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The scientific journal News of the National Academy of Sciences of the Republic of Kazakhstan,
Series of Geology and Technical Sciences has been indexed in the international abstract and citation
database Scopus since 2016 and demonstrates stable bibliometric performance.

The journal is also included in the Emerging Sources Citation Index (ESCI) of the Web of Science
platform (Clarivate Analytics, since 2018).

Indexing in ESCI confirms the journal s compliance with international standards of scientific peer
review and editorial ethics and is considered by Clarivate Analytics as part of the evaluation process
for potential inclusion in the Science Citation Index Expanded (SCIE), Social Sciences Citation Index
(SSCI), and Arts & Humanities Citation Index (AHCI).

Indexing in Scopus and Web of Science ensures high international visibility of publications,
promotes citation growth, and reflects the editorial board’s commitment to publishing relevant,
original, and scientifically significant research in the fields of geology and technical sciences.

«Kazaxcman Pecnybnuxacel ¥immulx 2vlieim akademuscvinvly Xabapnapul. [eonocus wcomne
MEXHUKANBIK  bLILIMOAD Cepuschly eblivlmu dcypuanst 2016 dceinoan 6acman Xanelkapanwlk
peepamusmix JHcaHe EbLILIMUMEMPUATLIK Scopus 0epeKKOPbIHOA UHOEKCmeneol JHeaHe mypaKmol
OUOTUOMEMPUATBIK KOPCemKiumepoi Kepcemin Keneoi.

Convimen kamap ocypran Web of Science naamgpopmacwinviy (Clarivate Analytics, 2018)
Xanvikapanvli peghepamusmix sicamne Haykomempusnwlx oepekkopwl Emerging Sources Citation Index
(ESCI) mizimine eneizineen.

ESCI 0epexkopuvinoa unoekcmenyi scypHAIO0bIH XATbIKAPAbIK SbLILIMU PeYEH3UANAY MATAnmapvl
MeH pe0aKyusIblK SMUKa CMaHoapmmapviia catikecmiein pacmatiosl, conoati-ax, Clarivate Analytics
Komnauuscel mapanvinan oaceiivimovt Science Citation Index Expanded (SCIE), Social Sciences
Citation Index (SSCI) owcone Arts & Humanities Citation Index (AHCI) depexkoprapvina ewneizy
Kapacmulpuliyod.

Scopus  owcone Web of Science Oepexkkoprapvinoa uUHOEKCMENYi  HCAPUATAHBIMOAPOLIH
XanvlKapanvlk 0eyeelioe Heo2apbl CYPAHbICKA ue OOIYbIH KAMMAMACHI3 emeoi, O1apObly 0UeKCos Ay
KopcemKiwimepiniy apmyusina viknan emeoi Jcane pedaKyusiblK alKanbly 2e0n02us MeH MeXHUKATbIK
SBLILIMOAD CANACHIHOA&bL ©3eKMmi, Oipecell JiCoHe EbLIbIMU MYPEbIOaH MAHbI30bl 3epmmeynepoi
JCapuAnay2a YMmuliblColH AUKbIHOALObL.

Hayunwiii sicypran « News of the National Academy of Sciences of the Republic of Kazakhstan, Series
of Geology and Technical Sciencesy c 2016 2o0a undexcupyemcs 6 mesncoyHapooHoll pepepamusHol
u Haykomempuueckou 6aze Oanuwvix Scopus u OeMOHCmpupyem cmabuivHvle OubIUOMempuiecKue
nokasamern.

JKypHan maxaice 8KIHOUEH 6 MENCOYHAPOOHYIO pedhepamueHyio U HAYKOMEmPUYecKyro 6azy OaHHbIX
Emerging Sources Citation Index (ESCI) nramgopmer Web of Science (Clarivate Analytics, 2018).

HUnoexcuposanue ¢ ESCI noomeepoicoaem coomeemcmeue HCYPHALA MENCOYHAPOOHBIM
CMAHOApMam HAyUHO20 PEYeH3UPOBAHUS U PEOAKYUOHHOU IMUKU, d MAKIHCE PACCMAMPUBAEMCS
xomnanueu Clarivate Analytics 6 pamkax oanvHetiue2o exkarouenus uzoanus 6 Science Citation Index
Expanded (SCIE), Social Sciences Citation Index (SSCI) u Arts & Humanities Citation Index (AHCI).

HUnoexcuposanue 6 Scopus u Web of Science obecneuusaem 6bICOKYIO MeHCOYHAPOOHVIO
80CcmMpebosaHHOCMb  NYOIUKAYULl, CHOCOOCMEYem pocmy YumupyeMocmu u noomeepicoaen
cmpemaerue pedaKyuoHHOU Koate2uu nyOIuKo8anms akmyaibHble, OPUSUHATbHbIE U HAYYHO 3HAYUMbLE
UCCIe008AHUS 8 0OIACTIU 2€002UU U MEXHUYECKUX HAVK.
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Abstract. Relevance. The aquifers hosted in the aeolian deposits of the Baskuduk,
Sauskan, and Tuyesu sand massifs, located on the Mangystau Plateau in Western
Kazakhstan, are one of the sources of fresh groundwater for domestic and drinking
water supply in the region’s settlements. Under arid climatic conditions and limited
surface-water availability, assessment of natural groundwater replenishment is
of particular importance. The annual groundwater recharge rate determines the
renewable component of groundwater resources and makes it possible to assess the
potential for long-term exploitation of the aquifers without depleting their reserves.
Objective. To assess the groundwater resource potential of the aquifers hosted in the
acolian deposits of the Baskuduk, Sauskan, and Tuyesu sand massifs based on the
determination of annual groundwater recharge and storage reserves. Methods. The
research is based on an integrated approach combining modern hydrogeological
methods, numerical hydrogeological modeling tools, and GIS technologies for
data collection and analysis. Field surveys were conducted during 2021-2025 to
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investigate current hydrogeological conditions. Results. Groundwater recharge is
mainly formed by infiltration of atmospheric precipitation during the cold season,
while warm-season precipitation is almost entirely lost to evapotranspiration.
The recharge modulus was determined using two methods — based on infiltration
coefficients and groundwater level fluctuations — and ranges from 0,46 to 0,77
L/s'km? depending on the massif. Non-renewable groundwater resources were
characterized as storage reserves of aeolian aquifers, with a total volume exceeding
400 million m? across the three massifs. Forecast resources were estimated under
three scenarios — optimistic, pessimistic, and most probable — considering different
ratios of renewable and storage components under varying exploitation periods.
Conclusions. Long-term operation of water abstraction systems in the Sauskan and
Tuyesu massifs (since 1966 and 1971) confirms sustainable water supply to the city
of Zhanaozen under regulated abstraction. The results demonstrate the significant
resource potential of fresh groundwater in aeolian sands and their key role in
domestic and industrial water supply in the Mangystau region.

