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Abstract - The model for mixing wastewater and river water 

was built using Selector software. Chemical analysis of highly 

mineralized wastewater from the Usolye industrial zone which is 

one of the main pollutants of the Angara river, and river water in 

the area before and after exposure to technogenic sources was 

carried out. Forms of migration of Al, Cu, Zn, As, Cd, Pb, Hg in 

the geochemical systems and their transformations have been 

identified. Due to a high self-cleaning ability of the Angara river, 

concentrations of toxic elements can decrease to the background 

values. Technogenic pollution changes forms of these elements in 

the aquatic environment and increases the environmental hazard 

to the aquatic ecosystem. 

Keywords – river; sewage; physical and chemical modeling; 

element forms. 

I. INTRODUCTION 

Currently, industrial wastewater discharged into the 
environment has a significant impact on all components of 
aquatic ecosystems [1, 2]. Potentially toxic elements deteriorate 
quality of the water body as a source of drinking water supply 
[3, 4] and aquatic organisms are accumulated during migration 
along the food chain [5, 6]. 

Fresh water of the Angara river contain a low concentration 
of microelements. However, industrial effluents and products 
of economic activities entering the reservoir significantly 
change the hydrochemical composition of the river. Total 
concentration of elements in wastewater and river water cannot 
always provide complete information to assess negative effects 
of pollution of the aquatic ecosystem. To analyze migration 

characteristics of pollutants and predict further development of 
the ecological and geochemical environment in the river, the 
process of mixing water with various hydrochemical 
parameters was simulated. Ecological-geochemical problems 
have already been simulated before [7, 8]. The purpose of the 
article is to determine forms of elements of anthropogenic 
origin in waste and river waters, and in zones of mixing natural 
and technogenic waters using physical and chemical modeling. 

II. METHODS AND MATERIALS 

A distinctive feature of Angara river is uniformity of the 
river flow throughout the year. The share of the Baikal flow 
remains significant. Water of the Angara river is low-
mineralized, HCO3-Ca. An increase in the concentration of 
most elements in the water is due to natural (lithology, 
tributaries, etc.) and technogenic factors. The Usolye Industrial 
Zone (UIZ) contributes to the technogenic emission of chemical 
elements in the ecosystem of the Angara river  (Fig. 1). The 
zone includes chemical, pharmaceutical and salt-mining 
enterprises, machine-building and power plants, etc. Large-
scale mercury contamination of the abiotic and biotic 
components of the river is associated with one of the enterprises 
of the UIZ (Usolyekhimprom) [9]. At present, industrial 
wastewater contains significant amounts of mercury entering 
from the highly polluted industrial site of Usoliekhimprom into 
the river. 
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Fig. 1. Map of stations sampling wastewater and water of the Angara river in the Usolye industrial zone. Sampling points: I - GZU; II - VP; III - DK; 1 – the Angara 
river (Zheleznodorozhny); 2 - 50 m below GZU; 3 - 50 m below VP; 4 - 50 m below the drainage ditch; 5 – the Angara river (1.5 km below the discharge zone); 6 

- p. Angara (5 km below the discharge zone). 

Assessment of the impact of technogenic UIZ sources on the 
composition of river water was based on the results of chemical 
analysis of UIZ wastewater, water samples from the Angara river 
on the background area and the area of possible pollution. During 
the sampling period, the industrial discharge of the plant included 
wastewater of the hydraulic ash disposal (HAD) and drainage 
ditch (DD) - organized industrial rain showers of industrial 
facilities and surface drainage receivers from the territory of the 
Usoliekhimprom company (Fig. 1). The wastewater of the third 
source of pollution (VP) is the direct discharge of the 
Usoliekhimprom company. The site located 5 km above the 
wastewater discharge (Zheleznodorozhny) was chosen as a 
conditional background section. 

