchy, while 

that is not associated with certain types of landscape, and a wide ecological 

range of this species suggests a progressive direction of this type of succes-

sion.  

Modern resettlement of these species contributes to arid climate, chang-

ing soil conditions and pasture digression. Taken together, these factors favor 

the development of species historically adapted to desert-steppe habitats. 

Ecological and biological features of these two species widespread in de-

sert landscapes make it possible to diagnose the above mentioned processes 

as biological desertification. 
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Abstract 

Lake Baikal, the largest freshwater lake in the world and UNESCO world herit-

age site, is inhabited by an exceptionally species-rich, largely endemic fauna 

which is distinct from faunas from other freshwaters in the Palearctic. With re-

gard to species-richness, extremely high abundance of individuals and high 

total biomass amphipods (Amphipoda, Crustacea) constitute a major, ecologi-

cally highly relevant animal taxon of Lake Baikal. The “immiscibility barrier” of 

faunas, i.e., the separation of amphipod faunas from Lake Baikal and other 

Palearctic waters, is believed to be related with the high degree of adaptation 

of Lake Baikal species to the specific environmental conditions of their habitats; 

under these conditions they outcompete potentially invasive non-Baikal spe-

cies that are unable to establish stable populations in Lake Baikal. It is a ques-

tion of great interest whether the current global change related, massive alter-

ations of temperature and chemical conditions in Lake Baikal will favor potential 

invasive species. Our molecular and physiological studies with representative 

endemic Eulimnogammarus species show that these species are indeed 

equipped to deal with stress from unfavorable environmental conditions and in 

comparison to a potentially invasive amphipod may not necessarily be more 

sensitive. However, considerable differences in stress responses among the 

different species suggest that species shifts in the Lake Baikal ecosystem may 

occur when environmental conditions continue to change. 



220  Till Luckenbach, Daria Bedulina, Maxim Timofeyev 

 

The exceptionally unique ecosystem Lake Baikal  

Lake Baikal, located in an intracontinental rift zone in the central region of 

southern Siberia, is the world's oldest (25–30 million years), by volume largest 

(23,000 km3) and deepest (1,642 m) lake, containing about 20% of the world's 

liquid freshwater (equivalent to all North American Great Lakes combined) 

(Rusinek et al., 2012a). As unique ecosystem with exceptionally high degrees 

of biodiversity and endemism it was designated as a UNESCO World Heritage 

Site in 1996 (http://whc.unesco.org/en/list/754). So far, 2,595 animal species 

from Lake Baikal have been identified or described, of which 80% are endem-

ics (Rusinek et al., 2012b; Timoshkin, 2001). This high degree of endemism 

reflects the long evolutionary history of Lake Baikal in isolation from other fresh-

water bodies (Timofeyev, 2010). 

The fauna of Lake Baikal is represented by two genetically and ecologi-

cally different complexes – the Euro-Siberian (Palearctic) fauna inhabiting so 

called “sors”, which are isolated waters at the shores of Lake Baikal that have 

connection to the lake, and the “Baikalian” fauna of the open lake (Kozhova 

and Izmest'eva, 1998). It is indeed a question of great interest why the 

”Baikalian” fauna remains majorly distinct from the fauna of sors and adjacent 

ponds and lakes with species compositions that are commonly found in fresh 

water systems across northern Eurasia (see Figure 1). 

A major factor contributing to the formation of a faunistic “immiscibility 

barrier” between Lake Baikal and other fresh waters can be seen in the, unique 

abiotic conditions of Lake Baikal (Mazepova, 1990). The water is classified as 

ultra-oligotrophic with comparatively very low levels of ions and dissolved or-

ganic carbon; oxygen levels are permanently exceptionally high throughout the 

water column with concentrations close to saturation; and although the water 

temperature can rise to 20-22°C close to shore in protected shallow bays in 

summer (Khozov, 1963) it is overall constantly low with 6°C in average (Falkner 

et al., 1991; Weiss et al., 1991; Yoshioka et al., 2002). The abiotic conditions 

of Lake Baikal thus show fundamental differences to all other Siberian fresh-

water systems that are characterized by strong seasonal fluctuations of envi-

ronmental parameters temperature, oxygen content, osmotic conditions and 

contents of natural organic compounds. It therefore seems obvious that differ-

ences between Lake Baikal and other lakes regarding abiotic conditions may 
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require differences in physiological performance ranges as adaptations of spe-

cies of the respective faunas to respective conditions. It is assumed that inva-

sions of non-Baikal species into Lake Baikal and formation of stable popula-

tions in the lake are precluded by superior performance of the highly adapted 

species of the endemic fauna of Lake Baikal under these specific conditions 

which therefore out-compete other, potentially invasive species thus keeping 

ubiquitous northern Eurasian and Lake Baikal faunas distinct (Timofeyev, 

2010). 

 

Figure 1. Photograph of a site close to the village Onguryony in the north-west of Lake Baikal. The 
picture illustrates the “immiscibility barrier” of Lake Baikal and Palearctic freshwater faunas. A typi-
cal Lake Baikal shore habitat is in close vicinity and only separated by a narrow stretch of land 
from a freshwater habitat with a completely different character inhabited by a fauna common in the 
Palearctic. 

Amphipods – dominant benthic organisms in Lake Baikal 

Amphipods (Amphipoda, Crustacea) are highly abundant macro-invertebrates 
that substantially contribute to the overall biomass in Lake Baikal and constitute 
key components of the benthos from the littoral to abyssal zones. The number 
of amphipod species in Lake Baikal is exceptionally high and the lake is world-
wide one of the hotspots of amphipod species diversity. From animal taxa in-
habiting Lake Baikal the Amphipoda taxon has the highest documented diver-
sity and endemicity. All of the so far classified 354 amphipod species and sub-
species are endemic to Lake Baikal (Bedulina et al., 2014) and the species 
number amounts to approximately 20 % of the number of so far described am-
phipod species from fresh or inland waters worldwide (Väinölä et al., 2008). 
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The complex taxonomy of amphipods from Lake Baikal is still a matter of de-
bate. Few species, mainly introduced by human activity, such as Gmelinoides 
fasciatus, Eulimnogammarus cyaneus, E. viridis, and Micruropus wohlii, were 
found to spread to waters outside of Lake Baikal (Berezina, 2007; Gladyshev 
and Moskvicheva, 2002; Takhteev, 2000). However, overall, the endemic am-
phipod fauna is confined to the  

      

 

Figure 2. Photographs of recently discovered amphipod species endemic to Lake Baikal and of the 
shore lines where they were found. 
Above: Eulimnogammarus messerschmidtii Bedulina et Tachteew, sp. n. (blue and red morphs – 
A, B) and the shore of northern Lake Baikal close to the city of Severobaikalsk. 
Below: A yet undescribed species (Eulimnogammarus sp. n.) which was found close to the 
Shaman rock on Olkhon island. 
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waters of Lake Baikal and ponds and lakes in its vicinity are inhabited by a 

clearly distinct fauna with Gammarus lacustris as typically predominant amphi-

pod species (Kozhova and Izmest'eva, 1998). Although amphipods from Lake 

Baikal have intensively been studied over decades there is still a large number 

of species to discover. Thus, it is assumed that only half of the species making 

up the endemic fauna of Lake Baikal has been described (Timoshkin, 1999). It 

is not just deep-water amphipod species that await discovery, but also new 

littoral species can be found at shores that are relatively well accessible and 

frequented by humans. Just recently, we published the description of a littoral 

amphipod species, Eulimnogammarus messerschmidtii that we found on a field 

trip to northern Lake Baikal close to the city of Severobaikalsk (Bedulina et al., 

2014). Another undescribed littoral amphipod species that we found on the 

Olkhon island at a beach close to the Shaman rock, landmark of Lake Baikal 

and tourist attraction, still needs to be named (Figure 2). So far, the main focus 

of studies of amphipods from Lake Baikal has been on taxonomy and ecology 

and not so much on physiological adaptations to environmental conditions and 

their molecular basis. 

We recently studied two major components of cellular stress response 

mechanisms in amphipods, so called chaperones or heat shock proteins (hsp) 

stabilizing the structure of other proteins and cellular transporter proteins from 

the ABC (ATP binding cassette) transporter protein superfamily that keep out 

toxic chemicals from cells (Bedulina et al., 2013; Pavlichenko et al., 2015). An 

important outcome of these studies is that amphipods endemic to Lake Baikal 

do possess these cellular stress response mechanisms, i.e., these species are 

equipped to deal with stress caused by adverse environmental conditions, such 

as temperature or chemical stress. 

The identification of genetic sequences in amphipods is still challenging 

as there is a lack of genomic data for this animal taxon which could be used as 

reference. A recent first genome next generation sequencing (NGS) technol-

ogy based sequencing campaign of the genome of Eulimnogammarus verru-

cosus (Rivarola-Duarte et al., 2014), an amphipod endemic to Lake Baikal, can 

in this respect be seen as pioneering and the obtained data will be of great 

value for future studies on Lake Baikal amphipods, but may also serve as ref-

erence for studies on amphipods in general. The sequenced genome of E. ver-

rucosus appears to be unique in many regards. With a size of about ten Gb 
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(giga bases) it turned out to be surprisingly large, about three times larger than 

the human genome. The large size cannot be associated with genome dupli-

cation as no paralogs of highly conserved genes, so called hox genes, were 

found, however, the genome appears to contain a high proportion of non-cod-

ing DNA, i.e. DNA not coding for any proteins. A comparison of genomes from 

E. verrucosus and the water flea Daphnia pulex, the closest relative with a well‐
developed genomic resource, showed only very little sequence similarities in-

dicating that the genomes are quite distinct (Rivarola-Duarte et al., 2014). 

Lake Baikal and global change 

As a consequence of the drastic alterations of global climate with world-wide 

increasing mean temperatures and of the global chemosphere resulting from 

massive releases of man-made chemicals into the environment the abiotic con-

ditions of Lake Baikal have dramatically changed in the last decades and those 

changes are predicted to continue. Recent models predict a 1.8-5°C increase 

of the mean global temperature by the year 2100, with increased occurrences 

of temperature fluctuations and temperature extremes (IPCC, 2007). Simulta-

neously, the global chemosphere is currently heavily influenced by human ac-

tivities. The number of chemicals in use by mankind amounts to 100.000, with 

10.000 to 30.000 being of environmental concern (Hartung and Rovida, 2009). 

Lake Baikal is in one of three areas in the world experiencing the most 

rapid climate change; the other two regions are the Antarctic Peninsula and 

northwestern North America (Clarke et al., 2007). All three areas are charac-

terized by long, cold winters. At Lake Baikal, winter air temperatures reach –

37°C to –40°C, and the lake freezes for four to five months each year; summer 

air temperatures soar briefly to 25°C to 30°C in this strongly continental climate 

(Kozhova and Izmest'eva, 1998). 

Despite the enormous temperature buffering capacity of the large water 

body global warming has caused a 1.21°C increase in the average surface 

water temperature in the past 50 years (Hampton et al., 2008), a rate twice that 

of the global average, and the ice-free season has lengthened by 16.1 days 

between 1868 to 1995 (Magnuson et al., 2000). This is of particular importance 

for the Lake Baikal ecosystem since ice is arguably the single most important 

abiotic driver in this lake. The lake’s dominant primary producers and its top 
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predator, the Baikal seal, require ice for population growth. Whereas the spring 

phytoplankton bloom begins shortly after ice off in temperate-zone lakes the 

spring bloom occurs under the ice in Lake Baikal and ice is essential for initiat-

ing and sustaining this bloom (Moore et al., 2009). Long-term monitoring sur-

veys demonstrated increases of more than 300% in average zooplankton, al-

gae and cyanobacteria abundances since the 1940s as a consequence of in-

creasing temperatures (Hampton et al., 2008). The increase of temperature in 

the Baikal region will remain substantial in the future. The projected median 

increase of annual air temperatures will be 4.3°C in 2080-2099 compared to 

1980-1999, with 6°C for the median projected temperature increase for the 

winter months and 3°C for summer (Christensen et al., 2007). 

In addition to temperature change industrial pollution and cultural eu-

trophication are of particular concern for Lake Baikal. The Irkutsk region, con-

taining an industrial corridor with chemical plants and aging industries, lies 

within the lake’s airshed and industrial chemicals including polychlorinated 

dibenzo-p-dioxins and dibenzofurans (PCDD/Fs) and polychlorinated biphen-

yls (PCBs) are carried into the southern basin of the lake by prevailing winds 

and bioconcentrate in fish, the Baikal seal and in humans (Mamontov et al., 

2000). Likewise, perfluorochemicals (PFCs) originating from ongoing contami-

nation from a local source bioconcentrate in Baikal seals (Ishibashi et al., 

2008). Other sources of pollutants include the Trans-Siberian railroad, now 

transporting oil along the southern and eastern shores of the lake, the Baykalsk 

Pulp and Paper Mill (BPPM), a large deteriorating pulp mill on the southern 

lake shore, industrial sites in the area of the city Severobaikalsk and agricul-

tural waste water in the Selenga river flowing into Lake Baikal. Eutrophication 

supposedly from elevated phosphate and nitrate levels in some shallow bays 

along the Baikal shore was assumed to result from increased tourism and ship 

traffic with some consequences for the ecosystems in these habitats, such as 

unusually high abundance of Spirogyra and other algae (Kravtsova et al., 2014; 

Timoshkin et al., 2014) and in Lisvyanka bay during the summer of 2014 oc-

currence of frequent deaths of the endemic freshwater sponges that by acting 

as filter feeders have an important function for water purification. The influx of 

chemicals and nutrients is anticipated to further increase as a result of thawing 

permafrost releasing chemicals from soil and increased run-off and erosion into 

the lake with elevated temperatures. 
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Due to the lake’s distinct features, such as oligotrophy, cold waters, long 

residence time, a long pelagic food chain, the high seismicity of the region, and 

great endemism, its ecosystems may be particularly vulnerable to stress re-

sulting from the current environmental changes (Moore et al., 2009). 

Do changes of environmental conditions enable invasive species 
to enter Lake Baikal? 

Freshwater ecosystems are particularly affected by both temperature changes 

and chemical pollution. Surface runoff and industrial and municipal waste water 

often end up in streams and lakes and there is a continuous inflow of chemicals 

into aqueous environments. Increased temperature in concert with chemical 

stressors result in increased overall stress for organisms (Lannig et al., 2008). 

These alterations of environmental conditions are advantageous for spe-

cies with a superior ability to cope with stress resulting from environmental 

changes, because they become able to outcompete species that are less 

stress tolerant. Climate and chemosphere changes favor ubiquitous “general-

ists” that outcompete indigenous/endemic faunas. Mass occurrences of inva-

sive species, such as for instance shown for certain amphipod species, occur 

in anthropogenically heavily affected environments (Grabowski et al., 2007; 

Van den Brink et al., 1991). 

It is therefore of great concern that the current environmental changes by 

global warming and increasing levels of anthropogenic pollutants will lead to a 

situation where the immiscibility barrier of faunas in Lake Baikal deteriorates. 

Conditions that have hitherto been the cause of competitive superiority of en-

dogenous Baikal species over ubiquitous Eurasian species may no longer be 

in place. The circumstance that Baikal species are perfectly adapted to condi-

tions within a narrow range of variation will no longer remain a competitive ad-

vantage since environmental conditions may be shifted beyond the limits of 

optimal performance. 

Various cases have shown invasions of non-indigenous species in other 

ecosystems as a consequence of global climate change and anthropogenic 

pollution, with success of invasion depending on the degree of stress tolerance 

(Grigorovich et al., 2008; Stachowicz et al., 2002). Indeed, cases of invasions 

of species which could be related to environmental conditions, i.e. specifically 



 Is the Endemic Fauna of Lake Baikal Affected by Global Change? 227 

 

increased temperature, have also been reported for Lake Baikal; for instance, 

invading freshwater snails have been found to completely replace the indige-

nous fauna in certain isolated, shallow bays where comparatively high water 

temperatures were reached, which was related to a higher degree of thermo-

tolerance of the invasive species (Stift et al., 2004). 

On this background, current climate change and pollution can be re-

garded as substantial threat to the unique ecosystem of Lake Baikal as they 

may considerably advance replacement of indigenous by invasive species, al-

terating the Baikal ecosystem. Apart from the tragedy for the world community 

in case of deterioration of this unique ecosystem, changes of the Lake Baikal 

ecosystem will also have severe consequences for the local society. For one, 

local economies dependent on the lake, such as fisheries, may be threatened. 

Secondly, water supply of local communities may be affected by impaired wa-

ter quality. 

Gammarus lacustris – a potential invasive amphipod species to 
Lake Baikal? 

For addressing the question if changing environmental conditions will enable 

non-Baikal amphipod species to invade Lake Baikal we chose three species 

as representative models for experiments. Two of the species, Eulimnogam-

marus cyaneus and E. verrucosus, are endemic to Lake Baikal and highly 

abundant littoral species. E. cyaneus inhabits the narrow zone near the water 

edge and E.verrucosus typically occurs close to shore at water depths from 0 

to 6 m. The third species, Gammarus lacustris, can be regarded as potentially 

invasive species. It is widely distributed in fresh waters of Northern Eurasia, 

including Siberia (Karaman and Pinkster, 1977). The species occurs in some 

isolated bays of Lake Baikal, but it is not a typical species of the lake´s fauna 

(Kozhova and Izmest'eva, 1998; Timoshkin, 2001). 

In contrast to species from Lake Baikal G. lacustris may need to tolerate 

higher fluctuations of environmental conditions, such as temperature changes 

during the day, as the shallow waters inhabited by the species do not show the 

buffering capacity of the large water mass of Lake Baikal and due to their lim-

ited size do not offer possibilities to escape adverse conditions by migration to 

other areas. It may therefore be assumed that G. lacustris is better equipped 
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with cellular and physiological adaptations to withstand extreme conditions 

than the Baikal amphipod species, which in the contrary may have to deal less 

with fluctuations of environmental parameters in their habitats. 

However, our studies show that greater sensitivity to adverse environ-

mental conditions cannot per se be assumed for all Lake Baikal endemics. 

Thus, experimental data on temperature sensitivities of the three amphi-

pod species show that indeed a Lake Baikal endemic, E. cyaneus, is least sen-

sitive to temperature stress (Figure 3). At 25°C water temperature, which 

causes thermal stress in the amphipods, increases in mortalities with time of 

exposure were found in all three species. However, whereas E. verrucosus 

was most sensitive with almost 100 % mortality after 24 hrs, mortality was low-

est in E. cyaneus and, compared to E. cyaneus, clearly higher in G. lacustris 

(Figure 3). Based on these findings it appears plausible that E. cyaneus, alt-

hough endemic to Lake Baikal, nevertheless experiences temperature fluctua-

tions with comparatively large amplitudes or extremes in its habitats. Indeed, 

temperatures of the shallow waters in the upper littoral, where E. cyaneus is 

found, can reach maxima above 20°C in the summer (Shimaraev et al., 1994). 

Further, E. cyaneus can be found in warm waters close to hot springs (own 

observation). Thus, a high degree of temperature tolerance appears to enable 

the species to survive in habitats that with regard to environmental conditions 

are relatively extreme enabling it to escape competition with species that are 

less temperature tolerant. E. verrucosus, however, as more temperature sen-

sitive littoral species appears to respond to unfavourable temperature condi-

tions by migrating to deeper colder waters as it disappears from the shallow 

littoral during warm summer periods. It is only found in the shallow littoral when 

the water is cooler, either due to colder climate or due to upwelling of cold water 

from the deep (Weinberg and Kamaltynov, 1998). 
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Figure 3. Percent mortalities of different amphipod species, E. cyaneus, E. verrucosus and G. la-
custris in dependence of time of exposure to thermal stress (water temperature at 25°C). Upon lab 
adaptation of wild caught amphipods animals were kept in water tanks in aerated water maintained 
at 25°C and dead animals were counted and removed from the tank every hour. For details on 
origin and maintenance of animals and on the experimental set up refer to Bedulina et al. (2013) 
and Pavlichenko et al. (2014). Data from Bedulina et al. (2013) and Timofeyev (2010). Photo-
graphs of amphipods by Vasiliy Pavlichenko. 

