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it perieHust 9KOJIOTMIECKUX 332t 110 IOUCKY YIVIEBOJOPOJHBIX 3aIDA3HEHU JIOBOJIBHO YaCTO
HCIIOIB3YIOTCST METOABI MAJIOTIyOnHHOM reodusnku. Ha 3arps3HEHHBIX yIaCTKAX 3HAHUS O
TreoJIOTHYEeCKOM CTPOEHHUHU U I'HMJPOre0JIOTNIECKNX YCIOBUAX, & TaKxKe KadeCTBEHHBIX U KOJINYECTBEHHBIX
XapaKTEePUCTUKAX 3arPsS3HEHNsT HeOOXOMUMBI JJIs OIEHKN PUCKOB U IIJIAHUPOBAHUS PeabuInTallnN
TeppuTOopuu. B cTaThe pacCMATPUBAETCS BIUSHUE PA3IMIHBIX (PAKTOPOB HA (DOPMUPOBAHME AHOMAJIUI,
BBISIBJISIEMBIX METOJAMH MAaJIOTJTyOMHHON TeO(U3NKU B IPOIECCE M3YUCHUS 3arPsI3HEHUsT T€0TOTTIECKO
cpenpl HedrenpoaykTamMmu. OCHOBHOI 1€JIbI0 TOJOOHBIX PabOT sABJIsETCs OOHADYKEHNEe, OKOHTYPUBAHNE U
ompejiesieHue MyTeil MUrpalun JISTKUX HedpTempoyKToB. B pabore omuchIBAETCS HECKOJBKO OOOOIIEHHBIX
Mozesiell pacIpocTpaHeHUs yIIeBOJOPOJHOIO 3arpA3HeHNs, KaXK/1ad U3 KOTOPBIX MOXKeT HMCHOJIb30BaTbCA
JIJIsI PEIlIeHUs] IIOCTABJIEHHBIX 33/1a4, & TaKKe ObITh II0JIE3HBIM MHCTPYMEHTOM JJIs IIPOrHO3UPOBAHUSA
pacmpocTpaHenusi HeTEMPOAYKTOB U MOJETUPOBAHNS T€O(OU3INIECKUX OTKIUKOB OT MHOTO(MAKTOPHOI

CpeJibl.
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1 BBEJEHUE

Sarpssuenne nedrenpoaykramu (HII) rpyrros
U TOJ3EMHBIX BOJ HA IIPOMBINIJIEHHBIX ILJIOIIAIKAX
IIPOMCXOUT [0 MHOT'MIM [IPUYMUHAM, HAIIPUMED, U3-32,
yTeUYeK M3 Pe3epByapoB, M3-3a HEIPABUILHOIO Pas-
MEIEHNST HEOUMIEHHBIX OTXO/IOB B IpyHTax. Ham-
OOJIBIIIYIO OIACHOCTH MPEICTABIAIOT coDON HedTe-
MIPOAYKTHI B BUJIE JIETKOW HEBOTHOM (ha3bl KUIKO-
cru (light non-aqueous phase liquid (LNAPL), siB-
JISIOIIUECS KaHIEPOIeHHBIME JIjIsi OPraHU3Ma JeJjio-
BEKa W IPEJCTABJISIONIAE ITOCTOSIHHYIO yIPO3y KO-
JIOTHYECKOI CpeJie B CBA3U C WX BBICOKOW MOOWJIBb-
HOCTBIO B rpyHTax [[ynaso, 2020; Hawxesuy u dp.,
2020; Ilyaaes u dp., 2021].

Pacnpocrpanenune nedTenpoiykToB B cpejie JInHa-
MHYHO KaK B IIPOCTPAHCTBEHHOI, TAK U BO BDEMEHHOIA
obstacrax. [IpaBuiibHOE TOHMMAaHIE MOJIEIN PACIIPO-
crpanenuss HedTEIPOIYKTOB HA 3arPA3HEHHON Tep-
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PUTOpPUM C MCIIOJB30BAHUEM BCEX HMEIONINXCS TaH-
HBIX O 3arpsI3HEHUU U 3HaHUE TUIPOTeOJOTUIECKHX
YCJOBUIT MMEIOT peIaloliee 3HadeHue sl BbBIOOpa
HanboJiee TOIXOJAINIENl METOIUKN IIPU PENIeHUuN 3a-
JIad 110 IMapaMeTpU3aIluu JIMH3bl HeDTenpomLyKTOB.

2 MOoAEJb PACITPOCTPAHEHU A
HE®TEITPOJAYKTOB

Cy1irecTByeT MHOXKECTBO MOJIEJIeH, OMUCHIBAIOIIIX
pactpocTpanenne HepTEIPOIYKTOB B cpeae. B cra-
The OMHUCAHBI HECKOJIBKO HamboJiee pPacIpoCTpaHEH-
HBIX MOJIeJIefi U Iepedrc/IeHbl OCHOBHBIE (DaKTOPbI,
dopMmupyroiue reodusnuecKue aHOMAJIUU, 9TO, 10
MHEHUIO aBTOPOB, MMOMOYKET JIyUIIeMy [TOHUMAHWIO
XUMUYECKUX U (DPUBHIECKUX MPOIECCOB, MPOTEKAIO-
IUX IPU TEXHOT€HHOM 3arpsi3HEHUU TPYHTOB yTJIe-
BOJIOPOIAMU.
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2.1 O6o06ménnas Moaeb pacupocTpanenuns HedTe-
MPOJYKTOB

Pacopocrpanenue TeXHON€HHOIO 3arpsi3HEHUST —
HeTENPOIYKTOB — B TE€OJIOTMYECKON Cpejie MMeeT
CJIOXKHBIN XapakTep W TpebyeT PacCMOTPEHHUST T'eo-
METPUU PACIHPOCTPAHEHUS TIOJITIOTAHTA, TUIPOreo-
JIOTUYEeCKUX YCJIOBUI, Bapualudil CBOICTB I'DYHTOB
B wiaHe u B paspese. COMIaCHO JINTEPATYPHBIM UC-
tounnkam |Atekwana u Atekwana, 2010; Garg u dp.,
2017; Johansson u dp., 2015] BBIEEISIOTCS MBA OC-
HOBHBIX THII& YIJIEBOJIOPOIOB-TIOJITIOTAHTOB B BHJIE
HeBoHON a3pl xkugkocru: Jjérkue (LNAPL), ko-
TOPBIE TPEJICTABIAIOT HAMOOJIBIIYIO OMACHOCTH JIJIst
OKpyKaroleil Cpeiibl, TaK KAaK IOJBUYKHBI U MO-
YT PACHPOCTPAHSITHCS BMECT€ C T'DYHTOBBIMH BO-
JlaMH Ha 3HAYUTEIbHDbIE PACCTOSHHUS OT UCTOYHUKA,
a Takxke miorabie (dense non-aqueous phase liquid
(DNAPL) — mpakTu4ecK HENOJBIDKHbIE, MM HM-
MOOHUIN30BAHHBIE, HEPTEIPOLYKTDHI, OOBITHO 3aJIera-
IOI[Fe HEeITOCPEJICTBEHHO B MECTAX PA3JINBOB.

Ob61mast KapTHHA PACIIPOCTPAHEHUS YTJIEBOJOPO/IOB
IIpeicTaBsieT cOOOH IBMKEHNE 3arpsa3HeHUil BepPTH-
KAJbHO BHU3 IIOJ JIEHCTBHEM CHUJIBI TSAXKECTH U Jia-
TEPAJILHO WJIM PAJUAJBHO 38 CUYET KalUJUIAPHBIX
cut. [lporukHOBeHME HedTENPOLYKTOB B DoJiee Tiry-
OOKMe TOPU30HTHI 3aBUCHAT OT THUIA HE(MTEIPOIYKTa
U ero IOJBIXKHOCTU, TPAHYJIOMETPHIECKOTO COCTa-
Ba ¥ IOPUCTOCTH BMEIAIONINX T'PYHTOB, HAIIPABJIIE-
HUsI U CKOPOCTHU JIBUKEHUS I'PYHTOBBIX BOJ, U T. JI.
[Ipu nmepeciiauBaHuM IPYHTOB PA3HOIO TPAHYJIOMET-
PUYECKOrO COCTaBa PauabHas MUTPAIUsS 3a CUET
KAIUJUIAPHBIX CHJI PE3KO TOPMO3UTCS. DTO CBI3aHO,
[IO-BUIUMOMY, C HEOIMHAKOBBIM KAIMJIJISPHBIM JIaB-
JIEHHEM B CJIOSIX, UTO OIPEIENIAET IHEPreTHIeCKUii
Gapbep, MPENATCTBYIONUN JIBUXKEHUIO MOJJIIOTAHTOB
[[Tymuauna u dp., 2019; Yang u dp., 2013]. B surepa-
TYPHBIX UCTOYHUKAX MMEETCS MHOTO MOJesiell mepe-
Hoca HedTenpoaykTos [Atekwana u Atekwana, 2010;
Garg u dp., 2017; Sauck, 2000]. B obmem caygae, Mo-
JleJIb yTJIEBOIOPO/IHOTO 3arpsi3HEHMs BKJIIOYAET de-
Thipe azbl HedTenponykToB [ Pasanues u dp., 2017;
Atekwana u Atekwana, 2010; Garg u dp., 2017]:

1. ®aza ¢ pacTBOpPEHHBIMEH HEPTENPOLYKTAMU
B BOJIOHACHIIIEHHON 30HE: TLIelid 3arpsa3HsIO-
X BEIIECTB, KOTOPbIE IEPEHOCATCHA B BOJIOHOC-
HOM TOPHU30HTE — Pacmeopénnas dasa.

