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Abstract—The physically based ECOMAG-HM model, developed to simulate heavy metal cycles in large
river basins, was used to study the spatial and temporal regularities in the formation of copper and zinc dis-
tributions in water bodies in the basin of the Nizhnekamskoe Reservoir. Maps of the mean annual concen-
trations of the metals in river network and the mean annual modules of diffuse runoff with its genetic com-
ponents have been compiled. The contributions of point and diffuse sources to river water pollution by copper
and zinc have been evaluated. To specify the estimates of the effect of economic activity on river water pollu-
tion, numerical experiments have been carried out to simulate the scenarios of an increase in the amount of
metals discharged as wastewater components, wastewater emergency volleys, and complete elimination of
anthropogenic impact on a drainage basin.
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INTRODUCTION

The discharges of poorly treated wastewater, origi-
nating from industrial, municipal, and agricultural
enterprises, have been long regarded as the major
sources of pollution of water bodies. That is why the
water-protection programs are based on the concept
of reducing wastewater discharges from controlled
point sources. As can be seen from state statistical
reports, the amount of pollutants in wastewater com-
position has decreased considerably over the past
decades [4, 6]. However, the respective decrease in
pollutant concentrations, which could be expected,
did not take place in many water bodies [8, 18].

The present-day technical and natural conditions
of water quality formation show that many sources of
uncontrollable diffuse pollution appear in river basins:
individual elements of basin geosystems (soils,
groundwater, and bottom sediments), polluted under
the effect of long-term anthropogenic impact, and the
anthropogenic pollution sources themselves (territo-
ries of industrial enterprises; areas occupied by dumps
and industrial wastes; municipal solid waste landfills;
agricultural and transport facilities, etc.) [13, 23–25].
The available data show that pollutant input from
uncontrollable diffuse sources into the watercourses of
the Volga basin can be greater than that from point
sources [3, 9, 10, 29]. Similar data are available for
some largest European rivers [12, 28, 33].

The development of water-protection strategies
and appropriate measures for their implementation in
river basins requires the good knowledge of the pro-
cesses of water quality formation under current natural
and technogenic conditions and the contributions of
various types of sources to river water pollution. The
present-day system used to control pollutant input
into water bodies fails to allow such estimates to be
made because of the imperfect accounting system of
industrial water users, providing their statistical
reports on wastewater discharges [7]; the incorrectness
of the data on wastewater discharge in reports of indi-
vidual enterprises [7, 19, 27, 29]; the absence of pollu-
tion monitoring from diffuse sources. The best indica-
tors of diffuse pollution are medium-size and, espe-
cially, small rivers; however, sites of regular
hydrochemical observations are mostly located on
large rivers at wastewater discharges from large enter-
prises, towns and settlements, as well as individual
industrial facilities.

A way out of this situation is to describe and simu-
late the formation processes of river runoff, water
chemistry and quality for the entire river basin areas,
including those not covered by observations, based on
spatially distributed physically based models with a
unified regional set of parameters derived from data
from a relatively sparse network of hydrochemical
monitoring and physical–geographic analysis of run-
off formation factors. The best known among the
794
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models of this type in Russia is ECOMAG [15]. The
model is well adapted to describing processes in river
basins with mixed rain and snow nourishment, as well
as to the structure and composition of hydrometeoro-
logical data in Russia. The hydrological block of ECO-
MAG has been many times tested on numerous large
river basins and used in practical hydrological calcula-
tions, forecasts, and water resources management
problems [15]. The hydrochemical block of the model
has been verified on as little as two river systems. Study
[14] demonstrates the potentialities of the hydrochem-
ical block of the model as an expert system for assess-
ing nickel pollution of small rivers under various oper-
ation scenarios of Pechenganikel Mining Plant in
northwestern Kola Peninsula. In [16, 31], the model
was verified against data on the large river basin of the
Nizhnekamskoe Reservoir with watercourses showing
high concentrations of heavy metals (HM).

The objective of this study is to deepen the knowl-
edge of the effect on river water quality produced by
various processes, taking place in the drainage basin of
the Nizhnekamskoe Reservoir under the current tech-
nical and natural conditions:

to study the hydrochemical regime of watercourses
in the basin, including those not covered by hydro-
chemical observations, with the construction of maps
of mean annual concentrations of copper and zinc in
river network, and to identify zones with higher con-
centrations of metals in river water;

to compile and analyze maps of mean annual mod-
ules of river runoff and the chemical runoff of copper
and zinc, as well as its genetic components;

to evaluate the contributions of natural and anthro-
pogenic components to the formation of hydrochemi-
cal runoff of copper and zinc;

to evaluate the contribution of point sources to
river water pollution under different scenarios of metal
inputs with wastewater;

to evaluate the time scale of drainage basin self-
purification from metals at a decrease in anthropo-
genic load.

