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ASSESSING GROUNDWATER FOR MANAGED
AQUIFER RECHARGE IN EASTERN KAZAKHSTAN

Groundwater in Kazakhstan is becoming an increasingly vital resource for ensuring long-term water
and food security in the face of climate change, growing population demands, seasonal variability, and
limited surface water availability. This study evaluates groundwater quality and soil infiltration capacity
in Eastern Kazakhstan to assess the potential for implementing Managed Aquifer Recharge (MAR) as a
sustainable water management approach. Hydrochemical analysis revealed predominantly calcium—
magnesium bicarbonate waters with low mineralization, suitable for both irrigation and domestic use,
indicating generally good groundwater quality. Field tests conducted using the Boldyrev infiltration
method demonstrated moderate to high soil permeability in alluvial and sandy-gravel deposits, con-
firming favorable recharge conditions. Among the areas studied, the Zharbulak, Katynsuy, and Kuraylin
deposits were identified as the most promising sites for MAR pilot projects. Overall, the results highlight
MAR as a practical, cost-effective, and climate-resilient tool for strengthening regional water security and
supporting sustainable agricultural development in Kazakhstan.

Keywords: groundwater quality, Managed Aquifer Recharge (MAR), Boldyrev infiltration method,
hydrochemical analysis, Eastern Kazakhstan Ayagoz river basin, climate adaptation, irrigation water
management, sustainable agriculture.
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LUbirbic Ka3akcTaHAaFbl Xkep acTbl CyAapbiH
6acKapblAaTbIH TOAbIKTbIDY MYMKIHAIKTEpiH OaFaray

KasakcTaHAarbl XKep acTbl CyAapbl KAUMATTbIH, ©3repyi, MayCbIMABIK, KYObIAMAABIAbIK, XXOHE >Kep
YCTi CyA@pbIHbIH, LIEKTEYAI KOAXETIMAIAITT >KaFAaMbIHAQ E€AAIH Cy >K8He a3blK-TYAIK KayincCi3AiriH
KamTamacbi3 eTyae 6GapfaH CaiblH MaHbI3Abl 9pi CTpaTerusiAbiK, TabuFn pecypcka arnHaayAa. CoHfbl
>KbIAAAPbI CY TarllbIAbIFbIHbIH apTYbl MEH 3KOXYMEAIK Tene-TeHAIKTIH Oy3blAybl OYA peCypCTbl TUIMA|
naAaAaHyAblH ©3eKTiAIriH apTTbipabl. Ocbl 3epTTey GapbicbiHAa LUbiFbic KasakcTtaHn eHipiHaeri >kep
ACTbl CYAQpPbIHbIH, Canacbl MEH TOMbIPAKTbIH, MH(PUAbTPALMSABIK, KaCMETTePi KeLeHAI TYpAE 3epTTeAin,
6ackapblAaTbiH Cy KabaTblH TOAbIKTbIPY (Managed Aquifer Recharge, MAR) TEXHOAOTUSICBIH €HIi3YAiH
3KOAOTUSIAbIK, TEXHUKAAbBIK, >KOHE 9AEYMETTIK TYPFblAaH TUMIMAIAIM >KaH-KakTbl GararaHAbl. [MApoO-
XMMUSABIK, TaAAQy HOTMXKEAEPI MMHEPAAAAHYbl TOMEH, HEri3iHeH KaAbLMil-MarHMimAi ruapokapboHar
TUNTI CyAapAbIH 6acbiM eKeHiH KepCeTTi, 6YA OAapAbIH aybiA LIAPYaLIbIAbIFbIHAA Cyapy, MaA Lapyatubl-
AbIFbl XKOHE TYPMbICTbIK, KQXKETTIAIKTEp YLiH KeHIHEH NaAaAaHyFa XKapaMAbl eKeHiH aoAaeaperai. bo-
AbIPEB BAICIMEH XXYPri3iAreH MH(PUAbTPALMSABIK, CbIHAKTAP AAAIOBUIMAIL )KOHE KYMAbI-KMbIPLLbIK, TaCTbl
LIeriHAIAEPAIH OpTallia >XoHe >KOFapbl OTKI3riWTiriH pacTaabl, 6YA >Kep acTbl CyAapblH TOAbIKTbIPYFa
eTe KOAAMAbl TabMFK KaraaAaap 6ap ekeHiH akbiHAanAbl. MAR NMAOTTBIK, ko6aAapb! yuwiH XKapoy-
AaK, KaTbiHcy >xeHe KyparAbl yyackeAepi eH nepcrnekTUMBaAbl aiMakTap PeTiHAE aHbIKTaAAbl. AAbIH-
FaH HoTuxeAep MAR TeXHOAOIMSICbIHbIH, KAMMATKA 6EMiMAEATEH, SKOAOTMUSIADIK, SKOHOMUKAAbIK, XKOHE
SAEYMETTIK TYPFbIAQH TMIMAI 8pi GOAaLLIaFbl 30P LIELIM eKEHIH ADAEAAEMAI.

