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OlLIeHKyY Ierpamaiiyi MUKPOTIJIaCTUKA B MOHHBIX ocamkax Mops JlanTeBbix, Mopst Yamnemia, YykoTckoro
mops U 3ai. Ilerpa Bennkoro AmnoHcKoro Mopsi u3ydajau ¢ IIOMOIIbIO paMaHOBCKOM MUKPOCIIEKTPOCKO-
U1 1 aTOMHO-CII0BOI Mukpockonuu (ACM). CteneHb aMOp(HOCTA-KPUCTATTIMIHOCTH HOJIUITUIICH-
tepedranara (IIDT) onpenensy Mo OTHOIIEHNIO MHTEHCUBHOCTe paMaHOBCKUX MO (11995 cM~!/I1j5 M),
HM3meHeHust Tonorpadur U MeXaHUIECKHUX CBOMCTB IMTOBEPXHOCTU (hparMeHTOB MOJUMepa MCCIeIOBaIN
metogamu ACM. TlokazaHo, yto aerpagauus [1DT, HaliieHHOro B JOHHBIX ocajakax Mops JlanTeBbIX, 3a-
TparuBaeT IIPEeUMYIIeCTBEHHO eTo KpHcTautmdeckyio ¢asy. AMopdHas ¢asza [19T 3arpoHyra B ropasmo
MEHBIIIEN CTeIIeHU WX He 3aTpoHyTa coBceM. Te xke uaMeHeHus (pazoBoro cocraBa rmosepxHoctu I[19T nmo-
Ka3aHbI TTOCJIe SKCITO3UIINHY TIJIaCTUKA B MOPCKOM aKBapruyMe B WUIMCTOM MecKe U3 AMYpPCKOTO 3ayinBa (3all.
Ilerpa Benukoro AnoHckoro mopst). JlanHHbie ACM neMOHCTPpUPYIOT YBEJIMYEHUE IIepOXOBATOCTU I10-
BepxHoctu 19T 1 ymeHbmeHNEe Moayiist ynpyroctu (Momynst FOHra) B oOpasiax U3 TOHHBIX ocagkoB. C
IOMOIIILI0 PAaMAHOBCKON MUKPOCIEKTPOCKOIMU TaKXKe MOKa3aHbl MPU3HAKKU Jerpanaiuu (GpparMeHTOB
newtogana u3 Mopst Yanaesia, nmomuuHmxinopuna (ITBX) n3 mops JlanteBreix 1 nmonmaTieHa (I19) u3
AMYpCKOTro 3a11Ba.

Knrouesoie crosa: MHUKPOIUIaCTUK, Aerpagalusd Ij1acTuKa, IOHHbBIC OCaAKM1, paMaHOBCKas CIICKTPOCKOIIHS,
ATOMHO-CHWJIOBasd MUKPOCKOITUA
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I[IIupokoe MpUMeHEHUE U MHTEHCUBHOE MPOU3-
BOJICTBO ILJIACTMACC IIPUBEJIO K III00aJIbHOMY 3arpsi3-
HeHMI0 MUpPOBOTO OKeaHa MOJMMEPHBEIM MYCOPOM.
ITonaBiive B oKeaH IUIACTMKOBBIE OTXOMAbI ITOCTE-
IICHHO YMEHBIIAIOTCS B pa3Mepe I101 BO3IeCTBUEM
abMOTHUYECKUX U OMOTUYECKUX (PaKTOPOB CPe/ibl, UTO
MIPUBOIUT K YBEJIIMYCHUIO YMCJIa MUKPOYACTHUIL pa3-
MEpPOM MeHee 5 MM, KOTOpPbIe-JIETKO TOTPeOIsIOTCS
TUAPOOMOHTAMU U HAHOCSIT MM ITOKA HE BIIOJIHE OlIe-
HeHHEBIN Bpen (Browne et al., 2011; Cedervall et al.,
2012; Lusher et al., 2015; Trevail et al., 2015; Auta
etal., 2017; Bergmann et al., 2017; Hermabessiere
et al., 2017; Peeken et al., 2018; Haegerbacumer et al.,
2019; Kane et al., 2020; Zhang et al., 2020). UcTtounu-
KOM MMKPOIUIACTHKA €Ille JOJIToe BpeMs OyoyT OCTa-
BaTbCsl KPYIHBIE (PparMeHThI MJ1aCTUKA WIN U3IEINS
W3 HEero, IMOCTEeIIEHHO Aerpanupysl B cpede U IIpen-
CTaBJIsISI JOJITOCPOUYHYIO YIPO3Y JJIsI SKMBBIX OpTraHU3-
MOB 1 4YeJIOBeKa M3-3a MepeHoca MO MUILIECBBIM 11e-
mssM. K ToMy XXe HaHO- ¥ MUKPOYACTUILIBLI TIJIACTUKA
MOTYT aICOPOMPOBATh XUMMYECKHE COSAUHEHU ST, KO-

TOpbIe, KOHILEHTPUPYSICh, IIPEACTABISIIOT OCOOYIO
onacHocTb (Hirai et al., 2011; Webb et al., 2013).