As outlined above the studied endemic amphipods possess the cellular ma-

chinery enabling the organisms to deal with adverse environmental conditions, 

such as thermal and chemical stress. However, there are species-specific dif-

ferences in cellular stress response systems that can be seen as reason for 

differences between species in the degree of tolerance to environmental 

stress. Thus, the Hsp70 system mitigating destabilizing effects of high temper-

ature on protein structure is more complex and more active in E. cyaneus than 

in E. verrucosus (Bedulina et al., 2013) and constitutive hsp70 transcript levels 

are generally higher in G. lacustris and E. cyaneus than in E. verrucosus, with 

particularly high constitutive HSP70 protein levels in E. cyaneus (Protopopova 

et al., 2014). These molecular data are thus in line with the different degrees 

of thermal tolerance indicated by the temperature-related mortalities in those 

species (Figure 3). 
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Conclusions 

Our data do not indicate that non-Baikal amphipods are generally more stress-

tolerant than Baikal endemics. Therefore, continuing environmental changes 

may not necessarily enable invasive species to occupy new habitats in Lake 

Baikal since species, such as E. cyaneus, may still be able to deal with 

changed conditions, especially higher maximum temperatures, and out-com-

pete potential invaders. However, migration of endemic species, such as E. 

verrucosus, to deeper, cooler waters as a consequence of higher water tem-

peratures may increase the competition pressure in these habitats leading to 

ecosystem shifts. Changes in the Baikal water chemistry, in particular eutroph-

ication, may lead to dramatic impacts on the Lake Baikal ecosystem, as re-

cently reported, and urgently needs to be addressed by water managers and 

scientists. 
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Abstract 

This work demonstrates principal similarity of the processes occurring in phy-

toplankton communities near western shore (at reference clean “point #1”) and 

near eastern shore of Southern Baikal (at influenced by purified waste waters 

point “testing area P7”) in June-October of 2005-2006. Though in both years 

phytoplankton community at clean “point #1” was characterized by higher bio-

diversity, principal composition of phytoplankton was similar and processes 

taking place in both points resemble each other. The year 2005 can be counted 

as “phytoplankton rich development year”, while the following year 2006 can 

be named as “phytoplankton medium development year”. Our estimates can 

conclude stable equilibrium state of autotrophic chain of Southern Baikal eco-

system. 

Introduction 

Institute of Biology fulfills the monitoring observations after the state of biolog-

ical communities in the point of possible influence of purified waste waters of 

Baikalsk Pulp and Paper Combine (BPPC) starting from the time, when its 

building has been planned (1960) (Kozhova, Izmestyeva, 1998), comparing 

these results with the reference clean “point #1”, situated near the opposite 

shore of the lake, where monitoring started in 1946 (Kozhov, 1963). 
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The years described here were among the last years, when Combine func-

tioned for the full power, as starting with 2008 it stops from time to time and 

has been turned out completely in 2013. 

The aim of our recent work – comparison of phytoplankton development 

during Summer-Autumn periods in two sites: one – influenced by BPPC activity 

and another – situated in far from BPPC location, both belonging to Southern 

Baikal and situated in the similar geographic, natural, climatic etc. conditions. 

We have concentrated our attention on the assessment of the state of 

phytoplankton, as it is the main component determining the quality of aquatic 

community, providing the most energy for the ecosystem as well as the main 

part of biological matter turnover.  

Sites of and methods of observations 

Reference clean “point #1”: It is situated near the western coast of Southern 

Baikal, in 2.7 km from the shore in front of biological station of Institute of Biol-

ogy with the depth of ≈ 800 m, geographical coordinates are N – 51° 54'.195, 

E – 105° 04'.235. This site is shown to reflect the situation in Southern Baikal 

adequately (Kozhov, 1963; Kozhova, Izmestyeva, 1998). 

Influenced by purified waste waters point “testing area P7”: is situated 

near the eastern coast of Southern Baikal, abreast of injector of discharge of 

purified waste waters of BPPC, in 7 km from the shore with the depth of ≈ 900 

m, geographical coordinates are N – 51° 33’.19, E – 104° 19’.5. 

Water to analyze chlorophyll a content and determination of number and 

species composition of phytoplankton was sampled with 7 l Van Dorn bottle 

(bathometer) from the depths of 0, 10, 25, 50, 100 m. Water temperature was 

measured with mercury thermometer inserted in the bathometer, water trans-

parency – with white Secci disk, 35 cm in diameter. Chlorophyll a concentration 

was determined with standard spectrophotometric method (Report…, 1964) af-

ter filtration of water through nucleopore filters with pores of diameter of 0.7 

µm.Phytoplankton samples were fixed with the Utermöhl solution, settled for 2 

weeks and analyzed with light microscope (256 forms of algae were distin-

guished and counted).  
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Results for 2005 

State of phytoplankton at reference clean “point #1” 

Surface temperature in beginning of Summer was 3.7 °C (June 2005), then 

water started to warm in the beginning of July and in the beginning of August 

reached maximum (15.1 °C in the surface layer). The warming period covered 

total trophogenic layer till the end of September.  

Weighted average temperature in the layer 0-50 m was 10.8 °C. Water 

transparency in 2005 varied from 4 m (end of July) till 21 m (October). Chloro-

phyll a content in 0-50 m layer in July-October varied widely. The total series 

is characterized by the following data:  

Average 1.04 Excess -0.42 

Standard error 0.14 Asymmetry -0.69 

Median 1,10 Interval 1.58 

Standard deviation 0.49 Minimum 0.09 

Sampling variance 0.24 Maximum 1.66 

Phytoplankton composition in July-October, 2005 г. is characterized by the 

presence of 60 algae taxa, belonging to 6 orders.  

The most varied were Bacillariophyta – we’ve met 24 species, not taking 

into account benthic forms. Nevertheless, their number was law – maximal 

numbers varied within from 0.02 103 cells l-1 for Aulacoseira skvortzowii to 30.12 

103 cells l-1 for Stephanodiscus sp. Number of species of green algae was 19. 

Their number varies in wide limits – from 0.16 103 cells l-1 for Oocystis parva to 

42864 103 cells l-1 for Pseudoictyosphaerium minusculum. Cyanophyta were 

presented by  7 species. Their maximal number lied within from 2.04 103 cells 

l-1  for Anabaena sp. to 189410.00 103 cells l-1 for Synechocystis limnetica. 

Chrysophyta were also presented by 7 species with oscillations of number 

from 1.15 103 cells l-1 for Dinobryon elegantissimum to 624.03 103 cells l-1 for 

Chrysochromulina sp. Two species of Cryptophyta were registered: 

Chroomonas acuta and Chroomonas sp. with numbers 807.22 and 49.47 103 

cells l-1, corresspondingly. Dinophyta were presented also by two species: 
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Gymnodinium coeruleum and Glenodinium sp. sp. with maximal number of 

3.71 and 2.82 103 cells l-1.  

In more number – maximums of 216.85 and 749.37 103 cells l-1, we met 

spherical non-identified algae and non-identified flagellata. Small-cell pico- and 

nanoplanktonic forms dominated, reaching up to 200 106 cells l-1 in some days. 

There were non-identified single cocci (1-2 µm in diameter), cocci (3–5 µm in 

diameter), blue-green: Baikal endemic Synechocystis limnetica and Cy-

anodictyon planctonicum. In mass developed flagellates (in some days their 

number could reach 200 103 cells l-1). So, the list of dominant species (with 

maximal number of 100 103 cells l-1 and more) had the following composition 

(table 1): 

Chroomonas acuta 807.22 

Chrysidalis sp. 542.38 

Dinobryon sociale var. sociale 384.46 

Ankistrodesmus pseudomirabilis 278.67 

Chrysochromulina sp. 219.15 

Table 1: Dominant species of phytoplankton number (103 cells l-1) at reference clean “point #1” in 
2005 

Total number of phytoplankton (without taking into account nano–, picoplank-

ton and flagellates) started to rise rapidly from the middle of July, reached its 

maximum (weighted average in 0-50 m more than 825 103 cells l-1) in August 

20th, remained high for total September and beginning of October, and declined 

in the end of October.  

Total number of phytoplankton including nano–, picoplankton and flagellates 

was maximal in the first decade of August (weighted average in 0–50 m was 

more than 90 106 cells l-1). So, 2005 Summer we can call phytoplankton-reach 

year.  
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State of phytoplankton at influenced by purified waste waters point “test-
ing area P7” 

Water masses near eastern shore was also well warmed in 2005. Weighted 

average temperate for 0-50 m were some lower than near western shore in 

August, the same in September and some even higher in October. In October 

temperature at 50 m depth was still not lower 6 °С. Water transparency was 

about 10 m and was not greatly different from transparency at western shore.  

Chlorophyll a content at influenced by purified waste waters point “testing area 

P7” practically not differed from the one at “point #1” in 2005, July-October. 

Maximal concentrations are registered in August at maximal water tempera-

ture.  

The total data are not significantly different from the “point #1 and they 

can be counted as the same general population: 

Average 1.12 Excess 0.72 

Standard error 0.04 Asymmetry 0.74 

Median 1,10 Interval 3.17 

Standard deviation 0.63 Minimum 0.05 

Sampling variance 0.40 Maximum 3.22 

We’ve discovered 45 algae taxa in “testing area P7”, that is sufficiently less 

than at “point #1”. 

Among them Bacillariophyta – 7 species with maximal number from 

0.02 to 70.51 103 cells l-1. Endemics of Baikal – two species only Aulacoseira 

skvortzowii and Stephanodiscus skabitschevskii with insignificant number of 

less than 1 103 cells l-1. Green algae - 11 species, with maximal number from 

0.15 to 17716 103 cells l-1. Chrysophyta - 7 species with maximal number from 

0.09 до 625,62 103 cells l-1. Dinophyta – 2 species with maximal number less 

than 2 103 cells l-1. 2 species of blue-green alga, with endemic of Baikal Syn-

echocystis limnetica (60.12 103 cells l-1) and falciform non-identified alga (16.37 

103 cells l-1). Flagellates were multiple and various – 8 species with maximal 

number from 6.54 to 309.06 103 cells l-1.The most dominating forms were small-

cell pico– and nanoplanktonic alga, flagellates. Their total number some days 
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was close to 100 106 cells l-1. There were non-identified single cocci (1-2 µm in 

diameter), cocci (3–5 µm in diameter), blue-green: Baikal endemic Synecho-

cystis limnetica and Cyanodictyon planctonicum, green Pseudoictyosphaerium 

minusculum. In August dominant species were represented (without small-cell) 

by green and Chrysophyta (table 2):  

Chroomonas acuta 241.11 

Dinobryon bavaricum var. bavaricum 199.98 

Ankistrodesmus pseudomirabilis 65.71 

Chrysidalis sp. 62.51 

Dinobryon sociale var. sociale   32.30 

Table 2: Dominant species of phytoplankton number (103 cells l-1) at “testing area P7” in August 
2005 

In September dinobryons were lost from the list of dominant species, while 

green Ankistrodesmus angustus and diatom Cyclotella minuta were included 

(table 3): 

 

Chrysidalis sp. 324.79 

Chroomonas acuta  211.67 

Ankistrodesmus pseudomirabilis 48.41 

Ankistrodesmus angustus 21.57 

Cyclotella minuta  17.82 

Table 3: Dominant species of phytoplankton number (103 cells l-1) at “testing area P7” in Septem-
ber 2005 
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In October the list of dominant forms was as follows (table 4): 

Chrysidalis sp. 625.62 

Chroomonas acuta  286.23 

Cyclotella minuta 70.51 

Stephanodiscus hantzschii var. pusillus 69.64 

Ankistrodesmus pseudomirabilis 33.32 

Table 4: Dominant species of phytoplankton number (103 cells l-1) at “testing area P7” in October 
2005 

As we can see, one more diatom Stephanodiscus hantzschii var. pusillus 

joined to dominants, Ankistrodesmus angustus was lost, аnd maximal number 

of algae has increased when compared to September.  

Generally speaking the list of dominant species (exceeding 100x103 cells 

l-1) at “testing  area P7” during Summer-Autumn 2005 contained the following 

species (see table 5): 

 

Chroomonas acuta 286.23 

Dinobryon bavaricum var. bavaricum 199.98 

Chrysidalis sp. 625.62 

Table 5: Dominant species of phytoplankton number (103 cells l-1) at “testing  area P7”  in 2005 

Total number of phytoplankton, including small-cell forms, was maximal in Au-

gust – weighted average in 0-50 m reached 50339 103 cells l-1. 

Results for 2006 

State of phytoplankton at reference clean “point #1” 

Content of chlorophyll a in 0-50 m layer in July-October 2006 varied from 0.01 

to 3.83 мg м-3. Weighted average series was characterized by the following 

parameters:  
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Average 1.05 Excess –1.56 

Standard error 0.18 Asymmetry 0.04 

Median 1.17 Interval 2.10 

Standard deviation 0.72 Minimum 0.07 

Sampling variance 0.51 Maximum 2.17 

Content of chlorophyll a was closely related with water transparency like in 

2005. About 70 taxa of alga, belonging to 6 orders, were met at “point #1” in 

June-October 2006.  

The most multiple and diverse group was Bacillariophyta – we have 

counted 28 species (not taking into account benthic non-identified forms). The 

maximal numbers lied within limits from 0.02 103 cells l-1 for Aulacoseira skvort-

zowii to 205.96 103 cells l-1 for Stephanodiscus hantzschii var. pusillus.  

There were 24 species of green algae. Their maximal number varied from 0.07 

103 cells l-1 for Schroederia setigera to 155.95 103 cells l-1  for Ankistrodesmus 

pseudomirabilis. There were 9 species belonging to Cyanophyta. Their maxi-

mal number varied greatly from 0.07 103 cells l-1  for Aphanizomenon flos-aquae 

f. flos-aquae to 19887.13 103 cells l-1 for Synechocystis limnetica.  

Chrysophyta were presented by 10 species with maximal number from  1.09 

for Dinobryon divergens var. divergens to 352.82 103 cells l-1 for Chrysidalis sp. 

Traditionally there were only two Cryptophyta species – Chroomonas acuta 

and Chroomonas sp. with maximal numbers of 471.24 103 cells l-1  and 21.91 

103 cells l-1. Dinophyta were presented by three species Gymnodinium co-

eruleum  Glenodinium sp. sp., and Glenodinium «mushrooomlike» with maxi-

mal numbers of 5.35 103 cells l-1, 5.16 103 cells l-1 and 2.75 103 cells l-1 conse-

quently. Non-identified spheric cells and flagellates were met in higher maximal 

numbers 2052.63 103 cells l-1 and 227.99 103 cells l-1 consequently.  

For each month we have created list of the first ten most multiple species 

(without nanoplankton forms). In June they were: Chroomonas acuta, An-

kistrodesmus pseudomirabilis, Chroomonas sp., Chrysidalis sp., Chromulina 

sp., Stephanodiscus dubius, Cyclotella minuta, Ankistrodesmus angustus, 

Glenodinium sp. sp. и Lambertia (Ankyra). Variety of maximal number was ra-

ther significant: from 1.78 103 cells l-1  for Lambertia (Ankyra) to 289.02 103 cells 
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l-1 for Chroomonas acuta. In July the list changed by 60%. Chroomonas acuta, 

Ankistrodesmus pseudomirabilis, Chroomonas sp., Chrysidalis sp. remained in 

the list, with addition of Nitzschia acicularis, Stephanodiscus dubius, Stepha-

nodiscus sp., Synedra acus, Koliella longiseta f. longiseta, Stephanodiscus 

hantzschii var. pusillus. In August to Chroomonas acuta, Chrysidalis sp., An-

kistrodesmus pseudomirabilis, Stephanodiscus hantzschii var. pusillus, Steph-

anodiscus sp., 2 Chrysophyta species: Dinobryon sociale var. sociale (D. so-

ciale tipica) and D. sociale var. stipitatum, 2 species of blue-green  Ana-

baena Lemmermannii, A. flos-aquae and green Ankistrodesmus minutissimus 

joined the list. In September diatom Cyclotella minuta, and Ankistrodesmus 

angustus, Ankistrodesmus sp. и Chroomonas sp. joined this list.  

The total level of phytoplankton development remained high, as the num-

ber of three species was higher than 100 103 cells l-1.We observed in Septem-

ber the highest number of Chroomonas acuta and Chrysidalis sp., 471.24 103 

cells l-1 and 352.82 103 cells l-1. In October list remained similar to September 

one. 2 species of green Ankistrodesmus, were replaced by Didymocystis sp. 

and Dinobryon  cylindricum var. cylindricum. 

So, list of mass species, met in June-October in the number of more 100 

103 cells l-1, included the following forms (table 6):  

 Chroomonas acuta 471.24 

Chrysidalis sp. 352.82 

Stephanodiscus hantzschii var. pusillus 205.96 

Stephanodiscus sp. 185.52 

Ankistrodesmus pseudomirabilis 155.95 

Dinobryon sociale var. sociale 105.27 

Table 6: Dominant species of phytoplankton number (103 cells l-1) at “point #1” in 2006 

We can see the change of mass species composition. There is not Chryso-

chromulina sp. in this species, and there are 2 species Stephanodiscus 

hantzschii var. pusillus и Stephanodiscus sp., not developed in mass in 2006.  
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The basis of phytoplankton community (from 02.06. to 11.07.2006) was 

Chroomonas acuta. At the depth of 10 m, where the number of algae is maxi-

mal, the number of this species was more than 50 % of total phytoplabkton 

number. It was accompanied by green Ankistrodesmus pseudomirabilis and 

other species of genus Chroomonas. Generally speaking we can count phyto-

plankton community of this time monodominant. In the end of July-August the 

share of Chroomonas acuta is decreased, but remains relatively high and this 

species did not lost his position among dominants. Ankistrodesmus pseudo-

mirabilis joined the list of co-dominants, together with Nitzschia acicularis, in 

August - Stephanodiscus, in September - Chrysidalis sp. And in October Cy-

clotella minuta joined co-dominant team. 

So, in August-September phytoplankton community becomes more di-

verse, the share of super-dominant Chroomonas acuta  decreases, the role of 

other species increases, community transfers to polydominant.  

According to number, phytoplankton was dominated by small-cell pico- 

and nanoplankton algae. Their total number reached sometimes 267 106 cells 

l-1. There were non-identified single cocci (1-2 µm in diameter), cocci (3–5 µm 

in diameter), blue-green: Baikal endemic Synechocystis limnetica and Cy-

anodictyon planctonicum. There was mass development of non-identified small 

flagellates 3–8 µm and other flagellates – their number reached 1966.77 103 

cells l-1 and 2052.63 103 cells l-1 consequently. Seasonal dynamics of small-cell 

algae repeated one of dominant phytoplankton. The maximal numbers were 

registered in August.  

Weighted average number of phytoplankton in June-October 2006 in 0-

50 m varied from 106 103 cells l-1 to 938 103 cells l-1. Characteristics of it were 

the following: 
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Average 307.34 Excess 5.38

Standard error 51.49 Asymmetry 2.10

Median 247.82 Interval 831.56

Standard deviation 205.98 Minimum 106.24

Sampling variance 42428 Maximum 937.80

Number of observations 16  

 

Baikal endemic species of algae whether were not met in June-October, 2006, 

or were met in very small number (Table 7) 

Aulacoseira baicalensis 0.20 

Aulacoseira skvortzowii 0.15 

Cyclotella baicalensis  0.16 

Cyclotella minuta  25.63 

Synechocystis limnetica 19887,13 

Table 7: Maximal registered number of Baikal endemic species of algae (103 cells l-1) at at refer-
ence clean “point #1” in June-October, 2006 

It is clear seen the mass development of just one blue-green small-cell species 

Synechocystis limnetica. The lack or small quantity of other species can be 

explained by the fact they prefer under-ice season. 

State of phytoplankton at influenced by purified waste waters point “test-
ing area P7” 

In 2006 at “testing area P7” the temperature of surface layer was significantly 

higher than at “point #1”. In July and September it was higher 12,6 и 12,5 °C, 

comparing the temperature at “point #1” - 5,8 и 9,9 °C, consequently.  Never-

theless, weighted average temperatures for “testing area P7” and “point #1” for 

0-50 m were not so significantly different – 5,2 °C (at “P7”) and 4,9 °C  (at “point 

#1”).  
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Transparency at stations “P7” and”#1”were different in July - 8.5 m and 15.5 

m, but in September they were 8.5 and 7.0 м, consequently. Chlorophyll a con-

tent in July and September at “P7” was some higher than “#1”. Weighted aver-

age chlorophyll a content for 0–100 m at influenced by purified waste waters 

point “testing area P7” were 0.64 mg m-3 in July and 0.91 mg m-3 in September. 

In July-September 2006 at purified waste waters point “testing area P7” we 

registered 19 taxa of algae.  

There were 4 species of diatoms with maximal numbers from 0.41 103 

cells l-1 to 10.66 103 cells l-1, including endemics of Baikal: Cyclotella minuta - 

4,20 103 cells l-1, Aulacoseira baicalensis and Cyclotella baicalensis with num-

ber less than 1 103 cells l-1. Among green algae (3 species), maximal numbers 

varied from 0.16 103 cells l-1 to 27.24 103 cells l-1. Chrysophyta (also 3 species) 

with maximal numbers from 0.55 103 cells l-1 to 480.44 103 cells l-1.  