Ty#in ce3aep: kep acTbl CyAapbiHbIH canachl, 6acKapbiAaTbiH Cy KabaTbiH TOAbIKTbIPY (MAR), bo-
AbBIPEB MH(PUAbTPALMS SAICI, TMAPOXMMUSABIK, TarAay, LLbirbic KasakcraH, Agres eseHi anabbl, KAM-
MaTTbIH ©3repyiHe 6eniMAEAy, CyapMaAbl CyAbl 6ackapy, TypPaKTbl aybiA LLAPYaLLbIAbIFbI.
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OIJ,EHKa NMOA3EMHbIX BOA AAS YITPABASIEMOIO MONMOAHEHUSA
BOAOHOCHbIX TOPU30OHTOB B BocTtouHom Ka3zaxcraHe

Moa3emMHble BoAbl B KasaxcTaHe CTaHOBSATCS BCE HOAee 3HAUMMbIM U CTPATErMuyeckn BaXKHbIM Npu-
POAHbBIM PECYPCOM AAsl 06eCriedeHnst AOATOCPOYHON BOAHOM M NMPOAOBOALCTBEHHOM GE30MacHOCTH B
YCAOBMSIX M3MEHEHMUSI KAMMATa, Ce30HHOW M3MEHUMBOCTM, POCTA MOTPEOAEHUS M OrpaHUUYEeHHOM AO-
CTYMHOCTM MOBEPXHOCTHbIX BOAHBIX MCTOYHMKOB. B  AQHHOM MCCAEAOBaHMM MOAPOBHO OLLeHMBAIOTCS
KauyecTBO MOA3EMHbIX BOA U MH(MAbTPALMOHHAS CMOCOOHOCTL MouB B BocTouHom KasaxcraHe ¢ ue-
AbIO OMpeAeAeHMs MOoTeHLMAAQ BHEAPEHNS TEXHOAOTMU YNPABASIEMOrO MOMOAHEHUS BOAOHOCHbIX rO-
pusoHToB (Managed Aquifer Recharge, MAR) kaK yCTOMYMBOro MHCTPYMEHTA BOAHOIO MEHEAXKMEHTA.
[MAPOXMMMYECKMIA aHAAM3 MOKA3aA MPEUMYLLLECTBEHHO KaAbLMIA-MarHMEBbIE TMAPOKAPOOHATHbBIE BOADI
C HU3KOWM MMHEepaAM3aLMen, YTO AeAQET MX MPUrOAHBIMU KakK AAS OPOLLEHUS CEAbCKOXO3SMCTBEHHbIX
KYAbTYP, TaK M AASI XO39MCTBEHHO-TIUTLEBBIX HYXKA HaceAeHUs. [ToAeBble UCTbITaHWS METOAOM MH(UABL-
Tpaumm no boApbIpeBy BbISBUAM CPEAHIOIO M BbICOKYIO MPOHMLIAEMOCTb MOYB B @AAIOBMAABHbBIX U Mec-
YaHO-TAAEUYHMKOBbIX OTAOXKEHMSIX, UTO MOATBEPXKAAET HaAMuMe GAAroNpPUSTHBIX MPUPOAHbBIX YCAOBMI
AASl TIONIOAHEHUS 3aMacoB NMOA3EeMHbIX BoA. Hanboaee nepcrnekTMBHbIMM yUYacTKamu AAS peaAm3aLmm
nMAOTHbIX npoekToB MAR onpeaeaetbl XKapbyaakckoe, KaTbiHcyckoe n KypariAMHCKOe MecTopodK-
AeHus. [ToAyuyeHHble pe3yAbTaThbl YKa3bIBalOT, YTO TEXHOAOTMS MAR SBASETCS MPAKTUYHBIM, 3KOAOM M-
yeckn 6e30MacHbIM M YCTOMUMBBIM K KAUMATUUECKMM M3MEHEHUSIM PELLIEHMEM, CMIOCOOHbBIM YKPEnuTh
BOAHYIO 6€30MacHOCTb M CMOCOBCTBOBATb PAa3BUTMIO YCTOMUMBOIO CEAbCKOrO X03siMcTBa B KasaxcraHe.

KAtoueBble cAOBa: KaueCTBO MOA3EMHbIX BOA, YTPaBASIEMOE MOMNMOAHEHNE BOAOHOCHbBIX FOPU30HTOB
(MAR), MeToA MHUAbTPaLMKU MO BoAbIPEBY, TMAPOXMMUUECKIMI aHaAm3, BocTouHbiin KasaxcraH, 6ac-
CeliH pekn Adros, apantaums K MU3MEHEHMIO KAMMaTa, YpPaBAEHWE OPOCUTEABHBIMW BOAAMM, YCTOMUM-

BO€ CeAbCKOe XO35M1CTBO.

