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Abstract

Agriculture, especially irrigated cropping, plays a vital role in Kazakhstan's economy. To address the challenges of forecasting
changes in hydrogeological conditions due to irrigation, we employ permanent operational models based on the principles
of geoinformation systems and mathematical modeling. We have developed a mathematical model of the Akdalinsky irrigated
massif to assess how irrigation impacts environmental components during agricultural development. In developing this model,
we used design and operational data from the irrigation system, information on irrigation practices and agricultural activities,
results from soil melioration efforts, and long-term hydrogeological observations of groundwater levels and chemistry. The
model accounts for vegetation cycles and includes annual updates of input data, geofiltration schematization, and model
calibration. It was used to forecast changes in hydrogeological and meliorative conditions under different scenarios,
considering irrigation and economic factors. Rice planting schemes have a significant influence on hydrogeological conditions.
If the check area doubles between 1988 and 2023, the area with groundwater depths of less than 1 meter will decrease by
25%, while the area with groundwater depths of 3-5 meters will increase by 27.7%. Reducing or discontinuing rice cultivation
will push groundwater depths beyond the critical level of 3.75 meters, leading to irreversible land salinization and rendering
the land unsuitable for agriculture.
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1. Introduction the areas themselves and in adjacent lands. Irrigation disrupts

Intensive economic development of territories often leads to a
significant deterioration in environmental conditions. Irrigated
areas, in particular, experience anthropogenic pressures that
fundamentally alter hydrogeological conditions both within
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natural water exchange processes, making its influence on
groundwater comparable to that of natural factors. To
effectively assess the impact of irrigation on hydrogeological
systems, geoinformation and mathematical modeling methods
are considered the most efficient tools.

Agricultural  production requires long-term land
reclamation activities, and to mitigate the impact of irrigation
on hydrogeological systems, real-time forecasting of changes
is essential. The most effective way to obtain such operational
forecasts is through continuously operating models of
hydrogeological and meliorative conditions built on the
principles of geoinformation and mathematical modeling.["

The effectiveness of mathematical modeling in assessing
hydrogeological and meliorative conditions is well-
documented in international research. In the Moscow region,
models of moisture promotion in soils and overburden have
been developed to justify melioration measures like irrigation
and drainage.” These models help evaluate the effects of
natural and socio-economic factors on the productivity of
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reclaimed agricultural landscapes in the Meschersk lowlands.
Similarly, in Russia, mathematical models used in agrophysics
aid in decision-making under uncertainty and are aimed at
improving environmental conditions in agricultural areas.*
For the polder systems in the Kaliningrad region, a three-
dimensional, non-stationary model was created to manage the
moisture regime of the root soil layer, optimizing agricultural
productivity.!

In southern Tajikistan, a mathematical model has been
developed to simulate the migration of nitrate pollution in
Quaternary sediments in the Vakhsh River valley.l®
Uzbekistan has adopted a geofiltration model to monitor and
forecast groundwater quality during land reclamation.!” In the
United States, numerical groundwater models combined with
atmospheric data are frequently used to inform agricultural
management decisions. For example, the Upper Chester
territory model, based on MODFLOW and MODPATH,
explores various irrigation scenarios, including those using
both groundwater and surface water.l® Various scenarios of
land irrigation (groundwater, jointly groundwater, and surface
water) are simulated for the South Platte River basin
(Colorado, USA) using SWAT-MODFLOW.I An integrated
SWAT-MODFLOW-RT3D model was developed for the
Upper Klamath River Basin (Oregon, USA), incorporating
groundwater flow, soil and water assessment, and mass
transfer models.') In Mexico, a MODFLOW-OWHM model
was applied to study the interaction of groundwater and
surface waters in the Colorado River Delta's irrigated areas.!'!]
Similarly, MARTHE software was employed to create a
hydrodynamic model of the Plaine du Nord-Massacre
transborder aquifer system in Haiti, intended for irrigation and
water supply for banana cultivation.!?!

Climate change's impact on aquifer systems is also being
studied globally. In northern Greece, regional climate model
data (KNMI-RACMO?2) were used as input for a MODFLOW
groundwater model to assess climate change impacts.['3] In
Spain, the Jumilla-Villena aquifer model was developed to
evaluate the uncertainty of groundwater exploitation for
irrigation.['¥ Land reclamation in northeastern Italy’s Venice
Lagoon region relied on groundwater models implemented
with MODFLOW.['S] Meanwhile, in southern Portugal, the
Soil & Water Assessment Tool (SWAT) model assesses how
the Alqueva Irrigation System and climate change affect
groundwater in the Gabros de Beja aquifer.l'®! In Belgium, the
SWAT+ groundwater flow (gwflow) model was used to
examine the influence of agricultural drainage on the Kleine
Nete watershed’s hydrology.['”!

