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Abstract: Due to geographical limitations (lack of natural receivers of treated wastewater) large
sewage storage ponds are the main method of sewage disposal in the Republic of Kazakhstan.
The paper presents the results of research on the environmental impact of sewage ponds serving the
city of Kostanay (Kazakhstan). The scope of the research included the determination of basic quality
parameters of raw and treated wastewater, the analysis of the chemical composition of groundwater
in the vicinity of sewage ponds, and the analysis of the water quality of the Tobol River. The obtained
results showed that efficiency of treatment facilities was unsatisfactory and water quality in the ponds
did not meet requirements for surface waters for fishery. Highest contamination of groundwater
was observed in sampling points close to the sewage ponds and was decreasing while the distance
from the ponds was increasing. Multivariate analysis of the research data indicated that sewage
from storage ponds, infiltrating into the ground, may affect quality of groundwater, which in turn
supplying the Tobol River may also determine the quality of the river water.
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1. Introduction

Requirements and activities related to the rational use and protection of water resources and the
prevention of their pollution are among the most important tasks in the environmental protection
system [1–3]. Properly conducted wastewater management, especially the collection and disposal of
municipal wastewater, undoubtedly plays a key role in this system [4,5]. For this purpose, in addition to
advanced and complex technical and technological systems, methods of natural wastewater treatment
and management with the use of sewage ponds and lagoons are still widely used. Due to their simple
structure, low energy consumption, and low operating costs, these methods are popular not only
in developing countries, but also in developed countries, especially in small systems and in rural
areas [6,7].

Systems that use large natural reservoirs for the collection and disposal of wastewater can have a
negative impact on the environment. In this case, it is particularly important to protect groundwater
and surface water resources against recontamination with substances present in sewage. It was found
that both wastewater treatment systems with infiltration of sewage into the ground [8–11] and sewage
reservoirs, in which infiltration into the ground is limited by the sealing of the bottom [12–14] may
affect the quality of ground and surface waters in their vicinity. Another factor hazardous to the
aquatic environment and related to the collection of wastewater in natural conditions are surfactants,
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especially anionic surfactants, which are among the most common pollutants. Anionic surfactants
accumulating in water bodies have a strong toxic effect on flora and fauna and worsen the organoleptic
properties of water [15]. Other hazards are related to the presence of nutrients in wastewater, which is
one of the main pollutants that can lead to eutrophication [16]. For this reason, sewage ponds should
be the subject of special attention during the environmental impact assessment, both at the stage of
designing new ones, as well as during the reconstruction and operation of existing plants [17].

The above factors are of particular importance in the Republic of Kazakhstan, where the main
method of sewage disposal after its mechanical and biological treatment is its discharge into storage
ponds. In some areas, wastewater is discharged into storage ponds even without pretreatment [18].
The real threat in the Republic of Kazakhstan are sewage storage ponds located near large cities and
industrial centers (there are 540 such reservoirs). These sewage ponds often operate at the limit of
capacity, and their construction and equipment are outdated, which increases the risk of failure and
poses a threat not only to the environment, but also the health and life of people living nearby [19–21].

Intensive use of sewage storage ponds in Kazakhstan’s water management system may also have
a positive effect. According to the World Bank’s assessment, one of the most important challenges
in the sanitation sector in the nearest future will be implementation of low cost sewage treatment
that will at the same time permit selective reuse of treated effluents for agricultural and industrial
purposes. Properly designed and effectively operating sewage ponds can be an important element
of these activities [22,23]. Meanwhile, according to experts, Kazakhstan may soon face a shortage of
good-quality water due to its wasteful use and pollution of the existing resources [24]. Satisfying the
growing demand for water in conditions of its shortage can be achieved by intensifying the use of
wastewater from sewage ponds for irrigation in agriculture [25]. The potential in this field is shown,
for example, by the Sorbulak Lake—the largest reservoir in Kazakhstan, collecting treated wastewater
from Almaty city. The reservoir has a maximum capacity of approximately 109 m3. The quality of water
collected in the reservoir meets all the requirements for maximum allowable concentrations (MAC) for
irrigation of industrial crops, however, these waters have not been used for economic purposes so
far [26].