Introduction

As global water scarcity intensifies, ensuring ac-
cess to sustainable freshwater sources has become
a critical challenge. Groundwater, often referred to
as the “hidden resource,” is increasingly recognized
as a vital buffer against climate variability and de-
clining surface water supplies, particularly in sup-
porting agriculture and food security (Taylor et al.,
2013; United Nations, 2022). The sustainable use of
groundwater is also central to the sixth United Na-
tions Sustainable Development Goal (SDG 6).

Globally, reliance on groundwater is rising.
Over the past 30 years, more than 300 million wells
have been drilled, with annual withdrawals reaching
959 km? by 2017-68.5% of which occurred in Asia
(Absametov, 2023; United Nations, 2022). Coun-
tries such as India, China, and Pakistan use up to
76% of their groundwater resources for agriculture,
underscoring the urgent need for integrated and con-
junctive management of surface and groundwater
resources (Shtengelov, 1988).

In Kazakhstan, groundwater resources are gain-
ing importance due to increasing limitations on sur-
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face water (Absametov et al., 2023). The chemical
composition of groundwater is influenced by water—
rock interactions in mountainous regions and water—
soil-gas processes in lowlands (Mukhamedjanov et
al., 2018). In certain areas, elevated concentrations
of sulfates, sodium, and chloride exceed permissible
drinking water standards (Adenova et al., 2024).
These conditions highlight the need for systematic
hydrochemical assessment and resource evaluation
to support groundwater use for irrigation and cli-
mate adaptation.

Despite considerable reserves, groundwater re-
mains underutilized in Kazakhstan. Currently, there
is no comprehensive framework for integrating
Managed Aquifer Recharge (MAR) into national
water management strategies. This study addresses
that gap by evaluating the hydrochemical status
and resource potential of groundwater deposits in
Eastern Kazakhstan and exploring the feasibility of
MAR as a tool for enhancing climate resilience.

The aim of this study is to assess groundwater
quality in the context of Managed Aquifer Recharge
(MAR) and to evaluate soil infiltration capacity us-
ing the Boldyrev method. The research provides
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recommendations for maintaining high water quali-
ty to ensure the successful implementation of MAR,
while emphasizing its importance for sustainable
use in agriculture, domestic water supply, and other
sectors. Specifically, the study examines how water
quality affects the effectiveness of MAR systems,
emphasizing the need for systematic treatment and
monitoring to prevent groundwater contamination.
In addition, the Boldyrev infiltration method is ap-
plied to determine soil permeability and identify
sites with favorable conditions for recharge, thereby
contributing to a more comprehensive understand-
ing of MAR implementation in the Ayagoz River
basin.

International Solutions in Managed Aquifer
Recharge (MAR)

Countries such as Australia, Brazil, France, Ger-
many, [srael, Spain, and the United States have dem-
onstrated significant success in integrating Managed
Aquifer Recharge (MAR) into their water manage-
ment systems. MAR is widely recognized as a cru-
cial approach to sustainable water resource manage-
ment, involving the controlled infiltration of water
into aquifers to replenish groundwater storage and,
in many cases, to enhance water quality (Dillon,
2005; Maliva, 2020). This method has gained global
attention as a key strategy to mitigate water scarcity,
improve groundwater sustainability, and strengthen
resilience to droughts (Bouwer, 2002). However,
its implementation requires careful assessment of
groundwater quality to ensure both safety and long-
term effectiveness (Page et al., 2010).

Israel and Spain provide striking examples of
successful MAR applications. Israel recycles nearly
90% of its wastewater, primarily for agricultural
use, significantly reducing dependence on freshwa-
ter resources and lowering water supply costs (Adar
et al., 2012). In Spain, infiltration basins and aquifer
recharge systems have directly contributed to the
stability of irrigated agriculture, helping to mitigate
the impacts of drought and optimize water use ef-
ficiency (Sprenger et al., 2017).

In the United States, MAR projects are actively
supported through government initiatives. Cali-
fornia’s Flood-MAR program exemplifies this ap-
proach by capturing excess surface water during
flood events and directing it into aquifers. These
projects not only reduce flood risks but also ensure
a reliable water supply for agriculture and lower
infrastructure costs by decreasing reliance on large
surface reservoirs (California Department of Water
Resources, 2018).

Australia is also considered a global leader in
MAR, particularly in arid regions such as Adelaide
and Perth, where aquifer recharge programs en-
hance drinking water security and stabilize urban
water supplies (Dillon et al., 2009).

