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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. Mining areas face persistent risks of groundwater
contamination by heavy metals and salts; permeable zeolite-containing barriers
are a promising low-cost countermeasure but require reliable, non-destructive

182



ISSN 2224-5278 1.2026

performance control in the field. Objective. To experimentally substantiate the
efficiency of clinoptilolite-based barriers and to validate a geophysical monitoring
toolkit for real-time diagnosis of sorption capacity and degradation. Methods. A
pilot barrier built from natural clinoptilolite (Eastern Pre-Caspian deposits) was
installed on a 55 x 65 m test site to 1.4 m depth. Time-lapse electrical resistivity
tomography (ERT), ground-penetrating radar (300 MHz GPR), and seismic-
acoustic sounding were synchronized with laboratory assays of filtrates (heavy-
metal concentrations, pH) and mineral diagnostics (DTA, density). An automated
station with hourly telemetry recorded resistivity and moisture; mass-balance
modeling quantified active-zone loading. Results and Conclusions. Field ERT
mapped a stable resistivity gradient (periphery 92—-120 Q-m; core 12-19 Q-m)
that deepened by 22.7% low-resistivity growth over five months, tracking sorption
front advance. GPR amplitude losses (~15 dB) co-localized with low-resistivity
pockets. Filtrate analyses showed removals of Pb** 92.3%, Cd** 86.5%, Zn** 77.8%
with pH decreasing from 7.2 to 6.0; clinoptilolite density rose from 1.54 to 1.69
g cm? and the DTA endotherm shifted from 342 to 329 °C, evidencing structural
modification. The active saturation zone reached 35.7 m* (=32.3% of 110.3 m?)
at filtration coefficients 0.90-1.18 m day'; correlation analysis linked resistivity
with density (r = 0.85) and pH (r = —0.78), enabling proxy forecasts of loading.
Integrated geophysics thus provides sensitive, scalable diagnostics for zeolite
barriers and supports proactive maintenance in industrial hydrosystems.
Keywords: crystalline materials, rock formations, thermostimulated
depolarization currents, diagnostics, diffractograms, environmental monitoring

For citations: Kukartsev V.V, Stupina A.A., Khudyakova E.V., Stepantsevich
M.N., Matasova I.Yu. Diagnostics of the Structure of Crystalline Materials of Rock
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AHHOTAaUMs. O3¢exminici. Tay-KeH OHEPKOCiO1 ayMaKTaphl )KEP aCThI CYJIAPBIHBIH
aybIp METaJUT HOHIAPBIMEH JIaCTaHybIHA YIITBIPAN/IBI; IEOUT HETi31HAeT] OTKI3TilT
TOCKAaybUIIap-Aajia KaFJaiblHaa CeHiMli, 0y30alThIH OaKpUIayabl KaXKET eTEeTiH
yHemai wemiM. Maxgcamei. KIMHONTUIONUT TOCKAYBULAAPBIHBIH THIMAUTITIH
AKCIIEPUMEHTTIK HETI3JICy JKOHE COPOIMSUIBIK ChIMBIMJIBUIBIK II€H JIerpajianus
OenrinepiH Kelen MUarHOCTHKajay YIIiH reo()M3UKaIbIK MOHUTOPHHT KEHICHIH
TeKcepy. Odicmepi. 55 x 65 M nmonuronaa 1,4 M mepae TepeHAITIHIE CHHXPOHIBI
MOHHUTOPHHT KYPTri3inmi: amekrporomorpadus, 300 MI'm reopamapamap koHE
CeiCMOaKyCTHKa, COHJal-aK (MIBTPATTAp/bIH 3ePTXaHAIBIK Taliaybl (MeTasl
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KOHIeHTpaIusichl, pH) >koHe MuHepanormsuielK chiHaKTap ([ TA, TBHIFBI3IBIK).
OpHaTBUTFaH TENEMETPHUSUIIBIK CTAHITNS KAPCHUTBIK ITeH bUIFAJIBUTBIKTHIH CaFaTThIK
©3TepYyiH TipKe/[li; MaccajblK TeTe-TeH IiK MOJIeNi OeCeH i allMaKThIH KYKTEMECiH
Oaranmanel. Homuowcenep men xopvimulnOvlIiap. DNEKTpOTOMOrpadusi TYPaKThI
KapChUIBIK TPalMeHTIH aHbIKTaab! (epudepus 92-120 Omem; sapo 12-19 OMem)
JKOHE copOIusl MalIaHbIHBIH ITepiJieyiH KOpPCEeTeTiH Oec aifijla TOMEH Jopexeli
aiiMakrapaslH yiecinig 22,7% ecyi. GRP momimerrepi OoibIHIIA HIaFBUIBICY
aMIUTMTYIaChl TOMEH KapCHUIBIK aiMaKTapblHIa mamameH 15 nb Temenzeni.
Cysrinepae xoiburynap TipkenreHn: Pb2t — 92.3%, Cd2t — 86,5%, Zn2" —
77,8%; PH 7.2-nen 6,0-re neiiiH ToMeHAEA]l; KIMHONTHUIOIUTTIH THIFBI3IBIFEI
1,54-ten 1,69 r/cm3-ke aeiiin ecti, DTA sunoaddexrici 342-nen 329 °C-ka neiiin
e3rep/i, Oy KYpBUIBIMIBIK MOTUGUKAIUSHBI KepceTerdi. berncenai aiMakThIH
kenemi Toyiirine 0,90-1,18 M cy3y koaddummentimen 35,7 m3 (110,3 m3-
TeH~32,3%) xetti. TeiFrenapFs (r = 0,85) xone pH (r = -0,78) 6ap KapchUIBIK
KOPPESIIHICH XUMUSITBIK OIIIISYIIePCi3 KYKTEME TopekKeciH 00IKayFa MyMKIHIIK
Oepeni. ['eopusnka MeH aHaTUTHKAHBIH MHTETPAIMSCH CYIBI KOpFay KyHenepiHn
Oencenni Oackapy YIIiH KypaMbIH/a IIEOJUT Oap KeaeprilepliH ce3iMTall JKoHe
MacIITa0TaIaThIH TUATHOCTHKACHIH KAMTaMachl3 eTe/I.