2. ®aza co cBOOOIHOU (OPMOIT YIIIEBOIOPOIOB
(YB) 6sim3 KpoOB/IM 30HBI IIOJHOIO BOJOHACHI-
IMEHNsI, TaK Ha3blBaeMasl 30HA Pa3Ma3bIBAHUSI
(nogL BO3JIeHiCTBIEM KOJIeOaHUN MTHe30MeTpute-
CKOi TIOBEPXHOCTH) — ¢80000HaA fa3a.

3. YreBomopombl,  aacopOMpOBAHHBIE  IIOYBA-
MU ¥ TODPHBIME ITOPOJIAMH 30HBI A3DAIUU —

ocmamoyutas Pasa.
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4. Tazoobpasmnas (paza, WIu 30Ha JETa3alliu B 30He

asparuu.

B paitone wmcrounuka HedTENpPOJYKTOB, B 30HE
a’spalid M B 30HE IIOJIHOTO BOJIOHACHINIEHUS, Oy-
JyT IPUCYTCTBOBATH Bce uerbipe dasbl [Atekwana
u Atekwana, 2010], mpuuém ocraTouHas m CBOGOI-
Has (a3a sABJISITCI BMECTHJIMIIEM OCHOBHOI'O KOJIU-
gecTBa HedTenpoaykToB. B cBobomHoil dhaze penko
COJIEPKATCS TOJBKO HE(TEPOIYKTHI, OOBITHO 3/1€Ch
nabmomaercss 30-50%-H0e HACBIEHUE YTJIEBOIOPO-
JIAMH B CMECH BO3/[yXOM, BOJSIHBIM ITAPOM U BOJIOA.
B 30He 10JIHOTO BOJIOHACHIIIEHUST apeaJl YIJIeBOMIO-
POJIHOTO 3arpsi3HEHUsI IIPeCTaBJIeH ILIei(OM pac-
TBOPEHHOI1 (ba3bl, Tyie HePTEIPOLYKTHI PACIPOCTPa-
HSIOTCS C HAUOOJIBINEN CKOPOCTHIO.

Takum obpa3om, 060OMIEHHAST CXEMa yIJIEBOIO-
POJTHOTO 3arpsi3HEHUSsI, IIPOJIEMOHCTPUPOBAHHAS HA
puc. 1, nmokaseBaeT 00JIACTH PACIIPOCTPAHEHUsT Hed-
TENPOIAYKTOB Pa3INIHBIX (a3, a TaAKKe MO IIEPKUBa-
eT TOT (pakT, 9TO Ha U3MEpPsieMbIe TeO(PUINICCKUE TI0-
JIsl BJIUSIET MHOYKECTBO (DAKTOPOB: JUHAMIKA ITPOTIEC-
ca, CTEeleHb HACBHIMEHHOCTH HedTEIPOILyKTaMU, KO-
JINYECTBO 3aIEMJIEHHOIO B TIOPaX U CBOOOIHOTO Hed-
TENpPOAYKTa, YKJIOH M XapaKTep KOjeOaHWii ypOBHS
TPYHTOBBIX BOJ.

2.2 Mogens «HUCTOIMEHUS €CTeCTBEHHOIO0 MCTOYHH-
Ka»

B nocnennue mecstuiierusi 60JIbIIOE PACIPOCTPa-
HEHUE TIOJTyYrjia KOHIENTyaJbHAS MOJEIb «HCTOIIE-
HUs €CTECTBEHHOIO UCTOYHUKA» (natural source zone
depletion) [Garg w dp., 2017], KoTopas BKIOYaer
B cebsT XapaKTEPUCTUKHU U TPOTIECCHI, TTPOUCXOJISATIIIE
B T'€0JIOTUYECKOI Cpejie B XOJe eCTECTBEHHOI'O pa3-
BUTHUsI yIJIEBOIOPOHOTO 3arpsi3HEHUsI. JTa MOJIE/Ib
YTOUHSIET Psijl XUMUYECKUX IPOIECCOB U XapaKTepH-
3yeT «CTapble» yJIacTKH, HEKOT/A MMO/IBEPIIINECs aK-
TUBHOMY 3arpsi3HEHUIO. BOJIbIITyI0 poJib B 3TOH MO-
JIeJI UI'PaeT METAHOT'€He3, CBS3aHHBIN C I1ePEHOCOM
ra3oB: MeTaHa, JBYOKHCH yTJIEPOJa U JIETYYHUX Op-
ranndeckux coepunenuii (JIOC) gepes zomy aspa-
nuu. MeraHoreHe3 sBJISIETCS YACTBIO CHHTPOMUH,
I0/Ipa3yMeBaloIeil COBMECTHOE PA3JIOKEHUE CJIOXK-
HBIX OPraHMYIECKUX BelecTB. B aHaspoOHBIX yC/IOBU-
sX GarTepun-HepTEPEIYKTOPHI PA3JIaraloT yrJIeBO-
JIOPOJIbI U 00PA3yIOT PACTBOPEHHBIH BOIOPOJ U/ HIx
areTaT, a 3aTeéM METAHOIeHBI UCIOJIB3YIOT BOIOPO/T
u/wiu anerar Jyisi o0pazoBaHus MeTana. 11oapobHbii
0630p 3Tux peaknuii cM. B Gieg u dp. [2014]. B cra-
tee [Garg u dp., 2017] Mmonens pacupocrpanenust YB,
npejcTaBjeHHas Ha puc. |, jonoJHsiercs uHgopMa-
et ¢ TOYKM 3PEHUsl BBIIECYKA3AHHON KOHIETITYAb-
HOI MOJIEJIN, YTO OTPAXKEHO Ha PUC. 2.

B 30H€ 110JTHOTO BOJOHACKINIEHIST TIPOUCXOIUT 3HA~
YUTEJbHBII METAHOTEHE3, UTO IMPUBOJUAT K MPIMOMY
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Puc. 1: Mojeib pacnpocTpaHeHnst yIyIeBOJOPOJOB B IpyHTax: A — mo miomaan; B — B paspese [pucyHok

anmantuposan 3 Atekwana u Atekwana, 2010].
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Puc. 2: Mogens pacripocTpaneHust yriieBOIOPOIHOTO 3arpsi3HEHUsI B I'PYHTaX: 1 — ocTaTodHas U CBOOOHAS
dasa, 2 — pacreopénnas daza [pucynok amantuposan u3 Atekwana u Atekwana, 2010; Garg u dp., 2017].

JIEra3upOBAHUI0 U OOPA30BAHUIO MeTaHA W YIJIEKUC-
goro rasza (puc. 2, a). Jlerazamusi TakKe IIPOUCXO-
JUT B HUKHEH YaCTU 30HBI adpallid, & IOJIy YCHHBII
ra3 MUTPUPYET IO HAIIPABJIEHUIO K JTHEBHON IIOBEPX-
noctu. Ilporecc obycoBiien Guomerpasarnueir Hed-
TenpoyKToB [Meckenstock u dp., 2014]. Braronapst
OuozerpaJanu, HAMHOTO ITPEBBIIIAIONIEH ACCUMUIIs-
[IMOHHYIO CIIOCOOHOCTH T'PYHTOBBIX BOJ, IIEPEHOCHUTH
W pa3jiaraTh PACTBODEHHBI METaH [CM., HAIpH-
mep Ng u dp., 2015], mpoucxoaut merazarumst. Coraac-
HO JINTEPATYPHBIM UCTOYHUKAM [Hanpumep, Fssaid u
dp., 2011], B 30He PaCTBOPEHHO! (asbl IPOUCXOIUT
BOCCTAHOBJICHHUE KeJjIe3a.

OkuciieHre MeTaHa IPOUCXOJUT B 30HE a’3paliu,
KOTOpast JIEJIUTCs Ha JBEe YaCTU: aHAIPOOHYIO TPAHC-
nopTHYO 30HY (puc. 2, b) u aspobHYI0 TpaHCIOPT-
Hyto 3ony (puc. 2, ¢) Buamxke k nosepxnoctu 60Jb-
I1ast 9aCTh WU BECH METAH U JIETy9IMe OPTaHNIECKHe
coeZiHeHnsl (€CaM OHM TPUCYTCTBYIOT) OKHUCJISIFOTCSI
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Jlo aByokucn yruepogna [Amos u dp., 2005; Irianni-
Renno u dp., 2016].

Takum 00pa3oM, COIJIACHO MOJEIU
HUsI €CTECTBEHHOIO UCTOYHUKAY», OOJIBIIYIO POJIb HA
TEXHOTCHHO-3aIPASHEHHBIX TEPPUTOPUIX UTPACT Me-

<HCTOIIIEe-

TaHOTEHE3, B pe3yJibTaTe KOTOPOro u3 objacreil, rie
[IPOUCXOUT TepepaboOTKa YIIIEBOIOPOIOB MUKPOOP-
raHU3MAaMU, BBIIEJISIIOTCS T'a3bl B aHOMAJIbHON KOH-
[EHTPAINN KAaK BTOPUYHBIE TPOIYKTHI KI3HE e~
TEeJIBHOCTH OaKTepuii.