Keywords: groundwater recharge, precipitation infiltration, renewable
resources, forecast resources, Baskuduk, Sauskan and Tuyesu sand massifs, aeolian
aquifers, Western Kazakhstan
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AnHoTauusi. Oszexminiei. bareic Kazakcrangarsl MasfFbICTay YCTIpTiHZC
opHanackan backynpik, Cayckan sxoHe Tyliecy KymMapl MacCHBTEPIHIH JO0JIbIK
LIeTiHAEpiHACTl Cylbl TOPU3OHTTAP OHIp NI MEKEHIEpPiH I[apyallbUIbIK-
aybl3 CyMEH KamTaMachl3 €TyHdiH HEri3ri KeslepiHiH Oipi Oonbll TaObLIAIBI.
ApPHITIK KIMMAaT >KOHE KEPYCTi CYJNapbIHBIH IICKTEYJIUIIr »KaraadblHAa >Kep
acThl CYyJapbIHBIH TaOWUFW TOJIBIKTBIPBUTYBIH Oaraiiay epekiie MaHbI3Fa ue.
XKep acTbl cymapbIHBIH KBUIABIK KOPEKTEHY IlamMachl OJaplblH >KaHApaThIH
pecypcTapblH alKbIHAAyFa KOHE CyJIbl TOPU30HTTAP/bl KOPJIAphIH CapKbITIIACTaH
y3aK Mep3imMai naiijanany MyMKIiHIITiH Oaranayra MYMKIHZIIK Oepeni. Maxcamoi.
JKbIABIK KOpPEKTEHY MIaMachl MEH CBHIHBIMABUIBIKTBIK KOpJapAbl aHBIKTAy
Herizinge backyneik, Cayckan jkoHe Tylecy KyMIbl MacCHUBTEPiHIH 3OJIBIK
LIeTiHAIEPiHACTT Cyabl TOPU3OHTTApPABIH JKEP acThl CYIapbIHBIH PECypCTHIK
oneyeTiH Oaramay. OOoicmepi. 3epTTey KEHICHAl TOCIre HEri3nenii KoHe
THIPOTCONOTUSIHBIH 3aMaHayd oJiCTepi MEH 9iCHaMachlH, THAPOINHAMUKAIBIK
MojieTbIey OarnapiaaManbikK Kypanaapbid skoHe [AXK-rexHoaorusiapbld KaMThIIbL.
Kymnpl MaccuBTEpiH THAPOTCONOTHAJIBIK JKOHE Cy INApyallbUIbIFbl YKaraalblH
3eprrey Makcarbiaga 2021-2025 skpuiaapsl MapIIpyTTHIK 3€pTTEyIep KYPriziii.
Homuorcenepi. epacTpl cynapblHbIH KOPEKTEHYI CYBIK Ke3€HJIET arMoc(epabiK
KaybIH-IIAMIBIHHBIH ~ MHQUIBTPAUUSACH eCeOiHEeH KalbITacaabl, aj >KbUIbI
Ke3eH/IeT1 KaybIH-LIAIIBIH JKOFaphl 3BAllOTPAHCIIMPALUs CalAapblHaH ic JKy3iHae
TOJBIK >KyMcanaabl. JKepacTbl CymapbIHBIH KOPEKTEHY MOAYNi HWHQUIBTpanus
KO2(GUIHEHTI JKoHE Cy NEHIeHIH PEeXUMIIK Oakpuiay AepeKTepi OOHbIHIIA eKi
OMIICTICH aHBIKTAJ/IBI KOHE MacCuBKe OaitmanpicThl 0,46-0,77 n/c kM? Kypaupl.
Kaiita >aHapThIIMalWTBIH pecypcTap HOJNIBIK Cy OTKI3TIl TOPHU3OHTTAPIbIH
CBHIABIMIBUTBIK KOPJIaphl aPKBUIBI CHIIATTAJIIbI, OJaPIbIH KaJIIbl KOJIEMi YII MacCHB
ooiibiaina 400 MiH M3-1eH acaabl. JKepacTbl CylapbIHBIH O0KaMIIBIK PECYPCTaphl
YIII CIICHApHi (ONTHUMHUCTIK, IIECCUMUCTIK JKOHE €H BIKTHMaJl) OOMBIHIIIA €CeNTEeNIl,
oJiap maiaanany Mep3imaepine 0alIaHbICThl KaHAPTHUIATHIH JKOHE CHIMBIMIIBLIBIK
KOPJIapbIHBIH SPTYPJIi apakaThblHACKIH eckepedi. Kopwvimuinoviiap. CayckaH xKoHE
Tytiecy maccuBtepinzeri (tuicinmre 1966 xone 1971 sxok. Oactam )KyMbIC icTel
KeJle )KaTKaH) Cy aly YHFbIMaTapblH KOIDKBULABIK Nalijanany Toxipuoeci Tanaay
JKanae3zeH KanacblH CyMeH Ka0JbIKTaybIH €CEMTIK Cy aly PeXUMIepi CaKTalFaH
Karaiaa TYPaKThUIBIFBIH PAacTaiiibl. AJBIHFAH HOTHKEJIEP DOJIBIK KyMIapAarbl
TYIIBI JKEPACTBI CYIapBIHBIH aWTapIbIKTall PECYpPCTHIK 9JICyeTiH YKOHE OJapIIbIH
MasnrbIcTay OHIpiHIeTi e/l MeKeHAep MEH MYHal KoCIMIITIKTepiH mapyanbuTbIK-
aybI3 CYMEH KaMTaMachI3 eTy/Ieri 0achlM pelliH KepceTei.