The aim of this paper is to assess the ecological conditions as well as the nature and degree of
impact of the sewage storage ponds from the city of Kostanay in Kazakhstan on the water environment
in their vicinity.

2. Materials and Methods

The city of Kostanay is located in the steppe zone in the north of the Turgay Plateau, in the
southwestern part of the West Siberian Plain, on the Tobol River (53◦15′ N 63◦35′ E). As of 1 January
2019, the population was 243,031 people. The climate is sharply continental, with hot, dry summers
and cold snowy winters. Average temperature in July: +20.9 ◦C and in January: −14.5 ◦C; rapid
changes in temperature during the day are characteristic. Average annual rainfall is 300–350 mm,
maximum rainfall occurs in summer. The average annual humidity is 71%.

In the city of Kostanay there is a separate sewer system. Wastewater from residential districts and
industrial plants is collected and transported through gravity sewers to seven local sewage pumping
stations, and then directed to the main pumping station, which delivers all wastewater from the city
to the treatment facilities located about 14 km north of the city. There, the wastewater goes initially
to the mechanical treatment section, which consists of three pairs of earth (clay) horizontal settling
tanks. The settling tanks work alternately—each year, in summer, one of the settling tanks is turned
off, the sludge collected in it is dried and removed in order to complement and strengthen the outer
side of the dams of the storage ponds. After the sedimentation process, the wastewater flows through
a gravity collector, approximately 1 km long, to the system of sewage storage ponds. In the sewage
ponds, additional treatment is carried out in natural conditions—in spring and summer as a result of
the sunlight, photosynthesis, biochemical oxidation, evaporation, etc., and in winter—as a result of
freezing. The water from the ponds is not reused. The annual amount of wastewater delivered to the
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system in 2018 was 15,187,000 m3, which gives an average of 41,600 m3 per day. The scheme of the
wastewater treatment plant for the city of Kostanay is shown in Figure 1
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Figure 1. Scheme of wastewater treatment facilities for the city of Kostanay.

The main sewage pond, which consists of Lakes Rybnoye and Mazarevo, was built in 1966 and
has a total volume of 94.1 km3. In 1989, the system was expanded. In order to provide additional
capacity for wastewater storage, a set of ponds adjacent to the main reservoir from the north (Kurgan
Reservoir with a total volume of 11.73 km3) and eastern side (Lakes Popova, Kolesnikov and Tomarkol
with a total volume of 14.8 km3) was designed. The reservoirs are filled in cascades, from the highest
level of 183.80 m above sea level (m a.s.l.) in Lake Rybnoye to the lowest level of 175.00 m a.s.l. in Lake
Popov. The basic spatial distribution of the wastewater treatment system in Kostanay is shown on the
map in Figure 2 and technical characteristics of sewage ponds is presented in Table 1.
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Figure 2. Arrangement of sewage treatment facilities and sewage, groundwater and soil sampling
points used for the research. (1) Mechanical pretreatment units; (2) Rybnoye Lake; (3) Kurgan
Lake; (4) Mazarevo Lake; (5) Popov Lake; (6) Kolesnikov and Tomarkol Lake; (7) Tobol River; (S1–S7)
wastewater sampling points; (W1–W15) groundwater sampling wells; (B1–B10) soil sampling boreholes.
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Table 1. Technical characteristics of sewage ponds serving Kostanay city.

Name of the
Pond

Nominal Fill
Height Area Nominal

Capacity
Length of the

Coastline

m a.s.l. 106 m2 106 m3 103 m

Rybnoye Lake (main storage) 183.8 40.5 88.0 61.25
Kurgan Lake 183.7 8.19 11.73 15.75

Mazarevo Lake 175.7 4.5 6.1 13.0
Popov Lake 175.0 5.1 5.8 12.0

Kolesnikov and Tomarkol Lake 177.5 3.1 9.0 12.75

Research work was conducted in 2018–2019 and included: Determination of raw and treated
wastewater quality at various points in the treatment system; determining the location and quality of
groundwater aquifer in the vicinity of sewage ponds; and determination of the water quality in the
Tobol River, in the profile located downstream the sewage ponds.

Wastewater samples were collected in accordance with ST RK GOST R 51592-2003 [27] from the
following locations: S1—distribution chamber before settling tanks, S2—collector after settling tanks,
S3—influent to Rybnoye Lake, S4—Rybnoe Lake, S5—overflow from Rybnoe Lake to Kurgan Lake,
S6—Mazarevo Lake, and S7—Popovo Lake (Figure 2).

