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BBEJEHUE

Te—— B e o Dewtwa e iinte

3arpsi3HeHHEe KOMIIOHEHTOB OKpPY Kalomeld cpeabl (arMocdepbl, aTMOCHEPHBIX OCAJIKOB, CHE-
ra, MoYB, IOPO’KHOM MBI U TOBEPXHOCTHBIX BOA) MPU3HAHO OJAHON M3 BaXKHBIX IKOJIOTMYECKUX
npo6GiieM coBpeMeHHOCTH. OCOOEHHO OCTPO OHA MPOSBIISETCS B KPYIMHEHIINX TOPOAAaX — MEraro-
JIACax, I7Ie MPOKUBAKOT AECATKHA MUJIIMOHOB YEJIOBEK, COCPEAOTOYEHBI TPAHCIIOPT, TPOMBIIILICH-
HOCTb, OTXOJbI XO3SIICTBEHHOHN AEATEIBLHOCTH, IMUCCUS KOTOPHIX MPUBOIUT K (POPMHUPOBAHUIO
AHTPOIIOT€HHBIX aHOMAJIUN Pa3JUYHBIX MOJIIOTAHTOB B FOPOACKOW Cpelie, BIMSIOMIMX Ha 370-
pOBBE HacelleHMs. B mocinennue necaTuneTus Ha TEPPUTOPUM MHOTHX TOPOJOB, B TOM YHUCIE B
Poccun, BbIsIBIEHBI BBICOKHE KOHLIEHTPALUH TSXKEJIbIX METAJJIOB, MOJULMKINYECKUX apoMaTruye-
CKUX YTJIEBOJIOPOJOB U APYTUX 3arpsi3HUTEINCH. B HacTodAIee BpeMs 3HAYMMOM 3a/1a4ei ABIISIETCA
MOUCK W Pa3BUTHE METOJOB MHTErPAJIbHON OLEHKHU 3KOJOTMYECKOr0 COCTOSIHUS TOPOJIOB.

Cpenu HUX claeayeT OTMETUTh YEThIPE OCHOBHBIE 3a/1auu ucciaenoBanui. [lepBast — pa3Butue
€AMHOI0 MOJAX0/1a K CO3/IaHUI0 TEXHOJIOTHUI OLIEHKU TEPPUTOPHUI TOPOIOB HA OCHOBE CONPSIIKEH-
HOT'O aHAJIM3a YPOBHEMN COACPKaHMUS, OBEACHUS U IOTOKOB IOJUIFOTAHTOB B CUCTEME «amMmoc-
Gepa—cHe2—00poIAHCHAS NBLIL—NOUEbI—NOBEPXHOCHHbBIE 800b1Y, KOTOPBIN JOJKEH aCCUMUIUPO-
BaTh Pa3JIMYHBIC METONKH OLIEHKH 3arpsI3HEHUsI OTACIBHBIX cpell. Bropas — monck 0ObeKTOB U
nokasaresel (MHIUKaTOPOB, MapKepOB), HAMOOJEe aJICKBATHO OTPAKAIOIINX pealibHOE 3arpsi3-
HEHHUE OKPYKalomiei cpenpl. Bo MHOTHX, B TOM YHCJIe HATUX, pab0Tax MOKa3aHo, YTO OCHOBHOE
3arpsi3HEHHE BO BCEX KOMIIOHEHTAX CPEIbl COCPEAOTOUYECHO B MUKPOYACTHIAX PA3MEPOM MEHEE
10 mukpon (PMjg). OHO 10CTaTOYHO XOPOIIO U3YUYEHO B a3PO30JIX, KOTOPBIE CaMU SIBIISIFOTCS
MHKpPO- U HAaHOYACTULIAMHU. J[pyrue KOMIIOHEHTHI TOPOACKOM Cpelbl B 3TOM OTHOIIEHUU U3y4e-
HBI CYIIECTBEHHO cjabee, 0COOEHHO B KOHTEKCTE BIMSHUS UX XUMHUYECKOT'0 COCTaBa Ha 370po-
BbE HaceleHUs. TpeThsd — UACHTU(PHUKAIUS KOHKPETHBIX UCTOYHUKOB 3arpsi3HEHUSI KOMIIOHEH-
TOB TOPOJCKOM CPEbl C KOJIMYECTBEHHON OIIEHKOW MX BKJIaJa B OOIIee 3arpsi3HeHNE Ha OCHOBE
CTaTUCTUYECKUX MOJIeJIeil TeXHOoJIoruu Source Apportionment, MUPOKO MPUMEHSIEMOI BO BCEM
MHpE, HO MeHbIIIe u3BecTHOU B Poccuu. M, HakoHell, yeTBepTas 3aj1auya — pa3padoTKa MMoaX0A0B
¥ METOJIOB OLICHKH BIIUSIHUS PA3JIUYHBIX 3arpsi3HUTENEH, 0COOCHHO B MUKPOYACTHUIIAX, HA KO-
JIOTUYECKHE PUCKH 3a00JIEBAEMOCTH HACEIICHUS.

Bce stu 3amaum pemanuch Ha npumepe MOCKBBI — KpyIHeiiero meramnonuca EBponsl, e
npoxuBaeT 6osee 12 MiH yenoBek. B HacToseM U3naHUN IPUBOIATCS PE3YIbTATHl MEK IUCITH-
IJTMHAPHBIX KCCIIEIOBAaHUM KOJIJIEKTMBA COTPYAHHUKOB reorpaduyeckoro ¢akynpreta (Kadeapbl
TeOXUMUH JaHAMA(TOB U reorpaduu MoYB, TUAPOIOTHH CYIIH, METEOPOJIOTHH U KIIMMATOJIOTUH,
kapTorpaduu u reonHHOpMaTUKH, IKOHOMUYECKOHN U colualbHoii reorpaduun Poccun, maboparo-
PHH 3PO3UH TIOYB U PYyCIOBBIX mpoueccoB), HUM sinepHoit pusuku n pakynpreTa MOYBOBEACHUS
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MI'Y umenu M.B.JIoMOHOCOBa COBMECTHO C HAILIMMM MTAPTHEPAMH U3 PA3JIMYHBIX OpraHU3alH.
NccnenoBanus BeinonHeHsl B 2019-2022 rr. o meponpusituio «lIpoBenenne nccnenoBanui Ha-
YYHBIMU JJA00PaTOPUSIMU MUPOBOTO YPOBHS B paMKax pealin3aliiy MPUOPUTETOB HAYUHO-TEXHO-
smoruyeckoro passutus Poccuiickoit ®eneparumn» [Ipe3naeHTCKo mporpaMMbl UCCIIEI0BATENb-
CKHUX MPOEKTOB, pealiu3yeMbIX BENYIIMMH YUeHbIMU. PaboThI Benuch 1mo mpoekTy Poccuiickoro
Hay4gHoro gonma Ne 19-77-30004 «TexHOIOTHS OIIEHKH SKOJIOTUUYECKOTO COCTOSTHUSI MOCKOBCKO-
ro Merarojuca Ha OCHOBE aHaJIN3a XMMUUYECKOTO COCTaBa MUKPOYACTHUIL B CUCTEME «ammocge-
Pa—CHe2—00pOACHASL NbLIb—NOYBbI—NOBEPXHOCMHbIE 800bly (Meramnonuc)y, pyKoBoguTeIb mpod.
H.E. Kowenesa.

OcHoBHas YacTh pabOT MO MPOEKTY BBITIOIHAIACH HA Kadeape reOXuMHH JIaHAIIadTOB U reorpa-
¢uu nous reorpaduueckoro pakynsrera MI'Y, 3aBenytomuii kadheapoit akagemuk H.C. Kacumos.
KonnextuBom kadeapsl OTydeH psijl 3HAUUMBIX TEOPETUUECKUX, METOAMYECKUX U TPAKTUUECKUX
PE3YJIBTATOB B UCCIIEIOBAHUAX aHTPOIIOT€HHBIX U3MEHEHHH JTaHAIIAQTHO-TEOXUMHUYECKUX U TT0Y-
BEHHBIX cucteM B ropogax Poccuu, a taxxke Ilonsmu (MuoBporias), Kyosr (Moa), Mouronuu
(Ynan-barop, [lapxan, OpnsnaT), JxBagopa (Kuro).

Mp&I ipeaiaraemM 4nTaTe o SICKTPOHHBIN Al IKEeCT, COCTOSIIIUN U3 25 cTaTel, onmyO0IuKoBaH-
HBIX yyacTHUKaMH nipoekTa PH® B Benymux 3apyOeKHbBIX U POCCUHCKUX KypHajax. MaTepuasl
CTPYNIUPOBAHBI B IIECTh Pa3/iejoB. B mepBoM paccMOTpeHBI 00IIIHEe METOIUUECKUE U TEOpEeTHYE-
CKHE BOMPOCHI IKOT€OXHUMHUH F'OPOJOB, BKIIFOYAsl OLICHKY KJIApPKOBBIX 3HAUCHU XUMHUYECKHUX 3JIe-
MEHTOB, UX (POHOBBIX YPOBHEH M MEXaHU3MOB (DOPMHUPOBAHHS F'€OXHMMUUYECKUX OaphepoB B Io-
POJICKUX TIOYBAX U APYTUX CPeax B 3aBUCUMOCTHU OT MX (PU3UKO-XUMHYECKUX CBOWCTB U IPYTHUX
MIPUPOJIHBIX U aHTPOMOreHHBIX (PakTopoB. Bo BTOpOoM pasznene mpuBOAsSTCS pe3yJbTaThl UCCe-
JIOBaHUS 3arpsI3HEHUS TI0YB U COJIEPXKAIIMXCS B HUX MUKpodacTull PM10 TskenbIMU MeTaJllaMu
1 MeTajuioniamMu B BocTouHoM 1 3anagHOM oKpyrax MOCKBBI B CBSI3U C BO3JCHCTBUEM TOPOI-
CKOHM 3aCTPOVKHM, 3aIl€YaThIBAHUEM JOPOKHBIMHU MOKPBITUSMU U OCAXKIAECHUEM JOPOKHOM IBLIH.
TpeTuil paznen MOCBSILIEH CPABHUTEIBHOMY aHAJINU3y XMMHUYECKOr0 COCTaBa JOPOKHOW IMbLIU B
pa3HbIX OKpyrax MOCKBBI U KOJIMYECTBEHHOW OLEHKE BKJIaJa aHTPOIIOIE€HHBIX HCTOYHUKOB B €€
3arpsi3HEHUE MOTEHIUATBHO TOKCUYHBIMU AieMeHTaMu U [TAY.

B yeTBepToM pasznene npuBoASTCS PE3YIAbTAThl HCCIEIOBAHNN BBINIAJICHUS 3aTPSI3HAIOIMX BE-
MIECTB M3 arMoc(epsl B BUE KUAKUX U TBEPABIX (CHETa) OCAJIKOB, MX CBOMCTB U BBIMBIBAIOIICH
CHOCOOHOCTH IO OTHOIIIEHUIO K aTMocepe. [IsThIi pa3aen CoaepKUT pe3yibTaThl K3MEPUTEIBHBIX
KOMITaHUW MapaMeTpoB Topojckoi arMocdepsl Ha A3po30JbHOM KoMILIeKce B MeTeoobcepBaro-
pun MI'Y, BKirouass MEXIroJ0BY10, CE30HHYIO M CyTOYHYIO JMHAMMKY COLCPKaHUS a’dpPO30JIeH,
YEpPHOro yTJIepoaa, OCHOBHBIX MOHOB, MUKpPO3JieMeHTOB U [IAY ¢ omnpenenenremM ux UCTOYHU-
KOB. B mectom pasznene mpeacTaBieHbl pe3yJsbTaThl 3KOJOTO-Fr€OXMMUYECKOT0 MOHUTOPUHIA B
OacceitHe peku MOCKBBI, CBSI3aHHBIE C CE30HHON TUHAMHKOW U pacipeeieHHeM 10 JJIMHE PEeKU
OMOTECHHBIX M MTOTCHITUATHFHO TOKCHYHBIX 3JIEMEHTOB B PACTBOPEHHOM U B3BEIIEHHOM (hopMax, Imo-
CTYMAOIIUX U3 PA3JIMYHBIX TEXHOT€HHBIX HCTOYHUKOB. 3aKJIFOUUTEIbHBIN pa3/ie MOCBAILEH pa3-
paboTKe 1 armpoOaIuy MOAXOIOB K COMPSIKEHHOMY aHAJIM3y XUMHYECKOT0 COCTaBa MUKPOYACTHIL
B TPaH3UTHBIX (aTMOC(epHbIE a3pO30JU U OCAJIKH, PEUHbIC BOJABI M B3BECh) U JICOHUPYIOLUIUX
(IopoXHas MbLIIb, CHEXXHBIN MOKPOB, TIOYBHI, IOHHBIE OTJIOXKEHUS) Cpeaax.

s cokpaieHuss o0bema JaiKecTa MPUBOASTCS TOJIBKO TEKCTHI cTaTeld, 0e3 CIUCKOB JIu-
TEepaTypbl U MPHIOKEHUH, KOTOPbIE MOXXHO HAWTH MO CCHUIKE HAa OPUTHHAIBHYIO ITyOIHKAIIHIO
Ka)XXJIOM CTaTbH.

axademux H.C.Kacumos
npogheccop H.E.Kowenesa
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1. OBIIHUE BOIIPOCHI DKOIT'EOXUMHHU I'OPOJOB

Knapkn xummnyecknx aieMeHTOB KaK 3TaJIoOHbl CpaBHEHUA
B JKOreoxmmmm *

BBEJIEHHE

A.E. ®epceman B 1923 1 npeiokuil cpeanee coaep-
JKaHME XUMHYECKOTO DJIEMEHTa B 3€MHOW KOpe WIIN Ka-
KOM-T100 ee YacTH Ha3bIBaTh «KIAPKOMY» B UECTh aMEpH-
kaHckoro xumuka ®. Kmapka, mocearusiiero 6omnee 40
JIET PEIIeHUI0 TaHHOW TPOOIEeMBbI.

Knapku XxuMu4ecKkux 371€MEHTOB B KOHTUHEHTAJIHHON
3eMHOH KOpe IIHMPOKO HCIONB3YIOTCSI B KaUECTBE ATAJO-
Ha CpaBHEHWS DPa3IMYHBIX TEOXUMHYECKUX CHCTEM, JUIS
OIIEHKH CTETIeH! KOHIIEHTPAIIMX BOBJIEKAEMBIX B MIPOIIECC
TEXHOTEHE3a XUMUYCCKUX JIIEMEHTOB, BBIABICHHS pe-
THOHAJILHON TeOXMMUYECKOW CIelMaan3aiui (HOHOBBIX
naHAma(ToB M TEXHOTEHHOM TE€OXMMHUYECKOH TpaHc-
(hopmaruy XUMHUYECKOTO COCTaBa MPUPOAHBIX cpel. Tak,
CpaBHEHHE KOHIICHTPALMH MHOTUX TSIKEJIBIX METAIJIOB U
METAJUIONIOB B TIOYBAX CEIbCKOXO3SHCTBEHHBIX YTOIUMA
EBpomns! ¢ ux kmapkamu 1o [17, 20] mokasano, 9T0 OTHO-
CUTEJILHO 3€MHOM KOpbI B arporno4sax EBpoIbl HaKarm-
Batotcst C, Se, S, Cd, okoJIOKIapKOBbIC 3HAYCHUS XapaK-
tepusl s Pb, As, P, Cs, Ti, Cr, Zn, Mn, La, Te, Bi, Ag,
Mo, u cymectBeHHO HUke KiapkoB — V, Fe, Au, Ba, Co,
Hg, Ni, Cu, Sn, Sr, Sb, U, Be, T, W, B, Ge [13].

