
Горный журнал Казахстана №7’ 2024

16

Код МРНТИ 38.61.31

*V.S. Rakhimova, D.S. Sapargaliyev, E.V. Sotnikov, T.A. Rakhimov
 Institute of Hydrogeology and Geoecology named after U.M. Akhmedsafin (Almaty, Kazakhstan)

NUMERICAL MODELING OF GROUNDWATER 
FLOW AND ALLUVIAL FLOODPLAINS NITRATE 
TRANSPORT GEOECOLOGICAL ASPECTS 
OF AKTOBE REGION, KAZAKHSTAN

Abstract. Understanding the influence of groundwater contamination in floodplains is critical for developing long-term management plans for subsoil and assessing 
geo-ecological sustainability. This study aims to create a regional groundwater flow and transport model to evaluate the impact of nitrate groundwater contamination in 
the Aktobe region alluvial plain in West Kazakhstan. The MODFLOW model was used to construct the groundwater flow model of the local aquifer and simulate regional 
changes in the water table over time. The calibrated groundwater model yielded a root mean square error of 5.1 m for the entire modeled area. Results of the calibrated 
model show the extension of a nitrate plume under the current 2023 setting and the long-term 2048 scenario. The model helped clarify the correct location of the intake, 
considering increased withdrawal rates for the operational period.
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Қазақстанның Ақтөбе облысындағы аллювиалды жайылмаларында жерасты сулары ағынын және нитрат-
тарды тасымалдаудың геоэкологиялық аспектілерін сандық модельдеу

Аңдатпа. Жайылымдардағы жерасты суларының ластануының әсерін түсіну жер қойнауын басқарудың ұзақ мерзімді жоспарларын әзірлеу және олардың 
геоэкологиялық тұрақтылығын бағалау үшін өте маңызды. Бұл зерттеудің мақсаты жерасты суларының ағыны мен тасымалдауының аймақтық моделін жа-
сау және Ақтөбе облысы, Батыс Қазақстандағы аллювий шөгінділеріндегі жерасты суларының нитраттармен ластануының әсерін бағалау болып табылады. 
MODFLOW моделі орта төрттік дәуіріндегі заманауи аллювиалды сулы горизонттың жерасты суларының ағынын құру үшін пайдаланылды. Калибрленген 
жерасты суларының моделі бүкіл модельделген аумақ үшін 5,1 м орташа квадраттық қатені құрады. Үлгіні калибрлеу нәтижелері 2023 жылға және 2048 жылға 
дейінгі ұзақ мерзімді сценарийге арналған нитрат шлейфінің кеңеюін көрсетеді. Модель пайдалану кезеңінде суға сұраныстың артуын ескере отырып, су алудың 
дұрыс орнын анықтауға көмектесті.

Түйінді сөздер: жерасты сулары, Бестамақ учаскесі, орта төрттік заманының қазіргі аллювиалды сулы қабаты, су алу, жерасты суларының сапасы, 
пайдалану қорлары, математикалық модель.

Численное моделирование потока подземных вод и геоэкологические аспекты переноса нитратов в аллюви-
альных поймах Актюбинской области Казахстана

Аннотация. Понимание влияния загрязнения подземных вод в поймах рек имеет решающее значение для разработки долгосрочных планов управления 
недрами и оценки их геоэколической устойчивости. Целью данного исследования является разработка локальной модели потока и переноса подземных вод 
и оценки влияния нитратного загрязнения подземных вод аллювиальных отложений в Актюбинской области, Западный Казахстан. Модель MODFLOW была 
использована для построения потока подземных вод водоносного среднечетвертичного современного аллювиального горизонта. Откалиброванная модель под-
земных вод дала среднеквадратичную ошибку в 5,1 м для всей моделируемой территории. Результаты калибровки модели показывают расширение нитратного 
шлейфа на 2023 год и при долгосрочном сценарии до 2048 года. Модель помогла уточнить правильное расположение водозабора, учитывая рост водопотребно-
сти на эксплуатационный период.

Ключевые слова: подземные воды‚ участок Бестамак, водоносный среднечетвертичный современный аллювиальный горизонт‚ водозабор‚ качество под-
земных вод‚ эксплуатационные запасы‚ математическая модель.
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Introduction
Nitrates pose a severe threat to groundwater as a source 

of drinking water supply, with high concentrations leading to 
hypoxia and degradation of aquatic ecosystems. It is, there-
fore, essential to understand the processes that influence the 
formation, rate of spread, and direction of the plume in the wa-
ter-rock system. Pressure on surface and groundwater sources 
is increasing with population growth and water demand, and 
in terms of availability, groundwater resources, despite their 
limited replenishment capacity, are subject to overexploita-
tion and increased vulnerability to maintaining quality char-
acteristics within local water abstraction. A number of studies 
indicate that groundwater may be a source of contaminants 
in floodplains and coastal zones [1-3]. To successfully con-
duct and improve such assessments, a better understanding of 
groundwater seepage and contaminant transport processes in 
floodplains is needed. The rate and direction of groundwater 
movement depend on the density and viscosity of the fluid and 
directly affect the amount and transport of dissolved contami-
nants in the water [4, 5].