2 species of Dinophyta with maximal numbers from 1.59 to 9.23103 cells l-1.  

Cryptophyta – 1 species with maximal number 900.94 103 cells l-1. 1 species 

of blue-green – endemic of Baikal Synechocystis limnetica with maximal num-

ber 12628.00 103 cells l-1. Maximal number of flagellates (2 species), varied 

from 1.48 to 9.66 103 cells l-1.Non-identified spheric algae with maximal num-

ber from 1.63 to 48510.00 103 cells l-1. 

The most multiple group in phytoplankton as usually was presented by 

small-cell pico- and nanoplankton forms. Their summary number some days 

was about 60 106 cells l-1. There were non-identified single cocci (1-2 µm in 

diameter), and blue-green Baikal endemic Synechocystis limnetica.In July 

dominant group consisted of (without small-cell) (103 cells l-1): 

Chroomonas acuta 900.94 

Chrysidalis sp. 480.44 

In September the list of dominant forms was as follows (103 cells l-1): 

Chroomonas acuta 283.75 

Chrysidalis sp. 119.36 

Ankistrodesmus pseudomirabilis 27.24 

Sphaerocystis planctonica 23.87 
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For Summer-Autumn 2006 dominant algae (with number more than 100 103 

cells l-1) for purified waste waters point “testing area P7” were: 

Chroomonas acuta 900,94 

Chrysidalis sp. 480,44 

Total number of phytoplankton, including small-cell forms was maximal in July 

– weighted average for 0-50 m layer was equal to 29999,28 103 cells l-1.The 

number of large-cell phytoplankton in July at eastern shore was higher than at 

western one. At depth 10 m (maximal number of phytoplankton) the number 

was 5 times higher than at western shore. The composition of dominant spe-

cies also differed – at western shore it was more diverse, though in both cases 

the main dominant was Chroomonas acuta. Superdominant of Southern Baikal 

was small-cell endemic Cyanophyta Synechocystis limnetica.   

Phytoplankton community at eastern shore of Southern Baikal was anal-

ogous to that of 2005. This group consisted from Cryptophyta, Chrysophyta 

and Chlorophyta: Chroomonas acuta, Chrysidalis sp. и Ankistrodesmus pseu-

domirabilis. Baikal endemic from diatom group presented in phytoplankton, but 

in low number, that is typical for this season.  

Discussion 

We can see that in July-October 2005 variability of chlorophyll a content in 

photic layer was within typical for Baikal limits and did not differ significantly at 

western and eastern shores. In June-October of 2006 the variability of chloro-

phyll a content of Southern Baikal remained within the typical for the Lake 

Baikal limits and has no significant differences for eastern and western shores.  

The super-dominants for phytoplankton of Southern Baikal were small-

cell algae belonging to blue-green and green orders, including endemic Syn-

echocystis limnetica. According to degree of Summer plankton development 

the year 2005 may be called “rich in alga”. Degree of development of Summer 

phytoplankton in 2006 can be assessed as “medium”. This is equally veracious 

for pelagic waters of both western and eastern shores.   

Judging by species richness algal diversity was higher at western shore, 

than at eastern one in 2005. Here we counted 60 algal taxa, while at eastern 

shore 45 only. The main composition of phytoplankton community at western 
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shore, as well as at eastern shore was determined by Chrysophyta, Crypto-

phyta and green alga:  Chroomonas acuta, Chrysidalis sp., Dinobryon sociale 

sociale and Ankistrodesmus pseudomirabilis. Baikal endemics from diatoms 

were present in both regions, but were not very multiple, which is typical for 

this season (Izmestyeva et al., 2011). In October, with cooling of water mass 

endemic diatom Cyclotella minuta started to join to dominant community.  

Main dominants of Southern Baikal phytoplankton were small-cell algae 

belonging to Cyanophyta and Chlorophyta, including endemic species Syn-

echocystis limnetica. Quantitative characteristics of phytoplankton develop-

ment in 2006 were lower than for 2005, including large-cell plankton, and total 

phytoplankton (together with small-cell phytoplankton).  

By species diversity phytoplankton community at western shore in 2006 

was richer (70 forms) than at eastern one (19 forms), more than in 2005. The 

composition of dominant complex was typical for Baikal for this season and 

was similar to 2005. The composition of phytoplankton community was deter-

mined by Cryptophyta and Chrysohyta –  Chroomonas acuta, Chrysidalis sp. 

Endemics of Baikal belonging to Bacillariophyta presented in both studied re-

gions, but were in low number, which is typical for this season (Izmestyeva et 

al., 2011). In September-October with cooling of water masses, endemic dia-

tom Cyclotella minuta appeared among dominant forms.  

These estimates can conclude stable equilibrium state of autotrophic 

chain of Southern Baikal ecosystem. The changes observed are of natural 

character.  
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Conclusion 

We demonstrated principal similarity of the processes occurring in phytoplank-

ton communities near western shore (at reference clean “point #1”) and near 

eastern shore of Southern Baikal (at influenced by purified waste waters point 

“testing area P7”). Though in both years phytoplankton community at clean 
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“point #1” was characterized by higher biodiversity, principal composition of 

phytoplankton was similar and processes taking place in both points resemble 

each other.  

The year 2005 can be counted as “phytoplankton rich development year”, 

while the following year 2006 can be named as “phytoplankton medium devel-

opment year”. 

Our estimates can conclude stable equilibrium state of autotrophic chain 

of Southern Baikal ecosystem. The changes observed are of natural character, 

though with the same probability they can be explained by global, or local cli-

mate changes, or can be partly related with the human induced influence.  
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Relevance 

Flood is one of the most common hazardous disasters in the world that threat-

ens human life and bears significant economic damage. Recent events in Rus-

sia, that have created the Federal Emergency (state) level in such rivers as the 

Amur, the Lena, the Kuban as well as in Krymsk, Altai and other regions, indi-

cate a lack of hydrological study of a number of potentially dangerous rivers. In 

addition, the analysis of chronology of each element shows unwillingness and 

inability to fully appropriate structures for the prevention and prediction of cat-

astrophic situations, protect the population from adverse impacts of water. For 

example, we note that because of the catastrophic flood on the Amur River, 

three regions of the Far East of Russia and northeastern provinces of China 

have suffered. The damages were enormous and were of hundreds of billions 

of rubles.  

Thus, today, a detailed examination of major river basins and identifying 

patterns of floods development, inundation areas, possible damage, technical 

condition of existing defenses and substantiation for building the new ones 

seems to be necessary to solve this problem. However, such modern techno-

logical solutions as computerization of the received information with the possi-

bility of modelling the process in its development will be the objective infor-

mation base for management and operational competent decision-making to 

reduce social and economic losses, to prevent them in time and contribute to 

prospective development of the territory.  

The Selenga River basin was chosen to be a testing ground for investi-

gation as the most populous and developed part of the region.   It is the largest 

river flowing into the lake, which goes through the territories of the two states: 

Russia (Buryatia) - Mongolia, with the catchment area of 447 thousand-km2. 
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The basin area is a part of a central and buffer ecological zones of the Baikal 

natural territory with strict environmental limitations according to international 

standards.  Its main tributaries are the Orkhon, the Eg (Mongolia), the Chikoi, 

the Khilok, the Uda, the Dzhida. 

The Selenga refers to the rivers with a high probability of catastrophic 

freshets. Over the past 100 years, a series of major floods was seen on the 

Selenga: 02.07.1908; 11.08.1932; 06.11.1936; 08.05.1940; 08.05.1971; 

29.07.1973 and a number of significant - 1931, 1938, 1942 and 1990. For ex-

ample, the catastrophic floods in 1971 and 1973 paralyzed the republic com-

pletely: the airport was closed, the left bank part of the city of Ulan-Ude was 

cut off, connection with many areas was broken, bridges, roads, communica-

tion lines and power were damaged, a part of the population became home-

less, an additional cleaning of the water was required, agricultural industry suf-

fered huge losses. Those floods were classified as natural disasters on a na-

tional scale.  

According to official statistics, the amount of damage inflicted to Buryatia 

reached: in 1971 - 1.4 billion Rubles, 1973 - 0.7 billion Rubles, 1993 - 40 billion 

Rubles (prices during the periods of floods). These figures reflect only the direct 

loss to the economy of the republic without significant environmental damage 

caused by water pollution from flooding and scour dumps, waste, cemeteries, 

animal burial grounds, etc. We should pay special attention to the fact that the 

Selenga River, carrying its waters into Lake Baikal, subjects to a high risk of 

environmental cleanliness and safety of the lake during the floods. 

Thus, for a comprehensive study of floods and strategies to control them, 

solutions to the following problems are needed: 

1. On the basis of mathematical modeling and analysis of long-term flow 

fluctuations of the transboundary Selenga River to determine the param-

eters of maximum (spring high water and rain freshets) river flow on lo-

cations of settlements on the territory of the Republic of Buryatia.  

2. To develop evidence-based recommendations and interventions to pre-

vent adverse impacts of the Selenga River waters; for flood protection of 

these settlements in the Republic of Buryatia. 
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Background information 

At the initial stage in the dynamics for the period of 1936 - 2011, a collection of 

hydrographic parameters, data level mode, the maximum expenses, etc. was 

made, which was required for the subsequent operations. A unified database 

of diverse hydrological information, including the Mongolian part, was devel-

oped. Systematization of the entire volume of received information has allowed 

considering the formation and genesis of flooding in the space-time range. 

In general, for the Selenga Basin rivers, raising of water levels and flows 

is typical during the periods of ice motion and the formation of ice jams, spring 

high waters from melting snow and glaciers, summer rain freshets. 

Breakup on the rivers is often accompanied with ice jam phenomena, 

leading to a sharp short-term rise of water. Such local floods are confined to 

certain parts of the restrictions of riverbeds or bends. Spring high waters begin 

in April and usually take one wave. For the Selenga River high water is not 

typical. Rain freshets occur on the decline of high water and take place through-

out the whole summer. High freshets in a year are usually seen in July - August.  

The maximum intensity of levels rise was observed on the Selenga Basin riv-

ers, so during the passage of the highest freshet over 70 years on the Dzhida 

River (1971) it was 4.57 m/day (Khamenei village) and 2.79 m/day (Dzhida 

village).  At the Chikoi River (1973) - 1.88 m/day (Povorot village) and 1.19 

m/day (Cheremkhovo village); on the Uda River (1991) - 1.1 m/day. The decline 

is getting slower on the average 0.3-0.5 m/day. Besides, the rapid rise of levels 

of a number of mountain tributaries (the Khamenei, the Kurba, the Ona etс.) is 

also associated with their location in the zone of permafrost, which significantly 

weakens the infiltration capacity of soils. 

The analysis of repeatability in their genesis indicates the predominance 

of freshet floods on the rivers of the Selenga River basin (61- 90%) and slightly 

– high water freshet floods (to 10%) The exception is the Uda River Basin, 

where small high water freshet floods are more frequent due to mountain rivers: 

the Kurba, the Ona. Floods caused by ice jams are possible in local areas of 

natural and man-made rivers clamps, restrictions and channels: the Khilok, the 

Selenga and rarely hanging ice dams - in the areas of intensive frazilization 

(the Selenga river – Murzino villiage, the Dzhida river – Dzhida station etс.) 

(Figure 1) 
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Fig. 1. A share of flooding kinds on the rivers of the Selenga river basin, %. 1 - high-water-freshet; 
2 - jams; 3 - freshet. 

Freshet floods are the most catastrophic. They are widespread, high-speed 

forming and can cover large areas. 

Under ordinary floods, floodplain inundation depth does not exceed 0.5 - 

1 m, and at higher floods reaches 1.8 - 3 m. The exceptional level rises above 

the critical (water outlet to the flood plain) were registered on separate hydro-

logical stations: Dzhida - Khamenei (437 cm), Selenga - Novoselenginsk (419 

cm), Chikoi - Povorot (267 cm), Uda - Ulan-Ude (266 cm). The height of the 

layer of water on the floodplain depends both on the strength of floods and 

hydrological and morphological characteristics of the river, so during floods on 

the Selenga river in the village of Ust-Kyakhta, it is 1 - up to 2 m, in Novose-

lenginsk village, under the conditions of a narrowing of the valley and a signif-

icant water supply from Dzhida and Chikoy rivers, it sharply increases and can 

reach more than 4 m, in Ulan-Ude it decreases to 2.2 m, and in the vast delta 

- up to 1 m. 

The duration of high levels stand is different. Prolonged water whelms on 

floodplains (25-40 days) are observed in the valley of the Selenga River and in 

the lower reach of the Chikoi River. Shorter floods (up to 25 days) are found in 

the basins of the Barguzin, The Upper Angara, the Uda, the Dzhida and other 

watercourses. On small mountain rivers, usually it is not more than 3 - 7 days. 

Based on generalization of the library, reference materials of the detailed 

reconnaissance survey, roster of settlements on the territory of the Selenga 

river basin, located in a flood zone, was composed. For example, a flood zone 

of the Selenga River covers more than 54 settlements, including the city of 

Ulan-Ude, 19 of them are located in the most hazardous areas. Inventory of 
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existing hydraulic structures showed that the majority of them are not in a sat-

isfactory condition and require urgent repair or reconstruction. 

Results and consideration 

The main result is the modeling of flood zones within the settlements at a given 

level of flood occurrence. It was performed using HEC-RAS, HEC-GeoRAS 

and ArcGIS software packages. The necessary primary data: 1. the creation of 

a digital elevation model of topographic maps of 1: 25,000 (for Ulan-Ude 1: 

2000) for classical technology "Scanning - vectorization - digital map"; 2. The 

morphometric characteristics of river channels in DEM set according to pilot 

charts and depth sounder shooting; 3. Setting the geometric and morphometric 

characteristics of the channel. 

The initial data for the construction of the relief was provided by the re-

sults of hydromorphological survey of the areas with broken and leveling cross 

sections on a channel and floodplain. The construction of profiles in relief was 

made with AutoCad software environment 2004 in two stages (Fig. 2). 

Calculated water levels in cross sections of the settlements, obtained by 

the curves of water levels and flows occurrence in the gauges on the affected 

streams using graphs Q = f (H), were used as hydrological information. For the 

settlements considered in this project, which do not have gauging stations, the 

method of interpolation with the longitudinal profile of the river and fall of stream 

based on large-scale maps was applied. As a result, the flood zones were iden-

tified - when the water level of summer freshets is of 1%, 5% occurrence, as 

well as the maximum level at ice dam phenomena.  
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Figure 2. Hydromorphological survey. Location of the transverse profiles in the valleys of the 
Selenga and Chikoi rivers 

Next, let us imagine the course of solving this problem: defining boundary con-

ditions of model - design calculated water flow, Manning roughness coefficients 

for the channel and floodplain parts depending on the type of the underlying 

surface; solution in the HEC-RAS program of the simplified one-dimensional 

shallow water equations (Saint-Venant equations) using implicit finite-differ-

ence scheme. The eventual result is the level of the water surface in the calcu-

lated cross-sections in the period of a flood. 

The resulting calculation data exported to the ArcGIS environment, where 

there is an automatic drawing of flooded areas on a digital elevation model. For 

example, in Figure 3 there is a flood zone of Ulan-Ude. 
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Figure 3. Flood zone of 1% occurring floods in Ulan Ude 

The cartographic survey mapping of flood zones allowed estimating the extent 

of the negative impact of the water within the settlements, to determine the 

parameters and a list of objects and calculate probabilistic damage. 

The analysis shows that the main problems are associated with the flood-

ing of residential and commercial facilities, roads, communications, and agri-

cultural land.  Thus, when the freshet flood is of 1% occurrence, the area of 

possible flooding in residential areas is of 4878.54 ha and of maximum ice dam 

floods - 233.24 ha. The processes of coast collapse are most intensively de-

veloped within 24 settlements; during 25 years 142.3 hectares of land of the 

settlements may be lost. The hazardous areas are home to more than 39,000 

people, which is 4.9% of the population of the entire basin. 

The damage, the cost of the recommended protective structures and ac-

tivities, their effectiveness were made with the Russian method of assessing 
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the probability of damage from harmful effects of water and evaluation of the 

effectiveness of preventive measures of water, VIEMS, 2006. 

The calculations showed that the total socio-economic cost of freshet at 

1% occurrence on the Selenga River is 35552,364 mln. rub., including the ter-

ritories and objects – 18464,087 mln. rub. and population – 1851,552 mln. rub. 

It should be noted that only for the municipality of the city of Ulan-Ude, it 

can reach 27323,610 mln. rub. 

In addition to the city, the hazardous area contains the following major 

industrial settlements and administrative centers: Naushki (329,46 mln. rub.), 

Kabansk (1342,61 mln. rub.), Ilyinka (944,56 mln. rub.), Sotnikovo (435.824 

mln. rubles.), Nizhniy Sayantuy (415,509 mln. rub.), Poselye (1408,27mln. 

rub.) and others. The damage from the flood caused by ice dam is up to 

1019,181 mln. rub. and as a result of erosion and collapse of the coastline for 

25 years - 147577,392 thousand rub. 

In the course of an integrated consideration of the type of settlement of 

its socio-economic development, total amount of damages, the level of emer-

gency, the current state waterworks, recommendations to carry out certain ac-

tivities on engineering protection from the negative effects of water were justi-

fied and proposed for 54 settlements. This requires the construction and re-

construction of dams of 172,104 km length, construction and repair of coast 

protection respectively – 33,971 km and dredging – 11,614 km, the total value 

of projected works: 5,804,247.36 thousand. rub. However, the cost-effective-

ness calculations have shown that the usefulness of the activities is not eco-

nomically beneficial for all settlements. 

Thus, based on the research and the results of calculations of economic 

efficiency, the analysis of federal and republican target programs, in some 

cases, taking into account the actual situation, the Program of implementation 

of the offered activities was developed. In general, for all 26 territorial areas of 

settlements, an engineering protection from flooding is required, taking into ac-

count individual associations surrounding 3 villages near the city of Ulan-Ude 

and 9 villages of the Kabansky region. In 4 localities within which coast is ex-

posed to intense erosion and collapse, the implementation of protective 

measures is economically feasible, but in 5 - is necessary. 
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Thus, the primary event proposed for 13 settlements, in the second place 

– for 7, and the third – for 11. In total costs 5,578,904.843 thousand rub. It is 

supposed that the probabilistic damage amounting to 36121,136 mln. rub. will 

be prevented, including prevention from flooding and congestion (36036,331 

mln. rub.) and coast line collapse (84804,53 thousand rub.) and protecting of 

the population ( for 38169 people). 

In conclusion, it should be noted that within this research, the Selenga 

River is examined directly in detail. It is for certain, that non-exhaustive inclu-

sion of other important tributaries cannot give a full picture of generalizing 

throughout the basin. That is why the complexity of the study was to consider 

the formation of floods in the basin, as the excluded tributaries provide large 

water supply and significantly affect the passage of floods on the Selenga. It is 

hoped that continuation of the research on proven methods will cover the whole 

Selenga basin, including its Mongolian part and other major rivers of the Lake 

Baikal basin. 
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Abstract 

Like its central Asian neighbors, highly continental Mongolia is not only a water-

scarce but also a data-scarce country with regard to environmental information. 

At the same time, regional effects of global climate change, major land use 

changes, a booming mining sector and growing cities with insufficient and de-

caying water and wastewater infrastructures result in an increasingly unsus-

tainable exploitation and contamination of ground and surface water resources 

putting at risk both aquatic ecosystems and human health.  

For the mesoscale (15.000 km²) model region of the Kharaa River Basin 

(KRB), we investigated (1) the current state of aquatic ecosystems, water avail-

ability and quality; (2) past and expected future trends in these fields and their 

drivers; (3) water governance structures and their recent reforms; (4) technical 

and non-technical interventions as potential components of an IWRM. By now, 

the KRB is recognized as one of the most intensively studied river basins of 

the country, and considered a model region for science-based water resources 

management by the Mongolian government which recently adopted the IWRM 

concept in its National Water Program. Based on the scientific results and prac-

tical experiences from a six-years project in the KRB, the potentials and limita-

tions of IWRM implementation in similarly data-scarce regions are discussed. 
 