Kax m3BecTHO, KOHTHHEHTAIbHASI KOpa OOBIYHO ITOJI-
pasaenseTcst Ha TPH YaCTH: BEPXHIOIO (0Ca0YHBIN U Tpa-
HUTHO-METaMOP(PHUUECKUI CIIOH ), CPEIHIOK U HUKHIOK),
10 KOTOPBIM PACCUUTHIBACTCS CPEIHUN XUMUUECKUI CO-
CTaB KaXJOW M3 HUX, TO €CTh BBICTSIOTCS KIIAPKU BEPX-
HEM, CpelHell U HUKHEH YacTH KOPbI, a TAKXKe KIIapKU
KOHTHHEHTAIBHON KOPHI B 11e710M [24]. [1pu TOM TOIBKO
BEPXHSIS 9aCTh KOPHI SBISCTCS PE3EPBYaPOM MTPUPOTHBIX
pPECypCcoB, HCIMONb3YEMbBIX YEIOBEUECCTBOM, U ITIABHBIM
WCTOYHUKOM OOJIBIIIMHCTBA XWMHUYECKHX 3JICMEHTOB,
BOBJICYEHHBIX B TEXHOTEHE3 [26].

[TouBs! ¥ Ha3emHBIC HaHAMA(THE GOPMHUPYIOTCS Ha
ITOBEPXHOCTH 3E€MHOM KOPBI, YTO OMpPEIeyseT IeIeco-
00pa3HOCTh MCIOJIB30BAHUSI B KaY€CTBE ATAJIOHOB IPHU
DKOJIOTO-TEOXUMHUYECKUX HCCIICIOBAHMUIX KIIAPKOB €€
BEpXHEH 4acT, JUIsl pacuera KOTOPBIX HCIOJb3YIOTCA
CPEIHEB3BEIICHHBIE BEIMYUHBI XUMHUYECKOTO COCTaBa
MarMaTH4ecKux TOpHBIX mopox [5, 11, 14, 15, 22], wm
CPEeIHUN COCTAB MEITKO3EPHHUCTHIX 0OJJOMOYHBIX 0CaI0-
HBIX TOPOJ, JISTHUKOBBIX OTIOKCHHUM WA JICTHUKOBBIX
JIECCOB B COOTBETCTBHH C KOHIICTIIHECH T€OXUMHUUECKOTO
OanmaHca 0CaJKOOOpa3oBaHUs, COIIACHO KOTOPOW Cpeji-
HUH COCTaB BTOPUYHBIX OCAJOYHBIX MOPOJ TOXKIECTBE-
HEH CPeHEMY COCTaBy NMEPBUYHBIX MarMaTHIeCKUX I10-
pon [3, 16, 23, 27].

A.E. ®epcMan cuuTalt, 9To KIapKH MPEICTaBISIOT CO-
00l «HOBYIO KOHCTaHTy Mupay». OJHAKO HCCICIOBAHUS
MPOLICIIETO MOMYyBEKa MOKa3aiH, YTO OLICHKU KJIapKOB

Pa3IMYHBIX aBTOPOB JJISI MHOTHX DJIEMEHTOB JOCTaTOU-
HO cwibHO ommyarorcst. Tak, mo [3] xkimapku Mn, Cr, Ni
u Cu B 2-5 pa3 6ombie, a S, I, CL, N, Biu C — B 2-16 pa3
MeHblIe, yeM 1o [27]. B cBoro ouepensp, kiapku [5] mo S
B23,BruCdB 7, ClB4, Aus 3, B, Ca, Ag, Sn, Sb, Bi
B 1,5-2 paza Gonpine, a I B 3 paza MeHbIle, YeM JTaHHBIC
[20]. OcHOBHOW NMPUYMHOM pa3nUYIUi MEXy OLEHKaMHU
SIBIISICTCSL TIPUMEHEHUE aBTOPaMHU Pa3IUYHBIX MOZECH
COOTHOIIICHUS [JIaBHBIX THIIOB (B OCHOBHOM, MarMaTH4e-
CKUX — YIBTPAOCHOBHBIE, OCHOBHEIE, CPEHHE, KHUCIIBIC)
TOPHBIX TIOPOJ] B KOHTUHEHTAILHOU 3eMHOM Kope. Harpu-
mep, A.Il. Bunorpamnos [3] mpuHSIT COOTHOIIICHUE TPaHH-
ToB 1 OasansToB 2:1, a S.R. Taylor, S.M. McLennan — 1:1
[11]. Pa3nuuusi COBPEMEHHBIX OIEHOK TAaKXKe OMpeAes-
FOTCSL COOTHOILICHUEM IIaBHBIX IPYIIN TOPHBIX MOPOJ U UX
XUMHAYECKHM COCTaBOM: B OCaJIOYHOM CJIO€ — IIECKOB, TTEC-
YaHWKOB, TJIMH, 9BAIIOPUTOB | JIP.; B TPAHUTHO-THEWICOBOM
CJI0€ — TPAaHUTOB, TPAHOIUOPUTOB, OA3UTOB, CHEHUTOB U
ap. [5]. Takum 00pa3oM, pa3BUTHE NPEICTABICHUN O pac-
MIPOCTPAHEHHOCTH PA3IUYHBIX TUIIOB U TPYIII TOPHBIX I10-
PO, COBEPILICHCTBOBAHUE AHAIUTUUYECKUX METOJIOB BEIYT
K YTOYHEHHUIO KIIaPKOB XUMHYECKHX JIEMEHTOB, TO €CTh
«KITApK» — ITO CKOpee HaDOp YCIOBHBIX KOHCTAHT, MPH-
MEHSIEMBIX Ha ONPEICIICHHOM 3Talle Pa3BUTHS HAYKH, YTO
HEOOXOAMMO YUYHUTHIBATh MIPU UX WCIOJIH30BAHNUU B Kaye-
CTBE ()OHOBBIX FTAJIOHOB, B TOM YHCJIC B SKOTCOXHMUU U
TEOXUMHU JIaHAIa(TOB.

MATEPHAJIBI U METO/IbI

B kauectBe nH(pOpPMAIMOHHO 0a3bI HCITOIB30BAINCH
OITyOJIMKOBaHHBIE JTaHHBIC O KJIAPKaX XMUMHYECKUX dJIe-
MEHTOB B BEpXHEH 4acTH 3eMHOU KOpHI, [2, 3, 5, 15, 17,
20, 22, 23, 27] (tadm. 1). V3-3a orpaHIuEeHHOTO ITePEUHS
XUMUYECKUX DJIEMEHTOB HE YUUTHIBAIUCH KIAPKU 3€M-
HOU KOpHI U ee BepxHei vactu mo [6, 9, 11, 19, 21, 25].
AHanM3UpOBAIUCh B OCHOBHOM 3JeMeHTHI 1, 2 u 3 kiac-
COB OITACHOCTH JIJISl OKPY’KAIOIIEH Cpebl.

PE3YJIBTATBI 1 UX OBCYKIEHUE
ITaJI0HbI CPABHEHHUS B IKOT¢OXHMHUH

B skoreoxumun Juisi OLIEHKU 3KOJIOTMYECKOH omnac-
HOCTH 3arpsi3HEHUs KOMIIOHEHTOB JaHAWAPTOB HC-
MOJIB3YIOT TPU OCHOBHBIX «3TAJIOHA» CPAaBHEHUS: TH-
THEHUYECKNE HOPMATHUBBI (TIPEebHO JOMYCTHMBIE
koHueHTpauuu — [1/1K, oppeHTHpOBOYHO JOTyCTHMBIE
kouuentpaunn — OJIK), ¢oHoBbIe Teoxumuyeckue
YPOBHHU M KJIAPKM XMMHUYECKUX JIEeMEHTOB. Kakiblii
13 3TUX ITAJOHOB MMEET CBOU JOCTOMHCTBA U HEIO-
CTaTKH.

* Kacumos H.C., Bnacos [1.B. // BectHnk MockoBckoro yHuBepcuteta. Cepus 5: lfeorpadusa. 2015;(2): 7-17.

SJR0.29
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Tadoauma 1. Kiapku XUMHUYECKUX JIEMEHTOB B BEPXHEH YaCTH KOHTUHEHTAIBHOMN 36MHOM KOPBI, MI/KT

Ne One- AILBu- A.Abeyc D.M.Shaw S.RTaylor, K.HWede- S.Gao  R.L.Rudnick, Z.Hu, H.A.Tpu-

MEHT HOTpajoB U Jp. etal. S.M.McLen- pohl etal. S. Gao S.Gao TOpbEB
[1962] [1976] [1976] nan [1985] [1995] [1998]  [2003] [2008] [2009]

1 H — 1000 — — — — — — 1670

4 Be 3,8 2,5 1,3 3 3,1 1,95 2,1 1,9 2,3

5 B 12 10 9,2 15 17 28 17 47 34

6 C 230 300 — — 3240 — — — 8100

7 N 19 26 — — 83 — 83 — 106

9 F 660 720 500 — 611 561 557 — 510

11 Na 25000 22000 25700 28900 25670 21220 24260 — 20 700

12 Mg 18700 12 000 13 500 13 300 13 510 15800 14950 — 17 700

13 Al 80500 80 000 77 400 80 400 77 440 74990 81 500 — 76 100

15 P 930 800 655 — 665 698 655 — 690

16 S 470 400 600 — 953 309 62 — 1400

17 Cl 170 170 100 — 640 142 370 — 1500

19 K 25000 27000 25700 28 000 28 650 22250 23240 — 22 300

20 Ca 29 600 25000 29 500 30 000 29 450 24 600 25660 — 38900

22 Ti 4500 3300 3120 3000 3117 4010 3840 — 3900

23 v 90 76 53 60 53 98 97 106 121

24 Cr 83 34 35 35 35 80 92 73 92

25 Mn 1000 700 527 600 527 774 774 — 770

26 Fe 46 500 36 000 30900 35000 30890 41430 39180 — 40 600

27 Co 18 7.3 12 10 11,6 17 17,3 15 17

28 Ni 58 26 19 20 18,6 38 47 34 50

29 Cu 47 22 14 25 14,3 32 28 27 39

30 Zn 83 51 52 71 52 70 67 75 75

32 Ge 1,4 1,3 — 1,6 1,4 1,34 1,4 1,3 1,3

33 As 1,7 1,9 — 1,5 2 4.4 4.8 5,7 5,6

35 Br 2,1 2,2 — — 1,6 — 1,6 — 11

38 Sr 340 230 316 350 316 266 320 — 270

42 Mo 1,1 1,3 — 1,5 1,4 0,78 L1 0,6 1,56

46 Pd — 0,0001 — 0,0005 — 0,00146 0,00052 — —

47 Ag 0,07 0,048 — 0,05 0,055 0,055 0,053 — 0,11

48 Cd 0,13 0,16 0,075 0,098 0,102 0,079 0,09 0,06 0,64

50 Sn 2,5 2,7 — 5,5 2,5 1,73 2,1 2,2 3,5

51 Sb 0,5 0,2 — 0,2 0,31 0,3 0,4 0,75 0,81

52 Te 0,001 0,001 — — — — — 0,027 —

53 I 0,4 0,5 — — 1,4 — 1,4 — 0,49

55 Cs 3,7 3,8 — 37 5,8 3,55 4,9 4,9 5,5

56 Ba 650 680 1070 550 668 678 628 — 510

57 La 29 46 32,3 30 323 34,8 31 — 32

74 w L3 1,9 — 2 1,4 0,91 1,9 1,4 2,03

79 Au 0,0043 0,0012 0,00181 0,0018 — 0,00124 0,0015 — 0,00436

80 Hg 0,083 0,033 0,096 — 0,056 0,0123 0,05 — 0,065

81 Tl 1 1,8 0,524 0,75 0,75 1,55 0,9 0,55 —

82 Pb 16 16 17 20 17 18 17 — 17

83 Bi 0,009 0,01 0,035 0,127 0,123 0,23 0,16 0,23 0,29

[Mpumeuanune. N — HOpsIAKOBBIH HOMED 3JIEMEHTA B IEPHOJUYECKOI Tadiuie XxumMmuueckux anementos J[. M. Menaeneesa.

ITAK u OJIK pa3zpaboTtansl mj1st y3Koro Habopa IeMeH-
TOB W JIMIIb JJIS1 HEKOTOPHIX KOMITOHEHTOB JIaHIIIa(ToB
(mouBbl, Bompl, arMoc(epHbIii Bo3nyX). [Ipu cpaBHeHMM
TMTMEHHYECKUX HOPMATHBOB M KJIAPKOB CTAHOBUTCS TIO-
usatHo, yto [IJIK u OJIK HeKoTOphIX 31EeMEHTOB UMEIOT
OKOJIOKJIAPKOBBIE 3HAUCHUS WM Jake HIDKe Kiapka. Tak,
OJ/IK Cd B mecuanpIx mouBax cocrasisier 0,5 MI/KT, a ero

KJIapK B BepxHel yacTu 3eMHOH kopsl — 0,64 Mr/kr o [5],
TO €CTh Pa3INYUs HEe CYIIeCTBeHHBI. He3HaunTembHO HIDKE
kimapka OJIK Zn n Cu B mecuanbix nousax, a O/IK As u Ni
B TICCYAHBIX M KUCIIBIX CYIJIMHUCTHIX TOuBax B 1,5-2 paza
MEHBIIIE, YeM UX KIapk# [5, 15, 17, 20], uro cHmwKaet npu-
MEHUMOCTh ¥ O€3 TOr0 Y3KOro NepeyHs pa3pabOTaHHBIX
YTBEP)KACHHBIX AKOJIOTHUECKUX HOPMATUBOB.
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[lupe pacmpocTpaHeHBI OICHKU 3arps3HEHUS C HC-
I0JIb30BAaHUEM (POHOBBIX YPOBHEU MOJITIOTAHTOB, YUH-
THIBAIOIIUX PETHOHAJIbHBIC T'€OXUMHYECKHE OCOOCH-
HOCTU Tepputopuil. OJHAKO B psiie CIydaeB OLICHKA
TE€OXUMHUYECKOTO (JOHA 3aTpyAHEHAa WM HEBO3MOXHA.
Hanpumep, moBepXHOCTHBIE OTIOKEHUS TPAHCIOPTHBIX
JIOPOT, YacTO UMEHYEMBIC <«JTOPOXKHOW ITBUTHIO», TIPe-
CTaBJISIIOT COOO0H CrerupUIeCKI TEXHOTEHHBI 00BEKT,
(hOHOBOTO aHAJIOra KOTOPOTO HE CYIIECTBYET. DTO TAKKe
AKTYyaJbHO JIJIS IPYTHX TEXHOTCHHBIX 00BEKTOB (YrOJb-
HBIE OTBAJIbI, XBOCTOXPAHWIMILA, OCAIKH CTOYHBIX BOJ
1 T.J1.), JUTsL KOTOPBIX UCTIONB30BaHNE (POHOBBIX BEIINUYMH
AJIEMEHTOB B TPUPOIHBIX TOYBAX, BOJAX WU JOHHBIX
OTJIOKCHHSIX JTOCTATOYHO YCJIOBHO. llpm 3Koioro-reo-
XUMUYECKUX OLEHKAX TEPPUTOPHUI CO CIIOKHBIM I'eOJIo0-
TUYECKUM CTPOCHUEM U KOHTPACTHBIM XUMUUYECKUM CO-
CTaBOM ITOPO/I (HarpuMep, KPYITHBIX PEYHBIX OacCEHHOB)
HEOOXOAMM pacdeT reOXUMUYECKOTO (hOHA IS KaXkKJIOTO
THTIa TIOPOJI, YTO HE BCETAA BOBMOXKHO H IIeJIeco00pa3Ho.
[Ipu PKOIOTO-TEOXMMHYECKUX OIIEHKaX TOPOJCKHUX ITOUB
HX 3arpsi3HCHHE 4acTO OLIEHUBACTCS OTHOCUTEILHO (ho-
HOBBIX aHAJIOTOB, B TO BPEMs KaK PBIXJIbIC CYOCTpaThl B
ropojax He BCEraa MOXHO OIMpPENeIUTh B KAUYECTBE MOUB
C TPaJULUOHHBIX IOYBEHHO-T€HETUYECKUX 03Ul [4],
ITOATOMY CpaBHEHHE MX C ()OHOBBIMU 30HAIBHBIMH TI0-
YBaMHU TaK)Ke BeChMa YCIOBHO.