NATURAL AND ECONOMIC 
CHARACTERISTICS OF THE STUDY OBJECT

The drainage basin of the Nizhnekamskoe Reser-
voir (NKR), located in the South-Ural region of Rus-
sia on the Kama River between the Nizhnekamskii
and Votkinskii hydropower systems, is 186 thous. km2

in area; its major portion (142 thous. km2) is the
Belaya R. basin. Almost 2/3 of the area in the western
and central parts of the drainage basin are plains; the
eastern part is the Ural Folded Mountain Area.

The climate of the territory is continental. It
changes from that of semiarid steppe regions in the
southwest, where the annual precipitation varies
within the range of 300–400 mm and the normal
annual air temperature is ~3°C, toward wetter regions
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(northeastern and eastern mountain-forest), where
the annual precipitation is >600 mm and the normal
annual temperature is below 1°C. The climatic differ-
ence between various parts of the drainage basin deter-
mine the pronounced latitudinal zonality of vegetation
(steppe, forest steppe, and forest zones), complicated
by the vertical belts in the Ural Mountains. The soils
(black earth, sod-podzol, gray forest) show high
humus content and heavy mechanical composition.
Well drained mountain soils are widespread in the
eastern part of the drainage basin.

The rivers are mostly recharged by snowmelt water.
The spring f lood accounts for >60% of annual runoff
volume. The mean annual lateral inflow into the NKR
is 36.5 km3, of which 26.1 km3 is due to the Belaya R.

For many decades, copper and zinc have been
among the most common pollutants of surface water
in the region. Their concentrations in water bodies at
the hydrochemical monitoring gages are often in
excess of the maximal allowable concentrations. The
natural waters show high concentrations of HM
because of the considerable concentrations of ore-
forming elements in the rocks. The industrial develop-
ment of the region, associated with the development
of mineral deposits, started almost 300 years ago and
had been taking place subject to no environmental
limitations. The ancient antropogenically transformed
mining landscapes, modern industrial plants for min-
ing and treating mineral resources, large populated
localities and their infrastructure objects are addi-
tional sources of metal input onto the drainage basin
[23].

In the soil that inherits the chemistry of the soil-
forming rocks, metals form strong complexes with
humic substances, and they are removed from it very
slowly: the half-removal period of copper from soil is
more than 1000 years and that of zinc is 500 years [11].
The heavily dissected relief determines a higher ero-
sion level of the soil. Enriched with microelements,
eroded soils facilitate HM input into water bodies with
sediments. In river runoff, many metals migrate as
components of suspension rather than solutions.
According to [26], the average proportion of dissolved
to suspended forms of copper migration in rivers is ~1 :
1, and that of zinc is 1 : 20.

The drainage basin contains many objects of eco-
nomic activity, which serve as sources of HM input
into water bodies. In the eastern part of the drainage
basin, such sources are mining enterprises, and in its
western and central parts, these are oil production and
processing, chemical and petrochemical, metallurgi-
cal, mechanic engineering and power-production
plants, and storages of production and consumption
wastes. In the recent years, the amount of pollutants
entering water bodies from controllable point sources
decreases (Fig. 1), though the reasons of this are not
clear: possibly, this is due to a decrease in the water
consumption and disposal volumes [6, 17] or the



796 FASHCHEVSKAYA, MOTOVILOV

Fig. 1. Dynamics of discharges into water bodies of the NKR basin of (a) copper and (b) zinc in the composition of wastewater
from industrial plants [6]. 
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decrease in the number of the monitored water users
that present statistical reports of 2-TP (vodkhoz) form
[7].

The strongest pollution source in the region is Ufa
City with a population of more than one million. The
city hosts about 200 large and medium-size produc-
tion facilities, including three oil-processing plants,
synthetic-alcohol, engine-building, oil-processing
equipment, cable, and other plants. Municipal Uni-
tary Enterprise (MUE) Ufavodokanal implements
centralized water supply and disposal of the forming
wastewater, as well as wastewaters of most urban plants
after their local treatment on the site. According to
state accounting data, MUE Ufavodokanal accounts
for ~35% of the volume of wastewater discharge in the
region [5, 6].