In Brazil, MAR is implemented in drought-
prone northeastern states, where the infiltration of
rainwater and treated wastewater reduces depen-
dence on surface water and increases resilience to
agricultural water shortages (da Silva et al., 2015).

Across Europe, France and Germany primarily
employ MAR for water quality protection and urban
water supply security. In France, MAR projects in
the Paris region help maintain a consistent supply
of high-quality drinking water (Greskowiak et al.,
2018). In Germany, recharge projects in river val-
leys such as the Elbe and Rhine are essential for
stabilizing groundwater resources and ensuring reli-
able urban water supply (Schwinn et al., 2017).

Adaptation for Kazakhstan

While international practices demonstrate that
Managed Aquifer Recharge (MAR) can strengthen
agricultural resilience, water security, and cost ef-
ficiency, Kazakhstan remains at an early stage of
adopting these technologies. Despite possessing vast
groundwater reserves, groundwater uses accounts
for only 3.7-5% of the nation’s total annual water
intake (Smolyar et al., 2012a). In agriculture, utili-
zation is critically low—only 0.15-0.21 km? per year
is extracted for irrigation, compared to an estimated
potential of 7.76 km? annually (Mukhamedzhanov
& Dzhabasov, 1988; Absametov, 2024).

This underutilization is attributed to outdated
regulations, fragmented institutional frameworks,
and insufficient monitoring systems that hinder ef-
fective groundwater governance (Bekkulova et al.,
2021). When compared to global best practices, Ka-
zakhstan’s groundwater utilization remains signifi-
cantly below that of European and Asian countries
(Smolyar et al., 2012b).

Unlocking this untapped potential will be essen-
tial for strengthening the resilience of Kazakhstan’s
agricultural sector amid growing climate pressures
and increasing dependence on vulnerable surface
water supplies. Immediate priorities include:

- refining groundwater resource assessments;

- developing rational models for conjunctive use
of surface and groundwater;

- implementing robust monitoring and manage-
ment systems.

By adopting MAR and aligning national poli-
cies with global best practices, Kazakhstan could
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substantially enhance its water and food security,
support sustainable agricultural development, and
mitigate climate-related risks (Sydykov & Shlygina,
1998; Absametov, 2020; National Atlas of Kazakh-
stan, 2010).

Study Area: Eastern Kazakhstan (Abai Region)
The study area is situated in Eastern Kazakh-
stan, encompassing the Abai Region and part of the

East Kazakhstan Region(figure 1). This territory is
regarded as one of the most water-abundant areas in
the Republic of Kazakhstan, as it contains both sur-
face and groundwater resources. Favorable hydro-
geological conditions for aquifer recharge are cre-
ated by relatively prominent levels of atmospheric
precipitation and the widespread presence of frac-
tured and unconsolidated rock formations (Taylor et
al., 2013; Absametov, 2023).

Study area. Eastern Kazakhstan(Abay region)

Kazakhstan

Abay region

N

A

Figure 1 — Study area map of Eastern Kazakhstan (Abai Region)
Source: compiled by the author

Hydrologically, the region belongs to the Irtysh
River basin and the endorheic lake systems of the
Balkhash—Alakol depression. Under average hy-
drological conditions, total surface water resources
are estimated at approximately 35.92 km? per year,
decreasing to 20.62 km? in dry years (Figure 2). Of
this volume, only 3.54 km?® per year are considered
available for practical use, falling to 1.92 km? in
drought years. The Irtysh River and its tributaries
are regulated by nearly 20 reservoirs, which are uti-
lized for water supply, hydropower generation, and
irrigation (Smolyar & Burov, 2002; Medeu, 2010).

Groundwater resources are also substantial.
Forecasted reserves with salinity levels up to 3 g/L
are estimated at 6.28 km?® per year, including 5.58
km? of water with salinity below 1 g/L. Natural re-
charge is about 5.74 km?® annually, while exploit-
able reserves are around 2.39 km? per year, of which
2.20 km?* are suitable for drinking and domestic
use (Smolyar et al., 2012a; Committee for Water
Resources, 2020). Despite this potential, irrigation
in the region still depends almost entirely on sur-
face water (FAO, 2016). The total irrigated area is
197,604 hectares, but only 93,804 hectares (47.5%)
are actively cultivated.

84

Groundwater circulation reflects the geologi-
cal structure of the area. In the mountain-folded
zones, unconfined fissured waters dominate at shal-
low depths and are associated with zones of inten-
sive rock fracturing, while fissure-vein waters occur
along tectonic fault zones. In artesian basins, typi-
cally found in closed intermountain depressions,
groundwater is contained within porous and inter-
granular layers. Recharge is primarily driven by
the infiltration of precipitation and the percolation
of surface runoff, particularly in alluvial fans, foot-
hill plains, and river valleys (Mukhamedzhanov &
Dzhabasov, 1988; Absametov, 2020).