266  Daniel Karthe, Sonja Heldt 
 

 

1. Introduction 

IWRM, which Global Water Partnership defined as the “process which pro-

motes the coordinated development and management of water, land and re-

lated resources, in order to maximize the resultant economic and social welfare 

in an equitable manner without compromising the sustainability of vital ecosys-

tems (GWP-TAC, 2000) is considered as the most appropriate general concept 

for water management and more specifically, in developing and transformation 

countries (Heldt 2014; Snellen & Schrevel 2004). The United Nations have rec-

ommended IWRM as a straightforward approach for meeting the Millenium De-

velopment Goals in their World Water Development Report (2006) (Anderson 

et al. 2008). The concept of IWRM has gained wide acceptance in the majority 

of countries worldwide in the last 20 years, but the actual implementation of 

IWRM is lagging behind formal inclusion into policies, strategies and laws (Bor-

chardt & Ibisch 2013). 

The broadness of GWP’s IWRM definition makes it a framework for nor-

mative and strategic water management that leaves space for many different 

types of approaches at the operational level adopted to the respective situation 

in specific countries or regions (Snellen & Schrevel 2004; Mitchell 2004). How-

ever, the concept has also been heavily criticized for vagueness of the formu-

lation. Since the definition tries to be as holistic as possible, it incorporates both 

sustainable development and cross-sectorial planning simultaneously, which 

both are extreme complex and comprehensive for themselves (Jeffrey & 

Gearey 2006). Hering & Ingold (2012) have doubts on the overall feasibility and 

implementabilty of IWRM, which from their point of view is lacking methodol-

ogy. Biswas (2008) considers IWRM an ‘undefinable and unimplementable 

concept’ that is politically preferable simply because of its vagueness that al-

lows people to continue with what they had always done by only renaming their 

process after the current political correct terms. 

The sufficient access to comprehensive and reliable data is a prerequisite 

for the transition from IWRM concepts to actual implementation. The support 

of all engaged parties with unbiased and trustworthy information can only be 

delivered by independent science (Stålnacke & Gooch 2010). However, poorer 

countries are often not able to operate independent research and monitoring 

due to lacking financial, infrastructural or educational capacities. Therefore 
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they often have to rely on financial support from external donors and/or data 

collected in the context of international collaborations. While this brings a risk 

of bias, international scientific and development cooperation that strongly in-

corporates capacity building can be very effective (Anderson et al. 2008; Heldt 

2014).  

2. Scientific Basis for IWRM Planning in the Kharaa River Basin 

Since 2004, the Mongolian government has gradually adopted the IWRM con-

cept as the guiding principle for national water policy and designated 29 river 

basins of national importance (Karthe et al. 2014). From 2006 until 2013, an 

interdisciplinary research project (www.iwrm-momo.de) worked towards im-

provements in the scientific basis for an IWRM in Mongolia’s Kharaa River Ba-

sin as a case study for the country and region (MoMo Consortium 2009; Karthe 

et al. 2011; Menzel et al. 2011; Karthe et al. 2014). For the previously data-

scarce region, the project assessed the current state of water resources and 

the impacts of environmental and socio-economic changes on water availability 

and quality.  

2.1. Water Availability and Its Determinants 

The highly continental subarctic climate in the KRB is characterized by very 

cold winters with temperatures regularly reaching -40°C and below, warm sum-

mers and an average annual precipitation of around 300 mm. With regard to 

precipitation, there are large regional and interannual variations (Karthe et al. 

2013; Menzel et al. 2011). Under present climate and land use conditions, on 

average more than 85% of the precipitation is lost due to evapotranspiration, 

leaving only a small portion of water available for stream flow and groundwater 

recharge. River runoff is linked to strong summer rainfall events and the melt 

of snow and river icings in spring, which cause in an inter-seasonal redistribu-

tion of water resources. Common subarctic phenomena in the catchment are 

snow, permafrost and aufeis (Hülsmann et al 2014).  

Climate variability and change is one major driver of hydrological trends 

in drylands. In Mongolia, air temperature has increased by 1.8K since the 

1940s (Batimaa 2006), and precipitation decreased in some parts of the coun-
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try, including the Western slopes of the Khentii mountains, where the headwa-

ters of the Kharaa river originate (Batimaa et al. 2008). For the 21st century, 

climate scenarios predict a further increase of mean annual air temperature 

between 2.6 and 5.1K in Mongolia, while mean annual precipitation is expected 

to increase by 20 to 86 mm (Karthe et al. 2013). This may, via increased evap-

oration, lead to a decrease in runoff and an increased likelihood of water scar-

city (Batimaa et al. 2008). However, there are high uncertainties regarding fu-

ture precipitation, and projected precipitation changes between different cli-

mate models for the same scenario are often larger than between two scenar-

ios (Menzel et al. 2008). Some authors even predict a significant decrease in 

precipitation in northern Mongolia from the 2070s onwards (Sato et al. 2007).  

Land use changes may be of an even larger hydrological relevance than 

climate change, having effects on both water quantities and quality (Karthe et 

al. 2014). Causes of land use change include the extension of agricultural ac-

tivities, rising livestock numbers, logging and wildfires. A massive expansion 

and intensification of the agricultural sector is currently being propagated by 

national agropolitics (Priess et al.2011) and will lead to an increase in agricul-

tural lands of 50 to 100%, with the side-effect of losses of large areas of natural 

vegetation and their related ecosystem services and functions (Schweitzer 

2012). Since water is already the most important limiting factor for agricultural 

production, irrigation is seen as one solution to this dilemma, even more so 

because climate change leads to an increase in agricultural water demand in 

large parts of Mongolia, including parts of the Kharaa Basin (Menzel et al. 

2008).  

Between April 2000 and May 2012, a total of 200,000 ha, or about 14 %, 

of the forested area in the KRB have been affected by wildfires to various de-

grees. The majority of wildfires occurred in forested areas of the headwater 

regions, thereby altering almost pristine ecosystems that are major importance 

for regulating the water regime (Schweitzer 2012; Karthe et al. 2014). The com-

parison of precipitation, soil moisture and evapotranspiration on a steppe and 

shrubland site in the upper KRB revealed that there is only a negligible fresh-

water generation in sparsely vegetated steppe areas, whereas shrubland and 

taiga play an important role for water availability for the entire river basin (Mind-

erlein 2014). 
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The increasing scarcity of water will probably trigger competition between 

different water-users. Of particular relevance in this context is the booming min-

ing sector. In the KRB, mining sites cover around 130 km², but relatively little 

is known about their water consumption. Given the geological conditions and 

technology in use, a consumption of around 7 m³ of water per 1 m³ of ore seems 

to be realistic (MoMo Consortium 2009).  

2.2. Water Quality and Aquatic Ecosystem Status 

The Kharaa River Basin is, by international standards, characterized by a rel-

atively low population density (about 8 people/km²). However, localized con-

centrations of population, an often poor state of urban waste water infrastruc-

tures, high livestock densities in the riverine floodplains and large-scale mining 

activities are potential threats to the aquatic ecosystems of the Kharaa. Among 

the key stressors affecting water quality and the aquatic ecosystem of the Kha-

raa are rising nutrient inputs, high fine sediment loads, the loss of habitat in-

tegrity with hyporheic and riparian zones and mining-related influxes of toxic 

substances (Karthe et al. 2014).  

A state inventory for surface water in Mongolia conducted in 2003 

showed that even though most rivers in the country were in relatively pristine 

condition, at least 23 rivers in 8 provinces were morphologically changed 

and/or polluted due to mining activities (Batsukh 2008), including the Kharaa-

Orkhon-Selenga river system. Studies in the Kharaa and adjoining river basins 

show that gold mining is a major polluter (Thorslund et al. 2012; Chalov et al. 

2012; Pfeiffer et al. 2014) and that it drastically affects the ecology of diatom, 

macrozoobenthos and fish communities (Krätz et al. 2010; Avlyush 2011). 

Moreover, high concentrations of nutrients, boron and a high electrical conduc-

tivity which were observed in several locations in the lower Kharaa River Basin 

are indications of groundwater contamination by improper waste water disposal 

(Hofmann et al. 2014). 

In recent years, increasing nutrient loads could be observed for the Kha-

raa River, with a considerable longitudinal deterioration of water quality. Re-

sults of nutrient emission modeling confirm that urban settlements are the main 

sources for nitrogen and phosphorus emissions (Hofmann et al. 2011). Since 

only 35 % of the total population in the river basin is connected to WWTPs, 
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unconnected urban areas represent an important proportion of the total emis-

sions. At the same time, due to their poor state, WWTPs themselves are sub-

stantial point sources for nutrient influxes. Agriculture contributes 35% of total 

nitrogen and 32% of total phosphorus emissions (Hofmann et al. 2010), mostly 

through erosion from cultivated land and fallows. Sediment input caused by 

river bank erosion is a significant emission pathway for phosphorus (Hartwig et 

al. 2012; Theuring et al. 2013). This process is triggered by an increasing deg-

radation of riparian vegetation due to high livestock densities with free access 

to the running waters.  

Furthermore, high fine sediment loads constitute a major problem them-

selves since sediment-induced clogging inhibits essential habitat functions of 

the hyporheic interstitial (Schäffer 2008; Hartwig et al. 2012). As a conse-

quence, functional shifts of the macroinvertebrate community and fish fauna 

have already been observed (Hofmann et al. 2011; Avlyush et al. 2013). Iso-

tope-based sediment source fingerprinting techniques identified riverbank ero-

sion (74.5%) and surface upland erosion (21.7%) as the main contributors to 

the suspended fine sediment load  in the catchment (Hartwig et al. 2012, 

Theuring et al. 2013). Using erosion risk scenarios, Priess et al. (2014) show 

that erosion could increase more than twofold in the steppe regions of the lower 

KRB and up to sevenfold in the forested and mountainous upper KRB due to 

the combined impacts of land use and climate changes. However, the authors 

also argue that land management practices which are adapted to the semi-arid 

steppe environment (e.g., mulching of croplands with wheat straw) could in the 

future help to reduce soil erosion. 

2.3. Water in Urban Mongolia: the Example of Darkhan 

Integrated water resources management is particularly complex in the context 

of urban areas. Cities are not only characterized by a local concentration of 

water abstractions and waste water generation. They typically depend on water 

resources from their hinterland, and contaminate rivers further downstream. 

Therefore, sustainable urban water management needs to look beyond city 

borders (Anthonj et al. 2014). Moreover, an integrated concept for urban water 

management requires a clearly defined strategy for priority setting (Rost et al. 

2014). This is particularly relevant in the context of transition countries like 
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Mongolia experiencing a rapid urbanization which often outpaces urban plan-

ning and development.  

In case of Darkhan, the largest city in the Kharaa River Basin and third-

largest city in Mongolia, key challenges in urban water management include 

the efficient provision of adequate quantities of safe drinking water, sanitation 

services and waste water management.  
Provision of safe drinking 
water 

Mining activities upstream of Darkhan city are potential sources of 
water contamination. In 2007, an accident in an illegal gold mining 
operation in Khongor Sum, just upstream of Darkhan, contami-
nated local drinking water sources with mercury and cyanides 
(Hofmann 2008). The ash basin of Darkhan’s thermal power plant, 
which is located near two of the city’s drinking water wells, is heav-
ily contaminated with arsenic (Pfeiffer et al. 2014). Groundwater 
in several parts of Darkhan shows signs of wastewater contami-
nation, e.g. through elevated boron and chloride levels (Hofmann 
et al. 2014). Shallow wells located in the proximity of latrines are 
potential sources of water-borne disease transmission, but relia-
ble data on microbiological water quality and water-borne infec-
tions are almost non-existant (Karthe et al. 2012).  

Water losses in centralized 
supply system 

Large apartment blocks in Darkhan are connected to the city’s 
centralized cold and warm water distribution system. Until repair 
works were started in 2012, leakage losses were about 50%. 
Moreover, low water fees and the absence of meters leads to a 
very high per capita consumption, which was around 400L/day in 
2009 (MoMo Consortium 2009).  

Limited access to water in 
peri-urban ger areas 

Peri-urban ger areas receive their drinking either from pipe- or 
truck-fed water kiosks, by private wells or by surface water. The 
daily per capita consumption of water in Darkhan’s ger areas av-
erages about 12l, which falls below the minimum UNICEF and 
WHO recommendations of 15l to 25l. This may be explained both 
by a relatively high cost and the more difficult access to water as 
compared to tap water (Sigel et al. 2012). 

Deficient urban waste wa-
ter treatment 

Since its commissioning in 1968, no constructional changes be-
sides some minor works in 1978 and 1998 have been undertaken 
at Darkhan’s WWTP (Heppeler 2012). The plant was not designed 
to eliminate nitrogen and phosphorous nor is there a disinfection 
stage. Oxygen depletion the risk of eutrophication are likely for the 
receiving water body, the Kharaa River. The expected growth of 
Darkhan’s population, which is expected to double to more than 
160,000 inhabitants by 2040, may aggravate this problem unless 
improvements in waste water treatment are made (Karthe et al. 
2015). 

Table 2: Urban Water Management Challenges in Darkhan 

The situation in Darkhan is typical for that of major cities in Mongolia, such as 

most Aimag capitals. In most cases, a transparent priorization of measures is 
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difficult due to a lack of data about both environmental contamination and ur-

ban water consumption.  

3. Challenges for IWRM Implementation in Mongolia 

There are currently several challenges for the implementation of an IWRM in 

Mongolia, including an ongoing transformation of the institutional framework, a 

lack of financial capacities and qualified staff in the water sector, and a general 

shortage of environmental data, which hampers the identification of priority 

measures and the monitoring of progress.  

Since the 1990s, Mongolia has undergone a far-reaching political and 

socioeconomic transformation processes which has had a strong impact on 

water management (Houdret et al. 2013). The Mongolian water sector had 

been dominated by central planning during Soviet times, but the water admin-

istration was almost entirely abolished during the transformation in 1990. New 

institutions were gradually established, and under its 2004 water law, Mongolia 

decided to introduce water governance at the river basin level. To this end, 29 

river basins were officially identified by the then Ministry of Nature, Environment 

and Tourism (MNET) on the basis of hydrological criteria but also considering 

economic and political implications. At the national level, two new institutions 

were created to implement IWRM: the Water Authority as the main agency to 

implement RBM and the National Water Council (NWC), assembling represent-

atives of seven different ministries in order to enhance a cross-sectoral ap-

proach to water governance (Karthe et al. 2014). However, the implementation 

of these institutional changes faced severe challenges both at national and at 

river basin levels. Deficiencies in horizontal interplay, i.e. coordination and co-

operation between institutions of the different sectors (such as, for instance, 

construction, mining, environment, agriculture) and concerning the vertical in-

terplay, i.e. cooperation between institutions of the different political levels 

(communities, provinces, national level) were major obstacles to effective wa-

ter governance. Another key difficulty for the implementation of RBM was the 

‘problem of fit’, i.e. the mismatch between the boundaries of the newly created 

river basins and the ones of the existing public administrations, such as the 

provincial parliament, the local council, or the provincial environment depart-

ment (Horlemann & Dombrowsky 2012). Even though several River Basin 
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Councils were created, their scope of action has been seriously restricted by 

legal power, financial resources and political mandate. A key issue of concern 

in this context was the unavailability of adequate funding for the RBCs (only 

the chairperson and the secretary were paid, no budget for the functioning of 

the council). As a result, only in the basins that were supported by external 

donors could RBCs de facto be created and partially started developing 

RBMPs (Livingstone et al. 2009; Lkhagvadorj 2010; Karthe et al. 2014). 

As a response to the persisting difficulties in the implementation of IWRM 

and in the face of increasing problems of water pollution and growing water 

demand, the Mongolian government adopted a new water law in 2012. At the 

national level, environmental and water governance gained stronger political 

influence, including the Ministry of Environment and Green Development 

(MEGD, i.e. the former MNET) and the National Water Council, which were 

also placed under the auspices of the prime minister. A new entity for the fi-

nancing, construction and maintenance of water infrastructure, Mongol Us, was 

created. Moreover, the new budget law provides for significant financial means 

for local governments, potentially benefitting local environmental governance 

and the implementation of RBMPs (Lkhagvadorj 2012; Karthe et al. 2014). At 

the river basin level, RBCs were dissolved and river basin administrations 

(RBAs) formed instead, with plans to revitalize RBCs in the future.  

In large parts of Mongolia, the scarcity of reliable environmental data is a 

considerable obstacle for river basin management planning. Due to a very lim-

ited monitoring network, hydrometeorological data and information on local and 

regional surface and groundwater availability and quality are often lacking. 

Moreover, several environmental monitoring stations and programs have at 

least temporally ceased to operate since the 1990s, and relatively little is known 

about the current ecological state of many surface water bodies. With regard 

to environmental information, the Kharaa River Basin is an exception, however. 

For this reason, it is now by many, including relevant ministries and the National 

Water Committee, considered as a model region with reference data sets and 

methodologies for IWRM development in northern Mongolia. 
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4. Conclusions 

In recent years, Mongolia has experienced a growing water demand, a wide-

spread deterioration in surface and ground water quality, and a degradation of 

aquatic ecosystems. This is caused by a multitude of factors, including climate 

change, mining-driven economic growth and rapid urbanization. Since water 

availability is limited for climatic reasons, any overexploitation of water re-

sources is likely to result in a further local or regional increase of water scarcity 

and a growing competition between different users. In such a context, IWRM 

seems a promising approach since it considers ecological and socioeconomic 

development in a holistic way; and science-based IWRM would ideally result in 

a rational, unbiased basis for decision-making. This is fully acknowledged by 

the Mongolian government. However, limited institutional, legal, financial and 

staff capacities still inhibit the implementation of a national IWRM program. 

These challenges, combined with a poor availability of un-biased data currently 

lead to a dependence on the collaboration with foreign donors and research 

projects, which can nevertheless be beneficial if it enables local partners for a 

self-sustained implementation in the future.   
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Abstract 

Globally and especially in the naturally water-scarce Mongolia, the quantity but 

also the quality of water resources are threatened by a rising pressure caused 

by population and economic growth  and the resulting environmental altera-

tions. The IWRM concept as well as the EU-WFD aim at the protection and 

restoration of water resources and aquatic ecosystems byapplying integrative 

management strategies. Whereas the IWRM concept is criticized mostly be-

cause of its vagueness that misses clear implementation guidance, the EU-

WFD represents a clearly defined framework to achieve a sustainable man-

agement of natural water resources. Despite being a specifically European 

framework, the diverse preconditions in the EU member states require the EU-

WFD to be implementable in very different country-specific contexts. In this 

way, the EU-WFD may potentially also be an appropriate tool to enhance sus-

tainable water management in non-European countries that actually have prob-

lems in the implementation of their national IWRM concepts.  

Introduction 

Water is an essential resource for all types of life, but a sufficient availability or 

quality cannot be taken for granted in all parts of the world. Besides its vital 

importance for humans, water is also a necessary prerequisite for economic 

and social development. The drastic growth of the world’s population and econ-

omy since the start of the industrial revolution, and the along-going increasing 
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demand for fresh water, are inevitably linked with serious alterations of the nat-

ural water cycle, water quality and aquatic ecosystems. Therefore, a sustaina-

ble management of the existing water resources and its appending environ-

ment is essential to ensure sufficient water supply in future. 

Globally, the instancy of water problems and the resulting need for a com-

prehensive protection of water resources was recognized and discussed for 

the first time at the United Nation Water Conference in Mar del Plata, Argentina 

in 1977, where first principles for a totally new approach of sustainable water 

management were adopted. Later, the Earth Summit in Rio (1992) recom-

mended the new concept of Integrated Water Resource Management (IWRM) 

and put it on top of the international Agenda. In 2000, Global Water Partnership 

(GWP) published the first comprehensive definition of IWRM (GWP 2009; Snel-

len & Schrevel 2004). First implementation efforts uncovered the high complex-

ity of the concept, as the success of IWRM depends on the coordination and 

integration of numerous stakeholders and institutions with partially different po-

litical and economic backgrounds and interests (Biswas 2004; Grooch & Stal-

nacke 2010; Snellen & Schrevel 2004).  

In fact, the global emergence of IWRM had been preceded by similar 

considerations in Europe. During the 1970s, the European Community (EC) 

updated its environmental laws and thereby placed a high priority on the con-

servation and sustainable management of water resources (Rahaman et al. 

2004). The process culminated in the adoption of the European Water Frame-

work Directive (EU-WFD; EU legislation no. 2000/60/EC) in 2000. In order to 

reach its main objective i.e. to achieve and/or maintain a ‘good ecological sta-

tus’ for all European water bodies, the directive promotes the integration of 

cross-sectional management as well as the participation of public and private 

stakeholders. Since its adoption the EU-WFD was supplemented by minor di-

rectives that contained regulations regarding groundwater (2006), floods 

(2007) and environmental quality standards (2008). 