Recently, numerical models have been increasingly used to 
determine the extent of groundwater contamination (e.g. ni-
trogen) at larger scales, to study flow and transport phenom-
ena in aquifer systems, and to evaluate groundwater recharge 
strategies. In this general context, the objectives of this study 

are (1) to model groundwater flow in the floodplain of the Ilek 
River, Aktobe region, to study the hydraulic response of the 
aquifer to contaminant inputs, and (2) to model particle trac-
ers and simulate nitrate transport in the alluvial aquifer and its 
impact on the operation of the Bestamak water intake (West 
Kazakhstan) to predict future concentrations and mass loads 
of nitrate in groundwater. A conceptual model of groundwater 
flow and contaminant transport is presented, and a numerical 
simulation model is used to investigate filtration and migration 
processes. A modular finite-difference groundwater flow model 
(MODFLOW) was constructed to simulate three-dimensional 
regional changes in groundwater levels over time. A modular 
three-dimensional multi-species transport model (MODPATH) 
was used to simulate regional changes in the spread of the ni-
trate plume over time. The results of the groundwater flow and 
contaminant transport modeling are used to predict the manage-
ment and sustainable use of the aquifer. In developing the mod-
el, several scenarios were considered to determine the optimal 
location, timing and regime of the intake, with an assessment 
of the degree of impact on groundwater quality based on the 
socio-economic needs of the site. This study can help improve 
water resources management in Western Kazakhstan, both lo-
cally and regionally, under water scarcity and climate change 
conditions, by identifying the optimal operating regime and as-
sessing the degree of impact on the geo-ecological environment.
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Materials and Methods
Study area
Administratively, the described territory is a part of the 

Alga district of Aktobe region. The major industrial centre of 
the district is Aktobe City; the study area is located 30 km to 
the south of the city. From the hydrogeological standpoint, the 
research object is confined to the floodplain terraces of the first 
and second order of the Ilek River. The area of study is char-
acterised by a high proportion of agricultural land, a well-de-
veloped economy, and a growing rate of development (Fig. 1).

Flat terrain and predominantly sandy soils contribute to 
the rapid infiltration of rainfall to the water table, high wa-
ter-bearing capacity and migration capacity, and vulnerabil-
ity of the aquifer due to the lack of reliable overlaying from 
the surface.

The aquifer is unconfined, and the depth of the water table 
is defined from 1.6 to 7.0 m in the first floodplain terrace of 
the Ilek River up to 10.0-17.0 m in the second floodplain 
terrace. The thickness of the aquifer close to the modern Ilek 
valley is 12.0-18.5 m. The older «buried» valley increases to 
25.0-25.5 m.
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Figure 1. Study area location. Living filter, potential sources outline and well location overlaid 

on the satellite image. 

Сурет 1. Зерттеу объектісі. Спутниктен түсірілген суретте елді мекендер, ластау көздері 

және ұңғымалардың орналасуы көрсетілген. 

Рис. 1. Расположение объекта исследований. Населенные пункты, потенциальные 

источники и расположение скважин наложены на космоснимок. 

The study area includes the Bestamak water intake, which consists of a production well and a 

reserve well for municipal water. To ensure the continued operation of the water intake, given the 

increase in water consumption of up to 1200 m3/day, it is crucial to assess the potential impact of 

identified sources of contamination. 

One such source is a filtration field of a settlement located 2.0 km southwest of the Bestamak 

water intake. Also identified is a field of a closed pig farm located 4.4 km southwest of the existing 

Bestamak water intake and a poultry farm located 3.6 km south-southeast of the existing water 

intake. 
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суретте елді мекендер, ластау көздері және 
ұңғымалардың орналасуы көрсетілген.

Рис. 1. Расположение объекта исследований. 
Населенные пункты, потенциальные источники и 
расположение скважин наложены на космоснимок.

The study area includes the Bestamak water intake, which 
consists of a production well and a reserve well for municipal 
water. To ensure the continued operation of the water intake, 
given the increase in water consumption of up to 1200 m3/day, 
it is crucial to assess the potential impact of identified sources 
of contamination.

One such source is a filtration field of a settlement located 
2.0 km southwest of the Bestamak water intake. Also identi-
fied is a field of a closed pig farm located 4.4 km southwest of 
the existing Bestamak water intake and a poultry farm located 
3.6 km south-southeast of the existing water intake.

The analysis of previously conducted works within the 
study area showed that well flow rates vary from 0.01 to 9.0 L/
sec with a drawdown from 4.8 to 4.43 m, respectively. Specific 
yield varies from 0.002 to 2.03 L/sec. 

Regarding quality, the groundwater at the site is fresh, with 
salinity ranging from 0.3 to 0.7 g/L. The chemical composi-
tion combines sodium-calcium, sodium hydrocarbonate sul-
fate, or calcium-sulfate predominance. The groundwater is 
neutral, with total hardness between 3.1 and 6.8 mmol/L and 
pH between 7.1 and 8.0. Among the anions, hydrocarbonates 
predominate with contents ranging from 85.4 to 292.8 mg/L 
(0.02-44.9%) and sulfate with contents ranging from 43.6 to 
411.5 mg/L (9.38-42.7%). The chloride content varies from 
45.6 to 197.6 mg/L (8.7-23.6%) and increases with salinity. 

The cation composition is dominated by sodium, with con-
tents ranging from 20.2 to 219.3 mg/L (3.17-26.9%), magne-
sium 6-54 mg/L (0.74-8.16%), and calcium – 0.12-120 mg/L 
(0.014-15.2%).
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Figure 2. Groundwater quality of the research object. 

Сурет 2. Зерттеу объектісіндегі жерасты суларының сапасы. 

Рис. 2. Качество подземных вод объекта исследований. 

 

The nitrate content in groundwater samples does not exceed the standard (MAC – 45 mg/L), 

ranging from 0.32 to 28.16 mg/L. Nitrate concentration in the storage ponds is defined as 230-

480mg/L. Fluorine content in water varies between 0.14-0.18 mg/L (MAC – 1.5 mg/L). Fluorine in 

water is of natural origin. Boron content in the water varies within 0.1-0.148 mg/L, and does not 

exceed the norm (MAC – 0.5 mg/L). 
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Сурет 2. Зерттеу объектісіндегі жерасты суларының 

сапасы.
Рис. 2. Качество подземных вод объекта исследований.