IIpu HEBO3MOXXHOCTH MPUMEHEHUS THTHEHUYECKHUX
HOPMAaTHBOB WU F'€OXUMHYECKOTO (JOHA B KAYECTBE ITa-
JIOHA YacTO UCTIONb3YIOTCS KIIaPKU XUMUYECKUX DIIEMEH-
ToB. OIHAKO OHM TAK)KE UMEIOT PSAJ HEJOCTATKOB, CPEIH
KOTOPBIX OCHOBHOW — OOJBIINE Pa3IMUIUs OICHOK pas-
HBIX uccaenoBatene (puc. 1). Mcmonp3oBanne pa3HBIX
BEIMYUH KJIAPKOB OJHUX M TEX K€ DJIEMEHTOB CO37AacT
po0JieMy CpaBHEHHUS IMOJYYSHHBIX BBIBOJIOB O T'€OXU-
MUYECKOHN CIeIraln3allid KOMIIOHEHTOB JIaHIIa(ToB,
a Tak)Ke KOHTPACTHOCTH W PACIpPOCTPAHEHHOCTU T'e0-
XUMHYECKUX aHOMAaJWi DJIeMEHTOB. Bce 3TO BBI3BIBa-
€T HEOOXOOMMOCTh [ETAJILHOIO KCCIIEIOBAHHUSI OLIEHOK
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CPEeIHEero XMMHYECKOr0 COCTaBa BEpXHEH 4acTH KOHTH-
HEHTaJIbHON 3€MHON KOPBI.

B CCCP u Poccun miis HaydHBIX M NPAKTHYECKHX
Lened Yacto TNPUMEHSUIUCh KIApKH BEpXHEH wacTu
3emMHOl kopbl A.Il. Bunorpagosa [3], 3a pyGexxom 6o-
nee nomynsapael ounenkn K.H. Wedepohl [27], S.R.
Taylor, S.M. McLennan [23] u ap. W xoTs cunraercs,
YTO KOppekTupoBka mnpemiokeHHbIXx A.Il. Bunorpano-
BBIM KJIAPKOB XMMHUYECKUX JIEMEHTOB HE CIOCOOHA Cy-
IIECTBEHHO IMOBJIMATH Ha OCHOBOIIOJIAraloIlle BBIBOJIBI
reoxuMuu (mpoOiemMa MHUHEPaTbHBIX NPUPOIHBIX pe-
CYpCOB, B OCHOBHOM — PEIKHX 3JIEMEHTOB; YCTaHOBJIE-
HHE TEOXUMHUIECKOTO (oHa OMoCchepsl U BHIBICHHE €€
TeOXUMHUYECKOH HeomHopoaHocTH U Ap.) [11], Bompocy
WCIOJIb30BAHNS 3aHMKEHHBIX WJIM 3aBBIIICHHBIX 3HaYe-
HUHN KJIApKOB B KOI'€OXHMHHU HE YIENSUIOCHh JOJKHOTO
BHUMaHus [7, 18].

Tak, mpu pacuere KJIapKOB KOHLEHTPALUU WIH
paccesiHus XUMHUYECKHUX 3JIEMEHTOB C MCIIOJIb30BaHU-
€M HU3KHX OTHOCHTENHHO MAHHBIX JIPYTHUX HCCIEN0-
Bareyel KJIApKOB MOTYT OBITh BBIABICHBI «JIOXKHBIE»
F€OXMMHUYECKHE aHOMAaJUU 3JIEMEHTOB WM CHJIBHO
3aBbIIIEHBl MX IUIOMaAu. [Ipu BBICOKHMX 3HAUEHMAX
KJIAPKOB 3JIEMEHTOB B BEPXHEH YaCTH 36MHOU KOPBI OT-
HOCHUTEJIBHO AAHHBIX IPYIMX aBTOPOB KOHTPACTHOCTb
Y TUIOMIaM aHOMAJIHH MOTYT OBITH CHIBHO 3aHMKE-
Hbl. C Apyroil CTOPOHBI, XUMUUYECKHUH COCTaB 3€MHOM
KOPBI IPOCTPAHCTBEHHO HEOJHOPOJIEH B CBSI3HU C €€ Te-
OJIMHAMUYECKON U BO3PACTHON r€TEPOTreHHOCTHIO, YTO
CO37aeT ONpElEICHHYI0 NMpoOIeMy KOJIUYECTBEHHOU
oreHkn pazauaui [11].

B xauectBe mpumMmepa mpuBENEM pacueThl KIapKOB
kounentpanuit KK u paccesaus KP' xumunueckux aie-
MEHTOB B TOPOJCKHX MPHUAOPOKHBIX MOYBAX HOXKHOU
gactu Boctounoro okpyra r. Mocksel (BAO). B mo-
YBaxX Ia30HOB BEAYLIMM (DaKTOpOM MOYBOOOpA30BaHMS
SIBJISIETCSI AHTPOIIOTCHHBIM, IOCKOJIbKY OHH CO3ZaHbI
M WX CBOMCTBa MOJAEPKUBAIOTCA UYEJIOBEUECKOHN mes-

X —_—1 2

=
o

-+ 3

%X-4 —e—-5 —0—-6 -B-7 —a—38

Pasuuna, pas

0,1

C Bi CI N BrCdAs S B Sbh AgW Cs Mo Sn V |

Cr La Pb Au Co Ge Zn Fe Ti Ni Cu Sr Ba Hg F Mn P Be TI

Puc. 1. Kitapku XUMHUYECKHX 3JIEMEHTOB B BEPXHEH 4aCTH KOHTHHEHTAJIBHOW 36MHON KOpHL. 3a 1 mpuHsATh Kiapku A.IT.
Bunorpaznoga [3]. HHuppamu obo3HaueHs! knapku: 1 —[2], 2 —[22], 3 —[23], 4 — [27], 5 — [15], 6 — [20], 7 — [17], 8 — [5]

! Kuapku konuentparuu KK = C/K u paccessnus KP = K/C, rne C — conepxanue 31eMeHTa B ouBax, Mr/kr; K — kiapk ajeMeHTa B BEpXHEi

4acTH KOHTUHCHTAJIBHOU 36MHOI KOpBI, MI/KT.
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1]\ A

1 —2-+-3 X4 -5 -6

07 —a—§

10

Ag Pb Sn Sb Zn Bi W Cd Cu

As Mo Cr Ni Ti

V Mn Co Fe Sr Be

Puc. 2. Knapku xonnerrpannnu KK u paccesans KP anemeHTOB B mpuaopoXHEIX TouBaxX BocTogHOTO OKpyTa I. MOCKBHI.

Hudpsr — mokazarenu, pacCUMTaHHBIE OTHOCUTEIBHO OIleHOK: 1 — [3], 2 —

7-[17, 8 — [5]

TeNbHOCTHI0. OHM TAKXKE TOABEPKEHBI CHIIBHOMY TEX-
HOT€HHOMY BO3JI€MCTBUIO TpaHcmopra. M XoTs 4dacTo
MpU pa30UBKE TPUIOPOKHBIX Ta30HOB TPUMEHSIOTCS
TOp(O-KOMITIOCTHBIE CMECH, MPUPOJHBIE COCTABISIO-
e KOTOPBIX M3BIMAIOTCS M3 (DOHOBBIX JaHIIIA(TOB,
CpaBHCHHUE TPHIOPOKHBIX IMOYB C 30HAIHHBIMHU JIEp-
HOBO-TIO/I30JIUCTHIMU TTOYBAMHU HE COBCEM KOPPEKTHO.
[TosTomMy B KauecTBe 3TajoHA HAMH HCIOJIb30BAIUCH
KJIapKu BEpXHEH YacTh KOHTUHEHTAJIbHOU 3eMHOMU
KopHI (puc. 2).

B mpumopoxuasix mouBax BAO mpu mpuMeHEHUH
KJIapKoB 10 [2, 3] BBIABISIIOTCS OYCHb KOHTPACTHEIC
aHoMmanuu Bi, B To Bpems kak npu pacuere KK mo
Ipyrum onenkaMm Bi HakarmuBaetcs cina6o. Cd mo [5]
HMMEET OKOJIOKJIapKOBbIE KOHIEHTpaluu, a o [2, 3, 15,
17, 20, 23, 27] xapakrepu3yeTcsi CUIbHBIM HaKOILJIE-
aueM (KK 7,5-20). ITo 5, 15, 17, 20] As oOpa3yeT He-
KOHTPaCTHbIC aHOMAaJUHU, B TO BPeMs Kak IO APYTHUM
OIlCHKaM OH HaKarutuBaeTcs mHTeHcuBHee. [lo kimap-
KaM oTjesibHbIX aBTOpoB Mo, Cr, Ni, Co u V ciabo
HAaKaIuIMBalOTCs, a 0 APYTMM — pacceuBaroTcsa. boib-
mue pa3opocs! 3HadeHnit KK u KP ycranosnenst y Sn,
Sb, W.

Kapter pacnpenenenns KK Cd B moBepxHOCTHOM
TOPU30HTE TIO0YB IKHOM uactH BAO moKa3bIBarOT
3HAQUUTENbHBIC PA3IU4YUs B PACIPOCTPAHCHHOCTH U
KOHTPAaCTHOCTH TCOXUMHUYECKUX aHOMAJIUd MeTayia
(puc. 3). Haumensmme mnomaay numerot anomannu Cd
IIPH MCIIOJIB30BAaHUM KJIapka 1o [5], a Hambonee KOH-
TPAacTHBIC ¢ MAKCHUMAJIBHBIM PACTIPOCTPAHCHUEM HX
nentpos — 1o [15]. IIpu knapke Cd no [3] monydyaem
MIPOMEKYTOUHYIO OLICHKY CTEIICHU 3arpsA3HEHUS TeppU-
topuu (puc. 30). DTOT MpUMEp WILTIOCTPUPYET HEOTHO-
3HAYHOCTh OIIEHOK DKOJOTHYECKOTO COCTOSHHS CPEIbI
MIPU UCTIOJIb30BaHNN KJIAPKOB Pa3IUYHBIX aBTOPOB. Ta-
KUE CHUJIbHBIC Pa3IMUdsl aHOMATHLHOCTH XapaKTePHBI U
IUIT MHOTHX JPYTHX DJIEMEHTOB.

[2], 3 -[23],4—[27], 5—[15], 6 —[20],

OueHka pa3iu4uii KJIAPKOB 3J1eMEHTOB

HeonHopoaHOCTh TEOXMMHUYECKUX CHCTEM OLICHH-
BAIOT C TMIOMOIIBIO TOKA3aTelsl abCconomHmo2o pasopoca,
KaK OTHOIICHHUS] MAKCHMAJIBHOTO ()OHOBOTO COAICPKAHMUS
2JIEMEHTAa B OZIHOI COCTaBHOM YaCTH T€OXMMHUUYECKON CH-
CTEMbI K MUHUMaJIbHOMY (D)OHOBOMY COZICP’KaHMIO 3TOTO
K€ 3JIEMEHTA B IPYrOi COCTABHOM YacTH 3TOH K€ CUCTe-
MBI; JUI1 36MHOM KOPBI TAKUMH YaCTSIMU SIBIISIOTCS pa3-
Hble THUIBI TopHBIX nopox [1]. Ilpu ananuze pazmuanit
MEXK/y KJIapKaMU B BEPXHEW 4aCTH 36MHOM KOPbI IIpEa-
JIaraeTcsl HCIOJIb30BATh NOKA3AMENL 2e0XUMUUECKO20
ouanasona kaapkos snemenmos (I']l), paBHBII OTHOIIIE-
HUIO MAKCHMaJIbHOTO U MHHAMAJIBHOTO 3HAYEHUS CONEP-
skauus i-ro aneMmenTa: Il = Ciyane / Cluum-

ITo Benmuune I'/] XuMUYECKUE IEMEHTHI Pa3AeiICHbI
Ha 4YeThIpe rpymmnbl (Tabn. 2, puc. 4), KOTOpbIe MO cTe-
MIEHU JKOJIOTMYECKOM OMACHOCTH U 3KOT€OXMMHUYECKON
M3yYE€HHOCTH Jlajiee MOApa3elsiIiuch Ha MOATPyIIsL: 1,
2, 3 1 6e3 KJ1acCOB ONACHOCTHU B ITOYBaX.

Onemenmot ¢ ouernv manvim IJ] (< 1,5) — xmapku
BEPXHEH 4acTH 36MHOI KOPbI Y Pa3HbIX UCCIEI0BaTENIEH
npaktuuecku He ommyarotcs: F, Pb, Al, K, Na, P, Ti, Ge.
JU1g 3THX 2JIeMEHTOB HE3HAuMTeNbHas pa3HUIA B Kiap-
Kax IT03BOJISIET B KAYECTBE 3TaJIOHOB CPABHEHUS UCIIOJIb-
30BaTh JIIOObIC OLICHKH.

Onemenmot ¢ manvim 7] (1,5-2,5). B aty rpymnmy BXxo-
JUIT DJIEMEHTBI, y KOTOPBIX KJIapKU BEPXHEH 4acTH 36MHOM
KOpBI HE3HAUUTENIHO OTIIMYAIOTCS Y pa3HbIX HCCIIEI0BA-
TeJeH, NeNsImecs Ha YeThIpe MOATPYIIIHI (3ech U Jalee
nHaekc—BenuunHal /1, moarpy el mpuBeIeHbI Y€PE3 TOU-
Ky C SaHHTOﬁ)i Zn1,6; C02,5; V2,3W2’2Ba2,1Mn1,98r1’5;
Agp 3Hj 7Cs,La,Ca,Mgj gFe; 5.

W3 310i1 Tpymnmbl 21€MEeHTOB Haubojee 3KOJIoTrude-
CKU OfaceH Zn, XOTs SIBHO BBIIEIUTH JKCTPEMajbHbIE
OLICHKH €ro KJIapKOB TPYAHO H3-3a HEOOJNBIIOW pa3HH-
LBl 3HAYEHNH pa3HbBIX aBTOPOB. OJHAKO B LIEJIOM KIIapK
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Puc. 3. Knapku xonnenrpanuu Cd B moBepXHOCTHOM ropu3oHTe 1mo4B. OT KJIAPKOB 3aBHCHUT OLIEHKA
CTeNeHHU 3arps3HeHus Tepputopuu BAO kaamueM: a — cuiibHOe 3arpsizHenue mo [17];
0 — cpemnee 3arpsi3HeHMe 10 [3]; B — cinadoe 3arps3HeHue 1o [5]
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Tabdnuna 2. 'pynnupoBaHue 2IEMEHTOB

I'pymmer Toarpynnb 3J1eMeHToB
3JIEMEHTOB Kiacebl onacHocTH B MOYBax
IIpoune
(Beamuuna [JT) 1 2 3
>5,0 Cd, Hg B — Bi, Br, C, CI, N, Pd, S, Te
2,5-5,0 As Cr, Cu, Mo, Ni, Sb - Au, Be, I, Sn, Tl
1,5-2,5 Zn Co Ba, Mn, Sr, V, W Ag, Ca, Cs, Fe, H, La, Mg
<L5 F, Pb - — Al, Ge, K, Na, P, Ti
IIpumeuanue. Knaccsl 0IaCHOCTHU JIEMEHTOB B II0UBAX HACEJIEHHBIX MecT 110 [10]
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Puc. 4. I'eoxnmuuecknii auama3oH (I'J]) K1apkoB XUMHYECKHUX 3JIEMEHTOB B BEpXHEW 4aCTH KOHTHHEHTAJIEHOW 36MHOU KOPBI
[2, 3,5, 15,17, 30, 20, 22, 23, 27]. IToka3ansl snemenTsI ¢ ['/] > 1,5
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Zn no [3, 5, 15, 20] Baite, yem no [2, 22, 27]. das Co
orieHKa 1o [2] menbire B 1,6-2,5 pa3a, 4eMm ApyTHe OIcH-
k. Cpeay 3eMEeHTOB TPETbel M YETBEPTOW MOATPYTII
B MEPBYIO Ouepeqpb BhIAENAETCS Mg, KIapKu KOTOPOTO
10 [2] oTinyaroTes OT OLEHOK APYTrux aBTopos B 1,1-1,6
pa3a B OOJIBbIYIO MIIM MEHBIIYIO CTOPOHBI. AHAIOTUYHAS
cuTyanus xapakrepHa uist Mn u Fe, u1st KOTOPBIX Mak-
cUMaJbHBIC OIICHKW y Bunorpamosa [3], mis W — mu-
HUMAaJbHBIN Kiapk paccuntan Gao et al. [15], nns Ba ¢
MaKCHUMaJIbHOM o1leHKo# y Shaw et al. [22], Agu Ca—y
I'puropsesa [5].