292



ISSN 2224-5278 5.2026
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pecypcrap, backyneik, CayckaH >xoHe Tyliecy KyMabl MacCUBTEpi, DOJJIBIK
MeTTHAINIEPAIH Cy OTKi3rii ropu3oHTHI, bareic Kazakcran

©Myprasun E. /K., Tokrap A.T.*, Paxumosa B.C.,
Canapragaues /I.C., 2026.
WHCTUTYT THIPOTEOIOrUy U Te03K0JI0run nMeHn Y.M. Axmerncaduna,
Anmarsl, Ka3zaxcTaH.
“E-mail: aliya.toktar@gmail.com

OLHEHKA IIMTAHUA U PECYPCHOI'O HIOTEHINAJIA
HOJA3EMHBIX BOJ IECYHAHBIX MACCHUBOB IIJIATO
MAHI'BICTAY B 3AITA/THOM KA3AXCTAHE

Mypra3un EpMexk — KaHIUIAT reoJoro-MHHEPATOTHIECKUX HAayK, VHCTHUTYT THAPOTEONOTHH H
reoskonoruu umenn Y. M. Axmencaduna, Anmarsl, Kazaxcras,

E-mail: ye murtazin@]list.ru, https://orcid.org/0000-0002-7404-4298;

Toxkrap Aausi — goktopanT PhD, WHCTHTYT THIPOTEONOTHH ¥ TEOIKOIOTHH HMEHH
VY. M. Axmencadpuna, Anmarsl, KazaxcraH,

E-mail: aliya.toktar@gmail.com, https://orcid.org/0000-0002-8231-5422;

PaxumoBa Bajsentmna — PhD, MWHCTUTYT THAPOrE€OJOTMH W TEOIKOJIOTHH HMEHH
VY. M. Axmencadpuna, Anmarsl, KazaxcraH,

E-mail: salybekova v(@mail.ru, https://orcid.org/0000-0001-5783-1081;

CanapraaueB Jlanugp — PhD, WHCTHTYT THIpPOr€ONOTMA H  TEOIKOJIOTHH HMEHH
VY. M. Axmencadpuna, Anmarsl, KazaxcraH,

E-mail: rgzgroup1@gmail.com, https://orcid.org/0000-0002-3751-7738.

AHHOTAUUSA. AKmyarbHOCmy. DOJIOBbIE BOJOHOCHBIE TOPH30HTHI IMECYAHBIX
MaccuBoB backynyk, Cayckan u Tyiiecy, pacmofio)KeHHBIX Ha I1aTo MaHTBICTay
B 3anmagHoM KazaxcraHe, mpeacTaBisiOT co0OW BakHBIE MCTOYHUKH TPECHBIX
MOJI3€MHBIX BOJA JUIA XO3SHCTBEHHO-TIUTHEBOTO BOJOCHAOKEHUS HACEICHHBIX
ITYHKTOB peruoHa. B YCIIOBUAX ApuaHOIro KJIMmMara, OrpaHUYCHHOCTHU
MOBEPXHOCTHBIX BOTHBIX PECYPCOB M BO3pACTArOIIei MOTPEOHOCTH B HAJIE)KHOM
BOJOCHAOKEHUH OCOOYI0 3HAYUMOCTH IIPHOOpETAaeT OIEHKa €CTECTBEHHOTO
BOCTIOJTHEHHSI TIOI3MHBIX BOJl. IHTEHCHBHOCTH €KErOJJHOTO MUTAHUS ONpPeAesIeT
BEJIMYMNHY BO300OHOBIISIEMOM COCTABIISAIONIEH PECYPCOB M CITYKUT OTHIM U3 0CHOBHBIX
Mokaszarenieii mnpu OOOCHOBAaHMM BO3MOXKHOCTH JITUTENBHOW OKCIUTyaTaluu
BOJIOHOCHBIX TOPHU30HTOB 0€3 CYIIECTBEHHOTO HCTOIICHUS WX 3amacoB. [[ens.
OHCHI/ITB pecprHBIﬁ IOTCHIINAJI ITOA3€EMHBIX BOA 30JIOBBIX OTJIOKEHHH TTeCUaHbIX
MaccuBoB backynyk, Cayckan u Tyilecy Ha OCHOBE ONpEAEICHUSI HHTEHCHBHOCTU
€XKErOIHOTO MUTAaHUS U BEIMYUHBI EMKOCTHBIX 3armacoB. Memoosl. ViccnenoBanne
OCHOBAHO Ha KOMIUICKCHOM TIIPUMCHCHUU TUAPOTCOJOTUICCKUX METOAO0B,
TUIPOAMHAMUYECKOTO MOJAEIUPOBAHMS M T€OMH()OPMAIMOHHBIX TEXHONIOTHH. B
2021-2025 rr. mpoBeAeHbI Ha3eMHbIE MapIIPYTHBIE NCCIIEIOBAHMSI, HAITPABIEHHBIS
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Ha U3Y4YEeHUE TUAPOTCOIOTHUECKUX YCIOBUH U COBPEMEHHON BOIOX03IHCTBEHHON
O0OCTaHOBKHM TI€CYaHBIX MAacCCHBOB. JIJii KOJMYECTBEHHOW OIEHKH IHTaHUS
MOA3EMHBIX BOJ MCIIOJIb30BaHbI JIBa MOAXOA: pacueT Ha OCHOBe Koddduimenrta
MHQUIBTPALUU aTMOC(EPHBIX 0CAJKOB U aHAJIN3 JAHHBIX PEXUMHBIX HAOMIONCHUN
3a KOJNEOAHWSIMH YpPOBHS TOA3EMHBIX BOHA. JIOMOMHHUTENHLHO BBITOJHEHA
OLIEHKa E€MKOCTHBIX 3allacoB M IPOBEACHBI CLEHAPHBIE PACUETHl HMPOTHO3HBIX
PECYPCOB € YYETOM pa3IMYHBIX CPOKOB DKCILTyaTalliy BOJOHOCHBIX TOPU30HTOB.
Pesynomamol. YCTaHOBIIEHO, YTO OCHOBHBIM HCTOYHUKOM MUTAaHMS MOA3EMHBIX
BOJ sBISieTCs HMH(UIBTpanus aTMOC(QEpPHBIX OCAaJKOB XOJOAHOIO IIepHona
roza, TOrja Kak OCaJAKH TEIUIOro MepHoAa MPEeUMYIIECTBEHHO PacXonyroTcsl Ha
IBanoTpaHcHupanuoo. Moxynb NHUTaHUS TOA3EMHBIX BOJ, PACCUMTAHHBIA Ha
ocHOBe Kod(duimeHTa WHOUIBTPAMK W JAHHBIX PEKUMHBIX HAONIOCHUHA 3a
YpOBHEM TMOI3eMHBIX BOA, cocraBisier 0,46—0,77 n/(c-kM?) B 3aBUCHMOCTH OT
paccMaTpuBaeMoro I€CYaHOTO MaccuBa. HeB0o300HOBIsIeMas COCTaBISAIOMIAS
pecypcoB 0XapaKTepH30BaHa BETMUYNHON EMKOCTHBIX 3aI1aCOB 30JI0OBBIX BOJOHOCHBIX
TOPU30HTOB, CYMMAapHbI 00BEM KOTOPBIX Ul TPEX HCCIICLOBAHHBIX MacCCHBOB
npesbimaer 400 miaa M3, [IporHosHele pecypchl MOA3EMHBIX BOJ| OLIEHEHBI I10
TPEM CLIEHApHSIM - ONTUMUCTHYHOMY, IECCHMUCTUYHOMY U Han0oJIee BEPOSITHOMY,
MPEAYCMaTPUBAIOIIUM Pa3IMYHbIE COOTHOIICHUS BO30OHOBISIEMBIX PECYpPCOB
U €MKOCTHBIX 3allacOB B 3aBUCHUMOCTH OT MPOAOJIKUTEIBHOCTH 3KCILUTyaTalluu
BOJOHOCHBIX F'OPU30HTOB. Bb1600bl. AHAIN3 MHOTOJIETHETO OIBITA 3KCIUTyaTaluu
B0J103200poB Tecyanblix MaccuBoB Cayckan u Tylecy, (QyHKIMOHHPYIOIIUX C
1966 u 1971 rr. COOTBETCTBEHHO, CBUAETEIBCTBYET O BO3MOXHOCTH yCTOMUHBOTO
BojlocHaOxeHusi ropoxa JKaHao3eHa TpH COONIONEHUHM PACUETHBIX PEXKHMOB
BogooTOOpa. [lomyyeHHbIe pe3ynbTaThl MOATBEPKAAIOT 3HAYUTEIbHBINH PECYPCHBIN
MOTEHIHAI TIPECHBIX TTOI36MHBIX BOJ| J0JIOBBIX OTJIOKEHHH U UX BAXXHYIO POJIb B
o0ecrieueHNH XO35HCTBEHHO-IUTHEBOIO BOJOCHAOKEHUSI HACEJICHHBIX ITyHKTOB
n He(TenpoMbICIOBEIX 00BEKTOB MaHIBICTayCKOrO peruoHa. ParnpmoHanpHOE
WCTIOJIb30BAHNE  BBIABJICHHBIX PECYpCOB  TpeOyeT ydeTa HWHTEHCHBHOCTU
€CTECTBEHHOTO MUTAHUS, BETMYMHBI EMKOCTHBIX 3al1acOB U MPOAOJIKUTEILHOCTH
9KCIUTyaTaIllii BOJOHOCHBIX TOPU30HTOB.

