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AHHOTanMs

C TOMOIIIBI0 MaTeMaTHUeCKHUX METOZIOB 00pabOTKM TpeXMepHBIX HU300pa’keHWH pPeHTreHOBCKOM TOMOrpaduu BIiepBbIe
MOJTyyeHa YHHWKa/JbHasi KOJMUECTBeHHass WHGOpMalUsg O CTPYKType ITOPOBOTO TPOCTPAHCTBA JKeJIe3HCTO-MapraHIIeBbIX
KOHKpeLMI U3 arpocepsix MouB Pycckoil paBHUHBL. PeHTreHOBCKHME MUKPOTOMOTPaMMbI OPTIUTEHHOB TI03BO/IM/IM OOHAPY>KUTh
OTYET/IMBbIM LIEHTP KOHLIEHTPUPOBaHUS, WX KOHLIEHTPUUeCKHU-TOHKOCI0eBaToe CAMKeHHe B MeJKUx ¢pakuusax (1-3 mm)
optiiTeiiHoB. Co3/laH anropuTM MpeoOpaboTKY IaHHBIX PEHTTeHOBCKOW TOMOTpauu C/I0XKHBIX 00pa3lioB MyTeM MPOLeCCOB
OvHapu3alMM U cerMeHTaruud. Ha OCHOBe MpE/JIOKEHHOTO a/TOPUTMA UHTErpasibHbIX U TOMOJIOTMUYECKUX XapaKTePUCTHK
(byHkiMOHaMBI MUHKOBCKOT0) YCTAHOBJIEHBI pa3fnduvsi MO0 KPUBU3HE TOBEPXHOCTHU, OOBEMY, TMOPUCTOCTH U YIeJbHOU
TTOBEPXHOCTH B 3aBUCHUMOCTH OT pa3Mepa KOHKpeIWi [jake TP eTajbHOM pacCMOTpeHwH: ¢pakuun 1-2; 2-3 u 3-5 Mwm.
Mertoj, ToMorpaduu TO3BOAI BLISBUTH B/IUSTHHME CTeNEeHW THUAPOMOpPGH3Ma TOYB Ha XapaKTePUCTHKU OpTINTeWHOB. Iloj
JIENCTBUEM OCYILIEHHS TTPOU30IIIO YMeHblleHre 00beMa M KPHUBU3HBI OPTIITEHHOB, a TI/IOIIAb TIOBEPXHOCTH U MTOPHUCTOCTD
XapaKTepU3yTCsl LIMPOKKUM BapbUPOBaHUEM.

KiroueBble c/10Ba: >Kee3UCTO-MapraHileBble KOHKDELIMH, PEHTTeHOBCKass ToMmorpadwusi, TpexmepHble H300pa)keHusl,
(hyHKLOHAIBI MUHKOBCKOTO.
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Abstract

Using mathematical methods for processing three-dimensional X-ray tomography images, unique quantitative information
on the structure of the pore space in iron-manganese concretions from agro-grey soils of the Russian Plain has been obtained
for the first time. X-ray microtomograms of ortsteins have made it possible to identify a distinct centre of concentration and
their concentric, thin-layered structure in the fine fractions (1-3 mm) of ortsteins. An algorithm has been developed for the pre-
processing of X-ray tomography data from complex samples using binarisation and segmentation processes. Based on the
suggested algorithm utilising integral and topological characteristics (Minkowski functionals), differences in surface curvature,
volume, porosity and specific surface area were established depending on the size of the concretions, even upon detailed
examination: the 1-2, 2-3 and 3-5 mm fractions. The tomography method has made it feasible to identify the influence of the
degree of soil hydromorphism on the characteristics of orthstones. Under the influence of drainage, there was a reduction in the
volume and curvature of the ortsteins, whilst the surface area and porosity exhibited wide variation.

Keywords: iron-manganese concretions, X-ray tomography, three-dimensional images, Minkowski functionals.

BBeaenue

[l51s1 feTanbHOrO MCCae0BaHUs arpodr3nyecKruX 1 THAPOIOrMUeCKUX CBOMCTB TOUB B TIOC/Ie/IHHE eCSITH/IETHS BCe yalrje
TIPMBJ/IEKAIOTCST COBPEMeHHble Hepa3pyllaloljiie MeTOAbl PeHTreHOBCKOM Tomorpaduu. OfHUM M3 CaMbIX Ha/leKHBIX
[IMarHOCTUYeCKUX KPUTEpHEeB OLIeHKW CTeTleHH THApoMopdu3Ma TII0YB SIBIISIOTCS JKeJe3NCTO-MapraHijeBble KOHKpeLH
(oprwtefinbl (nodules)). HecMoTpst Ha TO, UTO WX TreHe3WCy IIOCBsIlleHa OOIIMpHas yuTeparypa [1], Ha mMpoTsHKeHWH
nocneauux 100 Jiet, mo-nmpe>xxHeMy, 06Cy>KAar0TCsI 1Ba TUTIAa MEXaHU3MOB OPTIITeHHOOOpa30BaHus:

1) XeMOreHHbI;