Tyiiingi ce3nep: 1eonut, reopusnka, TOCKAybLI, aybIp METaIIap, Cy3y, OaKkbluiay
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AHHOTamMsA. AxmyanbHocmy. 1 OpHOTIPOMBIIIJICHHBIE TEPPUTOPUUA TIOABEP-
KEHBI 3arPsI3HEHUIO MTOJI3EMHBIX BOJ HOHAMHM TSKEIBIX METAJJIOB; IPOHUIIAEMbIC
Oapbepbl Ha OCHOBE LICOJHTOB  SIBISIIOTCS SKOHOMHYHBIM  pEIICHHEM,
TpeOyIOMMUM JIOCTOBEPHOTO M HEpa3pyIIAIOIIeTo TIOJIEBOr0 KOHTpoIis. [lens.
OKCHepUMEHTaILHO 000CHOBATH APPEKTUBHOCTH KIMHONTHIOIUTOBBIX 0apbepoB
W BaIWIUPOBaTh KOMIUIEKC TeO(U3UUYECKOT0 MOHHUTOPHHIA JUIS ONEpPaTUBHON
JMArHOCTUKA COPOIMOHHOW EMKOCTH W TIPU3HAKOB Jerpafanuu. Memoobi.
Ha momurone 55 % 65 M mpu rayOuHe 3aBechl 1,4 M BBINIOJIHEH CHHXPOHHBIN
MOHHTOPUHT: 3JieKTpoTomorpadus, reopagap (300 MI'm) u ceiicMoakycThka,
a Takke J1abopaTopHBIN aHanu3 (QUIBTPAToB (KOHIEHTpAIMH MeTauioB, pH) u
muHepanoruueckue tectsl (JTA, mioTHocTs). YcTaHOBIIGHHAS TEJIEMETpUIecKas
CTaHIMA PErHCTPHUPOBAIA TOYACOBBIE M3MEHEHUs Y/EIbHOIO COMpPOTHUBIEHUS U
BJIQKHOCTH; MOJEIh MacCOBOTO OajlaHCca MCIONb30Bajach /IS OIEHKH 3arpy3Ku
aKTUBHOM 30HBL. Pesyibmamsl U  6b1600bl. DneKTpoToMorpadusi BbIIBHIIA
YCTOWYMBBIM I'PaJMEHT yJIeIbHOIO conpoTuBieHus (nepudepus - 92—-120 Om-m;
s1po - 12—19 OmM) 1 poCT A0 HU3KOOMHBIX o0macteii Ha 22,7% 3a ATk MECSIIIEB,
YTO OTpaXkaeT npoABKeHue Gpponta copouuu. [1o ganHBIM reopagapa aMIIUTy 1a
OTpaXCHUH CHUKAIach MPUMEPHO Ha 15 1b B 30HaX MOHMKEHHOTO CONMPOTHUBIICHUSI.
B ¢unprparax 3adukcupoBaHbl cTeneHH yaanenus: Pb*T - 92.3%, Cd**
86,5%, Zn*" - 77,8%; pH cuusmics ¢ 7,2 no 6,0. [InoTHOCT KIMHONTUIIONUTA
yBenmamiachk ¢ 1,54 no 1,69 r/em?, sanoadderr JITA cmectuics ¢ 342 o 329 °C,
YTO yKa3blBaeT Ha CTPYKTYpHYIO Mojudukanuio. O0bEM akTUBHON 30HBI IOCTUT
35,7 m* (=32,3% ot 110,3 »*) npu ko3 duumente pmiptpanuu 0,90-1,18 m/cyT.
Koppensiuun ynensHoro conpoTusiienus ¢ motHocThio (r = 0,85) u pH (r=-0,78)
MO3BOJISIIOT MPOTHO3WPOBATh CTENEHb 3arpy3Kd 0€3 MPOBEACHHS XUMHYECKHX
n3MepeHuil. UHTerpanus reopu3nieckux 1 aHaTMTHYECKUX JTaHHbBIX 00eCIIeunBacT
YyBCTBUTEJIBHYIO W  MAacHITa0MPyeMyl0 JHarHOCTHUKY IEOJUTCOAEPIKAIIUX
0apbepoB /IS MPOAKTHBHOTO YIIPABJICHUSI CHCTEMaMHU 3allIUThI TIOI3EMHBIX BO/I.

