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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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KazakcTranHbIH AKTO0€ 00/1bICHIHIAFBI AIIOBHAIbI KANBIIMAJAPbIHAA KEPACTHI CyJIAPbl AFbIHbIH KOHE HUTPAT-

TapAabl TaCBIMAJAAYABIH I'€03KO0J0IMAJIbIK aCl'le](Ti.]'lepiH CaHABIK MOAeJ/IbAeCY

Annarna. JKaibuibIMaaparel ’KepacThl CyJIapbIHbIH JIACTAHYBIHBIH 9CEPIH TYCIHY XkKep KOHHaybIH OacKapyablH y3aK Mep3iMji )KocmapiapbiH d3ipiey jKoHe Olap/IbH
T€0IKOJIOTHSUIBIK TYPAKTBUIBIFBIH Oaraliay YIIiH ©T€ MaHbI3Ibl. Byl 3epTTey/liH MaKcaThl XKepacThbl Cy/lIapbIHbIH aFbIHbI MEH TAChIMAJIAAYBIHBIH aliMaKThIK MOJIEIIH Ka-
cay xoHe Akrebe o6mbichl, barbic KaszakcTanarsl aumoBuil mMeriHAiIepiHieri KepacTsl Cy/IapbIHBIH HUTPATTapPMEH JIACTAHYbIHBIH dcepiH Oaranay OOJbIN TaObUIAIbL.
MODFLOW wmojeni opra TOPTTIK J9yipiHAeri 3aMaHayH aJUTIOBHAJbI CYJIbl TOPU30HTTHIH )KEPACThl CYJIapbIHBIH aFbIHBIH Kypy YIUiH naiiaanaHsuiisl. KannOpieHren
JKepacThl CyJIapbIHBIH MOJIENTI OYKiJI MOJE/IbIeIreH ayMaK YIuid 5,1 M opTaiia KBaapaTThIK KaTeHl Kypajsl. YJIriHi kaanopney Hotmkenepi 2023 sxpuira sxoHe 2048 sKkblira
JeifiHri y3aK Mep3iMIIi ClieHapHiire apHaIFaH HUTPAT IuIeii(iHiH KeHetoiH KkepceTeni. Mozenb naiiianany Ke3eHiHe CyFa CYPaHbICTBIH aPTYbIH €CKEPE OTBIPBIIL, Cy aITy/bIH
JIYPBIC OPHBIH aHBIKTAyFa KOMEKTECTI.

Tyitinoi ce3oep: dscepacmol cyrapul, becmamax yuackeci, opma mepmmix 3aMaHbIHbIY Ka3ipel aniosuaniobl Cyibl Kabamol, Cy any, dHCepacmbl CYLAPbIHbLY CANACHL,
navioanany Kopiapel, MameMamuKaiblk MoOeNb.

YucjeHHoe MOAeJUPOBaHME MOTOKA MOA3EMHBIX BOA U I'€O3KOJIOIHYECKHE ACIIEKThI NMEePeHoCca HUTPATOB B AJIJIIOBHU-

aJIbHBIX MoMax AKTIOOUHCKOI o0acTn Ka3zaxcrana

AnHotauusi. [ToHMMaHNue BIMSHUS 3arps3HEHMS MOJ3EMHBIX BOJ B IOHMaX PeK MMEET PelIalollee 3HadeHHe JUls pa3paboTKH JOITOCPOUYHBIX ILUIAHOB yIPABICHHS
HEApaMU ¥ OLEHKH MX Te0dKOIMYECKOH yCTOHUYMBOCTH. L[e/bi0 JTAHHOTO MCCIICTOBAHMS SBISIETCS Pa3paboTKa JOKAIbHONH MOIENH IIOTOKA U HEPEHOCA MOA3EMHBIX BOJ
1 OLICHKH BIIMSHHS HUTPATHOTO 3arpsI3HCHNUS ITOJ3EMHBIX BOJ QJUTIOBHATBHBIX OTJIOKCHUH B AKTIOOMHCKOIT obnacty, 3ananansiii Kazaxcran. Mogens MODFLOW 0Osbita
HCIIOJIb30BaHa JUIS TOCTPOCHHMS ITOTOKA TTO3EMHBIX BOJ] BOOHOCHOTO CPEAHEYETBEPTHYHOTO COBPEMEHHOTO AJUTIOBHAIBHOTO ropu3oHTa. OTKaIIMOpOBaHHast MOJIEITb TTO/I-
3EMHBIX BOJI JIaJla CPEIHEKBAPATHUHYO OIIHOKY B 5,1 M JUIsl Bceil MOAGIHPYeMOit TeppUTOpHH. Pe3yibTaTsl KaluOPOBKM MOJIEIN MOKA3bIBAIOT PACIIMPEHHE HUTPATHOTO
mwteiida za 2023 rof ¥ Ipu Z0IArocpodHoM cueHapuu 10 2048 roga. Mozelnb IIOMOIIa yTOYHUTH IPABHIBHOE PACIIOIOKEHNE BOT03a00pa, YUHTHIBasi POCT BOAOIOTPEOHO-
CTH Ha 9KCIUTYaTallHOHHBINA TEPHOJI.