A. Analysis 

Analysis was carried out using the research equipment of 
the Siberian branch of the RAS (Irkutsk). Concentration of Al, 
Cu, Zn, As, Cd, Pb in water was determined by the ICP-MS 
method using an ELEMENT-2 mass spectrometer (Thermo 
Finnigan, Bremen, Germany); concentration of Hg was 
determined using an atomic absorption analyzer RA-915 + with 
RP-91 by the method of "cold steam". Cations (Ca2+, Mg2+, Na+, 
K+) and anions (HCO3

-, Cl-, SO4
2-, F-) were determined using 

standard methods described in [10]. 

B. Physico-chemical modeling 

The modelling principles for physicochemical processes in 
multi-reservoir systems by minimizing the Gibbs free energy 
are described in [11]. The chemical thermodynamics apparatus 
is used to study chemical interactions in multicomponent, 
multi-unit, heterophase systems, taking into account 
precipitation processes - dissolution, oxidation - reduction, 
adsorption and complex formation. Therefore, the study of 
evolution of natural systems, taking into account the flows of 
mobile groups of phases and local equilibria in reservoirs, 
allows us to construct a model that reflects natural objects, 
despite the fact that in real processes complete equilibrium is 
difficult to achieve. The model imitating the physicochemical 
evolution can adapt to changes in the overall chemical 
composition: some independent components can be removed 
from the system which causes evaporation, adsorption, etc. The 
physicochemical model was designed in Selector software [12]. 

The physicochemical model for mixing industrial effluents 
with water of the Angara river is presented as a set of nine 
reservoirs (Fig. 1: wastewater - 3 reservoirs, segments of the 
Angara river in the zone of influence of wastewater - 6 
reservoirs) where metabolism through a specified flow of water 
solutions conjugated with river water occurs. Each reservoir is 
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an equilibrium area where the composition of the wastewater 
and natural water is calculated in ratios corresponding to real 
conditions. The substance is transferred between the reserovirs 
in discrete portions of mobile groups of phases (water, 
suspension). The model includes 18 independent components: 
C, Cd, Cl, S, As, Hg, Ca, Pb, Al, Cu, F, K, Mg, Na, Zn, H, O, e 
(e - electron) and 850 dependent components (gases, aqueous 
solution and solid phases). Thermodynamic properties of 
solutes, solid phases, and gases are taken from [13], [14], and 
[15], respectively. 

III. RESULTS 

The river waters of the background area belong to low-
mineralized (112.6-123.1 mg / l), with a predominance in the 
ionic composition of HCO3- and Ca2 + and concentrations of 

trace elements (Table 1) significantly lower than the 
permissible concentrations regulated for drinking water [16]. 

The composition of the VZW wastewater in various time 
periods is extremely diverse. During the study period, the 
wastewater had a pronounced sodium chloride composition, 
with trace elements content tens and thousands of times higher 
than the concentration in the water of the background area r. 
Hangars (Table 1). The greatest contribution to the technogenic 
intake of trace elements is made by highly mineralized (16321 
mg / l) wastewater GZU. In the waters of CAP and DC, the 
value of mineralization is less (11926 and 7858 mg / l, 
respectively). The pH value in water GZU is in the range of 
weakly acidic (6.3), in VP and DK - weakly alkaline waters 
(8.1-8.9). 

TABLE I.  CONCENTRATION OF MAIN IONS AND MICROELEMENTS IN WASTE AND ANGARA RIVER WATER 

Components  

Background 
area   

Wastewater The Angara River 

HAD 

 

VP 

 

DD 

 

50 m away 

from HAD 

 

50 m away 

from VP 

 

50 m away 

from DD 

 

1.5 km away 

from the 

source of 

pollution 

 

 

5 km away 

from the 

source of 

pollution 

 