KiroueBble cioBa: 1eonut, reopusuka, Oapbep, TSDKEJIbIE METAJUIBL,
¢unpTpanys, MOHUTOPUHT

Introduction. One of the key environmental problems facing the global
community today is the pollution of water resources in areas of intensive
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industrial activity, particularly in mining regions. Due to the constant impact on
the hydrosphere from industrial waste, runoff, and seepage water saturated with
heavy metals, radionuclides, and other toxic compounds, ecosystem degradation,
deterioration in drinking water quality, and increased environmental risks for the
population are observed. This situation is relevant for both developing countries
and industrialized regions, as economic development is not always accompanied by
the implementation of effective environmental protection technologies.

Among the solutions proposed by the scientific community, technologies
aimed at localizing and reducing the migration of pollutants into the environment
occupy a special place. One such approach is the creation of geochemical barriers
capable of adsorbing, retaining, or transforming harmful compounds before they
reach water bodies. In this regard, natural materials with high sorption capacity
and chemical stability, such as natural zeolites, are widely studied and used. Due
to their microporous structure, ion-exchange properties, and selectivity for heavy
metal cations and radionuclides, zeolites are considered promising sorbents for
creating filtration screens and barriers in water protection systems (Zaalishvili
et.al., 2024; Zlotnikov et.al., 2018; Filina et.al., 2024).

Modern research has shown that zeolite-containing rocks effectively adsorb
elements such as Cs*, Pb*", Cd*", Zn*', Hg*", and Sr*’, as well as organic and
inorganic pollutants, including ammonia, sulfur dioxide, formaldehyde, and freons.
Their natural origin and relative availability make them an economically viable
component for environmental projects in mining areas. However, the effectiveness
of such barriers largely depends on the physical and chemical properties of specific
rocks, their degree of enrichment and modification, as well as operating conditions,
including hydrogeological parameters and the chemistry of contaminated waters.

As shown in Khatkova (Khatkova et.al., 2021), one approach to improving
zeolite efficiency is their pre-treatment using targeted energy effects—ultrasound,
accelerated electrons, magnetic and electrostatic separation. These methods
significantly increase the purity of the zeolite concentrate (up to 96-99%), intensity
ion-exchange processes, and improve the mechanical properties of rocks. It is also
emphasized that technological improvements enable the efficient use of not only
the target components but also secondary enrichment products—in construction,
reclamation, and other applications, thereby increasing resource efficiency and
reducing the environmental impact of the processing technologies themselves
(Gabov et al., 2022).