2) TpsIMOM WM OTIOCPeJOBaHHbIN OGHOTeHHBIMN.
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Pa3BuTHe METOZOB TOHKOM OMOXMMHM, MeTareHOMHOTO aHa/IN3a, /1eKTPOHHON MUKPOCKOIMH TO3BOJIMIO TIyOKe TIOHSTh
npoiiecc opriuTeiiHoobpa3oBanus [2], 0ObsiCHSIT (eHOMEH YCTOWUMBOCTH OpTIITEMHOB BO BPEMEHH W 3aBHCHUMOCTb OT
BIKHOCTH 1ouB [1]. TTouBeHHBIe opTiuTelHBI (nodules) arpocepbix MOYB — pe3y/bTaT MOUBO0OPA30BaTe/IbHBIX MPOLECCOB
TIPX KOHTPAaCTHOM OKHC/IUTE/IbHO-BOCCTAHOBUTE/IBHOM TIOTEHL[MasIe, 00y C/IOBIeHHBIM BPEMEHHEIM TepeyBiakHeHueMm [2], [3].
3HaunTe/NbHAs POJIb arpocepbix TMOYB B CEBCKOM XO3SCTBE SIBMSETCS TPUYMHON AJIsi KPYIVIOTOAWYHOTO MOHHMTOPHHTA
arpo()u3nyeckoro COCTOSIHUSL CTPYKTYpPhI 3THX MoYB. Ho B yC/I0BUSIX MepeyB/aKHEHUS B I1epUOJ, 0OM/IBHOIO CHEroTasHUs, a
TaKKe IPY IPOMep3aHUY B 3UMHHI epHoj], AWArHOCTHKA CTPYKTYPHOIO COCTOSIHUSI OKasbIBaeTCsl HeBO3MOXHOHU [1]. OTo
TMOZTBEPXKJaeT HeoOX0AUMOCTE pa3BUTHS Hepa3pyLUAIIUX MeTO0B UCC/Ief0BaHus, TaKKX Kak ToMorpadus [4]. B ommuue ot
arperaTroB, OpPTIUTEHHBI yCTOMYMBBEI He3aBUCHMO OT BpeMEHM TIofjla M BJOKHOCTH TOfa, TO3TOMY JaHHble TOMOrpaduu
OPTIUTEIHOB TIPeCTaB/ISIOT LJeHHOCTh. Kpome TOro, B MOYBOBEJEHMM [1s1 XapaKTePUCTUKU CTPYKTYPHI IOYB TPaJWULIMOHHO
WCIIO/B30BAJICS  OMUCATeNIbHBIA MOAX0Z, [5] win reodusmyeckue MoJe/d, METOAbI WHBEPCHMM M WX KOMOWHAIWIO [ist
W3B/IeYeHns1 MH(OPMaLIMK O CTPYKTYPe TOYBbI B paHee HeMCC/Ie[JOBaHHBIX TPOCTPAHCTBEHHBIX U BPEMEHHBIX MaciiTabax [6],
[7], py KOTOPOM He YUWTHIBAIOTCS Ba)KHbIE XapaKTepPHCTHKH, KaK 00beM, IJIOI[a/ib [TOBEPXHOCTH, CPe/HSS WHTerpasbHas
KPHBH3HA, a TaKke 3HTponus. OfHako MeTofbl ToMorpaduy M UMCIeHHON XapaKTepUCTUKM BCe yallle npuMmeHsitorcs [8]. B
Haileli paboTe KCIO/IB30BaH COBMECTHBIM MopdomeTpuueckuii M Tornonorudeckudi nozaxog [9]. Tlox mopdomeTrpuueckum
TIOZIXOZIOM B [JaHHOM paboTe TIOHUMaeTCsi KOJIMUeCTBeHHOe OMrcaHre (pOpMbl M BHYTPEHHETO CTPOEHUsS [T0UBEHHBIX arperaTtoB
¥ OpTIUTEHHOB M0 UX TPEXMEpPHbIM TOMOrpaduueckuMm H300paxeHUsM. B ommune OT TpagULIOHHOTO MOP(OIOrHYeCcKOro
ONMUCaHUs, TAe CTPYKTYPY XapaKTepH3ylOT KaueCTBEHHO Kak 0ojiee TIUIOTHYH, PBIX/IYH, OKDYIVIYHO, CJAOMCTYHO WIH
HEeOJHOPOJHYI0 — MOpP(OMeTpHUeCKU MTOAX0Z MepeBOAUT 3TH NPHU3HAKU B M3MepsieMble TI0Ka3aresd. K TakuM rokasaresnsm
oTHOCATCS 00BEM HUCCenyeMoro o0beKTa, MJIOLIa[b ero BHYTPeHHeH W BHeLIHel MOBEPXHOCTU, CTeNeHb W3pPe3aHHOCTH
TPaHML], CpeJHsIsI MHTerpasbHasi KpUBH3HA, XapaKTepPHUCTHKa DWepa, a Tak)ke 0CODeHHOCTH pacripefiesieHust TBEpAol (a3bl U
TIOPOBOrO MpOCTpaHCTBa. MHbIMM cjl0BaMM, MOP(OMETpUYeCKUH IOAXOA TI03BOJISIET ONUCHIBATh CTPYKTYPY HE TOJIBKO
CJIOBaMH, HO W YHC/IaMH, KOTOpble MOXKHO COIOCTaBIsATb MeXZAy oOpasliaMy, BapvaHTaM{ VBJIOKHEHHs], CTelleHbI0
rugpomopdursma, rmybuHol orbopa u apyrumu dakropamu [10]. ®yHkiponansl Munkosckoro [11], [12] paror omucaHue
00BéMa, IUIOIIAAW TIOBEPXHOCTH, WHTETPA/bHOM KPHUBU3HBI M XapaKTepUCTUKU Oiinepa, a IepCUCTeHTHas TOMOJIOTHS
T103BOJIsIET BBIJEJISITh YCTONUMBBIE KOMITIOHEHTBI CBSI3HOCTH, KaHasbl M TIOJIOCTH TPY U3MEeHeHHU Iopora cermeHTauyu [13].
Takoe coueTaHue IPU3HAKOB 0COOEHHO BayKHO /1715t 0OBEKTOB CO CIOMCTON M HeO[HOPOJHOM BHyTpeHHel opranm3arnyeii. Llens
paboTel — pa3paboTaTb ¥ anpoOUpOBATh BBIYHUCAUTENBLHBIA TOAXO[ K aHaau3y CTPYKTYPHBIX 3/IEMEHTOB TMOYBEHHBIX
KOHKDELIIOHHBIX HOBOOOpa3oBaHWK TI0 [JAHHBIM PEHTIeHOBCKOM ToMorpaguu U TIOKa3aTh, KaKWe XapaKTepUCTHKU
OKa3sbIBaloTCsl Haubosee MH(GOPMATUBHBIMU B JKe/Ie3UCTO-MapraHiieBbix opTiiTeiiHax (nodules) rof BiusHUEM OIIeeHUs U
JpeHaka.

MeTtoabl M IPUHLMIBI KCC/IE0BAHUA

OO6beKTamMy HCCIIeOBaHMs TTOCTYKUIA aBTOMOP(dHBIEe M ruApoMopdHble arpocepsle 1ouBkl ITogosmbcko-KonomeHckoro
omnosibst CTYNUHCKOTO pariona MockoBckoi obiactu (55003°34"c.im., 38010°51"8.4.) [1], [3]. [/is onpeiesieHus KOJMUYECTBa U
XUMHYeCKOTO COCTaBa (B TOM YHCIIe U /It ToMorpadryecKrx MCCIe0BaHMI) OPTIITEIHOB B TIePBOM JieKaZie aBrycra, Tak Kak
TOYBA HAXOAWTCS B MAaKCUMa/IbHO OKUC/IEHHOM COCTOSIHUM U Haubosiee yCTOMYMBA B 3TOT MEPHO/, OTOMPaIMCh CMeIlaHHbIe U3
30 Touek Ha Ka)K/IoM yuacTke rpobooT6opa 006pasLibl MOYBLI BECOM OKOJIO 2 KT U3 ¢1os1 0—20 ¢M B Tpex MOBTOPHOCTSX B 1989—
1992 rT. ¥ B nATH MOBTOPHOCTSX B 1993-2025 rT. Ha 0oCyIIIeHHBIX arpoCephIX IVIEEBAThIX TIOUBAX OTOOP MPOO OCYILECTRIISAICS
KaK C MeXX[PEHHOTO PAaCCTOSIHUS, TaK U B OJHOM MeTpe OT ZipeHbl. OOpasel] BO3/yIIHO-CYyX0i NOUBbI Pa3MauulBasICs B BOfe U
3aTeM TIIpOIyCKajacs yepe3 cUTOo 1 MM IIyTeM MOKpOro npoceuBaHusi. OcTaBIMecss Ha CUTe KOHKpeLld TPOMbIBa/IN
JVMCTUIMPOBAHHON BOJOH, BBICYILVBA/JM Ha BO3ZyXe M OTAE/SUIA OT CKeJeTHBIX BK/IIOUEHHH BBICYIIMBAIM, OTOWpanu OT
nipuMeceii. @pakIMOHMPOBaHKe OPTIITEHHOB OCYIIeCTBIISIOCH Yepe3 cUTa fuameTpoM 1, 2 u 3 mMm [2].