KiroueBble ci1oBa: nuTaHue MOA3EMHBIX BOX, HHPHUIBTpALUs aTMOC(EPHBIX
0CAaJKOB, BO30OHOBJISIEMbIE PECYPCHI, IPOIHO3HBIE PECYPChI, IECUaHbIE MACCHBbI
backynyk, Cayckan u Tyilecy, BOJOHOCHBIH TOPHU30HT DO0JIOBBIX OTJIOXKEHHH,
3amagusiil Kazaxcran

Introduction. The 2022 UN World Water Development Report Groundwater:
Making the Invisible Visible recognized that groundwater holds considerable
potential to deliver social, economic, and environmental benefits — including
climate change adaptation (UNESCO, UN-Water, 2022). Groundwater is broadly
understood as a natural resource whose value rests on renewable supplies and, in
more exceptional circumstances, on non-renewable reserves (natural storage) that
can be exploited and depleted (Margat and van der Gun, 2013; Foster et al., 2006).

294



ISSN 2224-5278 5.2026

The latter serve as an important water buffer, making abstraction regimes less
sensitive to the natural rhythm of recharge.

Renewable groundwater resources represent the primary indicator of annual
recharge, capturing the essential character of groundwater as a replenishable mineral
resource (Osipov et al., 2019). They define the upper limit of sustainable long-term
abstraction — the rate at which groundwater can be withdrawn over a multi-year
period without causing depletion — and are therefore central to any assessment of
resource potential.

The Baskuduk, Sauskan, and Tuyesu sand massifs of Mangystau Region in
western Kazakhstan lie on the Mangystau Plateau within the Caspian Sea basin
(Figure 1). The terrain is a structurally tilted plateau dissected by residual mesa
landforms and numerous enclosed depressions and basins of varying shape and
size, typically bounded by steep scarps with abundant gullies; the depressions are
occupied by salt flats (solonchaks) and takyrs. The plateau surface, at absolute
elevations of 200-220 m, slopes southward. Surface runoff is absent throughout
the area.
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Figure 1. Overview Map of the Sand Massifs of the Mangystau Plateau.

The sand massifs form a roughly east-west belt. Baskuduk sands occupy
the western margin, with the Sauskan-Bostankum sands adjoining them to the
southeast. The relief of these massifs is denudational-accumulative, of barchan
type, with a central elevated zone reaching 230-245 m a.s.l. The central sands are
actively mobile and unvegetated; the peripheral and eastern portions are gently
undulating and ridge-mound in character, partially to fully stabilized by vegetation.
The relative height difference between mounds and deflation hollows ranges from
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10-15 m (up to 20 m in the central zone) to 3-5 m at the margins. The northeastern
boundary of the Sauskan massif is defined by a system of salt flats representing
groundwater discharge zones. The Bostankum sands are essentially water-free.

At the far southeast lies the Tuyesu sand massif, an aeolian cellular-ridge plain
with scattered barchans and sparse vegetation. The sands form cellular mounds
5-10 m high with cell depths of 8-10 m. The massif extends approximately 30 km
from southeast to northeast, reaching a maximum north-south width of about 14
km. Absolute elevations range from 80 m in the eastern part to 210 m in the west.

The study area has a continental, hyper-arid climate characterized by high solar
insolation, pronounced diurnal and seasonal temperature swings, hot dry summers,
mild winters, brief transitional seasons, low atmospheric humidity, relatively low
but highly variable annual precipitation, and intense solar radiation (Ongayev et
al., 2022).