The main aquifers and hydrogeological com-
plexes of practical importance include (Figure 3):

- Quaternary alluvial sandy and gravel-pebble
deposits in the valleys of the Irtysh, Ayagoz, and
their tributaries;

- Small alluvial cones and tectonic depressions;

- Cretaceous and Paleogene sandy deposits of
the Nizhnevartovsk—Petropavlovsk Basin;

- Lower to Middle Paleozoic effusive—sedi-
mentary and intrusive rocks that serve as fractured
and fissured aquifers (Smolyar et al., 2002; Medeu,
2010).
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Figure 2 — Map of operational groundwater deposits in the Abai Region
Source: compiled by the author on data from the Committee for Water Resources (2020),
Kazhydromet (2021), and the National Atlas of the Republic of Kazakhstan (2010)

According to national hydrogeological assess-
ments, groundwater resources with salinity up to
3 g/L are estimated at 2.71 km? per year, including
2.05 km? with salinity below 1 g/L. Natural recharge
is estimated at 2.74 km? per year, while exploitable
reserves reach 1.30 km? annually, of which 1.17 km?
are suitable for drinking purposes (National Atlas
of the Republic of Kazakhstan, 2010; Absametov,
2024).( Figure 3)

All lithological units contain groundwater of
acceptable quality, with the highest yields associ-
ated with loose detrital formations (Smolyar et al.,
2012b).

A special focus of this study is the Ayagoz
River basin, which is both hydrologically and
ecologically significant. The Ayagoz River orig-
inates on the northern slopes of the Tarbagatai

Mountains and flows approximately 492 km,
draining a catchment area of 15,700 km? be-
fore discharging into Lake Balkhash. The ba-
sin encompasses diverse landscapes, ranging
from mountainous terrain in the upper reaches
to semi-desert and steppe zones downstream. It
is characterized by chestnut soils, an average
discharge of 8.8 m?/s, and suspended sediment
loads reaching up to 0.8 kg/s (ile-balkhash.kz,
n.d.; Kazhydromet, 2021).

Compared to other intermittent rivers in the re-
gion, the Ayagoz River exhibits greater seasonal
variability and hydrological activity, making it a
representative case for analyzing surface—ground-
water interactions, sediment transport, and water
management challenges in the semi-arid and arid
zones of Kazakhstan (FAO, 2016).
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Figure 3 — Map of groundwater use in East Kazakhstan and Abai, explored for irrigation
Source: compiled by the author based on data from the Committee for Water Resources (2020),
Kazhydromet (2021), and GIS analysis

This combination of climatic, geological, and
hydrological diversity provides favorable conditions
for long-term monitoring and analysis of water re-
sources in Eastern Kazakhstan and underscores the
region’s importance for developing groundwater-
based climate adaptation strategies.

Materials and methods

The methodological framework of this study
was designed to assess the hydrochemical charac-
teristics, infiltration capacity, and groundwater re-
source potential in Eastern Kazakhstan and the Abai
Region, with a focus on evaluating their suitability
for Managed Aquifer Recharge (MAR) implemen-
tation. The workflow integrates hydrochemical, hy-
drological, and field-based infiltration analyses to
identify optimal locations for MAR pilot projects.
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The overall framework of the study is illustrated in
Figure 4.

The primary objective of the study was to de-
termine groundwater quality and soil permeabil-
ity to support the selection of potential MAR sites
suitable for irrigated agriculture and sustainable
water resource management. Both laboratory and
field-based approaches were employed to quantify
recharge potential and assess the technical feasibil-
ity of artificial aquifer replenishment as a climate
adaptation tool. Groundwater samples were col-
lected from wells and springs distributed across the
study area. Laboratory analyses were performed to
determine the concentrations of major ions—calcium
(Ca?*), magnesium (Mg?*), sodium (Na*), potas-
sium (K*), bicarbonate (HCOj;™), sulfate (SO4>"),
and chloride (CI7). The results were processed using
AquaChem software and interpreted through Piper
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and Durov diagrams to identify hydrochemical fa-
cies and classify groundwater types. The analysis
provided insight into groundwater mineralization,
pH balance, and overall chemical stability, which
are crucial for evaluating the safety and suitability
of groundwater for both recharge and irrigation pur-
poses. To determine the sustainability of local aqui-
fers, the study calculated the natural (V) and elastic
(Ve) reserves, sustainable yield (Qs), and the provi-

sion coefficient (K b.s)-the ratio between available
groundwater reserves and current abstraction levels.
Sites where K,b.s > 1 were considered hydrologi-
cally sustainable and potentially suitable for con-
trolled recharge operations. This stage provided a
quantitative foundation for evaluating the long-term
capacity of aquifers to receive additional recharge
without causing overexploitation or degradation of
groundwater quality.