In studies [22, 29], the correctness of the data pre-
sented in the report forms 2-TP (vodkhoz) was
checked by comparing data on pollutant concentra-
tions in the wastewater discharged into the Belaya R.
by MUE Ufavodokanal with mass balance estimates of
pollutants contained in river water in the segment
between two gages: 500 m downstream and 500 m
upstream of the wastewater discharge site of the plant
over a long-term period. The comparison of these data
showed a considerable difference. In most cases, the
calculated values were greater than those in the data of
HM statistics. In some cases, the actual amount of the
metals in wastewaters was 1–2 orders of magnitude
greater than the HM mass given in reports. The differ-
ence can be due to shortcomings in the existing system
of wastewater chemistry control at plants. In the
absence of instruments for automatic monitoring of
pollutant concentrations in wastewaters at the plants,
the amounts of discharged pollutants are evaluated
either based on occasional water samples or indirectly,
based on the production volume. Such approach inev-
itably introduces considerable errors to the evaluation
of actual pollutant discharges from point sources [19,
27].
ECOMAG-HM MODEL

HM turnover in NKR basin (on its surface, in the
soil, and in groundwater and river water) was simu-
lated with the use of the semi-distributed physically
based model ECOMAG-HM (ECOlogical Model for
Applied Geophysics—Heavy Metals) [16], operating
with a daily time step and consisting of two main
blocks: a hydrological submodel of runoff formation
and a hydrochemical submodel of pollutant migration
and transformation. The first submodel describes the
processes of hydrological cycle: snow cover formation
and melting, soil freezing and melting, infiltration of
snowmelt and rain water into soil, evaporation, soil
moisture dynamics, the formation of surface, subsur-
face, groundwater, and river runoff. This model block
was tested against data on largest river basins in the
Northern Hemisphere (the Volga, Lena, Amur,
Mackenzie, etc.), located in different physicogeo-
graphic zones with different runoff formation condi-
tions, nourishment types, and the hydrological regime
of water bodies [15].

The hydrochemical submodel describes the migra-
tion processes of nonreactive pollutants in a river
basin: their accumulation on the surface of the river
basin and dissolution by snowmelt and rain water,
seepage of dissolved pollutants into the soil, interac-
tion with soil solution and the solid phase of the soil.
The migration of dissolved pollutants in river basin
depends on the rate of hydrological processes. There-
fore, the hydrological characteristics that are deter-
mined in the hydrological block of the model are used
as entries for the hydrochemical submodel. The model
also takes into account pollutant inputs from point
sources. The equations, algorithms, and the results of
tests of this model block have been described in [16,
31].

DATA SUPPORTE OF THE MODEL

The model was adapted to the NKR basin with the
use of computer technology of the Information-Mod-
eling Complex IMC ЕСОМАG [15]. The complex
contains the calculation module of the mathematical
WATER RESOURCES  Vol. 47  No. 5  2020
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Fig. 2. Location of monitoring sites in the NKR basin: (a) observation points of runoff (triangles) and wastewater discharges
(squares); (b) Roshydromet hydrochemical monitoring stations. 
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model and instruments for information and techno-
logical support of this module, i.e., thematic digital
electronic maps, a technology for automated division
of the drainage basin into elementary drainage basins
(model cells) and schematization of river network,
databases of land surface characteristic, databases of
hydrometeorological, hydrochemical, and water-
management data, database management systems and
instruments for geoinformation processing of spatial
data, as well as an administration system.

The model schematization of NKR drainage basin
and river network with the use of IMC ЕСОМАG
based on digital thematic maps of the region (topogra-
phy, hydrographic network, soils, and landscapes)
contained 503 elementary model drainage basins with
an average area of ~400 km2; in addition to the main
river, the model river network includes 50 first-order
tributaries, 131 second-order tributaries, 63 third-
order tributaries, and 8 fourth-order tributaries [16,
31]. In each elementary drainage basin, the hydrolog-
ical and hydrochemical processes were simulated at
four levels: in the formation zone of surface runoff, in
the surface soil layer, in the underlying deeper layer,
and in soil water. In the cold season, the storage
capacity of snow cover is included. The scheme is con-
cluded by the consideration of the processes of runoff
and pollutant transformations in the river network.

The data for the calculations and boundary condi-
tions for the model were represented in the form of
daily fields of weather characteristics (air temperature
and moisture content and precipitation) collected in
NKR basin at 56 weather stations. Data on the daily
water discharges at five hydrological gages were used
WATER RESOURCES  Vol. 47  No. 5  2020
to calibrate parameters (2001–2007) and validate
(2008–2013) the hydrological submodel.

The initial conditions in the hydrochemical sub-
model in terms of metal concentrations (copper and
zinc) in soils in NKR drainage basin were specified
based on microelement concentrations in the
ploughed soil layer in the Republic of Bashkortostan,
given in the atlas [2], with the incorporation of similar
data on the nearby administrative units in the NKR
basin. The concentrations of metals in precipitation
and confined subsoil water, which feed perched
groundwater in the aeration zone of soils, were taken
constant based on the weighted mean concentrations
given in [1, 21]. The data on point anthropogenic
sources of river water pollution were represented by
data on metal discharges with wastewaters in 12 large
populated localities in the Belaya R. basin (Fig. 2а)
based on statistical reports 2-TP (vodkhoz) over
period 2004–2007. The hydrochemical submodel was
tested against data on the dynamics of metal concen-
trations in river water at 34 gages in the Belaya R. and
its tributaries (Fig. 2b), collected by Roshydromet ser-
vices over period 2004–2007.