In Egypt, the Wadi El Natrun aquifer system's response to
land reclamation was studied using a model to compensate for
incomplete data.l'¥! Irrigation schemes in the Qalyubia
Governorate (Nile Delta) were modeled using a groundwater
modeling system (GMS) to simulate different irrigation
techniques.l'” In Morocco’s Bou-Areg plain, groundwater
pollution caused by agricultural production and population
growth was modeled using MODFLOW and MODPATH. "%
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In Saudi Arabia, the Processing Modflow Windows (PMWIN)
system was used to forecast hydrogeological changes in the
Wadi Itwad aquifer after dam construction.?!]

In China, a model for the Hetao irrigated area simulates
groundwater fluctuations during irrigation seasons and tests
water-saving scenarios in a semi-arid climate.””) The
HYDRUS-1D and MODFLOW integrated model, developed
by China’s National Foundation of Natural Sciences, manages
irrigation with recycled low-quality water in water-scarce
regions.”’! In the Yonglian irrigation area, a quasi-three-
dimensional model combining UBMOD and MODFLOW
evaluates nine irrigation scenarios.?¥ In India, groundwater
models, such as Linear Groundwater Consumption Models
(LGDM), are used to assess irrigation impacts in the arid
regions of Rajasthan.[! For the Damodar River’s left-bank
canal system, various control schemes for Boro rice
cultivation were modeled using a combination of saturated,
unsaturated, and ground runoff.?*! South-Central Punjab, India,
implemented several modeling systems to assess groundwater
changes due to intensive irrigation, with the Random Forest
model emerging as the most effective.?”’ In Bangladesh,
climate change impacts on irrigated areas are studied using the
conceptual model and the MIKE11 hydraulic model.* Iran’s
Mosian aquifer system in Ilam Province was modeled with
MODFLOW to assess groundwater recharge from
precipitation and irrigation.?! In Ethiopia, water requirements
for crops in the Koga Irrigation Scheme were estimated using
the climate-sensitive ERAS5-Land model.l*"

It is important to note that geoinformation models created
within  geoinformation systems (GIS) provide the
informational foundation for mathematical models. The
development of geoinformation and mathematical models of
hydrogeological systems is well-documented in specialized
literature. "

In Kazakhstan, irrigated lands are primarily located in the
southeastern region. The Akdalinsky irrigation massif in
Almaty Oblast is one of the few areas suitable for cultivating
the traditional national crop, rice. To study the impact of land
reclamation on hydrogeological conditions in this region,

mathematical modeling  methods  integrated  with
geoinformation technologies are optimal.

2. Materials and methods

2.1 Site location

The Akdalinsky irrigation massif is situated in the

southeastern part of the South Balkhash depression, on the
right bank of the Ile River, between the Taukum and Saryesik-
Atyrau sand massifs (Fig. 1). The space image is presented on
the website https://kosmosnimki.ru/. Administratively, it falls
within the Balkhash district of the Almaty region. Constructed
in the early 1960s, the irrigation system has had a profound
impact on the groundwater regime, soil composition, and
overall environment of the region over its operational lifespan.
The total area of the massif covers approximately 350.22 km?.
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Fig. 1 Study region location.

2.2 Purpose of Mathematical Model of hydrogeological
and meliorative conditions

The purpose of developing a hydrogeological and meliorative
model for the Akdalinsky irrigation massif is to generate real-
time and long-term forecasts of changes in hydrogeological
conditions resulting from agricultural activities. This allows
for the formulation of recommendations to optimize land and
water resource usage and mitigate negative environmental
impacts. Given the model's expected long-term operation,
several key requirements were established: adaptability based
on operational groundwater monitoring data, the ability to
forecast groundwater changes due to agricultural activities
over specified periods, and the capacity to assess the impact of
irrigation on the condition of irrigated lands.

The creation of the model is grounded in comprehensive
knowledge of the region, long-term data on groundwater
levels and chemical composition, as well as irrigation and
economic factors. This is complemented by monitoring data
on hydrogeological and meliorative conditions. Under the
conditions of annual vegetation irrigation, hydrogeological
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changes follow a seasonal cycle, which necessitates
accounting for irrigation-related factors when predicting
changes. These factors include moisture-retentive crop
placement, irrigation standards, the condition of collector-
drainage networks, and the state of irrigation channels.