Materials and Methods Framework of the Study

for MAR suitability in Eastern Kazakhstan

Aim of Study:
Assess groundwater quality & soil infiltration

|

Hydrochemical Analysis:
« Sampling & lab testing
+ AquaChem 11 processing
* Piper & Durov diagrams

!

Resource Potential Assessment:
+ Natural reserves (Vn)
« Elastic reserves (Vu)
+ Sustainable yield (Qres)
* Provision coeiﬁcient (K_obes)

'

Soll Infiltration Testing:
Boldyrev method
* Field infiltration cylinders
+ Infiltration rates (mm/min)
* |dentification oflpermeable zones

}

Combine hydrochemistry, reserves, infiltration
Identify promising MAR sites

[ Integration of Results: ]

1

Output:
Zharbulak, Katynsuy, Kuraylin deposits
suitable for MAR pilot projects
Recommendations for sustainable use

Figure 4 — Research methodology
Source: compiled by the author based on literature review and field data analysis

Field infiltration experiments were conducted
using the Boldyrev method, which employs double-
ring infiltration cylinders installed at representative
points across the study sites. Measurements of in-
filtration rates (mm/min) were recorded to assess
the permeability of surface and subsurface layers.
The highest infiltration capacities were observed in

alluvial cones, sand-gravel deposits, and river ter-
race zones, indicating that these geological forma-
tions are particularly favorable for recharge through
infiltration-based MAR systems.

All hydrochemical, hydrological, and infil-
tration datasets were integrated using GIS-based
spatial analysis to delineate areas with the highest
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recharge potential. The integrated results identi-
fied three priority zones—Zharbulak, Katynsu,
and Kuraylin—as optimal locations for MAR pilot
implementation. These sites exhibit chemically
stable groundwater, adequate aquifer reserves,
and favorable soil infiltration characteristics. The
adopted multi-stage methodology demonstrated
the effectiveness of combining field-based infil-
tration experiments, hydrochemical assessment,
and quantitative groundwater evaluation for
identifying MAR potential under arid and semi-
arid conditions. This approach provides a robust
scientific foundation for the expansion of MAR
practices in Kazakhstan, contributing to sustain-
able groundwater management, enhanced irriga-
tion efficiency, and improved resilience to water
scarcity and climate variability.

Hydrochemical Analysis and Data Processing
Hydrochemical data were processed using
AquaChem 11 (Waterloo Hydrogeologic, Canada),

a software package widely used in hydrogeological
and hydrochemical studies. Laboratory results of
groundwater samples were entered into the software
database for verification, consistency checks, and
interpretation.

The analytical workflow included the following
steps:

- Quality control — recalculation of ion balance
and validation of laboratory analyses.

- Determination of total dissolved solids (TDS)
to assess the degree of mineralization.

- Classification of groundwater types based on
major ion composition.

- Visualization of hydrochemical facies, includ-
ing:

- Piper diagram for identifying the relative pro-
portions of major cations (Ca**, Mg**, Na*+K*) and
anions (CI7, SO4*", HCO3™+CO5*") (Figure 5).

- Durov diagram for comprehensive evaluation
of macro-component composition, mineralization
levels, and pH.
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Figure 5 — Piper diagram of groundwater chemistry in the Abai Region
Source: compiled by the author based on hydrochemical
data from Kazhydromet (2021) and field sampling results (2023)
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Figure 6 — Hydrochemical classification diagrams of groundwater deposits in the Abai Region
Source: compiled by the author based on hydrochemical monitoring data from Kazhydromet (2021) and
the National Atlas of the Republic of Kazakhstan (2010)

Resource Potential Assessment and Provision
Indicator Calculation

To evaluate the operational reserves of ground-
water and identify sites suitable for MAR imple-
mentation, the following formulas were applied:

Calculation of natural (storage) reserves by the
formula:

V. = FHu (1.1)

where:

V. — natural (storage) reserves, m?;

F — area within the influence contour, m?;

H — average aquifer thickness, m;

u — specific yield of the rocks.

Calculation of elastic natural reserves for con-
fined waters by the formula:

Vu=uFH, (1.2)

where:

V. — elastic reserves, m>;

u — elastic yield;

F — aquifer area, m?;

H,,, — average head above the aquifer roof, m.

Calculation of water intake based on natural re-
serves without recharge by the formula:

0, = P Vres (1.3)
£
where:
0,., — water intake from natural reserves, m?/
day;

V... — volume of natural reserves, m>;

a — extraction coefficient (0.3 to 0.5);

t — exploitation period, days.

The calculation results were compiled into a
summary table (Table A1), providing detailed char-
acteristics of each GWD by mineralization, reserve
volume, and provision.