The major portion of the physically based model
parameters were specified with the use of IMC ECO-
MAG and global databases of cartographic data on the
region (characteristics of soils, vegetation, and land-
scapes). Some parameters of the hydrological block of
the model were chosen in the course of calibration by
differences between the calculated and actual daily
runoff hydrographs at gages. The values of hydro-
chemical submodel parameters, the initial values of
which were specified by [1, 21, 32], were calibrated
and specified based on data on concentration dynam-
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ics of copper and zinc in river water at hydrochemical
monitoring sections.

TESTING ECOMAG-HM MODEL
The results of testing the hydrological block of the

model by comparing the simulated and actual runoff
hydrographs at five hydrological gages in NKR basin
(Fig. 3) show an acceptable agreement between the
calculated and observed data [16, 31]. Additional suc-
cessful tests of the model for river network segments
not covered by hydrometric observations were carried
out through comparing the calculated map of the
mean annual runoff modules with a map of modules
given in [20] based on observed data (Fig. 4).

The hydrochemical block of the model was tested
by comparing the calculated and measured concentra-
tions of copper and zinc in different sections of river
network with different time averaging. The low fre-
quency of measurements at hydrochemical monitor-
ing sections (as a rule, 4 to 12 measurements per year),
as well as the considerable errors in the determination
of HM concentrations in water samples (~50%)
restrict the applicability of conventional statistical
hydrological criteria to compare the results of model
calculations of the annual change in HM concentra-
tions and episodic data of hydrochemical measure-
ments (Figs. 5а, 5b) [30]. More reliable estimates can
be derived from these data for the characteristics aver-
aged over long periods.

Figures 5c, 5d give examples of the comparison of
diagrams representing the annual distribution of zinc
concentrations averaged over four years by quarters.
The results show that the statistically significant coef-
ficients of correlation between the calculated and aver-
aged measured metal concentrations for all 34 gages
are as follows: in the case of copper R = 0.55 only for
the second quarter (spring f lood period) with maximal
concentration values; and in the case of zinc R = 0.50
and R = 0.69 for the second and third quarters, respec-
tively.

The spatial differences between the mean annual
metal concentrations at the hydrochemical monitor-
ing stations are given in Fig. 5d in the order of their
location from the upper reaches of the Belaya R.
toward the dam of the Nizhnekamskii Hydropower
Station. The coefficients of correlation between the
calculated and measured mean annual concentration
values vary from 0.58 for copper to 0.60 for zinc, thus
showing that the model satisfactorily reproduces the
major spatial and temporal regularities in the forma-
tion of the runoff of metals in the basin and their con-
centrations in river network [30].

MAPPING HEAVY METAL CONCENTRATIONS 
IN RIVER WATER

The results of calculations were used to map the
concentrations of copper and zinc in watercourses in
NKR basin, including in areas not covered by hydro-
chemical observations (Fig. 6). The maps show the
distribution of the calculated mean annual concentra-
tions obtained by averaging their daily values in the
elements of model river network. The thickness of the
line reflects the concentration of copper or zinc in
river network in accordance with the legend. The
maps demonstrate the spatial dynamics of metal con-
centrations on NKR drainage basin. The results of
mapping show (Fig. 6) that the mean annual concen-
tration of copper in the major portion of NKR basin is
in excess of the MAC for water bodies used for fishery
(1 μg/L), while the mean annual concentration of zinc
is below the respective MAC (10 μg/L). This can also
be seen from the mean annual metal concentrations in
the river network averaged over measurement data at
34 Roshydromet stations, which are 3.9 μg/L
(~4 MAC) for copper and 4.7 μg/L (~0.5 MAC) for
zinc.

Maps in Fig. 6 show local areas in the drainage
basin not covered by hydrochemical observations with
a high pollution level of river water. For example, in
small rivers emptying into the rivers of Ai, Yuryuzan,
and lower Ufa (shown by ovals in Fig. 6), maximal
normal annual metal concentrations are 5–6 times
greater than the respective values averaged over NKR
basin. The comparison of maps of the spatial distribu-
tion of metal concentrations in river network shows
their close correlation with metal concentrations in
soil [2].

SIMULATING THE FIELDS OF GENETIC 
COMPONENTS OF DIFFUSE RUNOFF 

OF METALS
The algorithm for determining various genetic

components of diffuse runoff of copper and zinc from
NKR drainage basin was as follows. The daily fields of
weather characteristics for all model elementary
drainage areas were used to calculate metal discharges
into the local river network by the surface, soil and
groundwater, and total runoff. Averaged values of the
daily fields of metal runoff over a long period were
used to map the fields of mean annual modules of the
surface, subsurface, and total runoff of metals into
river network (Figs. 7, 8).