B 2018 r. u3 npousBeneHHbIX 359 MJIH T IJIacTUKa
no 14.5 miaH T moctynuiio B okeaH (Wayman, Nie-
mann, 2021). Pe3ynbTaTtsl MOaeIUpOBaHUS MOKAa3bl-
BalOT, UYTO, IPH YCJIOBUH NTPEKPaIeHUS 3aTpsI3HEHUS
OKeaHa, ITOYTU BeCh IJIACTUK, YK€ UMEIOIIUIACS B ITO-
BEPXHOCTHBIX BOJAX, B TE€YEHUE TPeX JIET OKaxKeTCs
Ha mHe BeitenctBue ocemanus (Koelmans et al., 2017).
Ilo oTOi1 MpuYMHE BOIMPOC pa3pyllieHUs MoJuMepa
WMEHHO B JOHHBIX OcCaJKaX M Ha MX ITOBEPXHOCTHU
BBIXOIUT Ha IIEPBOE MECTO MPH OLICHKE CITOCOOHOCTH
MOPCKHUX 3KOCHCTEM HeHTpalin30BaTh €ro BIUSHUE.
IMoMuMo paspylIeHusT TJIacTUKa IIoA AeHCTBUEM
abUOTHYEeCKUX (PAKTOPOB cpedbl, MeHUCTBYIOIINX Ha
TMOBEPXHOCTU M B TOJIIIE BOMIBI (CBET, KUCIOPOM), B
MOHHBIX OCaJKaX 3TO MOXET IMPOUCXOOUTH MyTeM
ounonerpamanuu (Harrison et al., 2011; Auta, Emenike,
2017; Lwanga et al., 2018). ITocnenHee naetT ocHoBa-
HYe HaJesIThCs, UYTO MPOLIECC pa3pylIeHUs MIacTUKa
B MOPCKHUX 3KOCHCTEMaX MOXKET ObITh 3(p(peKTUBHEE,
YeM MPUHSITO CYUTATD.
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Taomuna 1. KooparHaTel MecT B3SITUS TIPOO JOHHBIX OCAIKOB

Ne cranumm Jata HlIupora Jonrora I'myouna, m Opynue oToopa
Mope JlanteBbIiX
6058 12.10.2018 76°23.76 N 126°25.14 E 52 Boxkckopep
6065 13.10.2018 77°6.18 N 126°25.44 E 251 Bokckopep
YykoTckoe Mope
4 19.09.2016 70°53.58 N 179°54.72 W 10 JHouepraTenb
6 19.09.2016 70°31.00 N 177°26.00 W 50 JHouepraTenb
14 23.09.2016 69°54.02 N 171°09.46 W 44 JHOoYepmaTeib
17 25.09.2016 67°25.70 N 169°36.80 W 50 JHouepmaTens
18 25.09.2016 67°30.99 N 171°21.80 W 48 JHouepmarTeib
20 26.09.2016 67°32.44 N 173°36.72 W 42 JHoyepnareib
SlmoHckoe Mope
1 18.02.2016 43°11.99 N 131°54.90 E 6 Tpy6ka
2 18.02.2016 43°12.01 N 131°54.90 E 7 TpyGka
3 18.02.2016 43°12.04 N 131°54.73 E 7.5 TpyGka
4 18.08.2020 43°12.01 N 131°54.90 E 7 [HouepraTenb

Llenp HacTosIIEN pabOTHI — OLIEHKA Aerpamaluu
IUIAaCTMKA B MOPCKMX JIOHHBIX OcCajJKax KakK B €CTe-
CTBEHHBIX, TaK U B DKCIIEPUMEHTAILHBIX YCIOBUSIX.

MATEPUAJI U METOAMKA

B uensix oOHapyXeHUsI IJIaCTUKA WCCIEOOBAIU
MPOOBI JOHHBIX OCATKOB, COOpaHHbBIE C Pa3HbIMU 11e-
Jsmu B akcnenuiusix HUC “AkaneMuk MctuciaB
Kennpin” B Mope JlanTeBbIx U B MOpe Yamueiuia,
HUNC “Axkamemuk OmnapuH” B YykoTcKoM Mope, a
Takke B AMypckoM 3aiuBe (3ai. Ilerpa Benukoro
Anonckoro Mopst). KoopauHaTel MecT 1 1aThl OTOO-
pa npo0 JOHHBIX OCAAKOB JAaHbI B Ta0. 1.

ITpo6rs1 u3 Mopst JlanteBbix (2), YyKOTCKOro Mopst
(6), mopst Yannemna (4) u u3 AMypcKoro 3ainmBa (4)
o6beMoM oT 120 mo 1000 cm® mpombiBanu uepes
cTajabHOE cUTO ¢ pazMepoMm ssuen 0.3 MM, o6padaThI-
BaJIi B COOTBETCTBUH C TIPOIIEAYPOIT pa3mesieHrs Jya-
CTHII C TOMOIIIbIO PACTBOPA XJIOPUCTOTO LIMHKA MJIOT-
HocThio 1.7 r/cm® (Zobkov, Esiukova, 2017). ®pak-
U0 DOHHOTO ocadka pasMmepoM Oosee 0.3 MM
MoMenlaad B CTEKJISTHHbIE TIPOOMPKU U CTaKaHbI U
3aJIMBAJIM PACTBOPOM XJIOPUCTOTO LIMHKA OOBEMOM,
npepbimapiiuM B 8—10 pa3 o0beM 3anuBaeMoit
dpakmum. YacTuirsl, oka3aBITrecs Ha TOBEPXHOCTH,
pacrno3HaBaJlu BU3yaJIbHO C TIOMOIIbIO OTITUYECKOTO
MUKpocKora. Te U3 HUX, KOTOpPbIe UMEIN IIPU3HAKKN
MCKYCCTBEHHOTO IIPOMCXOXIEHUsI, OTOMpaan st
JNajbHeuIei uaeHTuuKaluum MEeTOOOM paMaHOB-
CKOIf MUKPOCITEKTPOCKOITHH.

B aBrycre 2019 r. mjist ucciaenqoBaHus Aerpanaliuu
MoU3TUIeHTepedTazaTa B JOHHBIX OCagKaX B 3KC-
MEePUMEHTAJIBHBIX YCIOBUSIX HECKOJBKO CTaHAAPT-
HBIX OyTHUTOK 13 [1DT o6beMoM 1.5 ;1 ObLIM 3aroiTHeE -

BUOJIOTHS MOPS Ne 4

TOM 49 2023

HbI MOPCKOIi BOJIO# M HANIOJIOBUHY MOTPYKEHBI B HA-
TypaJlbHbIi1 WMJIUCTO-TIECYAHBbIA MOPCKOW TPYHT B
IMPOTOYHOM MOpCKOM akBapuyMe. B deBpasne 2020 r.
onHa OyThUIKa OblJIa U3BJIEUEHAa, OTMbITA OT I'PyHTa U
vcclieNoBaHa METOIOM PaMaHOBCKONW MUKPOCTEK-
TPOCKOIIMU TaK e, KaK W HalileHHble B TOHHBIX
ocajikax (pparMeHThI M1acTUKa.

