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ECAAH MATPUK APAEBNY

MPOCTPAHCTBEHHO-BPEMEHHAS MUTPALLUA PASA TAXKEbIX
METAJINTIOB B OKPY>XAOLLLE CPEJIE MO/, BO3AENCTBUEM
AHTPOMOTEHHbIX ®AKTOPOB

PE3IOME

Tspkenble MeTannbl (TM) OTHOCATCS K UMCNy  YCTOMUMBLIX — 3arpsisHUTENei
OKpY)Katolleil cpedbl, KOTOpble MOFYT HaKanavBaTbC B BEpPXHEM Cfloe MOYBbl U
y4yacTBOBaTb B MpPOLLECCaX BTOPUUHOIO 3arpsisHEHMs. B yCNOBUSX aHTPOMOreHHOro
BO3/AEMCTBUA MX YPOBEHb M MMUIPALMOHHbIE MYTW 3aBUCAT HE TOMbKO OT MPUPOAHbIX
reOXMMUYECKNX OCOGEHHOCTE  TEppUTOPUM, HO U BAWUSHUEM  MPOMbILIIEHHBIX,
3HEPreTUYECKMX, TPAHCMOPTHbIX, CebCKOXO3ANCTBEHHbIX U KNMMATUUYECKUX (aKTOPOB.
Mo3TOMY /191 BbISIBNIEHUS] 3KOMOTUYECKNX PUCKOB W Y/YYLLEHWS| CUCTEMbI MOHUTOPUHIA
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B&XHO IIPOBECTH KOMIUIEKCHYIO OLIEHKY IIPOCTPAHCTBEHHO-BpeMeHHO# murpaimu TM B
TI0YBax.

Iemb 3TOrO HCCIENOBaHUS - OIPEJETUTH COBPEMEHHOE SKOJIOITMYECKOE COCTOSHUE
II0YB B aJIMUHUCTPaTUBHBIX Tepputopuit (AT) Pa3nanckoii, ['aBapckoil 1 MapTyHUHCKOM
B PecrryOnmuke ApMeHHs1, U3yUUTh 0OCOOEHHOCTH 3arpsi3HeHns. TM U pa3paboTaTh, a Takke
arpoCHpOBaTh METO]| IIPOTHO3ZUPOBAHUS X IIPOCTPAHCTBEHHO-BPEMEHHOM MUIpaIy ¢
HCIIOJIb30BaHUEM ITOPUTMOB MalMHHOTO 00yueHus (MO). JIist JoCTHKEHUSI 11eNH ObLTH
TIPe/UIOKEHBI U PEITIeHB! cieyIonme 3a1aun: (1) AHAIM3 U3BECTHBIX II0/IX0/I0B K OIIEHKE
HAaKOIUICHHUS U IIPOCTPAHCTBEHHO-BpeMeHHON murpaiu TM B BepxHeM cioe 1ouB; (2)
M3yuenue ocoGeHHocTelt murpaimyd TM 10J| BIMSHHEM IIPHPOTHO-KIMMATHYECKUX,
(GIB3UKO-XUMUYECKUX U aHTPOIIOTEHHBIX GakTopoB; (3) OlieHKa SKOJIOTHIECKOro PUCKa Ha
OCHOBE I'€OSKOJIOTHYECKUX IIoKazaTelel 3arpssHeHns, (4) PazpaboTka MaTeMaTUYecKOU
MO/IEIH IIPOCTPAHCTBEHHO-BPEMEHHON MUrparu TM ¢ npuMeHeHreM anroputMoB MO u
OlLICHKa ee JIOCTOBEPHOCTH Ha OCHOBE SKCIIEPUMEHTATBHBIX JaHHBIX, (5) Iloctpoenue
KPaTKOCPOUHOT'O U JIOITOCPOUHOTO IIPOTHO3a M3MEHEHUSI coiepkarust TM B BepxXHeM ciioe
TIOYB.