Despite the high potential of zeolite-containing barriers, in most cases their
performance is assessed using laboratory methods or pilot plant data. However,
in real-world operating conditions, especially at large-scale mining facilities, it
is crucial to have rapid and non-invasive methods for monitoring the condition
of such barriers and their operational efficiency. This is where the need arises for
geophysical assessment methods that enable non-invasive monitoring of changes in
filtration and capacity properties, moisture conditions, and contaminant dynamics
within the rock mass (Myrzakulov et.al., 2024; Malozyomov et.al., 2024; Ershov
et.al., 2019).
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Geophysical technologies such as electrical resistivity tomography, ground-
penetrating radar, seismoacoustic, and electromagnetic methods offer high
resolution and sensitivity to changes in the structure and composition of barrier
media. Their use allows not only to map the spatial location of zeolite-containing
barriers but also to identify zones of degradation, insufficient tightness, or
oversaturation with sorption agents. Furthermore, the integration of geophysical
data with hydrogeochemical modeling can provide a comprehensive assessment of
the effectiveness of water body protection and predict the system’s behavior under
changing anthropogenic loads (Abbas et.al., 2025).

The relevance of using geophysical methods to evaluate the effectiveness of
zeolite-containing barriers is driven not only by the need to transition to more
sustainable and knowledge-intensive approaches to environmental protection, but
also by the need to reduce operational monitoring costs, improve data reliability, and
develop rapid response protocols. Against the backdrop of growing environmental
safety requirements for mining enterprises, the integration of geophysical and
mineralogical-technological approaches appears particularly promising. This
synergy will not only improve the barriers’ performance but also expand the
application of zeolites in water resource protection systems (Kulikova et al., 2023).

The aim of this study is to experimentally and geophysically substantiate the
effectiveness of zeolite-containing barriers for protecting water resources in mining
areas, as well as to assess the feasibility of using geophysical monitoring methods
to monitor their condition and adsorption activity under real-world operating
conditions.

Methods and Materials. This study involved amulti-stage experimental program
aimed at comprehensively assessing the effectiveness of zeolite-containing barriers
for protecting water resources in mining areas. The study included both laboratory
and field stages, as well as the simultaneous application of geophysical monitoring
methods under real-world water exchange conditions. Particular attention was paid
to non-destructive technologies for diagnosing the state of the sorption mass and its
saturation with pollutants (Dmitriyeva et al., 2024).

In the first stage, a field experiment was conducted using a barrier system
constructed from natural clinoptilolite extracted from Paleogene zeolite-containing
complexes in the Eastern Caspian region. The barrier was placed on a 55 x 65 m site
with a depth of up to 1.4 m. An ERT-4R electrical resistivity tomography system
manufactured by GeoLine Research and Production Enterprise (Russia) was used
to record geophysical characteristics. It operates in a frequency range of up to 1
kHz, with a four-point electrode configuration and a probing depth of up to 2 m.
Measurements were taken at 0.5 m increments along the line and a resolution of 5
mV with a basic error of less than 3%.

A GSSI SIR-3000 ground-penetrating radar system with a 300 MHz antenna
frequency, providing a spatial resolution of up to 0.1 m, was additionally used.
The studies were conducted at a travel speed of 0.5 m/s, recording reflected signals
at a depth of up to 1.5 m. During the experiment, signal parameters, amplitude,
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time delay, and waveform were recorded, allowing for the detection of dielectric
inhomogeneities and contaminant accumulation.

Seismoacoustic measurements were conducted using the SAK-M system
(manufactured by the Institute of Geology and Geophysics SB RAS), operating in
surface and body wave modes in the 10-2000 Hz frequency range. The excitation
source was a shock pendulum generator, and reception was accomplished using
piezoelectric sensors. The data was processed using the SeisView software package,
which allows for the construction of velocity models and the identification of
density anomalies.

The laboratory block included analysis of filtrates before and after passing
through the barrier using a Photometer PF-12Plus spectrophotometer (Macherey-
Nagel, Germany), with a detection limit of up to 0.001 mg/L. Differential thermal
analysis (Paulik-Paulik-Erdey system) was also used to determine changes in
mineral structure, and the density of the samples was measured using a RADWAG
PS.X2 automated hydrostatic balance. All samples were analyzed in triplicate, with
the arithmetic mean and standard deviation calculated.