PamaHoBcKue CrieKTpbl (CIEKTPbl KOMOWHAIIM-
OHHOIO pacCessHUsI) ITOJIydaJd C IOMOIIbIO pama-
HOBCKOTO MUKpOCKOITa-criekrpomeTpa Renishaw In-
Via Reflex (Renishaw, AHIUSI), 00bEAMHEHHOTO C
YHUBEpCaAJIbHBIM MUKpockornoM Leica DM 2500M
(Leica Microsystems, I'epmanus). st BO30yKaeHMsI
HUCNOJIL30BaIU JUOMHBIN J1azep 532 HM MpPU MOIIIHO-
CTH Ha ypoBHe o0bekTa 1.0 MBT 1 BpeMeHU 3KCITo31-
o 0.1 ¢ B 100 moBTOpax. JIazepHoe mITHO TUaMeT-
poM okosio 1.65 MKM Ha oOpasue (GopMUPOBAIOCH
o0bekTuBOM %20, NA = 0.5 (Leica). YToObBI OoCTUYD
MUHMMAaJIbHOTO PaMaHOBCKOTO 1 (hJIyOpeCILIEHTHOIO
¢doHa, 0Opa3libl IJIACTHKA TTOMEIAJIM Ha aTIOMUHHE -
BYIO ITOIJIOXKKY.

s onpeneneHnsT MUKpOMEXaHUYECKUX Xapak-
TePUCTUK TIACTUKA MCITOJb30BaH aTOMHO-CUJIOBOI
mukpockor BioScope Catalyst (Bruker, CIIIA) B co-
YEeTaHUU C UHBEPTUPOBAHHBIM MUKPOCKOIIOM AXiO-
Vert 200 (Carl Zeiss, I'epmanust). M3o06paxkeHue mo-
JiydaJii B TIOJYKOHTaKTHOM pexuMme Scan Asyst
mode. /I8 KOHTPOJISI OTCYTCTBUSI pa3pylleHUs 00-
pasua npyu CKaHUPOBAHUU BEIOOPOYHO HCITOJb30Ba-
JIU MOJTyOeCKOHTAKTHBIN pexkxuM. [lpumMeHsiiu KaH-
tuneBepbl RTESPA (k: 20—80 H/wMm, f;: 318—333 xI1n)
u TAP 525 (k: 100—200 H/m, f;: 534—572 xI)
(Bruker, CIIIA). st onipeneieHusT MOIYJIsl yIPyToO-
cTH, nedpopMaliuu, aare3nuu UCIojb30Bajiv pa3pado-
TaHHBINA pupMoit Bruker pexkuM HaHOMEeXaHUYIECKO-
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Puc. 1. [1Ipumep nnentudukanmonHoro ananu3sa [19T: (a) — moBepXxHOCTH 06pa3iia moJMMepa B IafgarolieM cBeTe (Touka c6o-
pa JaHHBIX HAXOIUTCS B IEPEKPECTUM OIITUYECKOTO Ipuliesia); (0) — paMaHOBCKUeE CrieKTphl moBepxHocTu I1DT. 1 — cniekTp 3Ta-
sioHHoro [19T, 2 — ycpenHeHHbIi criekTp 1o § Toukam dparmenta [19T u3 nonHoit npo6el u3 mops Jlantesbix. Ha BctaBke —
YBEJIMYEHHBIN (hparMeHT OTMEUEHHBIX MPSIMOYTOJIBHUKOM 00JIaCTei CIeKTPOB ISl ONpee/ieHUs] KpUCTATMYHOCTH oOpasua

9T 1o momam 1095 em~ /1115 em™ L.

ro kaptupoBaHust (PFQNM). Ilepen KaxXabiM MUK-
pOMEXaHWYEeCKMM KapTUPOBAaHUEM HWCCIEAYEeMOIO
oOpa3ia IIPOBOIIM KaTMOPOBKY JaTdynKa (KaHTUJIe-
Bepa) 10 ONOPHBIM MaTepuaiaM — 3TajioHaMm Bruker
C M3BECTHLIMM MEXaHUYECKHMMU CBOWCTBaMU MO-
BEPXHOCTHU: YYBCTBUTEIBHOCTH K OTKJIOHEHUIO IO
Jieiikocarnupy, MOAY/IIO YIIPYTOCTU MO MOJIUCTUPO-
ay (ITC, 2.7 I'Tla) 1 BBICOKOOPUEHTUPOBAHHOMY U -
ponmutudeckomy rpacdury (BOIII, 18 I'Tla). Kpome
TOTO, UBMEPSIU PAUYC CKPYTJICHUS KOHUMKA UTJIbI
KaHTUWJIEBEPA Ha CIIELUAJIbHOU TECTOBOM IJIACTUHE C
MOKPBHITHEM M3 OKcHIa TuTaHa. ITonydyeHHbie Kanuo-
POBOYHBIE NaHHBIE MCIIOJb30BAIMCH IMPOTrpaMMOii
NanoScope v8.10 (Bruker) mist pacyeTa MCTUHHOM
KOHCTAHTHI YIIPYTOCTU KaHTWJIEBEPA TIPU OTIpeaeIie-
Huu Momyiss lOHra u mocTpoeHus1 M300pakeHus
00beKTa B MUKPOMEXaHUYECKUX BeJInunHax (aedop-
Manus yIpyrocTu, aare3us). /Iis ollieHKH IIepoxo-
BaTOCTU TTOBEPXHOCTU MpUMEHsUIA onuuio Rough-
ness M3 nporpaMmHoro mnaketra BioScope Catalyst
(Bruker, CIITA). ITockonsky meTonm PFQNM mo3Bo-
JISIST TIOJTyYaTh N300pakeHUsI 00beKTa B MUKpPOMEXa-
HUYECKUX BeJIMYUHAX (aare3usi, MOIyJb YIIPYyrocTu,
nedopmanys), IJIsi OLIEHKM TaKUX JaHHBIX ITpUMe-
HuMa Ta ke onuus Roughness.