B pabore wuccmemoBanel TM ¥ MeTalIOWIBl Pa3IMYHEIX KJIacCOB  OIIACHOCTH,
IIPOBEJICHB  II0JIEBBle, JIa0OPATOPHBIE, TEOBKOJIOTMYECKHE U CTATUCTHUECKUE
HCCIIEIOBAHYS, OIIPE/IeIeHb! (PU3HUKO-XUMUUECKHE TI0Ka3aTelH 0B, a TakKe PACCUUTaHbI
TI0Ka3aTeNH 3arPsI3HEeHUs. M SKOJIOTHYECKOT0 prcKa. [loiyueHHbIe JaHHBIE COIIOCTABIIEHEI
¢ HOPMAaTUBHBIMHU 3HAYEHUSIMH ¥ HCIIOIB30BaHbI JJI1 OIEHKU CE30HHBIX U MEKTOJIOBBIX
WU3MEHEHHUH CO/IepKaHUs UCCIle Ty €MBIX SIIEMEHTOB.

YcraHoBIEHO, 4TO HauOojlee BBIPaKEHHAs M3MEHUMBOCTH cojepkanus 1M
xapakTepHa Uil 1mouB Pasjanckoit AT, rie dopMmupoBaHHE 3arps3HEHMSI CBS3aHO C
IIPOMBIIUIEHHOH M SHEPreTHYECKOW HarpysKoi, TEXHOTE€HHBIM IIBLICOCAKICHUEM U
0COOCHHOCTAMHU BEpXHEro cios mouB. B mousax ['aBapckoit u Maprynunckoit AT
M3MEHEHUS B OCHOBHOM MMeNH GoJIee TOKaIbHBIN XapakTep. [ lokazaHa 3HaunMocTh Pb, As,
Cu u Sr B ¢opMHpPOBaHMM 3arpsi3HEHHs, a Takke poilb pH, 3acoieHHOCTH U
3IIEKTPOIIPOBOIHOCTH B IIPOIIEccax MOABUKHOCTH U IIepepactipeIelieHHs] METaIOB.

PazpaGoTaH U IpUMEHEH IIPOTHO3HBIHM 110/1X0/T, OCHOBAHHBIM Ha OIICHKE B3aUMOCBSI3€H
B CHCTEME «IIOYBa-BOJa», a TaKkke Ha IIOCTPOEHUH IIPOCTHIX BPEMEHHBIX U
MHOTO(AKTOPHBIX JIMHEWHBIX PEIPECCHOHHBIX MOJENeH /Uil OIEHKA BO3MOKHBIX
u3MeHeHult cojaepxkanud 1M Ha 2026-2036 1r. MojemmpoBaHUe BBIIOTHEHO C
IIPUMEHEHHEM  S3BIKOB  IporpammupoBanusi Python u  C++. Ilpumenenue
MHOTO(AKTOPHOTO II0JXOJIa IIO3BOJIIO YUMTHIBATh BIMSIHHE BpeMEHH, (HU3UKO-
XMUMHMYECKUX CBOMCTB II0YB M KIMMAaTHYECKUX I1apaMETPOB Ha IIPOTHO3UPYEMBIE
HU3MEHEHUS cojiepkanus TM.

Hayunast HoBu3Ha paGoTHI 3aKIIIOYaeTCsl B KOMIUIEKCHOM I'€0SKOTIOTHYECKOH OIleHKE
nouB PaszmaHckoit, ['aBapckoit u MapryHunckoii AT ¢ ydeTroM IIpOCTPaHCTBEHHO-
BpeMeHHOH juHaMuku TM, QU3MKO-XMMHYECKHMX CBOHCTB IIOYB M AHTPOIIOI€HHOTO
BO3JICHCTBUS, a TaKke B pa3paboTKe IIPOTHO3HOIO II0JIX0Ja K OIEHKE UX JalbHeeit

MU DAl
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IIpaxTiyeckas 3HAUUMOCTH PabOTHI OIPEIEIETCS. BO3MOKHOCTBIO HCIIONB30BAHMS
MIOJIYYEHHBIX PE3YJIbTaTOB JUIS COBEPIIEHCTBOBAHUS SKOJOTHYECKOTO MOHHTOPHUHIA,
BBISBIICHMSI TEPPUTOPHI C IOBBIIIEHHBIM PHCKOM HakolvieHuss 1M u oGoCHOBaHUS
IIPUPOJIOOXPAHHBIX MEPOIIPHUSTHI. PazpaCoTaHHBIM II0JX0J MOKHO IIPHUMEHHUTH IIPU
OLICHKE 3arPsI3HEHUS TI0YB B JIPYTHX PErHOHax Pectry Orku ApMeHUs.