KomrnbiotepHasi MmukpoTtomorpacdusi (MKT) oOpa3siioB OpTIITeHOB MPOBOAW/IACh Ha MPOMBIIIeHHOM cucteme GE Phoenix
v[tome|xL 240/180. Bo Bpemsi cbeMKU 00pa3el] MOLIArOBO MOBOPAYMBAETCS HA TIAaTGopMe, B TO BPeMsi KaK HaHO(OKyCHast
PEHTreHOBCKasi TPyOKa U JeTEKTOD HEMOABW)KHBI. 3aliCh PEHTTEHOBCKUMX TMPOEKLIUKM OCYLIECTBIISIETCS JETEKTOPOM Ha OCHOBE
doroguoaHoM Marpullbl pazmMepoMm 2024x2024 ¢ pasmepoM 3iemenTa 0,2x0,2 MM co ciuHTHLISTOpoM U3 Csl. CheMKu
MPOBOAW/IACH TIPU CJIeAYIOLUX YCI0BUAX: ycKopsitolee HanpsbkeHue: 100 kB. Tok: 99 MKA. ['eomeTpuueckoe yBesueHue:
66.66x. Pasmep Bokcens: 3MkM. Dkcrosunys: 500mc. KomnuecTBo ycpesHsieMbIX CHUMKOB — 6. KoinuecTBo CHUMKOB Ha 1
o06opot — 2400. TTporpammuoe obecrieueHrie GE Phoenix datos|x reconstruction ucrionb3oBaach Ajis npeobpa3oBaHust CepUU
u3 2400 aByMepHBIX peHTreHorpaguuyecKux U300pakeHWH B TPeXMepHYIO Mofenb. [Ijist 3Toro mpoBoAuiach npenobpaborka
n300pakeHUi. B cumy HeoJHOPOJHOW BHYTPEHHEH CTPYKTYPBI OPTLITeHA PeHITEHOBCKas MIOTHOCTh KOHKPELWH U3MeHsIeTCst
B IIMPOKOM JMara3oHe, YTO OTpa)kaeT TMCTOrpaMMa pacIipefie/ieHHs] KOJIMUeCTBa MUKCeIel OT BeJIUYMHBI SPKOCTH MUKCES.
ITpu npoBejeHN CeprH FKCIIePUMEHTOB SIPKOCTb M KOHTPAaCTHOCTh N300pa)KeHUH He SIBJISTFOTCS TIOCTOSIHHBIMY, JJayke Ha OJJHOU
ycraHoBKe. IToaToMy Ha nepBoM Tare 06pabOTKM NPOBOAWIICS JUHEHHBINA CABUT KOHTpacTa [Jjisi BceX n3o0pakeHuid. Ha
BTOpPOM 3Tale cO37aBajlaCb Macka [yisl yAajeHUs V/[ep>KUBAIOLlero IeHaja M OKPY’Karoll|ero OpPTIITeHH BO3AYyILIHOIO
NPOCTPAHCTBA. 3areM CMelljleHWeM Topora OHHapW3alyd  BBIAENS/ICS — OPTLUTEHH, M T10CJAe Yero MeToja
MHKPOMOP(OIOrMYeCKOro OTKPBITHS U 3aKPBITHS Y/a/Is/IMCh OCTaToOvHbIe HIyMblI (puc. 1).
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Pucysok 1 - TTpego6paboTka Tomorpaduueckux u3o0pakeHuii Ha prUMepe ToMorpaguueckoro cpesa opriuTeliHa 3-5 MM
DOI: https://doi.org/10.60797/JAE.2026.74.2.1

[ Toro uroObl IepeBeCTH CEpPUI0 [JBYMEPHBIX peHTreHorpaduyeckux H300pakeHU B TPeXMEpHYIO Mojelb,
Heo0OX0ZMMO TNPOBECTH Mpoljecc OMHapU3aliil — pasfeuTb 00BeKT Ha [Be (asbl: MpeACTaBISAIOLIYI0 HCC/Ie/0BaTeIbCKUN
uHTepeCc U (OHOBBIA Marepuan. Takum obpasom Obiny BeIOpaHbI 4 ropora OGMHApU3aLy OT CaMbIX IIOTHBIX BKparIeHUi
(KkpacHbIX) 70 MeHee IUIOTHBIX (OMpro30BbIX) (puc. 2). IlosyueHHBIE CerMeHTHPOBAHHbIE M300pa’keHHs AE€MOHCTPUDYIOT
pas/MuMs B CTPYKType OPTIITEHHOB Y I03BOJISIeT KJIaCCU(UIIMPOBATh UX.

Pucynok 2 - TpexmepHasi MOJie/lb OPTLUTEHHOB, CerMEHTUPOBaHHBIX 0 TI0pPOraM IPKOCTH BOKCeJIS:
KPACHBbIM LIBETOM pacKpallleHbl caMble I7I0THbIe BKpAIlIeHHs, OT CaMbIX TVIOTHBIX obiacTeli K MeHee TUIOTHBIM
DOI: https://doi.org/10.60797/JAE.2026.74.2.2

IpumeuaHue: KpacHblli-3enéHblli-CUHUL-OUPI0308blLl

[nist aHanu3a ToMorpaguueckux M300pakeHU TPEeXMEPHBIX CTPYKTYD U OMUCAHUSI T€OMETPUUECKMX U TOTIOIOTMUECKUX
CBOWCTB OpTIITeNHA TpeIararoTcs (GyHKIMOHAIBI MUHKOBCKOTO, a UMeHHO 1, 2, 3 1 uncia bertu. B ciydyae TpexmepHOTo
MPOCTPAHCTBA 3TH (DYHKLIMOHAJBI COOTBETCTBYHOT 0ObeMy BKparjieHWH, TUIOIAJU MOBEPXHOCTH, WHTETrpajbHOM CpelHeit
KpPUBH3HE [T0OBEPXHOCTU U DilJIepoBOii XapaKTepUCTUKe BKpaIlJIeHWi OpTIITeliHa.