PE3VJIBTATDBI

B nByx mmpo6ax DOHHBIX OcagKoB U3 Mops Jlamre-
BBIX OBbLIO OOHApPYKEeHO 8 (h)parMeHTOB IUIACTUKA pa3-
MepoM OT 1.8 X 2 mo 2.5 X 4 MM, U3 KOTOPBIX 4 —
19T, 3 — IIBX 1 HeCKOJIbKO (PparMeHTOB BOJTOKOH
mmHoi oT 0.5 1o 4 mM. Pe3ynbraThl McCIe1OBaHUS
BOJIOKOH, MIEHTU(PUIMPOBAHHBLIX KaK BUCKO3a, B
JTaHHOM MCCJICIOBAaHUM He MpencTaBicHbl. B mpodax

U3 Mops Yamaesia obHapyXeHa OolHa TJIacTUKOBAasl
yacTula pasMepom 2 X 2.5 MM, oKazaBlIasicsl ppar-
MeHTOM HesutodaHa. B mpobax 13 AMypcKoro 3aimBa
OOHapyXeH OfuH (pparMeHT nojuaTwiIeHa (2 X 3 MM).
B nnpo6ax 13 YykoTcKoro Mopsi IiacTUK He OOHapyXKeH.

PesynbraT nupeHTU(OUKAITMOHHOTO aHaIm3a par-
MEHTa IJIacTHKa U3 Mopst JIanTeBbIX moKa3aH Ha puc. 1.
CooTBeTcTBUE TMMKOB clieKTpa 3tajoHHoro 9T n
HMCCIIEAYyeMOTO TIACTUKA YKa3bIBaeT Ha ero mpuHa-
JnexxHocTh K [1OT.

OCHOBHBIMU XapaKTepPUCTUUECKUMU TI0JJOCaMU
pamaH-cnekTtpa I[19T, KoTophle MCIIONB3YIOTCS IS
YCTaHOBJICHUS AeTpanaiiu, sIBJIsSIeTCs TpyIIna Mojoc
npu 1115, 1094 1 998 cm~!. g oLeHKHM U3MEHEHUIA
kpuctayymmyHocTy 13T B 3T0M padboTe UCIOIb30BAIN
OTHOILIEHHE MHTeHCUBHOCTeH mom 1094 m 1115 cm!
[L994/11115] (Adar, Noether, 1985; Lippert et al., 1993).
Ha yBennueHHoM ¢parmeHTe Ha puc. 1 B cHeKTpe
atajoHHoro IIOT (1) BumHO mpeobiagaHUE MOIbI
1095 nan 1115 cm~!'. OTHOlLIEHWE WHTEHCHBHOCTEM
Mo lyg9s cM~!/I}y5 M~ = 1.42, T.e. Gonbire 1, 9yro
CBUIETEJIBCTBYET O TpeodiamaHuu KpuCTaJInJe-
ckoil paspl. OTHOIlIEHWEe MHTEHCUBHOCTEN pernep-
HBIX MOI I59s cM~!/T;;;5 ecM~! = 0.83 (MeHbie 1) B
CMEeKTpe 2 TOBOPUT O mpeodiianaHuu amopdHoi da-
36l MCCeayeMoro obpasiia, 9To SBJISIETCS IpU3Ha-
KOM JleTpafaliiu.

PamMaHoBcKMe CIIEKTpHI IUIACTUKA, STAJIOHHOTO U
SKCITOHMPOBAHHOTO B IOHHBIX OCaaKax B TeYeHHE 6 Mec
B IIPOTOYHOM aKBapuyMe, ITOKa3aHbI Ha puc. 2. 30ech
YeTKO BUIHO, YTO CIIEKTPHI 3TAJIOHHOTO 1j1actuka (1)
U BKCMIEPUMEHTAIBLHOTO MJIaCTUKA, HAaXOAUBILIETOCS
B HECKOJIBKMX CaHTUMeTpax (2—3 cM) Hax TpyHTOM (2),
MPaKTUIECKN COBITAIAIOT, 1 B HUX OTHOIIIEHWE MH-

BHUOJIOTHSI MOPSI Ne 4

TOM 49 2023



OLEHKA JETPAIJALIMN MUKPOITJTACTUKA

Yucio OTCYETOB, OTH. €.

239

1613

1816

o

1
1000
PamaHoBCKMIT cBUT, CM ™

1

Puc. 2. PamanoBckue ciekTpsl moBepxHocTy [1DT (ctaHmapTHast OyThuTKa eMKOCTBIO 1.5 JT) 4aCTUYHO MOTPYKEHHOTO B TPYHT
IO ¥ TIOCJIE LLIECTH MEeCSILIEB OKCIO3MLIMM B akBapuyme. Ha BcTaBke mpencTaBiieH yBeJIMUeHHbIH (hparMeHT crekrpa ¢ penep-
HBIMU MOJIAMM, UCITOJIb3yEMbIMM JJIsI OLEHKU KPUCTAUIMYHOCTU TTostuMepa — 1095 u 1119 em™ . CuHsist KpuBasi (1) v 3eneHast
KpuBas (2) — CIEKTPHI STAJIOHHOTO U dKCIepuMeHTarbHoro 19T, HaxomuBIIerocst Haa TpyHTOM, COOTBETCTBeHHO. KpacHast
kpuBas (3) — criektp [19T, sKcmoHUPOBaHHOTO Ha 'paHULIe pa3aesia F[PyHT—BOJA.

