EUROPEAN
Geographical Studies

Issued since 2014

E-ISSN 2413-7197
2025. 12(1). Issued once a year

EDITORIAL BOARD

Rybak Oleg — Scientific Research Centre of the Russian Academy of Sciences, Sochi, Russian

Federation (Editor-in-Chief)

Elizbarashvili Elizbar — Georgian Technical University, Tbilisi, Georgia (Deputy Editor-in-

Chief)

Alexandrino Carlos — Institute of Science Engineering and Technology, Universidade Federal
dos Vales do Jequitinhonha e Mucuri, Tedfilo Otoni, Brazil

Abdrakhmatov Kanat — Institute of seismology NAS, Bishkek, Kyrgyzstan

Barmin Aleksandr — Astrakhan State University, Astrakhan, Russian Federation

Basilashvili Tsisana — Georgian Technical University, Thilisi, Georgia

Chincharashvili 1za — lakob Gogebashvili Telavi State University, Telavi, Georgia

Deene Shivakumar — Central University of Karnataka, Karnataka, India

Kalinichenko Valerii — Don State Agrarian University, Persianovsky, Russian Federation

Rajovi¢ Goran — Cherkas Global University, Washington, USA

Tikunov Vladimir — Lomonosov Moscow State University, Moscow, Russian Federation

Journal is indexed by: CiteFactor (USA), CrossRef (UK), EBSCOhost Electronic Journals
Service (USA), Electronic scientific library (Russia), Open Academic Journals Index (USA),
Sherpa Romeo (Spain), Universal Impact Factor (Australia).

All manuscripts are peer reviewed by experts in the respective field. Authors of the
manuscripts bear responsibility for their content, credibility and reliability.
Editorial board doesn’'t expect the manuscripts’ authors to always agree with its

opinion.

Postal Address: 13906, Polarstone Ct., Houston,
TX, USA 77044

Website: https://egs.cherkasgu.press
E-mail: office@cherkasgu.press

Founder and Editor: Cherkas Global
University

Release date 15.12.25.
Format 21 x 29,7/4.

Headset Georgia.

Order N 122.

© European Geographical Studies, 2025

1es

| Stud

ICa

European Geograph

N
o
N
ol

2
 —




European Geographical Studies. 2025. 12(1)

CONTENTS

Articles

The Role of Telemetric Systems in Improving the Efficiency of Managing
Technical Objects in the Digital Economy
O.A. AKISNIN, O. M. PIMINOVA ...eeeeeeiieee ettt ettt e e et e et e e e e e et e e e rern e e et e e eean s

Technical Notes on the Applicability of SEM And EPMA (Microprobe Analysis) for
Reconstructing Biogeographical and Paleoclimatic Factors of Taphonomic Alterations
of Elasmobranch Teeth

P.L. Alexandrov, M.K. Filippov, Th.K. OrekKhoV ............ccccccoiiiiiiii e

The Plastisphere as an Evolutionarily New Geospheric Shell and a“Biogeochemical
Reactor” of the Technosphere (Introductory Methodological Review)
0.V. Gradov, Yu.V. Zhulanov, P.Yu. Makaveev, M.K. FilippoV ........cccccceeiiiieeiiiiiiieneen,

Geoinformation Technologies as a Tool for Managing Natural and Economic Systems in
the Cryolithozone: from the First Maps to Digital Doubles
B.YU. KFOTENKO .ottt
Letters to the Editorial Office

Time-Resolved Scanning Electron Microscopy for Sand Saltation Measurements
O.V. Gradov, |.A. MakKIlakova, A.l. SEIFQEEV ........cocuiiiiiiiieiiiiie ettt

26

57

62




European Geographical Studies. 2025. 12(1)

Copyright © 2025 by Cherkas Global University

Published in the USA
European Geographical Studies
Issued since 2013.

E-ISSN: 2413-7197

2025.12(1): 3-8

European Geographical Studies

DOI: 10.13187/egs.2025.1.3
https://eqgs.cherkasqu.press

Articles

The Role of Telemetric Systems in Improving the Efficiency of Managing
Technical Objects in the Digital Economy

Oleg A. Akishin 2, Olga M. Perminova & *
aMIREA — Russian Technological University, Moscow, Russian Federation

Abstract

This article examines the role of telemetry systems in improving the efficiency of technical
asset management in the digital economy. Key factors in telemetry development are highlighted
and the results of monitoring system implementation are summarized. It is shown that the
integration of telemetry into technical systems management strategies is becoming a core
component of digital transformation, with maximum efficiency achieved through end-to-end
integration: from sensors and communication channels to storage, analytics, and organizational
response procedures. Telemetry is transforming into a core digital management tool, ensuring a
seamless process from assessing actual conditions to taking timely actions, surpassing the
capabilities of one-time measurements. The use of time series storage and analytical modules
transforms telemetry data flows into management decisions, increasing operational sustainability
and cost-effectiveness.

Keywords: telemetry, monitoring, data analysis, digital transformation, predictive
analytics, efficiency, reliability.

1. BBeaenue

Hudposasa tpaHchopmalua 3KOHOMUKHU KapAWHAJIBHO MeHseT IOJIXOAbl K YIPaBJIeHUIO
CJIOJKHBIMU TEXHUYECKUMU 00bEKTaMH, MPEbSABIIsASA HOBbIe TPeOOBAHUS K CKOPOCTH, TOYHOCTH U
000CHOBAaHHOCTH IPUHMMAEMbIX peIIeHHHd. B yC/JIOBHAX pocTa CJIOKHOCTH CHCTEM U
JUHAMHYHOCTH HUX pPabOYMX pEXKUMOB TPAUIIMOHHBIE METO/Ibl, OCHOBAaHHBbIE HA Pa30BBIX
U3MEPEHUsIX U PperjlaMeHTHOM OOCTy:KUBaHUU, CTAHOBATCA HEMIOCTaTOYHO 3(MGEKTHBHBIMH.
ATo 00ycIaBIUBaeT HEOOXOUMOCTD ITepexo/ia K HENMPEPhIBHOMY MOHUTOPUHTY M yIIPABJIEHHUIO Ha
OCHOBE JIAaHHBIX, TJle IIEHTPAJIbHOE MECTO 3aHUMAKT TeJIeMeTPUYECKHe CHUCTEMBI. AKTYyaJlbHOCTh
TeJIeMeTPpUU NOogYePKUBAETCA ee pactyimmum MEKOTPACIEBbIM IpUMEHEHUEM —
OT IMMPOMBIIIIJIEHHOCT! YW YHEPTreTUKH 0 TPAHCIIOPTa M YMHON TOPOJICKONM WHQPACTPYKTYPBHI.
CoBpeMeHHas TeJeMETPHUs SBOJIIOIMOHUPOBAIIA OT IIPOCTOTO HWHCTPYMEHTa cOopa JaHHBIX 0
OTIOPHOTO 3JIEMEHTa apXUTEKTYPHI YIIPaBJIeHUs, (POPMUPYIOMIETO 3aMKHYTHIHA ITUKJI «I3MEPEHUE —
mmepejaya — aHaau3 — JelcTBhe». HecMoTpsA Ha IIpu3HABaeMyl0 IIOJIb3Y, CHCTEMaTH3aIUsA
(haxTOpOB, yCHIUBAIOININX €€ 3HAYMMOCTh, 1 KOMILIEKCHAS OIleHKa IMPAaKTHUYEeCKUX pPe3yJIbTaTOB
BHEJ[PEHUsI OCTAIOTCA 3a/[auaMu, TpeOyoIuMu pelreHus. [epio ucciaeaoBaHus ABJISIETCA aHATU3
pOJI TeJleMETPUYECKUX CHUCTEM B TIOBBIIMNIEHUH 3G@GEKTUBHOCTH YHPAaBJIEHUSA TEXHUYECKUMHU
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06’b€KTaMI/I, BbIABJIEHHUE KJ/JIIOYEBBLIX Q)aKTOpOB HUX pa3BUTHUA, OIIPEACJICHHUE DOJIM TEXHOJIOTHUU KaK
CTPATETrUYECKOI'0 aKTHBA, O6€CH€‘-II/IBaIOHl6I‘O YCTOfIQHBOCTb, HaJEeXHOCTb H OSKOHOMHYECKYIO
Heﬂec006paSHOCTb IKCIIyaTalliu1 B YCJIOBHUAX I.[PI(l)pOBOfI 3KOHOMMKMU.

2. Marepuajibl U METOABbI

B pabore wucnosb30BaHbl: TEOPETUYECKUN U CPAaBHUTEJIbHBIN aHaJIN3bl, CHUHTE3 U
CUCTeMaTU3aI1s, HOpPMaTUBHO-PerJIaMeHTHBIA U CTPYKTYPHO-(PYHKIIMOHAIBHBIA aHAIN3, aHAJIN3
KOJINYECTBEHHBIX U KAUeCTBEHHBIX PE3YJIbTATOB.

3. O6cy:knenue

CoBpemeHHas TeXHOJIOTUYeCKas cpesia IepeKuBaeT Nepuoj, UHTEHCUBHOU UMPOBU3AIUU
(Manyika et al., 2015). Cy10:KHOCTh OOBEKTOB U CKOPOCTh M3MEHEHUS UX COCTOSHUI BO3PACTAIOT,
4YTO CHUKaeT 3¢ PEeKTUBHOCTh PA30BBIX U3MEPEHUH U JiesIaeT KPUTUYECKN BaXKHBIM HellpepPbIBHBIN
cbop /laHHBIX. B pesysbTaTe ynpasiieHue IepecTpanBaeTcs ¢ perJlaMeHTHO-UHTYUTHBHOU JIOTUKU
Ha MOJeJIb HA OCHOBe (DAKTHYECKHX I[apaMeTpoB. TejneMeTpusi U3 BCIOMOTATEIBHOTO
WHCTPYMEHTA IIPEBPAIAETCS B OIOPHBIM 5JIEMEHT AapPXUTEKTYPhl YIIPaBJIEHUs, TO3BOJIAA
(ukcupoBaTh AWHAMUKY IIPOLIECCOB M IIPUHUMATh CBOEBPDEMEHHbBIE pEIIeHUs Ha OCHOBE
00BEeKTUBHON WH@OpMAIUY, WMEHHO 35TOT KOHTEKCT OIpEeJeiAeT aKTYaJbHOCTh CHCTEM
JINCTAHITMOHHOTO u3MepeHHs W Tmeperaun gaHHbIX (World Economic Forum, 2024; World
Economic Forum, 2025).

4. Pe3yabTarsl

B Hacrosiiee BpeMs BO3HHKJIA YCTOWYMBAasA IOTPEOHOCTh HE TOJBKO BUJIETH TEKYIIEe
COCTOsIHME, HO U OTCJIEKMBATh 3aKOHOMEPHOCTH BPEMEHHBIX PAJZIOB, IPE/ICKa3bIBATh OTKJIOHEHUA
U TpeIoTBpaliaTh cOOW. B Takux ycjoOBUAX TejleMeTpHus O0ecleurBaeT CBA3KY HU3MeEpeHHe —
nepefilaya — XxpaHeHHEe — aHAIU3 — JIEUCTBUE, ¥ CTAHOBUTCS OCHOBOU MMPAKTHUYECKOTO ITPUMEHEHUSA
METO/IOB AHAJWUTUKU U aBTOMartuzanuu. J{yisi OOOCHOBAHUSA AaKTYyaJIbHOCTU HCIIOJIb30BAHUA
TeJleMeTPUN KaK CHCTEMHOTO HWHCTPYMEHTAa IOBBIIIEHUS YCTOMYMBOCTH U 3(PPeKTuBHOCTH,
MIOHUMaHHUA ee BOCTPEDOBAHHOCTH B TEXHUUYECKUX cdepax IMpOBeZleH CPaBHUTEIbHBIN aHAIN3
dakTopoB, npencrasieHHbll B Tabiure 1, cocraBieHHoON Ha ocHoBe: IEC 61508:2010 (I'OCT
P M3K 61508-1-2012); TeXHUUYECKUX PErJIaMeHTOB HKCILIyaTal[uu OOOPYAOBAaHUA U HKCIIEPTHBIX
uHTepBbIO (ISO 13374-4:2015). Kak BuUAHO W3 Hee, CYIIECTBYET HEOOXOAUMOCTH IIEPECMOTpPA
MIO/IXO/IOB K YIPABJIEHHIO B IIOJIb3Y HENPEPBIBHOTO HAOJIIO/IEHUS W AHAJIUTHUKH. TejleMeTpus
BBICTYIIAeT CBA3YIOIINM 3BEHOM MKy (GAaKTUUECKUM COCTOSTHUEM CHCTEMBI U YIIPABJIEHYECKIMU
JIEUCTBUAMU, cO37laBasg 0a3y JyIAd MPEJUKTUBHOTO U IMpoakTuBHOro ympasienus (Chang, 2015),
(Chang, 2019). AHajm3 pacHpoCTpaHEeHHUs TeJIeMeTPUH B TeXHUUYECKHX cdepax IT0Ka3bIBaeT
MIOBTOPSIEMYIO JIOTUKY 3(deKrToB, 0600menHyo B Tabisuie 2, cocraBieHHONH Ha ocHoBe: IEC
61508:2010; TEXHUUYECKHX PEIJIAMEHTOB SKCILTyaTalll 000PYIOBAHUSA U SKCIIEPTHBIX NHTEPBBIO.

Tao6auna 1. PakTopsl 1 TUQPPOBBIE UHCTPYMEHTHI, yCUJINBAIOIINE 3HAUUMOCTD TeJIeMETPUHU

®akTOoph! U TexHosiornyeckoe WHCTPYMEHTHI U YupasiieHuecKuil
TeH/eHIIUU coJiep;KaHue TEXHOJIOTUU addext
YcenoxxkHeHnE Poct uncna JlatTauku, IloBblmieHue
TEXHUYECKUX KOHTPOJINPYEMBIX KOHTPOJLIEPHI, IINHBI TOYHOCTU KOHTPOJIA
CHCTEM apaMeTpoB U y3JI0B II0JIEBOT'O YPOBHS
Hudposuzanus | [lepexon k pemienusam Ha | [Lnardhopmbl CHumxeHme
IIPOLIECCOB OCHOBE JIaHHBIX MOHUTOPUHTA, 6351 CyOBEKTUBHOCTHU
yIpaBJeHUsA BPEMEHHBIX PAJOB pelieHuin
Passutue NoT MaccoBoe BHezipeHTEe Low-power ceHCOpBI, Macmrabupyemoct
JIATYUKOB edge-aHasIuTHUKA b MOHUTOPUHTA
TpeboBanus K Henpuemiiemoctb PesepBupoBanue CHu>KkeHMe puckKa
6e30MacHOCTH U | 3a/iep:KeK U OTePh KaHaJIOB, KOHTPOJIb aBapui
HaJIe>KHOCTHU JAHHBIX LIeJIOCTHOCTHU
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®aKTOpHI U TexHoOr4YeCcKOE NHCTpyMEHTHI U YnpasneHueckuit
TeHJeHIINU coepKaHue TEXHOJIOTHHU addexT
HeobOxomumocty | KpuTuuHOCTH IToToxoBasa YckopeHnue
KOHTPOJIA B CBOEBPEMEHHOI'0 tenemerpusi, MQTT, peakuuu
peajibHOM oOHapYKEHUS OPC UA, 4G/5G

BpEeMeHU OTKJIOHEHUH

droHoMHuYeckoe | JloporoBusHa mMpoOCTOEB U IIpenukTBHAA Coxkpaiienue
JaBJIeHHE Ha PEMOHTOB aHanuTuka, ML s 3arpar
U3JEePKKU OTKa30B

Taﬁﬂnua 2. JJIeMeHThI TEJIEMETPUU U PE3YJIbTAThbl UX IPUMEHEHUA

dJieMeHT OyHKIWA Pucku nipu cirabom Pesysiprat nipu
3BEHE KOPPEKTHOU paboTe
JlaTunuku [Ipeo6pa3oBanue IIym, cmelieHuE, JocroBepHasa
(pru3myecKrx BeJINUYMH B JIO>KHBIE TPEBOTU IepBUYHAsA
JIaHHBIE nHdopmanus
Bsoku c6opa @unprpanus, arperanusd, | Ilorepu nakeros, CrabuIbHBIN TOTOK
O6ydbepusanus neperpyska JIAHHBIX
Kanasel cBsA3u Ilepenaya B peaJibHOM 3aiepKKHU, pa3pelBbl | MUHUMYM CJIenbIX
BpeMeHU WHTEPBAaJIOB

XpaHuauia CrpykTypupOoBaHue IloTepsa ABanu3 TMHAMUWKH U
BpPEMEHHBIX HUCTOPUU UCTOPUYHOCTHU TPEHJIOB
psJI0B
Ananutuka [Touck 3akoHOMepHOCTel | HepeanuzoBanHas ObocHOBaHHBIE
1 AaHOMAJTHHU IIEHHOCTD JAHHBIX peleHust
Busyanuszanua ITonAaTHas mozmaua 3amejieHHasa beicTprle
uadopmanumu peakuus oneparopa yIIpaBjieH4YecKue
JefCTBUSA

BHegpeHnue TeileMeTpUH HOCUT MEKOTPACIEBOH XapaKTep, OJHAKO KOHKPETHbBIE PeaTn3aI[ui
aZJalITUPYIOTCA K OCOOEHHOCTAM JIOMEHHOU 00J1acTé. B mMpOMBINLIEHHOCTH JOMHUHUPYIOT 3a7jauu
MpeJIOTBpAIlleHNsA aBapuil U COKpallleHUs IIPOCTOEB, B TPAHCIOPTE BOCTPeOOBAaHBI IOTOKU
reornapaMeTpoB, HAarpy30K M /JAHUarHOCTUK, B HHXKEHEPDHOHN IIOATOTOBKE aKIIEHT JleJIaeTcs Ha
00'BEKTUBHOM OIlEHKE JIEHCTBUI OIlepaTopa 1 pa3dbope TPaeKTOpUil, HO IIPU 3TOM, BO BCEX CITyJasixX
TeJleMEeTpUsA IOBBIIIAET YCTOMYMBOCTh IIPOIIECCOB, /JIeJIA€T peIleHUss U3MEPUMBIMU U
BocripousBoauMbiMu (Gartner, 2024).

BHenpeHue TesieMeTpun B CTPATETHUIO YIIPABJIEHUS TEXHUUYECKUMU CHCTEMaMH IIPHOOpEeTaeT
cratyc 6a30BOTO KOMIIOHeHTa IU¢poBON TpaHchopmaruu. IIpoBeneHHOE HCCIIEIOBAHUE AAJI0
BO3MOXKHOCTH HAIJISI/THO TIOKA3aTh IPENMYIIECTBA UCIIOIb30BAaHUsA TeJleMeTpuu. Tak, Ha PucyHke 1
MIPEICTABJIEHO TPH IOAXOJAa K YIPABJIEHUI0 TEXHUYECKHMHU CHCTEMaMH II0 TPEM METPHKaM:
CKOPOCTb PEAKI[UH, TOUHOCTh KOPPEKTUPOBOK, YCTOMYMBOCTH K BHEITHIM Harpy3KaMm.