The aggregated data from multiple groundwa-
ter deposits in the Abay region reveals significant
groundwater reserves. The key findings are as fol-
lows:

Total Operational Resource Volume (Qobes):
25.89 m¥/s

Total Natural Resource Availability: 2237.0
thousand m*/day
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Total Coefficient of Availability (Kobes): 1.79

This indicates that the Abay region has substan-
tial groundwater resources available for use, with
efficient extraction practices currently in place. The
relatively high Kobes’s coefficient suggests that the
natural resources exceed the operational require-
ments, offering a cushion for sustainable water man-
agement in the region.

General Observations

Mineralization Levels: The mineralization lev-
els across all deposits in both East Kazakhstan and
Abay regions are within acceptable limits (ranging
from 0.1 to 1.2 g/L). This indicates that the ground-

water is of good quality, requiring minimal treat-
ment before use.

The findings highlight the importance of sus-
tainable groundwater management strategies to
maintain this balance, avoid over-extraction, and se-
cure long-term availability for irrigation and drink-
ing purposes.

Soil Infiltration Assessment (Boldyrev Method)

To complement hydrochemical and reserve
assessments, the Boldyrev method was applied
to evaluate soil infiltration capacity and
determine the suitability of recharge sites for
MAR (Figure 7).

Figure 7 — Boldyrev method on Abay region
Source: compiled by the author

Field measurements were conducted using infil-
tration cylinders.

Procedure: water was poured into soil plots, and
the absorption rate was measured over time.

Calculation: infiltration coefficient (mm/min or
cm/h) was determined for each site.

Interpretation: soils with higher permeability
(alluvial fans, sandy-gravel deposits) were identified
as optimal for MAR projects.

Decryption of the method

This method provided an additional hydrologi-
cal dimension to the study, allowing the selection of
recharge zones with favorable soil conditions.

Results and Discussion

The analysis of groundwater availability co-
efficients (Kobes) in the Abai Region showed
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values ranging from 1.09 to 4.03, indicating that
groundwater reserves in several deposits exceed
current extraction volumes. Such values suggest a
stable water balance and significant potential for
implementing Managed Aquifer Recharge (MAR)
technologies aimed at restoring and maintaining
groundwater reserves. The most promising sites
for pilot MAR projects include the Zharbulak (Ko-
bes = 1.86), Katynsu (Kobes = 1.50), and Kurailin
(Kobes = 1.79) deposits. Their geological struc-
tures, composed of Quaternary and alluvial sedi-
ments with high permeability, provide favorable
conditions for natural infiltration and groundwater
storage. Furthermore, these sites are characterized
by low groundwater mineralization (0.2-0.8 g/L),
which indicates good water quality and the possi-
bility of safe recharge without risking deterioration
of the hydrochemical composition of aquifers. This
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factor is particularly important since both the qual-
ity of recharge and the receiving water determine
the overall efficiency and long-term sustainability
of MAR systems. The use of clean, low-mineral-
ized water prevents clogging of infiltration struc-
tures, mineral precipitation, and soil salinization,
while also preserving the natural balance between
surface and groundwater systems.

Hydrochemical analysis of samples collected
from five monitoring points confirmed that ground-
water in the region has high quality and stable chem-
ical properties. The waters are predominantly of the
calcium—magnesium-bicarbonate type, typical of
naturally low-mineralized groundwater that has not
been significantly affected by anthropogenic influ-
ences. Mineralization does not exceed 750 mg/L,
and the pH values range between 8.16 and 8.32,
corresponding to a slightly alkaline environment.
This chemical composition indicates a natural ori-
gin of groundwater, balanced interaction with host
rocks, and the absence of industrial or agricultural
contamination. The waters demonstrate high buffer-
ing capacity, chemical stability, and suitability for
drinking, irrigation, and general agricultural use.
For MAR applications, this is a crucial factor, as
water quality directly affects infiltration efficiency,
aquifer condition, and the preservation of filtration
capacity. If water with high concentrations of sus-
pended solids, iron, organic compounds, or salinity
is used for recharge, it can lead to clogging of infil-
tration zones, decreased permeability, and potential
aquifer contamination. Therefore, strict control over
the quality of both surface and groundwater used for
MAR is essential. The parameters of groundwater in
the Abai Region meet international standards, mak-
ing the area particularly favorable for implementing
such technologies.