TeHcUBHOCTER Mon 1,095 cM~'/1;;;5 cM~! Gonbiie 1.
B 10 ke BpeMsl crieKTp 4acTH TUIaCTMKA, HAXOAUBIIETOCs
Ha TpaHHulIe pas3nena ITpyHT—Boma (3), xapakrepusyeTcs
OTHOILIEHUEM MHTEHCUBHOCTENR MOI I1g9s cM ™! /1j;s cM ™!
(Mmenb1Ie 1), Kak u B ciay4dae ¢ pparmerntamu [19T u3
Mopst JlanteBbix. ClienoBaTeabHO, (ha30BbIe U3MEHE-
Husg 19T B cropoHy mpeobnamaHus aMOp(GHOCTU
MPOU3O0NLIN Ha TPaHUIIE BOJA—TPYHT.

Pesynbratel ACM moBepxHoctu IIOT m3 mops
JlanTeBbIX MOKa3aaud €€ CYILIECTBEHHYIO IIepOXOBa-
TOCTb 10 CpaBHEHUIO ¢ KOHTpoabHLIM I1DT (puc. 3).
IlIepoxoBatocTh 10 Iporpamme Roughness (criek-
TpajibHasl CpeIHEeKBaApaTUYHAas aMILJINTYy1a) paBHSI-
nmach 3541—-3698 HM u 61—135 HM COOTBETCTBEHHO
(puc. 3a, 30). g xaxmoro oOpa3slia JTaHBI 110 ABE
udpkel 1Mo AByM cekyiuum (puc. 3al, 361). Momynb
YIOPYrOCTH y “HOHHOIO” IwiacTika u'y “cexero” I1OT
Takke cuiibHO oTindanuch — 1.0 £ 0.1 I'Tla (N=8) u
1.7 £ 0.08 I'TIa (N = 11) coorBeTcTBeHHO. Paznuuus
CUUTAJIMCh JOoCTOBepHbIMU pu p < 0.01.

Ha puc. 4 noka3zaHbl paMaHOBCKME CIIEKTpPHI I10-
BepxHocTu pparmeHTa IIBX, o6HapykeHHOTO B IIpO-
0ax MOHHBIX OCamKOB U3 Mops JlamreBoix. Ctpenka-
MM OTMEYEeHBI MUKHU TOJUEHOB B CIIEKTpaxX pa3HbIX
Touek parmenTa (4, 5, 6), XxapakTepHbIe sl Terpa-
mupytoiero [TBX (Kuznetsov et al., 2021; Al-Dossary
etal., 2010), oTIMyaIIie UX OT 3TAJIOHHOTO CIIEKTpa
IIBX (1). OrcyrcrBue nukos 841, 964, 1002 cm~! B
CIIEKTpaX BCEX MCCICAOBAHHBIX TOYeK (parMeHTa
TaK:Ke OTJIMYAET €TI0 OT 3TAJIOHHOTO.

B moHHBIX mpo6ax 13 AMYypCKOro 3ajiuBa OOHapy-
KeH pparMeHT MoJIM3TUIEHa, U3BMEHEHNST KOTOPOTO,

BUOJOTUA MOPA  TtoM49 Ned4 2023

II0 CPAaBHEHUIO C 3TAJIOHHBIM cHeKTpoM (1), sIBHO
BUIHBI HA paMaHOBCKUX crnekTpax (2, 3, 4) pa3HbIX
Touek pparmMeHTa (puc. 5). Hanuuue nuka B obyactu
1525 cM~! B criekTpax 2 1 4 1 OTCYTCTBUE TIUKA B 00-
nactu 1171 em~! B criektpax 2, 3 u 4 BMecTe ¢ U3MEHe-
HUSIMU COOTHOILLIEHUSI UHTEHCUBHOCTEM B IPYTrUX 00-
JIACTSIX CIIEKTPOB TOBOPUT 00 M3MEHEHMSIX IIOBEPX-
HOCTHU IIOJIM3TUJIEHA, KOTOpble MOXHO TPaKTOBaTh
Kak Jaerpagaliuio.

B ocanmkax mopst Yamumenna oOHapyXeH €IWH-
CTBEHHBIN (parMeHT IIIacTuKa, PaMaHOBCKMIit
CIIEKTP KOTOpPOTO OJIM30K K CIIEKTpY lieJutodaHa I1o
psIy pernepHbIX Moz, (puc. 6).

OBCYXIEHHNE

HUccnengoBanHbie 00pa3iibl IUIACTUKA, HAICHHBIC
Ha JHE MOpeii, IpeACcTaBJIeHbl He TOJbLKO BUIAMMU C
IJIOTHOCTHIO BBILIE, YeM Y MOPCKOM Boabl, — I1BX,
I19T, uemwtodan, HO u O6oyiee JIETKUMM, TAKUMU KaK
noauaTuieH. Eciv nonmycTUTh, 4TO pa3Hbie BUIBI
MJIaCTUKa IIOIAamaloT B OKeaH HPOIOPLMOHAILHO
MPOU3BOAUMBIM 00BbEMaM M COXPAHSIOT IUIaBYYECTh,
TO OKOJIO TIOJIOBMHBI IOJKHO OCeaTh HA JHO, a BTO-
pasi II0JIOBUHA — IIJIaBaTh Ha TOBEPXHOCTU B COOTBET-
CTBMHU C MJIOTHOCTHIO MO OTHOIIEHMIO K IJIOTHOCTU
MOpPCKOii Boapbl. OQHAKO Ha CKOIUICHMS Ha IOBEpX-
HOCTU MOPSI NPUXOOAUTCI IMPUMEpPHO Juinb 1% ot
MpPEearnojaaraéMoro ro0aabHOTO0 MOPCKOIO ILJIACTH-
KOBOTO 3arpsi3HeHusI. bobllias yacTh HEJOCTAIOIINX
99% mnnacTuka noramgaeT B Mopckue nryouHbl (Koel-
mans et al., 2017; Barrett et al., 2020; Kane et al.,
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100 mxmM. (al), (61) — mpoduau MOBEepXHOCTH 0OPA3IIOB BAOJb CEKYIIUX JIMHUI, 0003HAYEHHBIX CHHUM 1 KPACHBIM IIBETOM Ha
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2020). I[To-BugmMoMy, 3TO CBSI3aHO C TeM, YTO JIETKIE
IUTAaCTUKY 00pacTaloT MUKPOOpPraHM3MaMu, MOIJIo-
IAIOTCS TUAPOOUOHTAMMU U TEPSIIOT IIaBy4YeCTh. DTO
TPYAHO KOJUYECTBEHHO OLIEHUTh, HO JIOTUYHO Mpe/-
MOJIOXKUTh, YTO JIIOOOI TJIACTMK B KOHIIE KOHIIOB
JIOJKEH 0Ka3aThCsl Ha JHE, €C/U He ycren Aerpaau-
pOBaTh B TOJILLIE BOJBI U HA €€ IIOBEPXHOCTH A0 CTETICHU
JIETYYUX WK paCTBOPUMBIX coeMUHEeHU . IMEeHHO To-
9TOMY MCCJIEAOBaHUS TIPOIIECCOB TpaHchopMaium
IUIaCTMKa B JOHHBIX OCagKaxX M ITOTEHIMATbLHOMN
OIMACHOCTH MPOAYKTOB €T0 pacrnaia Jijisl XKUBOTHBIX U
YyeJoBeKa ITPEICTABISIIOTCS 0oJjiee BaXKHBIMHU, YeM
W3y4yeHue pacrpenesieHns TIacTuka B okeaHe. Pac-