Onemenmor co cpeonum 1] (2,5-5,0) ¢ 3ameTHOU
pa3HMILICH BEJIMYUH KJIApPKOB BEPXHEH YacTH 3E€MHOMI
KOpPBI Y pa3HBIX HCCIEIoBaTeNel, KOTOphIe TaKkKe Je-
aaTcs Ha Tpu noarpynmsl: As3 g, Sbyg gCujz 4Niz 1Crp 7;
Auj 613 5Tl3 4Sn3 2Bes 9.

Haunbonee omacHbIM AJsi OKpYysKaroliei cpefpl ¢ BbI-
COKHM Jirana3oHoM Kiapkos (3,8) seisiercs As. C tede-
HUEM BPEMEHH KasK[[asi TOCIIEAYIONIast OlleHKa KilapKa As
ObLTa BBIIE MPEIBIAYIIEH 32 HCKIIFOYEHNEM MUHUMAIb-
HOM 10 [23], 94TO HEOOXOUMO YUUTHIBATh MIPH aHAIN3E
PETHOHANBHBIX TEOXHMMHUYECKHX OCOOCHHOCTEH (OHO-
BBIX TEPPUTOPHIA, TaK KaK HCIIOJIb30BaHHE paHHHUX (OT-
HOCHTEJIFHO HU3KHMX) KJIAPKOB MPHBOIUT K MEPEOLICHKE
BKJIaJ]a AS B TEOXMMHYECKYIO CIIEI[HAIN3AINI0 paiioHa
M UCKYCCTBEHHO yBEIMYHMBAET KOHTPACTHOCTh M OIAac-
HOCTH BBISBIISIEMBIX aHOMAJIHWN 3JIEMEHTA.

Tak, B (DOHOBBIX IOYBAaX MOHT'OJILCKOM YacTH Oacceii-
Ha p. CeneHru cpegHee coepkaHue As cocTaBiser 8,6,
B JIOHHBIX OTIOKEHUSIX — &,5, B peuHoit B3Becu — 40, B
MIBUIEBOM COCTABIISAIONIEH CHEKHOTO TTOKpOBa — 24 MT/KT
[8, 12]. ITpu ucronp3oBanwy Ki1apkoB Bunorpamosa (1,7
Mmr/kr), beyca (1,9), Taylor, McLennan (1,5) u Wedepohl
(2) BBISIBIIEHO OYEHB CHMIIBHOE KOHIIEHTPUPOBAaHUE AS BO
BCEX KOMIIOHEHTaxX JIaHAMA(TOB, a MPU pacdyeTe OTHO-
cutenbHO Gao et al. (4,4 mr/kr) Rudnick, Gao (4,8), Hu,
Gao (5,7) u I'puropbesa (5,6) cuiabHOE HAKOIIEHUE Xa-
PaKTEPHO TOJBKO JIJIsi pEYHOM B3BECH U IMBIJIEBOM COCTaB-
JIAIOLIEH CHera.

Cpenu 21eMeHTOB BTOPOTO Kjlacca OMacHOCTH KIIapK
Sb, no I'puropsesy, B 1,6-4,0 pasa Bblile, 4eM y APYTHX
uccnenosareneit. Knapk Cu no Shaw et al. u Wedepohl
B 1,6-3,4 pa3a MeHbllie, YEM IO IPYTUM oleHKaM. Y Mo
OueHb HU3KUH Kiapk 1o [15, 17], u ['J] meramma cocras-
nsieT 2,6. OtnensHo Boigenstores Cr u Ni, o0beauHse-
MbIe 00IeH 0COOCHHOCThIO — MX KJapkH 1o BuHorpa-
JIOBYy M B HamOoJjee mo3aHux padorax [5, 15, 17, 20] B
HECKOJIBKO pa3 MPEBBIIIAIOT OLEHKH 10 [2, 22, 23, 27]. B
TpeThell noarpyime kiaapk Au no I'puropseBy B 2,4-3,6
pasa BblllIe, YeM Yy JPYyTUX HccienoBareiei. SIBHO 3aHu-
skeHbl Kiaapku Sn o Gao et al. [15] u Be mo Shaw et al.
[22], xoTopsix B 1,2-3,2 u 1,5-2,9 pa3a MeHblIIe, 4eM IO
JIPYTAM OIICHKaM.

Onemenmut ¢ bonvuwum I (>5,0). B aTy rpymnmy BXo-
JISIT DJIEMEHTHI C CaMOl 3HAYUTENILHOW pa3HUIIeH Kiap-
KOB BEpXHEHN 4acTh 36MHOM KOPBI Pa3HbIX HCCle0BaTe-
neii. B neit Beigensiorca tpu noarpynmsl: Cdg sHg7 g;
Bs1;  C3sBi3nTep7S23C1LPd sBr6 9N5s 6.

Cd u Hg sBnstoTcst Hanbonee OMacHbIMU 3arpsi3HU-
TENSIMA OKpYyXaromied cpenbl. [lpu ananmze ux kimap-
KOB BHJIHO, 4TO oneHka Hg mo Gao et al. [15] u Cd mo
I'puropbeBy [5] CHIIBHO OTIMYAETCS OT OCTANBHBIX. [1pH
WTHOPUPOBAHMM ATUX HKCTPEMAJIbHBIX 3HadeHuil IJ]
cHmkaercs 1o 1,5-2. bop — snmemeHT BTOpOro Kiacca
OIAaCHOCTH, €ro KJiapk 1o [17] 3HaunTeNbHO OTINYaeTcs
OT OLIEHOK JIPyTHX aBTOPOB.

15

Ji 3IeMeHTOB TpeThel TOATPYIITBI OI[EHKa OTHOTO
WJTH HECKOJIBKHX MCCIIeIOBATENICH CHITHPHO OTIHMYAETCS OT
BCEX OCTAJBHBIX OICHOK, B PE3YJIBTATE UETO Y ATUX dJIe-
MEHTOB CHJIBHO Bo3pacrtaeT BenmuuHa []l. Tak, mo [2]
knapk Pd B 5-15 pa3 Hike, 4eM OLIEHKHU IPYTHX aBTOPOB.
Knapku S u Cl [5] 3aMeTHO BBl KIAPKOB APYTUX UC-
cienosareneit (B 1,5-23 paza ansa S u B 2,3-11 pa3 ans
Cl). s S manbomnpiias pa3HUIia B OIICHKAX XapaKTepHa
UL ABYX HambOonee mo3maux padot [5, 20]. ¥V Bi, C u
N knapku Bunorpanosa u beyca 3HauuTeNbHO MEHBIIE
npyrux uccienosareneit B 3,5-32, 11-35 u 3,2-5,6 paza
COOTBETCTBEHHO. DTU CPaBHEHUS MOXKHO MPOIOJIKUTH.

Takum 00pa3oM, KIIapKH XUMHYECKHX JJIEMEHTOB B
BEpXHEW YacTH KOHTHMHEHTAJbHOW 3eMHOHN KOpbl BuHO-
rpajgosa 3], beyca u coasr. [2], Shaw et al. [22] u Taylor,
McLennan [23] 3HaYUTETEHO OTIMYAIOTCS OT COBPEMCH-
HBIX OIeHOK. OCO00 CTOUT OTMETHTH OU€Hb IIHUPOKOE
MIpUMEHEHUE KJIapkoB BuHOrpamoBa B 3KOJIOr0-reoxu-
MHUYECKUX HCCIEOBAaHUSAX POCCHHUCKHX Yy4eHbIX. [lpu
WCTIOJIb30BAHNY KJIAPKOB BEpXHEH 4aCTH KOHTHHEHTAJb-
HOHM KOpPBI HEOOXOIWMO YYHTHIBATh PA3IUIHBIC OIECHKH
JUTSL OMTHUX M T€X K€ XUMHUUYECKHUX DIIEMEHTOB, UTO OCO-
OCHHO aKTyaJbHO JIJISl AJIEMEHTOB C OOJIBIION pa3HHIICH
B OIICHKAX KJIAPKOB U HAHOOJIee OMACHBIX MOJUTFOTAHTOB:
Cd, Hg, B, As, Cr, Cu, Mo, Ni, Sb, Bi, Br, C, Cl, Pd, S,
Te, Zn, Co, Ba, Mn, Sr, V, W.

[Ipu 3K0JIOTO-TEOXUMUYECKUX MCCIICOBAHIX JTAHI-
madToB B KaUECTBE ATAJIOHOB CPABHEHUS 1eJIeco00pas-
HO HCIIOJIh30BaTh JIOOYI0 M3 CYIICCTBYIOIIUX OIICHOK
KJIAPKOB AJIEMEHTOB C OUY€Hb MAJILIMU T€OXUMUYECKUMU
muanaszonamu — F, Pb, Al, K, Na, P, Ti, Ge [2, 3, 5, 15, 17,
20, 22,23, 27]; nna Zn, Co, V, W, Mn, Sr, H, Cs, La u Fe
— mro0y10 U3 COBPEMEHHBIX OIEeHOK [5, 17, 20], a Ba, Ag,
Ca u Mg u3-3a CHIBLHOTO OTJIWYHUS OICHOK | puropne-
Ba OT OCTaJbHBIX — KJIapku no [20]. s 21eMeHTOB co
CPEIHMMH U BRICOKMMH F€OXUMUYECKUMHU JIHANIa30HaMU
CTOUT YHIEJSTh MOBHIIIEHHOE BHUMaHUE K BBIOOpPY 3Ta-
JIOHOB cpaBHeHUs (Tabm. 2). Tak, B kauecTBe KitapkoB Cl,
Br, C, N, S, Tl u Sn nienecoo0pa3Ho MPUMEHSTh OLICHKH
[27], Cd, Pd, Mo u Au—[20], Te, Biu Cu—[17], B, Hg,
Ni, Cr, As, Sb, [ u Be — [5]. banzocTs k cpeneMy Mexay
Pa3IUYHBIMU OLICHKAMU KJIapKOB U COBPEMEHHOCTh 3TUX
OIIEHOK — KJIFOUEBBIE YCIIOBHS BBIOOPA PEKOMEHTyEeMbIX
STAJIOHOB CPAaBHEHUS B IKOTCOXUMHUH.

BbIBO/IbI

1. B sKkonoruydeckoli reoXMMHUN U TeOXUMUH JIaHAIIad-
TOB B Ka4e€CTBE 3TAJIOHOB CPABHEHUS IMIMPOKO HCIIOIB3Y-
FOTCSl KJIAPKH XWMHYECKHX SJIEMEHTOB, CHJIBHO Pa3iiu-
YaIOIIMECs] MKy OLCHKAMH pPa3HbIX aBTOPOB, TO €CTh
KJIapKH TIpeZcTaBiseT co0oii Habop yCIOBHBIX KOHCTAHT,
MIPUMEHSIEMBIX Ha ONPEICIICHHOM 3Tarle Pa3BUTHS HAyKH.

2. KonuuecTBeHHONW Mepol pazauunii OLIEHOK Mpes-
JIaraeTcsl CYMTATh TEOXWMUYECKUH JUara3oH XUMHYe-
ckux ameMenToB (I)/]) — oTHOIIeHNe MEX Ty MaKCHMAaITh-
HBIM ¥ MUHAMAJILHBIM 3HaY€HHEM KJIapKa OJIHOTO M TOTO
ke anemenTa. [lo Benuunne I'J[ xuMHUuecKue 3eMEHThI
JeNATCs Ha 4YeThlpe Ipymmnsl: ¢ oombmmM (> 5,0), cpen-
HuM (2,5-5,0), MameiM (1,5-2,5) u 0YeHb MaJIbIM Juarna-
30HOM (< 1,5). Kakmas rpynmna B 3aBUCHMOCTH OT JKO-
JIOTUYECKOM OMACHOCTU U T€OXUMUYECKON U3yUYEHHOCTH
JJIEMEHTOB pa3JielieHa Ha HEeCKOJIbKO TOATPYTII.

3. B xauecTBe KJIapKOB OT/EIBHBIX 3JIEMEHTOB IIe-
necoobpasno npumeHsTh oneHku K.H. Wedepohl, R.L.
Rudnick, S. Gao, Z. Hu unu H.A. I'puropbesa.
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Physicochemical properties of road dust in Moscow *

INTRODUCTION

Road dust is a multicomponent substance formed as
a result of washing out and deflation of roadside soils,
wear of different components of transport infrastructure
and vehicles, crushing of solid waste and residues of
deicing agents (DIAs), and atmospheric precipitation of
particulate matter (Ladonin and Plyaskina 2009; Nazzal
et al. 2013; Prokofieva et al. 2015). Road dust originates
from various sources and indicates pollution level of
urban landscapes, since its particles are the carriers for
many pollutants, including heavy metals and metalloids
(HMMs). In turn, road dust itself may be a source of sec-
ondary pollution of the atmosphere and roadside soils.
Road dust is lifted into the air by traffic and it is one of
the six most important sources of suspended particulate
matter (PM) in urban atmosphere (Belis et al. 2013; Na-
tional Emissions Inventory 2017).

In the major cities of the world, road dust is increas-
ingly being considered as an object of environmental
and geochemical monitoring (Vlasov et al. 2015; Dem-
etriades and Birke 2015; Jayarathne et al. 2017; Yang et
al. 2017). Extensive literature is devoted to elemental
composition of road dust; however, the physicochemi-
cal properties inherited from its different components
have been studied to a much lesser extent, although they
are the ones that determine the potential of the dust to
fix pollutants. Usually, such parameters as pH, organic
carbon content (Corg), electrical conductivity (EC), and
particle size distribution are evaluated (Wang and Qin,
2007; Al-Khashman 2007; Hu et al. 2011; Acosta et al.
2011). The studies of atmospheric dust focus on parti-
cles with an aerodynamic diameter of 10 um or smaller
(PM1g). This PM fraction is the most important indicator
of air quality in many cities around the world, since it
can penetrate the human respiratory tract, cause asthma
in children and increase the risk of mortality from dis-
eases of the cardiovascular system (Tager 2005; Fonova
2017; Report... 2017). The same particle size fraction is
also important when studying road dust, since the parti-
cles PM1q contain up to 40-60% of the total amount of
HMMs and the concentrations of Cd, Ag, Sb, Sn, Se, Cu,
Bi, Pb, Zn, Mo, and W in this fraction are 4-22 times
higher than their abundances in the upper continental
crust (Vlasov et al. 2015; Vlasov 2017).

When road dust settles on the surface of urban soils
it changes their physicochemical properties. Road dust
has a weak alkaline reaction and can form or increase
the capacity of the existing alkaline geochemical bar-
rier, which control the accumulation of many HMMs
(Kosheleva et al. 2015). The presence of organic mat-
ter in dust causes the formation of organo-mineral geo-
chemical barrier and the occurrence of various-size dust
particles leads to the appearance of sorption-sedimenta-
tion geochemical barriers.

In this study for the first time a comprehensive anal-
ysis of the road dust properties and their spatial distribu-
tion has been made for the entire urban area of Moscow,
the largest megacity of Russia and Europe. Moscow has
numerous industrial enterprises, heating power plants
(HPPs), an extensive road and transport network, and
over 4.6 million cars. Similar but limited in scope studies
were previously conducted only for individual districts
of Moscow (Ladonin and Plyaskina 2009; Vlasov et al.
2015; Prokofieva et al. 2015; Bityukova et al. 2016; La-
donin 2016). The purpose of this study was to evaluate
the main physicochemical properties and the accumula-
tion potential of the Moscow’s road dust with respect to
pollutants as its chemical composition is one of the im-
portant indicators of urban environment quality.