In Mongolia, recent developments in the water sector induced political 

reforms that made the idea of science-based River Basin Management (RBM) 

the core of Mongolia’s national water policies and thus opened a window for 

the establishment of IWRM (Karthe et al. 2014c). Mongolia’s national IWRM 

policy calls for basin-specific, sustainable water management that incorporates 
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the adaptation to changing climate conditions and the resulting uncertainties in 

future water resources availability (Mongolian Ministry for Environment and 

Green Development (MEGD) 2012). However, the enforcement of this political 

and institutional effort has not been successful so far.  

1. Water Management in Europe – an international model? 

1.1. The European Water Sector 

The European Union currently consists of 28 member states and covers a ter-

ritory of 4,381,324 km2. Therefore water management in Europe faces a multi-

plicity of environmental, political, socio-economic and cultural preconditions. 

Directives, that have to be enforced in all member states, such as the EU-WFD, 

are thus required to be highly flexible and applicable to a very broad range of 

country specific contexts. 

Finland for example features boreal climate with warm summers and 

freezing winters, a population density of approximately 16 people per square 

kilometre with a minimum of 2 people per square kilometre in Lapland, thou-

sands of lakes and rivers that cover more than 10 % of the entire territory and 

a nominal GDP of 35,600 € that is above European average (EC 2012a). Op-

posing to this, Malta is characterized by subtropical-mediterranean climate with 

very mild winters and warm to hot summers, a population density of 1,306 peo-

ples per square kilometre (95 % of its entire territory are urban), no inland sur-

face waters at all (EC 2012b) and a GDP below European average of 17,000 

€.  

The main concerns for national water management differ significantly 

within the European Union. In the Netherlands, for example, rural and urban 

citizens have virtually 100 % access to safe drinking water supply and sanita-

tion with a sophisticated waste water treatment system. The main challenges 

for water management arise from the unnatural hydromorphology of heavily 

modified water bodies, the ecological degradation caused by pollution, partly 

originating from upstream areas in other countries, as well as from the building 

and maintenance of flood protection measures (EC 2012c). Contrasting to this, 

in Romania the status of local water resources is mainly threatened by pollution 

from rural and urban settlements without any or with insufficient waste water 
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treatment facilities and agricultural farms that are lacking proper storage of an-

imal wastes (EC 2012d). In this way, the Dutch and the Romanian water man-

agement has to set totally different priorities in order to enable the implemen-

tation of the environmental objectives of the EU-WFD. 

But even if the socio-economic and environmental preconditions seem to 

be comparable (for example in France and in Germany), the political commit-

ment to implement the EU-WFD requirements can be substantially different. 

France has adopted water management on river basin level in 1964 and, with 

its six self-financing water agencies, has developed an advanced structure of 

policies in this field, which was further adjusted to the requirements of the EU-

WFD with the Water Law of 2006 (GWP 2009; International Office for Water 

2009). In Germany, RBM was no topic until the implementation of the EU-WFD. 

Since 2003 the federal states are obliged to organize themselves in river basin 

associations (“Flussgebietsgemeinschaften”) that coordinate the implementa-

tion of the WFD for the respective river basins. The river basin associations are 

subordinated and financed by the involved federal states and cannot be seen 

as self-contained. The federal states set up administrative agreements for pe-

riods of five years (Flussgebietsgemeinschaft Elbe 2009). 

1.2. The EU-WFD as a guideline for IWRM implementation in non- Euro-
pean countries? 

While the IWRM concept and its basic definition have been criticized for being 

too complex without providing a clear implementation guideline (Biswas 2004), 

the EU-WFD is reputed as a stricter guideline providing clear definitions of its 

principles, objectives and requirements. Both the IWRM concept and the EU-

WFD share the same overall objective, i.e. sustainable management of water 

resources that assures sufficient water of good quality to meet future water 

demands and preserve natural ecosystems. 

Rahaman et al. (2004) conducted a systematical comparison of the 

IWRM approach and the EU-WFD and thereby presented seven essential mis-

matches concerning the topics of gender awareness, integration between dif-

ferent sectors, decentralisation, participation of stakeholders, the focus on pov-

erty, human-oriented management and the development of responsibilities at 

the lowest appropriate level. While it may be argued that these points are of 

little relevance for water resources management in the EU (many of them being 
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covered by other directives), this looks different when the EU-WFD alone is 

used as a blueprint for IWRM implementation in developing and transformation 

countries. According to the analyses by Rahaman et al. (2004), which compare 

IWRM and the EU-WFD as stand-alone approaches, the overlaps seem to be 

surprisingly small. However, the question is whether this is an adequate com-

parison that incorporates the intention behind both concepts. In fact, the pur-

pose of the two already differs fundamentally. While the IWRM approach was 

developed as a general concept to address a global water crisis at a highly 

international level, the EU-WFD was adopted as a legal framework to unify the 

highly fragmented European environmental policy sector (Grambow 2013). 

Furthermore, IWRM claims to be a stand-alone approach that comprehensively 

manages all issues related to water in a cross-sectional way. In contrast the 

EU-WFD is one specific directive aiming at the protection of European water 

resources and water-related ecosystems. Consequently these formal differ-

ences also entail totally different requirements concerning focal points in prin-

ciples and objectives (Heldt 2014). 

A main aspect in Rahaman et al (2004)’s criticism of the EU-WFD is that 

it fails to connect aspects of nature protection with human needs. In general, 

the EU-WFD provides a strict guideline laying the foundation for a combined 

approach that relies on emission limits and quality standards to achieve a good 

status for all water bodies in Europe. Within this framework a guideline for so-

cial management aspects is not explicitly incorporated, but the environmental 

objectives required by the EU-WFD can basically not be met by excluding 

cross-sectional solutions. Achieving the required environmental objectives is 

closely connected to a comprehensive analysis of point and diffuse pollution 

sources that are related to anthropogenic activities within river basins. The fo-

cus on the improvement of water resource quality is closely linked to drinking 

water protection, while environmental protection and restoration also promote 

the attractiveness of surface waters for leisure and tourism. Moreover, inade-

quate sanitation and waste water treatment facilities have been determined as 

main source for water quality alterations in several EU Member States (WECF 

2008; WHO 2010). As a consequence, the EU-WFD guidelines require the im-

plementation of necessary measures to eliminate these sources, which in this 

case means the establishment of an appropriate waste water management 
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system that besides water quality also increases the population’s living and 

health standards. In this way the implementation of the EU-WFD guidelines will 

indirectly also gives incentives for the socio- economic development in the re-

gion. 

As mentioned above, according to Rahaman et al. (2004) the EU-WFD 

does not understand the purpose of water as an economic good in the right 

way. But in fact the economic role of water is present in the directive from its 

first sentence (Preamble (1) EU-WFD). The enhancement of the ecological sta-

tus is seen as an investment in future economic benefits (Preamble (17) EU-

WFD) and economic analyses are required to support the introduction of eco-

nomic instruments that set incentives for a responsible water use, like adjusted 

cost recovery systems (e.g. polluter-pays- principle, adequate water pricing 

etc.). Further, although decentralization is not obligatory, the directive recom-

mends that ‘decisions should be taken as close as possible to the locations 

where water is affected or used’ (Preamble (13) EU-WFD). The constant dia-

logue between different policy sectors is also explicitly mentioned as a neces-

sity (Preamble (16) EU-WFD). 

Gender awareness, however, is neither directly nor indirectly addressed 

by the directive, but separately empowered by the EU Gender Equality Legis-

lation that is composed of several directives (EC 2008). The adoption is thus a 

fixed part of the EU Community acquis (agreements) and obligatory for all EU 

Member States. 

Similar to the Gender Equality Directive various other directives contrib-

ute to a framework that legally supports comprehensive integrative water man-

agement in the EU. Examples include the Habitats Directive (85/337/EEC), the 

Birds Directive (2009/147/EC), the Urban Waste Water Treatment Directive 

(91/271/EEC) and the Drinking Water Directive (98/83/EC). 

For EU-Member States, supported by the supplemental set of EU legis-

lation, the EU-WFD fulfils its task as a comprehensive and integrative water 

resource management approach that incorporates environmental issues, eco-

nomic tools and the increased involvement of the public. In non-European con-

texts, however, the EU-WFD alone may not be suitable universal implementa-

tion tool for IWRM. 



The EU-WFD as an Implementation Tool for IWRM in non-European countries – Case Study: Mongolia 287 
 

 

In two cases, the EU-WFD has been adapted by countries that are not 

members of the EU so far: (1) in case of candidate countries like Turkey (Sumer 

& Muluk 2011; ORSAM 2011) or (2) if the respective country is adjoining to a 

trans-national river basin that is partly located on EU territory, for instance in 

the Danube Basin (Bosnia-Herzegovina, Moldavia, Montenegro, Serbia and 

the Ukraine) (www.icpdr.org). But in these examples all countries are in close 

relation to the EU and benefit from its comprehensive support. In other cases, 

the immense investment costs connected to the implementation of the require-

ments of the EU-WFD constitute a significant barrier in transferring the directive 

per se, as other non-EU countries cannot rely on external funding or capacity 

support. 

In general, the overall success of transferring the EU-WFD to countries 

that are not part of or directly supported by the EU will be highly dependent on 

the country-specific policy agenda. In particular, priorities tend to be different 

in low-income countries which often have to focus on basic human needs be-

fore environmental sustainability. Thus an implementation of the EU-WFD 

would not be a suitable solution to these countries water-related issues.  

2. The EU-WFD as an implementation guideline for IWRM in Mon-
golia 

2.1. The Mongolian Water Sector 

The socio-economic preconditions in Mongolia can generally not be compared 

to the situation in developed countries of Western Europe. While in 2013 Ger-

many for example had an HDI of 0.911 (UNDP 2014) and a GDP of 3.635 

trillion USD (http://www.worldbank.org/en/country/germany), Mongolia had an 

HDI of 0.698 (UNDP 2014) and a GDP of 11.52 billion USD 

(http://www.worldbank.org/en/country/mongolia). Moreover, the most relevant 

anthropogenic pressures on water resources and aquatic ecosystems differ 

substantially between Mongolia and the Western European countries in partic-

ular. However, the range of environmental, socioeconomic and cultural settings 

in the EU is wide and increased with the east- and southeastwards expansions 

in 2004, 2007 and 2013. In a few regards, the new member states resemble 

Mongolia more closely than the Western European nations. The abrupt end of 
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socialism caused a fundamental political and socioeconomic transition which 

brought benefits such as democratization but also challenges related to insti-

tutional reforms and the shift to free market economies. Nevertheless, in a few 

respects there are additional similarities between Mongolia and other regions 

of the EU (see table 1). Whenever water-related challenges and their causes 

are comparable, it seems reasonable to transfer established strategies and 

methods from Europe to Mongolia.  

In contrast to the EU though, anthropogenic pressures in Mongolia often 

act as single and distinct stressors. For example, the identification of pollution 

sources and their impact on the environment is less complex, thus simplifying 

the derivation of appropriate countermeasures as compared to European multi-

stressor settings. 

 Mongolia Corresponding situation in Europe 

Population 
Average pop. density: 2.3 people/km2; 
Max. pop. density: 280 people/km 2 
(Ulaanbaatar) 

Average pop. density : 116 peo-
ple/km2; 
Min. pop. density: 2 people/km2 (Lap-
land) 

Urban Water 
Management 

Population in the city centres is connected to 
obsolete central water supply and sanitation 
systems; population in peripheral areas has 
no safe water supply and access to sanitation 
(approximately half of Mongolia’s population) 
(Genté 2013; Karthe et al. 2014b) 

In Romania less approximately 20% of 
the urban population has no house 
connection to safe drinking water 
sources. In some urban areas in east-
ern Europe the percentage of house-
holds that have  access to safe sanita-
tion is only 60% (WHO 2010) 

Rural Water 
management 

42.5 % of Mongolia’s population lives in rural 
areas (MEGD 2012) where safe drinking wa-
ter supply and waste water disposal systems 
are typically not available or very restricted. 
Only 25%  have access to improved sanita-
tion and 39.2% to save drinking water (UNDP 
& UNICEF 2009) 

23 % of the EU’s population lives in ru-
ral areas; in parts of the Eastern EU 
(especially Romania), less than 20 % 
of the rural population have access to 
safe drinking water or sanitation (WHO 
2010) 

Surface and 
Groundwater 

Quality 

Water quality degradations are found 
near/downstream of urban areas (nutrients), 
industrial and mining areas (heavy metals) 
and in rural areas characterized by high 
lifestock densities (Hartwig et al. 2012; Hof-
mann et al. 2014; Karthe et al. 2014a; Pfeiffer 
et al. 2014). Microbiological contamination of 
drinking water is a potential public health con-
cern (Karthe et al. 2012)  

Surface water quality in major rivers 
has improved over the past few dec-
ades; currently, the highest portion of 
surface water bodies with a poor 
chemical status can be found in the 
north of France and Sweden 
(www.eea.europa.eu) 
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State of 
Aquatic Eco-

systems 

Generally, most surface water bodies have a 
good ecological status, albeit with threats re-
sulting from water quality impairments and a 
desiccation trend in some regions (Karthe et 
al. 2014a) as well as increasing pressures re-
sulting from fishing (Kaus et al. 2011) 

On average less than half of the Euro-
pean water bodies have a ‘good eco-
logical status’, with a much better pic-
ture for Scandinavia 
(www.eea.europa.eu) 

Main Anthro-
pogenic Pres-

sures 

 point pollution of surface water bodies 
from insufficiently treated urban and in-
dustrial waste water (Hofmann et al. 
2011; Karthe et al. 2014b); 

 pollution of ground and surface water 
from latrines and inappropriate dump 
sites (Karthe et al. 2012; Uddin et al. 
2014; Karthe et al. 2014b); 

 significant water abstractions for irrigation 
and mining activities (Hofmann et al. 
2010)  

 influx of sediments and toxic substances 
due to mining operations (Hofmann et al. 
2010; Thorslund et al. 2012) 

 river bank erosion, fine sediment and dif-
fuse nutrient/pathogen release due to ex-
tensive livestock farming along river 
banks  (Hartwig et al. 2012; Theuring et 
al. 2013) 

 Land use change, and in particular forest 
losses, with profound impacts on regional 
hydrological cycles (Minderlein & Menzel 
2014; Karthe et al. 2014a) 

Point pollution from insufficiently 
treated waste water  (e.g. Romania, 
Bulgaria or Spain); 
Diffuse nutrient emission by settle-
ments and agriculture (especially live-
stock farming) (e.g. Italy, Spain or Es-
tonia); 
Chemical (especially heavy metals) 
and ecological degradation due to in-
tensive mining (e.g. Poland, Slovakia 
or Hungary) 
(http://ec.europa.eu/) 
 

Water govern-
ance frame-

work 

Since 2004, RBM and IWRM were progres-
sively embraced as national strategies for 
water resources management, while water 
resources management was declared a prior-
ity field for government action; substantial in-
stitutional reforms, unclear/overlapping re-
sponsibilities and a lack of budget and capac-
ities have so far impeded the implementation 
of IWRM (Horlemann & Dombrowsky 2012; 
Karthe et al. 2012)     

Since 2000 the European Water 
Framework Directive represents a 
binding legislation for sustainable wa-
ter management in Europe.  

Table 3: Water-related challenges in Mongolia and the corresponding situation in Europe 

2.2. IWRM in Mongolia 

Similar to the social, cultural and economic sectors, Mongolia’s political devel-

opment was strongly affected by the socialist regime and its breakdown in 1990 

(Houdret et al. 2013; Schweitzer 2012). Even though Mongolia has established 

a democratic multi-party system (Janzen 2012), political structures are still dy-

namic and the transition into a market economy ongoing. This leads to frequent 

changes in regulations, institutions and stakeholder interests. 
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The national constitution, the Water Law and the Environment Protection 

Law form the legal basis for water governance in Mongolia (Houdret et al. 2013; 

Karthe et al. 2014a). These legal regulations declare the water resources of 

Mongolia as a state property that is decoupled from land ownership. Hence, 

the national and regional governments are in charge of controlling water use 

and management. The National Water Program is a central strategy document 

aiming at the practical implementation of water management. Subsidiary re-

gional development programs regulate the protection and rehabilitation of wa-

ter resources as well as on the provision of sustainable access to safe drinking 

water and sanitation (MEGD 2012). 

Since 1999, various national programs have been developed to imple-

ment the IWRM concept on a national level. Following the recognition of the 

Millennium Development Goals (2000) as a strategy for national development, 

the government declared the Mongolian Action Program for 21st century 

(2008) and in 2010 updated the National Water Program that was originally 

drafted in 1999 (Sigel 2012). Decentralization had been a key feature of the 

ongoing reform process in Mongolia and shifted the former strict top-down gov-

ernance to a multi-level system. In the context of water governance, this led to 

the promotion of management at the river basin scale. Practically, 29 river ba-

sins of national importance were declared, for which river basin organizations 

began to be formed. However, the actual transfer to practice has been only 

weak so far (Houdret et al. 2013). Main reasons for deficits in the implementa-

tion process are a lack of financial, institutional and staff capacities and a seri-

ous shortage of data to support decision-making processes (Karthe et al. 

2014a).  

Several foreign actors have in the recent past promoted the implementa-

tion of IWRM and RBM in Mongolia by either conducting research projects or 

providing financial support. However, there is still no universally accepted 

agreement regarding the priorities for IWRM implementation (Houdret et al. 

2013). This was recognized by the Mongolian government which is currently 

working towards a more clearly defined national IWRM concept, which pro-

vides a common basis for river basin management planning.  
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2.3. IWRM policy in Mongolia and the EU-WFD  – potential synergies 

A holistic consideration of the four Dublin Principles constitutes the basic phi-

losophy of IWRM. Tables 2 to 5 describe the relation between this basic IWRM 

framework, the EU-WFD and current IWRM legislation in Mongolia (Heldt 

2014). 

Water should be treated as a finite and vulnerable resource that is essential to sus-
tain life, development and the environment. 
EU-WFD: 
The EU-WFD partly refers to this principle as 
it aims to maintain water resources with a 
good status and prevent further deterioration 
of surface and groundwater resources. In 
this way the EU-WFD attempts to ensure the 
sufficient provision of good quality water to 
meet the future demand of its population. A 
main objective is to enhance the status of 
aquatic and water dependent terrestrial eco-
systems by promoting a responsible water 
use and reducing pollution. The links be-
tween socioeconomic developments and 
water management are addressed only par-
tially/indirectly. 

Mongolian IWRM policy: 
The Mongolian IWRM policy defines water 
as state property and grants its citizens “the 
right to enjoy a healthy and safe environ-
ment that is protected against pollution and 
ecological imbalance”. The National Water 
Resource Plan gathered data about environ-
mental and socio- economic preconditions 
that is related to water. Nevertheless, a clear 
implementation strategy is not yet available. 
 

Potential synergies: 
An approach combining the EU-WFD and Mongolian IWRM principles could offer a frame-
work for an environmentally-oriented management of water resources that also incorporates 
socioeconomic aspects. However, without supplementary implementation strategies empha-
sizing the social component, the actual focus of the national IWRM concept cannot be im-
plemented sufficiently by only applying European watermanagement strategies. 

Table 4: The First Dublin Principle in the EU-WFD and Mongolian IWRM policy 
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Water management should be based on a participatory approach, involving users, 
planners and policymakers at all levels. 
EU-WFD: 
The EU-WFD explicitly values public infor-
mation and consultation but does not explic-
itly call for public participation in the actual 
implementation process. RBM drafts and 
background documents have to be made ac-
cessible to the public for at least six months 
before they are finally adopted. While decen-
tralization and multi-level cooperation are 
not prescribed, they are indirectly promoted 
(decision-making processes should be 
made as locally/regionally as possible). 

Mongolian IWRM policy: 
The Mongolian IWRM policy addresses pub-
lic participation in the sense of the second 
Dublin Principle by the introduction of River 
Basin Councils (RBCs)/ River Basin Admin-
istrations (RBAs). RBCs/RBAs are designed 
to act as a platform to encourage multi-
stakeholder discussion as well as infor-
mation and active involvement of public wa-
ter users. However, in practice public in-
volvement is often still limited. 

Potential synergies: 
Improved information and involvement of the general public would increase transparency 
and sense of ownership, and thus facilitate a wider public support for IWRM.  

Table 5: The Second Dublin Principle 

Women play a central part in the provision, management and safeguarding of water. 
EU-WFD: 
The EU-WFD does not consider gender is-
sues. Concerns about gender equality are 
addressed by the EU’s supplementary gen-
der legislation.  

Mongolian IWRM policy: 
The Mongolian IWRM policy does not con-
sider gender issues. 