Uucna Bertn: b0 — Koau4ecTBO CBSI3HBIX KOMIIOHEHT (OTZe/bHBIX TOp) bl — KomuuecTBO CBsied B IOPOBOM
MPOCTPaHCTBe (Pa3BeTB/IEHHOCTb) b2 — KO/MMUECTBO K/IACTEPOB CBSI3HOCTH TBepAOHM Gas3bl B oObekTe. XapaKTepuCTHKA
Jitnepa — 3TO 3HaKOIepeMeHHasl cyMMa uncesn bertu:

x = b0 — bl + b2 1)
V-E+F=2 @)

DyHKIMOHA/IBI MUHKOBCKOTO

B opriuTeiiHax B KauecTBe 00BHEKTOB MCC/IE0BAHUS MOTYT ObITh BbIOPAHBI Kak MOPOBbIE MPOCTPAHCTBA, TaK ¥ PA3IAUHbIE
TBepZble KOMITOHEHTHI. [10/IoKUM, UTO B OpTIUTEHHAX ecThb ABe W Oosiee (a3, Kaxias W3 KOTOPBHIX MpeACTaBsieT U3 cebs
MHOXXECTBO Teql B mpoctpaHcTBe. Ilycte X — asa, orpaHuueHHasi moBepxHOCTblO 8X, B d=3-mepHoii EBKIMg0BOM
rpocTpaHcTBe. [Ij1s1 oTmcaHus TeoMeTpHUUYeCKUX W TOTIOJIOTMUeCKHUX CBOMCTB TaKOTO TeJla, UHTerpaibHasi FeOMeTpUs TT03BOJIsSIeT
onpenenmuth d + 1 TOMOOTMUECKUX WHBapHaHTOB — (yHKUMOHAnoB MwunkoBckoro (Arns u ap., 2004; Hadwiger, 1975).
Beegem uetsipe QyHKIMOHATA MUuHKOBCKOTO MA(X), n = 1, 2, 3, 4 da3swr X:
Mo(X)=V = [,dv

M (X) = g [ ds
1 1 1
My(X) = ﬁfax (R_l + R—2>ds

>
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3 1
M3(X) = W ./(SX mds

rie dv — sneMeHT 06beMa, ds — 3/eMeHT MOBepXHOCTH, R; U R, — I/iaBHble pafnyChl KPUBU3HB! TIOBEPXHOCTH. JTO
MPUBOJMUT K oripefiesieHH0 obbema: V = My(X), moirfagy noBepxHoctu: S = 8M;(X), uHTerpanbHasi cpefjHsisi KpuBu3Ha: H =
2m°My(X) u TpexmepHoii Diinepooii xapaktepuctuku: ¥ (X) = T”M 3(X) .
XapakTepuctrka Jitiepa ¢asbl X npeficTaBiseT co60ii HHTErpasbHY0 OLIEHKY TOMOIOTMYeCKOU CJIOKHOCTH Tejla U MOXKET
OBITH OIpe/ie/ieHa Kak 3HaKoIlepeMeHHast cymMma urcesn Bertu:
X(X) = by(X) = by (X) + by(X)
rae b0 — uKcI0 HecBsi3aHHBIX MOP, bl — UYKCIO CKBO3HBIX MPOBOASAIIMX KaHaAoB, a b2 mpeicTaBnsieT cob0i uuCio
KJIaCTePOB CBA3HOCTH TBepOH (ha3bl (MaTPUUHBIX O/IOKOB), OKPY>KEHHBIX ITYCTOTHBIM POCTPaHCTBOM.
Uwucna bertu
Yucna beTt — Tomosornueckyue MHBapHUaHThI, XapaKTepHU3YIOI[He TOTOJIOrnYecKre CBOWCTBA 0OBEKTOB, OIpe/iensieMble
CTPOro MaTeMaTHMuecku [JIs1 CHUMIUIMLUAIbHBIX IPOCTPAHCTB, YaCTHBIMU C/Iy4asMH KOTODPBIX SIBJSIIOTCS LM(POBLIe
1300pa>keHusI.
Ormnpepenenye: Pa3MepHOCTH IPYTINT TOMOJIOTHM Ha3bIBaroT unciaMu berTtu:
b,(K) = dim (H,(K))
rze by, by v b, COOTBETCTBYIOT UMCITy KOMITOHEHT CBSI3HOCTH, UHCJIO CKBO3HBIX “TYHHEJeH” 1 UMCITy MOI0CTel.
XapakrepucTtvka Oiinepa-IlyaHkape, sB/soliascsi 3HaKorepeMeHHOM cymmoill uucine beTTH, XapakrepusyeT
TOIOJIOTUYECKYIO0 C/IO)KHOCTb 0ObeKTa:
/}’(K) = bo - bl +b2
BrrumciieHre GyHKIMOHA/IOB MUHKOBCKOTO /171 TDEXMEPHOTO M300pakeHUsT
Tomorpaduueckue HM300paKeHUST MOXKHO TEPEBECTH B KyOMUYeCKoe CETOYHOEe Mpe/CTaBjieHHe — TPeXMepHbIe KapThl,
cocrosied 13 Bokcened. Torgma cymectByeT anroputM MukenceHa u [le Paiira, KOTOpbI T0O3BOJISIET BBIYUCIUTD
¢yHKLMOHAaIbI MUHKOBCKOTO Yepe3 Takue BeJIMYMHBL, KaK NC — UUC/I0 BOKceslel, nf — 4nciio rpaHeii, ne — uucno pebep u nv
— YUCJIO BepIlMH B y3/1e CeTKU:
My(X) = nc
M{(X)=—6nc+2nf
M,(X) = 3nc —2nf + ne)/2
M5(X) = —nc+nf —ne+nv
Kaptel dyHKionanos MuHkoBcKoro Ha Puc. 3 genanucek 1o ¢aiinam cerMeHTHPOBaHHBIX OPTIUTEHHOB. DYHKIIMOHAIBI
CUUTA/IUCEH B OKHE paBMep0M£X11X11 BOKCesiell. YienbHbll QyHKIMOHa1 MUHKOBCKOTO CUMTAEeTCs 110 (popMmyrie:
M (x,y,z) = # Y —w/2<Ax<w/2 Mi(x+ Ax,y+ Ay, z+ Az)
—w/2<Ay<w/2
——w/2<Az<w/2
rae k — HoMmep (yHKI[MOHaIa MUHKOBCKOTO, W — pa3Mep OKHa, KOTOPBIi 33/jaéTcst BpyUHyr0. My (X,y,z) — 3TO 3HaUeHHe
¢-n1a B Touke n300pakeHus (X,y,z), T.e. QYHKIFIOHA OJHOTO BOKCess. [I/ist TOCTpOeHusT KapT UCTI0/Ib30BasICs TTAaKeT quantimpy
nns Python.