OCHOBHBIE TIOJIO’KEHUSI U PE3YJIbTaThl JUCCEPTAMOHHON paboThl oTpakeHHl B 11
HayYHBIX 1Ty OJHKaI[HSIX.

YESAYAN PATRIK ARA

SPATIOTEMPORAL MIGRATION OF ANUMBER HEAVY METALS IN THE
ENVIRONMENT INDUCED BY ANTHROPOGENIC IMPACT

SUMMARY

Heavy metals (HMs) are persistent environmental pollutants that accumulate in the
upper soil layer and undergo secondary redistribution. Under anthropogenic influence,
their concentrations and migration behaviour are determined not only by the area's
natural geochemical characteristics but also by industrial, energy-related, transport,
agricultural, and climatic factors. Therefore, a comprehensive assessment of the
spatiotemporal migration of HMs in soils is crucial for identifying ecological risks and
improving monitoring systems.

This study aims to assess the current ecological condition of soils in the Hrazdan,
Gavar, and Martuni administrative territories (AT) of the Republic of Armenia, identify
the specific features of HM contamination, and develop and test an approach for
predicting their spatiotemporal migration using machine learning (ML) algorithms. To
achieve this aim, the following tasks were proposed and addressed: (1) analysis of
existing approaches to assessing the accumulation and spatiotemporal migration of HMs
in the upper soil layer; (2) investigation of the specific features of heavy metal migration
under the influence of natural-climatic, physicochemical, and anthropogenic factors;
(3) assessment of ecological risk using geoecological pollution indicators; (4)
development of a mathematical model for the spatiotemporal migration of HMs using
ML algorithms, and evaluation of its reliability using experimental data; and (5)
construction of short-term and long-term forecasts of changes in heavy metal content
in the upper soil layer.

The study examined HMs and metalloids across different hazard classes. Field,
laboratory, geoecological, and statistical investigations were carried out; the
physicochemical properties of soils, including pH, salinity, and electrical conductivity,
were determined; and pollution and ecological risk indicators were calculated. The data
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were compared with regulatory values and used to assess seasonal and interannual
changes in the concentrations of the studied elements.

It was established that the most pronounced variability in HM content is
characteristic of soils in the Hrazdan AT, where pollution formation is associated with
industrial and energy-related pressure, technogenic dust deposition, and the
characteristics of the upper soil layer. In the soils of the Gavar and Martuni AT, the
changes were largely localised. The significance of Pb, As, Cu, and Sr in pollution
formation was demonstrated, as was the role of pH, salinity, and electrical conductivity
in the mobility and redistribution of metals.

A predictive approach was developed and applied, based on an assessment of
relationships in the “soil-water” system and on the construction of simple time-series
and multifactor linear regression models to estimate possible changes in HM content for
2026-2036. The model calculations were performed using software tools developed in
Python and C++. The application of the multifactor approach enabled the influence of
time, soil physicochemical properties, and climatic parameters on the predicted changes
in HM content to be accounted for.

The scientific novelty of the work lies in the comprehensive geoecological
assessment of soils across the Hrazdan, Gavar, and Martuni AT, which accounts for the
spatiotemporal dynamics of HMs, soil physicochemical properties, and anthropogenic
impacts, and in the development of a predictive approach to assess their subsequent
migration.

The practical significance of the work is determined by the potential to use the
results obtained to improve environmental monitoring, identify areas at increased risk
of HM accumulation, and substantiate environmental protection measures. The
developed approach can be applied to assess soil contamination in other regions of the
Republic of Armenia.

The main provisions and results of the dissertation are presented in 11 scientific
publications.
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