Groundwater samples were collected in accordance with GOST 31942-2012 [28], from existing
monitoring wells (W1–W5) and additional 10 test wells (W6–W15) located in the vicinity of sewage
ponds (Figure 2). Depth of test wells was 20–30 m. Sampling was carried out using continuous
pumping of water from the wells with capacity of 0.1–0.3 dm3/s. The submersible pump worked until
a constant value of the temperature of the discharged water was established and until at least five well
volumes of water were purged. All wastewater and groundwater samples were collected in sterile
containers and transported to laboratories in Kostanay or Almaty. Analysis of water samples in the
Kostanay laboratories was performed on the same working day as the sampling was carried out. Some
samples were transported to the city of Almaty, hence the laboratory analysis was performed the next
working day after sampling.

Due to complexity of data set containing large number of variables collected at several sampling
points, statistical analysis of data was based on multivariate analysis (MVA) techniques, including
cluster analysis (CA) and principal component analysis (PCA). Analyses were performed using R
software environment [29]. The idea of CA is to use the values of the variables to devise a scheme
for grouping the objects into classes so that similar objects are in the same class [30]. The grouping
algorithm used in this study was based on n-dimensional Euclidean distances (n determines number
of variables measured in sampling points) determined for all sampling points (S1–S7, W1–W15 and
Tobol River), and thus creating 23 × 23 distance matrix. PCA is a MVA technique that allows the
reduction of a large set of correlated variables to a smaller set of uncorrelated variables that are called
principal components (PC). Such reduced set of variables is usually easier to analyze and interpret.
Nine variables (parameters measured in all sampling points: TSS, BOD5, COD, N-NH4, N-NO3, Fe,
Mn, SO4, Cl) were used in statistical analyses.

3. Results and Discussions

3.1. Treatment Facilities and Sewage Storage Ponds

Wastewater samples collected from treatment facilities (S1–S3) and sewage ponds (S4–S7) allowed
to determine changes in the qualitative characteristics of wastewater at various stages of treatment.
The average values of the wastewater quality parameters are summarized in Table 2.
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Table 2. Average values of selected wastewater quality parameters in the Kostanay wastewater
treatment plant and relevant maximum allowable concentrations (MAC) values.

Parameter Unit
Sampling Points

MAC1 MAC2
S1 S2 S3 S4 S5 S6 S7

BOD5 mg/dm3 282.5 231.3 190.7 49.5 40.7 20.4 18.0 87.02 3.0
COD mg/dm3 470.0 310.0 275.0 54.3 45.5 38.5 30.0 148.29 15.0
TSS mg/dm3 199.5 54.6 43.5 66.5 31.0 26.0 31.5 166.73 10.0

N-NH4 mg/dm3 76.56 84.9 31.87 1.16 0.64 2.14 0.86 31.45 0.5
N-NO2 mg/dm3 0.03 0.025 0.14 0.38 0.03 0.006 0.02 1.11 -
N-NO3 mg/dm3 0.83 0.54 1.04 1.03 0.59 0.39 0.86 6.92 40.0

Phosphates mg/dm3 8.7 6.5 5.93 4.2 3.28 0.72 0.46 5.95 -
pH – 6.85 7.2 7.45 8.85 8.45 8.65 8.8 - -

Cuprum mg/dm3 0.01 0.01 0.004 0 0 0 0 - -
Potassium mg/dm3 3.2 4 3.2 4.1 4.3 4.1 3.2 - -

Magnesium mg/dm3 4.8 3 4.8 6.2 6.7 12.2 10.2 - -
Chlorides mg/dm3 267.3 272.3 262.4 678.2 673.2 2425.5 1683 350.0 300.0
Sulfates mg/dm3 109.5 104.9 91.3 91.3 100.4 123.2 82.1 187.4 100.0

Hardness mg/dm3 8 7 8 10.3 11 16.3 13.4 - -
Iron mg/dm3 0.63 0.87 0.82 0.34 0.19 0.18 0.15 0.76 0.1