Knrouesvie cnosa: noozemmuie 600b1, yuacmox becmamax, 6000HOCHbII cpeOHeUeM8EePMUUHBII COBPEMEHHbIU ATIOBUATLHBIN 2OPUSOHN, 80003AO0D, KAYECMBO NOO-

3eMHbIX 800, OKCNIyamayuoHHbsle 3anacsl, Mamemamuieckas Mooeib.

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
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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.




[upporeonorns

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.

& ktobe
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Aktobe Region

potential sources of contamination

@ pumping well

Figure 1. Study area location. Living filter, potential
sources outline and well location overlaid on the satellite
image.

Cyper 1. 3eprTey o0bekTici. CHyTHHUKTEH TYCipijiren
cyperTe eJili MeKeHIep, JacTay Ke3/iepi :KoHe
YHFBIMAJIAPABIH OPHAJIACYBI KOPCETIIreH.

Puc. 1. Pacnosio:xkenue 00beKTa McCaeI0BAHUIA.
HaceneHHbBIE MYHKTHI, MOTEHIHAJIbHbIE HCTOYHUKH H
pacnosio:keHne CKBa:KUH HAJI0KEHbI HA KOCMOCHHMOK.

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 m*/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.
Cyper 2. 3epTTey 00beKTiciHAeri :KepacThl CyJapbIHbIH
camachl.

Puc. 2. KauecTBo noa3eMHbIX BOJI 00bEKTA UCCJIET0BAHUIA.

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):

a (K ah)+a (K ah)+
ax \ ** ax) ay 'Y ay

d (K ah)+w_s ah (1)
& zz& - a5

+ ° ot

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 100x100 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 8552x14480 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 90x90 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
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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.
Cyper 3. CxeMaTHKAJIBIK KapTa 3epTTey aiMAFbIHBIH
HIeKTeyJli INAPTTAPbIHBIH epeKIIeiKTepi.
Puc. 3. Cxemarnueckasi KapTa 3aIaHUsI TPAHHYHBIX
YCJIOBHI y4aCcTKa HCCICI0BAHUI.

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 (@Q, ;). The aquifer is un-
derlain mainly by clays of terrigenous aquitard (7;kr). 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 =I-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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The white colour represents the lower water-impermeable
layer with a given filtration coefficient equal to
k=1-10" m/day; the blue represents the productive

aquifer.

Figure 4. Hydrogeological cross-section schematisation
and filtration parameter fields.
Cyper 4. I'uaporeos1orusiiblKk KUMaHBIH KOHE CY3y
napamMeTpJiepi epicTepiHin cxemachbl.
Puc. 4. CxemaTu3anusi THIpOreoI0rn4ecKoro pa3pesa u
noJiel GUIbTPANHOHHBIX NAPAMETPOB.

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:

d =249 2)
Neff

where v — represents the average filtration rate, calculated
by the MODFLOW module for the centre of each block; A7 —
change over time (10,000 days); n,;— 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:

n o )2
RMSE = /Z—Fl("“::' Am)” 3)

where hcal; is the calculated head at a node, hm; is the
measured head at a node, n is the number of comparison
points, and i is the subscript defining comparison point be-
tween land 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.

Calculated vs. Observed Heads: Time = All
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Figure 5. Graph of modelled and measured values non-
stationary calibration.

Cypet 5. CTanimoHapJbIK eMec KaaudpJiey HOTHKeJIepi
00iiBIHIIA YJIT] KOHE eJIIeHeTiH MaMaJlapablH
KUHAKTBLIBIK rpadguri.

Puc. S. I'padpuk cxoqumocTH MOAeJIBHBIX U (paKTHYECKHX
3HAYeHMI 10 pe3yJbTaTaM HeCTAIHOHAPHOM
KAJINOPOBKH.
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Figure 6. Particulate matter trace profiles by wells.
Cypet 6. YHFbIMaJIap 0OMBIHIIA JaCTAYIIbI
OeJIeKTepAiH NPopUILAEPiH Kagaraay.

Puc. 6. IIpodguiu TpaccMpOBKH 3arpsSA3HAIOMINX YACTHL
10 CKBAKHHAM.
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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- This research has been/was/is funded by the Science Com-
vial fans. These aquifers are characterised by high permeabil-  mittee of the Ministry of Science and Higher Education of the
ity materials and high conductivity solution conduits, making  Republic of Kazakhstan (Grant No. BR 21882122) «Sustainable
water resources vulnerable to non-point source pollution. The  development of natural-economic and socio-economic systems
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