Potential synergies: 
Here, Mongolia cannot benefit from experiences in the European water sector. However, 
gender equality in Mongolia is, when compared to other transition and developing countries, 
high in the water sector (Asian Development Bank and World Bank 2005; Hawkins 2007). 
Therefore, this is not a priority. 

Table 6: The Third Dublin Principle 

Water has an economic value in all its competing uses and should be recognized as 
an economic good. 
EU-WFD: 
The EU-WFD regards the enhancement of 
the ecological status as an investment in fu-
ture economic benefit. Of special importance 
are economic analyses to support the intro-
duction of economic instruments that set in-
centives for a responsible water use, like ad-
justed cost recovery systems. 

Mongolian IWRM policy: 
The economic aspects of water are ad-
dressed by the ‘Water Use Right’ and the 
‘Law on Fees for Use of Water Resources 
and Mineral Water’. However, formulations 
are often vague and clear implementation 
strategies are lacking. While there is only a 
symbolic or even no fee for domestic water 
use (and thus little incentive to save water), 
there are plans raise water fees in the future.   

Potential synergies: 
The strict guideline for economic analyses provided by the EU-WFD may be helpful for Mon-
golia. However, a lack of data and non-transparency in parts of the Mongolian water sector 
are still obstacles. 

Table 7: The Fourth Dublin Principle 



The EU-WFD as an Implementation Tool for IWRM in non-European countries – Case Study: Mongolia 293 
 

 

3. Conclusion 

Even though the EU-WFD cannot be considered a blueprint for IWRM imple-

mentation in Mongolia, it can provide guidance in cases where relevant water 

management policies are still lacking in Mongolia and there is positive experi-

ence in Europe. 

In general, the EU-WFD serves as a model to enhance the systematic 

implementation of an environmentally sustainable water resource manage-

ment at river basin-scale. At first sight, it may seem like the relatively good 

ecological status of Mongolia’s surface water bodies constitutes a much easier 

starting point when compared to the heavily altered rivers and lakes in Europe 

that are impacted by multi-stressors. In this light, the EU-WFD objective of 

reaching and maintaining a good ecological status of all surface water bodies 

appears to be achievable. The adoption of the EU-WFD would thus be a 

chance to create a legal framework to maintain the natural water resources and 

implement a sustainable water use that supports the national IWRM agenda. 

However, despite democratization and substantial economic growth over 

the past decade, Mongolia cannot yet be considered a developed country as it 

still faces urgent problems related to health, poverty, infrastructure, low em-

ployment rates (Porsche-Ludwig et al. 2013) and especially corruption (Fritz 

2007; Quah 2006; Transparency International 2012). Moreover, the current 

pace of the rural exodus and precarious social conditions in the fast growing 

urban peripheries have no analogy in Europe. Not surprisingly, such chal-

lenges were not taken into account when the EU-WFD was drafted. 

The EU-WFD addresses only the ecological status of water bodies and 

although it enforces the identification of pressure sources, it has no direct reg-

ulations for urban and economic water use. Without comprehensive supple-

mentary frameworks concerning the restriction of point and diffuse pollutions 

at its sources, significant improvements are not to be expected. Socioeconom-

ically, Mongolia has the closest similarities with the formerly socialist Eastern 

European countries and shares the challenge of water scarcity with Southern 

European nations. Not all EU countries, as for example Portugal and Greece, 

have been able to submit their RBMPs to the EU within the prescribed deadline 

(EC 2012e; EC 2012f) even though they received considerable support from 

the EU. In contrast to these countries, Mongolia as a non-EU Member State is 
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not able to receive similar long-term funding and support in implementing the 

extensive requirements such as establishing a sufficient monitoring network or 

eliminating deficits in the domestic water sector. Nevertheless, the mentioned 

environmental and socio-economic similarities and comparable anthropogenic 

impacts in some regions of the EU and Mongolia mean that strategies, meth-

odologies and metrics from Europe may be partially transferable. 

Some differences do however significantly limit the usability of the EU-

WFD as a guideline for IWRM implementation in Mongolia. One important dif-

ference is related to challenges posed by the legal framework and financial and 

institutional capacities, for which the EU-WFD does not provide an easy solu-

tion. Moreover, European water management strategies are the result of a 

highly dynamic scientific sector. New developments that focus on the incorpo-

ration of ecosystem services, ecosystem functioning and environmental risk 

assessment should not be neglected, as they may offer an adequate alterna-

tive that is even more suitable to enhance the implementation of context spe-

cific sustainable water resources management in non-European countries and 

thus promote the implementation of a comprehensive IWRM. 
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Abstract 

In Mongolia, the discharge of insufficiently treated wastewater to the receiving 

environment due to poor connection rates of informal ger areas to wastewater 

facilities is a significant problem. To address nutrient emission problems as well 

as hygiene issues, we investigated the potential of willow vegetation filters in 

the Kharaa River Basin in Mongolia by (1) testing a pilot willow wastewater 

treatment plant and (2) developing different design and cost scenarios of a 

large willow vegetation filter for the model village of Khongor in order to identify 

a suitable filter type. This work was carried out in the context of a research and 

development project aiming at the development and implementation of an 

IWRM concept for the Kharaa River Basin. 

Initial results of the pilot plant show that willow vegetation filters are an 

appropriate way to treat wastewater in Mongolia since treatment performance 

and operation of the system are satisfying, even under very cold conditions. 

Moreover, the risk for contaminating the groundwater and soil matrix was found 

to be low. 

Among three alternatives, open evapotranspirative vegetation filters were 

identified as the most appropriate solution. These systems are not lined and 

allow some percolation of irrigation water into deeper soil zones. Decisive cri-

teria are next to very low life cycle costs, minimum health risk by subsurface 

irrigation, high operation reliability and comparatively low land requirements. 

1 Introduction 

Mongolia is faced with far-reaching changes like land use intensification and 

increasing urbanization. In addition, larger numbers of livestock, the expansion 
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of mining industries and climatic changes such as increasing temperatures, 

higher evapotranspiration rates and expected reductions in precipitation are 

putting pressure on the nation’s water resources. These developments show 

the necessity to develop effective methods in order to protect the region’s water 

quality and quantity under the changing social, demographic and environmen-

tal conditions (Batimaa et al. 2008). For these reasons, Mongolian and German 

research institutes have launched the IWRM MoMo project, dedicated to de-

velop and implement strategies leading towards an integrated water resource 

management for the Kharaa River Basin - a Mongolian model region (Karthe 

et al. 2014). 

One fundamental problem identified during the two project phases is the 

discharge of insufficiently treated wastewater to the environment. It is assumed 

that only 35 % of the total population in the river basin is connected to 

wastewater facilities that are mostly in a poor state of repair (Hofmann et al. 

2011). The discharge of untreated wastewater mainly from informal ger areas 

in urban settlements represents a considerable part of the total nutrient emis-

sions within the basin. Negative impacts on public health associated with un-

treated human waste are presumed, including a high prevalence of gastroin-

testinal infections including Hepatitis A (Sigel et al. 2011; Karthe et al. 2012).  

To address nutrient emission problems as well as possible hygiene is-

sues, the establishment of reliable wastewater treatment facilities is an im-

portant requirement of an effective IWRM approach in the Kharaa River Basin. 

A major challenge for the reliable and cost-effective operation of wastewater 

infrastructures is the harsh Mongolian climate. Very cold temperatures of less 

than -30° C can have significant impact on hydraulic and biological perfor-

mances of wastewater treatment systems. Hence, conventional methods for 

treating wastewater may not be appropriate. 

In order to address these challenges of wastewater treatment in Mongo-

lia, the project team investigated the possibility to establish a willow vegetation 

filter in the Kharaa River Basin. These decentralized facilities are comparable 

to slow rate land treatment systems, where wastewater is applied on land 

planted with willows or other fast growing crops such as poplars. By applying 

wastewater on short rotation coppice, sewage can be effectively treated by 

physical, chemical and biological processes within the soil-plant-water matrix 
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while also considerably promoting biomass production, even in cold climate. 

Thereby, wastewater becomes an important resource rather being a subject of 

concern. In addition, willow vegetation filters provide the advantages of being 

inexpensive, simple and robust. In this way the system addresses Mongolian 

problems of insufficient sanitation, growing water scarcity and progressive de-

forestation resulting in shortage of timber. For these reasons, the project team 

investigated the potential and feasibility of willow vegetation filters for Mongolia 

by: 

 Testing a pilot willow wastewater treatment plant at the Technical Univer-

sity in Darkhan (MUST) 

 Developing different design and cost scenarios of a large-scale willow 

vegetation filter for the model village of Khongor 

2 Pilot willow wastewater treatment plant 

To investigate the feasibility of willow vegetation filters in Mongolia, a willow 

wastewater treatment facility was developed and installed on the Campus of 

the Mongolian University of Science and Technology (MUST), modeled on a 

Zero Discharge System according to Gregersen and Brix (2001). Pre-treated 

wastewater irrigated four beds of 16 m2 that were lined with a PVC membrane 

and planted with one year old endemic poplar and salix species. Drainage wa-

ter running from the beds by gravity was then analysed for the following phys-

ico-chemical parameters on a weekly basis: chemical oxygen demand (COD), 

biological oxygen demand (BOD5), total phosphorous (TP), total nitrogen (TN), 

ammonium, nitrate, nitrite and E. coli. The volume of leachate was measured 

by tipping buckets (Karthe et al. 2015). 

In order to investigate the influence of loading rates and irrigation cycle 

on water quality and balance as well as on tree vitality and biomass production, 

different irrigation periods and wastewater loads were tested. For a schematic 

diagram and further details on the experimental design, see Fig. 1. 



304  Katja Westphal, Chris Sullivan, Peder Gregersen, Daniel Karthe 
 

 

 
Fig. 1: Schematic diagram of the trial system and the experimental design, including the temporal 
irrigation pattern and irrigation load. (abbr.: IP - irrigation period, HLR - hydraulic loading rate) 
(Karthe et al. 2015). 

Initial results of treatment efficiency of the system had proved to be satisfactory 

for the first year of operation in 2011: BOD5 - removal rates ranges between 

79 % and 93 %, while rates for COD vary between 60 % and 87 %. The highest 

removal rates for TN and TP were achieved by bed B with 77 % and 89 %, 

respectively. Removal rates for TN were lowest for bed C (38 %). Lowest re-

moval rates for TP amount to only 42 % in bed D (see Tab. 2). Results of the 

second year of operation are even more promising. The estimated biomass 

production for the first year of growing ranges between 11 t to 24 t DM ha-1 yr-

1 (Karthe at al. 2015). 

 

Bed BOD5 [%] COD [%] TN [%] TP [%] 

Bed A 79 60 53 61

Bed B 93 87 77 89

Bed C 87 70 38 43

Bed D 89 67 63 42

Tab. 2: Treatment performances of the four trial beds 

The storage of wastewater within the willow and poplar beds during the winter 

months has proven to be successful, since trees were still vital in spring. Addi-

tional housing or wastewater storage is therefore not necessary. However, in 
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spring higher quantities of percolation water are generated due to snowmelt 

(Karthe et al. 2015) 

3 Development of different designs and cost scenarios 

The results of testing the pilot plant clearly showed that willow vegetation filters 

are an appropriate way to treat wastewater in Mongolia since purification ca-

pacity and operation of the system are satisfying, even in very cold months. 

Moreover, the risk for contaminating groundwater and soil matrix is low. How-

ever, the question of a suitable design and type of vegetation filter remains 

open as there is a variety of systems that are already being used in different 

parts of the world. Since lined (i.e. sealed) systems such as tested in the pilot 

plant in Khongor are on a large scale basis rather expensive, ‘open systems’ 

which have been tested in several countries including Sweden and China are 

an alternative (Wu et al. 2011, Ou et al. 1997, Qu-Xing et al. 2006, BIOPROS 

2008). In order to identify a suitable willow filter type for Mongolia, three sce-

narios for the model village of Khongor were developed considering possible 

designs, sizes and costs. Based on various criteria, a final proposal was made 

for an appropriate type of system by means of a utility value analysis (see also 

Westphal 2013). The evaluation and identification was carried out for three wil-

low filter systems that were identified in the literature as the most common 

types but also occur in modified versions in practice. 

The first type is a surface irrigated short rotation willow coppice (SRC) 

whose wastewater is stored during winter in a pond. Irrigation pauses during 

cold months. SRCs are not lined. Hence, some percolation in deeper soil layers 

and groundwater is possible. The second type is an evapotranspirative system 

with year-round subsoil irrigation. Storage of the water during colder months 

with low evapotranspiration occurs in the soil matrix within the willow beds. 

Evapotranspirative systems are constructed in two versions. Zero discharge 

systems (ZDS) are enclosed either with a water impermeable layer. Open sys-

tems (OS) do not have any liner. They allow some percolation. Usually, open 

systems are used for areas of low groundwater interests. However, both types 

fulfill highest Danish standards of wastewater management (Gregersen 2013). 
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3.1 Methods 

3.1.1 Site description and assumptions 

Khongor is approximately 200 km north of Ulanbataar and 20 km south of Dar-

khan. The region is characterized by very cold winters and warm short sum-

mers. Mean annual air temperatures are around 0°C. Average annual precipi-

tation accounts for only 270 mm (WMO 2013) and falls far below annual po-

tential evapotranspiration of around 800 mm (Karthe et al. 2011). Actual annual 

water requirements by willows (ETC) were calculated with CROPWAT (by FAO) 

and amount to 1330 mm (see Guidi et al. 2007). The groundwater table in the 

area lies 4 m to 5 m below the surface. The unsaturated soil zone consists of 

loamy-sandy sediments (Hofmann 2008). Kastanozem was identified as the 

dominant soil type (MoMo 2009). In order to facilitate the designing and evalu-

ation process, assumptions were made (see Tab. 3). 

 Design criteria Value Reference 

G
en

er
al

 

Population equivalent 3000 PE Authors’ assumption

Water consumption 170 l d-1 Authors’ assumption

Ntot load p.p. after PT 10 g d-1 Gujer 1999

Ptot load p.p. after PT 2,5 g d-1 Gujer 1999

Wood moisture rate 15 % Grosser 2005

Useable fract. of wood 80 % Authors’ assumption

Gross density of wood 560 kg/m3 Grosser 2005

S
R

C
 

NLR 250 kg ha-1yr-1 Aronsson & Bergström 2001

PLR 60 kg ha yr-1 Aronsson & Bergström 2001 

Biomass production 10 t DM ha-1 yr-1 Aronsson & Perttu 2001

Z
D

S
 WSC ≙ pore volume 40 % Authors’ assumption

Biomass production 15 t DM ha-1 yr-1 Authors’ assumption

O
S

 WSC ≙ field capacity 30 % Authors’ assumption

 Leaching requirement 15 % Asano et al.  2006
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Irrigation efficiency 80 % Asano et al.  2006

DVF 20 % Asano et al.  2006

N-uptake by crop 170 kg ha-1 yr-1 Authors’ assumption

N-conc. in percol. water 15 mg Ntot l-1 Hofmann, pers. com.  2013

Biomass production 15 t DM ha-1 yr-1 Authors’ assumption

Tab. 3: Assumption list as a basis of computation for design and costs (abbr.: PE - personal equiv-
alent, p.p. - per person, PT - pretreatment   NLR - nitrogen loading rate, PLR - phosphorous load-
ing rate, DM - dry matter, WSC - water storage capacity), DVF  - Denitrification and volatisation 
fraction) 

3.1.2 Size determination 

For determining the size of the SRC system, the recommendations by Ar-

onsson and Bergström (2001) were followed. Based on their work, the maxi-

mum allowable loading rate for nitrogen is defined as 250 kg N ha-1 yr-1. Maxi-

mum allowable loading rate for phosphorous is defined as 60 kg P ha-1 yr-1. 

From the annual amount of wastewater and its total nitrogen and phosphorous 

load, the size of the system can be determined. The plantation’s design follows 

for the most part recommendations of BIOPROS (2008). 

The process of size determination for ZDS and OS is based on the dif-

ference between annual precipitation and ETC for willows. This difference is 

equal to the annual amount of sewage that can be applied to the willow beds 

(see also Brix & Arias 2011, Gregersen & Brix 2001). The thereby calculated 

area represents the minimum size of the systems. Since seasonal climatic var-

iations are not considered, it must be ensured that the willow beds have enough 

soil pore volume to store rain and wastewater in winter, when rates for evapo-

transpiration are not sufficient. 40 % pore volume for the ZDS and 30 % pore 

volume (corresponding to approximate field capacity for reasons of groundwa-

ter interest) for the OS was the basis for calculating the water storage capacity 

of the soil. Therefore, a balance calculation of the inflow parameters (P, WW 

input) and the outflow parameters (irrigation load, ET) on a monthly basis was 

performed to determine the maximum accumulating water volume. To ensure 

a minimum risk to groundwater, two additional control calculations according 

to Asano et al. (2006) were performed (LW(1) and LW(N)). Details are shown in 
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Tab. 3. The system’s designs mainly follow general recommendations of Peder 

Gregersen (pers. com. 2013). 

3.1.3 Cost Calculation 

Cost calculations for each design proposal are an important part of the evalu-

ation and identification process. Therefore, not only the investment costs play 

an important role, but also operation costs, and profit gained by selling the har-

vested biomass. All computed costs and profit are based on a price list for 

material, construction works, operation and maintenance compiled by Mongo-

lian contractors associated with the MoMo project and were depreciated with a 

rate of 5 % over a lifespan of 25 years (BIOPROS 2008, Börjesson & Berndes 

2006).  

The costs of investment for all three systems include all bigger material 

and construction items such as distribution pipework, synthetic liner, willow cut-

tings, planting costs or earthworks, including replacement items such as fences 

or pumps. An estimate of operation costs includes works like harvesting, weed-

ing or pump maintenance. For estimating the profit gained by selling the willows 

as firewood it was necessary to make assumptions in terms of biomass pro-

duction, wood moisture and gross density (see Tab. 3). Eventually, total lifecy-

cle costs results from the sum of investment, operation and replacement cost, 

less profit gained by selling the firewood.  

3.1.4 Utility value analysis (UVA) 

To evaluate the suitability of the three suggested systems, a utility value anal-

ysis was undertaken. This form of analysis is an assessment tool from the eco-

nomic sector to evaluate not only monetary factors but also the benefit of pro-

jects among a number of different alternatives (Burghardt 2007). The UVA in 

this work was carried out on the basis of “Method and Techniques of Organi-

zation” by Schmidt (2000). Assessment criteria include considerations about 

nutrient application rates, design criteria, cost associated criteria and risk of 

contamination to public health and environment (see Tab. 6). 
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3.2 Results and Discussion 

3.2.1 Dimensioning and design of the systems 

The size of the SRC was calculated to be 43.8 ha. The total area of the willow 

plantation has a size of 790 m x 586 m, including machinery access roads. The 

SRC-system consists of 8 irrigation blocks. Each irrigation block has 256 rows 

of willows. Two willow rows will be irrigated by one lateral. For further charac-

teristics of the system see Tab. 4.  

The size calculation of the ZDS based on evapotranspiration resulted in 

a minimum area of 18.5 ha. Since the soil volume underneath cannot absorb 

the full amount of wastewater the area has to be enlarged to 19.08 ha. The 

system exists of 6 irrigation blocks, which consists of 22 lined willow beds with 

an unplanted 5 m-corridor in-between. Every bed has 6 rows of willows. One 

willow bed is provided with one lateral for irrigation. The total size of the system 

amounts to 608 m x 602 m. Further details are provided in Tab. 4. 

The size of the OS had to be enlarged from originally 18.5 ha to 24.8 ha 

for reasons of sufficient water storage capacity of the soil. To further ensure 

that there is a minimum risk to groundwater, control calculations based on LW(1) 

and  LW(N) according to Asano et al. (2006) resulted in sizes of 14.25 ha and 

18.57 ha, respectively. For reasons of groundwater protection the biggest area 

of 24.8 ha was subject of a further design process. The subsequent designed 

OS consist of 8 irrigation blocks with 22 non-lined willow strips, respectively. 

Planting and general design principles follow the example of the ZDS. The irri-

gation is carried out by two underground laterals per willow strip to ensure an 

even distribution of wastewater. In this way the total size of the system amounts 
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to 779 m x 602 m. For further characteristics and a draft of the system see Tab. 

4 and  

   
Fig. 2, respectively. 
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Fig. 2: Schematic diagram of the OS for Khongor (above) and a cross section through a willow bed 
(below) (abbr.: ET- Evapotranspiration). 

