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Abstract—The potentialities of the physically-based model ECOMAG-HM for the study of zinc content for-
mation regularities in the Nizhnekamskoe Reservoir basin have been demonstrated. The basin is character-
ized by high concentrations of heavy metals in natural waters due to the significant content of ore-forming
elements in rocks and a high level of economic development. The daily zinc concentrations have been calcu-
lated, and the maps of mean annual zinc concentrations in the river network have been compiled. Local areas
of the catchment not covered by hydrochemical observations and showing a significant level of river water
contamination by zinc have been identified. The fields of the genetic components of zinc hydrochemical run-
off have been calculated. The contribution of anthropogenic sources to the zinc runoff formation has been
estimated, and it has been established that, with the current level of anthropogenic load, the contribution of
wastewater point discharges does not exceed 4%. The scenarios and consequences of increasing the amount
of zinc discharged as part of wastewater are considered. The time scale of the catchment self-purification from
zinc has been evaluated. The results show that, in the absence of external impacts on the catchment area, a
decrease in zinc content in river waters over a 400-year period will be about as little as 8%.

Keywords: river basin, ECOMAG-HM model, zinc washoff , mapping, anthropogenic load, point and diffuse
sources of pollution, self-purification
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INTRODUCTION
The study of spatiotemporal patterns of heavy

metal (HM) concentrations in river basins and the
prediction of its changes is prospective for the plan-
ning of water protection measures, as well as climate
change and land use, for a quantitative assessment of
the anthropogenic contribution to river pollution. Due
to the lack of observational data, the study is associ-
ated with developing mathematical models that
describe these patterns. The development of methods
for estimating the pollution of river catchments by
nutrients caused by the application of fertilizers in
agriculture started in the 1960s on the basis of empiri-
cal relationships [3]. The CREAMS model [14] was
one of the first conceptual field-scale models of water
quality with a description of processes. A review of
many conceptual models describing water quality for-
mation in areas with nonpoint spatial pollution can be
found in [9, 15, 27]. Since the 2000s, spatially distrib-
uted or semi-distributed models of pollutant washoff
and river water quality have been used to solve prob-
lems of diffuse and point-source pollution. Among
others, the SWAT models are widely used for simulat-
ing river discharge and pollution loads at different
scales: from the continental scale [1], through the
regional scale [22], to the scale of individual river

catchments [8]. The SWAT model may evaluate the
effects of different management scenarios on water-
shed hydrological processes as well as on point and
nonpoint source pollution.

Being especially successful, the semi-distributed
models were used for the rivers of Germany in the
implementation of the European Water Framework
Directive for the evaluation of measures to reduce
contaminant loads and improve the ecological status
of water bodies. For example, in [7], the pathway-ori-
ented conceptual MoRE model was used for the stra-
tegic planning of specific measures to reduce the over-
all pollutant emissions into water bodies of Germany.
A GIS-based conceptual model METALPOL was
applied for the analysis of scenarios of future manage-
ment strategies that focus on the reduction of emis-
sions from diffuse sources to achieve substantial
reductions in heavy metal loads in the Elbe River basin
[26]. A more detailed, process-oriented SWIM model
was applied to assess the impacts of changes in climate
and land use on the water regime and nutrient trans-
port in the Elbe River basin [12].

In this study, the semi-distributed physically-based
ECOMAG-HM model (ECOlogical Model for
Applied Geophysics–Heavy Metals) is used to simu-
late the spatiotemporal dynamics of zinc in a water-
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shed. This model is well adapted to the conditions of
runoff formation in rivers with snow-dominated
regime and to the existing structure and composition
of hydrometeorological information in Russia. The
structure of the model, equations, and algorithms are
described in several papers [17, 20].