To assess pollutant distribution and sorption capacity, a mass balance model
was used based on water flow rate (Q = 5.3 m?/day), concentrations, and active
zone Volumes. During the pilot phase of observations, an automated geophysical
station with telemetry functionality was used, including four electrodes and ECH,O
5TE humidity sensors (METER Group, USA) with an accuracy of 0.045 m3/m?3.
This enabled real-time data collection and transmission every 60 minutes, enabling
rapid monitoring of changes in pollutant distribution and barrier loading (Gabov
et al., 2023). Thus, the applied methodology provided comprehensive and highly
accurate monitoring of the zeolite-containing barrier under conditions similar to
operational ones.

Results. We conducted an experimental study of the effectiveness of zeolite-
containing barriers constructed using clinoptilolite mined from Paleogene zeolite-
containing complexes in the Eastern Caspian region (eastern North Caucasus).
This deposit was selected due to its high mineral content—ranging from 18-92%
in Caucasian sediments. The primary objective of the study was a non-structural
assessment of the structure and sorption activity of the barriers using geophysical
methods: electrical resistivity tomography, ground-penetrating radar, and
seismoacoustic measurements synchronized with laboratory analysis of filtrates
and measurements of the physicochemical properties of samples.

The experimental site was set up over an area measuring 55 x 65 m, with a
curtain installation depth of up to 1.4 m. Electrical resistivity tomography revealed
significant contrasts in resistivity: at the barrier periphery, values ranged from 92—
120 Ohm m, while in the central zone, a drop to 12—19 Ohm m was recorded. These
changes are consistent with saturation of the zeolite medium with moisture and
dissolved salts containing high concentrations of heavy metal ions.

GPR data (300 MHz antenna) revealed linear reflecting horizons with lengths
of 0.45—-0.95 m; the signal amplitude in the saturated zone decreased by almost 15
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dB. This dynamic reflects the accumulation of sorbed material and an increase in
dielectric heterogeneity both within and on the surface of the barrier.

Laboratory analysis of the filtrates revealed a significant decrease in heavy
metal concentrations: Zn*" by 77.8%, Pb*" by 92.3%, and Cd*" by 86.5%. The
final concentrations were: 0.029 mg/L Zn*" (initially 0.130 mg/L), 0.0053 mg/L
Pb?* (initially 0.065 mg/L), 0.0024 mg/L Cd** (initially 0.017 mg/L). These values
exceed the standard water quality standards in Russia and the EU by more than 34
times (Table 1).

Table 1. Decrease in concentration of heavy metals after passing the zeolite-containing barrier

Pollutant ion | Inlet concentration, mg/l | Outlet concentration, mg/l | Removal efficiency, %
Zn* 0,130 0,029 77.8
Pb** 0,065 0,0053 92,3
Cd* 0,017 0,0024 86,5

Based on three-dimensional modeling of the physical parameter distribution,
the Volume of the active saturation zone was calculated to be 35.7 m?® out of a total
barrier Volume of 110.3 m?, corresponding to approximately 32.3% of the sorption
capacity. The material’s filtration coefficient varied between 0.90 and 1.18 m/day.

After five months of operation, electrical resistivity tomography revealed a
22.7% increase in low-resistivity zones (<20 Ohm m). Importantly, these changes
were accompanied by a localized decrease in filtrate pH: from 7.2 to 6.0, indicating
the accumulation of heavy metal cations and post-sorption changes in the acid-base
balance.

Measurements of the zeolite mass density showed an increase from 1.54 to 1.69
g/cm? (+9.7%), confirming material saturation and a moderate change in pore space.
Differential thermal analysis of the samples recorded a decrease in the endothermic
peak temperature from 342 to 329°C, which is considered a marker of changes in
the mineral structure due to saturation with Pb?>" and Cd?" cations (Table 2).

Table 2. Change in physical parameters of zeolite barrier during operation

Parameter Initial value After 5 months Change
Specific resistance (center), Ohm m 19,5 13,6 =303 %
Physique of filtrate 72 6,0 -1,2
Density of zeolite mass, g/cm? 1,54 1,69 +9,7 %
Endoeffect temperature, °C 342 329 —13°C

Using the mass balance model and water consumption data Q=5.3 m?*/day, it was
estimated that the coefficient of effective use of the sorption resource reaches 0.59,
which indicates a high sorption yield without preliminary modification (Al Smadi,
et.al., 2025; Nayak, et.al., 2024).