A geoinformation and mathematical model was developed
for the area under study, combining geoinformation and
mathematical components. The geoinformation model was
built within the ArcGIS system and consists of graphical
objects with attributes, structured and unstructured
descriptions of the hydrogeological system, and its properties.
These descriptions reflect the state of the hydrogeological
object, the processes occurring within it, and its interactions
with the environment.['l The mathematical model, a system of
equations describing the hydrogeological object's functioning,
is implemented using the GMS. These geoinformation and
mathematical models are tightly interconnected—the
geoinformation model forms the basis of the mathematical
model, and it includes the results of simulations.

In creating the model, the cyclical impact of irrigation on
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the external filtration medium was considered, with the cycle
of hydrogeological changes set to one year. Data on
groundwater depths obtained from the model are used to

assess reclamation status and the potential for land salinization.

Unlike one-time models, which are used over extended
periods, the developed model can be continuously updated
based on new information about the object—such as natural
factors (precipitation, evaporation, river water levels),
anthropogenic influences (crop placement and areas, water
supply to irrigation fields), and groundwater monitoring
results (levels and chemical composition).

The development of the hydrogeological and meliorative
model involved the following key stages: studying and
analyzing hydrogeological and meliorative conditions,
creating the geoinformation model, calibrating the
mathematical model, and organizing the model's operation.
2.3 Hydrogeological and meliorative conditions of
akdalinsky irrigation massif
The study and analysis of hydrogeological and meliorative
conditions involves the collection of comprehensive data on
the structure of the hydrogeological system, hydrographic
networks, soil conditions, vegetation cover, surface water
levels, and groundwater recharge and discharge under natural
conditions. External factors that influence hydrogeological
changes, such as precipitation amounts, irrigation and
collector-drainage network designs, irrigation channel water
volumes, and crop layouts, are also taken into account.
Additionally, an assessment of the completeness and
reliability of the initial data is carried out to ensure accuracy.
The climate in the study area is sharply continental and arid,
characterized by significant daily and seasonal temperature
fluctuations, ranging from +25 °C in July to -16 °C in January.
Annual precipitation varies between 100 and 360 mm,
averaging 180-240 mm.

The terrain is an accumulative plain, which includes flat
lacustrine-alluvial plains, lacustrine-alluvial plains with
aeolian features, dune chains, and bumpy surfaces. A defining
characteristic of the region is the alternation of flat bolson
depressions of various shapes and sizes, and dry riverbeds
representing ancient watercourses with well-developed
meanders.

The primary source of irrigation for the Akdalinsky massif
is the Ile River, which is fed by snow, glaciers, and soil runoff.
Most of its flow originates in China. The river's average
monthly discharge over the long term ranges from 168 to 901
m?3/s. The river water is fresh, with mineralization ranging
from 0.2 to 0.6 g/dm?, averaging 0.35 g/dm? annually, and has
a calcium bicarbonate chemical composition.[*!32]

In the Akdalinsky massif, the dominant soil types are
alluvial meadow, meadow, meadow marsh, salt marshes, and
takyr-like soils. Geologically, the area is characterized by
modern alluvial and aeolian sand deposits, as well as middle
and lower Quaternary lacustrine-alluvial deposits. These
deposits primarily consist of sands with interlayers of sandy
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loam, loam, and clay, underlain by gravel-pebble,
conglomerate, and gritstone layers. Neogene clay formations,
including the Aral, Pavlodar, Ili, and Khorgos formations,
underlie these Quaternary sediments.

Hydrogeologically, the study area forms part of the South
Balkhash Artesian groundwater basin, which contains several
aquifer horizons and complexes (Figs. 2, 3).°?! The area is
characterized by both non-confined groundwater from modern
and middle Quaternary lacustrine-alluvial formations and
confined groundwater from lower Quaternary, Neogene, and
Paleogene formations. Aeolian sediments, which are
widespread in the region, are highly permeable but typically
do not contain significant amounts of water.

The irrigated lands of the Akdalinsky massif are mostly
located on middle Quaternary lacustrine-alluvial deposits,
occasionally overlain by upper Quaternary and modern
alluvial formations. For land reclamation purposes, the first
aquifer near the surface, which includes Upper Pliocene and
Quaternary sediments, is of particular interest. There are three
aquifers with no distinct boundaries: the Khorgos, Quaternary,
and Modern deposits. The lithological composition of the
water-bearing sediments is mainly fine and medium-grained
sand with gravel and pebble admixtures, along with interlayers
and lenses of cohesive materials. The regional aquitard
consists of the clay deposits of the Ili formation, which dip
from southeast to northwest, reaching depths of 200-300
meters. The aquifers and aquifer complexes in this area are
often hydraulically connected, forming a continuous
groundwater flow toward Lake Balkhash. When constructing
a mathematical model of the Quaternary sediment aquifer
complex, it is advisable to differentiate between the layers of
cover and middle Quaternary sediments for more accurate
representation.