Review of the Hydrogeological Characteristics of the Study Area. Within
the hydrogeological regionalization framework, the study area falls within the
Central Mangyshlak second-order basin, part of the Ustyurt first-order basin of the
Scythian-Turanian hydrogeological region. (Smolyar et al., 2022; Razakova et al.,
2020; Lagutin et al., 2020).

The Baskuduk sand massif. Exploration works carried out in 1966-1967
established that groundwater is associated with a bowl-shaped depression in the
relief of the underlying aquiclude rocks. In plan view, the aquifer has an elongated
shape, extending up to 12 km in length with an average width of 1,9 km. The area
of water-saturated sands is 24,9 km?. The water-bearing deposits are composed of
fine-grained, and less commonly very fine-grained sands. The aquifer is underlain
by clays and clayey sands of Cenomanian age.

The waters are unconfined, pore-type groundwater. The depth to groundwater,
depending on the local relief, varies from 2,1 to 39,2 m. The aquifer thickness
reaches up to 28,5 m. The water-bearing capacity of the sands is characterized
by well yields ranging from 1,1 to 2,5 L/s at drawdowns of 1,6-9,9 m. Hydraulic
conductivity varies from 1,1 to 7,7 m/day, with a weighted average value of 4,57
m/day. The specific yield of the sands ranges from 0,072 to 0,155, with an average
value of 0,12.

Low mineralization of groundwater (0,3-0,6 g/L) is observed in the central part
of the massif, where vegetation is sparse and the groundwater table is relatively
deep. In the northern and northeastern parts, a zone of increased groundwater
mineralization is identified, locally reaching brine concentrations.

Groundwater flow is directed toward the north and northeast. The main source
of groundwater recharge is the infiltration of atmospheric precipitation. Discharge
predominantly occurs through evaporation processes within the zone of elevated
mineralization.

The Sauskan sand massif. The hydrogeological characteristics of this sand
massif are controlled by the relief of the underlying bedrock surface, which forms a
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bowl-shaped, ellipsoidal depression with its long axis extending in a north-western
direction and a general surface slope toward the north-north-west. The central part
of the depression is complicated by a narrow local uplift of the aquiclude, which
divides the massif into northern and southern parts that are locally hydraulically
isolated from each other. The massif extends approximately 29 km along its long
axis and reaches up to 8 km in width. The total area of water-saturated sands is 220
km?, while the area of freshwater occurrence is 167,3 km?.

The water-bearing deposits are represented by sands, predominantly fine-grained
and relatively homogeneous both in plan and vertical section, although very fine-
grained varieties also occur in the northern part. The groundwater is unconfined and
of pore-type. The depth to groundwater, depending on the relief, varies from 1,5 to
24,4 m, averaging 4-5,5 m in the north and 5-7 m in the south. The total thickness
of the aeolian aquifer ranges from 0,4 to 22 m, with measured values of 9.8-20.5 m
(northern part) and 10.2-19.8 m (southern part).

The water-bearing capacity of the sands is characterized by well yields ranging
from 0,6 to 4,1 L/s at drawdowns of 1,4-12,8 m, with specific yields of 0,4-0,5
L/s. Hydraulic conductivity values vary from between 2,0 and 6,9 m/day, with
predominant values of 2,5-5,0 m/day. The specific yield of the sands ranges from
0,126 to 0,176, with an average value of 0,14-0,15.

Minimum groundwater mineralization (0,2-0,3 g/L) is observed in the southern
and central parts of the massif, which are topographically elevated, lack vegetation,
and are composed of dune sands representing areas of primary groundwater
formation. Along the direction of groundwater flow toward the north and northeast,
mineralization increases from 1 to 10-15 g/L. A belt of saline waters, 0,35-1,5 km
wide, extends along the northern boundary of the sand massif. In areas of salt flats
(sor) and solonchaks, groundwater is highly mineralized, reaching brine conditions.

Groundwater flow is directed toward the northeast. The main source of recharge
is the infiltration of atmospheric precipitation. Groundwater discharge occurs
mainly in the northern and northeastern parts of the deposit within zones of
extensive development of salt flats and solonchaks.

The Tuyesu sand massif. Groundwater in the sandy deposits is not distributed
uniformly; it is confined to a bowl-shaped depression in the relief of the clay
aquiclude. This depression is formed by the merging of two local valleys separated
in the western part of the field by a sharp uplift of Cenomanian deposits. The area of
aquifer occurrence is 82,2 km?. The aquifer has an elongated shape extending from
west to east, locally complicated in the northern part by a “tongue-like” extension
along another valley. Its length along the major axis is 22-24 km, and its width
ranges from 1,5 to 6,8 km. The water-bearing deposits are composed of quartz-
feldspar sands, which are relatively uniform in grain-size composition throughout
the section and are classified as fine-grained sands.

The groundwater is unconfined and of pore type. During the exploration stage,
the depth to groundwater varied from 5-10 m to 40 m depending on the relief. The
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aquifer thickness ranges from 0,3 to 39,0 m. Maximum thicknesses are associated
with the deepest depressions in the underlying relief, which correspond to potential
wellfield sites; the weighted average thickness is 18,4 m. Specific well yields range
from 0,3 to 1,6 L/s, with predominant values of 0,3-0,6 L/s and an average of 0.54
L/s for the field. Hydraulic conductivity values range from 0.78 to 8.41 m/day, with
prevailing values of 3-4 m/day. The weighted average hydraulic conductivity for
the field is 3,73 m/day. The specific yield of the sands reaches up to 0,147.

Groundwateris fresh, withmineralizationupto 1,0 g/L. Waters withmineralization
ranging from 1 to 7,3 g/L are identified only in the southern and eastern parts of
the field, where they form a narrow belt (0,25-1,5 km wide) surrounding the main
aquifer body and abruptly transition into saline waters associated with salt-flat (sor)
deposits within the groundwater discharge zone. Within the main freshwater lens,
mineralization averages 0,3-0,45 g/L.

Groundwater recharge occurs periodically during the spring and autumn seasons
through infiltration of atmospheric precipitation. Discharge zones are located along
the southeastern and eastern margins of the massif, where mineralized waters occur
and a belt of topographic depressions is observed, characterized by the development
of typical phreatophytic vegetation, gradually transitioning into salt flats (sor).

Materials and Methods. From a hydrogeological perspective, the study area
has been investigated in considerable detail through regional medium-scale surveys
and exploration programs conducted since the 1960s. The study employed an
integrated methodological approach combining modern hydrogeological methods
and techniques, numerical groundwater-flow modeling tools, and GIS-based
technologies for data collection, processing, and analysis (Sotnikov et al., 2025).
Field reconnaissance surveys aimed at assessing the current hydrogeological and
water-management conditions of the sand massifs were carried out during 2021-
2025.