The maps show the spatial distribution of various
genetic components of diffuse runoff of metals in the
NKR basin. The comparison of the maps of modules
of the total (Figs. 7a, 8a) and subsurface (Figs. 7c, 8c)
runoff shows their close correlation with the spatial
distribution of metal concentrations in soils. This can
be seen from the higher values of copper runoff mod-
ules in the eastern and northeastern parts of NKR
basin and maximal values of the modules of zinc run-
off north of Ufa. The lower values of the modules of
surface runoff of metals (Figs. 7b, 8b) in the eastern
part of the basin are due to the higher permeability of
soils in the piedmonts of the Southern Urals, and they
WATER RESOURCES  Vol. 47  No. 5  2020
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Fig. 3. Observed (dark line) and simulated (light line) hydrographs of the Belaya R. and inflow into the reservoirs in the NKR
basin.

20072006 20102005 20082004 200920032002
0
2001

Nugushskoe Reservoir

400

600

800

200

1000

20072006 20102005 20082004 200920032002
0
2001

Pavlovskoe Reservoir

2000

3000

4000

1000

5000

20072006 20102005 20082004 200920032002
0
2001

Belaya R. (Ufa C.)

4000

6000

8000

2000

10 000

20072006 20102005 20082004 200920032002
0
2001

Belaya R. (Birsk C.)

4000

6000

8000

2000

10 000

20082007 20102006 200920052004
0
2003

Nizhnekamskoe Reservoir

6000

8000

10 000

4000

2000

12 000
Q, m3/s

        Observed
      Simulated



800 FASHCHEVSKAYA, MOTOVILOV

Fig. 4. (a) Simulated and (b) observed (according to SC 435-72) maps of water runoff module in NKR basin, L/(s km2).
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also can be seen in river valleys in soils of lighter tex-
ture.

The comparison of the modules of surface and sub-
surface runoff shows (Figs. 7b, 7c, 8b, 8c), that the
discharge of copper and zinc into river network forms
mostly due to the subsurface component. The share of
the runoff of metals by surface water in the major por-
tion of the drainage basin is less than half of metal run-
off with subsurface water, except for the western part of
the basin, where the modules of surface metal runoff
are comparable or somewhat greater than their wash-
out by subsurface runoff.

ASSESSING THE CONTRIBUTIONS OF POINT 
AND DIFFUSE SOURCES INTO

RIVER WATER POLLUTION
Model balance calculations were used to evaluate

the contributions of point (controlled wastewater dis-
charges) and diffuse sources to river water pollution.
The results of balance calculations are given in Table 1.
The data on point sources were taken from the data on
metal discharges with wastewater based on the forms
of statistical reports 2-TP (vodkhoz). The actual dis-
charge of metals from the drainage basin in NKR
(Table 1) was evaluated as the product of the observed
annual water inflow into the reservoir multiplied by
the measured mean annual metal concentration in the
last station of hydrochemical monitoring on the
Belaya R. before its inflow into NKR (Dyurtly sta-
tion).

The model balance calculations show that ~80% of
the total metal discharges into watercourses in NKV
drainage basin is formed by their washout from sub-
surface stratum. The surface washout accounts for
~20% of copper and ~15% of zinc runoff. The propor-
tions of HM entering river network with wastewater
discharges are relatively low, amounting to ~1% and
~4% of the total copper and zinc runoff, respectively.
A considerable portion of metals washed out from the
watershed is accumulated with sediments in bottom
deposits: on the average, ~45% of copper and 60% of
zinc.

The comparison of the calculated and actual runoff
of metals into NKR shows the satisfactory reproduc-
tion of its year-to-year dynamics. The differences
between the compared values are due to the large
errors in determining metal concentrations in river
water.

SIMULATING THE SCENARIOS 
OF ECONOMIC ACTIVITY 

ON NKR DRAINAGE BASIN
A series of numerical experiments was carried out

to give a more detail estimate of the effect of economic
activity on river water pollution; these experiments
considered the following scenarios: an increase in the
amount of metals discharged with wastewater at all 12
populated localities with controlled discharges; a vol-
ley input of a large amount of HM into a watercourse,
resulting from an emergency wastewater discharge in a
populated locality; a complete elimination of anthro-
pogenic impact on the drainage basin.