Before the development of the Akdalinsky irrigation
massif, groundwater levels were primarily influenced by river
and climatic factors. Groundwater recharge from the Ile River
depended on fluctuations in the river's flow and level. In their
natural state, groundwater levels ranged from depths of 1-3 m
in the floodplain and 5-11 m in the rest of the area. The critical
depth at which evaporation starts is 3.75 m.B3!

The main source of irrigation for the region remains the Ile
River. Since the introduction of the irrigation system, the
groundwater regime has shifted to an irrigation-driven model.
Over the years, the constant recharge of the aquifer through
the infiltration of irrigation water has caused the groundwater
levels to rise by 2.0-4.5 m, with annual increases of 1.1-2.0 m.
This led to the formation of an irrigation-groundwater dome,
altering the groundwater flow in the upper horizon. While
groundwater flow now generally follows the paths of large
irrigation channels during irrigation periods, the regional flow
of groundwater in deeper aquifers (150-250 m) remains
directed northwest toward Lake Balkash.

Prior to irrigation, groundwater flow in the surface aquifer
was directed from the Ile River toward what would become
the irrigated massif, with the river acting as a groundwater
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Fig. 2 Hydrogeological map of the study area. Aquifers distribution: 1 - modern alluvial deposits - sands with interlayers of sandy
loam and gravel; 2 - middle Quaternary lacustrine-alluvial deposits - sands with rare interlayers of sandy loam and loam; 3 -lower
Quaternary lacustrine-alluvial deposits —sands with interlayers of sandstones, clays, gravel; 4 — groundwater sporadic Miocene
sediments of the Aral formation — interlayers and lenses sandstones in the thickness of clays; 5 - groundwater of the fracture zone of
undifferentiated Upper Paleozoic deposits — tuffs of andesite and basalt porphyrites.

Contours of sediment distribution: 6 - modern Aeolian; 7 - Upper Quaternary-modern Aeolian. 8 — hydroisobaths of the top aquifer.
The numbers are the absolute marks of the water table, m; 9 - borehole. Figures: at the top - the catalog number and the index of the
geological age of the water-bearing rocks. On the left in the numerator - flow rate, /s, in the denominator - decrease, m; on the right
in the numerator - the depth of the steady-state water level, m, in the denominator - mineralization, g/dm3; 10 - the boundary of
groundwater with different mineralization; 11 - mineralization of groundwater - 1-3 g/dm3; 12 - the line of the hydrogeological
section; 13 - sections of the river feeding groundwater; 14 - the area of hydrogeological and melioration research. Lithological
composition: 15 - sands.
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Fig. 3 Hydrogeological cross section on the line A-B. Aquifers and aquifer complexes: 1 - modern alluvial; 2 - Middle Quaternary
lacustrine-alluvial; 3 - Lower Quaternary lacustrine-alluvial; 4 - Upper Pliocene (Khorgos formation); 5 - Middle Upper Pliocene (lli
formation). Sporadically flooded deposits: 6 - Middle Miocene-Lower Pliocene (Pavlodar formation); 7 - Lower Miocene (Aral
formation). 8 - groundwater of the fracture zone of Permian deposits. 9 - hydrogeological borehole: a) on the cross-section, b)
projection on the cross-section. Numbers: at the top is the catalog number. The coloring corresponds to the chemical composition of
the water in the tested depth interval. The arrows correspond to the pressure of groundwater. The numbers at the arrow are the
absolute marks of the piezometric water level, m. The numbers on the left: the first is the mineralization of water, g/dm3. The second
is the water temperature, C° on the right, the first is the flow rate, I/s. The second is the drawdown, m; 10 is the piezometric
groundwater level; 11 is the groundwater level with free the surface. Lithological composition of rocks: 12 - sands; 13 - gravel-
pebbles; 14 - gravesites, conglomerates; 15 - sandstones; 16 - siltstones, siltstones; 17 - sandy loam; 18 - clays; 19 - marls; 20 - lavas

of medium composition; 21 — tuffs of medium composition; 22- plastering; 23 - boundaries of aquifers and complexes.

recharge source. During the operation of the irrigation system,
due to the expansion of the infiltration hill, some irrigation
groundwater began to flow back toward the river,
transforming it into a regional drainage system for the irrigated
area.