When assessing groundwater recharge resulting from precipitation infiltration, the
total annual precipitation is of less practical importance than effective precipitation,
i.e., precipitation occurring during the cold season. Precipitation falling during
the warm season (April-October), under conditions of high atmospheric moisture
deficit and intense evaporation, is generally consumed by evapotranspiration. The
analysis was based on long-term average annual and effective precipitation data
obtained from observations at two permanent meteorological stations operated by
the national hydrometeorological service, Kazhydromet.

Over the past two decades, a trend toward increasing mean annual air temperature
has been observed, from 11,0-12,0°C during 1955-1997 to 12,2-13,4°C during
1998-2020 (Figure 2). In contrast, trend lines for both total annual precipitation and
cold-season precipitation during the 1950-2020 observation period remain nearly
horizontal, indicating no significant long-term changes in precipitation amounts
(Figures 3-4) (Rakhimov et al., 2026).
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Groundwater recharge forms the groundwater runoff and determines the
renewable resources of aquifers hosted in aeolian sandy deposits. Recharge is
commonly expressed as a discharge rate, usually in L/s. It may also be represented
by the groundwater runoff depth (hgw), defined as the thickness of the water layer
entering the aquifer per unit time (typically mm/year), or by the groundwater runoff
modulus (MW), which is equivalent to the renewable resource modulus (M ) and
represents the recharge rate per unit area of aquifer extent (typically L/s-km?). The
runoff modulus is related to the runoff depth by the following equation:

M =00317h (1)
&w &

Two methods were used to estimate groundwater recharge from atmospheric
precipitation (Ali and Mubarak, 2017; Caschetto et al., 2016; Chenini and Ben
Mammou, 2010).

(a) Estimation based on the infiltration recharge modulus, calculated using the
following equation:

Mips = 0,0317a Xogr (2)

inf

where M, is the infiltration recharge modulus (L/s'km?); o is the infiltration
coefficient (dimensionless); and X, is the annual effective precipitation (mm/
year). Values of the infiltration coefficient («) were determined from pumping-test
and field-investigation data, as well as by analogy with similar hydrogeological
conditions reported in the literature.

(b) Estimation based on groundwater-level fluctuations, using the annual
recharge modulus calculated as:

M, =317 pdh, €)

where M is the annual groundwater recharge modulus (L/s-km?); u is the
average specific yield of the aquifer deposits (dimensionless); and Ahavgis the mean
annual groundwater-level fluctuation derived from monitoring observations (m).

Hydrodynamic methods for estimating groundwater recharge are based on the
solution of differential equations describing transient or steady-state groundwater
flow. These equations can be solved using analytical and numerical approaches
implemented in modern computer-based modeling software. Analytical methods
for estimating groundwater flow rates are generally based on Darcy’s law. A widely
applied approach involves the estimation of groundwater recharge through inverse
modeling, in which recharge values are derived from hydrogeological flow models
calibrated against observed groundwater levels at different points in time and
known aquifer parameters. The importance of hydrodynamic methods is expected
to increase as areas with natural groundwater and surface-water flow regimes
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continue to decline (Aguila et al., 2019; Gee and Hillel, 1988; King et al., 2017;
Sanford, 2002).

Renewable (natural) groundwater resources are characterized by long-term
average values of groundwater runoff calculated over periods of 10-30 years,
thereby accounting for both interannual and seasonal variability. These estimates
provide an indication of groundwater availability within the sand massifs and
define the upper limit of sustainable groundwater abstraction over extended periods
without resource depletion. Consequently, they represent a key component in the
assessment of groundwater resource potential (Kuruppath et al., 2018; Spanov et
al., 2019; Tekenov et al., 2017; Mukhamedzhanov et al., 2019).

Non-renewable groundwater resources are represented by the storage reserves
of aeolian aquifers and are defined as the volume of water released during aquifer
drainage. Calculations of storage reserves were performed for the unconfined pore-
water aquifers of the sand massifs. The assessment was based on refined estimates
of aquifer extent, saturated thickness, and the specific yield of the water-bearing
deposits (Goodarzi et al., 2015).

The hydrogeological basis for forecasting the rational utilization of groundwater
resources lies in the assessment of forecast groundwater resources, which are
estimated using general hydrogeological concepts together with specialized local-
and regional-scale investigations. In the present study, forecast groundwater
resources were calculated using a methodology that relates regional forecast
resources to renewable resources and storage reserves of aeolian aquifers through
the following equation:

v
'?f:lr' =a,Q,+a; ?-"'-‘ (4)
where O, is the forecast groundwater resource; O, is the renewable groundwater
resource; V| is the aquifer storage reserve; ¢ is the exploitation period; and a
and a, are utilization coefficients for renewable resources and storage reserves,
respectively.

The assessment of forecast groundwater resources in the sand massifs was
carried out under three scenarios (Mukhamedzhanov et al., 2020).

Scenario 1 — optimistic. Forecast resources are estimated exclusively based on
the evaluated renewable groundwater resources to prevent aquifer depletion. The
utilization coefficient is assumed to be 0,7, based on long-term forecasting practice.
The exploitation period is considered unlimited.

Scenario 2 — pessimistic. Forecast resources are calculated solely from the
estimated storage reserves of the sand massifs. This scenario assumes the absence
of aquifer recharge. The utilization coefficient is taken as 0,2 to minimize the risk
of aquifer depletion, and the exploitation period is set to 15 years, representing a
prolonged drought period.

Scenario 3 — expected and most probable. Forecast resources are determined
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by considering both renewable resources and storage reserves of aeolian aquifers.
The utilization coefficients are 0,7 for renewable resources and 0,2 for storage
reserves. The exploitation period is assumed to be 25 years, based on long-term
hydrogeological practice in Kazakhstan.

Thus, the resource potential of the sand massifs is characterized on the one hand
by renewable and non-renewable (storage) groundwater resources, and on the other
hand by forecast resources representing the potential for groundwater utilization.

Results and Discussions. The assessment of annual groundwater recharge
and resource potential of acolian deposits was carried out separately for each sand
massif.