During the pilot monitoring phase, an automated geophysical station equipped
with four electrodes and moisture sensors was deployed, providing resistivity
measurements with an error of less than 2.8% and moisture measurements with

190



ISSN 2224-5278 1.2026

an accuracy of up to 0.045 m?*/m?. Hourly data transmission enabled the prompt
identification of congested areas, enabling timely regeneration or partial replacement
of the barrier.

The synergy of laboratory and field data demonstrated that barriers based on
clinoptilolite from zeolite-containing rocks of the Eastern Caspian region function
effectively under a constant load of up to 6.2 m*/day of water inflow. Heavy metal
removal rates exceed 85%, and correlation analysis revealed a direct relationship
between density, resistivity, and saturation: the correlation coefficient r = 0.85 (p
< 0.01) between resistivity and density, and r = -0.78 between resistivity and pH,
enabling saturation and hydrochemical parameters to be predicted without chemical
measurements.

The study results demonstrate the high efficiency and reliability of geophysical
assessment of the condition of zeolite-containing barriers at areal-scale. Geophysical
methods enable the timely identification of zones of reduced sorption activity and
potential degradation threats. This, combined with filtrate analysis and municipal
protocols, creates a reliable foundation for implementing environmentally
sustainable water resource protection in mining zones of Russia and the Caucasus.

Comparative analysis of the obtained results. The results of geophysical and
analytical studies conducted on barrier systems made of zeolite-containing rocks
in the Eastern Caspian region reveal a number of consistent patterns indicating
the high efficiency of integrating geophysical methods into the assessment of the
protective function of these barriers. One of the key indicators recorded during
the observations was a consistent decrease in resistivity in the central part of the
barrier — from 19.5 to 13.6 Ohm m over a five-month period of operation, indicating
progressive saturation of the pore space with pollutant ions and an increase in the
electrical conductivity of the medium. A stable gradient is also observed between
the periphery (more than 90 Ohm m) and the sorption core, indicating directional
filtration and flow localization within the active zone.

A significant decrease in the pH of the filtrate in the saturation zone (from 7.2 to
6.0) confirms the presence of an intensive ion-exchange process, accompanied by
the release of H+ ions as a result of heavy metal sorption. The recorded increase in
the density of the zeolite mass from 1.54 to 1.69 g/cm? confirms the accumulation
of cations in the micropore space of the minerals and a partial rearrangement of
the internal structure. A decrease in the temperature of the endothermic peak of
destruction from 342 to 329 °C, recorded by DTA, is interpreted as a consequence
of ionic modification of the clinoptilolite structure, similar to that previously
observed in the works of Milyutin et al. (Milyutin et.al., 2020), where a similar
shift was 11-12 °C upon saturation with Pb** and Zn?*.

Compared to similar studies, particularly those conducted in Central Armenia
(Lusajur deposit), where Pb** removal efficiency reached 84.5%, in our case it was
92.3%, which is 7.8% higher. This may be due to both the superior porous structure
of the Caucasian zeolites of the Paleogene complex and the higher concentration of
clinoptilolite (up to 92%), which provides higher ion-exchange capacity. A similar
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trend is observed for Cd**, where the removal efficiency in Ugkun’s studies (Ugkun,
2019) did not exceed 81.2%, whereas in our experiments it reached 86.5% with
smaller filtrate Volumes, indicating the potential applicability of these barriers even
under high-load conditions.

The sorption resource efficiency coefficient of 0.59 is consistent with the results
presented in Khatkova’s study (Khatkova et al., 2021), where, under laboratory
conditions, it ranged from 0.52 to 0.61 depending on the zeolite morphology and
mineralogical composition. Thus, the use of barriers based on Eastern Caspian
rocks allows for comparable sorption efficiency to be achieved over longer periods
of operation and under more aggressive water chemistry.

The increased sensitivity of electrical resistivity to changes in moisture and
salinity within the barrier body is confirmed by the high correlation between
resistivity and density (r = 0.85), as well as between resistivity and pH (r =-0.78),
enabling this method to be used not only as a mapping tool but also as an indicator
of sorption structure saturation. The obtained dependencies are consistent with the
findings of Thakare & Jana (Thakare, Jana, 2015), who indicated the possibility of
indirectly assessing the degree of loading of the ion-exchange structure of zeolite
based on geophysical data.