Field infiltration tests conducted using the Bold-
yrev method helped evaluate the soils’ ability to
absorb and transmit water. The results showed that
the soils of the study sites possess moderate to high
permeability, with infiltration coefficients ranging
from 3.5 to 6.8 mm/min. The most favorable re-
sults were recorded in alluvial fan and sand—gravel
deposits, where the structure of the sediments pro-
motes downward water movement and accumula-
tion in aquifers. The high filtration capacity of the
sediments, combined with low water mineralization,
creates optimal conditions for natural groundwater
recharge. Furthermore, the geomorphological char-
acteristics of the terrain — gently sloping valleys and
flat areas — promote the accumulation of meltwater

and floodwater, which can be directed into specially
designed infiltration basins or recharge ponds. Thus,
the natural conditions of the Abai Region provide a
foundation for developing environmentally safe and
economically viable MAR systems.

The combination of hydrochemical, hydrogeo-
logical, and infiltration data demonstrates that the
selected sites possess the necessary characteristics
for pilot MAR implementation. The Zharbulak,
Katynsu, and Kurailin deposits can serve as key re-
search and demonstration sites for refining artificial
groundwater recharge methods. On a broader scale,
MAR implementation in the Abai Region will con-
tribute to enhancing the resilience of regional water
resources. This technology allows the storage of ex-
cess melt and floodwater during spring for later use
in maintaining groundwater levels during dry sea-
sons. Such an approach is particularly relevant for
agricultural areas, where water availability directly
affects crop yields and economic stability.

In addition, MAR has an important environmen-
tal function — it can reduce flooding risks, restore de-
pleted aquifers, and prevent land degradation caused
by salinization or erosion. According to internation-
al research (Dillon et al., 2019; Maliva, 2014), simi-
lar systems have been successfully implemented in
India, Australia, California, and Southern Europe,
where they contribute not only to groundwater re-
covery but also to the improvement of entire water-
shed water balances.

Given increasing climate variability and grow-
ing water scarcity in Kazakhstan, MAR technolo-
gies are recognized as one of the most promising
tools for climate adaptation. In arid and semi-arid
regions where surface water is limited and highly
seasonal, managed recharge systems can stabilize
water balances, ensure continuous water supply,
and prevent aquifer depletion. The key condition for
successful MAR operation remains the quality of re-
charge water. Only by meeting hydrochemical and
sanitary standards can the natural structure of aqui-
fers be preserved and their contamination or degra-
dation prevented. This requires the development of
monitoring systems, regular sampling, and analysis
of both chemical (mineralization, ion composition,
pH) and physical (turbidity, temperature, color) pa-
rameters.

In the context of the Abai Region, the presence
of high-quality surface and groundwater creates
unique conditions for demonstrating best practices
of MAR in Central Asia. The use of these natural
advantages will not only improve the regional water
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balance but also strengthen Kazakhstan’s participa-
tion in international initiatives for sustainable water
management and climate adaptation.

In conclusion, the conducted study confirms
that the hydrogeological and hydrochemical condi-
tions of the Abai Region are highly favorable for
the implementation of MAR technologies. The
combination of low mineralization, stable pH, high
permeability of sediments, positive groundwater
availability coefficients, and excellent water quality
creates the foundation for successful pilot projects.
The introduction of MAR systems will not only
promote sustainable water use but also enhance cli-
mate and food security in the region. Maintaining
high water quality during recharge and storage is es-
sential for the long-term effectiveness of MAR and
represents a key component of environmentally re-
sponsible water management in Kazakhstan climate
and environmental stability in eastern Kazakhstan.

Conclusions

This study set out to evaluate the quality of
groundwater and the infiltration properties of soils
in Eastern Kazakhstan with the goal of identify-
ing opportunities for Managed Aquifer Recharge
(MAR). The results show that groundwater in the
Abai Region is of decent quality, with low miner-
alization and stable chemical composition, making

it suitable for both irrigation and domestic use. At
the same time, the application of the Boldyrev infil-
tration method confirmed that soils in alluvial and
sandy-gravel formations possess sufficient perme-
ability to support recharge operations.

By combining hydrochemical assessments with
infiltration testing, the study identified the Zharbu-
lak, Katynsuy, and Kuraylin deposits as promising
sites for MAR implementation. These areas demon-
strate favorable conditions in terms of water quality,
aquifer reserves, and infiltration capacity, providing
a reliable basis for future pilot projects.

The findings underline the importance of sys-
tematic monitoring and water quality management
to safeguard groundwater from contamination and
ensure long-term sustainability. More broadly, the in-
tegration of MAR into Kazakhstan’s water manage-
ment framework can strengthen agricultural produc-
tivity, secure drinking water supplies, and enhance
resilience to droughts and climate variability. The
Ayagoz River basin, in particular, offers a persuasive
case for advancing MAR as part of a climate-adaptive
strategy for sustainable groundwater use.

This research was conducted within the frame-
work of the Kazakh Ministry of Science grant
#BR27197639 «Flood-drought mitigation innova-
tions with managed aquifer recharge hydrogeologi-
cal strategies for the Zhambyl, Almaty, Zhetysu,
Abay, and East Kazakhstan regions ».
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