The model consists of two major blocks: hydrolog-
ical and hydrochemical submodels. The hydrological
submodel describes the processes of the land hydro-
logical cycle. It has been tested successfully for many
river basins in various physiographic zones at different
spatial scales and widely used for scientific and applied
tasks of hydrological calculations and forecasts [19].
The hydrochemical submodel describes the migration
and transformation of conservative pollutants in
catchments including diffusive inflows of pollutants to
the river network and the load of pollutants from point
anthropogenic sources. The model was used to assess
the contribution of the Pechenganikel’ Mining Com-
pany to anthropogenic water pollution in small river
basins of the northwestern part of the Kola Peninsula
[17]. For many years, the rivers in this region were
among the most strongly polluted by heavy metals in
Russia.

In [20, 21] the ECOMAG-HM model was applied
to evaluating the contributions of natural and anthro-
pogenic factors to river water pollution by copper in
the large watershed of the Nizhnekamskoe Reservoir
(NKR). For several decades, heavy metal compounds
are among the most widespread pollutants of surface
water in this region due to the wide occurrence of ore-
parent elements in rocks, and intensive extraction and
use of these natural resources. The model was found to
adequately reproduce the spatial–temporal variation
of the runoff and copper concentrations at different
monitoring points of the river network. Besides, the
mean annual specific copper washoff with different
genetic components of river runoff from the watershed
into the river network were calculated and mapped.

The main purpose of this study was to assess the
contributions of anthropogenic (wastewater) and dif-
fuse components to the pollution of water bodies by
zinc under current conditions and under various sce-
narios of changes in anthropogenic load for planning
measures to reduce pollution in the NKR watershed.

STUDY AREA

A detail physiographic characteristic of the Nizh-
nekamskoe Reservoir watershed was given in [20, 21];
therefore we will provide here only the main facts and
features of the territory located in the Volga River
basin. The catchment of the NKR has an area of
186000 km2. About two-thirds of the area in the west-
ern and central parts of the watershed are f lat, whereas
its eastern part belongs to the Ural Folded Mountain
Area. Forests account for about 50% of the territory.
The soils in the area are chernozem, sod-podzol, and
gray forest soil of heavy texture. Well-drained moun-
tain soils are widespread in the eastern part of the
watershed. The soils inherit the chemical composition
of the soil-forming rocks. The metals in soils form sta-
ble complexes with humic substances and leave them
very slowly: the period of soil zinc content reduction
by a half exceeds 500 years [16]. The climate in the
area is continental. The climate differences in the
watershed area cause distinct latitudinal zonality of
vegetation (steppe, forest-steppe, and forest zones),
complicated by the vertical zonality in the Ural Moun-
tains zone. The intra-annual distribution of river run-
off in the region characterizes water regime as a typical
snow-dominated one. The spring f lood accounts for
more than 60% of the annual runoff.

The relief of the territory is highly dissected, which
causes increased soil erosion. Eroded soils enriched
with microelements, contribute to the entry of HM in
water bodies with sediments. In water bodies, HM do
not decompose, they only change the form of their
existence and remain in water for a long time even after
the source of pollution has been eliminated. One of the
main factors of self-purification of water bodies from
HM compounds is their sedimentation into bottom
deposits. In the river f low, a significant part of the
metals migrates as a part of suspension. According to
[24], the average ratio of dissolved to suspended forms
of zinc migration in the river reaches 1 : 20.

The development of water-intensive industries and
agriculture in the region leads to a high degree of the
use of surface water bodies, both for water abstraction
and for wastewater discharge. Enterprises of the chem-
ical and petrochemical industries, mechanical engi-
neering and metalworking, ferrous and non-ferrous
metallurgy, and the fuel industry determine the com-
position of industrial wastewater that contains a signif-
icant amount of HM. According to the materials of
state statistical reporting, in recent decades there has
been a significant decrease in pollutant discharges in
the composition of wastewater. However, there is no
corresponding expected decrease in pollutant concen-
trations in many water bodies (Fig. 1). This effect can
be associated with the lack of a clear understanding of
the contributions of anthropogenic and natural
sources to the pollution of water bodies [5]; the imper-
fection of the accounting system of water-using enter-
prises, which provide statistical reports on wastewater
discharges; and the incorrect information in the
reports on wastewater discharges of individual enter-
prises [10, 23]. In some cases, the amount of metals
actually contained in wastewater may be one to two
orders of magnitude greater than the volume of dis-
charges given in the reporting forms [6].