100

TouyHOCTb
KOPPEKTUPOBOK

80

6

o

4

o

2

o

o

YCTOMUMBOCTD
npoueccos

CKOPOCTb peaKkLmu

H A (Bes TenemeTpmK) M B (3nM30amnyecKuii cbop)

Puc. 1. CpaBHuTenbHad 3GHEeKTUBHOCTh UHCTPYMEHTOB YIIPaBJIeHUA

5

H C (HenpepbiBHaA TeneMeTpus)
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Kak BWAHO, HENPEPHIBHBIA TeJIeMeTpUUYeCKUI MOHUTODUHT sBJsAeTcd Haubosee
a¢pdexTuBHBIM cmocobom. HaPucynke 2 mnokazaHO UHAEKCHOe M3MeHEHUe IIoKa3aresel
OTHOCHUTENIbHO 0a30BOTO YPOBHA Yepe3 HEKOTOPOe BpeMsA II0cje BHEAPEHUs II0 ITOKa3aTesisiM:
CTabWIBHOCTh PA0OTBI 0OOPY/IOBAHUSA, YPOBEHD HKCIUTyaTAI[MOHHBIX 3aTpaT, YacTOTa BHEIIAHOBBIX
BMelIaTesbcTB. [IpoBeZleHHBIM OIPOC MO MOTHWBaM BHEJPEHUs TesleMeTpUH, IIpeICTAaBJIeHHBIH Ha
PucyHKe 3 ITOKa3bIBAET, UTO TEJIEMETPHS MOBBIIIAET HA/IEIKHOCTDh U 6€30IIaCHOCTD U CHIXKAET ITPOCTOU
U 3aTpaThlL.

140

120
100 -

—0

80
60
40
20
0

Mecay, O Mecay 1 Mecay, 2 Mecay, 3

=—@=—CTabuAbHOCTb ==@==33TpaTbl =—@=BMelaTeNnbCcTBa
Puc. 2. /luHaMHKa KJII0UEBBIX IOKa3aTesIeH Iocie BHeZIpE€HUs TeJIeMeTpUH

H [NoBbIWEHWE HAJEHKHOCTH U 6esonacHoCTH M [epexon K OGCJ'IV)KI/IBEIH MK NO COCTOAHUIKD
B CHUXEHWe NpoCcToeB M 3aTpaT 1 [po3pa4yHOCTb U KOHTPO/b KayecTea

B MHKeHepHan NoAroToBKa W obyueHue

Puc. 3. CrpykTypa MOTUBOB BHEIPEHUS TEJIEMETPUN

5. 3aKJIIoueHue

Takum o0Opa3oMm, BHeIpEHWE TeJIEMETPUU B CTPATETHUIO YIIPABJIEHUS TEXHHUYECKUMU
cucTeMaMU MpHOOpeTaeT craryc 6a30BOTO KOMIIOHEHTa H(MPOBOU TpaHCGHOPMAIUU, MIPHU 3TOM
MaKCUMaJIbHas OT/Aaya JOCTUTAeTCA IPU CKBO3HOM MHTETrpaIluu: OT JaTuyhKa U KaHajia CBA3U J0
XpPaHWININA, AHAIUTUKU U Opripoueayp peakmnuu. Tenemerpusa TpanchOpMUpYeTCs B OIMOPHBIN
WHCTPYMEHT IU(POBOTO YIpaBieHUsA U 00ecrneyrBaeT HENMPEPBIBHOCTH IPOIleCccCa OT OILEHKH
(pakTUUECKOTO COCTOAHUSA K CBOEBPEMEHHBIM JIEHMCTBHUAM, YTO IIPEBOCXOJIUT BO3MOKHOCTHU
Pa30BBIX U3MepeHui. Vcnosb30BaHe XPAHWIUIL, BPEMEHHBIX PAZIOB U aHAJIUTHYECKUX MOIYJIen
mpeBpaiamT MHPOPMAIIMOHHBIE MOTOKU TeJIEMETPHUH B YIIpaBJIEHUYECKUE peIlleHUs, MOBBIIIas
YCTOMYHUBOCTh U SKOHOMHUYHOCTD SKCILTyaTaI[hH.
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PoJsib TesleMeTpHUYECKUX CHCTEM B NOBBINIEHNU 3P (PEKTUBHOCTH yIIPABIE€HUA
TeXHUYECKUMHU 00bEKTaAMH B YCJIOBUAX NP POBOII 9KOHOMUKU

Oner AnekcanapoBud AkumuH 2, Onpra Muxainossa [lepmunosa 2 -~
aMUPIA — Poccuiickuii TEXHOJIOTUUECKUH YHUBepcUTeT, MockBa, Poccutickas ®eneparmus

AnHOTanuAa. B cratbe paccMOTpeHa pOJIb TeJIEMETPUYECKHUX CHUCTEM B IIOBBIIIEHUU
9(pHEeKTUBHOCTH YIIpaBJIeHUs TEXHUYECKUMU OOBEKTaMU B YCJIOBUAX LUGPOBON SKOHOMUKHU.
Boizienienbl kitoueBble (paKTOPBI Pa3BUTUA TeJleMeTPUU U O0OOIEHBI pPe3ysbTaThl IPUMEHEHUs
cucreM MoHuTOpuHTra. [lokazaHO, UYTO BHeJpEHUE TeJeMETPUU B CTpPATerwio YIIpaBJIeHU:A
TEXHUYECKUMHU CHCTEMaMH MPHOOpeTaeT cratyc 6a30BOro KOMIIOHEHTA UGPOBOI TpaHCchOpMAaIUH,
P 5TOM MAaKCHMaJIbHAs OTAAdYa JOCTHUTAETCS MPH CKBO3HON MHTErpaIiy: OT JaTYHKA U KaHayia
CBA3SH JI0 XPAHIWIHNIIA, AHAJIUTUKHA W OPraHU3AlMOHHBIX IMPOIEAYp peaknuu. TeaemeTpus
TpaHcpopMHpyeTcsi B ONOPHBIA HHCTPYMEHT IHH(MPOBOTO YIpPaBJIeHHUsA U 0bOecrednBaer
HEIIPEPBIBHOCTD MPOIIECCA OT OIEHKHU (PAKTHUECKOTO COCTOSTHUSI K CBOEBPEMEHHBIM JIEHCTBUAM, UTO
IIPEBOCXOAUT BO3MOKHOCTH Pa30BbIX M3MepeHUH. Vcrop30BaHNe XPaHWIHIL, BPEMEHHBIX PAIOB U
AQHAJINTUYECKUX MOJyJIEH MPeBPAIIAI0T HH(POPMAIIMOHHBIE TIOTOKH TEJIEMETPHUH B YIIPaBJIEHYECKHE
pelleHus1, TOBBIIIAsA yCTOMYNBOCTh 1 SKOHOMUYHOCTD HKCILTyaTallUH.

KialoueBble cJjoBa: TejeMeTpus, MOHUTODUHI, aHaJIW3 JAHHBIX, IUdpoBas
TpaHchopManus, IpeINKTUBHAA aHAJIUTHUKA, 3(PPEeKTUBHOCTD, HA/IEKHOCTD.

* KoppecrmoH I pyIONui aBTOp
Anpeca 371eKTPOHHOU mouThl: perminova@mirea.ru (O.M. IlepmuHOBa)

8




European Geographical Studies. 2025. 12(1)

Copyright © 2025 by Cherkas Global University o
Published in the USA

European Geographical Studies
Issued since 2013.

E-ISSN: 2413-7197

2025. 12(1): 9-25

European Geographical Studies

DOI: 10.13187/egs.2025.1.9
https://eqgs.cherkasqu.press

Technical Notes on the Applicability of SEM And EPMA (Microprobe Analysis) for
Reconstructing Biogeographical and Paleoclimatic Factors of Taphonomic
Alterations of Elasmobranch Teeth

Pavel L. Alexandrov 2.b.* Mikhail K. Filippov ¢, Theodor K. Orekhov ¢

a|nstitute of Higher Nervous Activity and Neurophysiology, RAS, Moscow, Russian Federation
bShemyakin-Ovchinnikov Institute of Bioorganic Chemistry, RAS, Moscow, Russian Federation
¢Semenov Institute of Chemical Physics, RAS (ICP RAS), Moscow, Russian Federation

Abstract

Fossil elasmobranch teeth collected from multiple geographic regions, contrasting
depositional settings, and different palaeo-oceans/palaeoclimates offer valuable archives of past
marine conditions, but they pose a general analytical challenge for us: ensuring comparability
among samples affected by locality-specific diagenesis. Primary biological and environmental
signatures in enameloid and dentine can be partially overprinted by recrystallisation, mineral
replacement, and post-burial elemental uptake. To discriminate these signals reliably, an
integrated microstructural—geochemical workflow is required in which scanning electron
microscopy is combined with electron-probe microanalysis with energy-dispersive (EDS) and
wavelength-dispersive (WDS) X-ray spectroscopy. Deposits formed in different basins, palaeo-
continents and palaeo-oceans commonly experienced contrasting diagenetic histories (chemistry,
burial temperature, sedimentation time and substitution, redox state of the environment). These
factors can overprint tooth tissues in ways that mimic or obscure primary biological/environmental
signals. SEM provides the necessary taphonomic and microstructural context prior to geochemical
interpretation. Backscattered-electron imaging and high-resolution secondary-electron imaging
allow direct assessment of sample preservation states. SEM also resolves diagnostic enameloid
ultrastructure, enabling the distinction between preserved biogenic fabrics and diagenetic mosaics
that may mimic original biogenic features.

Keywords: biogeography, taphonomy, elasmobranchs, diagenesis, biomineralization,
enameloid, SEM, EPMA, WDS, EDS, backscattered electron detector (BSE).

1. Introduction

A fundamental feature that underpins biogeographers’ interest in studying fossil shark
(elasmobranch) teeth is their ubiquitous occurrence across highly spatially separated regions,
countries, and different continents, in particular:

1. In Australia and New Zealand (Daymond, 1999; Rees et al., 2024), as well as on the islands
of the Malay Archipelago (e.g., Borneo), known in Western literature as Insulindia or the Indo-
Australian Archipelago (Kocsis, 2024);

2. In Asia, specifically in:

* Corresponding author
E-mail addresses: geochemicalphysics@gmail.com (P.L. Alexandrov)
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2.1. India (Prasad et al., 2004; Prasad et al., 2017).

2.2. Taiwan (Lin et al., 2022).

2.3. Thailand (Cappetta et al., 2006).

2.4. South Korea (Yun, 2021).

3. In Africa, both in North Africa (Adnet et al., 1990; Boulemia, Adnet, 2023) and in Southern
Africa (Smale, 2005).

4. In Antarctica and adjacent islands (such as Seymour Island, also known as Simur, located
near the Trinity Peninsula, the northern tip of the Antarctic Peninsula (Long, 1992)).

5. In Europe (Leidner, Thies, 1999), specifically in:

5.1. Austria (Feichtinger et al., 2025).

5.2. Belgium (Iserbyt, De Schutter, 2012).

5.3. The United Kingdom (Paton, 1993).

5.4. Germany (Holtke et al., 2023).

5.5. Western Kazakhstan (it is well known that most of the country’s territory belongs to
Central Asia, but some parts, including West Kazakhstan Region, lie in Europe, making Kazakhstan
a transcontinental state) (Radwanski, Marcinowski, 1996).

5.6. Poland (Schultz, 1977).

5.7. The European part of Russia (Mertiniene, 1995).

5.8. Ukraine (Sokolskyi, Guinot, 2021).

6. In North America, specifically in:

6.1. Canada (Beavan, Russell, 1999; Mutter et al, 2007).

6.2. The United States (Schubert, 2013; Shimada et al., 2015; Swinehart et al., 2020).

7. In South America/Latin America, specifically in:

7.1. Argentina (Johns et al, 2014).

7.2. Peru (Landini et al., 2017).

7.3. Chile (Suaez et al., 2004).

The study of fossil elasmobranch teeth requires analytical methods capable of resolving the
hierarchical microstructure of enameloid and dentine, and quantifying chemical compositions at
spatial scales comparable to growth tissues and diagenetic alteration fronts. Scanning electron
microscopy (SEM) combined with electron-probe microanalysis (EPMA) with X-ray microanalysis by
wavelength-dispersive (WDS) or energy-dispersive spectroscopy (EDS) provides precisely this pairing
of microstructural and microchemical evidence. This integrated approach is particularly necessary
because fossil shark teeth are commonly preserved in markedly different biogeoghraphic and
taphonomic states, and because enameloid exhibits tissue-specific crystal architectures that can be
obscured or mimicked or disrupted by diagenesis and carious (chemo)taphonomic conditions.

2. Materials and methods.

2.1. Why SEM is necessary.

Elasmobranch tooth enameloid is a highly mineralised, apatite-based tissue whose diagnostic
characters reside in micro- to nanoscale organisation: crystallite size and habit, preferred
orientation, bundled architectures, and the nature of the enameloid—dentine junction (EDJ).
Optical microscopy alone is often insufficient because many of these features are below the
diffraction limit, and (sic!) diagenetic overprinting frequently modifies optical properties without
preserving original textures.

Different SEM regimes are therefore used to:

1. Characterise enameloid ultrastructure. Secondary-electron imaging can reveal surface
relief, permitting discrimination between primary crystallite bundles/orientation patterns and
secondary recrystallised mosaics.

2. Identify diagenetic microtextures. Backscattered-electron (BSE) imaging provides
compositional contrast (mean atomic number contrast), enabling recognition of infillings, coatings,
and replacement phases (e.g., carbonate cement, silica, iron—manganese oxides) that may not be
apparent in transmitted light.

3. Map microcracks, porosity, and intergranular boundaries. These are critical because
they act as pathways for fluid-mediated element exchange and thus govern the spatial pattern of
chemical alteration.
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4.  SEM allows analysts to select minimally altered regions of enameloid and dentine and
target specific structural units (enameloid vs dentine).

SEM provides the microstructural context required to interpret any chemical data as either
biogenic (primary) or diagenetic (secondary).

2.2. Why EPMA is necessary

EPMA (electron microprobe) offers quantitative, spatially resolved major- and minor-
element analysis at the micrometre scale, which matches the scale of tooth tissues and many
alteration halos. This is essential because elasmobranch teeth comprise compositionally distinct
components (enameloid vs dentine), and diagenesis can create steep chemical gradients over tens
of micrometres. EPMA is used to:

1. Quantify apatite stoichiometry and substitutions. Measuring Ca, P, and minor elements
(e.0., F, Na, Mg, S, Cl, Sr) constrains the degree and type of ionic substitution in bioapatite, which
in turn reflects both original biomineralisation and diagenetic modification (e.g., fluoridation,
carbonate substitution proxies, coupled substitutions).

2. Distinguish tissue-specific signatures. Enameloid and dentine often differ in minor-
element budgets and alteration susceptibility; quantitative traverses can reveal whether chemical
contrasts are primary or have been homogenised by recrystallisation.

3. Resolve microchemical heterogeneity. Preservation is rarely uniform; EPMA maps and
line scans can identify diffusion fronts, secondary mineral microdomains, and compositional
zonation associated with cracks or pore spaces.

4. Provide robust comparability across specimens of differing preservation. Quantitative
microprobe data permit objective comparison when macroscopic appearance is misleading.

2.3. Why both WDS and EDS are needed

Although both WDS and EDS detect characteristic X-rays generated under the electron
beam, they differ in spectral resolution, sensitivity, and analytical reliability. Fossil teeth frequently
contain complex, mixed-phase assemblages (apatite plus diagenetic precipitates), making spectral
interferences and low-level substitutions a routine problem. Employing both techniques is
therefore scientifically justified. EDS (energy-dispersive spectroscopy) is used to:

a) Rapidly screen phases and heterogeneities. EDS is well suited for reconnaissance
mapping to locate diagenetic phases (e.g., Fe-rich coatings, Mn oxides, silica infill, carbonate
cement) and to prioritise domains for quantitative work.

b) Provide broad-area compositional maps quickly. This is valuable for documenting
preservation variability within a single tooth, and for identifying “least altered” regions for
subsequent WDS/EPMA.

However, EDS has limitations relevant to enameloid studies: lower energy resolution
increases the risk of peak overlaps; detection limits are typically poorer for trace-to-minor
elements; and quantification of light elements (notably F, Na, Mg) can be less reliable in complex
matrices. WDS (wavelength-dispersive spectroscopy) is used to:

a) Obtain high-precision, interference-resolved quantification. WDS provides superior spectral
resolution, reducing misidentification and improving accuracy where peak overlaps matter.

b) Measure minor and light elements critical to apatite chemistry. In fossil enameloid,
elements such as F, Na, Mg, S, and Cl can be pivotal for distinguishing primary mineralisation from
diagenetic fluoridation or contamination; WDS typically delivers the precision and lower detection
limits needed for these interpretations.

¢) Support defensible comparisons among differently preserved specimens. Because WDS
is more robust for subtle compositional differences, it is preferable for testing hypotheses about
diagenetic overprint versus retained biogenic signals.

Thus, EDS is most effective for efficient phase recognition and spatial reconnaissance,
whereas WDS is essential for rigorous, publication-grade quantification of key elements in apatite
and associated alteration products.

2.4. Biogeographical aspects of SEM visualization and EPMA/WDS/EDS analysis
of elasmobranch teeth.

When fossil shark teeth are collected from different geographic regions, deposits with
contrasting geochemical regimes, different continents, and different palaeo-oceans and
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palaeoclimates, the main scientific challenge is comparability: you must separate (i) original
biological and environmental signals recorded in enameloid/dentine from (ii) locality-specific
diagenetic overprint (replacement, recrystallisation, elemental uptake). The combined use of SEM,
EPMA, WDS and EDS is justified because it links microstructure to chemistry at the same spatial
scale where both primary growth features and diagenetic alteration occur.

EPMA or SEM with WDS and/or EDS provides the microstructural and taphonomic
“context” needed before any geochemical interpretation can be trusted.

a) Assess preservation and diagenesis directly: SEM imaging (especially BSE) reveals
recrystallisation textures, secondary cements/infillings, microcracks, and porosity networks that
control fluid access. These features vary strongly between deposits and between
palaeoceanographic regimes.

b) Resolve enameloid ultrastructure: Shark enameloid has diagnostic crystallite structures
(orientation, bundles, layering) that can be partially destroyed or mimicked by diagenetic mosaics.
SEM with WDS and/or EDS can distinguish preserved ultrastructure from replacement textures
and their chemical mapping.

c) Define where to analyse: Because alteration is often patchy within a single tooth, SEM is
essential for selecting minimally altered enameloid/dentine domains and avoiding contaminated
margins or crack-hosted precipitates. Without microanalysis (such as EPMA), chemical differences
could simply reflect unequal preservation, not real palaeoenvironmental variation. EPMA provides
guantitative, micrometre-scale element concentrations, which is the appropriate scale for tooth
tissues and alteration fronts.

d) Quantify apatite chemistry and substitutions: Measuring Ca and P plus minor elements
(e.0., F, Na, Mg, S, ClI, Sr) helps determine whether the tissue remains close to biogenic apatite or
has been chemically transformed (e.g., ion exchange which can be correlated with different
geochemical and paleogeographical conditions). EPMA therefore underpins any attempt to
compare fossils from different basins, continents, and palaeoclimatic zones.

EDS (energy-dispersive X-ray spectroscopy) advantages are:

— Fast phase identification and screening: Quickly shows where Fe/Mn-rich coatings, silica
infillings, carbonate cements, or clay contamination occur—features that can differ systematically
between deposits and continents.

— Rapid compositional mapping: Useful for documenting heterogeneity across many
specimens/localities and for choosing targets for precise analyses.

WDS (wavelength-dispersive X-ray spectroscopy) advantages are:

— Higher spectral resolution and fewer peak-overlap problems: Critical in apatite-rich
materials where interferences can bias results, especially when comparing subtle differences
between regions.