The nitrate content in groundwater samples does not ex-
ceed the standard (MAC – 45 mg/L), ranging from 0.32 to 
28.16 mg/L. Nitrate concentration in the storage ponds is de-
fined as 230-480mg/L. Fluorine content in water varies be-
tween 0.14-0.18 mg/L (MAC – 1.5 mg/L). Fluorine in water is 
of natural origin. Boron content in the water varies within 0.1-
0.148 mg/L, and does not exceed the norm (MAC – 0.5 mg/L).

Outline of the numerical modelling concept
The modeling approach was based on the combined appli-

cation of different modules simulating water flow and mass 
transport and its turnover in soil and groundwater, assuming 
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interconnection with surface water. The models were coupled, 
using results from the preceding model as input for the subse-
quent model.

Flow processes were simulated using MODFLOW [6], a 
combination of the MODPATH, a particle-tracking post-pro-
cessing model by USGS [7] and the mass transport model 
MT3DMS [8]. MODFLOW and its associated post-processors, 
such as MODPATH, MT3DMS, PEST, and others, are currently 
the most widely used software modules for solving problems 
related to groundwater movement modelling [9]. This software 
package has been developed for over 30 years and is considered 
the most reliable and extensively tested. MODFLOW and its 
related modules are a world standard for solving groundwater 
dynamics and mass transport [10]. The USGS MODFLOW 
model was used for the groundwater flow model simulations of 
the alluvial floodplains in the Ilek River. The partial differential 
solution in MODFLOW is expressed in Equation (1):
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where W is the model sources and sinks (recharge, pump-
ing, discharge to river, discharge from streams); Kii is the hy-
draulic conductivity in the x, y, and z direction; H is the po-
tentiometric head; T is the time; and Ss is the specific storage. 

The solution to Equation (1) involves using the finite differ-
ence method to divide the entire model area into conditional 
blocks. In the centre of each block, an equation of this type is 
solved for seven unknowns, including the block’s six sides and 
the central resultant.

The model grid was initially created with a rectangular grid 
of 100×100 m grid cells in the X and Y directions. For this 
purpose, the contour of the model area is approximated by a 
complex shape within a rectangle of 8552×14480 m; the sides 
coincide with the schematic boundaries (Fig. 3). The model 
area is divided into 29016 blocks (156×93 by coordinate axes).

Absolute ground surface markers were set from the space 
image produced by the SRTM satellite radar topographic sur-
vey with a cell size of 90×90 m high accuracy. Absolute sur-
face elevations of the layers were set according to the data of 
geological and technical borehole sections according to their 
coordinates with further automatic interpolation using the 
Kriking method built into the Visual MODFLOW software 
package and the creation of model layers.

The dimensions of the filtration area in the plan were deter-
mined taking into account the natural boundaries of the allu-
vial aquifer on the sides of the Ilek River valley, as well as the 
technically feasible removal of the filtration area boundaries 
up and down the river valley from the groundwater intake of 
the Bestamak site. At the same time, the latter boundaries were 
chosen so that the area of influence of the water intake did not 
extend beyond them.

The western boundary was drawn along the surface outcrops 
of Triassic terrigenous sediments of the Kurailinsky Formation, 
which are represented by clays and are water-bearing. Accord-
ingly, along the bed of the Ilek River, the boundary is set with a 
variable head, type III, which varies depending on the gradient 

of the channel from 230.0 m at the head of the river according 
to the water level measurements at the gauging stations to 218.0 
m downstream. On the Baipakty River, a type III variable level 
boundary with interpolation of the level according to the results 
of measurements from 226.5 m at the junction with the Ilek Riv-
er bed to 228.9 m at the western boundary of the model area is 
set. The northern boundary of the model filtration area is set 
along the isohypses line with the absolute level mark of 214.0 
m. The southern boundary is set along the isohypses with a lev-
el mark of 230.0 m. The schematisation of the hydrogeological 
section was made considering the actual natural conditions of 
the water-bearing alluvial horizon (aQII-IV). The aquifer is un-
derlain mainly by clays of terrigenous aquitard (T3kr). An initial 
filtration coefficient of 29.1 m/day was set for the productive 
aquifer, which was further refined during the calibration of the 
filtration parameters. For water-bearing sediments, the filtration 
coefficient is set at k =1-10-10 m/day (Fig. 4).

The assumed value of gravity water yield for the produc-
tive aquifer (layer 1) is m = 0.2, based on experimental pump-
ing data. The recharge value for the upper layer of the model 
area is set at 250 mm/year, according to observations by RGP 
«Kazgidromet» [11] at Aktobe station for the minimal residual 
value. 
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Green colour means inactive model cells, red is – the «CONSTANT HEAD» boundary, and blue is 

– a «RIVER» type boundary corresponding to the contours of the Ilek and Baipakty rivers. 
 

Figure 3. Schematical map of the study area boundary conditions assignment. 

Сурет 3. Схематикалық карта зерттеу аймағының шектеулі шарттарының 

ерекшеліктері. 

Рис. 3. Схематическая карта задания граничных условий участка исследований. 
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Рис. 3. Схематическая карта задания граничных 
условий участка исследований.
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The white colour represents the lower water-impermeable layer with a given filtration coefficient 
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Figure 4. Hydrogeological cross-section schematisation and filtration parameter fields. 

Сурет 4. Гидрогеологиялық қиманың және сүзу параметрлері өрістерінің схемасы. 

Рис. 4. Схематизация гидрогеологического разреза и полей фильтрационных 

параметров. 

Transport modelling concept 

MODPATH is referred to as a particle tracking post-processor model for MODFLOW. 

MODPATH uses the heads and fluxes calculated by MODFLOW and derives a pathline that an 

imaginary packet of water will follow. The MODPATH module uses a semi-analytical particle 

tracking scheme that uses an analytical expression to calculate particle trajectories based on the 

head data in each finite-difference grid cell during the simulation. The results of solving the 

equation show the groundwater flow direction and magnitude in each cell.   
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полей фильтрационных параметров.