Since there are limited experiences with SRC systems in very cold climates 

like Mongolia, size comparisons for a plausibility check to other already estab-

lished systems are very difficult. However, examples from Inner Mongolia and 

Sweden show that comparable treatment systems require a similar irrigation 

area per treated m3 of wastewater (Ou et al. 1997, BIOPROS 2008). While a 

system for Khongor would need an amount 2.35 m2, a wastewater irrigated 

forest from China needs 2.41 m2 per treated m3 of wastewater (Ou et al. 

1997).The plausibility check for the ZDS and OS sizes is difficult since these 
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designs depend on local climate. In addition experiences described in the liter-

ature are very rare. However, Brix & Arias (2011) and Gregersen & Brix (2001) 

describe sizes of 0.7 m2 to 1.6 m2 per treated m3 of wastewater in Denmark. 

The calculated sizes for the ZDS and OS range between 1.0 m2 and 1.3 m2 per 

treated m3 of wastewater, respectively. Hence, sizes for ZDS and OS are in a 

middle range, compared to Danish values. 

The salinisation risk of the onsite soil remained unconsidered. Kastano-

zems in particular are sensitive to secondary salinisation when irrigated (ISRIC 

2013). Therefore, it is necessary to compute leaching requirements for salinity 

control by means of Asano et al. (2006) and USDA (1993). Ou et al. (1997) and 

Qu-Xing et al. (2006) also discussed salinisation of wastewater irrigated land. 

Due to a lack of information, drainage and leaching requirements for salinity 

control was not computed for Khongor but is strongly recommended for future 

works. Because willows are very tolerant to high salt concentrations it is not 

expected that salt accumulation in the soil will have adverse effects on biomass 

yield and health of willows (Hangs et al. 2011, Brix & Arias 2011, Gregersen 

pers. com. 2013). 
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General Characteristics SRC ZDS OS 

Irrigation area [ha] 43.80 19.08 24.80

Total area [ha] 61.53 35.70 45.82

Winter storage [ha] 3.86 within soil within soil

Irrigation days [d] 153 365 365

HLR [mm d-1] 2.50 2.67 2.06

NLR [kg N ha-1 yr -1] 250 574 442

PLR [kg P ha-1 yr -1] 58 132 102

Area per person [m2 person-1] 205 119 153

Distribution. Pipework-25 mm [m] 194,560 23,892 61,952

Distribution pipework-50 mm [m] 2,304 1,686 2,248

Distribution pipework-100 mm [m] 1,708 1,251 1,598

Earthworks [m3] 105,110 233,994 39,094

Liner synthetic [m2] 40,869 238,487 -

Geotextil [m2] 81,738 529,536 136,294

Gravel 20mm [m3] - 5,973 15,488

Pump housing [pce] 1 1 1

Number of pump [pce] 1 1 1

Fencing [m] 3,332 2,420 2,762

Willlow cuttings [pce] 647,168 409,464 531,168

Plant density [pce ha-1] 14,776 21,460 21,420

Tab. 4: General design characteristics of the 3 systems (abbr.: HLR- hydraulic loading rate, NLR - 
nitrogen loading rate, PLR – phosphorous loading rate) 

3.2.2 Cost Calculation 

The initial investment costs for the SRC-system are estimated at 1,840,697 €. 

Most of the costs are related to earthworks for the wastewater storage pond 
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and the synthetic liner. The total initial investment costs for the ZDS are esti-

mated at 4,065,114 €. The biggest share of initial costs is also attributed to the 

synthetic liner and earthworks. The initial investment costs for the OS amount 

to 810,760 €. Most of the costs are associated to the willow cuttings, earth-

works and gravel, which is needed as a distribution layer for the irrigation water. 

For an overview of the total investment costs see Fig. 3 . 

 
Fig. 3: Expected initial investment costs for all three systems. The costs for investment are five 
times higher than for the OS. Costs for the SRC system are over two times more expansive than 
the OS. 

The expected life cycle costs only slightly exceed the cost for investment, since 

replacement and operation costs are expected to be relatively low. In this way 

the profit, made by selling the firewood, almost balance the costs of operation. 

For a more detailed cost listing see Tab. 5.  

However, the determined life cycle costs for all three systems can only 

be a rough estimation since the cost computation is based on very simplified 

designs and a set of assumptions (see Tab. 3). Another important cost-related 

aspect that remained unconsidered, but can be crucial, is the necessity for pri-

mary treatment. While SRC systems include a wastewater storage pond that 

works as an anaerobic settling pond, additional primary treatment systems are 

required for a ZDS and OS. 
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Costs SRC ZDS OS 

Initial investment (-) 1,840,697 € 4,065,114 € 810,760 €

Replacement (-) 102,596 € 91,388 € 95,591 €

Operation (-) 508,850 € 294,736 € 332,343 €

Profit (+) 410,113 € 228,183 € 348,046 €

Total 2,042,029 € 4,223,055 € 890,648 €

Tab. 5: Life cycle cost for the systems, including profit made by selling the harvested wood. 

3.2.3 Utility value analysis 

The utility value analysis identified the OS as the most suitable system for 

Khongor with a value of 217 points. Key advantages are its relatively low land 

requirements and its very low investment costs. Hardly any earthworks are re-

quired and no synthetic membrane is needed. Next to cost advantages, the 

system is expected to be very reliable and enables a minimum health risk due 

to subsurface irrigation. Tab. 6 gives an overview of the applied criteria, their 

weighting and the eventual distribution of points. 

However, the analysis contains a significant degree of subjectivity due to 

point awarding, weighting and selection of criteria. A change in weighting and 

point awarding or the additional evaluation of criteria can lead to a different 

result, especially taking into account that results are very close to each other. 

Criteria 
Weight. 

[%] 
SRC ZDS OS 

Nutrient application - NLR, PLR 20 60 20 20

Design criteria - e.g. land requirements 20 33 51 51

Cost criteria - investment, operation, profit 30 59 42 86

Risk criteria - human health, groundwater 30 45 90 60

Total 100 197 203 217

Tab. 6: Overview of the utility value analysis. The highest weighting received cost and risk criteria 
(30 %), followed by criteria for nutrient application and design (20 %). The results of the analysis 
are very close together.  
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4 Conclusions 

In order to address the challenge of insufficiently treated wastewater in Mon-

golia, the project team investigated the potential and feasibility of willow vege-

tation filters by testing a pilot willow wastewater treatment plant and developing 

different design and cost scenarios for a large scale vegetation filter. Due to 

the satisfying purification capacity and operation of the pilot plant, willow veg-

etation filters are considered to be suitable systems for very cold regions like 

Mongolia. However, lined systems modeled on the pilot plant’s design are ex-

pensive on a large scale basis. In order to identify an alternative, three scenar-

ios for the model village of Khongor were developed considering possible de-

signs, sizes and costs. 

Based on various criteria open evapotranspirative vegetation filters were iden-

tified as the most appropriate willow vegetation filter type. These systems are 

not lined and allow some percolation of irrigation water into deeper soil zones. 

Crucial criteria are very low life cycle costs, high operation reliability, low land 

requirements and minimum health risk due to subsurface irrigation. 
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Abstract 

The paper describes the remote sensing methodology and the initial results 

obtained as part of the Leman-Baikal project, which constitutes an international 

Swiss-Russian collaborative research initiative in the field of physical limnol-

ogy. The three-year framework involves the development and deployment of a 

novel multispectral and hyperspectral remote sensing platform optimised for 

the sensing of land and water surfaces from an ultralight aircraft. 

Keywords - Remote sensing, hyperspectral imaging, photogrammetry, limnol-

ogy, resource managements, ultralight plane 

  

Figure 1. Concurrent airborne and surface data acquisition. 

Introduction 

Remote sensing technologies provide some of the most effective methods for 

the exploration and study of the Earth surface [1]. In particular, multispectral 
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and hyperspectral space-bourn and airborne observations are widely used to 

study different natural and anthropogenic processes [2] including those per-

taining to water bodies [3]. The recent technological advances that make re-

mote sensing equipment ever more accessible have brought about a new 

surge in the interest towards the development of novel and powerful remote 

sensing methodologies. Of particular interest in this context is the emergence 

of multiscale analysis, where data from multiples sources: satellites, aircrafts 

and ground sampling measurements representing different spacial and tem-

poral scales are correlated and jointly processed [4]. 

The lake Baikal area has a long history of successful application of the 

various remote sensing methods. For example, Sutyrina used the data col-

lected with the Advanced Very High Resolution Radiometer (AVHRR) to map 

the ice conditions on the Lake Baikal between 1998 and 2012 [5]. The influ-

ences of climatic changes and human activity were further explored by Korytny 

et al. in [6]. Ivanov et al. studied the Selenga river delta area using Landsat 

data in aim to detect delta configuration changes from 1701 to 2000 [7]. 
 

 (a) 
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 (b) 

Figure 2. Multispectral and hyperspectral remote sensing platform (a) installed on an Air Creation 
Tanarg 912S ultralight aircraft (b). 

Against this background, in this paper we discuss the methodology and the 

initial results obtained during the first phase of the Leman-Baikal project that 

took place during the spring and summer months of 2013 on lakes Geneva in 

Switzerland and Baikal in Russian Federation. The primarily aim of the project 

is to conduct a comparative study of the functioning of both lakes. The scientific 

objectives of the project include the analysis of hydrological processes, such 

as the runoff dynamics of both natural and anthropogenic origin, lake energy 

balance, and the study of processes pertaining to the land-water and air-water 

interfaces in lakes. 

Methodology 

The main principle of the research methodology is constituted by the concur-

rent acquisition of airborne wide-area and surface point-based data as illus-

trated in Figure 2. Specifically, we have employed the ultralight aircraft in order 

to carry an airborne remote sensing platform, and a boat equipped with a range 

of sensing and water sampling equipment. 

As part of the Leman-Baikal project a remote sensing platform was de-

veloped to collect multispectral and hyperspectral observations of both land 

and water surfaces from ultralight aircraft. The platform is comprised of four 

cameras, auxiliary position and orientation sensors, as well as data recording 

equipment. Our main instrument is constituted by a Headwall Photonics Micro 
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Hyperspec VNIR sensor. In addition, the platform includes two high-resolution 

RGB and near-infrared sensors based on consumer-grade Sony NEX-5R cam-

eras, as well as a thermal infrared sensor based on the DIAS Pyroview 640L 

Compact camera. The resultant remote sensing platform is portrayed in Figure 

2(a). As our airborne carrier we have utilised the Air Creation Tanarg ultralight 

aircraft depicted in Figure 2(b). 
 

 

Figure 3. Flight trajectories (purple) and in situ sampling sites (red, yellow and green) for the 
Selenga delta during the Lake Baikal phase of the Leman-Baikal project, which took place during 
July of 2013. 

The surface-based samples were used to produce a detailed characterisation 

of the water properties at sampling locations. Additionally, the reflected spectral 

response of the water surface at each sampling point is registered. The reflec-

tance properties are correlated with the various water characteristics and the 

spectral response-based indicators for the various chemical and biological wa-

ter properties are derived. The resultant spectral signature-based indicators 

are subsequently utilised in order to derive a wide-area maps of water proper-

ties using the multispectral and hyperspectral data collected with the use of the 

airborne remote sensing platform. 

In this context, the concurrent airborne and surface based data acquisi-

tion methodology exemplified in Figures 1 and 3 is essential for the sake of 

calibration of the airborne data, as well as the analysis of data quality, accuracy 

and precision. Correspondingly, ground sampling sites were chosen within the 
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trajectories of the aircraft where the strongest variability of water quality param-

eters could be observed. We used three radiometers to validate the hyperspec-

tral acquisition from the ULM: the OceanOptics USB 2000+, the waterInsight 

WISP 3, and the Ramses TriOS system. In addition, water quality parameters 

were measured with a Seabird CTD19+V2 for chlorophyll-a and turbidity and 

sub-surface water samples for the Yellow substances. This latter parameters 

are used as supervision in a neural network which interpret the ULM hyper-

spectral data in terms of water constituents. 

Data acquisition and initial results 

During the stage of the system development, as well as during the collection of 

the initial data, we conducted a series of flights in the area of Lake Geneva in 

western Switzerland in April and May of 2013. Our initial points of interest in-

cluded the mouths of the Venoge and the Rhône rivers, which exhibit a partic-

ularly rich range of visually observable hydrological phenomena. 

 

   

(a)       (b) 
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(c)       (d) 

Figure 5: Examples of hydrological structures and diverse phenomena observed in the Selenga 
delta in the course of the field campaign of 2013. 

In the consecutive stage of the project, taking place during the months June 

and July of 2013, we have carried out a comprehensive field campaign in the 

area of the Selenga river delta in Lake Baikal, which is the largest freshwater 

reservoir on Earth and is located in the Southern Siberia region of the Russian 

Federation. The campaign was conducted in close collaboration with the Ge-

ography Faculty of the Moscow State University and the Institute of Nature Re-

source Management in Ulan-Ude. Our airborne observations were comple-

mented by extensive groundwork, which included the collection and analysis 

of in situ samples, as well as the recording of the corresponding spectral re-

flectance signatures of the water surface. 

A wide range of hydrological structures and diverse phenomena exem-

plified in Figure 5 have been observed in the course of the field campaign of 

2013. The analysis and interpretation of these results is ongoing. 

The observations were further resumed on lake Geneva in March 2014 

with the aim of recording the seasonal variations in the environmental state of 

the lake's surface and the associated hydrological processes. Given the large 

size of the acquired dataset, data processing is still underway. However, pre-

liminary results show a high similarity of the spectra measured from the air and 

in situ from the lake surface. These encouraging results will soon allow assess-

ment of the heterogeneity of water quality parameters on large portions of the 

two lakes, and to describe local mixing phenomena at a high spatial and tem-

poral resolution. 
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(a) 

 

(b)  

Figure 6. Data acquisition campaign of March 7, 2014 over eastern side of Lake Geneva, Switzer-
land: (a) flight trajectory (yellow) and in situ sampling sites (red); (b) three- dimensional visualisa-
tion of the orthorectified and georeferenced hyperspectral data.  

Data processing chain    

The airborne remote sensing data processing chain is being actively developed 

for the effective analysis of the material collected in the course of the various 

phases of the field campaign. The raw data is comprised of multiple data types 

including multispectral image sequences, hyperspectral line scan sequences, 

as well as auxiliary navigation data logs. The aim of the data processing meth-

odology is the production of a data management system, which will facilitate 

access to synchronised, calibrated, as well as time and space referenced mul-

timodal data. 
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(a) 

 

(b) 

 

(c) 

Figure 6. Visualisations of the eastern side of Lake Geneva including the outflow of river Rhone 
based on the hyperspec- tral imaging data collected on March 7, 2014: (a) principle component 
analysis (PCA)-based false-colour; (b) integrated RGB; and (c) neural network-based estimation of 
the particle concentrations. 

For example, major steps that comprise the implemented hyperspectral data 

processing pipeline include:   

• geometric and radiometric corrections of the individual scan lines that 

compensate for both lens- and sensor- related radiometric and geometric 

distortions;    
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• atmospheric correction that accounts for the specific lighting conditions, 

as well as the effects inflicted by the downwelling and upwelling propa-

gation of light through the atmosphere; 

• evaluation of the surface reflectance from the irradiance that takes into 

account specular effects and mitigate sun glint; 

• DTM-based orthorectification and georeferencing.  

The performance of the resultant data processing chain is exemplified in Figure 

4 that details the flight trajectory, ground sampling sites, as well as the corre-

sponding hyper- spectral data obtained on March 7, 2014 on the eastern side 

of lake Geneva. It should be noted, however, that not all stages in the detailed 

pipeline have been completed thus far and the development remains a work in 

progress. 

Furthermore, as part of the Leman-Baikal project we have developed and 

deployed a dedicated database system and a web-based GIS data manage-

ment framework, which facilitates an effective and highly structured storage, 

search, retrieval and visualisation of multi-modal scientific data collected in the 

course of the field campaign.  

Ground truthing resulted in 79 ground control points in Lake Geneva 

around Venoge and Rhone rivers, and 36 sites in the Selenga region of Lake 

Baikal. The initial analysis of the obtained hyperspectral data is exemplified in 

Figure 7 that represents the data recorder on March 7, 2014 in the eastern side 

of lake Geneva. Specifically, Figure 7 (a) portrays the principle component 

analysis (PCA)-based visualisation of the hyperspectral data. Figure 7 (c) 

quantifies the particle distribution corresponding to a typical structure of the 

outflow of Rhone river in the lake. Notably, the data obtained on March 7 were 

collected at a time when the photosynthetic activity is still negligible in the lake 

and therefore our analysis showed no quantifiable chlorophyll distributions. The 

integrated RGB rendition of the hyperspectral data is provided in Figure 7 (b) 

for the reference. 

Conclusions and future work 

In this paper we have presented the preliminary results obtained during the first 

year of the three year framework of the Leman-Baikal project.  
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The data acquisition campaigns resulted in the collection of the total of 

around 7 Terabytes of airborne remote sensing data covering the area in ex-

cess of 2000 km2, including more than 100 in situ sampling sites. The entire 

field campaign spanning both Lake Leman and Lake Baikal phases included 

over 83 hours of flight having an accumulate flight trajectory length in excess 

of 7,700 km. In particular, the data collected to date is comprised by 580,000 

airborne images and nearly 15,000,000 hyperspectral scan lines. 

The main focus during the first season of the project was on the develop-

ment of the remote sensing equipment, as well as the corresponding data ac-

quisition and processing methodologies. Our initial results show a great poten-

tial of the developed system. The analysis of the data collected during the 2013 

season is ongoing, and the remaining two years of the project offer an out-

standing opportunity for further scientific research. 
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Abstract 

The causes and processes of drinking water contamination with heavy metals, 

metalloids and other elements have been discussed extensively. In many re-

gions the water monitoring and treatment networks are still not covering the 

needs of the population. Some reasons are lack of financial resources, non-

existing laboratory infrastructure and also missing awareness of authorities as 

well as population. Another important aspect is the complicated and expensive 

technology, which is not adapted to circumstances in many of the concerned 

countries and remote landscapes. The ARSOlux biosensor for arsenic detec-

tion in water samples developed by scientists of the Helmholtz Centre for En-

vironmental Research – UFZ, Germany and the University Lausanne, Switzer-

land is one example of alternative biosensor technologies. It could contribute 

to the improvement of drinking water monitoring and supply especially in less 

developed and remote areas. Main advantages are: the detection without use 

of toxic chemicals, no toxic waste, report of chemical bioavailability, low cost, 

low material requirement and the simplicity of handling. 

1. Introduction 

Countless studies have been completed and published about occurrence of 

arsenic in drinking water in several countries around the world (Ravenscroft et 

al., 2009). Arsenic in drinking water originates from mining activities and natu-

rally occurring elevated background contents in sediments, which can be re-

leased to the ground water under specific environmental circumstances 
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(Smedley & Kinniburgh 2002). Arsenic is a metalloid, which can negatively af-

fect the health of human beings if consumed in elevated concentrations above 

the WHO threshold for drinking water of 10 µg/L over an extended period of 

time. Arsenic contaminated regions in Asia can mainly be found in countries 

such as Russia, Mongolia, China, India and Bangladesh. 

Some severely affected arsenic contaminated areas are found in Inner 

Mongolia, Shanxi and Xinjiang in China (Rodriguez-Lado et al., 2013), in the 

Southern Gobi (Olkhanud 2012), the Dornod Gobi (Nriagu et al., 2013), in the 

North Central part of Mongolia (Pfeiffer et al., 2014) and in several countries of 

the South- and Southeast Asian Arsenic Belt (SSAAB, Nordstrom 2002). In 

Russia some arsenic contaminated sites are located in the Ural Mountains (Ge-

lova 1977; Smedley & Kinniburgh 2002), the Northern and Eastern Caucasus 

(Kortsenshteyn et al., 1973), the Trans-Baikal region (Kuklin & Matafonov 

2014), Kovu Aksy in the Tuva Republic (Gaskova et al., 2003), Kamchatka 

(Ilgen et al., 2011), Chelyabinsk and Kemerovo (Yurkevich et al., 2012). There 

are manifold origins of arsenic contamination in Russia reaching from natural 

geothermal and weathering sources to mining and chemical weapon deposits 

(Henry & Douhovnikoff 2008). 

The arsenic issue will serve as an example to demonstrate the ad-

vantages of newly developed detection methods based on biosensors contain-

ing genetically modified bioreporter bacteria. 

Conventional technologies for arsenic detection 

Several chemical test kits based on the Gutzeit method are still being used in 

the field. These cumbersome and rather old fashioned kits require large 

amounts of material, which in some cases have to be purchased separately. 