— Better precision and lower detection limits for key minor/light elements: Elements such as
F, Na, Mg, S and Cl are central for diagnosing diagenetic alteration versus primary signals; WDS is
typically required for defensible measurements.

— Stronger basis for inter-site comparisons: When interpreting differences between palaeo-
oceans/palaeoclimates, you often expect small but meaningful shifts in composition; WDS provides
the analytical confidence to test those hypotheses.

Why this complex integrated approach is essential for multi-continent, multi-basin
palaeoenvironmental interpretation? Different deposits and palaeo-oceans impose different
diagenetic pathways (fluid chemistry, temperature, burial history, redox conditions), which can
overprint teeth in different ways. The combined SEM—EPMA—EDS/WDS workflow allows you to:

a) Distinguish primary (biogenic/environmental) signals from secondary (diagenetic)
signals by tying chemistry to microtextures and alteration pathways.

b) Identify and exclude altered domains so comparisons between continents are not driven
by uneven preservation.

c¢) Document deposit-specific diagenetic signatures (e.g., crack-hosted Fe—Mn enrichments,
fluoridation halos, cement infiltration), preventing false palaeoclimatic or palaeoceanographic
conclusions.

d) Produce reproducible, standardised datasets suitable for large-scale geographic and
stratigraphic comparisons.
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2.5. Old SEM automation

2.5.1. Reprogramming of the SEM Registration System Based on DIGIC III
Processor.

For SEM image and video registration a DIY system was adapted with a Canon A5901S CCD
sensor (maximum resolution 3264 x 2448 pixels in static mode; maximum video recording
resolution 640x480 with a maximum video frame rate of 30 frames per second when using the
MJPEG video codec) and a Canon DIGIC Ill image processor, synchronized directly from the
control system of the electron microscope through a special cable based on a universal bus cable.
The registration system was mounted on a 3D-printed module, compatible in size with the Canon
A5901S mount. The key requirement for the image registration system implemented on the DIGIC
processor was supporting of CHDK - a resident program that expands the control functions of
Canon digital cameras. CHDK program was installed to the SD card as follows:

1. On a PC with pre-installed JAVA, the installer of CHDK (“STICK”) was unpacked and
one of its files — either STICK.BAT or STICK.CMD was started (one of them may not provide a
successful CHDK installation).

2. Testing was performed using a random SEM image.

3. After completion, the flag on the memory card was transferred to the “Lock” position.

4. Using the camera buttons <Print> and <Menu> CHDK menu was entered.

5. Pressing <Set> allowed to enter the <Enhanced photo operations> section.

6. Using the <Set>, <Up> and <Down> buttons, the following camera parameters were set:

a. Disable overrides — No

b. Override TV type — long exp

c. Long exp value — the exposure required by the SEM (in the case of Jeol JSM-T330A it is 38
seconds for scanning)

d. Override AV, Override 1SO, Subj dist — the following values for aperture, 1SO and focal
length were applied: 20, 12 and 250. After setting the numerical values of the above parameters,
checkboxes should appear to the left of the values, confirming the values entered

e. Disable overrides on start — the corresponding checkmark should be removed, since this
option makes CHDK save the values entered after the camera is turned off.

7. Double clicking <Menu> returns to the main menu, and then using <Set>, <Up>,
<Down> find "CHDK settings" section, "Remote parameters" subsection.

8. "Enable remote", "Switch type — one push", "Control mode — normal" parameters were set.

2.5.2. Synchronization Line Upgrade.

A new synchronization line was developed to control the photoregistration procedure.
To synchronize with SEM, pulses with a voltage of 3-5 V and a current of up to 10 milliamperes
were used, supplied through the power lines of the USB input of the camera with the standard
polarity. The appearance of the signal is equivalent to a partial pressing the photographing button,
and the disappearance of the signal is equivalent to pressing the button completely (i.e., starting
the photographing). When creating a synchronization line between Jeol JSM-T330A and Canon
A590IS using a USB-A - mini-USB-B cable, the following operations were performed:

1. USB-A connector was cut off, after which it was required to free, strip and tin the black and
red wires (color marking is standard for the universal serial bus), the white and green wires can be
cut off.

2. The cap on the right side of the front panel of the electron microscope was removed and
the screws for fixing the strip with the <Shutter> button were unscrewed.

3. The ground and power lines were found on the board nearest to the <Shutter> button
using easily detectable designations on the pinout of any microcircuit: ground is designated as Gnd,
power as Vcc. The <Shutter> button has two switch contact groups, one of which is not used.
To the latter unused normally open pair of contacts the red wire of the USB cable and the power
line found in accordance with the above instructions were soldered.

4. The black wire was soldered to the ground line.

5. The criterion for correctness during testing of the system was that when the cable was
connected to the camera and the <Shutter> button was pressed, shooting automatically starts.

The advantages of Canon A590IS include the ability to simultaneously connect a USB cable,
apower supply and an analog video signal transduction cable. Therefore, we also implemented an
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image output to the analog monitor from the analog signal transmission cable. It is also possible to use
a camera that does not have an additional power input and video output, but it is less convenient.

2.5.3. Creating an Adapter for Optical Registration Tract from the SEM CRT.

A special adapter was created for optical connection of the camera to the microscope screen.
Its parameters depend on the system used. For the case of the Jeol JSM-T330A — Canon A5901S
system, the following model was used: https://www.tinkercad.com/things/2i7MgsxqgKt-sem
(Figure 1). The model was printed on a standard type 3D printer with black PLA filament FDplast.
There are no specific requirements for the surface treatment of such products. However, when
preparing a 3D model for printing, it is necessary to make sure that no supports are added inside
the side tube. The rest of the settings are standard.

Fig. 1. 3D printable adapter for optical registration tract from the CRT of the JEOL SEM

The adapter is attached to the film camera mounting system of the microscope, and the
Canon A590IS is attached using a cable tie that goes through the side tube (Figure 2).

‘W’ S

Fig. 2. Canon A590IS fixation on the 3D printable adapter for optical registration tract from the CRT
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2.5.4. Power Supply Optimization.

A power supply unit (3 V, plus in the center) was connected to the registration system,
allowing it to operate without using batteries or accumulators. In this case, automatic shutdown
was disabled in the camera settings, and the screen was turned off in the CHDK settings (<Print> -
> <Menu> -> “CHDK settings”, then “Disable LCD off” is selected and using the <Set> button is
switched to the "always on" mode).

2.5.5. Output To An External Liquid Crystal Or Plasma Monitor.

It is also possible to improve the view of the small screen of the microscope by connecting to
the camera a TV with analog video input via AVC-BC300 or STV-250N cable or a standard
camcorder cable (see the scheme below) or the Scart input (via the same cable and Video-Scart
adapter). The above scheme is shown in details in Fig. 3, and the resulting view of the system after

upgrade is shown in Figure 4.

B ] P
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Zune Video Ground Right Left

Fig. 3. Contact scheme for the Canon A5901S
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e —

b
Fig. 5. Installation configuring on the Canon A590IS panel for the SEM image registration

2.5.6. Photography Process After Upgrade.

a) The following procedures are required to obtain digital SEM images from Jeol JSM-
T330A:

1. Adjustment of the image parameters is carried out as usual using the knobs and buttons
on the electron microscope control panel.

2. The minimum Spot size is set, brightness and contrast are matched.

3. The exposure time of frames is adjusted (in the case of Jeol JISM-T330A press the “Qucik”
key located to the left of the “Shutter” button).

4. The photocamera cover is closed.

5. The camera turns on. In the case of Canon A590IS, the camera should be in “M” (manual)
mode and manual focus should be selected (approximately 20-25).

6. For Jeol JSM-T330A, it is necessary to achieve blanking of the screen persistence.
For this, the "Slow 1" key is dropped first; without releasing it, one needs to wait 3-4 seconds; after
that the “Shutter” key is lowered, the “Slow 1” key is released, then the “Shutter” key is also released
(Figure 5).

7. If everything has been done correctly, the camera takes a frame from the microscope
screen during the exposure time, then during the same time it takes a dark frame, subtracts the
latter fro the former, and saves it at the SD card.

8. The images obtained can be conveniently processed by IrfanView softwave in the following
algorithm: “File — Batch conversion/rename — Advanced”. In particular, monochromatization,
cropping, contrasting (if necessary) can be carried out through this algorithm in batch processing
of the entire image series stereotypically (Figure 6).
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Fig. 6. Basic SEM image processing configuration for IrfanView softwave

a

Fig. 7. Elasmobranch tooth samples on the rotating SEM stage (standpoint A)
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b

Fig. 7. Elasmobranch tooth samples on the rotating SEM stage (standpoint B).

3. Results

Results — SEM micrograph images of fossilized elasmobranchs/fossil shark teeth at different
magnifications in the image series below (for small teeth which can be analyzed on the rotating
stage of the SEM — see Figure 7a, Figure 7b — and on the Rowland circle):

Figure 8. General view of the tooth at 35x, scale bar — 500 um. Acceleration voltage — 5 kV.
Figure 8a shows the micrograph of the final product; Figure 8b shows its colorization using
artificial intelligence.
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Fig. 8. General view of the tooth at 35x magnification (a — original micrograph; b — its colorization
using artificial intelligence), scale bar/scale bar — 500 pm. Acceleration voltage — 5 kV

Fig. 9. The same sample. Magnification 75x, scalebar 100 um, accelerating voltage 5 kV
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Fig. 11. The same sample. Magnification 200x, scalebar 100 um, accelerating voltage 5 kV
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Fig. 13. The same sample. Magnification 1500x, scalebar 10 um, accelerating voltage 5 kV
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Fig. 14b. The same sample. Magnification 5000x, accelerating voltage 5 kV (another ROI)
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'

Fig. 15. The same sample. Magnification 10,000x, accelerating voltage 5 kV

4. Conclusion

Fossil elasmobranch teeth collected from multiple geographic regions, contrasting
depositional settings, and different palaeo-oceans/palaeoclimates offer valuable archives of past
marine conditions, but they pose a general analytical challenge for us: ensuring comparability
among samples affected by locality-specific diagenesis. Primary biological and environmental
signatures in enameloid and dentine can be partially overprinted by recrystallisation, mineral
replacement, and post-burial elemental uptake. To discriminate these signals reliably,
an integrated microstructural—geochemical workflow is required in which scanning electron
microscopy is combined with electron-probe microanalysis with energy-dispersive (EDS) and
wavelength-dispersive (WDS) X-ray spectroscopy. Deposits formed in different basins, palaeo-
continents and palaeo-oceans commonly experienced contrasting diagenetic histories (chemistry,
burial temperature, sedimentation time and substitution, redox state of the environment). These
factors can overprint tooth tissues in ways that mimic or obscure primary biological/environmental
signals. SEM provides the necessary taphonomic and microstructural context prior to geochemical
interpretation. Backscattered-electron imaging and high-resolution secondary-electron imaging
allow direct assessment of sample preservation states. SEM also resolves diagnostic enameloid
ultrastructure, enabling the distinction between preserved biogenic fabrics and diagenetic mosaics
that may mimic original biogenic features.
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The Plastisphere as an Evolutionarily New Geospheric Shell and a“Biogeochemical
Reactor” of the Technosphere (Introductory Methodological Review)

Oleg V. Gradov 2%, Yurii V. Zhulanov ?, Pavel Yu. Makaveev °, Mikhail K. Filippov 2
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Abstract

In this brief introductory review, we provide a basic understanding level/basic principles of
the biogeography, geoecology/hydroecology, and geochemical role of the plastisphere and the
species diversity of microorganisms in the plastisphere. The final section of the article presents a
number of experimental approaches and photographs of the instruments used to study it.
The technical part of this review is based on the groundwork of a 2018 workshop on microplastic
analysis methods, prepared for demonstration at the Institute of Physical Chemistry/
Physicochemical Institute in Moscow (however, without using outdated references). Unfortunately,
this work could not be implemented due to the closure of the Moscow base of this institute.
However, the general philosophy of this research not only remains relevant today (given the
increasing technical capabilities of modern science) but is also becoming increasingly relevant as
microplastic pollution of the biosphere increases and the microbiota evolves in the face of climate
change. In shortened and terminologically simplified version, this elementary review may be useful
to readers, starting with junior students.

Keywords: plastisphere, microplastic, technosphere, geomicrobiology, geoecology,
hydroecology, micro-particle analyzer, EPMA.

1. TIlnacrucdepa Kak HoOBasa IHBOJIOIUMOHHAA reocdepHasa o000JI0UKa
IVIAHETApHOIro Macurrada.

OO1en3BecTHO, UYTO IUtacTucdepa ABJAETCS OYEPETHOH TeochepHOH «0OO0JIOYKOM »
IUIAHETapHOTO MaciTaba, B KOTOPOW Ha MHEPTHOM ILJIOXO pa3jlaraeMOM OpPTaHUYECKOM BeIlleCTBe
cymiecTByloT Mukpoopranuambl (buomienku (Di Pippo et al., 2022; Yu et al., 2023)) u mesble
9KOJIOTHYECKHE coobiecTBa. KIOUEBBIM IIOHATHEM B Pa3BUTHUHU IUIACTUCHEDHI  SABJISAETCSA
MHUKPOOHMOJIOTHYecKas KOJIOHU3AIUsA MOBepXHOCTH Itactuka (“microbial colonization”, “bacterial
colonization” (Agostini et al., 2021; Kelly et al., 2022; Stevenson et al., 2023; Zhai et al., 2023; Silva
et al., 2023)). PasHooOpasuwe coOOOIECTB UM B3aUMOJEUCTBUA HA KOJIOHU3UPOBAHHBIX
MMOBEPXHOCTAX IUIACTHKA W C OKPYXKAaWIIeHd Cpefod II03BOJISIET TOBOPUTH 00 SKOJIOTHHU
wiactucdepsr (Amaral-Zettler et al., 2020; Nguyen et al., 2023). CTabWJIBHOCTb IO COCTaBY
MTOJIJTO?KEK — IJIACTUKOB IMPUBOJIUT K BO3MOXKHOCTH ITPOSIBJIEHUS IIOCTOSHCTBA TPEH/IOB DBOJIIOIIUU
MHKPOOPTaHU3MOB B JIaHHOW Ccpe/ie, B CHJIy 4Yero /I KayKJAOrO0 THUIIA CPeJ HaXOXKIEHUS
COOTBETCTBYIOIIETO IUTaCTHKa (popMupyercs crabuibHasg Huia (Yokoyama et al., 2023), B KoTopoi
MPOIIECCH HBOJIIOIUM MHUKPOOPTAaHU3MOB HAYT B OJIHOM HAaIlpaBJIEHUH, 3aKpeIUisis B OTOOpe
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KOMILJIEKCHO (POPMUPYIOIIHECS 0COOEHHOCTH (PU3UOJIOTUH MUKPOOPTaHU3MOB, OITUMAIbHbIE JIJIS
pasiiozkeHus ganHoro mwiactuka (Delacuvellerie et al., 2022; Chen et al., 2024). Bmecre ¢ TeM, UzeT
JIUBEPTeHITUA MEXAY CIelUIN3UPOBAHHBIMU IS PA3HBIX XUMHYECKH COCTaBOB ILJIACTUKA
JIMHUAMU MUKPOOPTAaHU3MOB.

OfHUM U3 KJIACCUYECKHUX MPUMEPOB DBOJIIONUHU B IIacTUCchepe ABJISETCA U3MEHEHNe U, KaK
IIPaBUJIO, YCUIEHUe aHTUOMOTUKOPE3UCTEHTHOCTH MHUKPOOPraHu3MoB Iuiactucdeps! (Junaid et
al., 2022). Orcioza MoHATHO, YTO METO/IbI aHAIN3a U KOHTPOJIsI/ MOHUTOPUHTA JIAHHBIX COOOIIECTB
OTHOCATCS HE K TEeHOMHUKE OTAEJbHBIX BHUJIOB, a K MeTareHOMHKE BCEro coo0IlecTBa M K
MeTtaTtpaHckpuntomuke 1iactuchepsr (Wu et al, 2022) (OoTHOCUTEIBHO IPUMEHUMOCTU
HAHOIIOPOBBIX TEXHOJIOTUHM CEKBEHUPOBAHUS I MerareHOMOB Mbl mucanu B (Maklakova et al.,
2021; Adamovich, Gradov, 2024)). Kpome TOro, OHM JOJDKHBI YUUTHIBATh (DAKTOPHI CPEJHI,
10 OTHOIIIEHUI0O K KOTOPBIM HJIET OTOOp, B TOM 4YHCJIe aOHOTHYECKHEe U KCEHOOHOTHYECKUE,
K KOTOPBIM OTHOCATCS, €CJId TPAKTOBaTh TEPMUH IIMPOKO, ITIEPMaHEHTHbIE TOKCUKOJIOTUYECKUE U
dbapmakosiornueckrie 3arps3HeHUs (HapuMep — oOpraHudeckre (akTOpbl SBTPOMUKAINHI HJIH
IIOCTOSIHHO aKKyMyJIIpyeMble B Onocdepe aHTpOIIOTeHHbIe opranuyeckue croku (Lin et al., 2024)).

2. BuopasHoooOpaszue u 6uoreorpagpuueckoe pasHooopasue miacrucdepsl

CreyeT OTMETHTD, UTO B COCTaB ILUTACTHCGEPHI BXOAAT HE TOJIBKO OAKTEpHU Ha IJIACTHKE B
nouBe wiu rugpocdepe (Luo et al., 2022). Hy>kHo aHAaIU3UPOBaTh I1acTucdepy Kak reochepHyIo
000JI0YKYy BO BCEH IIOJIHOTE COOOIIECTB, MEXKBHUJOBBIX M MEKTAKCOHHBIX B3aUMOJIENCTBUI
(Amaral-Zettler et al., 2021; Zuna Pfeiffer et al., 2022).

B cocraBe mactucdeps! B rugpocdepe HaXoAAT GUTOIUIAHKTOH U 300IU1aHKTOH (Cheng et
al., 2021; Balki¢ et al., 2022). B nmocsie/iHee BpeMs BCE TpOMUE 3ByUaT MPHU3BIBBI yUeTa JUATOMOBBIX
BOZIOpoCyIel TIacTUChepPbl W MaKpOCKONUYecKHX Oecrmo3BoHOUHBIX (Taurozzi et al., 2023).
B cocraB mouBeHHOU mactucdepsl BXOAAT Takke obutartenm pusocdepnl (Ran et al.,, 2024),
He uCKiIo4Yasgs (HO M He OrpPaHUYUBASICh WUMH) KIYOEHBKOBBIX OaKTepUil-a30TUKCATOPOB U
MIPOCTEUIINX, OOWTAIMUX Ha WHTepdelice MeXIy IUIACTUKOM U CpPefod B MEXKBHUIOBBIX
coob1recTBax Ha moBepxHoctu mysabuu (Luo et al., 2022; Wang et al., 2023; Li et al., 2024). Onau
TaKCOHBI OPTAaHU3MOB MOTYT CIUTATHCA CIIENUDUIECKIMHU TOJIBKO JIJIsI TOYBEHHOU WJIA TOJIBKO JIJIS
BOZHOM mIacTucdepsl, a APyTHe MOTYT OBITh M BOAHBIMU, U Ha3eMHbIMU. Hanpumep, pa3inaHbie
rpubbl U CIU3€BUKU B IUIacTHUChEpe BCTPEUAIOTCS HE TOJIBKO B IIOYBE, HO M B PEUYHOH H
npubpesxHou 30He (Pietrelli et al., 2017; Xue et al., 2021). O4eBUIHO, YTO BUPYCHI U ILJIA3MU/IBI,
BCTpeYasiCh y pa3HbIX OakTepuil (He TOJIbKO OakTeprodaru), MOTYT BCTPeUaThCcs B IUIacTucdepe
IIPECHOBOJHBIX, COJIEHOBO/IHBIX, ITOYBEHHBIX, 34a(OJIOTHUECKNX U APYrHUX MecT oburtanus (Li et
al., 2022; Kutralam-Muniasamy et al., 2024) (mouBeHHas 1actucdepa — «soil plastisphere» —
¢ 6uoreorpadUYECKUX MO3UITUH, TTPEACTABIISET COO0M YAaCTHBIN CiIydall Ha3eMHOH I1acTUChepPhI —
«terrestrial plastisphere» (MacLean et al., 2021; Rillig et al., 2024)).