Currently, the groundwater regime has stabilized into a
quasi-stationary state, with little long-term variation in the
rates of groundwater rise and fall or in the distribution of
groundwater depths. In most of the area, groundwater lies at
depths of 1-3 m. However, the groundwater regime is still
affected by factors such as the volume of irrigation water, crop
types, rice acreage, and the condition of the irrigation and
drainage infrastructure.

The exploitation of the massif has led to several ecological
changes, including increased evaporation and transpiration,
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accelerated erosion, alterations in soil composition and
structure, waterlogging, soil salinization, nutrient leaching,
secondary salinization, and surface water contamination.'-3?

2.4 Akdalinsky irrigation massif geoinformation model
The geoinformation model of the hydrogeological and
meliorative conditions of the Akdalinsky irrigation massif was
created to accumulate, systematize and analyze primary
hydrogeological information, operational information about
the hydrogeological object and the results of forecasting
changes in time of hydrogeological and meliorative conditions
under the influence of irrigation (Fig. 4).

Primary hydrogeological and meliorative information
includes hydrogeological maps and cross-sections, maps
detailing absolute land elevations, overburden thickness, top
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elevations of the Ili formation's confining bed, hydraulic
conductivity, specific yield of cover and medium-Quaternary
sediments, and evapotranspiration coefficients. Operational
data, used for real-time model adjustments, includes
information on crop placement schemes, rice paddy field
layouts, groundwater monitoring data, water level data for the
Ile River, coordinates of relevant points, and irrigation
network information, including water supply through main
and irrigation channels.

Additional operational data includes precipitation records,
maps of groundwater levels and mineralization, and soil
salinity maps. Information on melioration activities (irrigation
works, drainage network improvements, and mechanical
cleaning) is also stored in the model. These activities influence
the hydrogeological and meliorative conditions, potentially
affecting groundwater levels, mineralization, and soil salinity.
The geoinformation model's database consists of graphical
and semantic data. The graphical database, developed using
ArcGIS and Maplnfo, includes cartographic information
linked to attribute data, while the semantic database is

© Engineered Science Publisher LLC 2024

tem of Akdalinsky irrigation massif.

managed using Excel tools and includes numeric and textual
information in tabular format. Data in the semantic database is
connected to objects in the graphical database via code fields.
Additionally, the document database stores source materials
and unstructured data such as climate, hydrography, and
groundwater descriptions.

To use the geoinformation model as the foundation for a
mathematical model, the input data must be verified for
accuracy and completeness. Missing information is
interpolated using expert judgment. Data classification, SQL
queries, and thematic mapping are employed to manage and
retrieve the required information. Finally, data from the
geoinformation model is converted into formats suitable for
mathematical modeling.

2.5 Specifics of Akdalinsky irrigation massif mathematical
model

The mathematical model of hydrogeological conditions is a
system of differential equations describing the stationary and
non-stationary filtration processes.**! The model was created
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using the GMS mathematical modeling system. It includes
coverage of hydrogeological parameters (hydraulic
conductivity and specific yield coefficients, areal recharge due
to precipitation, evapotranspiration characteristics, and other
parameters) and specific parameters to display the influence
of irrigation processes (areas of intensive groundwater supply
of moisture—retentive crops, for this massif - rice; irrigation
and drainage networks; water levels in the Ile River, areas of
possible contamination soil pesticides, and other areas). For
effective operation of the model, time-varying parameters are
separated into separate coverages - areal groundwater supply
(type of regions Recharge Rate), river Ile (type of polylines
General Head), drainage network (type of polylines Drain),
irrigation network (type of polylines Drain and General Head),
rice paddy fields (regions General Head). The coverages were
formed by converting the shape files that make up the
geoinformation model into the formats of the mathematical
modeling system.

When creating a numerical model in the aquifer complex
of Quaternary sediments, layers of cover and medium
quaternary sediments were identified. The boundaries of the
model in the plan in the south-west of the massif are Ile River,
in the south — the Akdalinsky main canal, in the south-east —
irrigation systems outlining the massif, in the east and north-
east — external collectors and the Main collector.

The simulated area in the plan is approximated by a
uniform rectangular grid with a step of 250 m. The grid size is
105 x 109 nodes. In the section, the area is schematized in the
form of 10 layers, each of which considered both the
horizontal and vertical components of the groundwater flow.
The bottom of the lower layer is drawn along the top of the
first from the surface of the regional water-impermeable layer,
represented by clay deposits of the Ili formation, and
schematized as an impenetrable boundary (Fig. 5).