Scenario 1. An Increase in the Amounts of Metals 
Discharged with Wastewaters

The scenarios used in the calculations implied an
increase in metal concentrations in wastewater by fac-
tors of 10, 20, 40, 60, 80, and 100 relative to the exist-
ing level (given in reports 2TP (vodkhoz)) for 12 pop-
WATER RESOURCES  Vol. 47  No. 5  2020
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Fig. 5. Observed (diagonally hatched and dark columns) and simulated (light hatching and light line) zinc concentration in river
water, μg/L, in hydrochemical monitoring sections over period 2004–2007: (a, b) concentration dynamics with daily resolution;
(c, d) mean annual distribution of concentrations; (e) mean annual concentrations at hydrochemical monitoring stations; the
arrow shows the f low direction in the Belaya R. 
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ulated localities. In reality, such an increase can be due
to an increase in industrial production or because of a
more objective and accurate presentation of data in
reports 2TP (vodkhoz), regarding the amounts of pol-
lutants discharged by water users with wastewaters.
The rates of wastewater discharges were assumed to be
constant within a year.

Figure 9 exemplifies the plots of calculated annual
variations of copper concentration in the Belaya R. at
Ufa City given the actual wastewater discharges, as
well as at an increase in copper content of the dis-
charged wastewaters by factors of 20 and 60. As can be
seen from the calculations, at the current level of cop-
per concentration in wastewater, its concentration in
river water increases in periods of higher water abun-
dance (spring f lood and freshets) because of metal
WATER RESOURCES  Vol. 47  No. 5  2020
inputs mostly from diffuse sources (Fig. 9a). The same
regularity was typical of zinc.

An increase in metal discharges with wastewaters is
accompanied by an increase in their concentrations in
river water. As the concentration of metals in wastewa-
ter increases relative to the existing level by a factor
greater than some critical value, the concentrations of
metals in periods with higher water abundance
become minimal. This is a result of the dilution of the
heavily polluted industrial wastes by much less pol-
luted snowmelt and rain water. Therefore, at an
increase in the concentrations of metals in wastewater
above some critical level, the relationship between
their concentration in river water and river f low rate
(С = f(Q)) changes to the opposite. As can be seen
from plots in Figs. 9b, 9c, when the factor of copper
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Fig. 6. Distribution of the simulated mean annual concentrations of (a) copper and (b) zinc in river water in the NKR basin over
2004–2007, μg/L. 
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Fig. 7. Calculated values of mean annual copper runoff module in the NKR basin over period 2004–2007, g/(year km2): (a) total,
(b) surface, and (c) subsurface runoff. 
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concentration in wastewater increases to 20, such
change in the dependence С = f(Q) takes place at the
section downstream of the Ufa City. At a 60-fold
increase in copper concentration in wastewater, this
effect manifests itself in both sections, either upstream
or downstream of Ufa City.

The results of numerical experiments for each sec-
tion were used to construct nomograms (Fig. 10),
showing the critical levels of anthropogenic load (the
multiplication factors of the metals discharged with
wastewaters relative to the existing level (given in
reports 2TP (vodkhoz)), at which such changes are
taking place. In particular, as follows from Fig. 10b,
the relationship between water discharge and copper
concentration at a section in the Belaya River down-
stream of Ufa changes to the opposite at a decrease in
discharges by a factor of 20 or more. At an increase of
discharges by more than 40 times, the relationship also
changes in the section upstream of the city (Fig. 10a).
Similar changes take place in the relationship between
river water discharge and its zinc content: in the sec-
tion downstream of the city, at an increase in dis-
charges by a factor of ≥10, and at the section upstream
of the city, by a factor of 60, i.e., the critical multipli-
cation factor of the metals discharged with wastewater
in the section upstream of the city is always greater.
This is due to the fact that ~82% of the copper and
~87% of the zinc in all controlled discharges in the
NKR drainage basin enter the river from Ufa City ter-
ritory within the segment between these two sections.
The inflow of a large tributary, the Ufa R., into the
Belaya R. within the city, increasing its water abun-
dance by >40%, is not enough to dilute water to com-
WATER RESOURCES  Vol. 47  No. 5  2020
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Fig. 8. Calculated values of mean annual runoff module of zinc in the NKR basin over period 2004–2007, g/(year km2): (a) total,
(b) surface, and (c) subsurface runoff. 
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pensate for the critical multiplication factor at the sec-
tions upstream and downstream of the city.

As follows from Figs. 10a, 10b, at an increase in
Belaya R. water discharge in Ufa C. up to >3500 m3/s,
either upstream or downstream of the city, the curves
of the relationship between copper concentration and
water discharge at different scenarios of wastewater
discharges asymptotically approach the value of
~6 μg/L, i.e., the calculations show that, at high water
discharges, the contribution of point sources is mini-
mized, and the concentration of metals in river water
is mostly determined by the maximal exchange capac-
ity of the drainage basin at HM leaching from the soil
stratum at intense precipitation or snow melting,
forming maximal water discharges.