2.3 OcobennocTn pacmpocrpaneHns HedTempoayK-
TOB B IPYHTaX, MOJCTIIAIONIAX YIacTKN HedTe-
6a3

CaMbIM pPaCIpOCTPAHEHHBIM W3 IIOCTOSIHHO Jeii-
CTBYIOIIUX HUCTOYHUKOB 3arpsS3HEHUs] TPYHTOB Hed-
TENpPOAYKTaMU ABJSIOTCH HedTeOa3bl, e MPOUCXO-
JIAT XpaHEeHNe U TAJIbHEeHIIast TPAHCIIOPTUPOBKA IIPO-
JIYKTOB HeTSHOM OTPACN. 3a9aCTyI0 OHU PACIIOia-
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raioTcs 1Mo Geperam pek, KyJa U MPOUCXOIUT BBITPY3-
Ka 3arpsi3HEHHBIX MOJUIIOTAHTAMHU TPYHTOBBIX BO/I.
Tak Kak OOJBITHHCTBO 0a3 XpaHeHUs HePTEIPoIyK-
TOB CYIIECTBYET JUINTEJILHOE BPEMsl, HEOOXOIUMO Jie-
JIaTh TIONPABKY HAa BPEMEHHOE W3MEHEHWE CBOMCTB,
BBI3BAHHOE Jlerpajamnueil HeTenpoayKTOB, U UCCIIe-
JIOBATH TIPE/IITOJIAraeMble 3arpsS3HEHHBIE YIACTKH 110
dusnIecknM mapamMerpam, XapaKTepHBIM JJIs «CTa-
PBIX» 3arpsi3HUTE/IEN.

Eciu paceMaTpuBaTh IJIOMAIHOE PACIPOCTPAHE-
HUe pa3jMBa JIETKHX HePTENpOIyKTOB Ha TO3JIHUX
sranax (puc. 3), TO MOIeJb 3arps3HeHus Oyzer
UMETb TPHU 30HBI JOHOPCKYIO, TPAH3UTHYIO H 30-

Hy BTOPUYHOTO HaKomIeHus. llepBas 30mHa mpes-
craByisieT co0Of YYIaCTOK, TJIe PACIOJATAIOTCS HC-
TOYHUKN TIOCTYILUIEHUSI HEeMTEIPOJYKTOB B TI'PYHT
(IPOMLYKTOIPOBO/IbI, HAJUBHBIE 3CTAKAbl, pe3ep-
Byapbl ¢ He(TENPOJyKTAMU) U OTKY/AQ, BO3ZMOXK-
HO, IPOUCXOJUT TMOCTOSIHHBINA TPUTOK 3arpA3HSIIO-
Iero BemecTBa. Bropast 30HAa — TpaH3WUTHAsS —
KOHTPOJIPYET IIPOIECC TOPU30HTAIBHOTO ITepeMerre-
HUsI TPaBUTAIMOHHO-IIOJIBUYKHBIX HE(TEnpOIyKTOB
10 YKJIOHY 3€pKaJjia 'PYHTOBBIX BOJI B CTOPOHY MECT-
HOTO 6a3mca 3po3un. T peThbst 30Ha — 30Ha BTOPHIHOTO
HaKOIJIEHHUS — KaK IIPABUJIO PACIIOJIATAeTCs y Oepera
BosiHOTO O0bekTa. O/Ha U3 TPUYHUH 3aJIePKKU Hed-

A)
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IICTOYHIIK
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Puc. 3: Mogens pacnpocTpaHeHust yIrJIeBOIOPOIHOIO 3arpsA3HeHus B IPYHTaX: 1 — ocTaTouHas U CBOOOIHAS
dasa, 2 — pacreopénHas dasa [pucyHok ananrtuposan us Atekwana u Atekwana, 2010; Garg u dp., 2017].
Mogenb pacnpocTpanenust HeTEPOLYKTOB B I'PYHTaX BOJU3U BOJHOTO 00beKTa: A — ILIOIMAJIHOE pacipe-
nestenue, B — paspes no smanun A1-Al (a — goHopckas 30Ha, b — TpaH3UTHAS 30HA; C — 30HA BTOPUIHOIO

HAKOIIEHWsI; KDACHBIMY IITPUXAMH BBIJETIEH TEOXUMUIeCKuit 6apbep) [pucyHok amantuposan u3 Atekwana
u Atekwana, 2010; Garg u dp., 2017].
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TEIPOAYKTOB B 30HE BTOPUYHOIO HAKOILJIEHHS — Ha-
Jidue TUAPOJMHAMIYECKOrO 1/ Ui TeOXUMUIECKOIO
6apbepa [Makxcumosuy u Xatipyasuna, 2011].

IIpu Takoii cxeme pacupocTpaHeHUs MOJIIIOTAHTOB
OOJIBINION MHTEpPEC IPEICTABJSET TPEThbs 30HA, LI
BTOPUYHO HaKAILINBaKTCs HedrenpoaykTel. Cormac-
HO [Maxcumosuy u Xatipyauna, 2011] nocse nonaza-
HUsl HePTEIPOLYKTOB B 'PYHTOBBIE BOJBI U MX JIBU-
JKEeHUsT B 30HY pa3rpy3KH, B IPUOPEKHON dacTu 06-
pasyercst THIPOINHAMUYECKUN Oapbep, WU JIOBYIII-
Ka, CBI3aHHAsl ¢ OCOOEHHOCTSIMM (DUJIBTPAIIOHHOTO
oToKa. bapbep obpa3yercss ajsi ¢cBOOOMHON (aswl,
B pe3y/jbrarTe Yero IIPOUCXOAUT aKKyMYyJIsIusl, Ha-
KOILJIEHHE WJIA PacCerBaHUE YACTH He(TernpojayKToB
B 06JIaCTH HaJi IPYHTOBBIMU BOJIAMU, B CBOIO OY€PE/Ib
YIJIEBOJIOPOJIbI B PACTBOPEHHOIT (hbase CIOKOWHO Iipe-
0JI0JIEBAIOT Oaphep W TOMaJAl0T B BOTHBIE OOBHEKTHI
(puc. 3, B).

Taxum 00pazom, MOZEIb PACIPOCTPAHEHUST JIETKUX
HeTENPOIyKTOB BOIU3U BOTHBIX O0OHEKTOB ITOIPA3-
JIeJIsIeTCsl Ha TPY 30HBI, B KOTOPBIX IIPOUCXOJIST IIPO-
IIECChI PACIIPOCTPAHEHUsI M aKKyMyJIUPOBaHUsT Hed-
TEMPOAYKTOB, 9TO OTPAaXKAETCs Ha (PUBUIECKUX CBOII-
CTBaxX TPYHTOB 0OJarofaps aKTHUBHLIM XHMHYECKHM
1 OMOJIOrUYECKUM PEAKIUSAM U, KaK CJIEICTBUE, BJIN-
sIeT Ha Pe3YJIbTaThl reopU3NIeCKUX UCCIIEIOBAHUIA.

3 ®AKTOPBI, BJIUAIOIIUE HA OB-
HAPY2>XKEHUE HE®TEITPOAYKTOB
B T'EOJIOTMYECKOM CPEJE METO-
AJAMN HA3EMHOW I'EO®U3UKU

IToHMMaHMe TPONECCOB, NPOUCXOAANMX B MOIIO-
BEPXHOCTHOM HPOCTPAHCTBE IIPH PACIPOCTPAHCHUH
HeTENPOAYKTOB, HOMOraeT IPABUJILHO COIIOCTABUTD
Bapuanuu (HU3NIECKUX CBONCTB, BBISIBIECHHBIE 110
reopU3NIECKUM JAHHBIM, U NOJIOKEHUE 3arpsi3HEH-
HBIX yYaCTKOB.

N3sBecTHO 006 M3MeHEHUSIX 0OBEMHON 9JIEKTPOIIPO-
BOJHOCTH, CKODOCTH PACHPOCTPAHEHHS W AMILIH-
TYABl AKyCTHIECKHX BOJIH, YTO MOXKET HCIOJIb30-
BATHCA B KAdeCTBE MHINKATOPOB OHOAKTHBHOCTH HA
YUACTKaX, 3arPA3HEHHBIX JIEIKUMHU HedTepoIyKTa-
mu [Atekwana v Atekwana, 2010].

Ha HauasbHOIl crajuu 3arpsi3HeHUs HedTernpo-
JIyKTBI XapaKTEPU3YIOTCS CIEIYIONAMA (DU3MIECKH-
MHF IAPAMETPAMHE, OTINIAIONIMMA UX OT BMEIIAIONIEH
CpeJbL: BBICOKHE 3HAYMEHNUS] YIEIBHOTO SIEKTPUIECKO-
I'O CONPOTHBJIEHHNSI, B IIIMPOKOM Jmarasore or 10° 110
10° OmM-M U, KaK cjeICTBUE, HU3KHE 3HAYECHHS PO-
sogmmocTH (0,001 MCwM/M) IO OTHOIIEHHIO K I'DYH-
toBeiM BomaM (0,1-1 MCMm/M st mipecHOi BOJBI);
HU3KYIO OTHOCHTEIBHYIO JUIJIEKTPUYECKYIO HPOHU-
aeMocTh (mopsiaka 2-3) MO0 CPABHEHUIO C YHUCTOM
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Boztoit (81) m BoJOHACHIIEHHBIMU mecKamu (7-15)
[Atekwana u Atekwana, 2010].