The calibration of the model is conducted to ensure its

adequacy in reflecting the existing hydrogeological conditions.

This process involves clarifying the static parameters of the
model, such as maps of horizontal and vertical hydraulic
conductivity coefficients, specific yield, specific storage, and
the critical depth of groundwater. Additionally, parameters that
change during operation, including irrigation values,
groundwater supply area configurations, and drainage
conductivity, are adjusted. The calibration criterion focuses on
the alignment of groundwater levels calculated by the model
with groundwater monitoring data from observation wells.
Notably, this model is designed for long-term application,
necessitating repeated calibration at each operational step.
Both inverse stationary and non-stationary problems were
solved to calibrate the Akdalinsky irrigation massif model.
The inverse stationary problem, reflecting conditions from
1967, simulated natural states. Groundwater recharge was
considered through atmospheric precipitation infiltration and
inflow along external borders, with discharge occurring
through evaporation, outflow along external boundaries, and
interaction with the Ile River. The boundary along the Ile River
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was modeled as a type III boundary condition (Head
Dependent Flux), while the other boundaries were treated as
type I (Specified Head). Atmospheric precipitation infiltration
was defined as a positive recharge area. Evaporation from the
groundwater level was simulated using type III boundary
conditions, with a critical depth for evaporation set at 3.75 m.
When formulating the inverse non-stationary problem, the
established quasi-stationary mode of the massif was taken into
account. The solution duration was set to one year, starting
from the onset of water supply to the irrigated area in May.
The time step varied between 1 and 3 days, with
hydrogeological parameters treated as constant over stress
periods of 10 to 30 days. The Ile River and the irrigation and
collector-drainage networks were represented by type III
boundary conditions, reflecting their interaction with the
hydrogeological environment. Changes in water levels within
the irrigation and collector-drainage networks were modeled
as fluctuations in the external level. Water supply occurred
from May to September, during which filtration losses from
irrigation channels and collector-drainage networks were
accounted for in the model. Filtration losses from rice paddy
fields were modeled as type I boundary conditions with a
constant level over time. Starting in September, the water
supply to canals ceased, and water discharge from paddy fields
was simulated by deactivating the relevant boundary
conditions. After this point, only the operation of the collector
and drainage network was included in the model.

During calibration, parameters such as the hydraulic
resistance of irrigation and drainage channel bottoms, specific
yield, and specific storage of water-bearing rocks were
adjusted based on operational regime observation data. A
network of observation wells was established, comprising
point objects linked to groundwater level fluctuation graphs.
Calibration quality was assessed by comparing measured
levels with model-calculated values. The model of
hydrogeological and meliorative conditions for the
Akdalinsky irrigation massif has been calibrated with
sufficient accuracy to address predictive tasks and is suitable
for real-time operation.

2.6 Organization of the Operation of the Model

Model operation entails regularly solving prognostic problems
related to changes in hydrogeological conditions due to
irrigation influences. The model is updated with new
operational data concerning the irrigated area. Information is
extracted from the geoinformation model, verified, analyzed,
and translated into mathematical model formats. Typically, the
primary hydrogeological parameters remain constant.
However, at each operational step, atmospheric precipitation
levels change across the model area, as do the zones of
intensive groundwater recharge linked to rice paddy fields,
based on crop placement schemes (Fig. 6). The location and
conductivity of drainage and irrigation channels are also
adjusted according to specified polylines if melioration system
reconstructions have occurred on the massif. It is important to
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Fig. 5 Schematization of hydrogeological conditions.

note that calibration of the model is conducted at each showing absolute ground elevations and depths of water
operational stage in alignment with updated groundwater surface overlapping levels for all the observation wells on
monitoring data, which is organized into attribute tables linked specific measurement dates. The table is converted and read
to observation points. The groundwater monitoring data by the modelling system, the data are interpolated for the
obtained as a result of the field work is presented in a table entire observation period and linked to the corresponding
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Fig. 6 Schemes for the placement of agricultural crops on the Akdalinsky irrigation massif.

graphical objects (Fig. 7). Consequently, the model evolves
continuously throughout its operational lifespan.

Simulation results are presented as forecast maps detailing
groundwater table contours and depths to groundwater at
various time points. These maps are converted to GIS formats,
supplementing the geoinformation model. The initial version
of the Akdalinsky irrigation massif model was created in 2005
and has since been developed into a permanent model for long-
term use.