A comparative analysis of the ground-penetrating radar profiles obtained during
the experiment also revealed a characteristic pattern: the greatest loss in reflected
signal amplitude (up to 15 dB) was recorded in the same zones where the greatest
decrease in resistivity and pH was observed, indicating a complex saturation effect.
These data confirm the applicability of ground-penetrating radar as a method
for localized probing of overload zones. Furthermore, the depth of the reflecting
horizons (0.45-0.95 m) corresponds to the upper layer of intense sorption, which is
also confirmed by the sampling results.

An important element of the study was the possibility of automated monitoring.
The installed system demonstrated high reliability over a long observation cycle,
recording changes with an accuracy of up to 2.8% for resistivity and 0.045 m3/
m? for moisture. This level of sensitivity allows for the timely identification of
barrier degradation, which is especially important given seasonal fluctuations
in groundwater levels and variable chemical loading. Based on the analysis of
monitoring data, daily fluctuations in resistance were established within the range
of 3.6-4.1% depending on the intensity of water inflow and temperature changes,
which could subsequently form the basis for a predictive degradation model.

Additionally, it was found that increasing the average filtration rate from 0.90 to
1.18 m/day not only increases the active zone Volume (from 31.2 to 35.7 m®) but also
accelerates sorbent saturation, requiring more frequent regeneration or reloading of
the material. This is consistent with mass balance calculations, according to which
an increase in water exchange by 0.1 m/day reduces the barrier service life by an
average of 18 days, all other conditions being equal.

Thus, the study results suggest a high degree of consistency between the
geophysical and chemical-analytical indicators of the effectiveness of zeolite-
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containing barriers. The combined data confirms their applicability in both stationary
and mobile wastewater treatment systems. Geophysical methods, primarily
electrical resistivity tomography and ground-penetrating radar, demonstrated high
reproducibility and sensitivity to key barrier condition parameters (Khalimonenko
et.al., 2021). They can be used not only for diagnostics but also for rapid prediction
of barrier performance under dynamic water exchange conditions. This opens up
prospects for the development of integrated monitoring and control systems based
on geophysical data combined with chemical and thermal parameters of minerals.

Conclusions. This comprehensive study demonstrated the high efficiency of
zeolite-containing barriers based on clinoptilolite rocks from the Eastern Caspian
region for protecting water resources in mining areas. The data obtained confirmed
that such barriers are capable of not only significantly reducing heavy metal ion
concentrations in infiltration flows but also maintaining stable hydrogeochemical
properties over a long period of operation. The geophysical methods used in this
study demonstrated high sensitivity to changes in the physicochemical state of the
barrier medium, enabling non-invasive and timely monitoring of its saturation with
pollutants and predicting a decrease in sorption activity.

The results of electrical resistivity tomography and ground-penetrating radar
measurements demonstrated good agreement with chemical analysis data and
filtration parameters, indicating the possibility of their integration into continuous
monitoring systems. It was found that with increasing zeolite mass density and
decreasing filtrate pH, changes in specific resistance occur, reflecting an increase
in the Volume of the active sorption zone. The high correlation between these
parameters confirms that geophysical indicators can be used as reliable criteria for
assessing the load and effectiveness of the barrier system.

An automated geophysical station, implemented at the final stage, ensured
continuous data collection with high accuracy and stability, enabling the rapid
identification of zones of overload and potential material degradation. This approach
opens the possibility of developing intelligent, real-time barrier management
systems.

Heavy metal removal rates reached 92.3% (Pb*"), 86.5% (Cd*"), and 77.8%
(Zn?"), while the effective utilization rate of the sorption resource was 0.59. The
Volume of the active zone inVolved in sorption accounted for approximately 32%
of the total barrier Volume. Temperature shifts in endoeffects and an increase in
zeolite density confirmed structural changes due to contaminant accumulation.
Specific resistance decreased by 30% in the central zone, and pH values decreased
by 1.2 units, consistent with ion exchange.

Thus, the results confirm that the combination of zeolite-containing barriers and
geophysical monitoring is a promising approach to environmental protection of
water resources. The system developed and tested in this study can be adapted
to various operating conditions and scaled up for industrial facilities requiring
sustainable and effective methods for preventing pollutant migration.
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