MODEL SET-UP FOR THE NKR WATERSHED
A specific GIS-tool Ecomag Extension [18] was

used for model schematization of the watershed area
and the channel network on the basis of digital the-
WATER RESOURCES  Vol. 46  Suppl. 2  2019
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Fig. 1. Dynamics of zinc discharges with wastewater and its concentration in the water bodies of the Belaya River basin [11, 13].
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matic maps of the region: a digital elevation model
(DEM, Fig. 2c), hydrographic network, soils and
landscapes. Overall, 503 calculation elementary
watersheds were delineated in the NKR watershed
(Fig. 2b), with an average area of about 400 km2. In
addition to the main river, the modelled river network
includes 50 first-order tributaries, 131 second-order
ones, 63 third-order ones, and eight fourth-order trib-
utaries (Fig. 2a).

The data of 56 meteorological stations were used to
specify the boundary conditions for the ECOMAG-
HM model in the form of the daily fields of weather
characteristics (precipitation, air temperature and
humidity) in the watershed area for the period 1978–
2013. Data on the daily water discharge at five gauges
(Fig. 2c) were used to calibrate the model parameters
and to test the hydrological submodel.

The initial conditions in the hydrochemical sub-
model for the spatial distribution of zinc concentra-
tions in soils were specified based on the maps of heavy
metal concentrations in the ploughed layer of soils,
provided in the Atlas [28]. A constant concentration of
zinc in precipitation was specified based on the
weighted mean concentrations in [4]. In a similar
manner, zinc concentration in the confined ground-
water, which feeds perched water in the aeration zone,
was specified as a constant value derived from data
in [2].

Data on the point anthropogenic sources of river
water pollution by zinc were taken from the informa-
tion on zinc discharge with wastewater in 12 largest
municipalities (Fig. 2c), provided in the state annual
statistical environmental reports of industry, settle-
ments, and communal services.
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Data on zinc concentrations in river water at 34 sta-
tions of the Russian State Monitoring Survey (Fig. 2d)
were used to calibrate the model parameters and to test
the hydrochemical submodel. As a rule, zinc concen-
trations at the gauges were measured on a monthly
basis. The monitoring data on wastewater discharge
and zinc concentrations in river water were collected
over the period 2004–2007.

In [20, 21] the ECOMAG-HM model was adopted
to conditions of runoff and copper pollution forma-
tion on example of the large watershed of NKR. The
procedures of calibration of the model parameters and
the results of calibration and verification of the hydro-
logical and hydrochemical submodels were considered
in details. In particular, a satisfactory agreement was
found to exist between the simulated and observed
runoff characteristics at gauged sites. Moreover, the
comparison of the simulated map of mean annual sur-
face runoff in the NKR watershed area with the esti-
mated map given in SNIP (1985) [25] showed an
acceptable accuracy of calculations in the most parts
of the watershed area.

In the present study, the spatiotemporal dynamics
of zinc in the NKR watershed is analyzed with some
parameters of hydrological submodel as in [20, 21];
therefore, the results of hydrological tests of the model
are not described here, they can be found in [20, 21].
Hereafter, the main attention will be paid to the mod-
elling results by the hydrochemical submodel. The
procedure for calibrating the parameters of the hydro-
chemical submodel is described in these papers.
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Fig. 2. Model schematization of (a) the catchment area and (b) river network of the NKR basin; (c) location of observation points:
hydrological gauges (triangles) and points of wastewater discharges (squares); (d) hydrochemical monitoring gauges.
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MODELING OF ZINC CONTENT OF RIVER 
WATER WITH DIFFERENT TIME-AVERAGING