npeaejaeHe MakKporuiacTika (>5 MM) ¥ MUKpOTILIa-
ctuka (335 MKM—5 MM) He MOXET OBITb aJIeKBaTHO
M3MEPEHO C TTOMOIIbIO JOCTYITHBIX B HACTOSIIIIEE Bpe-
MsT MeTonoB. KpoMe Toro, mIs TUTACTUKOBBIX YaCTHIT
pa3smepom MeHee 0.335 MM ITOKa He CyIIeCTBYET CIIO-
CcO0OOB CHUCTEMAaTUYECKOI OLIEHKU UX MAacCOBOTO pac-
npeneneHus B okeane (Koelmans et al., 2017).

Ilpy usyyeHuu perpagauvu W Ouoderpagalvu
IUIACTUKA BaXXHBIM BOIIPOCOM SIBJISICTCSI OIIpeiesie-
HUE ee MPU3HAKOB U KpUTepHeB oliecHKU. Pa3Hble nc-
clieoBaTeM MOAXOASAT K 3TOMY BOIPOCY MO-pa3HO-
My. HekoTopbie aBTOpPBI OTCIEKMBAIOT Ierpagaluio,
pPEerucTpUpys MOTEPIO MAaCChl MUKPOILIACTUKA U Xa-

BHUOJIOTHSI MOPSI Ne 4
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Yucno OTCYETOB, OTH. €.

PamaHOBCKMI CIBUT, CM ™~

Puc. 4. PamanoBckue criektpel mnoBepxHoctu [1BX.
CrpenkaMu TMOKa3aHbl MUKW TOJHMEHOB, XapaKTepHbIE
mist nerpamupytomero II1BX. 1 — 2TajJoHHBINA CHEKTp
TIBX; 2, 3, 4, 5, 6 — crieKTpbl pa3HbIX TOYEK (hparMeHTa
IMNBX.

pakTep pocTa MMKPOOPraHW3MOB B MUHEPUTLHON
cpelie uiau olleHuBast MOpGhoJIoTnIecKre U CTPyKTyp-
Hble U3MEHEHUS TIJIaCTUKa C TMOMOIIbIO CKAHUPYIO-
e BJIEKTPOHHOW MUKPOCKONUY U MH(PpaKpaCHOMN
crekTpockoruu (Auta et al., 2017). Ipyrue onieHuBa-
0T OMoAerpagalvio Mo U3MEHEHUIO MOJIEKYJISIPHOM
Mmaccel miaactuka (Zhang et al., 2020). IIpusHaBas
JIFOObIE CIMOCOOBI OOBEKTUBHOTO KOHTPOJISI, aBTOPbI
HacToslileid paboThl MojaraloT, YTO UBMEHEHUST XU-
MHUYECKOTO COCTaBa M MEXaHUYECKUX XapaKTEPUCTUK
MUKPOILIaCTUKA SIBJISIIOTCS Haubosiee 3HAYMMbIMU
TIpM OLIEHKE JIerpagaiiy BOOOIIe M Onoaerpagaliiy B
YaCTHOCTH.

Io >Toi MpuYrHE HaMM OB BRIOPAHBI METOIHI,
MTO3BOJISIIONINE OLIEHUTh M3MEHEHUs Tororpacduu u
MEXaHUUECKUX CBOICTB ITOBEPXHOCTU ILJIACTUKOBBIX
YaCTHII, a TAKKE XUMUIECKOI CTPYKTYPBI, OTPpasKeHHOM
B PAMaHOBCKHX CIIEKTPax HEYIIPYTOoro pacCesTHUS.

Kak mokazaTtenb M3MEHEHUS KPUCTATJIUYHOCTHU
II9T ™Mbl KUCTIONB30BAIIM OTHOIIIEHUS UHTEHCUBHO-
creii mexnmy mnonocamu npu 1094 u 1115 cm™!
(Iip9a/11115), KOTOPBIE IPEACTABIISIIOT OTHOCUTENIBHYIO
KOHILIEHTPALIMIO TPaHCIIMKOJEBbIX KOH(MOPMEpPOB
(Fechine et al., 2002; Lin et al., 2016). I1o Hammm
JIAaHHBIM, YMEHbIIIEHUE JTOJIM KPUCTALTMYECKOM (ha3bl
MOIMMEPA, OTIPEESISIEMOE O YMEHBIIICHIIO COOTHOLLICHMS
MHTEHCUBHOCTel pertepHbIX Mot (Ijges cM /15 eM™!), —
BEpHBIIi MpU3HAK Hayaja Jerpagalydu MaTepuaia.
To, uto paspyireHne oopasnos [19T xapakrepusyercs
YMEHBIIIEHWEM UX KPUCTAUIMYHOCTU, MOKA3aHO 10
pesyJibTaTaM WCCAeOOBaHUS U IUIACTMKA U3 MODPS
JlanteBhIx (puc. 1), u IJIacTHKA, BBIAEPKAHHOTO B
yCJIOBUSIX akBapuyma (puc. 2). DTO COOTBETCTBYET
paHHbIM JIuH ¢ coaBropamu (Lin et al., 2016) moka-
3aBIIIMMM, YTO OOJiee HU3KOE OTHOIIEHUE WHTEHCUB-
HOCTHU I}y94/1;;;5 OOBIUHO COOTBETCTBYET OOJIee HU3KOM
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Puc. 5. PamaHoBcKue CIEKTpbI IOBEPXHOCTU (hparMeHTa
I1D: 1 — PTaJOHHBII CIIEKTp IIOJMATWIICeHA; 2, 3, 4 —
CIEKTPBl pa3HbIX Touek ¢parmeHTta [1D u3z Amypckoro
3aynuBa (3aj. [lerpa Benukoro SImoHckoro Mops).