B HacTosI1Ie€ BpeMsT YaCTO BBIZIEJIAIOT CJIEAYIOIIHE TUIIHI HJTH OMOTOIIBl BOJHBIX ILTacTUChED
(B cwiy paszinuuuii, Kak OMOXUMHYECKHX, TaK U OHOT€OXUMHYECKHX, MEXKIY MUKDPOOHBIMHU
coo0IIecTBaMH MPECHOBOAHBIX M MOPCKHX skocucteM (Wen et al., 2020; Dey et al., 2022)):

— IlpecnoBomuas miactucdepa (freshwater plastisphere) (Barros, Seena, 2021; Song et al.,
2023; Xu et al., 2024; Bocci et al., 2024), B Tom uwnciie peunas miaactucdepa (Zadjelovic et al.,
2023; Xu et al., 2023; Silva et al., 2024) u cnenuduyecku BbIZeIsieMas U3-3a aHTPOIIOTEHHOTO
3arpsi3HEHUs peyHas ItactTucdepa ypobaHu3upoBaHHBIX MecTHOcTel (Zhu et al., 2023).

— IInacrucdepa m0Ka€BOH BOJIBI 1 BO3/IEHUCTBUA IOK/IEBBIX BOJ| Ha IUTacTUC(EPy PeK, 03ep,
MOpel ¥ OKeaHOB, UCKYCCTBEHHBIX BOJOXPAHWIHII U T.A. (cM., Hamp. (Wu et al., 2023)).

— Mopckas mmactucdepa (Zettler et al., 2013; Du et al., 2022; Barbe et al., 2024; Lacerda et
al., 2024) (B xoTOpO¥ OT/IEJIBHO BBIZIEJIAIOT IUIacTrchepy MeakoBoAbsA (Tigreros-Benavides et al.,
2024), a B IpUHITAIIE MOXKHO OBLIO OBl BBIZIEJUTh TaKKe IUIacTuc(epy Iejlarhaiu, IiacTuchepy
abuccanu u T.11.).

— Osépnas wiactucdepa u mwiactucdepa o3€pHbIX oTioxkenui (Yang et al., 2023).

— Ilnacrtucdepa scryapueB (Forero-Lopez et al., 2022; Sosa, Chen, 2022; Su et al., 2022;
Sérvulo et al., 2023).

— ITnactucdepa nobepexxuii u wisiken (Chaimusik et al., 2024).

Ur. g
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K rubpunaeiM aucnepcHeIM wim SOft mater carrier based «6uoromam» r1wIactucgeps
OTHOCAT

— CegumenTtosnoruyeckue Gopmsl 1iactucdepsl, B TOM 4YKCIe Ha ILUIACTUKOBOM JieOpuice B
IpeJiesiax MapIeBbIX oTI0KeHuH (Rosato et al., 2022: Koh et al., 2023)).

— Inactucdepy TEXHOTEHHBIX U QHTPOIIOTEHHBIX MYHHITUIIAJIBHBIX CTOKOB M ILTacTUchepy
CBAJIOK TBeP/IbIX OBITOBBIX 0TX00B (Lin et al., 2023; Ye et al., 2024).

— Ilnactucdepy 3abosoueHHBIX MecTHOCcTed (dmadosiormyeckas IUIACTUOMHKA —
HeJIOM3Be/IaHHAsA OTPacjib, HO B I€JIOM psJie 3a00JI0YeHHBIX M AHTPOIOTEHHO 3arps3HEHHBIX
MeCTHOCTeH Ha TeppuTopun EBpa3uu oHa MOKeT HaliTu cebe IpUMeHeHUe).

Kak 1opokHyI0 KapTy pa3BUTHA UCCIEAO0BAHUN B 00J1acTU miacTuc@epsl, pa3JIMyHbIX 110
O6uoreorpadguyecKkoi JOKaJU3aIluu HCCIeIOBAaHUN MOIKHO HCIIOJIb30BaTh He 0OoJiee JiecsATKa
COBPEMEHHBIX MPOMO3UIIMOHAJIBHBIX paboT (B KauecTBe NpUMepa MOXKHO HPUBECTH
(Dabrowska, 2021)).

B  fmelcTBUTENIBHOCTH,  OIpeAesieHHe OWOTOIOB  IutacThUchephl  TpedyeT  ydera
O6uoreorpadUUEeCKUX YCJIOBHUH, TaK KaK OMOTOIIBI APKTUYECKUX MOPEH HEeSKBUBAJIEHTHBI I0KHBIM
MOPCKHUM WJIN CPEAU3EMHOMOPCKUM OMOTOTIaM, PABHO KaK M Ha3eMHbIe OMOTOIIBI IUTacTUCGhEDHI B
obylacT BEYHOU MeEp3JIOTHI M TAJWKOB OTJIMYAIOTCA OT OWOTONOB KPHO30HBI B 00JIACTH
AnTapkTuabl. MUKpPOOBI, AETrpajiupyioIie IUIACTHK, B ADKTHKE U B AJIbIIax CYIIECTBEHHO
ommnyatorest (Rathi et al., 2023). Mopckue GHOTOIBI IIacTUC(EPHI 3aBUCAT OT COJIEHOCTH BOABI U
HepenKo OBIBAIOT B OOJIBIIEH CTElEHW IIOXOXKM Ha IIPECHOBOJHBIE OHOTONBL. B TO ke Bpemsa B
HEKOTOPBIX COJIEBBIX 03€pax rayiodrIbHble BUAB AeIaloT GOpMUpPYIOLTecs MIUKPOOHbIE cO00IeCTBa
IIOXO’KMMH Ha MOpPCKHe. VI3BeCTHO fBJIeHHE 3aBUCUMOCTH OMOJErpaiipyeMOCTH MUKDPOIUIACTHKA OT
MECTOIIOJIO}KEHH Ha JIMHUU «IIPEeCHbIE BOZbI — MOPCKHE BoabI» (Zhou et al., 2023).

B TO ke BpeMs, U3BECTHO BJIMAHUE KJIMMaTa Ha (opMHpOBaHHE OHOTONIOB ILIacTHCHEDBHI.
I'nmobaspHOE TOTEIIEHNEe KIUMaTa KaK TPeHZl, HECOMHEHHO, BJIMSeT Ha W3MeHEHHE BU0BOTO
coctaBa OHWOIUIEHOK HW OWOTONOB IUIacTucgepbl, a TaKKe HAa COCTaB BBIIEISAEMBIX IIpU
OMOpA3JIOKEHNHU IIJIACTUKA B COOTBETCTBYIOLIUX YCJIOBUAX JIETYUUX U HEJETYyIUX IpoaykToB (Ji et
al., 2022). OmHako W OAWHOYHBIE KJIMMaTUYECKHe COObITHA (yparaHbl, CHEXKHbIE 3aHOCHI,
DKCTpeMaJIbHAsA ’Kapa, HABOJIHEHN ) PACCMATPUBAIOT KaK HAEMAJIOBAXKHBIN (DAKTOP IS SBOJIIOIUHI
wiactucdepnr (Karkanorachaki et al., 2023). [IpuMepoM TaKOBBIX COOBITUN, MMEIOIIUX YETKO
MIpOCJIeXXUBaeMble MEXaHU3Mbl BO3JEHCTBHA Ha MHUKPOOHOTY ITacTucdephl, MOKET OBbITh
aKTUBHpyeMoe TypOyJIEHTHOCTBIO Taii(pyHa IMepepacipe/iesieHHe MUKPOILJIACTUKA, IPUBOJSAIINEE K
pedopMHupOBaHUI0 MUKPOOHBIX coobiectB miactucdepsl (Chen et al.,, 2021). B pamkax Teopuu
KaTacTpod MOKHO OOOOIIUTH 3TOT pe3ysIbTaT Ha MHOTHE W PA3HOIUIAHOBBIE TI0 MPOUCXOXKIAEHUIO
dakTophl, B pe3ysibTaTe KOTOPHIX HJIU MOCTIE KOTOPBIX MHUKPOOHOE COOOIIECTBO IPOXOJUT TOUKY
oudypkanuu 1 KaYeCTBEHHO U3MEHSIET CBOM MeTab0IMUEeCKUH 1 MUKPOIKOJIOTHIECKHUH PO UITh.

3. 'eoxnMuueckas v a3poxuMHuUYecKasa aKTUBHOCTbD ILIacTUC(epbI

FeoxuMuyeckass U a3pOXUMHUYECKasi aKTHBHOCTD ILTacTHC(hEpPHI BKIIIOYAET B ce0sl a30THBIN
MeTab0IM3M MUKpPOOOB U OGHOoreoxXuMHuUecKre UKLl a3ota (Huang et al., 2024), docdopa (Song
et al., 2024), yrnepona (Kirstein et al., 2019; Cornejo-D'Ottone et al., 2020; Shan et al., 2023)),
a Takke OMOAKKyMyJIALHI0 MeTa/uioB B wiactucdepe (Tarchi et al., 2023; Lenoble et al., 2024).
B cuy HasnuusA aKTUBHOCTH B OOJIACTH MHMKPOYACTHUI[ METAJUIOB, BKJIIOYAs »KeJIe30, JIOTUYHO
TOBOPUTH O BO3MOKHOCTHU ITpOTeKaHUsA (HOTO-(PEHTOH-TIPOLIeCCOB Ha IOBEPXHOCTH MUKPOIJIACTHKA
U UHBIX 3JIEMEHTOB IJIaCTUC(HEPHI IPU OTKPBITOM HX SKCIIOHMPOBAHUH, B TOM 4YHCJIe B OKeaHe
(Luet al., 2024). TouHee reoxumMu4ecKass aKTUBHOCTH IIacThcGepbl MOXKET OBITh pPacCMOTpPEHa
yepe3 NpPU3MYy aKTHBHOCTH HOHHBIX KaHanoB (Gradov, 2016a; Anexcanzpos, I'pamo, 2017,
Gradov, 2018) wminu aHanu3 pacUIMpeHHOro (eHOTHUIIA MUKPOOPTaHU3MOB COOTBETCTBYIOIIUX
mectoobutanuii (Gradov, 2016b).

4. KoHcranTHa JiM rpaHuIia OHWOJErpagupyeMbIX ¥ HeOHOAerpagupyeMbIX
IUIACTHKOB B 1u1actucdepe?

W3BecTHbI OHWOIUIEHKH W JIDyTHe TPOSBJIEHHs IUIaCTHC(ephl HA TaKUX IIHPOKO
pacrpocTpaHeHHBIX IJIaCTHKaX (Kak MPOoAyKTax Hedrexumudeckoro cuHare3a (Pang et al., 2023), Tak u
OHOIUIaCTHKAX, CleHEPUPOBAaHHBIX MUKPOOPTaHU3MaMH, TAKUX KaK MOJTUTHIPOKCUOYTHPAT), KaK:
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— nonuatuiieH (Delacuvellerie et al., 2019; Joshi et al., 2022; Wang et al., 2023; Zhang et al.,
2023);

— nosiumiponivieH (Sun et al., 2023);

— noymatuiienTepedTanat (Wright et al., 2021);

— nostuctupoa (Poeta et al., 2017);

— nosimypetad (Park et al., 2023);

— MOoJUOYTWIEH CYKIIMHAT W CYKIIMHaAT-Ko-aaumaT monubyrmiaena (Kimura et al., 2023;
Tanunchai et al., 2023);

— MOJINTU/IPOKCUAJIKAHOATHI, B YaCTHOCTH — Hosuruipokcubytupat (Vannini et al., 2021);

— noubyTuneHaaunaTrepedTaiaT u ero 6sieHas! ¢ moawiaktuzaoMm (Chen et al., 2023);

— ueioH (Collins et al., 2023).

MO2KHO BUJIETB, UTO peYb UJET KaK O OMO/erpalupyeMbIX IOJIMMepax, Tak U 00 OOBIUYHBIX
mwiactukax (Jacquin et al., 2019; Behera, Das, 2023).

Brnpouem B JaHHOM ciiy4ae BONIPOC NPHUHAJUIEKHOCTH IUIACTHUKOB ILIACTUCGEPHI CiefyeT
OTHOCHTH K YHCJIy HepellleHHbIX. 1 KaXkzjoe HOBOe cooO0IIeHre 0 HaX0XK/IeHUH HOBBIX (hpepMEHTOB,
CIIOCOOCTBYIOIIMX OHMOZerpaiaiuy maacTuka B mwiactucdepe (Frey et al., 2024), naspliiie cBUTaeT
TPaHUIy S5TOH HEOIPENEJIEHHOCTH WJIN PACIIUPEHHON TPAaKTOBKU (0c000, €ciu HCXOHUTh
BIIOCJIEZICTBUA W3 METAareHOMHKH, II03BOJIAIOIIEN IOHATh TOTEHIUAT OHOpa3JI0KEHUS
KOHKPETHBIX MHOTOBUJIOBBIX COOOIIIECTB, CJIOXKUBIIUXCA B KOHKPETHBIX ycaoBuax (Saleem et al.,
2023)). CpaBuraer TpaHUIBI MeXK/y HepazjaraeMbIMH U OHOpasjiaraeMbIMH MaTepUajlaMU B
wiactucepe Takke u Iwiactuomumka ("plastiomics”) — Hayka o mriactuome ("plastiome” =
plastisphere-enriched mobile resistome (Guruge et al., 2024)); onHa U3 HOBBIX MYJIbTHOMUKCHBIX
HAayK, IPUBO/IAIINX B IIEPCIIEKTHBE K MOJIHOMY aHAJIN3y MHUKPOOHOTO pa3HOOOpa3us IIacTUCGhEPHI
U MyJbTHUOMHKCHOW XapaKTepu3alluM OWOJerpafiallii U CBSA3aHHOHW C HeH CyKIeCCUU B
MHOTOBHUIOBBIX coobiectBax (Wright et al., 2021a; Tiwari et al., 2022). Kak u3BecTHO, B IUIaCTUKU
YacTo B3aKJIa[bIBAIOT KOMIIOHEHTBHI, PE3UCTEHTHBIE II0 OTHOIIEHHUI0O K OMOPa3JIOKEHUI0 WJIIH
QHTUMUKPOOHBIE 110 CyTU. B pe3ysibrare sxe 9BOIIONNH, YIIOMSHYTOH B Ha4aJsIe CTaTbU, TPOUCXOIUT
0TOOpP MHUKPOOPTaHW3MOB IUTACTHCGEPH IO KPUTEPUIO PE3UCTEHTHOCTH K JAHHBIM (aKTopam
(Stevenson et al., 2024) u BbIpabOTKa COBOKYITHOCTA T€HOB PE3UCTEHTHOCTH K JJAHHBIM JI00aBKaM
— (t.H. '"resistome"). IloaTOoMy B HacTosIllee BpeMs ajanTalus MHUKPOOPTaHU3MOB K
pacrpocTpaHeHuIo B Iutactucgepe OOBIYHO TaK:Ke PACCMATPUBAETCS KaK IyTh K IOSIBJIEHUIO B
OKpY’KaloIlel cpe/ie pe3UCTEeHTHBIX ITaMMOB (Zagui et al., 2022). B yacTHOCTH, U3 3TOTO CJIE/YET,
YTO CJIeJIYIOI1Ee TIOKOJIEHHS 1 HOBBIE IITAMMBI MUKPOOPTaHIU3MOB Oy/IyT pasJiaraTh pe3UCTEHTHBIE
K Oosiee paHHUM ¢opMaM H raburycaMm (Kak KoppessATaM SKOHHII U U3MEHSIOI[UXCA YCIOBUH
cpenbl (Xie et al., 2023)) Tex ke MHUKpPOOpPraHU3MoB Marepuasbl! TakcOoHOMUUYECKHE TPaHUIIbI
O6uopassokeHusa OyIyT CTPEMUTEJIBHO MEHATHCSA C HBOJIIONMEN IUtacTucdepsl, OTAENbHBIX
IITAMMOB U BH/IOB MUKPOOPTaHU3MOB ¥ MUKPOOHBIX COODIIECTB B HEH.

5. Ilnacrucdepa nous

Tenepp mepenziéM K MOYBE U JEHUCTBUIO MUKPOGIIOPH U3 MOYBEHHOU IutacTucdepsl Ha
O6mopasyioKeHUe IUIAaCTUKOB B Hel. MbI He OyZeM OrpaHMYMBATHCA OAKTEPUAMU — TaK Kak B
OMOpAa3/IOKeHNU MPUHUMAIOT CYIeCTBEHHOE yJacTHe U ITOYBEeHHBble I'puObl. B Hammx paHHUX
paboTax ¢ UCIOIb30BaHNEM JIA00PATOPUI Ha YHIIe UJIN ONTOQIIIONU/IHBIX CEHCOPOB € IOJIMMEPHBIM
MIOKPBITUEM, IOTPY’KaeMbIM B IIOYBY, MBI YCTAaHOBWJIM, YTO B XOJie OMOpA3JIOKEHUA KayecTBO
N300paKeHUs1 Ha TOTPYKHOM CEHCOpe MEHSEeTCs, B CWJIy pasJIolKeHUs IOoJIMMepa WiId
BO3/IEHCTBUSI MUKPOOPTAaHU3MOB U CpeZibl Ha moauMep. [1033ke MbI MBITAINCH MOJIONUTH K 3a/1a9e
HCCIeoBaHUs 3TOro 3(pdeKTa ¢ MO3UIMN Macc-CIIEKTPOMeTpHIeCKoro (111 obecrieueHus "0mics
approach") wiu nHOTO JIOKAIM30BaHHOTO XUMUUecKoro aHaau3a (Jablokov et al., 2017; Jablokov et
al., 2018; Orekhov, Gradov, 2022; Orekhov, Gradov, 2023), ogHako ke HaMu ObLjIa JOIyIIeHa
OIMMOKA B KOHCTPYKIIUH YHIIA — OKA3JIOCh, YTO IMOJIUMEDP B THOPHUIHBIX YUIIAX MOHUSUPYETCS IO/
JIa3epHBIM IIyYKOM M HCKaXKaeT Pe3yJIbTaThl dKCIepuMeHTa. [103TOMy HEeOOXOAMMO CO3/IaHHe
YHIIOB, KOTOPBbIE B CBOEU KOHCTPYKIIMH HE COZEPKAT HUKAKUX WHBIX IMOJUMEpPOB (HH B ¢dopMme
aZire3UBOB, HU B (popMe repeMeTHUKOB, HU B (OpMe KPaCAIUX WIH 3al[UTHHIX TOKPBITHI), €CIn
MBI XOTHM TOYHO HCCJIEJIOBATh HMEHHO OHozierpajlanuio Jub0 IMOYBEHHO-TEOXHUMUYECKYIO
JIETpaJIallii0 KOHKPETHBIX ITOJIIMEPOB B TOUBEHHOH I1acTuChepe.
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[Tnactucdepa MOYB, BEpPOATHO, fABJIAETCA HaubOJee W3YyYeHHOH 4YacThI0 IVI00AIbHON
wiactucdepnr (Rillig et al., 2024). [lnsa Heé HaleHb ONTHMAJIbHbIE METOJBI HCC/IEIOBAHUS,
BBIABJIEHBI BO3/IeMiCTBUA PA3INYHBIX (PAKTOPOB U 9KOJIOTUUYECKUX YCJIOBUH, pealn30BaHa IOJIHAA
WIK TIOYTH TOJHas OuoreoxuMmudeckas pacimimdpoBKa MeXaHU3MOB OpPTaHU3YOIIUX U
obecrieunBaOIMNX (QYHKIUOHAIBPHOCTh MHKPOOMOTHI ILIacTUC(EPHl B IIOYBE, HCCJIEIOBAHBI
BU/IOBBIE POJIU U PaCIpe/ieHeHUs Pa3INIHbIX 110 GYHKIIMOHAIIBHOCTH OPTaHU3MOB-/IECTPYKTOPOB Ha
uHTep@deticax abuoreHHOro U GHUOKOCHOTO BelecTBa (rare and abundant microorganisms between
plastisphere and soils) (Sun et al., 2022; Wanget al., 2022). N3yueHs! peiokc-miporiecchl 1 3(pdeKTh
pH u Eh on shaping plastisphere bacterial communities in soil, B Tom 4ucie B 3aBUCUMOCTH OT
COJIep>KaHUsA MUKPO3JIEMEHTOB U XUMUYECKIX KOHTAMUHAHTOB B mouBe (Li et al., 2021).