C TeueHMEM BpeMEHUM AKTHBU3UDPYIOTCSI MIPOIEC-
Cbl BHYTPUIDYHTOBOH JECTPYKI[MU, B DPe3YJbTaTe

9ero  HeMTENpOMYKTHI IPETEPIEBAIOT  (DUIUKO-
XUMHUYECKHEe, MUKPOOMOJIOTMYECKre  MU3MEHEHUs,
a TaKXKe PACTBOPEHUE, JEerPAJIAlliio, YaCTUIHOEe

paspymenue u T. 1. [[Tymusuna u dp., 2019]. B pe-
3yJibTaTe, XapakKTep reodU3NYeCKUX AHOMAJIMIA
U3MEHSETCST U [IPEJICTABIIsIeT COO0M OTKJIIMK OT CJIOXK-
HO# MHOTOMAKTOPHOM cpeibl. PaKTOPHI, BIUSIONIIE
Ha XapakTep TeoPU3WICCKUX aAHOMAINi, OymayT
BBIJIEJIEHBI B IIyHKTaX 3.1-3.11.

3.1 Bpems HaxoXIeHUS HE(TENPOIAYKTOB B I'PYyH-
Tax

Pacnpocrpanenne wHedTepasmmBoB TUHAMUTHO
B NPOCTPAHCTBE U BO BpeMeHH. Kak OBLIO OTMe-
YEeHO DPsiJIOM aBTOpOB [cM., Hampumep Deceuster u
Kaufmann, 2012; Mellage u dp., 2018], mox neiicru-
€M Pa3JINYHBIX TPOIECCOB B TEUYEHUE JJIUTETHLHOTO
[eprojia  BPEMEHW [POUCXOJUT TpaHchopMarims
HedTENPOYKTOB, YTO CKa3bIBAETCs HA H3MEHe-
HOU MX XapaKTepucTuk. Taxkum oOpas3oM, yCIOBHO
MOXKHO BBIJIEJIUTH JiBa Iepuoja TpaHchopmanmun
He(TENPOYKTOB: KPATKOCPOYHbBINA, BO BPEMs KOTO-
poro HedTepas3IUBbl MOYKHO HA3BIBATH <«CBEXKUMUY,
U JIOJITOCPOYHBIN, BO BpeMsi KOTOPOro HedTepas-
JIUB IIONIaJIaeT B pas3psj «craporo». B pabore
Atekwana u Atekwana [2010] mokazamo, 4Wro iu-
TEJIbHOCTh KPATKOCPOYHOI'O IIEPUO/IA COCTABJISIET OT
HECKOJIbKHUX HEJIeJIb JI0 HECKOJIBKUX JieT. [Ipu atom,
B TEYEHWE 3TOr0 IEPHOJA AKTHBHO IIPOUCXOJUT
dusnyeckoe pazjesieHne 3arps3HSIONIEr0 BEmecTBa
Ha pa3judHble (Da3bl, B TO BPeMs KaK OHOJIOrH-
JecKne W XUMUUIecKue (PaKTOPbl IPAKTUIECKU He
nposiBJstioTcst. 1lpu Gosiee JIUTEIHHOM HAXOXK ICHUH
HeTENPOIYKTOB B TpyHTaX OOJBINOE BIIUSHIE
HA TIOJIIOBEPXHOCTHOE MPOCTPAHCTBO OKA3BIBAIOT
IIPOTIECCHI OUOIErPa AU,

3.2 ledTelIbHOCTP MUKPOOPTaHU3MOB

Opaumu u3 onpeneasiomux (HakTOpOB M3MeEHe-
HUsI CBOMCTB IPYHTOB, 3arPsI3HEHHBIX HeDTEIPOIyK-
TaMHU, SIBJIAIOTCS OMOJIOTUYIECKHE IPOIECCHI, ITPOUC-
xXozsnme 6y1aro/iaps J1esaTeIbHOCTH MUKDPOOPTaHU3-
MoB. s addekTrBHOrO GHOpA3I02KEHUST HEOOXOIU-
MO MPUCYTCTBUE MUKPOOHBIX TOMYJISINAN, CIIOCOOHBIX
pasjararh Te JIErKue HedTenpOayKThl, KOTOPbIE IT0-
CIIYKUJIN TPUIMHON 3arpsi3HEHUsI, a TakKe 0Jiaro-
[IPUSITHBIE YCJIOBUS: BIIAYKHOCTD, HAJIMINE KUCIOPO/I
U nuTaTeabHBIX Bemects [Griebler u Lueders, 2009).

Mukpobuasi Tpancdopmanusa JErkux HedTenpo-
JIYKTOB B 3arpsSI3HEHHBIX HEJpax 00pas3yeT CJIOXKHYIO
610UBNKO-XUMHUIECKYIO cpey. IIpucyTcTBue, THIIBI
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U pacupeaesieHne Pa3TuIHbIX MUKDPOOHBIX ITOITYJIs-
U omlpeJiesisgeTcd HAJIU4YUeM U KOHIEGHTpaluei op-
TaHUYIECKOTr'0 YIVIEPO/ia U3 TeXHOT'€HHBIX UCTOYHUKOB,
KOTOPBIH CIyKHUT JJOHOPOM 3JIEKTPOHOB, U IIPOIlecca-
MU TE€PMHUHAJIBHOI'O JOHOPAa-aKIENTOPa 3JEKTPOHOB,
KOTOPBIE 3aIlyCKAIOT OMOIErpaIaIiio MOJLIIOTAHTOB.
3aMeueHo, YTO MaKCHMaJIbHble W3MeHeHUusl (u-
3UYECKUX CBONCTB T'PYHTOB IPOUCXOJAT B 00JIACTH
KallMJJIIPHONM KafiMbl U BepXHell 4acTU 30HBI I10JI-
HOI'O BOJOHACHIIMEHUsA. VIMEHHO B 3THUX 30HAX CO-
CpPeIOTOYEHBI CaMble BBICOKHUE IOIMYJIAIMA MUKPOOD-
raHU3MOB, pa3JIaralOluX YIJIEBOAOPOABLI, U BEPOAT-
HBI MaKCUMaJIbHbIEe U3MEHEHUsT TeO(UINITECKUX TTPU-
3HAKOB (yBeaneHHe MIPOBOJIMMOCTHU, MaKCUMAaJIbHOE
3aTyxaHue aMILIUTYJ[ CUTHAJIOB reopajapa U T.iI.)
[Atekwana u Atekwana, 2010]. Huzke neiicTBust Muk-
POOPTaHU3MOB PACKPBITHI O0JIee TTOIPOOHO.

3.2.1 H3meHeHme CTPYKTYpHI TOPOJIbI

Bricokuii MeTabom3M MUKPOOPIaHU3MOB, yUIacT-
BYIOIINX B Pa3JIOKeHUN HEPTEMPOIYKTOB, BHI3LIBAET
3HAYUTE/IbHBIE TPAHC(OPMAIUU B TOJ3€MHOM IIPO-
CTPAHCTBE, YTO BBIPAYKAETCS B IIPOM3BOJICTBE OUO-
MacChl U Pa3BUTHM OHOILIEHOK, KOTOPbIE M3MEHSIIOT
CTPYKTYPY MUHEPAJIBLHOIO cKesieTa [Harpumep, Abdel
Aal u dp., 2004; Atekwana u dp., 2004].

N3amenenne CcTpyKTyphl IOPOJBLI TPOUCXOIUT B Pe-
3yJIbTATE BBHIBETPUBAHUS, YCUJIEHHOTO JIUOO MPSMBIM
JeficTBUEM KOJIOHUiT OakTepwuii, JnbO MOOOYHBIMU
OPOJyKTAMU Pa3/IoxkKeHus (HaIpUMep, YIJIEKUCJIOTOM
u opranudeckumu Kucjioramu). [Ipu 91oM BbhiBeTpUB-
IUCST MATEPUAJT TIONAIAET B MOJ3EMHBIE BOJBI U 110~
poBbIe DITIONIBI.

[IpucyrcrBue OMOMIEHOK ¢ OOJIBIION IIJIOMIAIBIO
[TOBEPXHOCTHU, WX IPUKPEIIEHnE K MUHEePaJbHBIM
3épHAM M3MEHSIeT JJIEKTPUIECKUE CBOMCTBA IOBEPX-
HOCTH OJIaroapsi SJEKTPUIECKOMY 3apsijly, BbI3BaH-
HOMY MUKDPODAMY, U yBEJIMYEHUIO TIOIMAJNA TOBEPX-
HOCTHU 38 CUET OOJIBITIEH ILTOMIAIN MUKPOOHOI TI/TEH-
ku. CyzkeHue 1mop ycuimBaeT 3(p@eKThI HOJIsIPUBAIAN
MeMOpAaHBI, 9TO MOXKeT ObITh 3a(DUKCUPOBAHO B BUJIE
AHOMAJILHOTO OTKJIMKA B METOJIE BHI3BAHHON MOJISIPH-
sanuu [Haupumep, Ntarlagiannis u dp., 2005].