Manganese mg/dm3 0.22 0.2 0.2 0.03 0.22 0.01 0.05 0.37 0.01
Oil products mg/dm3 0 0 0 0 0 0 0 0.3 0.05
Surfactants mg/dm3 0.2 2.2 1.85 0.07 0.12 0.14 0.11 0.91 -
Dry residue mg/dm3 1044.5 969 972.5 1607 1707 4271.5 3191 - -

S1—distribution chamber before settling tanks, S2—collector after settling tanks, S3—influent to Rybnoye Lake,
S4—Rybnoe Lake, S5—overflow from Rybnoe Lake to Kurgan Lake, S6—Mazarevo Lake and S7—Popovo Lake;
MAC1—maximum admissible concentration established for discharge of wastewater to Kostanay sewage ponds;
MAC2—maximum admissible concentration in surface waters for fishery.

Analysis of the results presented in Table 2 indicates that the efficiency of wastewater treatment in
sewage ponds increases with the duration of sewage retention—the lowest concentrations of pollutants
occurred at the sampling points furthest from the wastewater influent (points S6 and S7). However,
it should be clearly stated that the effect of wastewater treatment in both settling tanks and sewage
ponds is insufficient. As presented in Table 3, overall efficiency of BOD removal is satisfactory
(>90%) only in additional sewage ponds (Mazarevo Lake—S6, Popowo Lake—S7), while in the main
storage—Rybnoye Lake (S4) it is only 85.6%. Efficiency of TSS removal was lower than 90% in all
sampling points and for settling tanks (S2) it was only 72.6%.

Table 3. Removal efficiency of selected parameters in the Kostanay wastewater treatment plant.

Parameter

Removal Efficiency in Sampling Points

S2 S3 S4 S5 S6 S7

%

BOD5 18.12 32.50 82.48 85.59 92.78 93.63
COD 34.04 41.49 88.45 90.32 91.81 93.62
TSS 72.63 78.20 66.67 84.46 86.97 84.21

It is also important to compare the results obtained with the environmental protection regulations
in force in Kazakhstan. Taking into account the officially established as required for sewage discharged
into Kostanay sewage ponds (sampling point S3) MAC1 values of the basic wastewater quality
indicators (BOD, COD, TSS, N-NH4, N-NO3, phosphates) only TSS removal meets the requirements.
Comparing the quality of water in sewage ponds with the requirements for waters for the needs
of fisheries (MAC2), it can be concluded that most of the measured parameters do not meet the
official requirements.
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3.2. Groundwater Analyses

The next stage of our study was determination of hydrological characteristics of groundwater
aquifer in the area surrounding the sewage ponds and quality of groundwater sampled from the
wells in the study area and water from the Tobol River. The data obtained from the test wells showed
that the groundwater in the studied area forms an unconfined aquifer with static water level located
4.42–17.13 m below terrain. Considering terrain elevation at sampling points, estimated groundwater
level in the studied area is located at a height of 175 m a.s.l. around sewage ponds down to 120 m
a.s.l. near the Tobol River. The groundwater table decreases uniformly towards the Tobol River with
a hydraulic grade from 0.002 to 0.005. Seasonal water level fluctuations amount to approx. 1.0 m.
The map of groundwater levels prepared using the SURFER software is presented in Figure 3.
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Depression height measured while pumping water from the test wells ranged from 3.97 to 13.84 m,
which allowed to determine the hydraulic conductivity of soil on the tested terrain as 0.011 to 0.38 m/d.
These results are consistent with the analysis of the geological profile of the test boreholes which are
dominated by clay soils. Such properties may indicate that precipitation and infiltration from surface
water reservoirs have a significant share in the aquifer supply.

The qualitative characteristics of groundwater in the studied area are presented in Table 4 and the
graphical representation of the obtained results for selected groundwater parameters is shown in the
Figures 4–6.

The data in Tables 2 and 4 and their graphical representation in Figures 4–6 show that there is
some link between water quality in sewage ponds and groundwater. In the case of indicators such
as BOD5 or N-NH3 it is clear that the concentration of these substances in groundwater decreases
with increasing distance from the ponds. Also, concentrations of chlorides were in many cases higher
in wells near those sewage ponds where the salinity of water increases due to long retention time
(Mazarevo and Popovo lakes and W5, W7 wells respectively). It can be also noticed that there are
abrupt changes in the values of some quality parameters of groundwater, regardless the well location.
For example, in the wells W7, W10, W14, and W15 there are much higher concentrations of sulphates
than in the surrounding wells, while in the W8 well the chloride concentration is more than twice
the values observed in other wells. Such a local increase in groundwater pollution may be related to
agricultural activity carried out in this area (decomposition and oxidation of organic matter, extensive
use of fertilizers etc.).