At an increase in metal concentration in wastewa-
ter, the contribution of point sources to NKR pollu-
WATER RESOURCES  Vol. 47  No. 5  2020

Table 1. Calculated values of various genetic components o
the NKR, t/year

Year
Diffuse runoff from the drainage basin 

into the river network
Disch
into r

with wassurface runoff subsurface runoff

Cop
2004 25 130 2.
2005 50 192 2.
2006 18 123 2.
2007 68 252 2.1
Mean 40.3 174.3 2.

Zi
2004 22 165 7.2
2005 46 207 7.9
2006 14 153 7.9
2007 61 265 12.
Mean 35.8 197.5 8.
tion increases considerably (Fig. 11а). Thus, at an
increase in metal concentrations in wastewater by a
factor of 20, the contribution of point sources is ~20%
for copper and 44% for zinc, while at an increase by a
factor of 100, the contributions are ~53 and 80%,
respectively.

The increase in the concentrations of metals in the
discharged wastewaters leads also to an increase in
their export by river water into the reservoir (Fig. 11b).
Thus, at an increase in the discharge of the metals by a
factor of 100, the amounts of copper and zinc dis-
charged into the NKR increase by factors of ~2 and
~4, respectively.

Scenario 2. Simulation of an Emergency
An extreme situation was simulated, leading to an

inflow of a large amount of HM into the stream. Such
f hydrochemical runoff of metals and its actual values from

arge 
iver 

tewaters

Settling 
with sediments 
onto river bed

Runoff of metals into the NKR

calculated actual

per
3 82 75 127
4 106 138 166
3 78 65 54

130 192 129
3 99 118 119
nc

125 69 97
152 109 109
114 61 97

7 186 153 155
9 144.3 98 114.5
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Fig. 9. Annual distribution of copper concentration in river water at Belaya R.—Ufa C. section (upstream and downstream of the
city) under different scenarios of economic activity in the NKR basin: (a) at the actual copper concentration in wastewater
(according to 2TP (vodkhoz)); (b) at an increase in copper concentration in wastewater by a factor of 20; (c) at an increase in
copper concentration in wastewater by a factor of 60. 
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situation can be a result of an emergency at liquid
waste storage, volley wastewater discharges because of
unstable functioning of plants, unauthorized dis-
charges of untreated polluted wastewaters, etc. The
algorithm of the scenario was as follows. Specified at
the entry to the model were different amounts of met-
als discharged within a day at some point in the river
network. Next, the concentrations of metals in river
WATER RESOURCES  Vol. 47  No. 5  2020
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Fig. 10. Dependence between water discharge in the Belaya R. at Ufa C. (in sections (a) upstream and (b) downstream of the city)
and copper (Cu) concentration in river water under different scenarios of copper concentrations in wastewater: (1) actual copper
concentration in wastewater (according to 2TP (vodkhoz));10, 20, 40, 60, 80, 100 are scenarios of copper concentration increase
in wastewater by factors of 10, 20, 40, 60, 80, and 100, respectively. 
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water were calculated at different points downstream
of the emergency discharge site. As an example,
Fig. 12 gives the results of calculation of variations of
the maximal copper concentration along the river
under different scenarios of its volley input (5000,
4000, 3000, 2000, 1000, 500, and 100 kg) into the
WATER RESOURCES  Vol. 47  No. 5  2020
Belaya R. near Salavat C. Calculations show that, as
the pollution patch is moving downstream from its
discharge site, copper concentration is rapidly
decreasing because of dilution by water from Belaya R.
tributaries and copper settling onto river bed along
with sediments. As near as in Ufa C. (~200 km from
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Fig. 11. Dynamics of the characteristics of anthropogenic impact on the NKR at an increase in metal concentrations in the dis-
charged wastewater: (a) the share of point sources in metal discharge; (b) washoff of metals into the reservoir. 
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the discharge site), the maximal concentration of cop-
per decreases by ~2 orders of magnitude.

Scenario 3. Exclusion of Anthropogenic Impact 
on the Drainage Basin

The time scale of drainage basin self-purification
from HM was evaluated under a scenario of zero
anthropogenic impact on NKR drainage basin. The
wastewater was assumed to contain neither copper nor
zinc, and the release of metals into the atmosphere
with industrial emissions and hence the concentra-
tions of metals in precipitation were assumed zero.
The concentration of metals in confined groundwater
was reduced to the least in the range of values typical
of groundwater in the examined region.

Under such conditions, numerical experiments for
assessing the dynamics of copper and zinc content of
river water were carried out for 400 years ahead. The
meteorological forcing data were given in the form of
series of weather elements from weather stations in
NKR basin over 33 years from 1979 to 2011. The final
results for December 31, 2011 were recorded at the ini-
tial point of January 1, 1979, and thus the calculations
for the 33-year series were reiterated.