Transport modelling concept
MODPATH is referred to as a particle tracking post-pro-

cessor model for MODFLOW. MODPATH uses the heads and 
fluxes calculated by MODFLOW and derives a pathline that 
an imaginary packet of water will follow. The MODPATH 
module uses a semi-analytical particle tracking scheme that 
uses an analytical expression to calculate particle trajectories 
based on the head data in each finite-difference grid cell during 
the simulation. The results of solving the equation show the 
groundwater flow direction and magnitude in each cell.  

MODPATH calculates particle pathlines by solving Eq.2 to 
determine their direction:
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where ℎcali  is the calculated head at a node, ℎmi  is the measured head at a node, n is the number 
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productive aquifer at the site of the operating water intake. After confirming that the mathematical 

 (2)

where v – represents the average filtration rate, calculated 
by the MODFLOW module for the centre of each block; Δt – 
change over time (10,000 days); neff – effective porosity (0.35 
according to the data of earlier works). 

Our study measures nitrate concentration in ponds rather than 
separating based on crop cover, as crop cover and application 
rates vary yearly. The objective is to focus on areas with high-
er concentrations. Therefore, we do not assume crop areas are 
a source of pollution in this case, as previous nitrate measure-
ments have shown no excess nitrate accumulation in the soil.

The model’s nitrate application rate is directly proportional 
to the total amount of nitrate applied to the ponds in the form 
of wastewater effluent.  Background nitrate values were used 
to simulate nitrate dynamics in the aquifer, and mass loading 
from rainwater was considered. Simulations were conducted 

for 15 and 25 years to reflect concentrations in 2008 and pre-
dicted concentrations for 2048.

Results and discussion
Results for the groundwater modelling portion of our analy-

sis compared with the previous fieldwork monitoring results. The 
model assumes that diffuse flow is the dominant flow regime in 
the overall geologic unit, although there may be areas of turbulent 
conduit flow within the river. Anisotropy was set to a constant 
10:1 ratio between the horizontal and vertical in each geologic 
layer using established measures. The hydraulic heads from 5 
wells [11] taken in 2008 were used for calibration. Based on mod-
elling experience, it is assumed that normalised root mean square 
error (from now on RMSE) with heads should not exceed 15-30% 
of the calculated values. The steady-state calibration solution was 
repeated until the modelled and measured levels in the observa-
tion wells coincided satisfactorily, estimated at 5.94%.

The RMSE was computed for steady state and transient 
models using Equation (3) based on the observed well values 
from the fall of 2008: 

 

 
 

𝒅𝒅𝒅𝒅 = �̄�𝒗𝒗𝒗(𝜟𝜟𝜟𝜟𝒕𝒕𝒕𝒕)
𝒏𝒏𝒏𝒏𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆

,                                                                   (2) 

where v – represents the average filtration rate, calculated by the MODFLOW module for the centre 

of each block; Δt – change over time (10,000 days); neff – effective porosity (0.35 according to the 

data of earlier works).  

Our study measures nitrate concentration in ponds rather than separating based on crop cover, 

as crop cover and application rates vary yearly. The objective is to focus on areas with higher 

concentrations. Therefore, we do not assume crop areas are a source of pollution in this case, as 

previous nitrate measurements have shown no excess nitrate accumulation in the soil. 

The model's nitrate application rate is directly proportional to the total amount of nitrate 

applied to the ponds in the form of wastewater effluent.  Background nitrate values were used to 

simulate nitrate dynamics in the aquifer, and mass loading from rainwater was considered. 

Simulations were conducted for 15 and 25 years to reflect concentrations in 2008 and predicted 

concentrations for 2048. 

 

Results and discussion 

Results for the groundwater modelling portion of our analysis compared with the previous 

fieldwork monitoring results. The model assumes that diffuse flow is the dominant flow regime in 

the overall geologic unit, although there may be areas of turbulent conduit flow within the river. 

Anisotropy was set to a constant 10:1 ratio between the horizontal and vertical in each geologic 

layer using established measures. The hydraulic heads from 5 wells [11] taken in 2008 were used 

for calibration. Based on modelling experience, it is assumed that normalised root mean square 

error (from now on RMSE) with heads should not exceed 15-30% of the calculated values. The 

steady-state calibration solution was repeated until the modelled and measured levels in the 

observation wells coincided satisfactorily, estimated at 5.94%. 

The RMSE was computed for steady state and transient models using Equation (3) based on 

the observed well values from the fall of 2008:  

𝑹𝑹𝑹𝑹𝑴𝑴𝑴𝑴𝑺𝑺𝑺𝑺𝑴𝑴𝑴𝑴 = �∑ (𝝏𝝏𝝏𝝏𝒉𝒉𝒉𝒉𝒉𝒉𝒉𝒉𝒉𝒉𝒉𝒉𝒊𝒊𝒊𝒊−𝝏𝝏𝝏𝝏𝒉𝒉𝒉𝒉𝒊𝒊𝒊𝒊
𝒏𝒏𝒏𝒏
𝒊𝒊𝒊𝒊=𝟏𝟏𝟏𝟏 )𝟐𝟐𝟐𝟐

𝒏𝒏𝒏𝒏
,                                                                   (3) 

where ℎcali  is the calculated head at a node, ℎmi  is the measured head at a node, n is the number 

of comparison points, and i is the subscript defining comparison point between 1and n. 

The adequacy of the mathematical model to the natural conditions can also be substantiated 

through transient model calibration. To specify the capacitive parameters of the model, Eq.1 is 

solved to determine the adequacy of coincidence or to obtain groundwater level reductions in the 

productive aquifer at the site of the operating water intake. After confirming that the mathematical 

 (3)

where ℎcali  is the calculated head at a node, ℎmi  is the 
measured head at a node, n is the number of comparison 
points, and i is the subscript defining comparison point be-
tween 1and n.