The zinc concentrations were simulated in the river
network of the NKR watershed at a daily time step
using the ECOMAG-HM model. The simulated and
measured concentrations in hydrochemical monitor-
ing points, averaged over various time intervals, were
compared (Fig. 3). Figures 3a, 3b show examples of
the comparison of simulated zinc concentrations on a
daily basis with data of measurements at two hydro-
chemical monitoring stations. The comparison shows
that, in most cases, the discrepancy between the cal-
culated and measured concentrations is comparable
with the measurement errors. At the confidence level
of P = 0.95, the error of zinc concentration measure-
ment within its variation range is about 50%.

Figures 3c, 3d show examples of comparing the
diagrams of the intra-annual distribution of zinc con-
centrations averaged over four years by quarters. The
analysis showed that for all 34 stations, the correlation
coefficients between the simulated and observed quar-
terly averaged values are in the range from 0.28 to 0.69.

Figure 3e shows the spatial differences of zinc
annual concentrations, averaged over four years, at the
hydrochemical monitoring stations, arranged in order
of their location from the upper reaches of the Belaya
WATER RESOURCES  Vol. 46  Suppl. 2  2019
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Fig. 3. Observed (green) and simulated (red) zinc concentrations (µg/L) in river water at the hydrochemical monitoring gauges
over the period 2004–2007: (a), (b) daily dynamics; (c), (d) average intra-annual concentrations; (e) long-term mean annual
concentrations at the hydrochemical monitoring gauges in the Belaya River (the arrow shows the direction of river f low).
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River toward its inflow into the NKR. The correlation
coefficient between the calculated and observed zinc
mean annual concentrations at 34 sites is 0.60. Thus,
the obtained results indicate acceptable reproduction
by the model of the main spatiotemporal patterns of
zinc content formation in the river network.

Based on the calculation results, maps of zinc con-
centrations in the NKR basin streams have been cre-
ated, including the areas not covered by hydrochemi-
cal observations (Fig. 4a). The map shows the distri-
bution of the calculated mean annual metal
concentrations obtained as a result of averaging their
daily concentrations in the river network elements.
The line thickness indicates the zinc concentration in
the river network in accordance with the legend. The
calculation results show (Fig. 4a) that in the predomi-
nant part of the NKR basin, the zinc concentration in
the river network does not exceed the maximum
allowable concentration for waters used for fisheries
(MAC) (10 µg/L). The mean annual concentration of
WATER RESOURCES  Vol. 46  Suppl. 2  2019
zinc in river waters, averaged according to observa-
tions over 34 stations of Roshydromet, which is
4.7 µg/L, also testifies to this.

At the same time, the map (Fig. 4a) shows that, on
small rivers not covered by hydrochemical observa-
tions and flowing into the lower course of the Ai,
Yuryuzani, and Ufa rivers in the central part of the
northern province of the catchment area, there are
local areas with significant levels of river water pollu-
tion. The maximum annual concentrations of zinc in
these streams reach 29 µg/L. A comparison of the
maps of the spatial distribution of zinc concentration
in the river network (Fig. 4a) and its content of soils
(Fig. 4b) indicates a close relationship between these
fields. When small polluted watercourses f low into
larger rivers, zinc concentrations in river waters
decrease as a result of diluting by cleaner water in
larger watercourses.
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Fig. 4. Distribution of (a) calculated annual zinc concentrations in the river system for the period 2004–2007, µg/L, and (b) zinc
content in soils, mg/kg, of the NKR basin.
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MODELING THE FIELDS OF CHEMICAL 
RUNOFF GENETIC COMPONENTS

Chemical runoff is an integral indicator of the pro-
cesses of transformation and migration of HM in a
river basin. The algorithm for determining the various
genetic components of the chemical zinc runoff based
on the developed model was as follows. For daily fields
of meteorological characteristics for all the calculated
elementary watersheds, zinc removal into the local
river network by surface, soil, and ground flow and the
total runoff was calculated. By averaging the daily
fields over a multi-year period, maps of the mean
annual specific zinc washoff into the river network by
various genetic components were obtained (Fig. 5).
The analysis of the maps demonstrates the spatial dif-
ferences in the predominance of various genetic com-
ponents in the formation of hydrochemical metal run-
off in the NKR basin.