B ciyuae mouBeHHOU mactucdepbl HCCIEAOBAHBI MHOKECTBEHHBbIE 3(P(EKThI AelCTBUS
TSOKEJIBIX  METaJJIoB M JIe3WH(EKTAaHTOB Ha aHTUOMOTHKOPE3HCTEHTHOCTh IIOYBEHHBIX
MHKPOOPTaHU3MOB U coobiectB 1wiactucdepsl (Xiang et al., 2022; Ni et al.,, 2024). Ounu
HCCIe/IOBaHbl He TOJIBKO /IS MUKPOOPTaHU3MOB, HO U JUI Me30(dayHbl IOUBBL. B cBA3M C aTUM,
naHHbple 3G@EeKThl MOTYT CUHTaThcs Haubosiee IpeicKa3yeMbIMH, II0 OTHOLIEHHIO K
buoreoxumMmyeckuM sddekTam I SK30TUYECKUX OHOTONIOB, a II0YBA MOXKET CUYHUTAThCHA
€CTeCTBEHHOH Jiaboparopueid WM OWOMOJUTOHOM JjIi OTPAbOTKH HAaBBHIKOB pabOTBHI C
9KOJIOTUYECKUMH, OMOTEOXUMUUYECKUMH U MaTepUaoBeIuecKUMu (Oumozerpasamnus) acueKTaMu
wiactucdepbl (ecM He NPUHUMATh BO BHHMAaHUE PAa3MBIBAIOIINE CMBICT KOHIENTYaJIbHBIE
00061enus ypoBH: "continental-scale microcosm™ (Sun et al., 2024)).

B KOHKpEeTHBIX CiIy4yasx, HMEIINX MIPAaKTHIECKOe 3HAUeHUe, B TIOUBE Pa3JIaraloTcs BIIOJIHE
KOHKDETHbIE IIOJIMMEPhl WU KOMIIO3UTHI HM3BECTHOTO IIPOUCXOXKAEHUS — OT TEXHOTEHHOTO
(T. e., IO yMOJTYAHUIO, UCXOHO HE COJIEPIKAIIETO MAaTOT€HHOU MUKPO(QJIIOPHI) /10 aHTPOIIOTEHHOTO
reHesa (HanpuMmep, HakonuBIKecs 3a BpeMs naunzemuu COVID B mouBe MacKHu U pecrupaTophl,
MIOTEHITUAILHO coZieprkalue OakTepuu 13 Bbioxa uesnoBeka (Li et al., 2023; Cheng et al., 2024;
Gradov, 2025), a Takxke cuenuaabable GUIBTPhI HHGEKIIMOHHBIX Meayupexienuii). [lopucrteie u
BOJIOKHHUCTBIE, B TOM YHCJIe HETKAHble MAaTepUAIbl ABJIAIOTCA B OTOM aclekTe cOOpIIMKaMH It
MHUKpoOmoma mnouBeHHOU iactucdepsl (Rohrbach et al., 2023), HO ux 3¢ GEeKTUBHOCTD CHJIBHO
3aBUCUT OT CBOUMCTB Marepuaja, BKJIIOUYasg u3MepuMmyko mopucroctb (Grigorieva et al., 2021;
Grigorieva et al., 2022; Grigorieva et al., 2023; Grigorieva et al., 2025; Maklakova et al., 2021), Tak
KaK pa3Mepsl 0P JI0/KHBI COOTBETCTBOBAThH pa3MepaM MUKPOOPTaHU3MOB U OBITh He MeHbIIIE HX.

Hepenko B mouBe mocje MyJIBUMPOBAHUSA HAXOAATCA HeOMojerpagupyeMmble (hparMeHThI
mukpocmactuka (Li et al., 2024). B HeKOTOPBIX CiIydasx Jake MOTEHIUAJIbHO OHOpasiaraeMble
KOMIIOHEHTBI He CMOTYT OBITh pa3JjIOKeHbl, B CUJIy HECOOTBETCTBUS pa3MepaM BO3MOXKHOU
KOJIOHHeOOpasylolel eMHUII Pa3MePOB OCTAIOIIETOCs CTA0OUIBHOTO OCTPOBKA MOJIMMEpa WU
komno3uTa (Zhao et al., 2023). B HEKOTOPBIX C/Iy4asx B IOUBE MOTIYT OOHAPYKUTHCA (MU OBITh B
Hee CIEINUaJIbHO 3aJI0KEHHBIMU B XOJle YZAOOpEeHHs IOYB) Takke (PparMeHThbI, CIIOCOOHBIE K
ITOCTEITIEHHOMY BBICBOOOXK/IEHUIO OIIPE/IeIEHHBIX XUMUUEeCKHX areHToB (Tian et al., 2024).

6. Ba'KHOCTHh WIMI/PKMHTOBBIX W MOAIIIHHIOBBIX HCCAEJOBAHUN U METOIOB
MUKPOCKOIIHNH /I XapaKTepu3anuu 00beKTOB Ivtactucgepst

U3 BBIIIEN3IOKEHHOTO CJIEIyeT, YTO XapaKTePU3alHui0 OOBEKTOB ILIaCTUCHEPHI CIIEAyeT
MIPOU3BOJUTD JINCKPETHO U C T€0/IE3NIECKON MPUBA3KOU B OMOJIOTO-Te0TpadUuecKOM aCIIEKTe U C
IIPOCTPAHCTBEHHO-BPEMEHHON  METPUKOM B  XOJIe  WCCJIEJIOBAHUA  KJIMMATHYECKUX U
MeTeOpOJIOTHYeCKUX BIAMAHUN Ha 1actucdepy. bosee Toro, wu3  BBIIIEU3JI0KEHHBIX
TEOPEeTUYECKUX U OubiuorpaduyecKkux IPEAIOChUIOK cJeAyeT HeoOXOAMMOCTh BHEIPEHUS
MHKPOCKOIIMYECKUX WY, KOPPEeKTHee, MUKPOAQHAJIMTUYECKUX METO/I0B BBICOKOI'O pa3pelleHUs
(Bxmrouass MALDI imaging wix KOH(POKIBHYI0O PaMaHOBCKYI) MHKPOCKOIIHIO) B HCCJIEOBAHUSA
r1acTrcdepsl U IPOAYKTOB €€ OHOJIOTHIECKON U/ MJIH SKOJIOTUYECKON aKTHUBHOCTH.

JlelficTBUTEJIBHO, €1€ TATH JIeT Ha3a/l B KJIACCUYECKOH cTaThe 33/1aH Bonpoc: «KTo ecTh I7ie B
wiactucdepe?» («Who is where in the Plastisphere?») (Arias-Andres et al., 2020). OtBeTuTh Ha
Hero 0e3 BBICOKOpA3pemanIux (WIN ke MO3UIMOHHO-UYYBCTBUTEIbHBIX) OHoreorpapuueckux u
XUMHUKO-3KOJIOTUYECKNX KapT (Oecrmperie/ieHTHOTO I APYTHUX OWOTOIOB paspelieHus — H3-3a
MaJIOCTH OOBEKTOB HCCIIEOBAHUA U UX JIOKAUINU3AIUH, HAIIPUMeEp - Ha YaCTUIAX MUKPOILJIACTHKA)
He IIPEe/ICTABJISIOCH OBl BOBMOXKHBIM.
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Eciii roBOpUTh 0 MUKPOILIACTHKE M MHBIX 00BEKTaxX IIacTUChEPHI, TO HY?KHO TaKXKe IOHATh
KOI/Ia OH BBICTyIIaeT KaK pecypc ZiA pocTa (To ecTh OmozerpagupyeTcs), a KOIZia BBICTYIIaeT
TOJIBKO JIUIIb KaK ITO/IJIOJKKA, HA KOTOPOM PacTyT MUKPOOPTaHU3MBI, IUTAACh COBCEM JIDYTUMU
pecypcaMu OKpysKatoleid cpeabl (Bompoc «IIummeBoil pecypc WM TOJIBKO OeCIJIaTHOE CPEJICTBO
JUIsS myTelectBuii» — "Food or just a free ride?" — akTyasIbHBIN KaK JIJIsT OAUHOYHBIX YACTHIL JTUOO
(pparmeHTUPOBaHHBIX IUIEHOK IVIACTHKA, TaK U /i miactucdeps! B riesiom (Wright et al., 2021b)).

W3BecTHOe sABJIEHHE IPOCTPAHCTBEHHOTO IlePEKPBIBAHUA 00JacTell KU3HU WU apeasioB
OCHOBHBIX M CJIy4aWHBIX TAaKCOHOB B IUIacTHcdepe TaKKe 3aTPyAHAET BO3MOXKHOCTh TOUYHOU
[MO3UIIMOHHO-UYBCTBUTEIBHOU neHTUpUKAIUN yHKIIMI/OMOXUMUYECKUX poneit
MHKPOOPTaHU3MOB B MUKPOOHOM COOOIIEeCTBE ¥ MHOTOCJIOMHBIX IUIEHKaX Itactucdeps! (Zhang et
al., 2022). IIpoucxopsdimias B IPOCTPAHCTBE-BPEMEHHU CYKIIECCHUSI BHUZOB B MHOTOBHIOBOM
MHKPOOHOM COO0OIIecTBe, COOOpPa3HO W3MEHSIOIIUMCSA YCJIOBHUAM CpeAbl (KIMMaTHYECKUM WJIN
cyOCTpaTHBIM, B TOM YHCJIE TI0 Mepe TpaHchopManuu Mpu OHOPas3sIoKEeHUH MHOTOCJIOMHBIX WJIH
MHOTOKOMIIOHEHTHBIX KOMIIO3UTOB, B TOM 4YHCJe - (parMeHTOB JIAaMHHATOB M apMUPOBAHHBIX
HeOUOeTpaINPyEMbIMH KOMIIOHEHTaMH OHUOIIACTUKOB), TPeOyeT IPOCTPAHCTBEHHO-BPEMEHHOTO
U KENCTPIHHOTO aHAIM3a MHUKPOOHBIX CO00IIecTB IutacTuchepbl W WX MOTEHIUAIA JJIA
ouoperpaganuu 1actukoB (Miao et al., 2023). B mociemHeM ciydae B IIOMYJIAIUASX WA
MHKPOOHBIX COOOIIECTBAX MOTYT IPOUCXOJUTH KAK JIMBEPTeHTHBIE IPOIECCH, TAK U MPOIECCHI
KOHBEPreHIIUM B IIpollecce CYKIIECCMHM U IepeKpbhIBaHUA obJiacTell  CyIecTBOBaHUsA/
mukpoapeasioB (Wu et al., 2024; Zhang et al., 2024).

[To sTOM mpHUuMHEe B IMOCJeAHee BpeMs MHOIO aBTOPOB BBICTYIIAIOT 32 KapTHPOBaHUE U
U3JKUHT MHUKPOCKOIIMYECKINX MHUKPOOHBIX COOOIIECTB HA IUIACTHKE, B YaCTHOCTU HA MOPCKOM
IUIACTUKE JIJIs1 YCTAHOBJIEHUS IIPOCTPAHCTBEHHOU CTPYKTYpPHI Iutactucdeps! (Schlundt et al., 2020).

~. HU3K00I0 :KEeTHBIE METOAbI.

[Io amamorum c aHa/JIM30M BKJIaZa reomopdosiorun u JaHamadTa B SBOJIONUI0 HA
MAaKpPOCKOIIMYECKOM YPOBHE, B CJIy4ae MHUKPOOHBIX COOOIIECTB IPECTABIISAETCA BO3MOXKHBIM
aHIN3 BKJI3Ja TeOMETPUU  IIOBEPXHOCTHU/MUKpopesibeda/MUKPOIIEPOXOBATOCTH /WA
HAHOIIIEPOXOBATOCTH MHUKPOIUIACTHKA HAa SBOJIIOINI0 MUKPOOHBIX coobmectB (Dabrowska et al.,
2021). MHorue aBTOpB!I (Kak IPaBUJIO, C JIYYIIUM TEXHUYECKUM OCHAIeHUeM JabopaTopHii)
TrOBOPAT HE TOJIbKO 00 UMU/IKUHTE 00pasnoB IIacTuc@epsl, HO U O MUKPOAHAJIN3€E, BILIOTh 10
JIOKAJIBHOTO CTabMILHO-U30TOIMHOTO aHaau3a and nanoSIMS single-cell imaging zyia onpenenenus
KOJIOHH3ATOPOB I1acTucdepsl, IT0 KpalHeH Mepe, B IOYBEHHBIX YeJIOBUsAX (Xiang et al., 2024).

Bospiiinm, Kak mpaBujIo, KOJUIAOOPAaTUBHBIM (TO €CTh "'MEKBEIOMCTBEHHBIM ') KOJIJIEKTUBAM
aBTOPOM JIOCTYIIHbI HE TOJIPKO HCCJIEOBAHUS OJMHOYHBIX OOpa3IOB HAa MHKPOYPOBHE, HO H
co3zanue 06a3 JaHHBIX, COOTHOCAINUX IOAOOHBIE HCC/IEIOBAHUS MHUKpPOOOpa3loB €
reorpapuuyecKUMH KapTaMH UX JIOKUIM3AIMH U METareHOMHBIMU pPeNpe3eHTAllsIMU DBOJIIOIUN
MHKPOOHBIX COOOIIECTB. BBICIIMM MHJIOTaKEM CUHTAETCA AaHAJINU3 BO3JEHCTBUSA MHKDPOOHBIX
coobmiecTB ¢ Iactucdepsl Ha pe3ysbTaThl MOIVIOIIEHUS MUKPOIUIACTHKA JPYTUMHU BHUIAMU
J)KUBBIX OPTraHU3MOB, Pa3/IMYAIOIIUXCA IO JUHAMUUYECKOH JIOKAIW3aluu W KapTaM MUTpanui,
O6moreorpaduveckuM U TPOPUUECKUM XapakTepucTHKaM. Kak mpumep moOCIeZHETO IMOAX0Ja
MOXKHO IIPE/JIOKUTH HOBEUIIYI0 PaboTy IO BKJIAJy MUKPOIUIACTHKA M aCCOIMMPOBAHHON C HUM
MHKpPOOUOTHI IIacTucdepbl Ha GU3HOJIOTUYECKUE U OMOXMMUYECKUE XapPAKTEPUCTHKH, a TaK¥Ke
MaTTePHBI HKCIIPECCUH T€HOB (PHJIBTPYIOIINX MOPCKYIO Bojy JiaHneTHHKOB (Cheng et al., 2023).
OueBuZIHO, YTO TO/I0OHBIE PAOOTHI BO3MOXKHBI TAaK:Ke U JUUISI BCEX OPTaHU3MOB-(PUIBTPATOPOB.
Co BpeMeHeM Takux paboT, OUeBUIHO, Oy/IeT MOSBJIATHCS BeE OostbIlie u 6osbie. Ho yTBep K/ieH1e
9TO BEPHO TOJIBKO /1711 JTAOOpaTOPHi, MMEIOIIHX JIOCTATOYHO COBPEMEHHOE OCHAII[EHHE.

Bo/IBIITUHCTBO POCCUIICKUX U MOCTCOBETCKUX JIAOOPaTOPHUi He 00J1a/1aeT BHICOKOYPOBHEBOM
TEXHUKOU JIJIs1 JAHHBIX Iesiell. Bo3HMKaeT BOIpoc: Kak OPraHU30BaTh aHAJIN3 MUKPOIUIACTUKA U
MHKPOOPTaHU3MOB IIacTUC(EPHI HA HEM B HU3KOOIOKETHBIX YCIOBUAX? OUEBUIHO, UYTO B 3TOM
cJlydae HaJI0 33J1efiCTBOBATh BO3MOXKHOCTH KOHCTPYKTOPCKHX OIOpO (TZie OHU ellle OCTaJIHUCh Ha
TEPPUTOPUU UHCTUTYTOB), MACTEPCKUX (TZle OHU ellle OCTINCh HA TEPPUTOPUU UHCTUTYTOB) U
IIEHTPOB KOJUIEKTUBHOTO II0JIb30BaHUA (I/le OHU ellle OCTAJINCh Ha TEPPUTOPUH HUHCTUTYTOB).
B xauecTBe mpuMepa npejaraercs proposal, KOTopbIi O3BOJISII TPOU3BOAUTD I0/I00HBIE PA6OTHI
elle 710 «BXOXK/IEHUS B MOAY» TEMATHUK II0 UCCIeA0BaHUIO Iiactucdepsl B 2010-e rT. B HUOXU
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(MockoBcKkas 6a3a KOTOporo ObLIa TUKBUAMPOBAHA U YTWIM3UPOBaHA Ha pyOexke 2010—2020-x rT.,
a HEKOTOPBIE 3/1aHNUA y?>Ke CHECEHBI).