Pucynok 3 - Kaptsl ¢yHKIMOHan0B MUHKOBCKOTO
DOI: https://doi.org/10.60797/JAE.2026.74.2.3

OCHOBHbIE pe3y/IbTaThbl

B rmpo¢usx Bcex HCCIeAyeMBIX TOUB OOHApy>KeHbI >Keje3MCTOMapraHLieBble KOHKDELIMOHHbIe HOBOOOpa30BaHMS
(OpTLITEeHHBI) TIPEMMYILIeCTBEHHO OKPYIVIOi (opMbl pasmMepoMm oT 1 10 5 MM B JUaMeTpe pyKaBo-OXpHUCTOro, Oyporo, ceporo u
YepHO-0ypOro OTTeHKOB (puc. 4).
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PucyHok 4 - Moposiorust OpTIITEHHOB Pa3TUUHBIX (DPaKIIHid
DOI: https://doi.org/10.60797/JAE.2026.74.2.4
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OpTIiITeRHBI KPYITHBIX pa3MepoB (4-6 MM B ZiaMeTpe) uacTo MpUOOPeTaloT BLITSHYTYIO OBa/IbHYIO ¥ 00060BUIHYIO opMy
(puc. 5).

PucyHOK 5 - PeHTreHOBCKHE MUKPOTOMOTPaMMbI OPTILITEHHOB:
a — ¢pakuys 1-2 mMm; 6 — ppakius 5-7 MM
DOIL: https://doi.org/10.60797/JAE.2026.74.2.5

[MprurHa OKPYT/IOCTH BCKPHIBAETCS C TIOMOLIBI0 MeTOja KOMITBIOTEPHONM MUKPOTOMOTpaduH, MO3BOJISIOLIEro 00HapyKUTh
OTUET/IMBBIM LIeHTP KOHLIEHTPHMPOBAHUS U XOPOLLO BbIpa)KEHHbIe KOJbLla HapacTaHWs KOJIOHWH MUKPOOPraHU3MOB B MeJIKUX
¢dpakusax (1-3 MM) opTIITeHaX, UX KOHIIEHTPUUYeCKU-TOHKOC/I0eBaToe CyIoykeHue (puc. 4) M camble BHICOKHE IMOKa3aTeyd
OKPYIVIOCTH — MaKCUMaJ/bHYI0 KPUBU3HY [10BEPXHOCTH (pUC. 6), UTO NOATBEP KjaeTCsl HAallMMY PpaHHUMU UCC/Iel0BaHUSMU 110
nmanHbiM 13C u 13P SIMP-crieKTpoCKomnvy, My/ny JUTHUHOBBIX (DeHOJIOB, CO/Iep>KaHHI0 TPUOHOM 1 bakTepranbHON 61MoMacchl, a
TaK>ke Y 110 BUJJOMY COCTaBy MUKPOOPraHHW3MOB I10 /JaHHbIM MeTareHHOMHOT0 aHanusa [2].

CpenHas KpMBU3HA OPTIITEMHOB METOAOM
Tomorpaduu, Mm

-200
-400
-800
-1000
-1200
-1400

-1600
-1800

1

HreeBaTasa ® FﬂySOKOOFﬂeeHHaﬂ

PucyHok 6 - CpesHsisi KpMBH3HA OPTIUTEHHOB 2-3 MM METOJOM TOMOTpaduu
DOI: https://doi.org/10.60797/JAE.2026.74.2.6
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Ipumeuanue: 0b6vem 8bibopku n=2 u 6 coomeemcmeeHHO

ITo rpacmKy cpesHeil KpUBH3HBI (PUC. 6) BUAHO, UTO B OPTIITEeHHAX I7IeeBaToM ITOYBBI KDUBH3HA TTOBEPXHOCTH MeHBbIIIe 10
moxymto. C ocrabneHreM CTereHHd THAPOMOPGU3Ma OT I/ieeBaTol [0 TIyOOKOOITIEeHHOH, B OPTIUTEHHAX YBEeJIMUHMBAETCS TIO
MOJY/IF0 KPWBU3HAa TMOBepXHOCTH. OpHako B 0osee KPYIHBIX OpPTIUTEHHAX OBaJbHOW (hOpMbI HabMIOLAeTCS He OAWH
LEHTpa/bHbIA, a HEeCKOJBbKO mepedupuueckux (2—-3) MeHee BBIPDOKEHHBIX LIEHTPOB KOHI|eHTpUpoBaHus (puc. 5 (B)) u
HauMeHbIIIMe T0Ka3aTeu OKPYIVIOCTH WM KPHUBH3HBI OBepXHOCTH. CpeAHsist KpUBU3HA TIOBEPXHOCTH TBepPAOH a3kl BHYTPU
MOp O3HAYaeT WHTerpajbHyI0 CyMMY BeJIMUWH, OOpaTHBbIX PajuyCy KPWUBU3HBI MOBEPXHOCTU, W YCPEJHEHHYIO MO TpeM
V3MepeHUsIM X, Y, Z.

fs %dS = fS(R)—ldS ©))

Ha ocHOBe KoMMYeCTBEHHBIX TOAXOJOB IO HWCIIOb30BaHUIO HMHTErpajbHBIX MeTOJOB MUHKOBCKOrO W uucen bertu
VAAN0Ch YCTaHOBUTH TIOPO3HOCTb KOHKpeLMi. [TOpUCTOCTb OPTIITEMHOB CUMTAIaCh KaK OTHOLIEHHE KOJIMUeCTBa MUKCEJIOB MOp
Npx mop (mycToro mpocTpaHCTBa, He COJEp)Kallero KakKuX-IM00 BeIecTB) K KOJMYECTBY ITHKCeI0B Marepuana INpX
MaTepHana, B3TOTO BMeCTe C KOMWYeCTBOM muKcejaoB mop NpX mop (B 3HameHaTesle OHO He3HAUUTEJBHO M MOXKET
paccMarpuBaThCs Kak MOTPEeLIHOCTD):

N
£ = AY TP X 100%
Npx nop +N px maTepuasa

[TopucTOCTh OPTLITEHHOB, OMpe/e/ieHHasi TaKUM METO/I0M, HeOAWHAKOBa: B Oojiee KPYMHBIX OPTIITEHHAX IPOLIEHT TOp
MeHbIIIe, UeM B MeJIKUX pa3HocTsx (1,65-2,42% u 3,90-4,21% cooTBeTCTBEHHO), Tabi. 1.

Tabmuma 1 - TTopucToCTh KOHKPELWi pa3/TMYHBIX (hpaKLIUii

DOI: https://doi.org/10.60797/JAE.2026.74.2.7

®pakiuu OPTIITENHOB, MM TTopuctocts, %
1-2 3,90
1-2 4,21
1-2 3,79
2-3 1,97
2-3 1,92
3-5 2,42
3-5 1,65

ITO0 MOATBEPXK/JAETCS U TOMOrpadrueCKUMH N300paKeHUAMU OPTIITEHHOB (puc. 7).