The specific objectives of the study were:

— to obtain a representative data set for the territory of
Moscow that characterizes the dust on its roads in
regard to various traffic intensity in different admin-
istrative districts of the city;

—to determine main physicochemical parameters of
the road dust: pH, EC, Cog, and particle size dis-
tribution;

— to identify their spatial trends within the city;

—to assess the extent of technogenic geochemical
transformation of the dust properties on the roads
and to evaluate its accumulation potential with re-
spect to inorganic pollutants (e.g., HMMs).

SOURCES OF ROAD DUST

Motor transport. It is the main source of air pollution
in Moscow that presents up to 95% of total emissions, or
880-930 thousand tons per year (Report... 2017; Bityu-
kova and Saulskaya 2017). The length of Moscow roads
is 3,600 km, they occupy about 8% of its area (Fig. 1).
The density of the road network is 4.2 km/km?, including
the main network 1.54 km/km? (Khusnullin 2013). At the
beginning of 2017, the automobile fleet of Moscow was
about 4.6 million units of which 90.4% were passenger
cars, 8.5% were trucks, and 1.1% buses. The number of
vehicles is constantly increasing; the car ownership level
is 340 per 1000 people.

Deposition of atmospheric aerosols resulting from an-
thropogenic emissions is one of the factors controlling
the accumulation of road dust. Motor transport emis-
sions consist of carbon monoxide (63%), nitrogen ox-
ides (22%), and volatile hydrocarbons (13%) (Report...
2017). Particulate matter accounts for about 1% of the
traffic emissions and non-exhaust emissions coming from
abrasion of the road surface and road marking, break and
tire wear, which ranges, according to various estimates,
from 2.5 to > 5 thousand tons per year depending on traf-
fic conditions — type, speed, and numbers of maneuvers
(Nazzal et al. 2013). The particulate fraction PMjg is
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largely associated with emissions of diesel cargo trans-
port (61%) and buses (29%), despite the fact that their
number is much smaller than that of passenger transport;
however, they have higher emission intensity and mile-
age and a smaller share of engines of high environmental
classes. An apportionment of the sources of PM1( in Hat-
field Tunnel (United Kingdom) showed that 60% of the
particulate fraction is composed of particles originated
from wear of road surfaces, tires, and brake pads, and
re-suspension of the dust (i.e. non-exhaust emissions);
while engine exhausts produce only 40% of PM1( (Law-
rence et al. 2016).

The maximum concentrations of pollutants in the air
are observed in close proximity to roads. Within a dis-
tance of 1 m from a roadway the average dust load is 1.77
g/m? per day and at a distance of 5 meters it is 0.47 g/m?
per day , which is 262 and 67 times higher, respectively,
than the background level (Achkasov et al. 2006). Even
in the eastern industrial part of Moscow, the dust load
near roads is 1.2-2 times more intensive than near indus-
trial areas (Kasimov et al. 2012).

The generation of particles during braking of vehicles
due to friction between parts of the brake system is one
of the significant sources of road dust (Garg et al. 2000).
Therefore, the contribution of the road dust loading to
suspended PM in urban environment can be quantitative-
ly assessed using markers of particles originated from
brake and tire wear, which include Cu and Sb (Weckw-
erth 2001), as well as tracers of road wear — Ca, Al , Si,
Ti, and Fe (Diapouli et al. 2017).

Deicing reagents. The DIAs used in Moscow are
chloride-based. They comprise at least 93% of technical
salt (sodium chloride). The salt is usually mixed with
marble chips that after snowmelt mark the places where
the DIAs were applied (Nikiforova et al. 2016). A single
road treatment requires 80-200 g/m? of the DIA (Sis-
ter and Koretsky 2004). The total permitted salt load in
Moscow reaches 420-500 thousand tons (as dry matter)
during the winter season, or 37 kg of the DIAs per per-
son (Khomyakov 2015). The DIAs include combined
(solid and liquid) agents. The municipal services of
Moscow use liquid DIAs at temperatures higher 16°C;
at lower temperatures combined agents which include
50-60% of marble chips, crystals of calcium chloride,
and formic acid salts are applied. The solubility of mar-
ble is low; with decreasing chip-size, it increases in the
presence of dissolved calcium chloride and particles of
road surface (Greinert et al. 2013). In the courtyards
and adjacent areas, sidewalks, and pedestrian streets,
only combined DIAs are allowed to be applied. Addi-
tionally, grains of crushed granite with a diameter of
2-5 mm can be used, mainly in yard areas and on dan-
gerous road sections.

Industrial enterprises and construction. In Moscow,
there are over 30,000 stationary sources of pollutant
emissions concentrated in the industrial zones (Fig. 1 a).
In different years, the total emission load ranged from 60
to 70 thousand tons per year with a contribution of solids
of about 3%. Thirteen HPPs in Moscow account for al-
most 50-65% of atmospheric emissions from stationary
sources, while 20-30% comes from oil refineries, 2-3%
and about 2% are derived from engineering enterprises,
and from food processing and building materials produc-
tion, respectively (Bityukova and Saulskaya 2017).

The sources of aerosol emissions to the atmosphere
also include about 700 objects of urban construction
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— residential buildings, urban infrastructure, road and
transport facilities (Bityukova and Saulskaya 2017).
Many stages of construction are accompanied by in-
tense dust generation. In the near future, the number of
construction projects in Moscow is expected to increase
owing to the adoption of the law aimed at renovation
the old housing stock. Accordingly, about 5,000 build-
ings needs to be demolished and rebuilt. Besides, in
Moscow, some industrial zones are being redeveloped
into residential areas.

Soil deflation. Dust contamination of roads increases
due to wind erosion of poorly vegetated soils. Within the
Moscow Ring Road (MRR), artificially created or highly
transformed soils — urbanozems (Prokofieva and Stro-
ganova 2004) — dominate; they have more alkaline pH,
higher levels of Corg and readily soluble salts, increased
accumulation potential and higher proportion of clay,
which control binding of HMMs in soils (Kosheleva et
al. 2015). Extraneous material of anthropogenic origin,
e.g., construction and household waste, are common in
urban soils.

The composition of solid atmospheric fallout on the
roadside areas of Moscow reflects its mixed origin. The
coarse fractions consist mainly of quartz grains, feld-
spars, carbonates, and asphalt fragments; the fine frac-
tions, in addition, carry carbon-containing matter, paint,
glass, plastic, brick and other fragments (Prokofieva et
al. 2015). The PM, 5 fraction (particles with an aerody-
namic diameter of 2.5 pm or smaller) is formed by solu-
ble inorganic salts, mainly sulfates and nitrates (4-32%
of the aerosol mass), insoluble mineral particles, car-
bon-containing material (1.2-48%) usually represented
by elemental carbon (Privalenko and Bezuglova 2003;
Da Costa and Oliveira 2009).

MATERIALS AND METHODS

The road dust was tested in Moscow within the MRR
on roads with different traffic intensity in June—July 2017
in 9 administrative districts (Fig. 1), as well as inside
courtyards with local driveways and parking lots. The
courtyards protected from the winds often act as traps for
inorganic pollutants which are accumulated in urban soils
of residential areas (Kosheleva et al. 2018b). The sam-
pling grid density was defined as one sample per approx-
imately 4 km? (Demetriades and Birke 2015; Kasimov et
al. 2016). The dust samples that represent geochemical
background in urban environment were collected on pe-
destrian paths in natural forest parks (the Losiny Ostrov,
the Izmaylovsky and Bitsevski parks), at the most remote
locations from the highways. In total, 173 dust samples
were collected on the roads, 36 — in the courtyards, and
5 —in the forest parks.

In terms of traffic intensity, all roads were divided into
several types by the width of the roadway and the num-
ber of lanes: (1) MRR, (2) the Third Ring Road (TRR),
(3) major radial highways with more than four lanes in
one direction, (4) large roads with three to four lanes,
(5) medium roads with two lanes, and (6) small roads
with one lane, and (7) local driveways and parking lots of
courtyards. Table 1 shows the number of samples taken
on different types of roads.

The fieldwork period was characterized by wet and
rainy weather conditions; in June—July 2017 the pre-
cipitation norm for Moscow was exceeded nearly twice
(Weather and Climate, 2017). The accumulation of the
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Fig. 1. Mobile and stationary sources of technogenic impact and road dust sampling locations in Moscow (a) and the adminis-
trative districts of Moscow within the Moscow Ring Road (b)

Impact levels of industrial zones are given according to Bityukova and Saulskaya (2017). Capital letters indicate the names of
administrative districts (okrugs): N— Northern, NE — Northeastern, E — Eastern, SE — Southeastern, S — Southern, SW — South-

western, W — Western, NW — Northwestern, C — Central

road dust was hampered by intensive surface drainage
and daily road cleaning by public utilities. The sampling
was carried out in days as dry as possible and no earlier
than 24 hours after the rain and full road drying. Com-
posite 300-500 g samples were collected along the curb
on both sides of the road with a plastic scoop and brush,
in 3-5 replications at a distance of 3—10 m from each
other. On large and major radial roads, the samples were
taken on the dividing strip; in the courtyards they were
collected from the parking lots.

The main physicochemical properties of the dust
samples were analyzed at the Ecological and Geochem-
ical Center of the Faculty of Geography, Lomonosov
Moscow State University. The pH values were meas-
ured in aqueous solutions (dust:water 1:2.5) by the po-
tentiometric technique, the electrical conductivity (EC)
— in aqueous solutions (dust:water 1:5) using EC meter,

the content of organic carbon was determined by the
Tyurin (wet oxidation) method followed by titration,
and the analysis of particle size distribution was per-
formed by laser granulometry. The definition of par-
ticles is given according to the classification of N.A.
Kachinsky adopted in Russia.

The obtained data were analyzed by statistical
methods. For each district and road type, the following
measures were calculated: sample averages (m), their
errors, standard deviations o, variation coefficients
(Cv = 6/m-100%), minimum and maximum values. The
variation of the parameters depending on a set of factors
(type of road, spatial location of the sampling point in
the city, particle size class, base-acid reaction, and Cy;
content) were estimated by the regression trees metho
in S-Plus package (MathSoft®). The visualization of the
geochemical data was done in ArcGIS 10 package.
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RESULTS AND DISCUSSION

The physicochemical properties analyzed (Tables 1,
2), in general, fall into the range of values comparable to
what has been found in other cities of the world where
pH, Corg content and EC varied between 7-9, 1-17%,
and 100-2800 pS/cm, respectively (Wang and Qin 2007;
Al-Khashman 2007; Ladonin and Plyaskina 2009; Acos-
taetal. 2011; Yisa et al. 2011; Hu et al. 2011; Sutherland
et al. 2012).

The results of multivariate regression analysis (Fig. 2)
revealed the leading factors determining the physico-
chemical properties of road dust.

Urbanized background

The road dust in the urban forest parks (Table 1)
had the lowest values of pH (7.1) and EC (70 uS/cm).
The DIAs are not applied in these territories; there is no
pollution by particles formed during mechanical deteri-
oration of vehicle parts, and atmospheric deposition is
hampered by vegetation. The main components of the
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dust in these background areas are plant residues and soil
particles. In the forest parks, natural sod-podzolic soils
(Retisols) with slightly acidic reaction and the preva-
lence of fulvic acids in the surface horizon owing to plant
litter (Prokofeva et al. 2013, Rozanova et al. 2016) are
still present. Foliage residues serve as a natural source
of Corg, which determined its increased concentrations —
4.1%, on average. Unlike the forest parks, fallen leaves
are removed from the public gardens and parks, as well
as in many residential yards and green lawns, thereby re-
ducing the new addition of organic matter into the soil.
Also, the background dust had specific granulometric
composition: in all 5 samples collected, a coarse particle
size fraction 250—1000 um prevailed (> 50%).

Base-acid reaction

The average pH of the dust sampled on the roads and
in the courtyards is 7.4. The differences between the ad-
ministrative districts were insignificant; the values that
exceed the maximum and the average pH were typical of
the western, southern and eastern parts of Moscow, while

Table 1. Physicochemical properties of the dust collected from different road types

Roads pH EC, uS/cm Corg, %0 Share of PM g, %

(number

of samples) Average Cv, % Average Cv, Average (min— | Cv, Average | Cv,

(min—max) (min—max) % max) % (min—-max) | %

forest parks (5) 7.1 (6.7-7.4) 32 70 (66-88) 17 4.1 (2.5-74) 42 13 (6.3-18) |37
MRR (20) 7.3 (6.8-7.9) 3.1 256 (98-521) |41 2.7 (1.5-4.9) 33 18 (5.4-31) |36
TRR (10) 7.4 (7.0-7.6) 24 277 (136-712) | 57 2.8(0.85-3.6) |29 18 (6.2-22) |25
major radial (19) | 7.5 (7.1-8.0) 35 256 (118-537) |45 2.0 (1.0-4.0) 36 15(4.1-29) |63
large (47) 7.4 (6.9-8.0) 3.9 257 (88-523) |49 2.1(0.17-4.8) |41 16 (5.7-33) |44
medium (44) 7.4 (6.8-8.1) 37 174 (33-450) | 55 2.3(0.87-4.6) |38 13 (3.2-27) |52
small (34) 7.4 (6.4-8.1) 4.2 193 (47-525) |58 2.4(091-4.8) |36 14 (4.0-39) |52
courtyards (36) 7.2 (6.6-8.1) 3.7 162 (63—-483) |50 4.1 (1.1-6.7) 32 14 (5.2-28) |45

Note. Hereinafter, share of PM | ( represents the share (%) of particles with a diameter of 10 um and smaller in a bulk sample of the road dust

(considering particles of all diameters).

Table 2. Physicochemical properties of the road dust collected in different administrative districts of Moscow

Eliusﬁlrliacetr of samples) pH EC, uS/cm Corg, % Share of PMjq, %
Average Cv,% | Average Cv, Average Cv, | Average Cv,
(min—max) (min—-max) % (min—-max) % (min—max) %
Eastern (21) 7.4 (7.0-8.0) |3.8 174 (33-519) 67 2.2(0.17-4.9) 51 14 (6.7-30) 46
Western (29) 74 (6.9-8.1) |4.0 183 (98-376) 40 2.5 (1.1-5.67) 45 | 16 (4.1-28) 41
Northern (12) 7.3 (7.1-79) |29 211 (97-537) 58 2.6 (1.4-3.8) 22 |19 (6.9-28) 34
Northeastern (23) 7.3(6.4-77) |37 199 (65-352) 40 3.1 (1.6-5.1) 34 |17 (6.7-29) 34
Northwestern (16) 7.2 (6.7-8.0) | 4.6 248 (90-459) |45 2.7 (0.85-5.1) 38 | 18 (7.2-29) 35
Central (32) 7.3(6.8-8.1) |39 243 (80-712) 56 24(0.85-4.8) |46 |14(4.2-24) 47
Southern (27) 74 (6.8-8.1) [4.2 214 (73-483) 42 2.8 (1.3-6.6) 49 |12 (5-20) 55
Southeastern (30) 74 (6.6-8.0) |43 242 (47-525) 64 2.7 (0.91-6.7) 46 | 15(3.2-39) 62
Southwestern (20) 74 (71-7.8) |24 176 (53-521) 61 2.4 (1.4-4.7) 38 | 14 (4.1-34) 55
Moscow (210) 74 (6.4-8.1) |39 211 (33-712) 56 2.6 (0.17-6.7) 44 | 15(3.2-39) 48
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Fig. 2. Differentiation of the physicochemical properties of the Moscow’s road dust in relation to the type of the road, the
administrative district, and the particle size distribution

For each terminal node, the average value of the parameter, the coefficient of its variation Cv, and the number of sampling
points n are given. Types of roads: H — major radial highway, L — large, M — medium, Sm — small, Y — courtyards. For the
names of the districts please see the footnote of Fig. 1
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Fig. 3. Base-acid reaction (a) and the results of electrical conductivity measurements of the road dust in Moscow (b)
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Fig. 4. The Cyg content (a) and the proportions of PM ¢ fraction in the road dust samples in Moscow (b)

minimum values were observed in its northern part (Table
2, Fig. 3a). The lowest average pH of 7.2 was recorded
in the Northwestern district due to the prevailing norther-
ly winds which contribute to the translocation of alkaline
technogenic dust to the south of Moscow (Lokoshchenko
2015) — the road dust pH in the Southern, Southeastern and
Southwestern districts, as well as in the Eastern and West-
ern districts, exceeded the value of 7.4. The coarse sand
fraction (particles with diameter >500 um) is suspended at
wind speeds exceeding 10 m/s; the coarse silt (with diam-
eter 10-50 pm) and smaller particles may suspend in fairly
weaker winds. Particles with diameter of 1-2 um at wind
speeds of 2-3 m/s are removed from the soil surface, enter
the surface aerosol, and remain suspended for quite a long
time (Gendugov and Glazunov 2007). The particles’ pH
rises when their size decreases. Thus, in Western district,
the pH in the aqueous extract of PM3q (with diameter <50
um) was 0.6 units higher than that of PM-5q (with diam-
eter >50 um); on large roads, this difference increased to
almost 1 unit (Bityukova et al. 2016).