 

mg/l 

НСО3
- 77.1 30.3 280.6 157.6 68.3 73.2 76.6 74.7 73.2 

Cl- 2.8 9720.7 7000.2 4600.6 800.0 278.6 475.2 117.7 39.7 

SO4
2- 10.0 180.1 140.4 90.0 20.0 18.0 14.0 14.0 9.5 

Ca2+ 20.0 189.0 27.0 68.3 30.0 21.0 25.0 25.0 24.0 

Mg2+ 5.5 6.7 6.7 12.2 4.3 4.3 4.9 2.4 0.5 

Na+ 2.4 6187.7 4465.0 2921.3 355.5 138.4 262.4 73.8 20.3 

F- 0.13 1.00 0.48 0.62 0.22 0.18 0.20 0.16 0.15 

K+ 0.9 6.4 6.5 8.1 1.8 1.4 1.7 1.2 1.1 

 ug/l 

Al 13.8 587.0 266.0 168.0 107 12.5 11.5 12.6 11.0 

Cu 0.93 3.84 0.44 0.29 1.03 0.46 0.39 0.43 0.44 

Zn 1.19 16.00 10.70 1.24 5.4 0.48 0.15 0.34 0.20 

As 0.18 1.47 0.61 2.14 0.38 0.29 0.25 0.38 0.33 

Cd 0.012 0.500 0.031 0.029 0.066 0.013 0.01 0.009 0.008 

Pb 0.025 1.210 0.310 0.170 0.188 0.015 0.008 0.017 0.020 

Hg 0.001 2.390 0.399 1.990 0.239 0.016 0.204 0.008 0.003 

          

Physicochemical modeling showed that wastewater differs 
from the natural forms of elements in the solution (Table 2). 
Ionic forms of Cd, Zn and Cu are predominant forms of 
migration; Al, Pb and As are present as hydroxo complexes, Hg 
migrates in the form of HgO0 oxide. In highly mineralized 
wastewater, the share of chloride (Pb, Cd, Hg, Zn, Cu) and 
fluoride (Al) complexes increases. 

Forms of migration of arsenic in the HAD and VP 
wastewater and river water are similar. In the DD wastewater, 
As is present in the form of solid phases due to the flow of 
wastewater from the Usoliekhimprom enterprise where As is in 
the mineral form. Similarity of the presence of Zn in natural and 
waste waters determines its presence in the form of simple ions. 
A distinctive feature is the presence of ZnOH+ hydroxo-
complexes in natural water, while its solubility in wastewater is 
controlled by a high chlorine content. 

Wastewater entering the Angara river is dispersed in the 
water column which decreases its concentration (Table 1) due 

to dilution and sorption on suspended particles. At the same 
time, mineralization is high (535-1280 mg/l). The difference in 
hydrochemical types of wastewater and natural water entering 
the mixing zone changes the ratio of the forms of most elements 
(Table 2). Concentration of chloride and fluoride complexes in 
wastewater decreases for Hg and Cd; for Al, Pb, Zn, Cu, it is 
minimal. The dominant forms of elements are 
hydroxocomplexes (Al, As, Pb, Zn) and simple cations (Cd), 
characteristic of the background region. However, the forms of 
elements in the water of the background area and mixing zone 
have some differences (Table 2). In the zone of waste and river 
water, the share of free Zn+2 ion decreases, ZnОН+ hydroxide is 
dominant. The ionic form of copper (80% in the background 
area) does not exceed 10% after the wastewater has entered the 
river. Its share is less than that of CuO0. 
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TABLE II.  FORMS OF MIGRATION OF CHEMICAL ELEMENTS (%) IN NATURAL AND WASTE WATERS 

Forms of 

elements 

 

Background 

area 

 

HAD 

 

50 m away 

from  HAD 

 

 

VP 

 

50 m away 

from VP 

 

DD 

 

50 m away 

from DD 

 

 

1.5 km away 

from the 

source of 

pollution 

 

5 km away 

from the 

source of 

pollution 

 