B menom, u3meHeHmst B IOPOBOM ITPOCTPAHCTBE
NPUBOJSAT K M3MEHEHUI0 OObEMHOM 3JIEKTPOIPOBOJI-
HOCTH, KOTOPOE MOXKHO BBISIBUTH C ITOMOIIBIO METO-
JIOB COIIPOTHUBJIEHUIA, BHI3BAHHON MOJISIPU3AIUN U Te-
OPaIMOIOKAIIHHN.

3.2.2 H3meHeHMe MOHHOTO COCTABA T'PYHTOBBIX BOJI
¥ TOPOBBIX (hITIONI0B

N3-3a MUKpPOOMOIOTHIECKONl AKTUBHOCTH yMEHBb-
IAeTCsI KOHIIEHTPAINS JIETKAX HeMTEPOIyKTOB, HO
yCKOpsieTcsT Tporiecc 00pa30oBaHusa MOOOUHBIX ITPO-
JIYKTOB MeTabOJIM3Ma, KOTOPbIE BHIBETPUBAIOT MUHE-
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paJibl, cJaraioliye BOJOBMEIIAIOIIIE IOPOILI M 30HY
a’pally, a TaKKe U3MEHSI0T XUMUYECKHUIl cocTaB I10-
poBoro QJounIa.

Psiiom aBTOpPOB ONMCHIBAIOTCS PE3Y/ILTATHI AHAJIU-
3a pO6 BOJBI, 3ArPI3HEHHON YyIJIEBOAOPOJAMEA [Ha-
npumep, Tumos u dp., 2012; Flores Orozco u dp.,
2011]. B pacTBopax ObLTH OGHAPYYKEHBI 3JEMEHTHI:
Ca? ™, Mg? ™, HCO327, SO,42~, Koropble He (bUKCH-
POBAJINCH B YHUCTOI BOJIE.

WsmMmeHeHUst B XUMHYECKOM COCTaBE ITOPOBOI BJraru
HETIOCPE/ICTBEHHO MPUBOJISIT K U3MEHEHUSIM 3JIEKTPO-
JINTUYECKON MTPOBOJIMMOCTH, KOTOPBIE MOYKHO 3aDUK-
CUPOBATb METOJAMU COIIPOTUBJICHUN U KOMILJICKCHOM
OPOBOAUMOCTH (BBUY WM3MEHEHHHl KaK MUIOTHOCTH
MOHHOTO 3apsjia, TaK U IIOJBUKHOCTU MOHOB), JIEK-
TPOMATHUTHONW WHJYKIMU, Teopaauosiokanuu (yBe-
smuaenue 3aryxanus) u EIl (muddysnonnsie moren-
[HAJIbI ).

3.3 OkmcIUTE/IbHO-BOCCTAHOBUTEIbHBIE  PEAKINHN
M COMYTCTBYIOIUE MPOIECCHl TEPMHUHAIBHBIX
AKIENITOPOB 3JIEKTPOHOB

MukpobHOe OKuCJeHHe HePTEIPOLYKTOB COIPO-
BOXKJ[2€TCsl OKUCJIUTE/IbHO-BOCCTAHOBUTETLHBIMU De-
akuusmu (OBP). Tak, nanpumep, nocpeacrsom OBP
9JIEKTPOHBI OPTAHUYECKUX COEJMHEHUN IepeIatoT-
Csl TEDMUWHAJIBHBIM akKientopaM 371eKTpoHoB (TAD)
(09, NO3~, Fe(III), Mn(IV), SO42~, COy) [Flores
Orozco u dp., 2019]. OHU KOHKYDHDYIOT 3a PacTBO-
PEHHBINA BOJIOPO/I U aleTaT, KOTOpble 00pa3yloTcs Ha
cragnn (pepMEHTAINA B PEAKINAX OMOpa3I0KEHUSI.
B uccaenosanusx Gieg u dp. [2014] ormeqaercs, 910
MHUKPOOHUOJIOTUYIECKOE Pa3JjIoyKeHHe WHOTIA MOXKEeT
[IPOUCXOUTHh B MPUCYTCTBUU AKIEIITOPOB 3JIEKTPO-
HOB, B TO BpeMs Kak Irianni-Renno u dp. [2016] onn-
CBIBAET OJHOBPEMEHHOE BOCCTAHOBJIEHUE CYIhM)ATOB
7 0Opa3oBaHme MeTaHa B OJHOI 1 TOI »Ke 30He Ha, 0C-
HOBE JIAHHBIX MHOT'OYPOBHEBOI'O OIIPOOOBAaHUS JINH3BI
JIErKuX He@TEenpoLyKTOB. AKIIENTOPHI 3JIEKTPOHOB
BBI3BIBAIOT TIOCJIEI0BATE/IbHOE YMEHBIICHUE U yBEeJIU-
YeHUe COJEpPYKAHUS PACTBOPEHHBIX BEIECTB, HU3Me-
HSIOT OKUCJIUTEIHHO-BOCCTAHOBATEIBHBIN TTOTEHITH-
aJl 1 XUMUIECKUI COCTaB TIO/I3€MHBIX U TOPOBBIX BO/I.
IIpu OGuomerpajamum npoucxoguT cHrKenue TAD
U TPOTEKaHUE OKHUCIUTETbHO-BOCCTAHOBUTETHHBIX
peakimii, Kak CJIeJCTBUE U3MEHSAETCS KOHIEHTPAIHS
WOHOB B TOpPOBBIX ¢uongax. B mrore nabaoma-
I0TCsI aHOMAJIbHBIE 3(MEKThI B METO/aX, IYBCTBH-
TEJIBHBIX K 3JIEKTPOIIPOBOIHOCTH IIOPOBBIX (DJIFOH-
noB (mampumep, 3jieKTporoMorpadus, METOJ Bbl-
3BAHHOI'O IOTEHIINAJIA U TeOPAINOIOKAINSI ), & TAKKE
K HAJUYIUIO MOHHO-IPAIUEHTHBIX U OKHUCJIATEHHO-
BOCCTAHOBUTEJILHBIX COEJIMHEHUH (HAIpUMED, METOJ,
€CTECTBEHHOIO TI0JIs).
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B pa6ore Naudet u dp. [2003] ormeuaercs: upsivast
CBsI3b MEXKJy OKHCJIUTETHbHO-BOCCTAHOBUTEIHHBIM
ITOTEHITNAJIOM ¥ AHOMAJIMSIMU €CTECTBEHHOI'O IIOJIS,
YTO MOXKET ChI'PaTh CBOIO POJIb B UIACHTU(MHUKA-
[UU 3arpsi3HEHHBIX TeppuTopuil. OJHAKO Pe3yJib-
TAThl U3MEPEHUsT €CTECTBEHHOTO MOTEHIINAJA MOTYT
JaTh MPOTHBOPEYUBLIA pe3yiabrar. Tak, B pabore
Giampaolo u dp. [2014] B TéruIbIe MECATBI HAJ| JITH-
301t HePTENPOYKTOB HAOIIONATIACH TOJIOXKUATEIbHA
aHOMaJINs, & B XOJIOJHBbIe — Oumnosisipaas. OCHOBBI-
BasChb HA TOM, YTO B U3MEPEHHBIN MTOTEHIIHAJ BHO-
CAT BKJIAJ JIBE COCTaBJISIONIUE (IJIEKTPOKUHETHYEe-
CKUIi M 3JIEKTPOXAMUIECKUI TOTEHINAIBI ), OBIIO BbI-
JIBUHYTO IIPEIIOJIOXKEHUE, YTO BECHOI OOJIbIllee BJIU-
SHUE OKA3bIBAET JIEKTPOKUHETUIECKUN MTOTEHIAAI,
a OCEHbBIO — JIEKTPOXUMUIECKUIA.

3.4 Hajmmume TPUIIOBEPXHOCTHBIX HEOIHOPOIHO-
creit

Hanuune npunoBepXHOCTHBIX HEOIHOPOIHOCTEH
(TIITH), Takux Kak KOMMYHHMKAIUH, SJEKTPUIECKIE
ceTd, TPyOOIPOBOILI U T.II. MOYXKET OBITH ITOMEXOi
IIPY PEIIeHnn 33739 110 OKOHTYDPUBAHUIO U OIPEIIe-
JIEHUIO MOIIIHOCTHU HEMTEIIPOLYKTOBOTO 3arPsA3HEHUS.
B crarbe [Pasanues u dp., 2017] roBopurcst 0 ToM,
YTO IPU HAJUYUUA TEXHOTEHHBIX IIOMEX, OKA3bIBaIO-
X WHOTJA OIIPeJIEJISTIoNee BJINsiHAE Ha Teodusnde-
CKHUIl CUTHAJI, BO3MOXKHO [PUMEHEHUE MaJIOrLyOnH-
HOIl TeodU3UKN C COXpaHEeHHEeM WH(MPOPMATUBHOCTH
DPe3yJIbTATOB, OJIHAKO IIPU STOM BO3PACTAET OIINOKA
U3MEPEHMUIA, a B IIPOIleCcce KOJIMIEeCTBEHHON HHTEPIIPe-
TaIu HeOOXOIUMO YUUTHIBATH HH(MOPMAIIHIO O TI0JIO-
KEHUU UCTOYHUKOB ITOMEX.