High pH values ( >8) in most cases are caused by the
influx of alkalinizing substances during the repair of the
roadway and laying paving slabs (Greinert et al. 2013).
The maximum pH of 8.1 turned out to be lower than the
average (8.2) and maximum (8.9) pH of road dust col-
lected in the summer of 2013 for the eastern part of the
city (Vlasov et al. 2015) when the weather was rather dry
and hot. Low pH values in the summer of 2017 may be
associated with intensive removal of carbonate dust by
precipitation and surface runoff.

The pH values of the dust correlate well with the
types of roads. The pH tends to increase in the follow-
ing order: courtyards and small roads — large and major
radial roads. The exception is the road dust collected on
the MRR which shows the intermediate pH values. The

lowest average pH is restricted to the inner yard territo-
ries (7.2), while the highest — is registered for the major
radial highways (7.5); which supports the idea that pH
increases with the increasing road width and intensity of
traffic. Roadway abrasion is higher on large roads (even
small ruts are formed here), the material of which has a
slightly alkaline reaction with a pH of 7.4. The highest
pH variability with both the minimum (6.4) and maxi-
mum (8.1) values was observed on small roads.

The pH rise with increasing road-size might be ex-
plained by a more active use of strong alkaline detergents
on large roads. During summer period, roads are cleaned
daily by sweeping dust and periodic washing of the road
surface. Detergent products with high pH (9-11) are
used (“Chistodor,” “Tornado”). After deposition on road
surfaces and drying they become one of the significant
dust alkalinizing agents. The pH of the dust is minimal
on parking lots in courtyards and on the MRR as they
are not regularly washed (Fig. 2) while the road dust pH
is much higher on the TRR, major radial, large, medi-
um, and small roads, especially in Eastern, Southeastern,
Western and Southwestern districts.

The predominance of the coarse particle size fractions
in the road dust (Fig. 2) determines a more alkaline en-
vironment, which is associated with the input of slightly
soluble particles of marble chips in winter season. The
bulk of the DIAs used consists of particles with a diame-
ter of 1-10 mm; the number of particles <1 mm does not
exceed 15-20%.

Electrical conductivity

The Moscow’s road dust has high EC, which is due
to the presence of large quantities of soluble substances
of technogenic and natural origin, detected in aqueous
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extracts. The average EC value of Moscow road dust
was 211 uS/cm, which is about 3 times higher than the
background value in the forest parks (70 pS/cm). The EC
varies between the districts from 173 (Eastern district)
to 248 puS/cm (Northwestern district) and within the dis-
tricts, where the EC variation coefficients are also signif-
icant (Cv 40-67%).

In winter time, the main source of readily soluble salts
are the DIAs. With their excessive application, some of
the reagents are not removed by the melt water, but re-
main in the solid form on the roadway, increasing the
road dust EC. With decreasing particles’ size, their EC
rises: in Western district, the EC of PMj5 is 2 times high-
er than that of PMs5q (Bityukova et al. 2016).

The clear relationship between road-size and the EC
was detected: the EC values on medium and small roads
and in courtyards were 1.5 times lower than those on the
MRR, TRR, major radial highways and large roads, es-
pecially in Northern, Central, Southeastern and North-
western districts (Fig. 2) due to a high content of PMy
(Table 2). A similar effect was observed in Amman, Jor-
dan (Al-Khashman 2007). The smallest average EC (161
puS/cm) was typical of courtyards with parking lots, while
the highest (277 uS/cm) of the TRR. The minimum value
was found on the medium-size roads in Eastern district
(33 uS/cm), and the maximum (712), at the crossroad of
the Zvenigorodskoye Highway and the TRR.

The map (Fig. 3b) shows that increased EC are
confined to the area stretching from the north-west to
south-east. Most likely, the high EC values in this area
are associated with greater density of the road transport
network and industrial facilities. Outside this area in the
north-east of Moscow, there is a large forest park Losiny
Ostrov, and in the south-west, the Bitsevski forest park.

Organic carbon

The pool of carbon in road dust is formed by soil
particles containing humus and organic compounds of
technogenic origin. In the traffic zone, the composition
of organic matter is dominated by insoluble organic com-
pounds, generally not susceptible to destruction by soil
microorganisms, which increases their accumulation.
Sources of these compounds are asphalt pavement and
emissions from industries and motor vehicles (Faure et
al., 2000). In the recreational and residential areas (forest
parks and courtyards), the organic matter usually consists
of natural fractions of humus (Lodygin et al. 2008); it
is possible that in wet conditions (as it was in summer
2017), the fungi mycelium was an additional source of
organic carbon (Prokofieva et al. 2015). The increase in
the Corg content in the forest parks is caused by the de-
composition of plant litter as a natural source of Cog;
in the courtyards, it is associated with the application of
organic fertilizers (Vodyanitskii 2015).

The average content of Cg;e in road dust of Moscow
was 2.6% ranging from 2.2% in Eastern district to 3.1%
in Northeastern district with the variation coefficient up
to 50% (Table 1, Fig. 4a). In dust of different types of
roads, the minimum content of Cqrg of 2.0% was asso-
ciated with the major radial highways and large roads;
the maximum of 4.0%, close to the background level of
4.1%, was observed in the courtyards (Fig. 2), where or-
ganic matter comes from soil particles that are blown out
from lawns and carried on wheels of cars parked on bare
ground. The lawn soils have a high content of Cqyg and
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nutrients, primarily nitrates (Kosheleva et al. 2018a). The
addition of organic matter also occurs during idling of
car engines responsible for increased emissions of soot
and other organic compounds.

The Cgyy content in the road dust is positively correlat-
ed with PMgl o fraction, which is partially derived from au-
tomobile exhaust containing various organic compounds,
including soot particles and lubricating oils (Grigoriev
and Kissel 2002). The fine particle size fraction in the
road dust also includes fine topsoil particles (1-2 pum),
which are blown out by moving vehicles (Gendugov and
Glazunov 2007). The smaller are the particles, the great-
er is the likelihood of them being blown out of the soil
surface and getting into the dust. This explains the direct
relationship between Corg and PM . The effect of pH on
the Cqrg content (Fig. 2) relates to the contribution of soil
particles, which, compared with technogenic material,
have a more acidic reaction.

Particle size distribution

The granulometric composition of the Moscow’s road
dust was fairly uniform; it mainly contains sand (50—1000
um) and coarse silt (10-50 um) fractions, consisting pre-
dominantly of quartz and feldspar, respectively (Prokof-
ieva et al. 2015). There were no significant differences
in the particle size distributions between the road dust
samples collected in different administrative districts and
on different road types; the differences did not exceed
2—6% (Table 1, 2, Fig. 4b). Within the district groups, the
share of PMj in the road dust varied depending on the
type of roads (Fig. 5). The road dust in Southern, South-
eastern and Southwestern districts and on the large roads
and the MRR was slightly dominated by PMs_1¢ and
PMjq_s¢ fractions (Fig. 5).

The dust with a high content of the PM1( was typical
for the Leningradskoye and Yaroslavskoye Highways,
some of the busiest highways in Moscow, and for large
roads at some distance from TRR and the city center. The
PMj( content increases as a result of daily congestion
of vehicles with long idling, which leads to an increase
in emissions of fine particles and soot. This is especially
pronounced in local depressions of the relief, where the
most favorable conditions for the deposition of particles
are formed.

The maximum content of coarse fractions was ob-
served on the medium and small roads, as well as in Cen-
tral, Eastern, Southeastern and Southwestern districts.
The most likely reason for the predominance of coarse
fractions in the road dust of the Southeastern district is
the coarse parent material of Meshchera lowland; there,
a flat sandy plain is composed of fluvioglacial sands and
sandy loam (Kasimov et al. 2016).

Technogenic transformation of the dust properties
and the dust ability to accumulate pollutants.

Physicochemical properties of the road dust in the
city are affected by technogenic sources. The comparison
of the road dust with the dust sampled in the forest parks
allowed us to estimate the intensity of the technogenic
transformation of its properties (pH, EC, Cog, and the
PM ;¢ content) within Moscow. However, a comprehen-
sive assessment of such transformation is difficult due to
differences in the units of measurement and the variabil-
ity of the parameters studied. To bring the heterogeneous
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Fig. 5. The granulometric composition of the road dust on various types of roads and in different administrative districts of

Moscow. Types of roads are deciphered in Fig. 2.

data to a single scale, physicochemical properties of the
road dust were normalized (Tikunov 1997):
i = [Xi— Xpl/ [Xex — Xbl,

where Xi, X1 are the initial and normalized values of
a property at the i-th sampling point, respectively; Xb is
the background value of the property in the dust of forest
parks; Xex is the extreme value of the property (Xax Or
Xmin) most deviating from the background value Xy, As
a rule, Xex = Xmax - If [Xmin — Xb| > [Xmax — Xbp|, then
Xex = Xmin-

Then the degree of technogenic transformation (R) at
the i-th sampling point can be defined as the total value of
the normalized deviations of all parameters from the back-
ground values of X'jj, where j is the considered physic-
ochemical property (1n our case j =1, 2, 3, 4). We set the
approximate gradations of R dependlng on its range in the
study area AR = Ryyax — Rpin (Table 3).

Analysis of the spatial distribution of R (Fig. 6a)
showed that the greatest transformation of the physic-
ochemical properties of road dust was associated with
the sections of major radial highways located near the
industrial zones and bus depots: in Southern district — it
was the Varshavskoye Highway (electrical substations,

Table 3. Levels of technogenic transformation (R) of the road

meat processing plant, bus and trolleybus depots, factory
for the production of optoelectronic devices); in Eastern
district — Schelkovskoye Highway (HPP-23); in North-
ern district — Dmitrovskoye Highway (bus depot, me-
chanical plants); in Northwestern district — Volokolam-
skoye Highway (bus depot, reinforced-concrete plant)
and Zvenigorodskoye Highway (bus depot and HPP-16);
in Western district — Mozhaiskoye Highway (HPP-25,
wood processing plant, champagne wines plant, beer and
non-alcoholic beverages plant); and in Central district —
the Garden Ring road.

An increase in the pH, Cy, and the PM( contents in
soils leads to the formation 0% technogenic alkaline, or-
gano-mineral, and sorption-sedimentation geochemical
barriers (Vodyanltsku 2008; Vodyanitskii 2015), whose
capacity increases with the growth of these parameters
(Kosheleva et al. 2015). Considering that roadside soils
play an important role in the formation of the mineral
part of road dust and supply a significant amount of toxic
chemical elements and compounds, an increase in pH,
Corg and the PMj( content in the road dust, as in other
mmeral components of urban landscapes will contribute
to the growth of its accumulation potential in relation to

dust physicochemical properties

Level of technogenic transformation Limit values of R Ranking categories of R for Moscow
very low R <Rppjn + 0.1'AR R <0.417

low Rmin + 0.1'AR < R<Ryyijp + 0.25-AR 0.417 <R <0.776
medium Rmin + 0.25:AR <R < Rpyjp + 0.5:AR 0.776 <R < 1.374

high Rpmin + 0.5AR < R <Rpyyip +0.75:AR 1.374<R <1972

very high Rmin T 0.75°AR <R <Rypin + 0.9-AR 1.972 <R <£2.330
extremely high R > Rpin + 0,9°AR R >2.330
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Table 4. Ranking categories of the accumulation potential (Q) of the road dust

Accumulation potential Limit values of Q Ranking categories of Q for Moscow
very low Q< Qmin +0.1-AQ Q<0.796

low Qmin T 0.1'AQ <Q < Qmin +0.25:AQ 0.796 <Q < 1.052

medium Qmin T 0.25:A0Q0< Q < Qmin + 0.5:AQ 1.052<Q <1478

high Qmin T 0.5AQ <Q < Qmin + 0.75-AQ 1.478 <Q <1905

very high Qmin +0.75-:AQ<Q < Qpin + 0.9-AQ 1.905 <Q <2.160
extremely high Q> Qmin T 0.9-AQ Q>2.160
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Fig. 6. The degree of technogenic transformation (R) of physicochemical properties (a) and the accumulation potential (Q) of

the road dust (b)

many HMMs.

To assess the spatial variability of the accumulation
potential of the Moscow’s road dust with respect to
HMMs, the normalized index Q = XX’;; was calculated,
with j =1, 2, 3; (X"}) = (Xi — Xmin) /](Xmax = Xmin)-
The following ranking categories were adopted for
the accumulation potential (Q) of road dust in Mos-
cow taking into account its range in the study area
AQ = Qmax — Qmin (Table 4).

The spatial distributions of the two indices — Q and
R — differed for several reasons. First, the calculation of
Q did not take into account the data on the EC of the
aqueous extract of the road dust, since the EC’s effect
on the accumulation potential of mineral components has
not been sufficiently studied. Secondly, the accumulation
potential considers only the increase in pH values and
the content of Corg and PM g, whereas the index of tech-
nogenic transformation R summarizes both positive and
negative deviations from the background conditions.

The analysis of the Q index distribution suggests the

predominance of road dust with high and average accu-
mulation potential in the traffic zone in all districts of the
city. Medium levels of technogenic transformation and
accumulation potential were typical of the MRR and the
TRR, which is might be explained by rapid “regeneration”
of dust material as a result of frequent road sweeping by
municipal services. The largest accumulation potential of
the road dust was detected in south of Moscow (along the
Varshavskoye Highway), in the south-east (in courtyards
and on medium-size streets between the Kashirskoye and
Besedinskoye Highways), and in the north of Moscow
(along the MRR and medium-size streets near the HPP-
21, pipe plant, and fish and meat processing plants).

CONCLUSIONS

The dust in the urban forest parks of Moscow is main-
ly derived from the natural sources with minimal impact
of anthropogenic fallout. Formed mainly by soil particles,
it has the background properties most similar to those ob-
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served in the upper horizon of zonal sod-podzolic soils.
It has neutral pH (average 7.1), low EC (70 pS/cm), high
content of Corg (4.1%) and a significant amount of the
coarse particle size fraction (> 250 pm). The high content
of Coye in the forest parks is caused by decomposition of
plant litter.

The dust on the roads has a more alkaline reaction (pH
7.4), high EC (211 pS/cm), and lower content of Coro
(2.6%), which is explained by motor vehicles emissions
and the proximity to the industrial areas, as well as with a
large volume of DIAs applied. The road dust is alkalinized
by detergents and particles formed by abrasion of road-
ways and blown out from construction sites. A three-fold
excess of the EC over the background values is mainly due
to the use of the DIAs and roadway maintenance. The con-
centration of Cog in the Moscow’s road dust is on average
2 times lower compared to the background values. In the
courtyards, the increased content of C;, is associated with
the application of organic fertilizers. In general, the road
dust is composed mainly of sand-size particles (50—1000
um) and coarse silt (10-50 pm) fraction. The variations in
the share of particle size fractions by districts and different
types of roads, as a rule, do not exceed 2—6%.