The hydrogeological conditions on the irrigated massif in
1988, 2002, 2016, and 2023 were reproduced on a numerical

10 | ES Food Agrofor., 2024, 18, 1288

model. They corresponded to different land and water resource
use options. As noted above, the model was calibrated for each
period of operation of the reclamation system. The calibration
results are shown in Figs. 8-11. The bar charts following the
observation wells reflect the magnitude of the error. Green
color corresponds to an error of less than 0.5 m, and yellow -
is more than 0.5 m. The graphs show the ratio of calculated
and observed values of levels at the observation points. The
calibration results show the adequacy of the model to the
existing hydrogeological conditions.
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Fig. 11 The results of model calibration for scheme of rice massif placement, corresponding to 2023.
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Fig. 12 Depth to groundwater map, calculated for rice placement missives, corresponding to 1988.

3. Results and discussion

Based on long-term regime observations of research, it was
found that a quasi-stationary regime was established in the
studied territory, in which groundwater levels make oscillatory
movements during the growing season. The time interval of
the solution was set from the beginning of the current
irrigation period to the beginning of the next one (from May
to April of the following year). For non-stationary and forecast

15.05.2002

tasks, we took into account the following areas of rice fields
on the massif by year, in km?: 81,39 - 1988, 45,5 - 2002, 39,52
- 2016 and 37.5 - 2023. We also considered the option of
completely stopping the cultivation of rice crops on the massif.
The prognosis task was also solved on the model with duration
of 20 years, which corresponds to the time of full spreading of
the groundwater dome.

The results of solving the tasks are presented by maps of

01.05.2003

Depth of groundwater level, m

Bl oo
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| 20-3.0
B zc-s0
Bl sc-70
B 7o-100
- more than 10

02 4.6 8km

Fig. 13 Depth to groundwater map, calculated for rice placement missives, corresponding to 2002.
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Fig. 14 Depth to groundwater map, calculated for rice placement missives, corresponding to 2016.
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Fig. 15 Depth to groundwater map, calculated for rice placement missives, corresponding to 2023.
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Fig. 16 Prognosis maps of depth to groundwater, calculated for the case of elimination of rice from crop rotation.
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Fig. 17 Diagrams of the ratio of areas with different depths to groundwater for different schemes of placement of rice arrays.
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Table 1. Changing the depths to groundwater depending on areas occupied by rice.

Areas occupied by

Areas with different depths to groundwater, %

Date .
rice, km? <1m 1-2m 2-3m 3-5m 5-7m 7-10 m >10m

15.05.1988 8.4 207 353 14,8 58 3.9 21
15.07.1988 221 326 221 11,9 5,1 38 24
06001988 81,39 251 333 19,1 113 37 25
20.01.1989 3.9 21 4538 16,9 3.9 25
02.05.1989 3.1 13,2 482 225 6.4 4 26
15.05.2002 7 218 38,3 19,9 6.4 42 24
15.07.2002 18,1 256 203 14,8 5,5 41 26
06.09.2002 4550 203 28,1 26 13,6 54 4 26
20.01.2003 38 17,2 477 18,3 6,3 41 26
02.05.2003 29 113 481 24 6,7 43 27
15.05.2016 5.7 213 37 224 6.7 43 26
15.07.2016 17,7 26,7 28 14,7 6 42 27
06.09.2016 39,52 212 28,7 248 12,8 5.7 41 27
20.01.2017 17 16,2 485 20 6,6 42 28
02.05.2017 07 8,7 50,3 253 7.7 45 28
15.05.2023 6 20 376 23 6.7 42 25
15.07.2023 16,6 26,1 20,4 15,2 5.9 41 27
06.09.2023 37,50 19,6 28,7 258 135 5.7 4 27
20.01.2024 18 15,2 482 213 6,5 43 27
02.05.2024 07 8.4 49.4 26,3 78 47 27
2027 0.2 25 30,8 51,1 77 47 3
2030 _ _ 01 0,5 10,6 67,3 12 5.7 38
2035 fr:; zrrzr; 'rsote:t?!:]ded 01 0,3 5,2 64 191 6,9 44
2040 01 0,2 3 60,4 228 8.3 5,2
2045 01 0,1 2 56,9 252 101 5,6

the depths to groundwater (Figs. 12-16). The diagrams show
the ratio of areas with different depths to groundwater levels
for different schemes of agricultural crops (Fig. 17). They are
constructed in accordance with the data in Table 1, which
reflects the change the depths to groundwater depending on
areas occupied by rice. There is a clear correlation between the
reduction of irrigated areas used for rice cultivation and the
increase in areas where the groundwater levels exceed the
critical depth.