PucyHok 7 - TomorpaMmbl OpTIITEHHOB pa3/INyUHbIX (hpaKLvii:
a - r7ieeBarasi, OCyllleHHast TJIaCTMACCOBBIM JIPEHAXKOM, 3-5 MM: TIPOLieHT 1op — 1,92; 6 - KOHTPOJIb - CBET/I0-cepast
(tnieeBarast) HejpeHUPOBaHHasi, 2-3 MM: MPOLieHT 1op 3,90
DOI: https://doi.org/10.60797/JAE.2026.74.2.8

O6béM opTLITeliHa, MM, PaCCUMTHIBAETCS NPOrpamMMOil Kak NpX MaTepuasna, TO eCTh PaBeH KOIMYeCTBY «HEyCTHIX»
MTUKCENIOB, cojiepKaliyx wmartepuan. OObeM KOHKpeLWi Takke HeOJWHAKOB: C YBeJMueHWeM pa3Mepa OpTINTEeHHOB
Hal/IO@eTCs YeTKoe yBesMueHwe o0bemMa KOHKpeluit (Ta6n. 2). O6bLeM KOHKpelwi B pasHbix (pakiuax (Mm°),

7
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paccuuThiBaeTcsi mporpaMmoii Kak Npx Marepuana, TO €CTb paBeH KOJIMUeCTBY «HEMYCThIX» IIMKCE/OB, COJeprKalliix
MarepHa’.

Tabnuna 2 - 3aBUCUMOCTb 00beMa OPTIITEHHOB OT pa3Mepa UX GppakLuu

DOI: https://doi.org/10.60797/JAE.2026.74.2.9

@dpaki[uM OpTIITENHOB, MM 0O6bem, Mm?
1-2 6,27
1-2 4,08
1-2 4,27
2-3 11,04
2-3 12,42
3-5 14,22

Ipumeuanue: ob6sem 8bibopku 013 opmwmeiiHog 1-2 mm — n=3, 2-3 mm —n=3, 3-5 mm —n=1

PucyHok 8 - O6beM OpTIITEHOB B CBET/IO-CEPOH I/ieeBaTol MouBe B 3aBUCHMOCTH OT pa3Mepa UxX (pakiuu:
a — pa3mMep opTLITeliHa - 2-3 MM, 06beM Mop - 4,06; 6 — pa3mep opTiuTeliHa — 3-5 MM, 06beM mop — 14,22
DOI: https://doi.org/10.60797/JAE.2026.74.2.10

I[Tnomass NOBEPXHOCTH HapacTaeT TI0 Mepe yBeJMueHHUs pa3MepoB HoBooOpa3oBaHuil. IIokasaHo, uTo Gosiee KpyITHBIM
OpTILTeMHaM XapaKTepHO HapacTaHUe ILIOIIa1 TTOBePXHOCTH OpTIUTeHHOB (puc. 9). Hazjo 3ameTHTh, UTO MpOBeZieHHasi HaMU
CpaBHUTe/IbHAsl OLleHKA Y/eJbHOW ITOBEPXHOCTH, IOyueHHOM MertozoM Tomorpaduu u merogoM BIT, mmeror Gnuskue
3HaueHus! (C y4eTOM MaTeMaruueckoro pacueta). IIpu 3ToM, yzesnbHasi MoBepxHOCTb 1o Metofy BIT ass pacteprThix U He
pacTepThIX OPTIITEHHOB 3HAUMMO He OT/INYaeTCsl.

Il10mange MOBEPXHOCTH OPTINTEAHOE MeTOAOM ToMorpadms, mn?
160
140

100 ——

OprmTeHHsH rIeeEaToH To4EEL 1-2 M
O Oprmrefine rneesaroi mowesr, 2-3 mMu

[n] OpTmTefiHE rneegaToH DOUEEL, 3-3 30

PucyHok 9 - TTyo1jaib TTIOBEPXHOCTH OPTIITEHHOB METO/[OM TOMOTpa(uu
DOI: https://doi.org/10.60797/JAE.2026.74.2.11

IIpumeuarue: obvem 8bIO0PKU 04151 opmuimeliHog 1-2 mm — n=3, 2-3 Mm — n=3, 3-5 MM — n=1; 01 Kaxcooll momMo2pammbi
nposoou10ch ycpedHeHue no 6 kaopam

8
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B nmporecce «crapenusi» (yBelWUeHHs BO3pacTa U pa3MepOB) OPTIUTEHHOB IUIOLIA[b SKCIIOHUPOBAHUSI BHEIIHeH
TIOBEPXHOCTY YBEJIMUWBAETCS TP YMEHBIIIEHWW BHYTDeHHeW TUIOM[afd SKCIIOHHMPOBAHHBIX [IIS MHUKPOOPTraHW3MOB
ToBepxHOCTeH [8].

Metoj, ToMOrpaduu O3B0/ BLISIBUTh BIUSHUE CTETIEHUA IMIpOoMOopdu3Ma MoYB Ha XapaKTePUCTUKY OPTIITEHHOB. PaHee
Hamy ObLTO TOKa3aHO, oOIiee copep)kaHue U (HOPMBI JKene3nCTO-MapraHLeBbIX KOHKDeLMH B T'YMYCOBBIX TOPM30HTAaX
OTPaXKAIOT CTeMeHb TuApoMopdr3Ma MoYB: UX KOJIMYeCTBO MUHHUMAJIBHO B aBToMOp(dHOH (rmybokoorieenHow) nouse 0,3 T Ha
100 r mouBEl M MaKCHMa/jlbHO B Haubosiee BIaKHOHW IvleeBaTod rmouse 2 r Ha 100 r mousbl [6], [8]. PeHTreHoBckas
KOMIIBIOTEPHAsT MUKPOTOMOTrpadusi MokKasana, uTo 00beM M Cpe/IHSIi KPUBHM3HA CHIDKAIOTCS C TIPOSIBJIEHUEM aBTOMODP(HBIX
CBOMCTB y I1yDOKOOIVIEeHHOM TMOYBBI Ha MHKPOTOBBILIEHHH (pUC. 9). PeHTreHOBCKash KOMITBIOTEPHAsh MHKDPOTOMOTpadus
T03BOJIsSIeT YCTaHOBUTH U M3MeHeHHe XapaKTepUCTHK OPTIITeHOB T10/] BUsSHUEM peHaxa (puc. 10).