From Fig. 5 it follows that over most of the catch-
ment area, zinc washoff into the river network is
formed mainly due to subsurface (soil and ground)
runoff (Fig. 5b). The map of the mean annual specific
zinc washoff by soil-groundwater shows a close cor-
relation with the spatial distribution of the initial zinc
content of soils (Fig. 4b). The zinc washoff by surface
waters in most of the catchment area is almost an order
of magnitude smaller than the specific zinc washoff by
soil-groundwater, except for the western province of
the basin, where the magnitudes of the specific wash-
off for surface runoff are comparable or slightly higher
than the zinc leaching by subsurface runoff.
ESTIMATION OF THE CONTRIBUTION 
OF POINT AND DIFFUSE SOURCES 

TO RIVER WATERS POLLUTION

A series of numerical experiments were carried out
to estimate the contribution of point (industrial waste-
water discharges) and diffuse sources to zinc contam-
ination of river water (Table 1). The actual zinc wash-
off from the catchment to the NKR (column 7 in Table
1) was estimated by multiplying the observed annual
inflow into the reservoir by the average annual metal
concentration measured at the last hydrochemical
monitoring station on the Belaya river before its
entrance into the NKR (Dyurtyuli station).

Model balance calculations show (Table 1) that
about 80% of the total zinc washoff into NKR formed
due to its leaching from the soil–ground stratum. Due
to surface wash, ~15% of zinc washoff is formed. The
contribution of zinc entering the river network with
wastewaters is about 4%. A significant amount of zinc
washed from the catchment is bound to sediments and
settled to bottom deposits in the river network—on
average, about 60%.

MODELING SCENARIOS OF THE IMPACT 
OF CHANGES IN WASTEWATER AMOUNT 

ON THE WATER POLLUTION IN NKR 
CATCHMENT

For a more detailed assessment of the impact of
economic activities on the river water pollution, a
series of numerical experiments were conducted with
different scenarios of the amount of zinc discharged as
wastewater considered in all 12 settlements of the
WATER RESOURCES  Vol. 46  Suppl. 2  2019
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Fig. 5. Fields of hydrochemical zinc runoff characteristics in the NKR basin: simulated mean annual specific zinc washoff—
(a) surface, (b) sub-surface, g/(year km2).
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Belaya River. The scenarios of zinc discharge reducing
by a factor of 10, as well as its increase 10, 20, 40, 60,
80 and 100 times relative to the existing level were con-
sidered. Figure 6 shows the results of numerical exper-
iments for the Belaya River at the station of Ufa. The
intra-annual changes in zinc content of river water
with actual wastewater discharges (Fig. 6a) demon-
strate the regularities of its content in various phases of
the water regime: an increase in zinc concentrations in
river water occurs in the phases of increased water
abundance—rainfall and spring f loods, while concen-
trations decline during low-flow periods. A powerful
source of zinc discharges is the large industrial center
Ufa, whose contribution is ~60% of the total zinc dis-
WATER RESOURCES  Vol. 46  Suppl. 2  2019

Table 1. Simulated components of zinc load (t year–1) from th
in the period 2004–2007

Year

Zinc load Actua
of Z

waste
with surface 
water f low

with subsurface 
water f low

1 2 3 4

2004 22 165 7

2005 46 207 7

2006 14 153 7

2007 61 265 12

Mean annual 35.8 197.5 8
charges with wastewater in the NKR catchment. The
river water pollution is traced in Fig. 6a: zinc concen-
trations in the river below the city are 0.5–1.0 μg/L
higher than the concentrations in the river station
above the city.