The Baskuduk sand massif. Hydrogeological exploration works aimed at
identifying water supply sources for local oil fields were conducted within the sand
massif in 1966-1967. The storage reserves of groundwater in the aeolian deposits
are estimated at 49,7 million m® (Table 1). Groundwater recharge was calculated
based on both precipitation infiltration and hydrodynamic methods. The recharge
modulus varies from 0,46 to 0,57 L/s-km?, with an average value of 0,55 L/s-km?
and an average groundwater runoff depth of 17,5 mm/year. Renewable groundwater
resources are estimated at 13,8 L/s (Table 2). Forecast groundwater resources of the
acolian aquifer, calculated under three scenarios, range from 9,7 to 22,3 L/s (Table
3).

Groundwater abstraction has been carried out since 1996 using individual wells,
with abstraction rates not exceeding 1,0 L/s, which corresponds to approximately
10% of the forecast resources under the optimistic scenario. The ecological
condition of the sand massif and surrounding area has remained largely unchanged.
Local occurrences of mobile sands are associated with overgrazing and the cutting
of shrubs and saxaul for fuel. The forecast groundwater resources indicate the
potential to increase abstraction for domestic and potable water supply in nearby
oil fields and rural settlements.

The Sauskan sand massif. Hydrogeological exploration works in the sand massif
were carried out during 1964-1965 and 1966-1967 to identify water supply sources
for regional oil fields. The storage reserves of groundwater in the aeolian aquifer
are estimated at 177,3 million m* (Table 1).

Recharge estimates were obtained using the same approach described above.
The recharge modulus varies from 0,39 to 0,77 L/s-km?, with a calculated value of
0,77 L/s-km? and an average groundwater runoff depth of 24,1 mm/year. Renewable
groundwater resources are estimated at 128,1 L/s (Table 2). Forecast groundwater
resources of the aeolian aquifer, calculated under three scenarios, range from 75,0
to 134,6 L/s (Table 3).

Regular groundwater abstraction in the northern part of the sand massif has
been carried out since 1966 for domestic and potable water supply to the city
of Zhanaozen. A linear well field with a total length of 17,7 km consists of 24
production wells with spacing of 65-1,060 m and depths ranging from 27 to 52 m.

In 1998, the operational performance of the acolian aquifer was analyzed for
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the period 1967-1997. The total annual groundwater abstraction during 1966-1980
ranged from 13,3 to 60,2 L/s, with an average of 38,5 L/s, corresponding to 43%
of the forecast groundwater resources under the optimistic scenario. During 1981-
1987, annual abstraction varied from 34,1 to 54,4 L/s, with an average value of
40,8 L/s (45,5% of the forecast resources under the optimistic scenario). Despite
seasonal fluctuations in dynamic groundwater levels, no long-term decline of mean
annual groundwater levels in production wells was observed.

A hydrogeodynamic model was developed for forecasting groundwater
abstraction up to 2022, based on the solution of an inverse steady-state problem
for 1967 and simulation of groundwater withdrawal in the northern part of the
sand massif over the period 1967-1997. Starting from the hydrogeological
conditions established for 1997, a predictive simulation was carried out for a 25-
year abstraction period with a total discharge of 59,6 L/s (66,4% of the forecast
resources under the optimistic scenario). No deterioration in groundwater quality
or increase in mineralization is expected under the simulated abstraction regime.
Environmental impacts associated with groundwater withdrawal were assessed as
negligible.

In 2021, an additional assessment of the aeolian aquifer was performed for the
northern part of the sand massif covering the period 2003-2020. During this period,
groundwater abstraction ensured domestic and potable water supply for the city of
Zhanaozen and the settlements of Sazdy, Ushtagan, and Kyzylsay. The ecological
condition of the sand massif and surrounding area remained essentially unchanged
compared to 1997, and no evidence of intensified modern geological processes
(such as surface subsidence) was observed. Sand outflow from the acolian aquifer
and ground subsidence in the vicinity of wells were not detected. No soil salinization
or vegetation degradation was identified within the well field area. Periodic high-
recharge years play an important role in the system: during such periods, moisture
infiltration contributes to replenishment of the aquifer storage.

Total annual groundwater abstraction in the northern part of the sand massif
during 2003-2020 ranged from 30,4 to 57,6 L/s, with an average of 42,4 L/s,
corresponding to 47,3% of the forecast resources under the optimistic scenario.
Mean annual dynamic groundwater levels varied from 6,3-15,4 m in 1997 to
7,0-16,3 m in 2020, while drawdowns increased from 2,8-10,9 m to 4,6-11,6 m,
respectively. In 11 wells, no increase in drawdown was observed. In the remaining
wells, the average rate of drawdown increase was estimated at 0,09 m/year.

A new hydrogeodynamic model of the aeolian aquifer was developed, and its
consistency with the hydrogeological conditions of the sand massif was verified by
solving an inverse steady-state problem for 1997 and simulating aquifer exploitation
over the period 1998-2020. Based on the hydrogeological conditions established for
the end of 2020, a predictive simulation was performed for a 10,000-day projection
period with a total abstraction rate of 59,6 L/s (66,4% of the forecast groundwater
resources under the optimistic scenario).

Analysis of long-term aquifer exploitation and results of hydrogeodynamic
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modelling for the Sauskan sand massif indicate that an abstraction rate of 59,6 L/s
in the northern part is optimal. Further increases in groundwater abstraction may
be achieved through the construction of additional production wells in the southern
part of the sand massif.

Table 1. Estimated storage reserves of groundwater in sand massifs.

No. | Sand massif | Area, km? | Aquifer thickness, m Specific yield Storage reserves,
(dimensionless) million m?
min - max | average | min - max | average
1. | Baskuduk 24,9 0,5-28,5 16,6 0,07-0,16 0,12 49,7
2. Sauskan 167,3 0,4-22 7,3 0,12-0,18 0,145 177,3
3. Tuyesu 96,4 0,3-39 13,5 0,12-0,16 0,14 182,8
Total | 288,6 7,3-16,6 10,1 0,12-0,15 0,14 409,8
Table 2. Estimated infiltration recharge of groundwater.
No. Sand Area, Recharge modulus, Groundwater | Renewable resources,
massif km? L/s-km? runoff depth, L/s
min - max | calculated mm/year min - max |average
1 | Baskuduk | 24,9 0,46-0,57 0,55 17,5 11,5-14,2 13,8
2 | Sauskan 167,3 0,39-0,77 0,77 24,1 65,0-132,4 | 128,1
3 Tuyesu 96,4 0,18-0,64 0,46 14,6 11,5-52,2 447
Total 288,6 0,46-0,55 0,65 20,4 13,8-128,1 | 186,6

Table 3. Estimated groundwater resource potential.