Aluminum 

Al(OH)4
- 45 2 64  63 3 63 63 63 

AlO2
-  25 1 35  36 1 36 36 36 

Al(OH)2F  13 45    53    

HAlO2
0 12  1  1 3 1 1 1 

Al(OH)3 3         

AlF+2  31  62  26    

AlF3  14    7    

AlF2
+  4  35  4    

Al+3    1      

AlSO4
+    1      

AlF4
-    1      

Arsenic 

As(ОH)3
0 70 69 66 69 61 

100 

(solid 

phases 
As2O5) 

61 61 61 

HAsO2
0 30 31 29 31 26 26 26 26 

As(OH)4
-   2  5 5 5 5 

H2AsO3
-   2  4 4 4 4 

AsO2
-   1  4 4 4 4 

Cadmium 

Cd+2 99 6 83 9 74 12 70 70 70 

CdCl+ 1 55 17 59  25 64 28 28 28 

CdCl20   38  32 1 24 1 1 1 

CdOH+       1 1 1 

Mercury 

HgO0 98  80  95  89 89 89 

HgCl2
0 2 26 20 41 5 60 11 11 11 

HgCl4
-2  60  43  25    

HgCl3
-  14  16  15    

Lead 

PbOH+ 84 8 99  99 17 99 99 99 

Pb+2 16 20 1 27 1 30 1 1 1 

PbCl+  44  50  40    

PbCl2
0  22  20  12    

PbCl3
-  4  2  1    

PbCl4
-2  2  1      

Zinc 

Zn+2 90 80 47 85 24 88 24 24 24 

ZnOH+ 10 1 53  75 1 75 75 75 

ZnCl+  15  13  10    

ZnCl2
0  3  2  1    

ZnCl3
-  1        

ZnO0     1  1 1 1 

Copper 

Cu+2 83 78 9 82 1 85 1 1 1 

CuOH+ 8 1 9  4 1 4 4 4 

CuO0 9  82  95  95 95 95 

CuCl+  21  18  14    

          

1.5 and 5 km away from the sources of pollution, 
concentrations of most of the main ions and microelements, 
except for Cl-, Na +, As and Hg, are close to the background 
values. Despite the fact that in this area there is an increase in 
the share of river water, the forms of migration of elements 
remain inherited from the mixing zone of the last discharge 
(DD) (Table 2). 5 km below the discharge, the ratios of the 
forms of migration of elements do not restore. 

The most toxic form that has a large impact on the living 
organisms is the main contaminant element of mercury [17]. 
The lack of thermodynamic data on forms of mercury does not 
allow to take into account its combination with organic ligands. 
However, it can be assumed that in the wastewater, by analogy 
with seawater [18], Hg associated with organic substances is 
absent due to high concentration of chloride ion. On the 
contrary, in the river water, at lower concentrations of Cl-, 
mercury can be represented by organic complexes with fulvic 
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and humic acids [7]. This is also confirmed by the results of 
[19] which shows that downstream from wastewater (the 
Angara River, Bratsk Reservoir), the share of methylated 
mercury entering plankton from the aquatic environment is 
about 50% of its total concentration. 

IV. CONCLUSION 

Quantitative analysis of concentrations of elements showed 
that under the influence of intensive mixing and a high degree 
of aeration, technogenic elements are dispersed in the river 
water. 5 km away from the sources of pollution, most of the 
concentrations of elements, except for mercury, arsenic, 
chlorine and sodium ions, are equal to the background values. 
However, comparison of the forms of elements in the Angara 
River water in the background area and 5 away from the sources 
of pollution shows that their composition does not restore to the 
background values. This means that changes in mobility of 
toxic elements can increase the levels of their accumulation in 
bottom deposits, especially in trophic chains of hydrobionts. 

Thus, the physicochemical modeling of transformations of 
the forms of chemical elements in the natural-man-made 
system, in combination with traditional research methods, can 
be used for assessing changes in their biogeochemical cycles. 
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