3.5 Temmeparypa

Uccnenosanus Zeman u dp. [2014] u Kulkarni u dp.
[2017] mokazamu, 9TO BapHAIMN TEMIIEPATYDHI UTDa-
10T BaXKHYIO POJIb B IIporieccax duojerpaganun Hed-
TeNpOYKTOB. Zeman u dp. [2014] 6pura mpemioxe-
HA KOHIIENTYyaIhHasl MOJIEJIh, B KOTOPOH OTMEYaeTCs,
YTO MOBBIIEHIE TEMIIEPATYPBI MOXKET YCKOPHUTH Me-
TabOJN3M MUKPOOHBIX IITAMMOB M, KaK CJI€JICTBUE,
OynyT HABIIOAATHCS yBEJIMIEeHNE TPOU3BOJICTBA OU1O-
raza u Japyrue comyTcrytormme 3pderTol. Takxke ap-
TOpPaMU OTMEYEHO, UTO JIETOM CKOPOCTD JIBUXKEHHS
ra3oe Bozpacraer Ha 60%, 3UMOI K& MEP3JIbIE TOY-
BBI TPEISITCTBYIOT TPAHCIIOPTY Ta30B.

[ToBbimerre TeMIepaTypobl MOTEHIIMATIBHO MOYKET
[TOBBICUTH OOBEMHYIO 3JIEKTPOIPOBOHOCTD 3arpsi3-
HEHHON cpezpl. Atekwana u dp. [2005] 3am0KyMeH-
TupoBaau Temieparypy Ha 1-6 °C Bbime B 30He,
3arpsA3HEHHON YIVIEBOIOPOIAME, C AHOMAJIBLHO OoJjiee
BBICOKO# 0OBEMHOM 3/IEKTPOIIPOBOTHOCTDHIO IO CPaB-
HEHUIO ¢ He3arpsi3HEHHBbIMEH yuacTkamu. Che-Alota
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uw dp. [2009] HOKA3BIBAIOT, YTO IOBBIIIEHHLIE TEM-
[epaTypbl, CBA3aHHBIE ¢ MHKPOOHON aKTHBHOCTBHIO
B apeaJie, 3arps3HEHHOM JIETKUMU HePTEIPOTYKTa~
MM, PE3KO CHU3HWJINCH [I0CJIe YJIAIeHUs] Ta30B U3 IPYH-
ta [Atekwana u Atekwana, 2010].

3.6 DddekT «pazdburoro crekiiar

B craresix Rosenberry u dp. [2006] u Garg u dp.
[2017] sTOT 3(bbeKT ommcHIBAETCS KaK CHIBHO M3-
MEHYNBasi U3MepsieMasi KOHIIEHTPAIIUsI Ta30B B IIPHU-
ITOBEPXHOCTHOM CJIO€ HAJT TOPMSTHIKAMUI, ITO HE MO-
KeT ObITh OODBSICHEHO BIUSHMEM TaKuX (HPaKTOPOB
KaK, HaIpUMep, TeMmieparypa. XoTs 3ToT 3ddekT,
B OCHOBHOM, HaOJIIOIAJICH HaJl TOPMIHUKAMA, aBTO-
pet Garg w dp. [2017] upezmosaraior, 4ro aHAIO-
PUYHBI 1IPONECC HAKOILIEHWs /BBICBOOOXKICHUST Ta-
30B MOXKET ITPOUCXOIUTDH U HA yIACTKAX PACIPOCTPa-
HEHUs JIETKUX HeMTeNnpogyKTOB, YTO BBI30BET BbI-
COKYIO IPOCTPAHCTBEHHYIO W BPEMEHHYIO M3MEHTH-
BOCTb B M3MEPEHUAX KOHIIEHTPAITUH YTJIEPOICOIEP-
)armmx razoB Capanyaosa [2020].

DaKTHUYeCKH, IPYU IIPOBE/IEHNN HA3EMHBIX ra30Tre0-
XUMUYECKUX UCCIIEJOBAHNN HA OObEKTaX, 3arPA3HEH-
HBIX HeTEIPOILyKTaMHU, BCET 1a HADJII0IaeTCsI BEChMA
HEOTHOPOJHOE II0JIe KOHIIEHTPAITNN U3MePsIEeMBIX Ta-
30BBIX KOMIIOHEHT C ILJIOXOi MOBTOPSEMOCTHIO U3Me-
pemnit, 9TO 3aCTABJIAET IPOBOIUTD IIOJIEBbIE PAOOTEHI
10 MAKCHUMaJILHO IIJIOTHOM CeTH HaOJIIOJCHUIA.

3.7 BuaXXHOCTH U COCTaB TPYHTOB B 30HE a3dpaIiuu

Kak cnemyer u3 puc. 2, B 30H€ aspalii COCPEIO-
TOYEHBI IyTH TPAHCIHOPTHPOBKH Ta30B: METaHa, yI-
Jekucyioro rasa (Beepx) m kucsopoga (Bau3). Cko-
poctb ux nuddy3un KOHTPOJUPYETCs BEPTUKAIb-
HBIMH TPaJIMEHTAMI KOHIIEHTPAIIUH, KOTOPHIE OYeHb
YYBCTBUTEJIbHBI K BJAKHOCTH IIOYBLL. B Mecrax
¢ HEOJIMHAKOBBIM YBJIA?KHEHHEM I'PYHTOB K03ddumu-
enTbl AudPY3un MOTYT Pa3JndaThCs Ha HECKOJILKO
HOPSIZIKOB, 9TO 3aTPYAHIAET OIEHKY ITOIO IIaPAMETPa
JIJIS KOJIMYECTBEHHBIX PACIETOB CKOPOCTH JIBUKEHUSI
rasos.

B psme umccnemosammii, mampmmep, Sauck [2000]
u Flores Orozco u dp. [2019], coobmaercs, 1To
BJIAKHOCTH TI'PYHTA CYIIECTBEHHO BJIMSET Ha BO3-
MOXKHOCTH ODHapyKeHusi HepTenpoayKTOB reodu3n-
YECKHMHI METOJAMH. B yCIOBHAX CyXOro KJIMMATa
JIeATEIbHOCTh MUKPOOPTAHU3MOB 3aMeJJIIeTCA, HO
MOBBINIAETCA KOHIEHTPAIAA BBIIEJIOYEHHBIX COJIEH,
YTO MPHUBOJUT K 3HAYUTENHHOMY CHUKEHUIO YIIE/Ib-
HOIO COIPOTHUBJIEHUs TpyHTa. B KjauMare ¢ 60JIb-
UM KOJIMIECTBEOM OCaIKOB GOJTBIIIT BepTUKATLHBII
OPHUTOK BOJABI IPHUBOJAMT K OOJILIIEMY CMENIMBAHUIO
GUIBTPATOB, W, CJIEIOBATEIHHO, MEHEE BBIPAXKEHHO-
My CHHZKEHHIO YJIEJLHOTO 3JIEKTPOCONPOTUBJICHHUS.
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Kpowme Toro, Biraxkmast mouasa O6yaeT aBaIThCS Oapbe-
POM JIJIsI BEPTUKAJILHBIX JIBUXKEHUI Ta30B. XOPOIIIHe
pe3yJIbTaThl MOT'YT IOJIYYUTHCSI IIPU YCJIOBHH, 9TO
IPYHTBI IMEIOT BIasKHOCTH oT 8% mo 10% myia kpym-
HO3EPHUCTBIX pasHoBuanocTeit u or 10% mo 15% —
JUIS MEJIKO3epHUCTBIX [Smith uw dp., 2018]. B ue-
JIOM, B KPYITHO3EPHUCTHIX TPYHTAX HAOJI0IaeTcs 60-
Jlee MHTEHCUBHOE OKWCJICHHE MeTaHa, 9eM B MEeJKO-
3epHUCTBIX [Spokas u Bogner, 2011].

Takum 06pa3oM, MPOIECCH, IPOUCXOISAIINAE B 30HE
asparuu, B OOJIBIIIEl CTEIIEHU CBS3aHbI C BBIIEICHIEM
rasa, 4TO OTPaXKaeTcsl B Pe3yJIbTaTaX ra30r€OXUMUN.
BosneiictBue 6moraza Ha pe3yabTaThl JIEKTPOPA3-
BEJIKU MOYKET 3aKJIIOYATHCS B HE3HAUUTEIHHOM yBe-
JIMYEHUHN YJI€JIBHOT'O 3JIEKTPUIECKOTO COIIPOTUBIIEHUSI
(VOC) BesiepcTBrE BBHITECHEHUS! [TOYBEHHON BJIAIH.
OpHAaKO, MOCKOJIBKY 30HA adpAld OOBITHO CJIOYKEe-
HA PA3HO3EPHUCTHIMU I'PYHTAMU, B YACTHOCTH [T€CKA~
MH, 3PDEKT TOBBIIEHHON Ta30HACKHIITIEHHOCTH PE/I-
KO BBI3BIBAET 3aMETHBII pocT conporusienust [Sauck,
2000]. Takzxke o6pa3oBaHie GHOTeHHBIX I'a30B (HAIIPH-
mep, COq9, HoS, Hy u CHy) MoxKeT BbI3bIBATH H3-
MEHEHUsI PEOJIOTHIECKUX CBONCTB 3arpA3HEHHOTO pe-
ruoHa. B cBoo odepesib, n3MEHEHUE PEOJIOIMIECKIX
CBOICTB HPHUBOJUT K IIOSIBJIEHUIO AHOMAJBHBIX (-
deKTOB B reo(pU3NIeCKUX JAHHBIX.