There are also some connections between the water quality in the Tobol River and the quality of
groundwater in the aquifer that feeds the river valley. It can be assumed that the increased content of
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e.g., sulfates, iron or manganese in the river is caused by the quality of the inflowing groundwater.
Moreover, in the Tobol river, exceedances of maximum admissible concentrations (MAC) were found
for most of the parameters tested (BOD5, TSS, SO4, N-NH4, and Mn), however, it cannot be associated
only with the quality of groundwater in the river valley.

Table 4. Average values of the selected quality parameters of groundwater and the Tobol River.

Sampling
Point

TSS BOD5 COD SO4− Cl− Fe N-NH4N-NO3 Mn

(mg/dm3)

Groundwater

W1 40.5 5.4 7 102.5 25 2.9 4.84 1.11 2.7
W2 11.5 20.5 27 650 117.5 0.36 0.35 5.03 0.8
W3 27.5 39.5 52.8 400 125 0.43 7.9 2.99 0.78
W4 27 23.14 30.7 96.3 47.5 0.38 0.3 67.89 1.64
W5 7.35 32.05 42.2 545 216.8 0.72 1.4 7.28 1.05
W6 6.4 5.98 7.68 215 185 0.9 0.05 3.77 0.005
W7 5.8 8.51 11.5 672.5 480 0.87 0.07 3.77 0.98
W8 4.6 12.5 16.3 685 1100 1.68 0.3 1.99 0.028
W9 4.4 8.38 10.6 456.3 125 0.5 0.05 0.11 0.17

W10 5.4 4.26 5.76 655 55 6.1 2 1.44 0.99
W11 5.2 6.9 8.64 570 60 1.36 0.04 3.77 1.12
W12 4.6 6.12 7.68 102.5 90 0.31 1.3 22.6 0.02
W13 4.3 8.25 10.6 450 115 0.45 0.05 1.44 0.17
W14 5.3 4.79 6.72 610 85 0.45 0.05 1.44 0.22
W15 3.6 9.84 13.4 640 112.5 0.44 0.05 1.77 0.93

Tobol river

Tobol R. 29.5 3.4 3.8 230.0 180.7 0.3 0.56 0.4 0.04
MAC2 10.0 3.0 15.0 100.0 300.0 0.1 0.5 40.0 0.01

MAC2–maximum admissible concentration in surface waters for fishery.
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3.3. Multivariate Analysis of Data

To find more common properties of the data presented in Tables 2 and 4, multivariate analysis
(MVA) was performed using statistical package R. First, cluster analysis (CA) was chosen to find
groups of sampling points with similar physico-chemical properties. Based on 23 × 23 distance matrix
determined on 9-dimensional variables space (23 sampling points and 9 variables) three main groups
of sampling points (clusters) were extracted, as presented in Figure 7.

Cluster 1 contains sampling points related with wastewater and main sewage pond which allows
us to believe that the quality of water in Rybnoye Lake (S4, S5) is significantly related to the quality of
both raw (S1) and treated wastewater (S2, S3) that are discharged there. On the other hand, cluster 3
contains sampling points from Mazarevo (S6) and Popovo (S7) lakes which are characterized by much
longer retention time than Rybnoye Lake. This may mean that the physico-chemical characteristics of
these lakes is more related to the water age and evaporation processes than the inflow of sewage from
the treatment plant. The largest cluster (No. 3) is formed by groundwater sampling points and the
Tobol River (except for the W8 forming an independent cluster), which may indicate that the quality of
the Tobol River water is physico-chemically related to the quality of groundwater aquifer supplying
the river valley. In this cluster, three subgroups of wells can be distinguished; however, it is difficult to
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indicate between them such unambiguous connections as in the case of clusters 1 and 2. However,
it should be noticed that the quality of the groundwater is not the main determinant of the water
quality in the Tobol River, because the wells located in the immediate vicinity of the river (W9, W13)
are in a different subgroup than the river.
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PCA distinguished nine primary components presented in the Table 5, of which PC1, PC2, and PC3
were used for further analysis, as they cumulate over 78% of the variance present in the data.