The adequacy of the mathematical model to the natural con-
ditions can also be substantiated through transient model cali-
bration. To specify the capacitive parameters of the model, Eq.1 
is solved to determine the adequacy of coincidence or to obtain 
groundwater level reductions in the productive aquifer at the site 
of the operating water intake. After confirming that the mathe-
matical model aligns with the hydrogeological conditions through 
steady-state calibration for 2008, the operation process of the Bes-
tamak water intake from 2008 to 2022 was replicated. The ini-
tial state of the groundwater level was determined by conducting 
non-stationary calibration. Repeating the water intake operation 
on the developed model enables the selection of a depression fun-
nel formation process that resembles the one observed in natu-
ral conditions. This also prepares the hydrodynamic basis of the 
model, which can be used for solving forecasting scenarios.

Figure 5 shows a graph of the convergence of modelled and 
actual measured groundwater levels for the present period, as-
suming the water intake operation. The evaluation was carried 
out on 12 control measurements, demonstrating a high con-
vergence of values. The correlation coefficient was 0.99, and 
the normalised mean square error was estimated to be 6.21%.

The analysis of the steady-state and transient calibrations 
results shows a relatively high convergence with the natural 
conditions. It confirms the possibility of using the developed 
model for solving prediction problems and mass transfer.

The necessity to set forecast migration problems is deter-
mined by potential sources of anthropogenic pollution within 
the Bestamak water intake, including filtration fields, poultry 
farms and others.

The solution of migration is realised on the basis of a devel-
oped hydrodynamic mathematical model – the filtration math-
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ematical model modelled particle transport of a conservative 
pollutant by groundwater flow. The MODPATH module of 
the Visual MOFLOW Flex software package was used for the 
solution. The software’s technical capabilities enable a com-
prehensive forecast of the simultaneous transport of pollutant 
particles from all sources.

The text presents trajectories of pollutant particles’ move-
ment at different times, indicating areas with potential sources 
of pollution. Figure 6 displays the predicted trajectories of par-
ticles from potential sources of pollution for a forecast period 
of 10000 days in a section.
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Figure 5. Graph of modelled and measured values non-
stationary calibration.

Сурет 5. Стационарлық емес калибрлеу нәтижелері 
бойынша үлгі және өлшенетін шамалардың 

жинақтылық графигі.
Рис. 5. График сходимости модельных и фактических 

значений по результатам нестационарной 
калибровки.
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Figure 6. Particulate matter trace profiles by wells. 

Сурет 6. Ұңғымалар бойынша ластаушы бөлшектердің профильдерін қадағалау.  

Рис. 6. Профили трассировки загрязняющих частиц по скважинам. 

The model successfully carried out predictive migration analysis. Based on the results defined 

at well No. 1013C, pollutants are expected to be pulled up from the filtration fields due to the stated 

design of water withdrawal. As a preventive measure, it is recommended that this well be excluded 

from the general scheme of water intake and that the load be redistributed to water intakes of other 

sites with the possibility of their expansion. 

The model includes a degree of uncertainty due to the lack of screened elevations for each 

monitoring well. When a screen elevation is not assigned to a well, MODFLOW assumes that the 

well intersects the top of the water table. This can skew the accuracy of nitrate concentration in 

deep-screened wells. Although the well reflects the potentiometric head, the water from within the 

well may be much more profound. Nitrate is often used as a conservative tracer in groundwater due 

to its unhindered flow. Nitrate concentrations will likely be highest closest to the potentiometric 

surface, as horizontal flow transports more nitrate than vertical flow. This difference in velocity is 

also evident in cross-sections of the model, where nitrate concentrations decrease significantly with 

depth. 

Figure 6. Particulate matter trace profiles by wells.
Сурет 6. Ұңғымалар бойынша ластаушы 
бөлшектердің профильдерін қадағалау. 

Рис. 6. Профили трассировки загрязняющих частиц 
по скважинам.

The model successfully carried out predictive migration 
analysis. Based on the results defined at well No. 1013C, pol-
lutants are expected to be pulled up from the filtration fields 
due to the stated design of water withdrawal. As a preventive 
measure, it is recommended that this well be excluded from 
the general scheme of water intake and that the load be redis-
tributed to water intakes of other sites with the possibility of 
their expansion.

The model includes a degree of uncertainty due to the 
lack of screened elevations for each monitoring well. When 
a screen elevation is not assigned to a well, MODFLOW 
assumes that the well intersects the top of the water table. 
This can skew the accuracy of nitrate concentration in deep-
screened wells. Although the well reflects the potentiomet-
ric head, the water from within the well may be much more 
profound. Nitrate is often used as a conservative tracer in 
groundwater due to its unhindered flow. Nitrate concentra-
tions will likely be highest closest to the potentiometric sur-
face, as horizontal flow transports more nitrate than vertical 
flow. This difference in velocity is also evident in cross-sec-
tions of the model, where nitrate concentrations decrease sig-
nificantly with depth.

Conclusion 
This study presents a framework for modelling the im-

pact of treated wastewater and its large-scale use in irrigat-
ing agricultural and forested lands. The framework includes 
a regional groundwater flow model and an assessment of 
groundwater nitrate contamination in an alluvial landscape. 
The study utilised MODFLOW and MODPATH models to 
simulate groundwater flow and contaminant transport in the 
aquifer, which was consistent with previous models. The 12 
wells within the model area had a normalised standard devia-
tion of 0.14 m for their water level values. The RMSE for the 
entire model was 6.21%.