The maps of metal contents of soils showed that the
copper reserves in the top half-meter soil layer in NKR
drainage basin were ~1 million t (Fig. 13a), and those
for zinc were ~550 thousand t. The mean annual cop-
per runoff from the watershed into the channel net-
work in the beginning of the calculation period was
147 (Fig. 13b), and that of zinc, ~156 t/year. Calcula-
tions for 200 years ahead showed a decrease in the
export of copper and zinc from the drainage basin to
140 and 147 t/year, respectively. Four hundred years
later, the mean annual export of copper and zinc into
the channel network kept decreasing, amounting to
135 and 140 t/year, respectively. Thus, in the absence
of external impacts in the calculation period, slow
purification of the drainage basin was taking place
with a decrease in the copper content of soil to
~950 thous. t (Fig. 13a) and zinc to ~500 thous. t.
WATER RESOURCES  Vol. 47  No. 5  2020
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Fig. 12. Variations of the maximal copper concentration in river water, μg/L, under various scenarios of its volley discharge into
the Belaya R. (5000 kg,…, 100 kg) near Salavat C. at hydrochemical stations: (1) Salavat C., (2) Ishimbai C., (3) upstream of Ster-
litamak C., (4) downstream of Sterlitamak C., (5) upstream of Ufa C., (6) downstream of Ufa C., (7) upstream of Blagovesh-
chensk C., (8) downstream of Blagoveshchensk C., (9) downstream of Birsk C., (10) downstream of Dyurtly C.
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The decrease in the copper and zinc reserves in the
drainage basin caused a decrease in their concentra-
tion in the river network. Calculations showed that,
over the 400-year period of self-purification of NKR
basin, the mean annual concentrations of copper and
zinc in river water have been decreasing by 7–8%. The
low rate of the decrease of copper and zinc concentra-
tions in river water allows their current mean annual
concentrations to be recommended as background
values in the NKR basin.

CONCLUSIONS
The spatial and temporal regularities in the forma-

tion of water quality and chemical runoff of HM (cop-
per and zinc) in NKR drainage basin were studied
with the use of ECOMAG-HM software complex.
The results of calculations are compared with data of
hydrological and hydrochemical observations and
showed a good agreement between the calculated and
actual characteristics of water f low and a satisfactory
reproduction of spatial and temporal regularities in the
formation of metal concentrations in river water in
NKR basin.

The results of simulation were used to map the
mean annual concentrations of copper and zinc in
river network. The concentration of copper in river
water in the major portion of the basin was found to be
in excess of the MAC, while zinc concentration was
below its MAC. At the same time, watershed areas not
covered by hydrochemical observations were identi-
fied where the pollution level of small rivers was con-
WATER RESOURCES  Vol. 47  No. 5  2020
siderable, and the concentrations of metals were 5–
6 times their normal annual values in NKR basin.

The normal annual modules of diffuse f low of cop-
per and zinc were calculated and mapped. The spatial
distribution of various genetic components of diffuse
metal f lows was established.

The contributions of natural and anthropogenic
components of the hydrochemical runoff of copper
and zinc were evaluated. Balance calculations showed
that the washout of metals from soil mass accounts for
~80% of the total metal runoff, while the surface
washout, for up to 20%. About half of the metals
washed out from the drainage basin accumulates in
bottom deposits with sediments. The shares of HM
entering river network with wastewater discharges are
not large (≤4% of heavy metal runoff into the NKR).

The contributions of point sources to river water
pollution were evaluated under different scenarios of
metal discharges with wastewaters. It was found that
some level of anthropogenic load onto water bodies
can cause changes in their hydrochemical regime.
When the concentrations of metals in discharged
wastewater reach some critical level, their maximal
concentrations in river water will be observed in the
phase of water regime, in which, before the critical
level is reached, the concentrations were minimal. In
addition, the calculations showed that the contribu-
tion of point pollution sources at large water dis-
charges is minimized, and the concentration of metals
in river water asymptotically tends to a constant value
and becomes determined mostly by the maximal
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Fig. 13. Changes in the copper content in the NKR drainage basin: (a) copper reserves in soil, t; (b) copper washoff into river
network, t/year. 
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exchange capacity of the drainage basin at HM wash-
off into river network at intense precipitation or snow
melting.

Calculations for an emergency leading to an input
of a considerable amount of HM into the Belaya R.
showed that their concentrations rapidly decrease with
the motion downstream from the site of emergency
discharge because of the dilution by water of tributar-
ies of the Belaya R. and settling of metals onto river
bed along with sediments (by ~2 orders of magnitude
at a distance of 200 km from the discharge site).

Estimates of the time scale of drainage basin self-
purification from HM at a decrease of anthropogenic
load showed that, under a scenario of its complete
absence over a 400-year period, the reserves of metals
in the drainage basin and the normal annual concen-
trations of copper and zinc in river water are very
slowly decreasing by 7–8%. This allows the current
mean annual values to be recommended as the back-
ground concentrations of HM in the NKR basin.
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