Hawmu nipepiaranacs /i1 3TOro UHTerpanusa MeTo/I0B:

1. JlazepHOro aHajan3a MUKPOILJIACTHKA M HAHHOIUIAHKTOHA B JKUJKOCTH B IPOTOYHBIX
KIOBETaX, IpeJHA3HAYABIINXCA H3HAYAJIBHO I OKeaHOrpadUUYeCKUX SKCHeIUIuil (JaHHaA
TexHUKa ObLIa pazpaboTaHa B KoHIle mmponwioro Beka 10.B. XKysaHoBbIM ¢ coaBTOpaMu), Kak 3TO
rmokasaHo Ha Pucynke 1(a-e) (Bmocsie/icTBUHU mpeiarajach U MOYTH JOIIUIA A0 UMIIJIEMEHTAITUU €€
aganranus it muroMmerpun (Zhulanov et al., 2018));

2. Ckanupyomel 3JeKTPOHHOM MHKDPOCKOIIUHM C QHAJIM30M MUKPOYACTHI] IUIACTUKA U
OMOTEeHHBIX CTPYKTYpP (B TOM YHCJIe M3BECTKOBOIO HAHHOIUIAHKTOHA) HA MHKDPO30HZE Ha 0Oa3ze
JEOL JSM-35CF ¢ aHaIM3aTOPOM MUKPOYACTHI] ¢ «OMHApU3aTOPOM», TO €CTh IUCKPUMHUHATOPOM
BH/IEOCUTHAJIA 110 aMIUIUTY/IE JIJIs BBIZIEJIEHUSI KOHTYPOB U OIIpeZieIEHUs] TeOMETPUYECKIX IPAHUIL
YacTUIl MUKPOIUIacTUKA (cM. PHCyHOK 2); pu 3TOM y:Ke B Hadasie 2019 rojia (To ecTb HE3a0JIr0
JI0 BaKPBITU MOCKOBCKOU 6a3pl HU®XI) mpesyiaraoch UCIIOIb30BATh /1JIs1 OIIU(MPOBKHA CHUCTEMY
I1.JI. Anekcanzaposa (Alexandrov et al., 2025);

3. KoppenammoHHO-CHEKTPAIIPHOTO aHAIN3a H300payKEHUH MUKPOYACTHI[ IIACTUKA H
HAHHOIUJIAHKTOHA JIJISI Pa3/INYEeHUs MEPBBIX OT BTOPHIX, a TAKXKE aHAIN3a TEKCTYPhI IIOBEPXHOCTH
MHKPOIUIACTUKA METOJIAMHU KOPPEJISAIMOHHO-CIIEKTPAJIbHOTO aHaau3a (3T0 OBLIO BIOCIIEACTBUU
peanuszoBaHo He Ha JEOL JSM-35CF u omy6IMKOBaHO B HEJIABHUX CTAThSIX, apTYMEHTAIIOHHAS
YacTh KOTOPBIX IEPEKPHIBAETCS C HACTOAIIEH IMpOCBeTUTENbCKOU craThél (Aleksandrov et al.,
2025; Gradov et al., 2024; Gradov et al., 2025)).

Puc. 1a. [IpuMep NpOTOYHOH KIOBETHI MaKeTa JIA3ePHOTO CYETINKA-aHATU3aTOpa
OKEaHCKHX ruzpo3oJieit (B3Becei) koHcTpyknuu F0.B. JKynanosa
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|

Puc. 16. [Ipumep npoTOYHOM KIOBETHI MaKeTa JIA3€PHOT0 CUeTUYNKA-aHAIN3aTOPa
OKeaHCKHX rujiposoJieil (B3Beceit) koHcTpykiuu 0.B. JKynanosa

—aB

Puc. 1B. HpHMep l'IpOTO‘-IHOfI KIOBETBI MAaKeE€Ta JIA3€PHOI'0 CYHETUHKA-aHA/IM3aTOpPpa OKEAHCKHX

ruapo3osei (B3Becei) koHceTpykiud 0.B. XKynaHnosa.
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Puc. 1r. [IpuMep IpOTOYHOH KIOBETHI MaKeTa JIAa3ePHOTO CYETUNKA-aHATIN3aTOpa
OKeaHCKUX ruzipo3osiei (B3Beceit) koHcrpyknuu 10.B. JKynanosa

Puc. 1a. Ilpumep NpOTOYHOM KIOBETHI MaKeTa JIA3€PHOTO CYETYMKA-aHAIU3aTOpa OKEaHCKHUX
ruzpo3sosieii (B3Beceii) koHeTpykiuu FO.B. XKynaHoBa
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Puc. 1e. [Ipumep NMpPOTOYHOU KIOBETHI MAaKeTa JIA3€PHOTO CUETYMKA-aHAIN3aTOpPa OKEAHCKHX
ruzpo3osel (B3Beceit) koHerpykiuu 10.B. XKynanosa

JEOL
]— DISC l':'::|: P: ATOR -

# g

MICRO-PARTICLE ANALYZER

Puc. 2a. Ananuzarop mukpouacrun, JEOL MICRO-PARTICLE ANALYZER ¢ HacrpanBaeMbIMU
ypoBHsAMU aHasioroBoro Bujyieocurnana (VIDEO LEVEL) u auckpumunanuu (DISCRIMINATOR).
On BbIiaer Tabsuiy (kHomka TABL) pacrpeziesieHus MUKPOYACTHUIL IO pa3MepaM U TUCTOIPaMMYy
(kaonka HIST) pacnpezesneHuss MUKpoUYacTUll [0 pa3MepaM. V3mepeHne 3armyckaercsa KHOIKOU
MEAS. N306pakeHre n3HayaIbHO (0 mpeyiarasieiics rpynmnoi O.B. I'pagosa onmudpoBkn) uger
yepe3 BNC-pazbém Ha BusieomoHuTOp SM10A
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Puc. 26. KosionHa syekTpoHHOTO MUKpockona JEOL JSM-35CF u BBOJ CBETOBOTO MHUKPOCKOTIA,
KOTOPBIN MCIOJIb3yeTCs /Ul MO3UIMOHUPOBAHUA 00pasna /i peHTTeHOCIEeKTPAIbHOTO aHaIN3a
Ha kpyre Poymanza. B Bepcum MozepHHU3aIuy, mpejjarasiieiicsa rpynmnoi I'pasoBa, yka3aHHBIHN
MHKDPOCKOII CTaHOBWICHA OCHOBOU i CLEM — KOppessiMOHHON CBETOBOM U 3JIEKTPOHHOM
mukpockomuu (ecm. (Gradov, 2019; Gradov, 2023; I'pazgos, 2023)).

Puc. 2B Puc. 2r

Pucynoxk 2B: Ilynbr ympaBinenus JEOL. Kenraga u Oenass KHOINKH — YIpaBJeHHE
dokycupoBkoii. B BepxHel 4YacTH Kajjpa BHIHO II0CA[I0OYHOE THE3/0 I oToalmapara,
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azlanTupyemMoe Takxke U 11 udpoBeIX poToanmapaTos ¢ nepenponinBkoii COHK no texunosmoruu
Anekcanzposa (Alexandrov et al., 2025).

Pucynok 2r: Ilynsr ynpaBinenuss JEOL. I'eHepaTop pasBepTKHU/yHpaBJeHHE PEKUMOM
ckauupoBanusi (SCAN GENERATOR) u cremenu yBenumueHuss (moayiab MAGNIFICATION).
YupapieHue aeTekTopa BTOPUUHBIX 3y1eKTpoHOB (SEI — Secondary Electron Imaging)/nerexkropa
dBepxapta-Topunu (moxyns SEI COLLECTION) pisa perucrpaniuu HU3KOIHEPIeTHYECKUX
3JIEKTPOHOB (2—50 3B).

OO6cy:kneHue

K coxanenur, fanHble paboThl HE YAAJI0Ch peayin30BaTh, B CHJIY 3aKPBITUSA MOCKOBCKOM
6a3bl yKa3aHHOTO HHCTUTYTA Ha pybexke 2010-x-2020-X IT. 1 yrrnsanuu obopyoBanus. OgHaKko
o011ast UAEO0JIOTHSA JAHHBIX UCCIEOBAaHUI HE TOJIBKO OCTAETCS aKTyaJbHOU IO HACTOSAIIEEe BPEMS
(c yueToM COBpeMEHHBIX BO3PACTAIONIUX TEXHUYECKUX BO3MOKHOCTEH HAYKH), HO U CTAaHOBUTCSA
Bce O0J1ee aKTyasTbHOM IO Mepe YBeJTUUYeHNs 3arpsAa3HeHus orocgepbl MUKPOIUIACTHKOM. BoJbIoi
BKJIAJ] B HBOJIIONNI0 MUKPOOHOTHI B YCJIOBUSX U3MEHEHUs KJIMMaTa BHOCUT TEPMOUH/IYIIPYEMBIH
CIBUT AaKTUBHOCTH (PEPMEHTATHBHBIX CUCTEM /Ul OHMOPA3JIOKEHUS M KOJOHU3AUIHMHU IUIACTHKA.
B HacTrosmmee BpeMsA MBI MOXKEM TIOJHOCTBIO TIOATBEPJAUTH IPOTHO3 IO aKTyaJU3aIyuu
HCC/IEIOBAaHUM B 00JIACTH MUKPOIUIACTHKA (IIEPEKPBIBAIOIIEN TPUPOCT MyOJIUKAMHI IO OOJIBIIION
HOMEHKJIATYpEe TEXHOT€HHBIX 3arps3HEHUN, BKJIIOYAs JBIMOBBIE YHOCBHI), C/IEJIAHHBIN IE€PBHIM
aBTOPOM JIaHHOTO 0030pa B Iepuoji Hemoaroil paboTsl B Jlaboparopuu OHOJIOTHYECKOTO
BO3/IEHCTBUA HAHOCTPYKTYp. OfHaKO peanu3anus JaHHBIX HCCIEOBAHUHN IO/ CHJIy TOJIBKO
BBICOKOTEXHOJIOTUYHBIM TIpyHIaM ¢ Hambojiee cOBpeMeHHBIM obopyzoBaHueM. CoBpeMeHHbIe
HICCJIEZIOBAHUS HKOCUCTEM IUIacTHC(hephl HEMBICINMBI 6e3 CeKBEHHPOBAHUA METareHOMOB, Macc-
cuekTpoMerpudyeckoro MALDI uM3mKuHra M J0pOrocTosAniux (JyopecleHTHBIX MeTO/0B €O
CHEeIUATN3UPOBAHHBIMU MeTKaMu/30HAamMu. Ha maHHBI MOMeHT /s PO nanHble MeTOAbI
ABJIAIOTCA HEJOCTYHIHBIMH, B CWIy caHkiuil. [losTromy B Hacrosiliee BpeMs MbI MOXKEM
KOHCTaTUPOBAaTh HEU30€KHOCTh OTCTABAHUS POCCUUCKON HKOJIOTMH, T€OMHUKPOOMOJIOTUU U
6uoreorpadum B 00JIaCTH HCCJIEIOBAHUM IuTacThchepbl Ha ToAbl BIepéz. 1 MHOKeCTBEHHBIE
poccuiickre paboThl IO MUKPOIUIACTUKY IIOCJIETHETO BpEMEHHU MOATBEPKAAIOT B IIOJIHOU Mepe 3TH
BBIBOJIbI, TAK KaK MHUKPOOUOJIOTUUECKUM AaKIIEHT BBICOKOTO YPOBHA He yzaércad (B OJUHOUKY,
6e3 ImpuBJIeYeHUs 3apyOeKHBIX COABTOPOB) MOIEPKHUBATDH OOJIBIITUHCTBY IPYIIL.

ABTOpPCKHH BKJIAJ,

I'pamoB O.B. — mosHbIN OuOIMOrpaduueckuii 0030p (2024 roj), MOATOTOBKA CeMHHAapa
2018 roaa o aHanmu3y MUKporiactuka it HUOXU,;

Kynauos 10.B., Makagees I1.10. — pazpaboTka 1 H3TOTOBJIEHUE aIIapaTypPbl a9PO30JIbHBIX U
THUPO30JIbHBIX U3MEpPEHNH pa3MepOB YaCTHIL;

Qunnunnos M.K. — peMOHT U pEKOHCTPYKIINUA 3JIEKTPOHHBIX MUKPOCKOIIOB 1 MUKPO30H/IOB.
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IL1acTucdepa Kak 3BOTIOIMOHHO HOBas reocdepHas 060/I0UYKa U «OMOT€OXUMUIEeCKU
peakTop» TexHocdeps! (BBOAHBII METOAMYECKII 0030D)

Ouner BanepweBuu I'pasios 2 *, FOpuit Bacunbeuu JKynanos P, I1aBen FOpreBuu MakaBees °,
Muxann KorcTanTuHOBUY OUIIUIIIOB 2

a@enrepasbHBIN HCCIEN0BATENBCKUN IEHTP XuMmuueckon pusuku um. H.H. CemenoBa Poccuiickoit
akazeMuu HayK, MockBa, Poccuiickas ®@eneparust

b HayuHO-HMCCIe10BaTeTbCKUH PUBHKO-XUMUUecKuil nHCTUTyT uMeHu JI. fI. Kapmosa (HUOXN),
Mocksa, Poccutickas ®enepamus

AHHOTamuA. B HacTosIeM KpaTKOM BBOAHOM 0030pe MbI 1aeM 06a30BBIE IIPEJICTABIEHUS O
Oouoreorpaduu, Te03KOJIOTHU / TUAPOIKOJIOTUHN U TEOXUMHUUECKOU POJH 11acTucdepbl U BUIOBOTO
pasHoOOpasus MUKPOOPraHWM3MOB Ha Hel. B mociaegHell dvYacTH TPUBOAUTCH P
SKCIIEPUMEHTAIBHBIX TOJX0/I0OB HW  doTorpaduii HWHCTPYMEHTOB JUIA €ro HCCJIe/IOBaHMUA.
TexHuueckass 4dacTh 0030pa OCHOBaHa Ha 3ajieJie ceMHHapa 2018 TI. MO0 MeToJaM aHaJu3a
MHUKpoIUIacTuka, rorosunierocsi O.B. I'pamoBeiM ¢ coaBropamu it HUOXW (oxHako 0Oe3
HCIIOJIb30BAaHUS YCTAPEBIINX CCHUIOK TOTO Iepuoja). K cokaneHuio, JaHHbIE paOOTHI HE y/IaI0Ch
peasn30BaTh, B CHJIY B3aKpPBITUSA MOCKOBCKOW 0a3bl YKa3aHHOTO HWHCTHUTYTa W YTUJIN3AIUU
obopymoBanusa. OpHako oOIIas W/IEOJIOTHUS JaHHBIX HCCIAEJOBAHUN HE TOJIBKO OCTAaeTCs
aKTyaJIbHOM 10 HacTosIee BpeMs (C y4eTOM COBPEMEHHBIX BO3PACTAIOIUX TEXHUYECKHUX
BO3MOJKHOCTEHl HAayKHW), HO W CTAaHOBHUTCS Bce O0ojiee aKTyaJlbHOM II0 Mepe yBeJIWYEeHHUS
3arpsi3HeHusi 6uochepbl MUKPOIUIACTHKOM U DBOJIIOIUM MHKPOOHOTHI B YCJIOBUSIX HU3MEHEHUS
winMata. O0630p B TEPMHHOJIOTUYECKU YIIPOIIEHHOW BEPCUM PAacCUUTaH Ha IIUPOKUU Kpyr
YHUTaTeN e, BKJIFOYAs CTYIEHTOB M YUAIIUXCSA TEXHUKYMOB/KOJLIEIKEN.

KiaioueBbie cioBa: 1uiactucdepa, MHUKDPOIUIACTHUK, TeXHOcdepa, TeOMHUKPOOHOJIOTHS,
re03KOJIOTH S, TU/IPOIKOJIOTHS, aHAJIM3ATOP MUKPOUYACTHI], MUKPO30H/IOBbIN aHATU3.
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Geoinformation Technologies as a Tool for Managing Natural and Economic Systems
in the Cryolithozone: from the First Maps to Digital Doubles

Boris Yu. Krotenko 2 *
al omonosov Moscow State University, Russian Federation

Abstract

The development of the Russian cryolithozone, which occupies 65 % of the country's
territory, has historically been a daunting task. Against the background of rapid climate change and
intensive economic development of the Arctic, the traditional risks associated with the melting of
permafrost have become systemic and widespread. This article argues that it is modern geographic
information systems (GIS) that are becoming the central technological solution for a paradigm shift
from disaster management to proactive strategic management. The author examines in detail the
evolution of GIS: from basic mapping to the development of complex “digital twins” of the
territory. These dynamic models, integrating monitoring, survey, and climate forecast data, make it
possible to simulate permafrost degradation processes in high detail, assess risks to critical
infrastructure, and justify optimal spatial development solutions. The key conclusion of the article
emphasizes that in order to ensure the long-term sustainability of vulnerable northern regions,
deep integration of GIS platforms with artificial intelligence technologies is necessary, which will
open up opportunities for predictive analytics and adaptive planning.

Keywords: cryolithozone, geographic information systems (GIS), management of natural
and economic systems, digital mapping, permafrost degradation, spatial planning, sustainable
development of the Arctic.

1. BBeaeHue

Hcropusa ocCBOeHMSA POCCHUHCKUX IHPOCTPAHCTB K BOCTOKY OT Ypaja — 3TO UCTOPHUA
HeNPEePBIBHOTO JIUAJIOra, a 3a4acTyl0 U CYypOBOTO IIPOTUBOCTOSHHUSA, ¢ MHOTOJIETHEMEP3JIBIMU
nopoaamu. Emié B XVIII—XIX Bekax mepBOMPOXO/IIbI U MHKEHEPHI SMITUPUYECKUM IIYTEM, IIEHOU
po6 U omrnO0K, BEIpabaThIBAIN ITPABWJIA KU3HU B YCJIOBHUAX BEUHOH Mep3s0Thl. OHU 3aMeTHIH,
YTO TOJIOYBEHHBIN JIEJ] «JBIIMIUT» W JIBUTA€TCA, YTO OJHU YYaCTKH YCTOMUYUBBI, a JIpyrue
IIPOBAJIMBAIOTCA, M 9TU HAOJIIO/IEHUS JIOXKUJIUCh B OCHOBY II€DPBBIX IMPUMUTHBHBIX KapT U CXEM.
CeromHs, Korja Ha KapTy MOCTaBJIEeHbl T'PAH/AMO3HbIE HAIMOHAIbHBIE NMPOEKThI — «CeBepHBIN
IIUPOTHBINA X0/ », pa3BuTHe CeBEPHOTO MOPCKOTO IIyTH, OCBOEHHE TMTAaHTCKUX MECTOPOKIAEHUU
ADKTUKH, — CTaBKU Hen3MepuMo Bo3pocyu (CoBpeMeHHbIe TEXHOJIOTUH. .., 2025).

[Tromans poOCCHUNCKOM KPUOJIUTO30HBI COCTABJISET KOJIOCCAJIbHBIE 65 % OT TeppUTOPUH
CTPaHBI — 3TO OKOJIO 11 MUJJIMOHOB KBaJPATHBIX KUJIOMETPOB, IIPOCTPAHCTBO, CPABHUMOE C IE€JIBIM
KOHTUHeHTOM. Kimmartuueckre uW3MeHeHHs JeHCTBYIOT Ha S3TOT PETHOH KaK KaTaJIu3aTop:
10 JAHHBIM HAYYHOTO COOOIIEeCTBA, CPEAHSAS rOI0Basi TEMIIEPATYPa BEPXHUX TOPU30HTOB MEP3JIBIX
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nopox B 3amasHoi Cubupu 3a mocyefHue 30—40 JeT moBbicuiiach Ha 1,5—2 °C, a B HEKOTOPBIX
parioHax fKyTWM rpaHUIla MEP3JIBIX IOPOJ, OTCTYNIJIA K CeBepy Ha JEeCATKH KUJIOMETPOB.
ITocyencTBUA 3TOrO IMpoIlecca He aOCTPAKTHBI: IPOCAIKU TPYHTA MPUBOJAT K JAedopMarusam
3naHuil B Hopuibcke, fIkyTcke n BopkyTe; TasHUe IOJI3€MHBIX JIB/IOB YTPOKAET YCTONUMBOCTU
MAaruCTPJIbHBIX HedTe- U ra3oMpoOBO/IOB; AKTUBHU3AIUA TEPMOKApCcTa MeHsSET JIaHAadThI, Jestas
UX HEMPOXOAWMBIMU JJIsI TEXHUKU W HapyIllas TPAUIMOHHBbIE IIyTH KOPEHHBIX HAPOAOB. B 3THX
YCJIOBUSAX HaCJIe[IUe «JIeIOBCKUX MEeTO/IOB» U Pa3po3HEHHbIE JJaHHbIE y»Ke He cracaloT. Tpebyercs
CUCTEMHBIH, BCEBUALIUN U MPOTHO3UPYIOLUM HHCTpyMeHT (LludpoBusanys npoMbIILIEHHOCTH. .,
2024). Nm craHOBATCA coBpeMeHHble TeomH@opMmanmonHbie cucremsl (I'MIC), coBepiiaroiiue
HACTOSAIIYIO PEBOJIIOIIUIO B HAIIEM BOCIPUATHY U YIIPABJIEHUU KPUOJIUTO30HOM.