Nitrate concentrations in groundwater were highly variable 
across the watershed and seasons but correlated with field 
study. The 2023 nitrate model was compared to measured ni-
trate concentrations in groundwater wells. The observed and 
modelled nitrate concentrations in the aquifer differed due to 
the heterogeneity of the subsurface environment caused by the 
unpredictable terrain with lenses of clays present, leading to 
non-uniform flow and nitrate transport. Nitrate concentrations 
were simulated for 2048 under a specific land-use scenario in-
volving nitrogen fertiliser application and irrigation with treat-
ed wastewater. The nitrate concentrations modelled in 2048 
were similar to those in the 2023 model. This demonstrates 
that if the total nitrogen contribution to the aquifer remains 
at the wastewater threshold, the concentrations within the 
groundwater should closely reflect current values, assuming 
no significant change in the volumetric rate of effluent appli-
cation.

The results of the 2048 model demonstrate the sustain-
ability of wastewater use. This information is helpful to local 
governments and policymakers when formulating long-term 
management and sustainable development plans. Wastewater 
can be used to optimise agricultural management practices 
and reduce groundwater contamination from nitrate. The de-
veloped modelling framework can simulate nitrate concentra-
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tions’ spatial and temporal variability in aquifers found in allu-
vial fans. These aquifers are characterised by high permeabil-
ity materials and high conductivity solution conduits, making 
water resources vulnerable to non-point source pollution. The 
framework can be applied to similar aquifers with comparable 
characteristics.

This research has been/was/is funded by the Science Com-
mittee of the Ministry of Science and Higher Education of the 
Republic of Kazakhstan (Grant No. BR 21882122) «Sustainable 
development of natural-economic and socio-economic systems 
of the West Kazakhstan region in the context of green growth: 
complex analysis, concept, forecast estimates and scenarios».

Гидрогеология

REFERENCES
1. G. Wriedt et al. Modelling nitrate transport and turnover in a lowland catchment system. // Journal of 

Hydrology. 2006. Vol. 328. Issues 1-2. P. 157-176 (in English) 
2. D. Murgulet et al. Effect of variable‐density groundwater flow on nitrate flux to coastal waters. // 

Hydrological Processes. 2016. Vol. 30. Issue 2. P. 302-319 (in English)
3. Timothy J. Daniel. Numerical modeling of groundwater flow and nitrate transport in karst and 

wastewater irrigated agricultural and forest landscapes, PA, USA. / Timothy J. Daniel, John 
Richendrfer, Ronald Falta, Lawrence Murdoch, Henry Lin, Christophe J.G. Darnault. // Agrosystems, 
Geosciences and Environment. 2023. Vol. 6. Issue 4. P. 82-94 (in English)

4. William M. Alley. Regional ground-water quality: John Wiley & Sons, 1993, P. 443-469 (in English)
5. Barlow P.M. Groundwater in Freshwater-Saltwater Environments of the Atlantic Coast: U.S. 

Geological Survey, 2003, Circular 1262, P. 121 (in English)
6. Harbaugh, Arlen W., Banta Edward R., Hill Mary C. MODFLOW-2000, The U.S. Geological Survey 

modular ground-water model: User guide to modularisation concepts and the ground-water flow 
process: USGS Publications Warehouse, 2000 (in English)

7. Pollock David W. User guide for MODPATH Version 7-A particle-tracking model for MODFLOW: 
USGS Publications Warehouse, 2016 (in English)

8. Zheng C., Wang P.P.  MT3DMS: A Modular Three-Dimensional Multispecies Transport Model for 
Simulation of Advection, Dispersion and Chemical Reactions of Contaminants in Groundwater Systems; 
Documentation and User’s Guide: Contract Report SERDP-99-1, US Army Corps of Engineers-
Engineer Research and Development Center, 1999 (in English)

9. Niswonger R.G., Panday S., Ibaraki M. MODFLOWNWT, a newton formulation for MODFLOW-2005: 
U.S. Geological Survey, 2011 (in English)

10. Pollock D.W. User’s Guide for MODPATH/MODPATH-PLOT Version 3: A Particle Tracking Post-
Processing Package for MODFLOW, the U.S. Geological Survey Finite-Difference Ground-Water Flow 
Model: USGS Open-File Report, 1994, p. 464 (in English)

11. Rykhlyuk T.N., Neklyudova T.N. Otchet o rezul’tatakh rabot po ob”ektu: «Poiskovo-razvedochnye 
raboty dlya vyyavleniya mestorozhdenii podzemnykh vod s tsel’yu vodoobespecheniya 14 sel’skikh 
naselennykh punktov Aktyubinskoi oblasti (pp.Bestamak, Bolgarka, Il’inka, Karakhobda, Sambai, 
Sarykhobda, Pavlovka Alginskogo raiona; pp.Ashchylysai, Velikhovka Kargalinskogo raiona; pp. 
Rodnikovka Martukskogo raiona; pp. Zhirenkopa, Kyzylzhar Khobdinskogo raiona; pp. Kumkuduk 
Aitekebiiskogo raiona; pp.Altykarasu Temirskogo raiona)», vypolnennykh v 2007-2008 gg. s 
podschetom ekspluatatsionnykh zapasov po sostoyaniyu na 01.11.2008 g. TOO «Akpan», 2008 
[Rykhlyuk T.N., Neklyudova T.N. Report on violations of work on the object: «Prospecting and 
exploration work to detect the birthplace of groundwater with water supply object 14 phenomena in 
settlements of the Aktobe region (Bestamak, Bolgarka, Ilyinka, Karakhobda, Sambay, Sarykhobda, 
Pavlovka settlements of the Alginsky district; Ashchylysay settlement, Velikhovka) Kargaly district; 
Rodnikovka village, Martuk district, pp. with calculation of inventory consumption as of November 1, 
2008. Akpan LLP», 2008] (in Russian) 

ПАЙДАЛАНЫЛҒАН ӘДЕБИЕТТЕР ТІЗІМІ
1. G. Wriedt et al. Жазық су жинау жүйесіндегі нитраттардың тасымалдануы мен айналымын 

модельдеу. // Гидрология журналы. 2006. Т. 328. Шығ. 1-2. Б. 157-176 (ағылшын тілінде) 
2. D. Murgulet et al. Айнымалы тығыздықтағы жерасты суларының ағынының жағалау суларына 