Reducing the amount of zinc discharged by a factor
of 10 does not lead to any noticeable differences in its
content of river water from the observed level at actual
discharges. With an increase in zinc amount in waste-
waters, its content of river water increases (Fig. 6b,
6c): slightly—at the station above the city of Ufa and
significantly—to values multiply exceeding the
MAC—in the river below the city. Starting from a cer-
e NKR watershed and the actual total zinc load into the NKR

l load 
n by 
water

Zn settling 
onto riverbed

Total Zn load into NKR

simulated actual

5 6 7

.2 125 69 97

.9 152 109 109

.9 114 61 97

.7 186 153 155

.9 144.3 98 114.5
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Fig. 6. Changes in zinc content in river water in the Belaya River–Ufa city station under various scenarios of economic activities
in the NKR basin: (a) actual wastewater discharges; (b) 20 times increase in discharges; (c) 60 times increase in discharges.
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tain level of increase in Zn load, the dependence of the
zinc content of river water on water discharges changes
to the opposite. So, under heavy loads on water bodies
during high-water periods, river waters highly polluted
by wastewaters are diluted with cleaner lateral inflow
into the river network, and therefore there is a decrease
in zinc concentrations in river water. Figure 7 shows
nomograms demonstrating these patterns.

Numerical experiments have shown that, with an
increase in zinc amount in wastewater by a factor of 100,
its washoff to the NKR increases by about 4 times
(Fig. 8a). At the same time, the contribution of point
WATER RESOURCES  Vol. 46  Suppl. 2  2019
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Fig. 7. The relationship between the f low of water in the Belaya River–Ufa city (in the station (a) above and (b) below the city)
and zinc concentration in the river water under different wastewater discharge scenarios: 1—actual discharge of wastewater; 20,
60, 100—scenarios for increasing the zinc content in wastewater by 20, 60, and 100 times, respectively.
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sources to NKR pollution increases to 80% (Fig. 8b).
Figures 8c and 8d show the growth trends of annual and
maximum zinc concentrations at various stations of the
river network with increasing load on water bodies.
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ESTIMATION OF THE TIME SCALE 
OF THE CATCHMENT SELF-PURIFICATION 

FROM ZINC

The time scale of the catchment self-purification
from zinc while reducing its load from point and dif-
fuse sources were estimated. The scenario of the com-
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Fig. 8. Dynamics of anthropogenic impact on NKR when the amount of zinc wastewater discharged changes: (a) zinc washoff
into reservoir, (b) the contribution of point sources in the Zn load into NKR, (c) average zinc concentration in river water in mon-
itoring station, (d) average and maximum concentration of zinc in Belaya River in the station above and below the city.
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plete elimination of anthropogenic impact on the
NKR catchment was considered. It was assumed that
zinc is not discharged in the composition of wastewa-
ter, its release into the atmosphere with emissions
from industrial enterprises was also excluded (the con-
centration of zinc in the precipitation was equated to
zero). The zinc content of the pressurized groundwa-
ter was reduced to the lowest in the range of concen-
trations typical of groundwater in the studied region.

Under these conditions, numerical experiments to
assess the dynamics of zinc content of river waters
were carried out for hundreds of years ahead. The time
series of meteorological elements by meteorological
stations in the NKR basin for 33 years, since 1979 by
2011, were specified as meteorological impacts. The
end results of December 31, 2011, were recorded at the
starting point of January 1, 1979, and thus the calcula-
tions for the 33-year series were repeated many times,
etc.