Table 5. Importance of components for analyzed variables.

PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9

Standard deviation 1.9936 0.3226 0.1538 0.9031 0.6495 0.6365 0.4959 0.2324 0.0507
Proportion of Variance 0.4416 0.1944 0.1479 0.0906 0.0469 0.0450 0.0273 0.0060 0.0003
Cumulative Proportion 0.4416 0.6360 0.7839 0.8745 0.9214 0.9664 0.9937 0.9997 1.0000

The correlation matrix presented in Table 6 shows that PCA is justified because the analyzed
variables are correlated with each other, which may suggest that some of them measure the same
underlying property of water/wastewater.

As shown in Table 6, PC1 is positively correlated with parameters characteristic for raw sewage
(BOD. COD, TSS, N-NH4), which suggests that this component describes the share of raw sewage in
the sampling point. On the other hand, PC2 has a high positive correlation with parameters such as Fe
and Mn and a negative correlation with Cl, which clearly links this component with the properties of
groundwater. PC3 has the highest positive correlation with nitrates and high negative correlation with
sulfates, which may indicate the relationship of this component with natural biochemical processes
taking place in surface waters (nitrification) and underground waters (leaching). Influent of PC1 and
PC2 on sampling points is presented in Figure 8.
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Table 6. Correlation matrix for analyzed variables.

Primary Components and Variables

PC1 PC2 PC3 TSS BOD COD N-NH4 N-NO3 Fe Mn SO4 Cl

PC1 1.00
PC2 0.00 1.00
PC3 0.00 0.00 1.00
TSS 0.88 0.10 0.05 1.00

BOD 0.97 0.15 −0.07 0.80 1.00
COD 0.97 0.15 −0.08 0.84 0.99 1.00

N-NH4 0.93 0.21 −0.12 0.74 0.95 0.94 1.00
N-NO3 −0.13 0.26 0.87 −0.08 −0.12 −0.12 −0.14 1.00

Fe −0.21 0.62 −0.43 −0.11 −0.11 −0.10 −0.03 −0.12 1.00
Mn −0.29 0.76 0.25 −0.10 −0.21 −0.20 −0.16 0.33 0.42 1.00
SO4 −0.56 0.25 −0.55 −0.50 −0.42 −0.40 −0.37 −0.21 0.29 0.15 1.00
Cl 0.07 −0.75 −0.04 0.05 −0.05 −0.04 −0.09 −0.20 −0.21 −0.38 −0.25 1.00
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Figure 8. Principle components plot, physico-chemical composition in sampling points.

Principle components plot shown in Figure 8 suggests that influence of raw sewage decreases as
treatment process takes place and retention time in sewage ponds increases. Additionally, samples
S4 and S5 show some relationship to the properties of groundwater. Low impact of raw sewage is
also evident for samples S6 and S7 but in this case link with groundwater samples does not exist.
All groundwater samples create one group dominated by the PC2 factor. The Tobol River also belongs
to this group, which more clearly indicates the impact of groundwater on the quality of the river water.
It is also worth noting that the PCA has distinguished the same groups of sampling points as the
cluster analysis.

4. Conclusions

Data obtained from the analysis of wastewater samples showed that primary settling tanks of the
Kostanay city wastewater treatment plant are not working as required. This causes the discharge of
excessive loads of organic pollutants and biogenic compounds to the sewage ponds and prevents the
economic reuse of water from the ponds. Although no direct impact of sewage ponds on groundwater
and Tobol river pollution has been found, studies showed that the water samples taken from the main
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sewage pond (Rybnoye Lake), in terms of their physico-chemical composition, have many features in
common with groundwater samples, and groundwater samples—with the Tobol River. Such results
indicate that sewage ponds may have impact on the quality of groundwater in their vicinity. It was
also noted that the quality of groundwater may be affected by agricultural activities, as evidenced by
high sulfate concentrations in selected wells, which was not related directly to the properties of the
surrounding aquifer and nearby sewage ponds.
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