3.8 Kosnebanus ypoBHS I'DYHTOBBIX BOZ,

Psan uccnemoBareneit yrBepxKmaeT, 4TO erpaja-
st HeTENPOIyKTOB BOJIM3N U BBINIE YPOBHS IIOJI-
HOT'O BOJIOHACBHIIIEHNS] KOHTPOJIMPYETCS ITOBBIIIIEHIEM
U [TOHVKEHWEM YPOBHsI I'PYHTOBBIX BOJ, BCJIEJCTBUE
qero JIErkue HeTEIPOAYKThI [0 IBEPraloTCs aKTHUB-
HOMY BO3JEHCTBUIO KHUCJIOPOJA, KOTOPBIA MOCTyIIaeT
C TIOBEPXHOCTHBIME CTOKaMu. B pe3ysibrare co3maoT-
Cs1 OITHUMAJIbHBIE YCJIOBUS [IJIsi IIPOTEKAHUS MUKPO-
OUOJIOIMYECKUX PEeaKIii U, CJIeJI0BATEIHFHO, 06pa30-
BaHMsI HU3KOOMHOro duibrpara [Hanpumep, Sauck,
2000; Suthersan u dp., 2015].

Ilo ppyrum maHHBIM, OTCYTCTBUE KACIOPOIA HUAXKE
30HBI OKHCJIEHUSI METAHA W BBIIIE 30HBI PACIPOCTPa-
HeHusT HePTENPOLYKTa MOXKET MPENsITCTBOBATE TO-
My IIpoleccy, 110 KpaiiHell Mepe Ha OTIEJIbHBIX Tep-
puropusix. AJbTepHATUBHBIN MEXaHU3M 3aKJII0UAET-
¢ B TOM, UTO KOJIie0aHUsl yPOBHSI IPYHTOBBIX BOJI MO-
YT BBIMBIBATDH HAKOIJIEHHBIE MODOYHBIE MPOIYKTHI
peakuu U3 30Hbl Pa3BUTUsL HEDTEINPOLYKTOB U /UK
IIPUBHOCUTH MUKPOIJIEMEHTHI, HAIIPUMED HEKOTODBIE
metasuiel [Khan u dp., 2004].

B m106om ciiydae, m3MeHnenne ypOBHSI TPYHTOBBIX
BOJI, IIPUBOJIUT K BEPTUKAJBHOMY <«Pa3Ma3bIBAHUIO»
MMEIOIIErocs MOJUTIOTAHTA U, B CBOIO OYepeb, K U3-
MEHEHHIO CBOWCTB T'DYHTOB B IIpeJesiax 3TONH 30HBI,
YTO OTPAXKAETCs HA Te0U3NIECKUX TAHHBIX, HAIIPHU-
Mep, B BUe cHmkeHust 3Hadernit YIC [Sauck, 2000].
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3.9 CootrHomenne Jgérkux YB u Bo3ayxa B 30He
a’parum wiv BoAsl U YB B 30He mojHOrO BO-
JIOHACHIIIEHNS

Kak ormeuasioch BbIllle, B IDyHTaX, 3arpA3HEH-
HBIX HeTEIPOyKTaMM, [IPUCYTCTBYET 30HA DPa3BU-
THsT CBOOOMHON da3bl, TIe IIPOUCXOAUT CMEIICHIe
dronga ¢ Bomoit u Bo3myxoMm. B psme paboT mokazan
AHOMAJIBHBIN 3P DEKT OT 3aMeltennss BOIHON (a3bl
¥ BO3/yXa B IIOPOBOM IIPOCTPAHCTBE HA YTJIEBOJIO-
poaHyio a3y B 3arpsi3HEHHOI 30HE JJIsT «CBEXKUX»
pPA3JIMBOB, B PE3yJIbTaTe U€ro M3MEHSETCSI IJIEKTPO-
CONPOTUBJICHUE U OTHOCUTEIbHAS TUIIEKTPUICCKAS
[IPOHUIAEMOCTD, YBEJINYINBAETCH AMILUIUTY/Ia OTpa-
JKeHuit Ha pajaporpammax [Hampumep, Fiori u dp.,
2005], 9T0 0BYCIOBIEHO BBICOKOOMHBIM XapaKTEPOM
«cBexkux» Hedrepasnupos [Atekwana u Atekwana,
2010].

3aroJtHeHne YTIeBOIOPOIAME TOPOBOTO TTPOCTPAH-
CTBa UIPaeT BAaXKHYIO POJIb B OOHApy:KeHUU obJa-
creit paznauBa HeTENMPOAYKTOB. Tak, COTIACHO CTa-
tee [Johansson u dp., 2015, BBIIEIsIETCST HECKOTIBKO
THUIIOB 3AIIOJIHEHUSI JIETKUMU HepTEIPOyKTaMU I10-
POBOTO MPOCTPAHCTBA, KOTOPBIE BIUSAIOT HA WHTEH-
CHBHOCTH MeMOpaHHOl noJisgpusaiuu (puc. 4).

B mosteBBIX yeaoBUX BBIMIEYKA3aHHBIE MOIEIH MO-
I'yT COBMECTHO OTPaXKaThCsI B pe3yIbTaTax reodnsn-
qeckux ucciaesoBanuii. PaxToOpbl, CBI3AHHBIE C MEM-
OpaHHOI MoJisTpu3alineii, B 00JIbIINell cTeleHn BJIUSIOT
Ha METOJbI, U3y4alOie BLISBAHHYIO IIOJIAPU3ALUIO.

3.10 Konmenrpamus YB

Konnenrpariust yriieBogopoI0B B IPYHTaX sIBJISET-
(631 OHpe)le.HHIOIIII/IM (l)aKTOpOl\/I7 BJINAIONINM Ha 3Ha-
JeHUs Psfia PU3NIECKUX IapaMeTpPOB — HAIPUMeED,
BBI3BAHHOM moyisipu3aruu. [lpu HachIeHUU TpyH-
ToB HedTenpoaykTamu (mpumepno g0 92%) |Titov
u dp., 2004], IPOMCXOIUT TIOBBIIEHNE TOJAPAIYEMO-
CTH, & IPU JAaJbHEHIIeM YBeIUIeHNN KOHIIEHTPAIIT
— eé camkenne [Hanpumep, Schmutz u dp., 2012]. Oz-
HaKo, B ucciegopanuu [Martinho u dp., 2006] pesyib-
TaT MOJIY YUJICS IPOTUBOIIOJIOXKHBIM. 3HATECHUS TI0JIs-
PU3yeMOCTH yMeHbImmInch emé 1o 10%-ro maceime-
HUS TIMHUCTBIX TIECKOB JIETKUME HEDTEITPOTYKTAMHU.
Ho B mesiom daxT BausiHus KOHIEHTpalnn HedTe-
MIPOJIYKTOB Ha MHTEHCUBHOCTBH 3(PeKTa BHI3BAHHOMN
MIOJISIPU3AIINN TTOATBEPIK IAETCH.

B uccrenosanusix Wang u dp. [2018] mokaszano, 1ro
yBesmaenne nedrenaceimennoctn (>50%) mpusomuT
K YBEJMYCHNIO AMIUIATYABI U CHE?KEHHUIO YACTOTBI OT-
PAXKEHHOI'0 CUIHAJIA HA PAIaporpaMMmax.
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Puc. 4: KonnenryajbHbIE MOJIEIH, TOKA3BIBAIOIIIE BO3MOYKHBIE BAPDUAHTHI OCTATOYHOI'O HACBIIIEHUS JIETKAMUI
HedTEIPOYKTaMU [IOPOBOrO [IPOCTPAHCTBA B BOJOHACHINIEHHON cpene (a—d) u B 30He aspanuu. Mogennb
a: HII pacnpenensiercss B mopax B BHE M30JUPOBAHHBIX Kameab. Momens b: kammm HII 3amepxkuBatorcs
B nopax. Mogenn c: HII obpasyer menpepsiBHyio a3y B HecKoabkux mopax. Mogens d: HII mokpbiBaer
MuHepaJbHoe 3epHO. MoJiess e: co3manue 060JI0UKH BOKPYT 3aIlI0JHEHHBIX BO3/LYXOM 0P 3a CUET BHITECHEHUST

BOZIHO# (ba3bl (Bo3/1yX 0003HAUEH 3eJE8HBIM IIBETOM) [aJanTupoBaHo Ha ocHoBe Johansson u dp., 2015].

3.11 MHcrounnku HeDTEIIPOAYKTOB

Cormacuo Sauck [2000] BbLuessiiorcs ciezyronye
KATEropuu NCTOYHUKOB MOCTYILICHAA HePTEIPOIyK-
TOB B TDYHT:

1. «Todueunslit HCTOIYHUK», KOT/Ia TEXHOTEHHOE 3a-
IpsABHEHNE ITPOUCXOJUT W3 JIHUIIA pe3epByapa WIn
IO/I3eMHOTO TPYyOoIpoBoma. Takume pasjiuBbl MOTYT
OKa3bIBATh HE3HAUMTEbHOE BJIMSIHUE HA TPYHTHI 30-
HBI a9PAINY U MPAKTUIEeCKN He OyIyT HAOIIOIATHCS
B reopu3MIECKUX TOJIAX.