KpUCTAIMYHOCTU. [TogoOHBIe pe3yabTaThl MOIyde-
Hbl U APYIMMHU aBTOpaMu, KOTOpbie OOHApYXWJIH,
yTO oTHOWEHUE [,)94/1;;;5 YMEHBIIAETCS OT 0OBEMA K
OTKphITO ToBepxHOocTU IIDT BO BHEUIHEM clloe.
DTO IO3BOJISIET MPEAIOJI0XKUTh, UYTO KPUCTAIAY-
HocTh 19T BOMM3M MOBEPXHOCTH CTAHOBUTCST HIKE
nociie crapeHus (Fechine et al., 2002; Planes et al.,
2014). WMHTepecHO, UTO WU3MEHEHUSI TTOBEPXHOCTU
IJ1aCTHUKA, CBSI3aHbIC C U3MEHEHNEM KPHUCTAJUTAYHO-
ctu II19T B akBapuaJibHbBIX YCJIOBUSIX, HAOII01aIUCh
Ha IrpaHulie TpyHT—Boaa. Hag moBepXHOCTHIO IpyHTa
u3sMeHeHN B (pa3oBoM cocTaBe moBepxHocTu [1DT
He 3apuKcupoBaHo (puc. 2).

CTOUT OTMETUTh, YTO YMEHbIIIEHE KPUCTALINY-
Hoctu 19T co BpeMeHeM coracyeTcss He CO BCEMU
onyOJIMKOBAaHHBIMU pe3yiabraTaMu. ECTb naHHBIE,
yto ouonerpanauus [1DT xapakrepusyeTcss U3MEHE -
HUeM (a30BOro CocTaBa IUIACTUKA B CTOPOHY YBEJIM-
YeHUsI ero KpUCTAUTMIHOCTH, T.e. aMopdHas ¢as3a
I19T nporpeccuBHO yMEHbIIAeTCsl MO ACHCTBUEM
OakTepualibHbIX (epMEHTOB (3CTepasbl, JIWIIA3HI,
I19Ta3zsr) (Webb et al., 2013; Danso et al., 2018; Hira-
ga et al., 2019). Pe3ynbTaThl MccaenoBaHUs IUIACTUKA
METOJAaMM aTOMHO-CUJIOBOII MUKPOCKOIIMM IIO-
TBEPKIAIOT HAIIM BBIBOJBI O TIPeo0IaTaHu aMop(d-
HOIi ba3bl B AerpaaupymolleM ractTuke. Momyib
IOnra y ruractuka u3 mopst JlanreBeix HIKE, YEM Y
ceexero 19T (1.1 u 1.7 I'Tla cooTrBeTcTBeHHO). Tak-
ke mnoBepxHocTb [IBT wu3 mopsa JlanTeBbIX IO
CPaBHEHUIO C IIOBEPXHOCTHIO 3TAJIOHHOTO MOJIUATU-
JIeHTepedTanaTa OTIMYaeTCsl CyIIeCTBEHHOM IIepo-
xoBatocThlo (puc. 3). Btu nanHbie ACM cBUaETEb-
CTBYIOT B MOJb3y CYIIECTBEHHON nerpagalluy ITIO-
BEPXHOCTH Y IUIACTUKA U3 JOHHBIX OCAIKOB IIPUTOM,
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Mozbl LejimodaHa.

YTO Ha IITyOMHE UCKITIOYEHO BIIMSTHUE YIBTpadroie-
TOBOTO U3JTyYEHUsI, a MITKUE TPYHTHI U cadast Tui-
poavHaAMMWKa He CIIOCOOCTBYIOT MEXaHUYECKOMY U3-
MEJIBYCHUIO TUTACTUKA ITPY KOHTAKTE C TBEPIBIMU Ya-
CTULIAMU.

Pesynberat uccaenosanus I1BX, moka3zaBiiuii Ha-
JINYKEe B HEM II0JIMeHOB (puc. 4), TOBOPUT O JeTpana-
U1 HAaIEHHOTO B MOpPE IUIACTUKA, OMHAKO Y MOJIM-
BUHUJIXJIOPU/IA COIPSIKEHHBIE TBOMHbBIE CBSI3U U MO~
JIMEHOBBIE MOCJIENOBATEIbHOCTH B pPaMaHOBCKUX
CIIEKTpax MOSBIISIOTCS MO AeCTBUEM TeMIIePaTyphl
unn  yaeTpaduoneroBoro usmaydeHuss (Al-Dossary
et al., 2010; Kuznetsov et al., 2021). ITo 3T0it mpuum-
HE MBI HE MOXXEM YTBEepXAaTh, YTO MCCIEIOBAHHbBIA
I1BX mosyuus Takue M3MEHEHUS IOCJIe TOTro, Kak
nonayt B Mmope. Ecnu mist TIDT nmokasaHbl MpU3HAKU
JIerpagalvi Ipy 3KCIIO3UIIMKM B JOHHBIX OCaIKax, TO
Borpoc nerpaganuu I1BX B mpupoaHoii cpeae B OT-
CYTCTBUE CBETA U SKCTPEMAaJIbHBIX TEMIEpaTyp HYK-
JTIAa€TCS B JOMOJIHUTEIbHBIX NCCASIOBAHMSIX.