2. Marepuajbl U METOABbI

OCHOBY HCCI€IOBaHUS COCTABWJIM KOMIUIEKCHBIE METO/bI cOOpa, MHTErpaluyl U aHaIN3a
MIPOCTPAHCTBEHHBIX JaHHBIX, HAIlpaBJIeHHble Ha OLIEHKY COCTOSAHUA U TPOTHO3 Pa3BUTUA
MIPUPOTHO-XO3STUCTBEHHBIX CHCTEM KPHOJUTO30HBI. METO/I0JIOTHYECKUH TO/IX0, OB PeaTn30BaH
B HECKOJIBKO II0CJIE/IOBATEIbHBIX 3TAMOB.

2.1. COOp U MOATOTOBKA HUCXOAHBIX AAHHBIX. [[711 CO3/1aHUA aHATUTUUECKON Oasbl
OBLIH UCIIOJIP30BAHBI PA3HOPOIHBIE HCTOYHUKH:

— T'eoxpuosornueckve MW HH)KEHEPHO-T€OJIOTUYECKUEe JaHHBbIE: apDXUBHbIE MaTepHUasIbl U
PEe3YJIbTATHI IOJIEBBIX 00CIIeZIOBAaHUY (JIaHHBIE TEDMOMETPUYECKHX CKBAXKUH, [IAPAMETPHI MEP3JIBIX
IIOPOJI, Ka/IaCTP UHKEHEPHO-TEOKPHUOJIOTUYECKHX YCIOBHIA);

— Kaprorpaduueckue marepuaspl: TeMaTHUYECKHE KAapThl PA3HOrO MaciiTtaba M BpeMeHU
co3maHusa (KapThl pPACIPOCTPAHEHUS U XapaKTEPUCTUKA MHOTOJIETHEMEP3JIBIX  IOpOJ,
snaHamadTHbIe, TOorpaduyecKre KapThl);

— JlaHHBIE JUCTAHITMOHHOTO 30HANpoBaHusA 3emutd (133): MHOTOJIETHHE PABI KOCMUYECKUX
CHHMKOB cpefHero u Bbicokoro pasperneHus (Landsat, Sentinel-1/2), ucmosib3oBaHHBIE 1A
MOHHUTOPUHTA IMHAMUKY JaHAmadToB (TepMoKapceT, 6eperoBas abpasus) u fedopMaruii 3eMHOU
IIOBEPXHOCTU MeTo/IoM paziapHoit uatepdepomerpun (InSAR);

— JlaHHBIe O XO3SIMCTBEHHON J€ATEJIbHOCTU: HU(MPOBBIE CJIOM PACIOJIOKEHUSA U
XapaKTEPUCTUK O0BEKTOB UHOPACTPYKTYPhI (HAceJeHHble ITyHKTHI, JIMHEHHBbIE COOPYKEHUs,
MIPOMBIIILJIEHHbIE 00BEKTHI), MAaTEPUAIIBI TEPPUTOPUATBLHOTO IIJIAHUPOBAHUS;

— Kimumaruueckue paHHbBIE: peaHanu3bl (Hampumep, ERA5) u crenapum Oyaymux
n3MeHeHu# kimMata (MozesbHbIe psaabl CMIP6 mis pasiuunbix TpaekTopuii RCP/SSP).

2.2, T'eoundopmManmOHHOE MOJEJIUPOBAHHE U aHAIU3. Bce coOpaHHBIE JaHHBIE
OBUIM CHCTEMATHU3WUPOBAHbBI M WHTETPUPOBAHBI B €QUHYI0 TeOMH(POPMAIMOHHYIO Cpeay Ha
mwiatdopme ArcGIS Pro/QGIS. KirtoueBble aHATUTHYECKHE ITPOIEAYPHI BKIIOYAIIH:

— IIpocTpaHCTBEHHBIN aHAIU3 U HAJIOXKEHUE MHOTOCJIOMHBIX TEMAaTHYeCKUX MOKPBITUH JIJIA
BBIABJIEHUS KOPPEIALUN ¥ 30HUPOBAHUSA TEPPUTOPUU IO CTEIIEHU PUCKA;

— CrartucTuyecKkuil aHAIN3 BPEMEHHBIX DSAJOB JAHHBIX (TeMIlepaTypa BO3/AyXa U IOpPOJ,
nedopmanum) /s BbIABIEHUS TPEH/IOB;

— MogenupoBaHue ClieHapueB Jerpajiallid Mep3J0Thl € HCIO0JIb30BaHHUEM YIPOIIEHHBIX
dbu3uKo-MaTeMaTHIeCKUX MoJiesiel (HarpuMep, Ha OCHOBe ypaBHeHH: CredaHa), MHUITUUPYEMBIX
KJIMMaTU4YeCKUMHU IIPOrHO3aMU;

— O1eHKa yA3BUMOCTH MHQPACTPYKTYPhl HA OCHOBE IPOCTPAHCTBEHHOTO IlepecedeHus KapT
MIPOTHO3UPYEMBIX T€OKPHOJIOTHYECKHX MIPOIIECCOB C PACIIOJIOKEHUEM O0BEKTOB.

2.3. Bepudukamusa moaesiei. Pe3ysbraThl MOJIEJTUPOBAHUS U TPOTHO3HBIE KAaPThI
PUCKOB BepU(UIMPOBATINCH IIyTEM CPABHEHUSA C JAHHBIMU HATYPHBIX HAOJIIO/IEHUI HA PElepPHBIX
YYaCTKaX, a TAKXKe C U3BECTHBIMU CIy4assMU aBapUUHBIX CUTyauui u aedopmanuil (Ha mpumepe
obbekToB B Hopuiibcke, Bopkyre, fAxyrcke). [yl aHasm3a HCIOJIb30BAINCh KAK ABTOPCKHE
I0JIeBbIEe JIAHHBIE, TaK U MaTEePUAJIbl, IPEJICTABJIEHHbIE B HAYYHBIX IIyOJIHKAIUAX M OTUYeTax
IIPOM3BOJICTBEHHBIX OPTaHU3aLIN .

3. O6cy:kneHue
Buepnpenune I'MIC-texHo0THI KapAMHAIBHO MeHsET IapajurMy yrpasjieHusA. Mbl Habr0/1aeM
Iepexo/1 OT 60PBHOBI € MTOCIIEACTBUAMU K UX HHTEJUIEKTYaIbHOMY IIpeyTipeskaenuto (Zhdanov, 2022).
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JI1s1 IPOCTPaHCTBEHHOTO IIAHUPOBaHUA. BIOOp MecTa 10JT HOBBIM 3aBOJ], IOPT HJIHM JIaKe
1eJIbId HAceJIEHHBIM IyHKT IepecTaér ObITh JioTepeedd. ['MC-aHayn3 IO3BOJISIET MPOBECTH
«CHATOBOM OTOOp» TEppPUTOPUH, OTOPOCHB 30HBI C BBICOKOH JIBJUCTOCTHIO, AKTHBHBIMHU
KPUOTeHHBIMH IIpolleccaMy U HU3KOH Hecyllel criocoOHOCTHIO, U BBIIE/INB HanboJsiee cTaOMIIbHbBIE
1 Oe30IMacHbIE YUACTKU. DTO MMO3BOJISIET COKOHOMUTH MUJUIHAPABI py0Jiei Ha Oy IyIiuX peMOHTaX U
sukBuganuu aBapuit (Kyssik u ip., 2023).

Hna skcertyatanuu nH@pacTpykTypsl. Co3panTesa «IudpoBble Macnopra» U «Iu@poBble
JIBOUHUKH» KPUTUYECKUX OOBEKTOB — MOCTOB, 3CTaKas, TPyOOIpOBOAOB. B Takoil JBOMHUK B
pexxume, OJM3KOM K peajJlbHOMY BpEMeHH, IIOCTYNAIOT /JaHHble MOHHUTOPUHIa (Hampumep,
o nedopmarusx omnop). Cucrema He MPOCTO PUKCUPYET U3MEHEHU, HO U, UCIIOJIb3Ys 3aI02KEHHbIE
MOJIeI, MOKeT CUTHAIM3UPOBATh: «YCTONYNBOCTh ONIOPHI N247 nocruria 80 % OT KpUTUUECKOTO
3HAYEHUs], PEKOMEHIOBAHO IIPOBECTH YKPEILIEHHUE B TEUEHHE 6 MECAIIEB».

Jna skoHoMmuku u crpaxoBanud. 'MIC 1a€T BO3MOKHOCTD IepeBeCTU PUCKU U3 KaTeropuu
«popc-Makop» B KaTerOpUIO <«IPOCYHUTAHHAs BeJauduHa». CTpaxoBble KOMIIAHWU MOTYT
ucrnosnb3oBath [MIC-KapThl PUCKOB I TOYHOTO KaJIbKYJIUPOBAHUSA CTPAXOBBIX IMPEMUU JJIsA
00BEKTOB B KPHOJIUTO30HE. VHBECTOpPHI MOJIYYAlOT WHCTPYMEHT /IS PEATUCTUYHOU OLEHKH
’KU3HEHHOTO [IMKJIA IPOEKTA U MTOTEHIINATBHBIX SKOJIOTHYECKHX u3ep:kek (Kobses u ap., 2022).

4. Pe3yabrarsl

OBOJIIOLIMI0 METO/IOB MOKHO IIPOCTIEUTh B TPEX KIIIOUEBBIX HampasiaeHusax, rae I'MIC
BBICTYIIAIOT IEHTPAJIbHBIM HEPBHBIM Y3JI0M:

1. Ot craTUYHOM KapThl K JUHAMUYECKOMY MHOTOCJIOHHOMY NOJIOTHY. [lepBble KapThl
pacrpocTpaHeHUsi BEeYHOU MEpP3JIOTHI, CO3/JaHHbIE eI€ OCHOBOIIOJIOKHUKOM POCCHMCKOTO
Mep3asoToBeiennss Muxamwiom CyMruHbIM, ObUTH TeHHAJIBHBIM, HO CTAaTHYHBIM 000OIeHUEeM.
Cospemennas ['MIC — 3T0 :kuBOH, «ApHmanuii» opranusm (L{udpoBusamus NpoMbIILIIEHHOCTH. .,
2023). IlpencraBpTe cebe BUPTYaJIbHYI0 MOJI€JIb TEPPUTOPUH, HAa KOTOPYIO, KaK MPO3pauyHbIE
KaJIbKY, HaHeCEHbI JIeCATKU TeMATHYECKHX CJIO€B: He TOJBKO KJIACCHYecKas TOIIOOCHOBA, HO U
reOKpUOJIOTUYECKUE JIaHHbIE (TeMIIEpaTypa, MOIIHOCTb, JIBANCTOCTH), HHKEHEPHO-Te0JIOTHYECKIe
YCJIOBUSA, PACIOJIOKeHUe Bceld WHQOPACTPYKTYpPbI, KOCMUUYECKHe CHUMKH DPa3HbIX JIET, JIaHHbIe
MOHHUTOpUHTA JedopManuii U Ja)ke COLMAIBHO-3KOHOMHUYECKHE II0Ka3aTead. BO3MOXKHOCTH
HaJIO>KUTH CJIOM paclpoCTpaHEeHUs HaJeHBIX IMPOIECCOB Ha KapTy aBTOAOPOT WJIH IOCMOTPETH,
KaK MEHsSJIaCh TPAHUIIA MEP3JIBIX MOPOJ, 3a 20 JIeT Ha (POHEe HOBOTO MPOMBIIIJIEHHOTO 0OBEKTa,
— 9TO KAQUeCTBEHHBIN CKAUYOK B AaHAJIUTHUKE.

2. Or peTpoCIeKTHUBHOTO aHAIM3a K MPOTHO3HOMY MOZEIUPOBaHUI0. CaMbIii MOIIHBIA
k03bIpb ['IC — He B TOM, YTOOBI ITOKa3aTh, YTO YK€ IMPOU3O0IILIO, a B TOM, YTOOBI CMO/IEJITMPOBATh,
YTO MOXKET IIPOU30UTH. VcIob3ysl KIIMMaTUUYEeCKHe IMPOTHO3bI (HampuMep, mo mozaenu RCP 8.5),
I'IC mo3BoJIsieT paccyuTaTh, Kak Oy/IeT MOBBIIIATHCS TEMIIEPATYpa MEP3JIBIX MTOPO/T B OJIMKaNIIIIe
50 JIET, U, UTO KPUTHUYECKU BAXKHO, K KAKUM IIOCJIEZICTBUAM 3TO NPUBEJET. MOXKHO CO37aTh «KapTy
pUCKOB» Tpocafku (GyH/IAMEHTOB /I BCEro TOPOJia, PacCUUTaTh BEPOATHOCTh 00pa30BaHUA
HOBOTO TEPMOKApCTOBOrO 0O3epa BOJIM3U KIIIOYEBOTO OOBEKTa HHOPACTPYKTYphl HJIH
CIIPOTHO3UPOBATh U3MEHEHHE HECYIIEH CIIOCOOHOCTH IPYHTOB ITO/T B3JIETHO-TIOCAIOYHOU TIOJIOCOH.
Apkuit npumep — ucropusa ¢ Hopuibckoit TOII-3, rae npenBapurenbHbiii I'IC-ananus mor Obl
BBIIBUTH PUCKHU IIPOTANBAHUSA 1107] pe3epBYapoOM U NIPeIOTBPATUTh MAaCIITA0OHYIO aBApUIO.

3. Ot ToueuHBIX UBMEPEHUHN K CIVIOITHOMY KOCMUYECKOMY MOHUTOPUHTY. ['id1inoioru
U Mep3JIOTOBENBl JECATUWIETUSMU MPOBOAWJIN B IOJIEBBIX YCJIOBUAX, OYypH CKBa)KUHBI U
3aKJIaZ[bIBas TEpPMOMETpUUecKHe cTaHnuu. VIx Tpy 6ecrieHeH, HO OH JAaéT MH(OPMAIHUIO JINIIb
B Toukax. CerofHsa HAa TOMOIb IPUXOAAT TEXHOJIOTUHN JUCTAHI[MOHHOTO 30HAUPOBAHUA 3€MIIH
(133). Pamapuass wunTepdepomerpus (TexHosioruss InSAR) co CHOYTHHKOB TO3BOJISAET C
CAaHTUMETPOBOUN TOYHOCTHIO OTCJIEKUBATh BEPTHUKAJIbHBIE CMEIeHUsI 3eMHON MOBEPXHOCTU HA
IUIOIIA/IAX B THICAYU KBAJPATHBIX KUJIOMETPOB. J[aHHBIE cO cIyTHHKOB cepuil Landsat u
Sentinel mo3BosisA0T HAGIIOAATH NUHAMUKY OeperoBoil JIMHUM, 3apacTaHUe 03€p, CMelleHue
TpaHUI] TYHApPHI U Jeca. Bcé sTo «coiphé» moctymaer B I['MIC, rme obGpabaTeiBaetc,
aHANMU3UpPYyeTCs U IIpeBpaljaeTcsi B TOTOBBIE MPOAYKTHI i mpuHATHA pemeHuin (Tom-10
TPeHZ0B IU(PPOBU3AIUH, 2023).
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5. 3aKJIIoueHue

Takum ob6pasom, reonHOPMaNNOHHBIE CUCTEMBI — 3TO YK€ He IIPOCTO BCIOMOTATeJIbHBIN
codpt aa KaprtorpadoB, a CTAaHOBOW XpebeT HOBOH (myiocopuu ympaBjeHHs CEBEPHBIMU U
apKTUYeCKUMU TeppuTopusAMU. OHM IO3BOJIAIOT YBUJIETb HEBHUAMMOE: CKPBITble IO/ 3eMJIEU
JIMH3BI JIbJla, MeJJIEHHbIe, HO HEYMOJINMble ABIDKEHUs TPYHTa, OyAylue O4yard paspylieHHi
(ITonsieBa u fap., 2024), Cunte3 I'MC c TEXHOJOTHUAMHU UCKYCCTBEHHOTO WHTEJUJIEKTA I
aBTOMATHYECKOTO aHajam3a CHUMKOB u Big Data ma o6pabOTKM TUTaHTCKUX MacCUBOB
KJIMMaTU4YecKo WHGOpPMAIMU OTKPBIBAeT CJIEYOIIyI0 CTylleHb — co3zanue «lludposoro
JIBOUHUKA Poccuiickodl KpUOJMTO30HBI». JTO OyzeT ob0IienocTynHas miaTdopma, e Y4YE€HBIe,
WH)KEHepbl, TpaZloCTPOUTEIN U YWHOBHUKH CMOTYT COBMECTHO MOJEJIUPOBATh CIieHApUU
Pa3BUTHUSA, MUHUMU3UPYA yiepO /Ui XpPYIKOU apKTUUeCKOU IPUPO/IbI 1 00ecrieunBas yCTOMUNBOE
u Oe3omacHoe Oyayiiee Ui YHUKJIBHBIX POCCHUMCKHUX PETHOHOB, CTOAIINX HA JIEASHOM
dbysnmamenTe. ATOT MyTh OT HACKAJIBHBIX PUCYHKOB IEPBOMPOXOAIEB K IU(PPOBHIM ABOHHUKAM —
HATJIATHOE CBHJIETEIHCTBO TOTO, KaK 3HAHWE U TEXHOJIOTUH IO3BOJISAIOT YEJIOBEKY HE MOKOPATH
NIPUPOAY, & HAXOJUThH ¢ HeW Pa3yMHBIN U YCTONYUBBIA KOMIIPOMUCC.
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I'eonHdpopMaIOHHBIE TEXHOJIOTUH KAK HHCTPYMEHT yIIPaBJI€HUA IIPUPOSHO-
XO03AMCTBEHHBIMHU CUCTEMAaMM B KPHOJIUTO30HE: OT IEPBBIX KapT
K UG PpOBBIM ABOTHUKAM

Bbopuc FOpreBuu KpoTenko 2 -~
aMoCKOBCKUH rocyziapcTBeHHbIN yHUBepcuTeT uM. M.B. JlomoHocoBa, Poccutickas ®enepanus

AnHoTtanus. OcBoeHre POCCUICKON KPUOJINTO30HbI, 3aHUMAIOIeN 65 % TepPUTOPUH CTPAHBI,
HCTOPUYECKH OBLIO CJIOKHEeHIed 3azadeil. Ha ¢oHe CTpeMUTESIbHOTO H3MEHEeHHs KJIMMaTa U
WHTEHCUBHOTO XO3ANCTBEHHOTO OCBOEHUA APKTHUKHU TPAJUIMOHHBbIE PUCKHU, CBA3AHHBIE C TaSHUEM
BEUHOU MEP3JIOTHI, CTAJI CHUCTEMHBIMH W MACINTAaOHBIMU. B JTAaHHOUW cTaThbe YTBEPIKAAETCS, UTO
UMEeHHO coBpeMeHHble TreouHdopmanuonusle cucreMbl (I'MIC) craHOBATCA ILEHTPAJIBHBIM
TEXHOJIOTUYECKUM peIlleHneM /Ui CMeHbl IapajiIurMbl — OT JIMKBUJIAIMM IOCJE/ICTBUH K
YIIpEXK/IAIIEMY CTPATErHUecKOMYy YIIPaBJIeHUI0. ABTOD JieTaJIbHO paccMaTpuBaer sBostoruio I'MC:
or 6a3oBoro KaprorpaupoBaHHs A0 Pa3pabOTKH KOMIUIEKCHBIX —«ITU(MPOBBIX JIBOHHHKOB»
TEPPUTOPUH. IDTH JUHAMHYECKHE MOJEN, MHTErPUPYIOIINE JaHHbIE MOHUTOPUHTA, U3bICKAHUU U
KJIMMATHYECKUX TPOTHO30B, IO3BOJIIIOT C BBICOKOHM JIeTaJM3AIlell WMHUTHPOBATh IIPOIECCHI
JIETPaJiallil  MEP3JIOTh, IPOBOAUTH OIEHKY PHCKOB JUIA KPUTUYECKOU WHQPPACTPYKTYPHl U
000CHOBBIBATh ONITUMAJIbHBIE PEIIEHHUsI TI0 IIPOCTPAHCTBEHHOMY Pa3BUTHIO. KiTl0UeBO BBIBOJL CTATHU
MIO/TYEPKUBAET, UTO 11 00ecIieyeHus JI0JITOCPOYHON YCTOMYMBOCTH YSA3BUMBIX CEBEPHBIX PETHOHOB
HeoOxoauMa rybokas mHTerparusa mwiargopm ['MIC ¢ TEXHOIOTHAME UCKYCCTBEHHOTO HHTEJLIEKTA,
YTO OTKPOET BO3MOKHOCTH /151 MPEAUKTUBHON AaHAJIUTHKHU U aJJAITHBHOTO TUTAHUPOBAHUS.