The most significant factor determining the physico-
chemical properties of the road dust is the type of road.
The dust on large roads including TRR has higher pH,
EC, and PM( values, which is caused by the intense traf-
fic and, as a result, the greater amount of particles formed
through roadway and vehicle wear. The content of Corg
in the road dust is reduced due to the lower contribution
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of soil particles. The spatial trends in the dust properties
across the city territory are poorly expressed; to a large
extent they are masked by other factors such as proximity
to industrial zones and to large forest parks, the DIAs
composition, frequency of the roadway cleaning and
washing, and the contribution of soil particles of various
genesis in different districts of Moscow.

The settling of airborne technogenic substances in the
traffic zone increases the accumulation potential of the
road dust with respect to pollutants binding compared to
the dust of the forest parks. The most pronounced trans-
formation of the road dust properties was found along
some segments of the major radial highways that are lo-
cated near the industrial areas and bus depots, especially
in Southern, Eastern, Northern, Northwestern, Western
and Central districts. In Southern, Southeastern and Cen-
tral districts dust has the greatest accumulation potential.
Cleaning roadways by municipal services reduces tech-
nogenic transformation of the road dust properties and
thereby deminish its ability to bind pollutants, what is
most pronounced on MRR and TRR. Therefore, regular
cleaning of all types of roads, including those in court-
yards of residential areas, is an effective measure to im-
prove the quality of urban environment by reducing the
level of its contamination with dust and dust associated
pollutants. Thus, these results and the approved meth-
odology for studying the physicochemical properties of
road dust can be useful in assessment of urban environ-
mental pollution, as well as in planning and rationalizing
activities for cleaning streets from road dust.
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(dakTopbl HAKONNIEHUA TAXKENbIX MeTalJIOB U MeTaNionaoB Ha
reoxmmMmmyeckmnx 6apbepax B ropoacknx nousax *

BBEJTEHUE

[IpoMbIniuTeHHBIE OOBEKTHI U TPAHCIIOPT B TOpOIAX
MOCTABIISIOT OOJIBIIIOE KOJMYECTBO BPEIHBIX BHIOPOCOB,
OKa3bIBasl HEFaTUBHOE BO3/ICHCTBHE HA COCTOSIHUE OKPY-
JKAIOIIEH CpeIbl. 3arpsI3HSOIINE BEIIECTBA OCAKIAIOTCS
U3 aTMoc(ephl Ha MOBEPXHOCTD IMOYB U HAKATUIMBAKOTCS
B HUX, U3MEHsA MOP(DOIOTHYECKUE M (PUIUKOXUMUYE-
CKHE CBOMCTBAa BEpXHUX TOPU30HTOB. Brimanenue kap-
OOHATHOH TBIIN PUBOIUT K pocTy pH MOBEpXHOCTHBIX
TOPHU30HTOB, TOHKHE (hPAKINH TBUIA U HJIa, a TAKXKe Ty-
MYCOBBIC BEIIECTBA YBEIINUUBAIOT EMKOCTH TMOTTIONICHHUS
[7, 17, 18, 29, 40, 42]. YTeuku BoAbl U3 paclpeaciu-
TENBHBIX CETel OOYCJIOBJIMBAIOT MOJATOIJICHHE, a 3aIe-
YyaTbIBaHUE, TO €CTh PA3MEUICHUE HA MOBEPXHOCTH IIOYB
3MIaHUH, TIOKPBITHE WX ac(hajabTOM H T. 1., TPUBOIUT K
YIUIOTHEHUIO U YMEHBLICHUIO TIOPUCTOCTH [IOYB C HAPY-
ImeHneM ux razoBoro pexuma [10]. B pesynsrare B mo-
BEPXHOCTHBIX TOPH30HTAX FOPOACKHUX MTOYB 00pa3yroTcs
IIEJIOYHOMN, COPOIIMOHHBIN, IJICCBBINA, OKUCIUTEIBHBIN U
KOMIUTeKCHbIe Teoxummdecknue Oapbepsl (I'XB), Ha Ko-
TOPBIX HAKAIUIMBAIOTCSI TOKCHYHBIE TSDKEJIbIE METAILIbI
u metammtonnsl (TM) [5, 6, 10, 11, 17, 18, 34, 42, 46,
51, 61, 65]. Ix eMKOCTh, Kak MPaBUIIO, ropas3io OoJIbIIIe,
YeM y IPUPOAHBIX aHATOTOB [ 18], 4TO SBISETCS BAXKHBIM
(hakTopoM yCKOpeHHOTO HakorieHus TM.

CpoiicTBa 3THX 0aphepOB, OTCYTCTBYIOIINX HIIH CJIa00
BBIPKCHHBIX B IPUPOJIHBIX [10YBAX, B 3HAUUTEIBHOH CTe-
TIEHU OMPEACIIIOT nadbHenTyto cynp0y TM. 3akoHomep-
HocTH akkymyssiiy TM Ha Gapeepax B yCIOBHSAX TOPOAa
H3yUYeHBI HEJIOCTAaTOYHO JaKe JJISi XOPOIIO W3BECTHBHIX B
TCOXUMUYECKOM U SKOJIOTMYECKOM OTHOIICHUH METAJLIOB,
takux kak Cu, Zn, Pb, Cd, Cr, Ni, Co, mus Bi, Sb u As
Takas MH(popManys MPaKTHYECKH OTCYTCTBYeT. AHaM3
noBeAeHuss TM B ropoJICKUX MOYBaXx MPeAroiaraeT onpe-
JICTICHHE 3aBUCUMOCTEH MeEXIy (HOpMaMu HaXOMKICHUSI
XUMHUYECKHUX 3JIEMEHTOB U COBOKYITHOCTBIO AHTPOIIOTCH-
HBIX (DaKTOPOB ¥ JaHAMIA(PTHBIX YCIIOBHM, BIUSFOIIUX
Ha MHTPAIOHHYIO cIocoOHOCTh TM U ompeAessiFoIumx
ckopocTh ux HakoruieHus Ha ['XbB [14, 23]. Temmbl HaKo-
mieHus: TM 3aBUCAT OT MPOYHOCTU CBA3EHM C MMOYBEHHBI-
MU KOMIIOHEHTaMu (OKCHAaMu U ruapokcunamu Fe u Mn,
IJIMHUCTHIMA MUHEpPAJaMH, OPTaHUYECKUM BEIIECTBOM),
KOTOpasi OOYCJIOBJICHA XWMHUYECKUMH CBOWCTBAMHU DJie-
MeHTa, (POPMaMH MOCTYTAIONINX U3 TEXHOTCHHBIX UCTOY-
HHUKOB COEIMHEHHH M T€OXMMHYECKOM OOCTaHOBKOM, TO
€CTh OKHCJIMTEIbHO-BOCCTAHOBUTEIbHBIMU M KHCJOT-
HO-ITIEJIOYHBIMU yCIIOBUsIME [5, 16, 31, 42, 59].

I'maBHpIM ricrouHnkoM TM B ropojckux IouBax siB-
JISIeTCS TEXHOTCHHAA MbLUIb. XUMUYECKUH COCTaB BbIMa-
JTAIOMINX W3 aTMOCQEphl YaCTHI[ CHIIHO Pa3IHdacTcs B
3aBUCUMOCTH OT UX pazMepa u npoucxoxaeHus. OHu co-
CTOAT M3 KPYIHBIX "acTull PM o muamerpom < 10 MKkwM,
Menkux — PMj 5 (< 2.5 mxm) 1 PM7 (< 1 MKM) 1 O4eHb

Menkux yactuiy PMg 1 (< 0.1 mxm). B ropogax B PM 1
KOHIIEHTpHpPYIOTCs Zn, Pb, B MeHbI1Ie# cTenienu — As, Cr,
Sb, Cu, Ni, Sn, Sr, Cd, Mo, Ag. PM; 5 o6oramens! V, Cr,
Mn, Zn, Se, Pb, Ni, Cd, Pt, Pd, Rd [62]. lons Ouosoru-
Yyecku gocTynHbIx Gopm Ag, Co, Mn, Mo u Sb 8 PMjy 51
PM ¢ cocrapnser 40-60%, Cu, Ni u Zn — 60-80%, a Cd,
Pb u Tl — 6onee 80% [49].

MurparnuonHas criocoOHocTs TM olleHHWBaeTCs my-
TEM COIOCTABIICHUS JaHHBIX O BAJIOBOM COMCP)KaHUHU H
KOHIICHTPALUSAX TOABMXKHBIX (DOPM XHUMHUYCCKUX 3Jie-
MeHToB [2, 20, 23, 25, 26, 35, 56]. Hanbonee moaBuKHbI-
MU SIBJISFOTCS 0OMeHHbIe opmbl TM, mpecTaBiICHHBIC
JIETKOTUAPOJIU3YEMBIMU COETMHEHUSMHU, KOTOPBIE Yalie
BCETO M3BIIEKAIOTCS U3 MTOYB alleTaTHO-aMMOHHITHBIM OY-
thepusM pactBopoM (AAB) ¢ pH 4.8 wim AAD ¢ strnen-
muamMuHTeTpaykeycHoil kucmoroi (QUATA) [16, 25, 28,
30, 31]. TM nepexofsT U3 MOYBBI B pacCTBOP ITyTEM HOH-
HOTO 00OMEHa, a TAKKe TUAPOITU3a MO/ ACUCTBUEM HOHOB
BOJIOpOJIa M 00pa30BaHMs PACTBOPUMBIX allETATHBIX WIIH
AMMOHMMHHBIX KOMIUIEKCHBIX COECIMHEHUH [25].

HccnenoBanne ¢hopm TM B TOYBEHHOM ITOKPOBE TO-
polla COBMECTHO C TPHUPOTHBIMH M aHTPOIIOTEHHBIMHU
(hakTOpaMM WX HAKOIUICHHS Jae€T BO3MOXKHOCTH OIpe-
JEeNUTh MEXaHu3Mbl U ycnoBus QopmupoBanus ['Xb
o KOMOWHAIHSIM (PaKTOPOB, MPU KOTOPHIX HAOIIONALT-
¢ MakcuMasibHasi akkyMmyssinuga TM B mousax. B uuc-
710 (paKTOPOB, MIOMHUMO OCHOBHBIX ITOYBEHHBIX CBOWCTB,
HEOOXOAMMO BKJIIOYATh JIAHIIA(THBIC XapaKTEPUCTH-
KH: pernbed, TouBo0Opa3yIore mOpo/ibl, MOJI0KEHUE B
KaTeHe, XapakTep PACTUTEIBHOCTH, a TaKXKe aHTpPOIO-
TeHHbIE (aKTOpbl — (PYHKIIMOHATBHOE Ha3HAUCHHUE TEp-
pUTOPHH, CTPYKTYPY U IIOTHOCTB 3aCTPOUKH, XapaKTep
TPAHCIOPTHON CETU, KOJIMYECTBO BBINANAIONIEH MbUIH,
MOIIIHOCTh TEXHOT€HHBIX OTIOKeHuH u ap. Komumuye-
CTBCHHBIN aHaJIM3 TakKoH JaHAMA(PTHO-TEOXUMHYECKON
rH(pOPMAIMH TIO3BOJISIET TOHATH POJIb ATHX (PAKTOPOB B
HakoruieHuu TM B ropoJICKUX MOYBax U ONPEIECIUTh J10-
MUHHpYIOIKE Kiacchl TexHoreHHblx ['Xb.

Iems pa®OTHI — OIEHUTH yCIOBUS (DOPMHUPOBAHUS U
rapaMeTpbl OCHOBHBIX BUJIOB TeXHOTeHHbIX [ Xb nytem
aHaJIM3a paclpe/ie/ICHUs BaJOBBIX U MOJIBUKHBIX (HOpM
TM B ropoAcKux MOYBaxX MPH Pa3TUUYHBIX COUETAHMSIX
nmaHImAaQTHBIX U aHTPOMOreHHBIX (hakTopoB. OOBEKTOM
M3y4YeHUs SBHJICS TTOYBEHHBIN MOKpOB BocrouHoro aj-
MHUHHCTpaTHBHOTO OKpyTa (BAO) Mockssl. JlanamadT-
HO-TeoxuMmuueckue ucciaenosaunsa BAO kax MoaeIbHOI
ypOaHU3UPOBAHHOW TEPPUTOPUH BeAyTcs Ha reorpadu-
yeckoM Qakynerere MI'Y ¢ 1990-x rr. 3a 20-neTHuii nie-
PUOJ HAKOIUICH 3HAUYUTEIbHBIN CTATUCTUYECKUM MaTepu-
aJI, yCTaHOBJIEHBI 0COOEHHOCTH MUTPAIMH U JMHAMHUKA
HakoruieHuss TM B pa3HBIX KOMIIOHEHTAX JIAHIITA(TOB
1 (QYHKIMOHANBHBIX 30HAX OKPYyTra, a Takxke Gopmbl Ha-
xokaenus Pb B mousax [19, 22, 33-36, 42].

B nacrosiiieii pabote pemanuck cienyonme 3a1a4u:
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— YCTAaHOBUTH BaJIOBOE COAEPKAHUE, KOHLICHTPALUU
MOABIDKHEIX (hOpM M TOABIKHOCTE' Bi, Sb, As, Cd, Cu,
Pb 1 Zn B mOBepXHOCTHOM CJIO€ TOPOICKHX IOYB;

— ONpeAeHTh JIaHAma(THBIE YCIOBHS, BKIto4ast (u-
3UKO-XMMHUUYECKUE CBOMCTBA MOYB, U KOMIUIEKC aHTPO-
MIOTEHHBIX (PAKTOPOB, BIUSIONIMX HA WHTEHCUBHOCTH
akkymyisinuy TM B 1ouBax, U 10 COYETAHHIO (PAKTOPOB
JIMarHOCTUPOBATh OCHOBHBIE KJ1acChl TeXHOTeHHBIX [ Xb;

— BBIIBUTH OCOOEHHOCTH IMPOCTPAHCTBEHHOTO pac-
npoctpanenus ['Xb nHa Teppuropun BAO;

— oueHUTh u3MeHeHue emkoctu ['Xb B pesynbrare
TEXHOTEHHOW TpaHChopManuud  (PUIUKO-XUMHUYESCKUX
CBOWCTB IIOYB.