B otiinuue ot nmonustuieHTtepedTaiaTa, B pama-
HOBCKOM CIIEKTpe MOJUITUIICHA K KPUCTALIMYSCKOM
(dasze orHOCUTCA 0bJacTh Mombl 1418 cM~!, a mMonbl
1439 u 1462 cm~! ormevaror ero amopdHyio ¢asy
(Hiejima et al., 2018). B criekTpax nmoaustuieHa 2 u 4
(puc. 5) 13 AMypcKoro 3ajiMBa Moza B oosactu 1418 cm™!
0 UHTEHCUBHOCTU SIBHO BBIIIIE MOJ, COOTBETCTBYIO-
ux ero aMmopdHoit pasze (1439 u 1462 cm~'). Bmecre
C nosiBJieHueM NuKoB 1525 cm~! B cniektpax 2 u 4
(puc. 5), OTCYTCTBYIOIIMX B CIIEKTPE 3TAJTOHHOTO MO-
JuaTIiIeHa (cnexTp 1, puc. 5), 3To CBUIOETENLCTBYET

00 n3MeHeHuU $a30BOro COCTaBa MOJMUITUIECHA 110
CPAaBHEHMIO C 3TAJIOHHBIM IUIACTUKOM, T.€. SIBJISIETCS
JOIOJIHUTE/IBHBIM IIPpU3HaKOM ero aerpagaunu (Hie-
jima et al., 2018).

HccnenoBanue ¢parmeHTa U3 MoOps Yammessa
BBISIBUJIO HEKOTOpbIE TPYOIHOCTU WACHTU(UKAIIUN
IUIaCTUKA C TOMOIIbIO PaMaHOBCKOM MMKPOCHEK-
TPOCKONMU TIPU OTCYTCTBUM OUOJIMOTEKU CHEKTPOB
BCEX BO3MOXHBIX MPOAYKTOB €ro TpaHchopMaluu U
nerpaganuu. CriekTp HaliieHHOro (pparmMeHTa 6oJjiee
BCEr0 COOTBETCTBYET STAIOHHOMY LiejutodaHy (puc. 6).
Ipu sTtoM orcyrcrBue Moxn 1264 u 1310 cMm~!' Moxer
TOBOPUTH O €T0 JerpaJaliuu.

B 3akitoueHue cienyeT OTMETUTh, YTO paMaHOB-
CKasl CIIEKTPOCKOIUS MOKa3bIBAET TEKYILEe COCTOSI-
HUE MHOTNA HACTOJIBKO U3MEHEHHOTO TIaCTUKA, YTO
UCXOIHBIA (parMeHT TPYAHO MIECHTU(DULIMPOBATH
JIaxke TIpU HAJIMYMM 3TaJOHHBIX 00pas3loB. BaxkHoii
3amadeill ocTaeTcs Takke MAeHTHGUKAILUS IIPOIYK-
TOB TpaHCGhOpPMalIMK TUIACTUKA M OLIEHKA CKOPOCTU
€ro Jerpanaliiy C BbISIBJICHUEM pealbHbIX (DaKTOPOB,
BJIMSIIOIIMX Ha 3TOT Ipolecc. B pemenun stux npo-
0J1eM HECOMHEHHOE IIPEUMYIIECTBO UMEET SKCIIe PU-
MEHTAJIbHBIN ITOIXO0/I K UCCIIeIOBAaHUIO TpaHC(HOpMa-
LMY IJIaCTUKA C MOASIMPOBAHUEM BO3IECTBYIOIIMX
Ha Hero OMOTUYECKMX M abMOTUYEeCKUX (PaKTOPOB
cpennl. Hanmpumep, akcrepruMeHTaIbHOE U3yYeHUE
Jerpagalyy mjiacTuKa B NUIIEBaApUTEIbHON CUCTEME
JIUTTOPUH HE OCTaBJISIET COMHEHUU B OMOJIOTrMYe-
CKOM MPUPOJIE MOJIYYCHHBIX U3MEHEHUI MUKpPOILIA-
CcTHuKa, T.e. ouonerpaganuu (Odintsov et al., 2022).
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Assessment of Microplastic Degradation in Bottom Sediments Using Raman
Microspectroscopy and Atomic Force Microscopy

A. A. Karpenko“ and V. S. Odintsov”

“Zhirmunsky National Scientific Center of Marine Biology, Far Eastern Branch, Russian Academy of Sciences,
Vladivostok, 690041 Russia

The assessed degradation of microplastics from bottom sediments of the Laptev Sea, the Weddell Sea, the
Chukchi Sea and Peter the Great Bay, Sea of Japan, was studied using Raman microspectroscopy and atomic
force microscopy (AFM). The degree of amorphous-crystallinity of polyethylene terephthalate (PET) was
determined by the ratio of Raman mode intensities (I;(q;5 cm™!/ Iiyss cm~!). Changes in the topography and
mechanical properties of the surface of polymer fragments were studied by AFM methods. It has been shown
that the degradation of PET found in the bottom sediments of the Laptev Sea affects mainly its crystalline
phase. The amorphous phase of PET is affected to a much lesser extent or not at all. The same changes in the
phase composition of the PET surface have been shown after plastic exposure in a marine aquarium in silty
sand from the Amur Bay (Peter the Great Bay, Sea of Japan). AFM data show an increase in PET surface
roughness and a decrease in elasticy modulus (Young’s modulus) in bottom sediment samples. Raman mi-
crospectroscopy also shows signs of degradation of cellophane fragments from the Weddell Sea, polyvinyl
chloride (PVC) from the Laptev Sea, and polyethylene (PE) from the Amur Bay.

Keywords: microplastics, plastic degradation, bottom sediments, Raman spectroscopy, atomic force micros-
copy
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