No. | Sand massif | Area, | Renewable | Storage reserves, Forecast resources, L/s
km? | resources, L/s million m? Scenario 1 | Scenario 2 | Scenario 3
1 Baskuduk | 24,9 13,8 49,7 9,7 21,0 223
2 Sauskan | 167,3 128,1 177,3 89,7 75,0 134,6
3 Tuyesu 96,4 447 182,8 31,3 77,3 71,7
Total 288,6 186,6 409.,8 130,6 173,3 234,6

The Tuyesu sand massif. The storage reserves of groundwater in the acolian aquifer
are estimated at 182.8 million m’ (Table 1). Recharge estimates were derived using
the same methodology as described above. The recharge modulus varies from 0,18
to 0,64 L/s-km?, with a calculated value of 0,46 L/s-km? and an average groundwater
runoff depth of 14,6 mm/year. Renewable groundwater resources are estimated at
44,7 L/s (Table 2). Forecast groundwater resources of the aeolian aquifer, calculated
under three scenarios, range from 31,3 to 77,7 L/s (Table 3).

Regular groundwater abstraction in the northern part of the sand massif has
been carried out since 1971 for domestic and potable water supply to the city of
Zhanaozen. Twenty-seven production wells with depths of 44-62 m have been
constructed and grouped into three linear well fields: southern (18 wells), northern
(5 wells), and central (4 wells). The spacing between well lines ranges from 500 to
2,000 m, while the distance between individual wells varies from 500 to 1,800 m.

In 1998, an analysis of aquifer exploitation was performed for the period 1971-
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1997. The mean annual groundwater abstraction was 104,2 L/s, reaching 121,5-
133,1 L/s in individual years. The well fields operated under non-steady-state flow
conditions with a continuous decline in groundwater levels.

For forecasting groundwater abstraction up to 2022, a hydrogeodynamic model
was developed based on the solution of an inverse steady-state problem for 1967 and
simulation of abstraction processes in the northern part of the sand massif for 1971-
1997. Based on the hydrogeological conditions established for 1997, a predictive
simulation was performed for a 25-year period with a total abstraction rate of
103,0 L/s. No deterioration in groundwater quality or increase in mineralization is
expected under the simulated conditions. Environmental impacts associated with
groundwater abstraction were assessed as negligible. Long-term abstraction during
1971-1997 did not indicate any deterioration of environmental conditions.

In 2021, an additional assessment of the exploitation history of the aeolian
aquifer in the sand massif was carried out for the period 2003-2020. During this
time, groundwater abstraction ensured domestic and potable water supply for the
city of Zhanaozen and the settlements of Sazdy, Ushtagan, and Kyzylsay. The
ecological condition of the sand massif and surrounding areas remained essentially
unchanged compared to 1997, and no evidence of intensified modern geological
processes (such as surface subsidence) was observed. Local occurrences of mobile
sands were mainly associated with overgrazing and the cutting of shrubs and saxaul
for fuel. No sand migration from the aeolian aquifer or ground subsidence in the
vicinity of wells was detected. No soil salinization or vegetation degradation was
identified within the well field area. Periodic high-recharge years play an important
role in the system: during such periods, increased moisture infiltration contributes
to the replenishment of aquifer storage.

Total annual groundwater abstraction during 2003-2020 ranged from 48,6 to
99,2 L/s, with an average value of 81,5 L/s. Abstraction was carried out from 20-24
wells, with 22 wells operating most frequently. Mean annual dynamic groundwater
levels changed from 17,2-36,3 m in 1997 to 23,8-38,9 m in 2020, while drawdowns
increased from 2,8-10,9 m to 4,6-11,6 m, respectively. In eight wells, no increase
in drawdown was observed. In the remaining wells, the average rate of drawdown
increase since 1997 was estimated at 0,24 m/year.

A hydrogeodynamic model of the aeolian aquifer was developed, and its
consistency with the hydrogeological conditions of the sand massif was verified
through the solution of an inverse steady-state problem for 1997 and simulation
of aquifer exploitation for 1998-2020. Based on the hydrogeological conditions
established for the end of 2020, a predictive simulation was performed for a 10,000-
day period with a total abstraction rate of 103 L/s.

Thus, the total long-term groundwater abstraction from the aeolian aquifer of
the Tuyesu sand massif during 1971-2020 exceeds the estimated forecast resources
under the most probable scenario and is sustained mainly by depletion of aquifer
storage, accounting for up to 42,2% according to modelling results. The adopted
well-field scheme represents an efficient configuration for maximizing groundwater
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extraction from the sand massif. Long-term sustainability of abstraction can only
be ensured through artificial recharge of the aquifer. The implementation of such
measures requires further investigation, including detailed hydrogeological studies
and numerical modelling.

Conclusion. The specific natural and climatic conditions result in extreme
aridity of the Mangyshlak Peninsula. Despite the supply of surface water from
the Volga River via pipeline, the issue of domestic and potable water supply for
settlements and oil fields remains critical. One of the main sources of high-quality
drinking water is groundwater in sand massifs, where favorable conditions exist
for enhanced infiltration of atmospheric precipitation compared to surrounding
areas, as well as for its accumulation in bowl-shaped depressions of the underlying
formations. Fresh groundwater in aeolian sands represents the most promising
resource for domestic and potable water supply, as confirmed by nearly 60 years
of continuous exploitation of the Sauskan and Tuyesu sand massifs for the city of
Zhanaozen.

In recent years, the importance of replenishing storage reserves in sand massifs
has increased due to the availability of fresh surface water from the Volga River
in the region. This issue warrants further investigation, and, where appropriate,
implementation of a dedicated set of hydrogeological studies.

Use of Artificial Intelligence. Artificial intelligence (Al) tools were used
solely for language translation, editorial assistance, and literature search during
manuscript preparation. ChatGPT (OpenAl, GPT-5.5) was employed to support the
translation of the manuscript from Russian into English and to improve language
clarity. Microsoft Copilot was used to assist in literature search and retrieval of
relevant scientific sources. All scientific content, interpretations, calculations,
results, conclusions, and final text revisions were prepared, verified, and approved
by the authors. The authors take full responsibility for the accuracy, originality, and
integrity of the manuscript.
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