нитраттардың ағынына әсері. // Гидрологиялық процестер. 2016. Т. 30. Шығ. 2. Б. 302-319 
(ағылшын тілінде)

3. Timothy J. Daniel. Суармалы ауылшаруашылық және орман ландшафттарында карст және 
сарқынды сулардағы жер асты суларының ағыны мен нитраттардың тасымалдануын сандық 
модельдеу, PA, USA. / Timothy J. Daniel, John Richendrfer, Ronald Falta, Lawrence Murdoch, Henry 
Lin, Christophe J. G. Darnault. // Агрожүйелер, геоғылымдар және қоршаған орта. Т. 6. Шығ. 4. 
Б. 82-94 (ағылшын тілінде)



Горный журнал Казахстана №7’ 2024

22

4. William M. Alley. Аймақтық жер асты суларының сапасы. // Джон Уайли және ұлдары. 1993, 
Б. 443-469 (ағылшын тілінде)

5. Barlow P.M. Атлант мұхиты жағалауындағы тұщы-тұзды ортадағы жер асты сулары: АҚШ 
геологиялық қызметі, 2003, циркуляр 1262, Б. 121 (ағылшын тілінде)

6. Harbaugh Arlen W., Banta Edward R., Hill Mary C. MODFLOW-2000, АҚШ-тың геологиялық 
қызметі жер асты суларының модульдік моделі: модульдеу тұжырымдамалары мен жер асты 
суларының ағыны процесіне арналған пайдаланушы нұсқаулығы: USGS Publications Warehouse, 
2000 (ағылшын тілінде)

7. Pollock David W. MODPATH 7 нұсқасына арналған пайдаланушы нұсқаулығы MODFLOW үшін 
бөлшектерді бақылау үлгісі: USGS Publications Warehouse, 2016 (ағылшын тілінде)

8. Zheng C., Wang P.P. MT3DMS: Жер асты сулары жүйелеріндегі ластаушы заттардың 
адвекциялық, дисперсиялық және химиялық реакцияларын модельдеуге арналған модульдік үш 
өлшемді көп түрді тасымалдау моделі; Құжаттар және пайдаланушы нұсқаулығы: US Army 
Corps of Engineers-Engineer Research and Development Center, Contract Report SERDP-99-1, 1999 
(ағылшын тілінде)

9. Niswonger R.G., Panday S., Ibaraki M. MODFLOWNWT, MODFLOW-2005 үшін Ньютон 
тұжырымы: U.S. Geological Survey, 2011 (ағылшын тілінде)

10. Pollock D.W. MODPATH/MODPATH-PLOT 3-нұсқасына арналған пайдаланушы нұсқаулығы: 
MODFLOW үшін бөлшектерді бақылаудың кейінгі өңдеу пакеті, АҚШ-тың геологиялық 
зерттеулерінің соңғы айырмашылықтардағы жер-су ағынының үлгісі: USGS Open-File Report, 
1994, р. 464 (ағылшын тілінде)

11. Рыхлюк Т.Н., Неклюдова Т.Н. Нысан бойынша жұмыс нәтижелері туралы есеп: «Ақтөбе 
облысының 14 ауылдық елді мекендерін (Бестамақ, Болгарка, Ильинка, Қарахобда, Самбай, 
Сарыхобда) сумен қамтамасыз ету мақсатында жер асты суларының кен орындарын анықтау 
бойынша іздеу-барлау жұмыстары, Алғын ауданы Павловка, Қарғалы ауданы, Велиховка, 
Ащылысай, Мәртөк ауданы, Родниковка, Хобдин ауданы, Жиренқопа, Әйтеке би ауданы, 
Құмқұдық, Темір ауданы, Алтықарасу ауылы)», 2007-2008 жылдары аяқталды. операциялық 
резервтер есебімен 01.11.2008 ж. «Ақпан» ЖШС, 2008 ж. (орыс тілінде)

СПИСОК ИСПОЛЬЗОВАННЫХ ИСТОЧНИКОВ
1. G. Wriedt et al. Моделирование переноса и оборота нитратов в системе низменного водосбора. // 

Журнал гидрогеологии. 2006. Т. 328. Вып. 1-2. С. 157-176  (на английском языке) 
2. D. Murgulet et al. Влияние потока подземных вод с переменной плотностью на поток нитратов 

в прибрежные воды. // Гидрологические процессы. 2016. Т. 30. Вып. 2. С. 302-319 (на английском 
языке)

3. Timothy J. Daniel.  Численное моделирование потока подземных вод и переноса нитратов в 
карстовых и орошаемых сточными водами сельскохозяйственных и лесных ландшафтах. / 
Timothy J. Daniel, John Richendrfer, Ronald Falta, Lawrence Murdoch, Henry Lin, Christophe J. 
G. Darnault.  // Агросистемы, геонауки и окружающая среда. 2023. Т. 6. Вып. 4. P. 82-94 
(на английском языке)

4. William M. Alley. Региональное качество подземных вод: Джон Уайли и сыновья, 1993, P. 443-469 
(на английском языке)

5. Barlow P.M. Подземные воды в пресноводно-соленой среде Атлантического побережья:  
Геологическая служба США, 2003, циркуляр 1262, С. 121 (на английском языке)

6. Harbaugh Arlen W., Banta Edward R., Hill Mary C. MODFLOW-2000, модульная модель подземных 
вод Геологической службы США: Руководство пользователя по концепциям модуляризации 
и процессу течения подземных вод: архив публикаций Геологической службы США, 2000  
(на английском языке)

7. Pollock David W. Руководство пользователя для модели MODPATH Version 7-A с отслеживанием 
частиц для MODFLOW: архив публикаций Геологической службы США, 2016 (на английском 
языке)