KiroueBbie cjoBa: KpHOJINTO30HA, reonHdopmaronHbie cucrembl (IMC), ynpasiieHue
MPUPOAHO-XO3AUCTBEHHBIMU  cHUCTeMaMHu, HudpoBoe KaprorpadupoBaHue, Aerpajanius
MHOT'OJIETHEMEP3JIBIX TTOPO/I, IPOCTPAHCTBEHHOE IVIAHUPOBAHUE, YCTOMYUBOE pa3BUTHE APKTHUKU.

* KoppecrmoHIpyIONui aBTOp
Anpeca 3iekTpoHHOU noutsl: boriskrotenko78@gmail.com (Bb.10. KporeHko)
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Time-Resolved Scanning Electron Microscopy for Sand Saltation Measurements
Brief Conference Communication

Oleg V. Gradov 27, Irina A. Maklakova &, Andrei |. Sergeev 2

aSemenov Institute of Chemical Physics, RAS (ICP RAS), Moscow, Russian Federation

Abstract

The role of electrostatics in providing sand saltations is well known (including during the
formation of dunes, as well as variations of sand flows in dust storms and sand clouds in
aeolology). We propose to use time-resolved scanning electron microscopy for this purpose, since
in the column of an electron microscope it is possible to program the potential difference/field
strength by varying the accelerating voltage. Examples of time-resolved microimages for calibrated
“sand models” are shown in this short paper.

Keywords: sand saltations, sand electrostatics, dust storms, time-resolved SEM, sand
clouds, aeolology.

1. BBegeHue

OO1en3BecTHA POJIb SJIEKTPOCTATUKH B 00ECTIEYEHUH 'CaIbTAllUU" T1eCKa, B TOM YHCJIe IIPHU
dopmupoBanuu 0H (MOAUMUIIMPOBAHHBIM MexaHW3M barHosipia), a Tak:Ke BapHALUAX
MECYaHBIX IOTOKOB B IIBJIEBBIX OYPAX U IlecuaHbIX obakax B sososioruu (Schmidt et al., 1988; Yue
et al., 2003, 2007; Zheng et al., 2006; Yue, Zheng, 2007). HecMoTpsi Ha mIepecMOTpP HEKOTOPHIX
MeXaHM3MOB CaJIbTAIlUOHHBIX 3(GEKTOB B MOCAEAHUE TOAbI, B OCOOEHHOCTH — HEJAaBHO
OOHapyKEHHYI0 HEMOHOTOHHYI0 3aBHCHMOCTh IIOpOTa TEKy4eCcTH OT JduaMeTpa YacTHil,
MIPWIOKEHHOTO 3JIEKTPUYECKOTO ITOJIA M TOBEPXHOCTHOHW ILJIOTHOCTU 3apsifia (MIPUBOASAIIYI0 K
cemapanyy B TEUEHUSIX MPOBOJAIIUX YACTHUI] OT TUIJIEKTPUUECKUX — 32 CUET CHIDKEHHS IOpora
TEKYJeCTH 32 CUET 3JIEKTPOCTATUKU JUUIS MPOBOJAINNX YACTHI] O 31 % W IOBBIIIEHHUsA ITOpora
TEKy4eCcTH JI0 76 % 3a CUET DJIEKTPOCTATHKU Yy OTPHIIATEIbHO 3aPS’KEHHBIX IUIJIEKTPUUECKHX
vacrul) (Zhang, 2024), B 11eJ10M, pa3JIMYHbIE 3JIEKTPOCTaTHYECKHE (DEHOMEHBI BOCIIPOU3BOIATCS
Ha IeCUYrHKaX B JJaOOPAaTOPHBIX YCJIOBUAX B 3JIEMEHTAPHBIX YCTAHOBKAX TUIIA OMHCaHHOU B (Xie et
al., 2021). J[lBe mapa/ulesibHbIE 3JIEKTPOAHBIE IUIACTUHBI HCIIOJIB3YIOTCA JJIA  CO3/IaHUA
O/THOPO/THOTO B3JIEKTPUYECKOTO T0JIsl, UMUTHUPYIOIIETO aTMOC(PEPHOE MIIH 30JI0BOE 3JIEKTPHUECKOE
riosie. ITojt AeficTBEM DJIEKTPUUECKOTO T0JIs YaCTUIIBI ITecKa IPHUOOPETArOT MHAYKTUBHBIHN 3apsij] U
MMOAHUMAKOTCA B BO3AyX. VX TpaeKTOpUM CHUMAIOT CKOPOCTHOM KaMepoH, Ha OCHOBE Yero
BBIUMCJISIOT CyMMapHbIE€ 3aps/bl OT/IEJbHBIX UYACTHI] IeCKa, W WX 3apsAJ HAa €JUHHILy MacChl.

* Corresponding author
E-mail addresses: geochemicalphysics@gmail.com (O.V. Gradov)
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I/ISMepHETC}'{ TAaKX€E IMOPOoroBasd HAIIPAXKEHHOCTb 3JIEKTPHUYECKOI'O IIOJIA, IPUBOAAIIAA K IIOABEMY
YaCTHI] I1eCKa (OHa YBEINYUBAETCA C AUAMETPOM HeC‘II/IHKI/I).

B manHOM MeTO/Ae HEBO3MOKHO BOSﬂeﬁCTBOBaTb Ha OJMHOYHYIO IMECUHHUHKY U Ha6.TIIOILaTb
AUHaAMHU4YECKHe (beHOMeHbI, COIIYTCTByHOIIrE€ CajbTalluAM, B KOTOPBIX OHa Y4YaCTBYET
(SJIeKTpOCTaTI/I‘-IECKaﬂ My.TII)TI/ICTa6I/IJIbHOCTb n O6paTI/IMa}I arperanusda, BpalleHHe 4YacTull B
BUXPEBLIX IIOJIAX U T. I[.).

2. IIpeasiaraemMspIii OAXO/

Hamu npepsiaraercs uCnoab30BaTh 1A 3TOTO BpeMsApaspelleHHYI0 (1 cTpOOOCKOIINYECKYIO)
CKAHUPYIOUIYIO 3JIEKTPOHHYI0 MHUKDPOCKOIIMIO, TaK KaK B KOJIOHHE CKaHUPYIOIIETO 3JIEKTPOHHOTO
MHKPOCKOIIa BO3MOKHO IIPOTrPaMMUPOBATh PA3HOCTh MMOTEHIINAJIOB/HANPA)KEHHOCTD I10JIS Yepe3
BapbHUPOBAaHUE YCKOPSIOIIEr0 HANPsDKEHUs Ha Katoze. Haxoasmpecs Ha CIEUAIN3UPOBAHHOMN
wiatr¢opMe C OrPaHUYUBAIIINME CTeHKaMu JU00 B "cyOkamepe" (ecou peub uzer 06 ASEM —
aTMOc(epHONl HJIEKTPOHHOM MUKPOCKONHUM) TECUHMHKU OYyAyT MCHBITBIBATh BO3JEHCTBUE
3JIEKTPOHHOTO My4YKa U MPOSBJIATh JUHAMUKY CTPOTO B HAXOZSAIIUXCSA MO, 3JIEKTPOHHBIM ITyYKOM/
o0sryuaembix/ckaHupyembix yaactkax (ROI/region of interest). IIpu 5ToM MOKHO OTC/IEKUBATH UX
JUHAMUKY TI0/T I[yYKOM C BPEMEHHBIM pa3pelieHneM, COOTBETCTBYIOIUM TEXHUUECKUM CBOMCTBAM
JIETEKTOPOB U CUCTEMBI Pa3BEPTKU.

3. MaTepuajibl 1 METOAbI

BpemspaspelieHHOe McCIeIOBAaHNE TUHAMUKY IECUMHOK C PA3HBIM 3apsAfoM (B TOM YHCIIE
MOANGDUIIMPOBAHHBIX XUMUYECKN) U pazMepaMu/MophOMeTPUIECKUMI XapaKTePHUCTHKAMU OBLIIO
IIPOM3BE/IEHO BIEPBbIe HA COOCTBEHHOPYYHO MOAMGMUIIMPOBAHHOM CKAHHUPYIOIIEM 3JIEKTPOHHOM
mukpockorne JEOL JSM T330-A B TV-pexxume nipu nogkiatoueHun ALII ¢ moaynem onu@poBKu
Buzieo kK BNC-pazbémy, BBIBOASAIIEMY HA MOHUTOP (OOBIYHO HPHU HCIOJIB30BAaHUHU TV-peKuMa).
[Ipu Bamucu BHUAEOCHUTHAJIOB CAIBTAI[MOHHOW JAWHAMHUKU YaCTHI[ IIeCKa C IapaMeTpamu
perucrpanuy, OToOpa)kaeMbIMH Ha  aJpecHO-BPEMEHHOM  Kojie/TaliM-Kojie, JOCTHTaIU
paspelieHue OT JIeCATKOB MUJUINCEKYH/T 10 MIIIHCeKyH/|. HanpskeHue Ha KaTojie BapbupOBaIn
OT €ZIUHUI] KUJIOBOJIBT /10 25 KUJIOBOJIBT.

4. Pe3yabTarsl

[IpuMepsl BpeMspa3pelleHHbIX MHKPOU300paskeHWH JUIi JUHAMUKH KaJuOpOBaHHBIX
MOJIeJIel IeCYMHOK C M3MEPEHHBIMU XapaKTEPHCTHKAMU 3apsjia, MOPUCTOCTH U MOPGOMETPUU
(SILASORB) mnpuBenensl Ha Pucynke 1a. MoKHO BHUJETh BpallleHWE OJHOW 4YacTHIIBl Ha
IIOBEPXHOCTU JIPYTOH — Y/IEP;KUBAIOIIEN IMEPBYI0 3JIEKTPOCTATUUYECKUMU cuyiaMu. [1oaTBepauTh
dakT BpalieHus MOXXHO € IPUMEHEHHEM JBYMEPHOTO IipeoOpaszoBaHusi ®Pypre B peasbHOM
BpeMeHH (MBI OCYIIECTBJISUIH 3TO ¢ ucnosib3oBanueMm I10 QAVIS paspaborku TOU JIBO PAH):
IuHaAMUKy usMeHeHudl 2D FFT pgaHHOM cepum panua-mukpodortorpaduii MOKHO BUJIETh Ha
Pucynke 16. B psijie ciiydaeB MOKHO Ha0JII0/IaTh MPEIECCHI0 YaCTHII, a TAKKE SIBJIEHUs, TI0/I0OHBIE
TUPOCKOIIMUECKOMY ABIDKEHHIO TIECYMHKU B KOH(palHMeHTe Ha MOBepXHOCTHU. Ilocyie oTphiBa OT
TOBEPXHOCTHU YACTHIIBl YHOCATCS BOBHE, MHOI/IA 3a IMPENebl 30HbI CKaHMpOBaHU:A. EmE ogHum
SKCTpAaOpAUHAPHBIM (EHOMEHOM SBJIETCS JUCKPETHas JUHAMUKA IIEPEKJIIOYEHHN IIpU
BpallleHuW dacTl] (JacTuiia "CTOIMOPHUTCA" B OIpPENeIeHHBIX YIJIOBBIX IMO3UIIHAX), a TaKKe
JIUCKPETHbIE  TEepPeXofbl B  OpPHEHTAIUAX  IEeCYMHKU  MEXKAYy JABYMsS  COCTOSHHUAMU
("oucrabuwibHOCTE") W Oosiee ("MysbTHCTAOMIBHOCTL'). Takike HaOIIOAIOTCA ''TlepeMelneHust
YaCTHIL Ha JaJIbHUE PACCTOSIHUSA', TIPEJIIOJIOKUTEIHHO, KOPPEJIHPYIOIINE ¢ Pa3MePaMHU U 3aPs0M
TMOBEPXHOCTH MECYNHOK. OHU JI€TEKTUPYIOTCS C HCIIOJIb30BAaHNEM OCHHJLIOTPA(QUUECKOTO METO/a
Ha 33/ITaHHBIX CTPOKAX.

[Tpumeps! 51X 3¢ ¢eKToB MoKazaHbl Ha Pucynkax 2a, 26.

PesyspTaThl MOJIEJIBHBIX SKCIIEPUMEHTOB omyonkoBansl (Elfimov et al., 2025). Mukpodorto
MIPUBEIEHBI U3 JAHHOU pabOoThI, a TAK)KE UCXOTHOU KOH(PEPEHIIMOHHOH ITyOJIMKAIUH.

5. O0cyxkneHue

OKCIIEPUMEHTHl MOTYT OBITh BOCIIPOU3BEAEHBI Ha JIIOOOM TeCKe WpPH COOJIIOEHUH
3JIEKTPOU3NUECKUX YCIOBUU IIPOBEIEHUS] DKCIEPUMEHTa, a TaKKe MOTYT Jiedb B OCHOBY
Kiaccu(uKauy NecKoB 1Mo ux AuHaMmuke. Co3maHHBIE MOAXOABI MOTYT MMETh 3HAYEHUE JIJIsS
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T€OJIOTHHU TAaKXKE€ B LEJIAX: HMCCIIEA0BAHHUA MEXAaHHU3MOB H3BJICUCHHA OTAECJIbHBIX MHHEPAJIOB H3
IIECKOB OJJIEKTPOCTATHUYECKHM METOJAO0M; adHa/JIn3a W MOJECJIHPOBAHUA OJIEKTPOCTATHYECKUX
BQ)(I)BKTOB B IIBIJIEBBIX 6yp$IX U IMOBEAECHHA YaCTHUI] II0YB B XOJZI€ BbIBETPUBAHUA,; IIOBEACHUA IIECKA
opu (I)OpMI/IpOBaHI/II/I He TOJIbKO 3€eMHBIX JI0H, HO U JI0H barsosipaa Ha Mapce M 3K30Il/IaHETax.
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Puc. 1. Bpamenue Mo/ieIbHON IECUMHKU: a — cepus MUKpodoTorpaduii;
0 — nBymepHbie Dypre-cekTpsl (2D FFT), casarsie ¢ 110 QAVIS
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Puc. 2. OcuuuiorpaMMbl IMTHAMUKU MOILeJIbHOI/I MIeCYNHKH: a — POTAIH
C IPOMEKYTOYHBIMU (azamu; 6 — pe3Koe IepeMelleHHe B IPOCTPAHCTBE.

6. baarogapHocTu

PesysibTarhl, IpUBEAEHHBIE B JAHHOM KPAaTKOM COOOIIEHHHU, BIIEPBBIE JIOJIOKEHBI B BOpKe,
Ha MeXAYHApPOAHOI KOH(PepeHINN «DHU3NKO-XUMHUYECKHE U IIeTPOPU3UUECKHEe HCCIEOBAaHUS B
Haykax 0 3eMJie» OCEHbBIO 2025 I., OpraHu3aTopaM KOTOPOH, CAyIIATeIsIM U KoJieraM u3 bopka
MBI TIpEZEJIbHO OJIaroZapHbI 32 MPOSBJIEHHBIM MHTEPEC K TEMATHKe, CTUMYJIMPYIOIIUH Hac Jajee
MPOJIOJI>KAaTh paOOTHI B 3TOM HAITPABJIEHHUU.
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BpeMﬂpaspemeHHaﬂ CKaHUpym@Aada 3JICKTPOHHAA MUKPOCKOIINA AJId N3MEPCHUA
U MOJAC/TUPOBAHUA CAJTBTAIIMOHHBIX IIPOMECCOB B ITI€ECUAHBIX 6ypﬂX

Kpamxoe xongepeHyuoHHoe coooweHue
Ouxner BanepreBuu I'pazios 2 - *, Upuna AsnekcanipoBHa MakiakoBa 2, Ausipeti ViBanoBuu Ceprees 2
aucruryt xumudeckolt dpusuku uM. H.H. CemenoBa PAH, MockBa, Poccutickas ®enepamus

AHHOTamuA. PoJb 3JIEKTPOCTAaTUKH B 00ECIEUEHUN CAJIbTAIIMOHHBIX IIPOIIECCOB B IECKE
XOPOIIIO M3BeCcTHA (B TOM umcje Mpu (POPMUPOBAHHUU JIIOH, a TaK)Ke IIPH U3MEHEHHU IeCYaHbIX
IIOTOKOB B TBLIEBBIX Oypsix). MBI mpejjiaraeM WCIOJIb30BaTh JJIs 3TOH MOJEIUPOBAHUS U
M3MepEeHHUs IMapaMeTPOB 3THUX IMPOIECCOB HAa YPOHE OJUHOUYHBIX HMECYHHOK BPEMAPA3PEIIAIOIIYIO
CKaHHUPYIOIIYIO 3JIEKTPOHHYI0 MHUKPOCKOIIHMIO, IIOCKOJIBKY B KOJIOHHE 3JIEKTPOHHOTO MHKPOCKOIIA
BO3MOJKHO IIPOTPAaMMHUPOBATh PAa3HOCTh ITOTEHI[UAIOB/HAIPSKEHHOCTD TOJIA IyTEM W3MEHEHHUS
YCKOPSIOIIETO HaMNpPsDKEHHWsA. B JJaHHOM KpaTKOM COOOINEHWHM ITPECTaBJIEHBl IPUMEPHI
BpeMSpA3PEIIEHHBIX MHKPOU300pAKEHUU [IUIs KaJIHMOPOBAaHHBIX II0 pasMepy U MOMEHTaM
WHEPIINY CUJIMKATreJIeBBIX TPAHYJT — « MOJIETbHBIX IIECAUHOK» .

KiroueBble cj10Ba: cCabTallOHHBIE ITPOIIECCH] B ITECKE, 3JIEKTPOCTATHKA I1eCKa, ITblIEBbIE
OypH, BpeMspa3pelleHHas CKAaHUPYIoIas 3JIeKTpoHHasA Mukpockonus (COM), necuanble o61aka,
50JIOJIOTHS.

* KoppecrmoHIpyIONui aBTOp
Anpeca 3iekTpoHHOU noutsl: geochemicalphysics@gmail.com (O.B. I'pagos)
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