Based on the results of the operation of the numerical
model of the hydrogeological conditions of the Akdalinsky
irrigation massif, the following conclusions can be drawn.
Anthropogenic  factors affecting the hydrogeological
conditions of the irrigated massif (volume of irrigation water,
area of rice fields, efficiency of irrigation and collector-
drainage network, and other conditions) significantly prevail
over natural ones (lithological composition of rocks,
precipitation, level regime of the Ile River, efc.).'32

Currently, a quasi-stationary regime has been established
on the massif, characterized by seasonal fluctuations in
groundwater levels in accordance with the irrigation period.

18 | ES Food Agrofor., 2024, 18, 1283

Groundwater levels recover during the growing season.

As a result of the long-term operation of the irrigation
system, a dome of infiltration waters has formed under the reef
massif, affecting the surrounding areas.

The depth to groundwater levels determines the
reclamation condition and fertility of irrigated lands, affects
the processes of waterlogging and soil salinization. The level
regime on the array largely depends on the areas occupied by
rice. If the total area of rice paddies in 1988 was 81.39 km?,
then in 2023 it decreased by more than a half and amounted to
37.5 km?. In the middle of the growing season, the area of the
territory with a groundwater depth of less than 1 m in 1988
was 80.66 km?, in 2023 — 60.53 km?. An area with a depth of
3-5min 1988 it was 43.51 km?, in 2023-55.58 km?.

The rise of groundwater levels as a result of irrigation to
1.5-2 m enhances the evaporation process from the
groundwater table on lands located in the immediate vicinity
of rice fields, which contributes to the processes of secondary
salinization of land.

The depth to groundwater in most areas of the massif
exceeds the critical depth of 3.75 m, and the land may be

© Engineered Science Publisher LLC 2024
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subject to secondary salinization.

The cessation of rice cultivation in the Akdalinsky massif
will lead to a gradual flattening of the groundwater surface. In
five years, the prevailing depths of groundwater levels will be
3-5 m, and the land will be subject to secondary salinization.
This will make it impossible to grow other less water-intensive
crops, since the land will be unsuitable for agriculture.

4. Conclusions

Akdalinsky irrigation massif is located in the southeastern part
of Kazakhstan, supplying 40 percent of the country food base.
It is one of the few areas suitable for rice cultivation. Kazakh
national cuisine is unimaginable without rice, which accounts
for more than 65 percent of grain consumption compared to
other cereals. Moreover, rice has significant export potential.
Ensuring food security through the development of rice
farming is an important strategic task.

The cultivation of less water-retentive crops would lead to
soil salinization, rendering the land unusable for agriculture.
Therefore, methods of exploiting the massif were studied
using mathematical modeling to minimize environmental
impact.

In conditions of irrigation water scarcity, proper planning
and regulation by irrigation and economic factors to optimize
the regime-forming parameters of hydrogeological conditions
to minimize damage to the components of natural systems is
an important requirement for the functioning of irrigation
systems.

In irrigation systems, anthropogenic factors have a decisive
influence on hydrogeological conditions and groundwater
regime. Geoinformation and mathematical modeling of such
complex natural reclamation systems is the most effective
method of simulating the dynamics of a hydrogeological
situation and further provides a reliable tool for predicting
them when changing the influencing irrigation and economic
factors.

The model reproduces the hydrogeological and meliorative
conditions corresponding to various irrigation and economic
loads on the rice massif. The results of solving non-stationary
tasks were compared with the results of monitoring the
groundwater regime for the entire observation period and
confirm the adequacy of the created numerical model.

The created numerical model of the Akdalinsky massif
allows it to be used to simulate changes in hydrogeological
conditions under various scenarios of anthropogenic impact
(including reconstruction of irrigation and collector-drainage
channels, changes in rice areas, irrigation norms), as well as
changes in natural and climatic factors (such as the amount of
precipitation, evaporation).

Numerical model of the hydrogeological and meliorative
conditions of the Akdalinsky irrigation massif can serve as a
basis for operational and long-term forecasting of changes in
hydrogeological conditions as a result of agricultural activity.
The use of such numerical models and forecasting of possible
changes in the state of natural melioration systems makes it

© Engineered Science Publisher LLC 2024

possible to assess the correctness of decisions made, justify the
need to modernize irrigation systems and predict the possible
impact of irrigation on environmental components.
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