8. Zheng C., Wang P.P. MT3DMS: модульная трехмерная многовидовая транспортная модель для 
моделирования адвекции, рассеивания и химических реакций загрязняющих веществ в системах 
подземных вод; документация и руководство пользователя: отчет о контракте Инженерного 
корпуса армии США и Центра инженерных исследований и разработок SERDP-99-1, 1999 (на 
английском языке)

9. Niswonger R.G., Panday S., Ibaraki M. MODFLOWNWT, ньютоновская формула для 
MODFLOW-2005: Геологическая служба США, 2011 (на английском языке)

Гидрогеология



Горный журнал Казахстана №7’ 2024

23

10. Pollock D.W. Руководство пользователя для MODPATH/MODPATH-PLOT версии 3: пакет 
постобработки отслеживания частиц для MODFLOW, конечно-разностной модели течения 
подземных вод Геологической службы США: отчет об открытом файле Геологической службы 
США, 1994, с. 464 (на английском языке)

11. Рыхлюк Т.Н., Неклюдова Т.Н. Отчет о результатах работ по объекту: «Поисково-разведочные 
работы для выявления месторождений подземных вод с целью водообеспечения 14 сельских 
населенных пунктов Актюбинской области (пп. Бестамак, Болгарка, Ильинка, Карахобда, 
Самбай, Сарыхобда, Павловка Алгинского района; пп. Ащылысай, Велиховка Каргалинского 
района; п. Родниковка Мартукского района; пп. Жиренкопа, Кызылжар Хобдинского района; 
п. Кумкудук Айтекебийского района; п.Алтыкарасу Темирского района)», выполненных в 2007-
2008 гг. с подсчетом эксплуатационных запасов по состоянию на 01.11.2008 г. ТОО «Акпан», 
2008 (на русском языке)

Гидрогеология

Information about the authors:
Rakhimova V.S., Ph.D, Senior Researcher at the Laboratory of Modeling Hydrochemical and Geoecological Processes of the Institute of Hydro-
geology and Geoecology, named after U.M. Akhmedsafin (Almaty, Kazakhstan), salybekova_v@mail.ru; https://orcid.org/0000-0001-5783-1081 
Sapargaliyev D.S., Executive Secretary of the Innovation Council for the implementation of innovative projects and programs of the Institute 
of Hydrogeology and Geoecology named after U.M. Ahmedsafin Satbayev of the University (Almaty, Kazakhstan), Doctoral Student at the De-
partment «Hydrogeology, Engineering and Oil and Gas Geology» of the Satbayev University, Graduate student of the Kyrgyz State Technical 
University named after I. Razzakov (Bishkek, Kyrgyzstan), sapargalievds@mail.ru; https://orcid.org/0000-0002-3751-7738
Sotnikov E.V., Ph.D, Head of the Laboratory of Modeling Hydrochemical and Geoecological Processes of the Institute of Hydrogeology and 
Geoecology named after U.M. Akhmedsafin (Almaty, Kazakhstan), sotnikov_yevgeniy@mail.ru; https://orcid.org/0000-0002-3542-0983
Rakhimov T.A., Ph.D, Head of the Laboratory of Regional Hydrogeology and Geoecology of the Institute of Hydrogeology and Geoecology 
named after U.M. Akhmedsafin (Almaty, Kazakhstan),    t-rakhimov@mail.ru; https://orcid.org/0000-0002-0976-4643

Авторлар туралы мәліметтер:
Рахимова В.С., Рh.D, У.М. Ахмедсафин атындағы гидрогеология және геоэкология институтының гидрохимиялық және геоэкология-
лық процестерді модельдеу зертханасының аға ғылыми қызметкері (Алматы қ., Қазақстан)
Сапаргалиев Д.С., Satbayev University «Гидрогеология, инженерлік геология және мұнай-газ геологиясы» кафедрасының докторан-
ты, Satbayev University, У.М. Ахмедсафин атындағы гидрогеология және геоэкология институтының инновациялық жобалар мен бағ-
дарламаларды іске асыру жөніндегі инновациялық кеңестің жауапты хатшысы (Алматы қ., Қазақстан), И. Раззаков атындағы Қырғыз 
мемлекеттік техникалық университетінің аспиранты (Бішкек қ., Қырғызстан)
Сотников Е.В., Рh.D, У.М. Ахмедсафин атындағы гидрогеология және геоэкология институтының гидрохимиялық және геоэкология-
лық процестерді модельдеу зертханасының меңгерушісі (Алматы қ., Қазақстан)
Рахимов Т.А., Рh.D, У.М. Ахмедсафин атындағы гидрогеология және геоэкология институтының аймақтық гидрогеология және геоэ-
колония зертханасының меңгерушісі (Алматы қ., Қазақстан)

Сведения об авторах:
Рахимова В.С., Ph.D, Старший научный сотрудник лаборатории моделирования гидродинамических и геоэкологических процессов, 
Институт гидрогеологии и геоэкологии им. У.М. Ахмедсафина, (г. Алматы, Казахстан)
Сапаргалиев Д.С., докторант кафедры «Гидрогеология, инженерная геология и нефтегазовая геология» Satbayev University, ответ-
ственный секретарь Совета по инновациям по реализации инновационных проектов и программ Института гидрогеологии и геоэ-
кологии им. У.М. Ахмедсафина, Satbayev University (г. Алматы, Казахстан), аспирант Кыргызского государственного технического 
университета имени И. Раззакова (г. Бишкек, Кыргызстан)
Сотников Е.В., Ph.D, заведующий лабораторией моделирования гидродинамических и геоэкологических процессов Института ги-
дрогеологии и геоэкологии им. У.М. Ахмедсафина (Алматы, Казахстан)
Рахимов Т.А., Ph.D, заведующий лабораторией региональной гидрогеологии и геоэкологии Института гидрогеологии и геоэкологии 
имени У.М. Ахмедсафина (Алматы, Казахстан)