OGBEM OPTIITEHHOB METOXOM ToMOrpaduu, Mym* TL1omab MOBEPXHOCTH OPTIITEIHOB METOI0M TOMOTpadHi,
14 MM?
400

2 sepe e
10 R —— M rueesarast 300
0

I royGokooreetHas 560

M rueesatas

[ riy6okoorneennas

rieeBaras 150 T
ocylleHHas. |
100 ocymIeHHas

50
0

CpetHsisi KpHBH3HA OPTIITEHHOB METOZOM TOMOrpadHH, MM TlopucrocTh opTHITEiiHOB MeTOIOM TOMOTpaduu, %
0

2200
-400 12

-600 TyieeBaTas 10 [ rreesaras

PR 8
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Pucynok 10 - BiusiHve fipeHa)ka Ha ToMorpaduueckyre 1mokas3atesiyd OpTILTeHHOB OCYIIIEHHbBIX arpOCEPhIX TMOUB:
a - 06bem; 6 - MIoIab OBEPXHOCTH; 8 - CPE/IHSST KDUBU3HA; 2 - TIOPUCTOCTh
DOI: https://doi.org/10.60797/JAE.2026.74.2.12

JlpeHaxk oKasblBaeT B/IMsHME Ha BOZAHBINA PeXXUM IOYBBI, MOBBIAs JOCTYITHOCTb [TOYBEHHOIO BO3ZyXa /i pacTeHWd U
co3fiaBasi 0O/arornpusiTHble YCAOBUS [JIs1 paspylleHHs] OpTIUTEHHOB. JTO IIPUBOAWT K M3MEHEHHI0 o0beMa, IUIOLIaAN
TIOBEPXHOCTH, CpeZiHell KPUBU3HbI U TOPUCTOCTH OPTIITEMHOB. YMeHblleHHe KOJMYecTBa BOJbl B TOYBE IIPH JipeHake
TIPUBOZAUT K CXKaTHIO TOYBEHHBIX YaCTHUI] M paspylleHuio opTiuTelHOB. CpejHsisi KpUBHU3HA OPTILTEMHOB M3MEHsSIeTCs TpU
OCYILIeHHH. YMeHbIIIeHHe KOIMYecTBa BOZABI B IIOUBE CHIDKAeT HalpsDKeHWe Ha IpaHuIliax pasfiena (a3, 4To NMpPUBOAUT K
CHIDKEHUIO KDUBU3HBI OPTIITEHHOB. [TOPUCTOCTb KOHKPeLi TaKkKe U3MeHsIeTCs IIPU ipeHake BC/Ie[CTBHe pa3pylleHusl.

YMeHblIeHe KOJMUYeCTBa BOZABI B MOUBe yBE/JMUMBAET KOJIMYECTBO BO3JyXa B MOpax, YTO NPUBOSUT K paspylLIEHUIO
OPTILTENHOB U yBeJTUUEHUIO TOPUCTOCTH.

3ak/iloueHue

Takum obpa3om, no HammM fJaHHeM [6], [7], [8] ApeHak Bo3geHCTBYeT Ha TpaHC(HOPMALIMIO BOJHOTO U OKHUC/TUTETbHO-
BOCCTAHOBUTEJBHO PEXXMMOB M BbI3bIBaeT HM3MeHeHHe XUMUYeCKHX, (pU3nueckux W OHUONOrMYeCcKHMX CBOMCTB I1OYBBI, UTO
OKasbIBaeT B/IUsSHUE U Ha 00BbeM, IJIOL[a[b TOBEPXHOCTH, CPEJHIO KPUBH3HY W IOPHCTOCTh OPTILTeHHOB. VITaK, MeTofbl
MaTeMaTUYeCKol 00pabOTKUM CHUMKOB PEHTTeHOBCKOM KOMITBIOTEPHOW MHUKpPOTOMOrpaduu (ajirOpuT™M WHTErpabHBIX U
TOTIOJIOTUYECKUX XapaKTepUCTHUK) TI03BOWIM [aTh KOIMYeCTBEHHYIO MOpP(OJOrnyecKyr0 XapaKTepUCTHKY ITOUBEHHBIX
KOHKpeLi (OPTIUTEHHOB) B 3aBUCUMOCTH OT CTeleH! THIPOMOpGH3Ma IOYB U TI0/| BJMSIHUEM OCYIIeHUS.

BriBogp!:

1. YcTaHOB/EHO, 4YTO cofiepkKaHWe OpTIUTEHHOB B IIOYBaX C eCTeCTBEHHBIM BOJHBIM DeXHMOM afleKBaTHO OTpakaeT
CTerneHb TUipoMop(H3Ma CepbIX I0UB.

2. CpeziHsisi KpMBM3HA TIOBEPXHOCTH TBepZol (hasbl BHYTPH MOP OPTIUTEHHOB OIVIeeHHBbIX arpOCepbIX I0UB, MOIy4eHHast
METO/I0M ToMOrpaduH, COIIaCyeTcs C I1ePBbIM YTBEpP)KeHHEM.

3. Mopcdonornyeckue CBOMCTBA OPTIITEHHOB OTPeAEeNSIOTCS TPOLeCCOM OpTIITeHHOOOpa3oBaHus, a IMEHHO pa3MepoM
opTiuTedHOB. MeToJ KOMITbIOTEPHOH MMKPOTOMOrpauy MO3BOJISieT OOHApY)KUTh OTYET/MBBIA LIEHTD KOHLIEHTPUPOBAHWS,
XOpOIIO BbIpa)keHHbIE KO/blld HAPACTaHWSI KOJOHWN MHKPOOPTaHU3MOB B MeslKux ¢pakipsx (1-3 MM) opTiTedHax, WX
KOHIIEHTPHUEeCKU-TOHKOC/IOEBAaTOe CJIOKEHWe W CaMble BBICOKME TI0Ka3aTeld OKDPYIJIOCTU — MAaKCHMajbHYI0 KPUBH3HY
TIOBEPXHOCTH.

4. PeHTreHOBCKasg KOMIbIOTEpHas MHUKpOTOMOrpagusi MO3BOJsieT yCTaHOBUTb pas3IMuMsi MO0 KPUBM3HE IOBEPXHOCTH,
00BeMy, IOPUCTOCTH U YZe/bHOM IIOBEPXHOCTH B 3aBUCHMOCTH OT pa3Mepa KOHKpPeLMi Aaxe TpU [ieTaJbHOM PacCMOTPeHHH:
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¢dpakuun 1-2; 2-3 u 3-5 mm. C yBenuueHrHeM pa3Mepa KOHKpeLWH MOpPO3HOCTh, KPUBM3HA TIOBEPXHOCTH, 00beM, yienbHast
TIOBEPXHOCTB — BO3PACTAIOT.

5. OcyuieHWe TPUBOAUT K TIyOOKOW TpaHChOpPMALMM M TaKWX YCTOWUMBBIX COeAWHEHWH KaK KOHKpelud Ha (oHe
HelpeKpalaloIerocs: Ipolecca OpTIITeHHO0Opa30BaHMs: NPOM30IUIO0 yMeHbIleHHe o0beMa M KPHUBH3HBI ODPTIITEHHOB; a
M70IIaZb TIOBEPXHOCTU W TIOPUCTOCTh XapaKTepU3yHOTCS IIMPOKMM BapbUpOBaHMEM. JTO YTBep)KAeHHe O0Ka3asaoch
cripaBeJ/IMBLIM U 3a 30-71eTHUH TepUo/, MOC/Ie[eliCTBYS JpeHaka.