Based on maps of the zinc content of the soils of the
basin [28], it was found that the initial zinc reserves
amounted to ~550 thousand tons. The mean annual
washoff of zinc to the river network at the beginning of
the calculation period was ~156 ton/year. After 200
years, calculations showed a decrease in the removal of
zinc from the catchment area to 147 t/year (Fig. 9).
After 400 years, the intensity of purification of the
catchment and the mean annual removal of zinc
decrease to 140 t/year. Thus, in the absence of anthro-
pogenic impact on the watershed during the simula-
tion period of 400 years, the catchment slowly
becomes cleaner and metal concentration in soils
decreases to about 500 thousand tones.

As a result of a decrease in zinc reserves in the
catchment area, its content of the river waters
decreases. The calculations showed that in the 400-
year period of basin self-purification, a mean annual
concentration of zinc in the river water decreases by as
little as about 8%. The low rate of zinc concentration
decrease and the insignificant contribution of anthro-
pogenic point sources to river water pollution allows us
to recommend the mean annual zinc concentrations
in the rivers as its background values in the NKR
basin.

CONCLUSIONS

For planning management strategies to reduce pol-
lution in the NKR watershed, we studied the spatio-
temporal patterns of the formation of water quality
and chemical zinc runoff under various scenarios in
anthropogenic load on water bodies based on the
WATER RESOURCES  Vol. 46  Suppl. 2  2019
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Fig. 9. Changes in the zinc content in the NKR catchment: (a) zinc reserve in the soil, t; (b) zinc washoff into the river
network (b), t/year.
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ECOMAG-HM model. The results of numerical
experiments are as follows.

The simulated zinc concentrations in river waters
were compared with the data of hydrochemical obser-
vations in the points of hydrochemical monitoring
with different time averaging. The comparison indi-
cates a satisfactory reproduction by the model of the
main spatiotemporal patterns of zinc content forma-
tion in the river waters of the NKR basin.

Maps of mean annual concentrations of zinc in the
watercourses of the NKR basin were compiled,
including the river reaches not covered by hydrochem-
ical observations. It has been shown that in catchment
areas with a high zinc content of soils, local areas with
significant pollution levels in small rivers can occur.
When these small polluted watercourses mouth into
larger rivers, zinc concentrations in river waters
decrease.

Calculations of spatial fields were carried out and
maps of the mean annual chemical zinc runoff were
compiled with various genetic components of the river
runoff in the NKR catchment area. It is shown that in
the majority of the watersheds, the total zinc washoff
into the river network is formed mainly due to soil–
ground component of runoff, and the zinc washoff by
surface waters is almost an order of magnitude smaller.

The evaluation of the contributions of natural and
anthropogenic components to the formation of hydro-
chemical zinc runoff in the NKR was carried out. Bal-
ance calculations showed that most of the zinc runoff
(up to 80%) is formed due to its leaching from the
soil–ground stratum of the catchment area and about
15%, due to surface washoff. The share of zinc enter-
ing the river network with wastewater discharges is
about 4%. About 60% of the zinc washed off from the
catchment is settled to bottom deposits in the river
network.

The contribution of point sources to river water
pollution under various scenarios of metal discharges
with wastewater has been estimated. It is shown that
with a multiple increase in the load on water bodies by
WATER RESOURCES  Vol. 46  Suppl. 2  2019
two orders of magnitude, the mean annual washoff of
zinc in NKR increases only four times. The patterns of
intra-annual changes in the zinc content of river water
also change: with a small load on water bodies, ele-
vated concentrations of zinc are noted during rainfall
and spring f loods. With an increase in the level of dis-
charge of metals into the river network during high-
water periods, highly polluted river water is diluted and
a decrease in zinc concentrations in river water is
observed compared to periods of low water.

Numerical experiments to assess the time scale of
the self-purification of the catchment area from HM
showed that, with a decrease in the anthropogenic
load on the catchment area over a 400-year period, the
mean annual zinc concentration in river water
decreases by about 8%. With such a rate of self-purifi-
cation of the catchment and a small contribution of
anthropogenic point sources to river water pollution,
the current mean annual zinc concentration in the
river network can be recommended as the background
concentration of zinc in the NKR basin.
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