Differences in reagent quality can lead to deviations between measured values 

and real concentrations observed in a sample. For many of these kits inaccu-

rate results have been observed because readings are based on yellowish to 

brownish colour scales. Thus, concentration levels are difficult to distinguish by 

the bare eye (Kabir 2005). The required sample volume is rather high, produc-

ing large volumes of toxic waste after finishing the test procedure. Neverthe-

less, some of these kits (Arsenator®, Wagtech, UK) have been improved in 

terms of accuracy and use of less toxic reagents. They yield results in good 
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agreement with the reference standard method (ICP-MS) in the laboratory (Sa-

farzadeh-Amiri et al., 2011). 

In the laboratory methods such as HG-AAS, ICP-MS, ICP-OES and cou-

pled HPLC with ICP-MS are able to detect total arsenic concentrations, arsenic 

species and other arsenic compounds with very high accuracy (Mattusch et al., 

2000; Hung et al., 2004). These expensive technologies are frequently used in 

research institutions, commercial and government laboratories in countries 

where laboratory infrastructures, financial resources and skilled experts are 

available. However, many laboratories in less fortunate regions in Asia cannot 

afford the acquisition of high-tech equipment. Moreover, a lack of trained staff 

can prohibit the utilisation of such sophisticated technology in general. 

If appropriate detection and monitoring techniques are not available, no 

sustainable mitigation of drinking water contamination is possible. Aid agen-

cies, NGOs and governments introduce alternative water treatment methods, 

which in many cases are not maintained properly due to missing monitoring 

systems. Promising approaches are tools such as SASMIT, ASTRA and the 

ARSOlux biosensor (Harms et al., 2006; Stocker et al., 2003). The SASMIT 

method stands for a locally developed arsenic detection and prevention tool 

based on a sediment colour scale (Hossain et al., 2014). The decision support 

software ASTRA enables appropriate choice of water treatment and supply 

schemes adapted to site specific conditions (Szanto et al., 2014). 

2. The ARSOlux biosensor 

The ARSOlux biosensor based on genetically modified bioreporter bacteria, 

can detect total bioavailable arsenic concentrations in ground and surface wa-

ter samples. The light emission of the bioreporter bacteria correlates with ar-

senic concentrations in water samples (Siegfried et al., 2012; Pfeiffer et al., 

2014). 

In order to test a sample with the ARSOlux biosensor for the total arsenic 

concentration a volume of 1 mL is taken from the water source or sample flask 

with a syringe. If the water shows high turbidity and red colour (elevated iron 

concentration), it is recommended to filter the sample with a 0.45 -– 0.80 µm 

cellulose acetate filter. The septum rubber stopper of the biosensor vial is pen-

etrated with the needle of the syringe and the sample is emptied into the vial. 
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The lyophilisate containing the bioreporter bacteria is re-suspended and the 

bacteria are revitalised. The biosensor vial is marked with the sample number 

on the septum stopper or crimp seal. When a certain number of biosensors are 

filled with samples, the time must be recorded. To avoid time delays a maxi-

mum of 20 -– 30 sensors should be incubated at once. After the incubation start 

of the first lot, the next lot can be incubated after 15 minutes and so on. The 

filled biosensors must be incubated for exactly 2 hours at a temperature of 

30°C to restart the metabolism of the bacteria. When the incubation period of 

2 hours passed, the biosensor vial is inserted into the measuring channel of a 

luminometer device to measure the light emission of the bacteria. The meas-

urement itself takes only 10 seconds and the arsenic concentration is displayed 

on the screen of the measuring device. The luminometer device must be cali-

brated prior to the measurement of samples. This is done with biosensors pre-

viously incubated with arsenic standards of 5, 20, 50 and 200 µg/L. 

The measuring range of the ARSOlux biosensor is 5 to 200 μg/L arsenic. 

The optimum incubation temperature lies at 30°C (between 20°C (68°F) and 

37°C (99°F)), pH: 6 – 8, salinity ≤ 0.5% and electric conductivity ≤ 9 mS/cm 

(TDS ≤ 9 g/L). For best results a mobile or stationary incubator is recom-

mended, which guarantees a constant temperature of 30°C. Arsenic standards 

used for calibration of the luminometer device should be prepared shortly be-

fore the execution of the actual measurements. Unfiltered samples must be 

analysed immediately after sampling to prevent adverse effects of adsorption 

and co-precipitation of arsenic. Samples should not be acidified or chlorinated 

before the measurement. In the special case of very high arsenic concentra-

tions, two biosensor vials are required to analyse one sample since high arse-

nic concentration of >200 μg/L can inhibit the light response of the bacteria and 

hence lead to false negative results. In this case, the first vial is filled with the 

undiluted sample and the second vial with a diluted sample (dilution factor 10). 

If the result of the diluted sample is higher than the result of the undiluted sam-

ple than the result of the diluted sample is multiplied by the dilution factor (10). 

In such a case the result of the undiluted sample is disregarded. By using the 

described procedure concentrations up to 2000 µg/L As can be detected with 

satisfying accuracy (Figure 2). After completing all measurements the used ge-
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netically modified bioreporter bacteria inside the biosensor vials must be deac-

tivated by using a disinfectant. Accordingly, the syringe is filled with the disin-

fectant, the septum stopper is penetrated and one drop of the disinfectant is 

added to each of the used biosensor vials. The used and deactivated biosen-

sors, syringes, needles and other waste are collected in plastic bags and a 

container. As a last step, everything is autoclaved. 

The performance of ARSOlux has been tested and optimized during sev-

eral field and laboratory campaigns from 2010 – 2014. Samples were taken 

from potential user countries with arsenic contaminated regions such as Ger-

many, Serbia, Bangladesh (Siegfried et al., 2012), India (Siegfried et al., 2014), 

Nepal, Mongolia (Pfeiffer et al., 2014, Figure 1) and Argentina. Technical chal-

lenges concerning the performance of the biosensors were observed due to 

the non-uniform quality of the lyophilisate contained in the bioreporter bacteria. 

Additionally, the reduction of interactions between the bacteria was leading to 

improvement of the biosensor signal response. The optimization of these pro-

cesses had positive effects enhancing the accuracy of the kit. A simplified cal-

ibration procedure is going to further improve the overall handling of ARSOlux. 

 
Fig. 1. Field sampling and analysis with the ARSOlux biosensor at arsenic contaminated sites in 
the Ore Mountains in Germany (A) and near a gold mine in the Boroo river valley in North Central 
Mongolia (B). 
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Fig. 2: Cross analysis of samples taken from mining effluents of a former uranium mining site in the 
Ore Mountains, Saxony, Germany. Samples were analysed with HPLC-ICP-MS, ICP-OES and the 
ARSOlux biosensor (n=12). 

3. Discussion 

The ARSOlux biosensor is specifically suitable for usage in screening cam-

paigns and regular monitoring programs. Compared to chemical field kits the 

biosensor is characterized by higher sensitivity and less material usage. Be-

sides very low volumes of arsenic standards no toxic waste is created during 

testing procedures. After a short training the handling does not require skills of 

experts. Moreover, no extra toxic reagents have to be added to the biosensor 

vial and no toxic reaction products are created. Therefore, the handling is com-

parably simple, safe and environmentally friendly. It depends on the environ-

mental settings how the biosensor kit is applied best. In countries were labor-

atories are available in short distance to the testing site, the samples can be 

transported to the laboratory and be analysed there. In large areas with many 

water sources and without a nearby lab infrastructure biosensor testing should 

be done on site. Under such conditions more than 100 samples can be tested 

in a time period of only one day (Siegfried et al., 2012). The comparison of 

ARSOlux and a chemical test kit in terms of ability for parallel measurements 

(screening), need of toxic reagents, material requirements and waste highlights 

some advantages of the ARSOlux biosensor (Table 1). 
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The successful commercialization of ARSOlux and similar biosensor sys-

tems depends on the approval for import and deployment of the genetically 

modified bioreporter bacteria included in the biosensor kits. Several require-

ments have to be fulfilled to successfully introduce such technologies to the 

free market. The import of genetically modified organisms (GMO) to user coun-

tries is regulated by international and national laws and guidelines based on 

the Cartagena Protocol on biosafety (2000). A risk assessment prepared by 

the Central Commission on Biologic Safety (ZKBS) of the ARSOlux biosensor 

for usage in the frame of a research campaign was published at websites of 

the Biosafety Clearing House and the ZKBS, Germany (ZKBS 2012). The bio-

sensor contains a non-pathogenic Escherichia coli DH5α strain. Guidelines and 

procedures for import permits for research or commercial use vary widely glob-

ally. The processing time for applications can take several months or even 

years. 

Independently, an attempt to propose ways for the safe usage of the AR-

SOlux biosensor under different circumstances will be made. The bioreporter 

bacteria in the ARSOlux kit belonging to the group of Escherichia coli K12 have 

to be used in laboratories equipped according to WHO biosafety level I (WHO 

2004). In Saxony, Germany the biosensor has been used in a mobile lab-van, 

which was permitted by the Saxon State Ministry of the Environment and Agri-

culture (SMUL). The lab-van was registered as a mobile genetic engineering 

facility equipped with manuals, safety sheets and basic protection as well as 

deactivation and disposal materials such as disinfection flasks and autoclaving 

containers. A mobile lab could be recommended for regions in India or Bang-

ladesh, where large numbers of wells or other water sources have to be tested 

in a comparably small area. 
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 ARSOlux biosensor Chemical kit 
Parallel measurements >100 samples possible 2 – 6 samples can be analysed 

at once  
Need of toxic reagents No toxic reagents Several toxic reagents included 

(e.g. mercury bromide) 
Material requirements Biosensor vials, Luminometer 

device, Calibration standards,  
Syringes & needles, Disinfec-
tion solution 

Plastic bottles, Mercury bro-
mide test strips,  
>3 different toxic reagents,  
Spoons,  
Canister and bags for collection 
of toxic wastes,  
Cleaning materials (brush, wa-
ter) 

Waste Biosensor vials with 1 mL sam-
ple and bioreporter solution 
(deactivated biomass, LB me-
dium, sugar) 

Mercury bromide test stripes,  
>50 mL sample with toxic rea-
gents, Flushing water 

Tab. 8: Comparison of the ARSOlux biosensor and a chemical field test kit for arsenic detection 

4. Conclusion 

It is obvious that biosensors are a simple and advantageous tool for contami-

nant detection in drinking water. Based on research results of several measur-

ing campaigns and experimental data from laboratory studies, the optimization 

process of the ARSOlux biosensor kit for commercial use has nearly finished. 

Challenges of quality control and handling have been overcome. Currently a 

novel more appropriate handheld luminometer measuring device is con-

structed which includes software for data communication and GPS recording. 

The biosensor kit will be integrated into a multi parameter test kit covering more 

indicators. New biosensor systems for different settings such as simple semi-

quantitative test stripes (lateral flow test), automated online biosensors and 

sensors for more parameters such as alkanes and BTEX have been devel-

oped. It depends on national and international authorities if these promising 

tools can be made available to a large market and user community in the water 

sector worldwide. Some of the largest health issues originating from drinking 

water contamination could easily be mitigated by implementing biosensors. 
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Abstract 

Online biomonitors have been developed and implemented in Europe to detect 

sporadic toxic spills from point polluters, to monitor transboundary rivers at 

country borders and to safeguard drinking water quality. The Multispecies 

Freshwater Biomonitor (MFB) is a worldwide unique non-optical biological early 

warning system to detect toxic spills in all types of water, soil and sediment. 

The MFB can use all types of animal species, hence represents a cost-effective 

alternative to the traditional test battery approach. Examples from applications 

in monitoring of rivers, drinking water and waste water are presented. 

Introduction 

For several decades the development and implementation of online biological 

early warning systems has been intensified in Europe caused by (1) several 

severe toxic spills in rivers, e.g. industrial or wastewater treatment plant efflu-

ents, (2) sharpening EU-legislation, e.g. European Waterframework Directive. 

The development of online in situ methods for toxicological assessment and 

water quality biomonitoring follows the United nations Agenda 21 (http:// 

www.un.org), highliting the protection and sustainable management of water 

as a restricted resource (Gerhardt et al. 2006). Whereas standard bioassess-

ment methods based on macroinvertebrate or diatom community structures 

assess a longterm trend of ecosystem health, online biomonitors can detect 

pollution waves in real time and allow to take event-related water samples for 

subsequent chemical profiling in order to trace down the substances in the 

chemical cocktail which are responsible for the observed biological response 

in the biomonitor (Gerhardt 1999).Until now a battery of 3 biomonitors (for 
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Daphnia, fish and mussels) was needed and has been implemented at different 

stations along German Rivers. However, the MFB can simultaneoulsy use all 

types of animal species in all media (water, soil, sediment) as bioindicators in 

one instrument, hence provides a new generation of automated early warning 

detectors. 

Materials & Methods 

The MFB is based on the non-optical recording principle, 4-polar impedance 

conversion (Gerhardt et al. 1994). The test organism is placed individually in a 

cylindrical flow-through chamber made of acrylic glass. On the opposite inner 

walls of the chamber two pairs of stainless steel electrode plates are fixed. One 

pair of plates generated an electrical field by high frequency alternating current, 

whereas the otherpair of electrodes, at an angle of 900 senses quantitatively 

changes in this electrical field, produced by the movements of the organsism, 

which itsself functions as a dielectricum (Gerhardt et al. 1994). Different sizes 

and designs of test chambers can be build to adapt to the ecological needs of 

the indicator species. For gammarids (up to 1m cm size) we operate chambers 

of 5 cm length and 2 cm inner diameter. Up to 96 individual channels can be 

operated simultaneously, i.e. a high number of replication for each indicator 

species and several different species can be used. The signals are treated for 

data evaluation and alarm notfication using a specific alarmsoftware: Each sig-

nal is analysed by a discrete Fast Fourier Transformation (FFT) to generate a 

histogram of the percentage occurrence of each signal frequency over the re-

cording period as a so-called behavioural fingerprint. Different types of move-

ments can be distinguished, such as locomotion and ventilation (Fig. 1): loco-

motion: high amplitudes and low frequencies and ventilation with the gills: low 

amplitudes and high frequencies. Inactivity provides baselines and mortality is 

defined as inactivity over a specific time period. Under chemical stress many 

species show a stepwise stress response: after a 1st avoidance (increased lo-

comotion), the 2nd stress response consists of increased time spent on ventila-

tion, often in combination with elevated ventilation frequency (from 2 .5 Hz nor-

mal to 4-6 Hz under stress) (Gerhardt 1999). 
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Behavioural signals of Gamamrus pulex in the MFB Top: G. pulex: normal behaviour (left: FFT, 
right: raw signal)Bottom: G. pulex: stress behaviour (left: FFT, right: raw signal) 

Test species 

Even though all aquatic invertebrates and vertebrates can be used in the MFB, 

we often use gammarids due to the following advantages: Gammarus 

puex/fossarum are sensitive towards pollution (Gerhardt 2012) and they repre-

sent bioindicators of class II in the saproby system, i.e. mirroring the „good 

water quality condition“, which is the goal for European streams. Gammarids 

often are dominant in biomass and abundance at a site and they serve as im-

portant prey for fish. Gammarids can feed on leaves and particles, hence feed-

ing in the biomonitor is easy. Their long lifespan allows to monitor also chronic 

effects of pollution as they can be maintained in the MFB with good oxygen 

supply for at least 6 weeks. Gammarids have been used in the case studies 

presented in this paper. 

Results/Case studies 

The MFB has generated about 25 scientific papers, mostly laboratory studies 

with specific chemical stressors (e.g. metals, acids, bioban, chlorpyrifos, im-

idacloprid, diazepam, teramycin), substance mixtures (e.g. metals, oil), com-

plex effluents (e.g. mining effluents, wastewater) and surface water (e.g. Rhine 

River). Several invertebrate and vertebrate species were tested, Crustacea (11 

species), Insecta (8 species), Pisces (6 species), Mollusca (2 species) and 

worms (7 species), most of them in freshwater, followed b saltwater, soil and 

sediment. 

FFT

FFT

Signal

Signal
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During the FP6 EU project SWIFT WFD the MFB was placed in a moni-

toring station along the Rhine River to monitor quantitatively and individually 

the behaviour and survival of eight adult Gammarus pulex over a period of 6 

weeks (Fig. 2). The animals were fed alder leaves. The river water passed 

through the chambers without pre-filtration, allowing the passage of particles 

as additional food and particle-bound toxicants to be measured. 

Project partners performed regularly chemical analyses of TOC, 

Flurescence, copper and oil in the water. Changes in the behavioural perfor-

mance of the gammarids, such as decreasing activity and increased mortality 

could be linked to elevated concentration levels of the sum parameters and/or 

specific substances or/and with the response to the Fluotox instrument in most 

of the alarm cases (Gerhardt et al. 2007). 
 

Fig. 2: Biomonitoring of the River Rhine with Gammarus pulex in the Multispecies Freshwater Bio-
monitor (redrawn from Gerhardt et al. 2007) 

Percentage of locomotory activity of G. pulex (mean of 8  organisms) over 

time (red line) and ventilation activity (green line). The green bars on top of 

each graph symbolize the survival of the 8 organisms. Arrows schon changes 

in the behaviour, which mostly correlate with chemical irregularities. 

A second case study shows the application of Gammarus fossarum to 

monitor the effluent from a WWTP in Switzerland. Eight juvenile gammarids, 

placed individually in the test chambers and fed by alder leaves could be main-

tained in the MFB for a period of 2 weeks (Gerhardt et al 2013). Wastewater 

differs very much in composition and concentrations of the singel substances 
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in the chemical cocktail, therefore effect-based toxicological biomonitoring is 

the only way to get real-time data of the toxic potential in the water.  During an 

event with high Ammonium concentration, caused by a disturbance of the nitri-

fying bacteria population in the biological purification step gammarids died (Fig. 

3). An event-based water sample revealed high levels of Dithiocarbamates in 

the water, which induced both the mortality of the gammarids as well as the 

break-down of the nitrifiers (Gerhardt et al 2014, unpubl. data). 

Fig.: 3: Biomonitoring of the effluent from a WWTP (Switzerland): alarm situation (Locomotory ac-
tivitiy: mean of 8 individuals; red bar: alarm of inactivity phases; green bar: normal behaviour) 

Discussion/ Summary and outlook: 

Gammarids proved to be excellent bioindicator species in the MFB: robust in 

handling, sensitive in response to pollution of both inorganic and organic chem-

ical substances. Gammarids occur almost worldwide in different species, both 

native and invasive species. As their sensitivity towards pollutants is compara-

ble to that of daphnids, they might be applied for monitoring of streams as they 

are stream inhabitants compared to daphnids as planktonic lake species. 

Gammarus lacustris and G. fasciatus also occur in the Selenga river delta 

resp. Lake Baikal, they appear to be excellent indicator species for water qual-

ity monitoring, esp. G. lacustris as its population seems to decline. 

Online biomonitoring of water quality in the Selenga river system would 

be needed to survey the insufficient, incomplete water treatment of waste water 

in the urban treatment facilities (UNDP 2012). Pollution in the Selenga basin 

has been attributed mainly to mining activities and ore processing (Cr VI, Hg), 

pulp industry (chlorinated organic xenobiotics) and urban sources (waste wa-

ter, coal burnings) (UNDP 2012). As the water from the Selega basin makes 

about half of the water of Lake Baikal, a good water quality is a necessity to 
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preserve environmental biodiversity (e.g. 1500 endemic species) and human 

health (drinking water reservoir). Next to biomonitoring at point pollution 

sources a monitoring station at the country border can provide useful continu-

ous information about the sources of and changes in potential toxic substance 

loads. 

Online biological-toxicological monitoring has been requested by Hof-

mann et al. (2010) in the highly polluted area around the city Darkhan in the 

Kharaa basin, just before the confluence of the Kharaa river into the Selenga 

river.  

The Kharaa river basin is affected by several stressors: gold mining in 

combination with water use and pollution by Hg and other heavy metals; ero-

sion combined with re-location and re-solution of metals from the sediments; 

eutrophication due to insufficient wastewater treatment (Karthe et al. 2014). 

In this area 3 WWTPs, and an ash deposit plant are situated. In this re-

gion groundwater, taken for drinking water supply, is polluted by heavy metals, 

esp. As as well as Chloride and Boron (Hofmann et al. 2013). Metals of special 

concern originating from gold mining are As and Hg, but also Cd and Pb. As 

both gold mining and irrigation of the increasing agricultural landuse will further 

increase a continuous monitoring of the water quality for drinking and irrigation 

is needed (Hofmann et al. 2010).  Some unpolluted headstream areas in the 

Kharaa river basin situated in the Khentii Mountains (Hofmann et al. 2010, 

2013) represent an excellent possibility for a control biomonitoring and source 

for locally relevant indicator species to be used for online biomonitoring, e.g. in 

the Buren Tolgoi station. 
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