6. ITo cpesHeii KpUBH3HE TIOBEPXHOCTU U MOPHUCTOCTH OPTIUTEHHOB OCYIIEHHbIE [TOUBbI CO BpeMeHeM TpUOIIDKAITCs K
«aBTOMOP(QHBIM» (T/TyOOKOOT/IeeHbIM) TT0YBaM.

dDuHaHCHpPOBaHHe Funding
ViccnenoBaHye BBINOMTHEHO B paMKax FOCYAapCTBEHHOTO The research was carried out as part of a state assignment for
3aganus MI'Y nmenu M.B. JlomoHOoCOBa (Tema Lomonosov Moscow State University (project No.
Ne121040800146-3 «Pusnueckrie 0CHOBBI 3KOTOTUUECKUX 121040800146-3, “The physical basis of the ecological
(YHKIMI TIOYB: TEXHOJIOTMH MOHHUTODPHHTA, TIPOTHO3a U functions of soils: monitoring, forecasting and management
YTIpaBJIEHUSI» ). technologies’).

Kond/uKT MHTEpecoB Conflict of Interest
He yka3aH. None declared.
Penjensus Review

Bce crartsu npoxogsT perieH3upoBaHue. Ho perieH3eHT Wi All articles are peer-reviewed. But the reviewer or the author
aBTOP CTaThU MPENIOUIN He MyOIMKOBATh PEIIEH3HUI0 K 3TOM of the article chose not to publish a review of this article in
CTaThe B OTKPBLITOM /IOCTYTIe. PelieH3ust MOXXeT ObITh the public domain. The review can be provided to the
TpesloCcTaB/ieHa KOMITIETEHTHBIM OpraHaMm I10 3aripocy. competent authorities upon request.

CnuHCcoK /uTeparyphbl Ha aHrymiickoM sa3bike / References in English

1. Kovalev 1.V. Assessment of the effectiveness of different drainage systems in mineral heavy loamy soil; parameters,
regimes, and requirements for drainage system reconstruction / I.V. Kovalev // Moscow University Soil Science Bulletin. —
2024. — Vol. 79. — Ne 4. — P. 438-454. — DOI: 10.3103/S0147687424700.

2. Kovalev L.V. The age and genesis of fe-mn nodules in gray forest soilsof the southern taiga based on the results of
isotope and metagenomic studies / I.V. Kovalev, N.O. Kovaleva, E.M. Stolpnikova [et al.] / Moscow University Soil Science
Bulletin. — 2022. — Vol. 77. — Ne 4. — P. 295-302. — DOI: 10.3103/S014768742204007X.

3. Kovalev I.V. Drained soils as an analogue of a large-area lysimeter / I.V. Kovalev // Moscow University Soil Science
Bulletin. — 2021. — Vol. 76. — Ne 3. — P. 138-147. — DOI: 10.3103/S0147687421030054.

4. Abrosimov K.N. Tomography in Soil Science: From the First Experiments to Modern Methods (A Review) / K.N.
Abrosimov, K.M. Gerke, D.S. Fomin [et al.] // Eurasian Soil Science. — 2021. — Vol. 54. — Ne 9. — P. 1385-1399. — DOI:
10.1134/S1064229321090027.

5. Emmet-Booth J.P. A review of visual soil evaluation techniques for soil structure / J.P. Emmet-Booth, P.D. Forristal, O.
Fenton [et al.] // Soil Use and Management. — 2016. — Vol. 32. — Ne 4. — P. 623-634. — DOL:
10.1111/sum.12300.https://sci-hub.box/10.1111/sum.12300.

6. Rabot E. Soil structure as an indicator of soil functions: A review / E. Rabot, M. Wiesmeier, S. Schliiter [et al.] //
Geoderma. — 2018. — Vol. 314. — P. 122-137. — DOI: 10.1016/j.geoderma.2017.11.009.

7. Romero-Ruiz A. A Review of Geophysical Methods for Soil Structure Characterization / A. Romero-Ruiz, N. Linde, T.
Keller [et al.] // Reviews of Geophysics. — 2019. — Vol. 56. — Ne 4. — P. 672—-697. — DOI: 10.1029/2018rg000611.

8. Fomin D.S. Soil pore structure dynamics under steady-state wetting-drying cycle / D.S. Fomin, A.V. Yudina, K.A.
Romanenko [et al.] // Geoderma. — 2023. — Vol. 432. — P. 116401.

9. Kovaleva N.O. Mathematical methods in the study of the morphology of soil nodules / N.O. Kovaleva, I.V. Kovalev,
E.A. Zvychaynaya // International conference Mathematics in the constellation of sciences. On the anniversary of the rector of
Moscow State University, academician Viktor Antonovich Sadovnichy. Abstracts of reports. — Moscow: Publishing House of
Moscow State University. — 2024.

10. Tolstygin K.D. Morphological and topological dynamics of soil pore structure during wetting—drying / K.D. Tolstygin,
A.S. Zubov, M.V. Karsanina [et al.] // Soil and Tillage Research. — 2026. — Vol. 256. — Ne 2. — P. 106895. — DOI:
10.1016/j.stil1.2025.106895.

11. Ivonin D. Quantitative Analysis of Pore Space Structure in Dry and Wet Soil by Integral Geometry Methods / D.
Ivonin, T. Kalnin, E. Grachev [et al.] // Geosciences. — 2020. — Vol. 10. — Ne 9. — P. 365. — DOI:
10.3390/geosciences10090365.

12. Vogel H. Quantification of soil structure based on Minkowski functions / H. Vogel, U. Weller, S. Schliiter //
Computers and Geosciences. — 2016. — Vol. 36. — P. 1236-1245.

13. Kalnin T.G. Analysis of tomographic images of the soil pore space structure by integral geometry methods / T.G.
Kalnin, D.A. Ivonin, K.N. Abrosimov [et al.] // Eurasian Soil Science. — 2021. — Vol. 54. — Ne 9. — P. 1400-1409. — DOI:
10.1134/s1064229321090039.

10


https://creativecommons.org/licenses/by/4.0/deed.en

	МЕЛИОРАЦИЯ, ВОДНОЕ ХОЗЯЙСТВО И АГРОФИЗИКА/MELIORATION, WATER MANAGEMENT AND AGROPHYSICS
	МИКРОТОМОГРАФИЯ В ИССЛЕДОВАНИИ СТРУКТУРЫ ПОЧВЕННЫХ КОНКРЕЦИЙ НА ОСНОВЕ МАТЕМАТИЧЕСКОГО ПОДХОДА
	Ковалев И.В.1, *, Звычайная Е.А.2, Ковалева Н.О.3, Грачев Е.А.4
	MICROTOMOGRAPHY IN THE STUDY OF THE SOIL CONCRETIONS STRUCTURE BASED ON A MATHEMATICAL APPROACH
	Kovalev I.V.1, *, Zvichainaya Y.A.2, Kovaleva N.O.3, Grachev E.A.4