2. IloBepxHOCTHBIE PA3JIMBBI, KOTOPBIE OXBAaTHIBA~
0T 3HAUUTEIBHYIO IIOMIA/Ib JHEBHON IIOBEPXHOCTH.
Takoit T pa3nBOB OYIET OKA3BIBATH OOJIBIIOE BIIH-
sTHUEe Ha CBOUCTBA I'DYHTOB U 3HAYUTEJIHLHO U3MEHSTH
3HaYEHUsT (PUBUIECKUX MAPAMETPOB.

Hajmame yrieBomOpOJIOE B Te0JIOTHIECKOH cpesie
OPUBOJMT K IOSBJICHUIO HA 3arpA3HEHHOM HedTe-
HPOAYKTAMH YYACTKE AHOMAJIMI 3JEKTPOCOIPOTHB-
JIeHUsl, TA3JIeKTPHYIECKOil TPOHUIIAEMOCTH, BLI3BAH-
HOIt TOJIAPU3AIAN U E€CTECTBEHHOIO 3JIeKTPUYECKO-
ro HOTEeHIMaJa, B TOM YHCJe Ha PAHHUX CTaIAAX
3arpA3HEHHs, KaK OBbLIO ITOKA3aHO PSAIOM aBTOPOB
[DeRyck u dp., 2020]. Hanbomee wacTo mpm usyde-
HUH YTJIEBOJOPOIHOIO 3arpPs3HEHUs HCIIOJIb3YIOTCSI
MEeTOJIbI COIIPOTHUBJICHHH — BePTUKAIBHOE 3JIeKTpHIe-
ckoe 3oHaupoBanne (BO3) u ssexrporomorpadus,
UHJIyKTUBHBIE METOJILI U FEOPaIUOJIOKAIINS, KOTOPbIE
HAIEJIeHbl Ha BBIABICHUE AHOMAJMUI 3JIEKTPUIECKO-
ro conporusyienust (UM 06bLEMHOM 3JIEKTPOIPOBOI-
HOCTH) U JIN3JIEKTPUIECKOI TIPOHUIIAEMOCTH.

https://doi.org/10.2205/2023ES000831
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4 3AKJIIOYEHUE

Takum 0b6pasoM, CTEmeHb U XapaKTep OTParKeHUsT
3arpsA3HEHHOTO y9acTKa B reoU3NIECKNXK HOJISIX 3a-
BHUCSAT OT MHOXKeCTBa (hpakTopoB. [taBHbIe U3 HUX:

1. Bpems nHaxoxkjeHus HeMTEIPOIYKTOB B I'DYH-
Tax.

2. HesaTe bHOCTb MUKPOOPTaHU3MOB:
2.1. m3MeHeHHne CTPYKTYPHI MIHEDPAJIOB.
2.2. U3MeHeHUWe WOHHOI'O COCTaBa TI'PYHTOBBIX

BOJI ¥ TTIOPOBBIX (DITIOWJIOB.

3. OKuUCIUTEIBHO-BOCCTAHOBUTEIbHBIE — PEAKIIAN

B I'PYHTaX U COITYTCTBYIOIIUE ITPOIIECCHI.

4. Hajnuume NpPUIIOBEPXHOCTHBIX — HEOIHOPOIHO-
cTeil.
Temmepatypa.

DddeKrT «pazbuToro creksas.

BiraxkHOCTD U cOCTAB I'PYHTOB B 30HE adpAIlH.
Kosebanust ypoBHSI IDYHTOBBIX BO/I.
Coornomenne Jérkux YB m Bo3myxa B 30HE
a’palyy Wik Boibl U YB B 30HE HACHIIIEHUS.
10. Kounmnenrparus ¥YB.

11. Tun ncroynuka HeMTEIPOITYKTOB.

© 0o o

Ocobenno crouT 06paTUTh BHUMAHIE HA BPEMSs Ha-
XOXKJIeHUS HePTEIPOAYKTOB B I'PYHTAX, TAK KAK OT
9TOrO 3ABUCHUT CTENEHb PA3BUTHUS IPOIECCa OMOJIE-
rpajauu U, KakK CJAeJCTBHAE, U3MEHEHHUs uantde-
CKHX XapaKTepUCTUK IrpyHToB. VHpOpMaIms mo oc-
HOBHBIM (baKTOpaM, BJIUSIONUM Ha Pe3yJIbTaThl I'e0-
GU3NIECKNX W TEOXUMUIECKUX WCCIICIOBAHUM, MO-
2KeT OBITh HCIOJIb30BaHA WHTEPIPETATOPAME IIJIs
pelrenns 3329 TapaMeTPU3AINN HedTempoyKToB
B TPyHTaX COIJIACHO TeéM OCOGEHHOCTSIM, KOTOpbIE

9 of 16



VN3YYEHUE BJIUAHUA ®AKTOPOB, ONPEIEJIAIONINX PE3YJ/ILTATHI. . .

MUHTANIEBA U 1P., 2023

BCTPEYAIOTCS HA M3yYaeMbIX TEPPUTOpHUSX. Takxke,
3Hass 00 M3MEHYMBOCTH Te€X WM HHBIX (DAKTOPOB,
MOXKHO IIPEeJIyTa/iaTh BOSMOYXKHBIE PE3YJIBTATHI UCCJIE-
JIOBaHUI U 3allJIAHUPOBATH ONTUMAJIbHBIA KOMILIEKC
METOIOB.

WNuTerpanapHblit M0IX0M A1 ONTUMHI3AIIHT IIPOIIEC-
COB IIpU PEIIeHUN BOIIPOCOB HHTEPIIPETaIuu JIaH-
HBIX B psiZie pabOT OMUCHIBAETCS KaK HauboJiee Ipu-
Mmenumblit [Aaexcees u Jawko, 2016; Lnasynos u
dp., 2021; I'puezopves u dp., 2021|. PaszpabarbiBaior-
CsI HOBbIE METOIMYECKUE PEIIEHUs 110 KOMILJIEKCUPO-
BaHUIO reoU3NIECKUX METOJMIOB B IIOJIEBBIX YCJIOBU-
sx [Miller w dp., 2019], co3matoTcst HOBBIE AJIOPHUT-
MBI COBMECTHOHM HWHTEPIIPETAIINN JTAHHBIX HECKOJIb-
Kux MeTonoB [Mosuan u dp., 2022; Shestakov u dp.,
2021]. B cBoIO 0vepeph yCIenTHOe TPUMEHEHHE JTF000-
o reoPU3UIECKOr0 METO/Ia HA 3arpsa3HEHHBIX Hed-
TENPOJAYKTaAMHU YYaCTKAX JIOJ?KHO OCHOBBIBATHCS HA
MPaBUJIBHOM IIOHUMAHUE (PaKTOPOB, OIPEIEISIFOIITIX
BO3HUKHOBEHME TeOU3NIECKNX aHOMAJUi, U TOrOo,
Kakoit m3 GaKTOPOB Ha PACCMATPUBAEMOIT TEPPUTO-
pun 6yeT UrpaTh IVIABEHCTBYIOILYIO POJIb.
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To solve environmental problems in the search for hydrocarbon pollution, geophysics is often used. In
contaminated sites, knowledge of the geological structure and hydrogeological conditions, as well as
the qualitative and quantitative characteristics of pollution, is essential for risk assessment and site
remediation planning. The article discusses the influence of various factors on the formation of
anomalies detected by methods of shallow geophysics in the process of studying the pollution of the
geological environment with oil products. The main purpose of such work is the detection, contouring
and determination of the migration routes of light oil products. Understanding the processes occurring
in the subsurface space during the distribution of oil products helps to correctly compare the
variations in physical properties identified from geophysical data and the location of contaminated
areas. One of the main factors affecting the results of geophysical surveys is the residence time of oil
products in soils. The nature of geophysical anomalies changes and is a response from a complex
multifactorial environment. Also, among the factors affecting the nature of geophysical anomalies, the
following can be distinguished: the activity of microorganisms, redox reactions, the presence of
near-surface heterogeneities, temperature, signal shredding, humidity and composition of soils in the
aeration zone, fluctuations in the level of groundwater, the concentration of hydrocarbons, source of
petroleum products. The paper also describes several generalized models of the distribution of
hydrocarbon pollution, each of which can be used to solve the tasks set, and also be a useful tool for
predicting the distribution of oil products and modeling geophysical responses from a multifactorial
environment. At present, the most popular model is the “natural source zone depletion”, according to
which methanogenesis plays an important role in technogenically polluted territories, as a result of
which gases in anomalous concentrations are released from areas where hydrocarbons are processed by
microorganisms as secondary waste products of bacteria. The authors also consider a model that is
more typical for objects located on the banks of rivers or lakes. Here, the distribution model of light
oil products is subdivided into three zones (donor zone, transit zone, and secondary accumulation
zone), in which the processes of distribution and accumulation of oil products take place. Thus, a
comprehensive study of the processes occurring in soils during oil spills and the use of theoretical
models of pollutant migration can facilitate the work on the ecological study of soils contaminated
with oil products.

Keywords: light non-aqueous phase liquid (LNAPL), shallow geophysics, microbe, hydrogeology,
underground space, monitoring.
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