METOABbI HCCJIIEAJOBAHUS

Wzyuanach roxHas, Hauboiee 3arps3HEHHAs 4acTb
BAO, rne pacnonoxeH psifi KpPyMHBIX MPOMBIIIJIEHHBIX
30H, aBTomaructpaneif, TOLl-11, paiioHHas TemmoBas
cranuus «IlepoBo». Bce 3TH 0OBEKTHI SIBISIIOTCS OCHOB-
HBIMU UCTOYHUKaMHM 3arpsi3HEHUs I0YBEHHOTO TIOKPOBa,
KOTOPBIN JOCTATOYHO CHJIbHO U3MEHEH MOJ] BO3IEHCTBU-
€M IpoleccoB ypOanusanuu u TexHorenesa [33]. Teppu-
TOPHsI OTHOCHUTCS K F0KHO-TaeKHbIM Jtanamadram [lox-
MOCKOBHOH Meliepsl U MpeacTaBisieT coOOl IIOCKYIO
3aHJPOBYIO paBHUHY C aOCONIOTHBIMU BbicOoTamu 150-
160 m. Ha 6ompmreii wactt BAO copmupoBamucs crer-
npuvecKue aHTPONOTeHHO-TIPEOOPa30BaHHBIC TIOYBHI:
ypOOIIEpHOBO-TIOI30JIMCThIE, YPOAHO3EMbl, HHIYCTpH-
3eMbl, SKPaHO3EMBI, a TaK)K€ TEXHO3EMBbI, pa3BUThIE Ha
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BOJHO-JICTHUKOBBIX II€CKAaX M CYNECSIX M TEXHOI'€HHBIX
OTJIOXKEHUSIX MOIIHOCTRIO 1—4 1 Gosee meTpos [10, 43].
WccnenoBanmus nposonmiuch jierom 2010 u 2011
Ha OCHOBE (DYHKIIMOHAIBLHOTO 30HUPOBAHUSI TEPPUTOPHH
[24]. U3-3a akkyMy/sIIMM METAJIOB B MOBEPXHOCTHBIX
TOPU30HTAX TEXHOT€HHO-U3MEHEHHBIX II0YB OITPOOOBAJICS
BepxHaui (0-15 cM) 1epHOBO-TYMYCOBBIN TOPH30HT. Beero
OBIIO 0TOOpaHO 73 CMEMaHHBIX MPOOBI TIOYB B TPEX ITO-
BTOpHOCTSX 1 10 — Ha (hoHoBoI Tepputopru (puc. 1). [pu
OILIEHKE KOHTPACTHOCTH TEXHOTEHHBIX IEe0TeOXUMHYe-
CKUX aHOMAJIMil B Ka4eCTBE ITaJOHOB OBLTH MCIOJIB30Ba-
HBI (DOHOBBIE IEPHOBO-I0A30IUCTHIE TIOUBBl Hanmonans-
HOro npuponaHoro napka «Memepa» B 200 KM K BOCTOKY
oT MOCKBBI, KOTOPBIE XapaKTEpPHU3yIOT PErnOHaJIbHbIC
NaHAMAa()THO-TEOXUMHYECKHE YCIOBHS HEypOaHU3UPO-
BaHHbIX Tepputopui IlogmockoBHON Memepsl.
DU3NKO-XMMUYECKHE CBOMCTBA MOYB U IOJBHKHBIC
¢dopmbr TM ompenensuiuch B DKOJIOT0-TeOXHMUYECKOM
neHTpe reorpaduieckoro axyasrera MI'Y: pH BomHOI
BBITSDKKM — IOTEHIIMOMETPHUYECKUM METOIOM, TIpaHy-
JIOMETPUUYECKUI COCTaB — Ha JIa3€PHOM TpPaHyJIOMETpe
(Fritsch, I'epmanus), conepskaHnne OpraHuueCcKoro yriepo-
na — MetonoM TropuHa. BanoBoe conepixanue Cd, Pb, Sb,
As, Bi, Zn, Cu, MnO u FeyO3 ananm3upoBaioch macc-
CIHEKTPAJIbHBIM 1 aTOMHO-3MHUCCHOHHBIM METOIaMHU C UH-
TYKTHBHO CBSI3aHHON TuT1asMoi Ha mpuoopax Elan-6100
u Optima-4300 (Perkin Elmer, CIIIA) Bo BHUU mune-
panbHOTO ChIpbsi (MoCKBa), OABIKHBIE popmbl TM — B
BeITsDKKe AAD ¢ DJITA Ha aTOMHO-a0COPOIIMOHHOM CIIEK-
TpomeTpe novAA-400 (Analytik-Jena AG, I'epmanust).

NMPOM30HbI:

1 - Cokonunas ropa 0(
2 - CemenoBckas ﬁ%
3 - Mpoxextop MpeanpuATHT S
g— ﬁapaﬂaposo (IOBAQ)  # OSnexrposHepretkn &
- Mepoeo M
? - Mepoackas PTC o " ;g“;ﬁﬁ;ggggggmu
- Pyaneeo AL X u HecTexumim
pe= [lepesoobpaboTku
Eg{)%’;‘gﬁﬁﬂb“b'e k= [poM3BOACTBA CTPOMMATEPUANOB
— S ENE3HbIE AP MNerkoi NPOMbILNEHHOCTH
opo

™ v [TULLEBOI NPOMBILLNEHHOCTH
o Touku oTBopa npob nove @ MMpounx oTpacnen NPOMLILLNEHHOCTY

0 Tkm

Puc. 1. OcHOBHBIC HCTOYHUKH TEXHOTEHHOTO BO3JICHCTBHUSI U TOUKH 0TOOpA MPOO MOBEPXHOCTHBIX TOPU3OHTOB ITOYB HA
tepputopun BAO. ®yHKIIMOHAIBHBIE 30HBL: P — pekpeanmonnasi, B — skumas 3acTpoiika MOBBIIIEHHON 3TaKHOCTH,
C — xuuas 3acTpoiika cpeaHeit atTaxkHoctu, H — xunas 3acTpoiika HU3KOU 3TaXHOCTH, [IA — mocTarporeHHas

1r[O,E[BI/I)KHOCTI) (%) — OTHOLICHUE COACPIKAHMS NOJABUIKHBIX (I)OpM XUMHUYECKOI'0 3JIECMEHTA K €I'0 BaJIOBOMY COACPIKAHUIO.
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Marepuaibl ucclieIOBaHUM OPraHU30BaHbI B BUJIE I'e-
OMH(POPMAITMOHHON CHCTEMBI, COAePIKAIICH KOOPIUHATHI
73 Touek ornpoOOBaHMsl, XaPAKTEPUCTHUKY JIaH (A THBIX
YCIIOBUH M aHTPOIOTCHHBIX (DaKTOPOB, (PU3HKO-XUMHUE-
CKHE CBOMCTBA MOYB U KOHIIEHTpaluuu B HuX TM.

leoxumuyeckne 0cobeHHOCTH (DOHOBBIX IMOYB BBI-
SBJSUITMCH MyTEeM CpaBHEHMs cojepkanus TM Cﬁb c ux
KiapkoM K B BepxHEl 4aCTM KOHTHHEHTAJbHOU KOpBI
o [15]. C 2Toi 1enpio pacCYUTHIBAIUCH KIAPKH pacce-
suusg KP = K / Cg npu Cy, < K. Cpennee conepxanne
3NIEMEHTOB B (DOHOBBIX JIEPHOBO-MOA30IMCTBIX MOYBAX
OTIPENIEIICHO Ha OCHOBE COOCTBEHHBIX JIAHHBIX aBTOPOB
n ceeaeHnit u3 [1, 36]. TexHoreHHass TEOXUMUYECKAs
TpaHchOpMaIsl TOPOJCKHX IOYB XapaKTepPHU30Balach
K02(GUIIMEHTaAMU HAKOIUICHUS OTHOCHTENBHO PErHo-
nanbHoro doua: K. = C/ Cy, rne C — comepxanue sie-
MEHTa B FOPOACKHUX MOYBAaX. XUMUYECKUI COCTaB MOYB
ompenersics GopMyinol, B HIDKHUX WHIEKCaX KOTOPOU
yKkazaHbl K, paccMaTpuBaeMbIX JIIEMEHTOB.

@akTopbl akKymyssiiMu TM, IpencTaBie€HHbIE Kak
KOJIMYE€CTBEHHBIMHU, TaK U KaY€CTBEHHBIMU TT€PEMEHHbBI-
MH, ONpeAeNeHsl MmyTeM nocTtpoeHus B makere SPLUS
(MathSoft, 1999) perpeccHOHHBIX IePEBHEB, CBSI3bIBAIO-
X YpOBHU cofiepkanus TM ¢ Hanbolee CHIIBHO BIH-
AIOMUME (hakTOpamMu. MeTo perpecCHOHHBIX IEPEBbEB
3aKIII0YaeTCA B TOCIEOBATEIFHOM JIEJICHUN TaOJNIIBI
JAHHBIX TI0 OJHOMY M3 (DaKTOpPOB Ha JIBE YacTH TaKUM
o0Opa3oM, 4TOOBI KaxkJas M3 HHUX ObUIa MaKCHMaJbHO
ofHOpoaHOo# [57]. OAHOPOIHOCTH MOJYYEHHBIX TPYMII
XapaKkTepu3yeTcs BapuadeIbHOCTHIO IPOTHO3ZUPYEMOTO

MpHU3HaKa D=3 -y
l

rJe { — KOJIM4eCTBO HAOIIOACHUH B IpyIIie, ¥ — Cpel-
Hee 3HAYeHHE M0 BCeM HaOMIOACHUSIM ;. 3aTeM KakJast
13 TPYII JEJINTCS elle Ha JBe yacTu U T.0. Kaxnoe ne-
JICHHE MOYKHO PaccCMaTpUBaTh KaK BETBIICHUE IO OJTHOM
13 TIEPEMEHHBIX-TIPEINKTOPOB; CTPYKTYpa U KOJTHYECTBO
BETBEH pe3yJbTUPYIOMIETO JepeBa 3aBHCAT OT YHCIHA
YPOBHEU JIEJICHMUS.

[pu vammuuu 6a3e1 qanuex (B) ¢ n cronbiamu, co-
JeprKalIMU IepPEeMEHHBIC-TIPEAUKTOPBI X ], X2, X3, .., Xp, K
CTOJIOIIOM ¥, TIPEICTABIIAIONINM PE3YJIbTUPYIONTYT0 (DyHK-
[IAO-OTKITUK, PETPECCHOHHOE ACPEBO (ICHIpOTrpamMma)
CTPOHWTCS TIO cleayroneMy anroputmy. llpeasapurensHo
3azarores 1sa napamerpa: My i Mgy, — MUHUMaIIbHOE
KOJMYECTBO HAOMOEHUH (CTPOK TAONUIIBI) B IPyIIIE 10
HavaJia JeJIeHUs U TI0cyIe ENIEHHUs COOTBETCTBEHHO. 3aTeM
JUTSL KOKI0H MepeMEeHHOU-TIPEIMKTOpa GOPMUPYIOTCS BCE
BO3MOKHBIE JierieHus: bl Ha jaBe Tpymnmbl.

Merton hopMupoBaHUS TPYTIT 3aBUCHUT OT THIIA TIEPe-
MeHHOH. Eciu nepeMeHHast KOJIU4eCTBEHHAs!, TOTAA BC
tabnuua b/l coprupyercs mo crondiy ¢ 3Toil nmepemMeH-
HOI, a 3aTeM JEIUTCS Ha JABE YacTH, KaKJast U3 KOTOPBIX
UMEET JUIMHY HE MeHbIIE Mg,y . Ecin nepemennas no-
PAIKOBAs, TO MPEIBAPUTEIHHO BBIICISIOTCS TOAMHOXKE-
ctBa BbJl, uMerolue oMHaKOBble 3HAYEHUsI ITOU Tepe-
MEHHOM, a 3aTeM M3 ITHX MOJMHOXKECTB (POPMHUPYIOTCS
BCE BO3MOJKHBIE KoMOMHamu. Ob11ee BO3MOXKHOE YUCIIO
JieneHuit o MopsAIKOBOM TepeMenHoit paBHOo 2K-1-1, re
k — ducio rpaganuii mepeMeHHOM.

Bce nenenust mo BceM MepeMEHHBIM CPaBHHUBAIOTCS
1o BennmuuHe AD, KOTOpast XapakTepu3yeT YMEHbIICHHE
o01eii BapuabenbHOCTH QYHKIMH-OTKIMKA ¥ B PE3YJib-
TaTe aeneHus. s 3Toro oneHNBaeTcsl BapuadenbHOCTh
B HCXONHOH rpynne D =3 (y,—¥)° 1 BapHabenbHOCTH

1

QOO OO OO OO OO OO O OO OO OO OO OO OO O OO OO OO O OO OO OO0 O OO0 OO0 OO0 O OO OO OO O OO0 OO OO0 O OO OO0 OO0 O OO OO0 OO0

B ieBoit D, = % 0.—3)
uBmpaBoit D, =3 (y,—7,),
R

BETBSIX, IIe MHACKCH L U R 0003HaualoT HabOpbl HOMe-

pOB 00pa3IoB B BETBAX JesieHus. BeiOupaeTcs ToT Bapu-

AHT BETBIICHUS, KOTOPBI MAaKCUMHU3NPYET BETUIHHY
AD= D-D, -D,.

B npenene pexypcusHoe aenenue Oombinoii bJ] mo-
XKET JIaTh IEPEBO C OYCHB OONBLIMM KOJTHUECTBOM KOHEY-
HBIX y3710B. ECTb BEpOATHOCTb, YTO MPOrHOCTHUYECKAS
BO3MOYKHOCTh TaKOro OOJBIIOrO AepeBa OyIAeT OrpaHu-
YeHa, TaK KaKk HWKHHE BETBHU OyIyT MMOKa3bIBATh CIIEIl-
H(PUIHOCTh MaNBIX Ipyni o0pa3moB. st Toro, 4ToOkI
n30ekKarh TAKOH MepeorpeaesICHHOCTH, AEPEBO «00pe3a-
10T». CyIliecTByeT HECKOJIBKO crioco00oB o0pesku. OnTu-
MaJbHOE KOJIMUYECTBO BETBEH MOYKHO ONPEAETUTH ITyTEM
MIPOBEPKU 3HAYMMOCTH PA3IUYMN CPETHUX MEXKIY BET-
BsIMH ¢ omotbio t-tecta (o = 0,05).

[Ipomecc pa3bueHns 3aKaHUMBAETCS, €CIIM N CTAHO-
BUTCS MEHBIIIE 3apaHee yCTaHOBJIEHHOTO (6-8) win eciu
MIpOBEpKa TUIOTE3bl O 3HAYMMOCTH pa3iIMuuil MEXIY
CPEIHMMHM 3HAUEHUSIMHU C TIOMOIIBIO t-TecTa AaeT OTpH-
LaTeNbHBIA pe3ynbrar. [ KakJoro KOHEYHOTOo Yy3iia
JIEHIPOTPaMMBI TI0O N TOYKaM OTMPOOOBAHHS PACCUHUTHI-
BAIOTCS CPEIHAA KOHIIEHTPAIUs (MM MOABMKHOCTH) Me-
tajuia u ko3 duient apuaiu Cv. MeToa no3BosIeT
MIPOrHO3UPOBATh YPOBHU COJIEP’KAHUS TOJUIIOTAaHTOB B
[OYBaX IMPH Pa3IUYHBIX COYETAHUAX (PAKTOPOB, a TAKKE
OIIEHUTb 3HAYMMOCTH nociiennux [21, 33, 34].

CratucTidecKue MOAETH PACIPEIeICHUS U TTOIBHK-
Hoctu TM B mouBax BAO MOCKBEI CTPOWIIHCH B 3aBUCH-
MOCTH OT CJIEAYIOMHUX (HAKTOPOB U YCIOBUIA:

— AHTPOIIOTEHHBbIE: BHJI HCIOJIB30BAHUS TOPOACKOM
TEPPUTOPHHU; TIbLICBAs HArpy3Ka; BBEIOPOCHI aBTOTpaH-
CIIOPTa; CTPYKTYpPa M TUIOTHOCTh 3aCTPOUKH; MOITHOCTh
TEXHOTEHHBIX OTIOKEHUI; 3are4aTaHHOCTh TI0YB;

— naaamadTHEIE: TEOXUMHUYECKAsI TIO3UIIHS (BHT dJIe-
MEHTapHOTO JaHmmadTa); THI PHIXJIbIX OTIOKCHUH;
MOATOIJICHUE TOYB; O3€JIEHEHHOCTh TEPPUTOpUH; (u-
3UKO-XMMHYECKHE CBOMCTBAa MOYB — KHCIOTHO-OCHOB-
Hele ycnosus (pH), comepkanue Bexymmx (asHOCHTE-
neit TM (opranndeckoro BemecTna, okcuaoB Fe m Mn,
dhpaxumii mna (< 1 Mmxm), menkoit (1-5), cpenueii (5-10)
u kpynHo# (10-50) nbum), a Takxke ToHKoro (50-250),
cpennero u kpymnuoro (250-1000 mxm) mecka.

OyHKIMOHATBHAS IPUHAIIEKHOCTD TEPPUTOPUH OTIpE-
JeTsiack 1mo kapre 3oHupoBanust BAO macmiraba 1:25000,
COCTaBJICHHOM Ha OCHOBE KocMHUuYecKuX cHUMEKOB 2009 r.
CBEPXBBICOKOIO paspertieHus co crnytHuka QuickBird (2.4
M, Digital Globe, CILIA) [24]. YnenbHbI BBIOPOC aBTO-
TPAHCIIOPTa Ha Ka>K10M MarucTpaiu paccuurat B.P. butro-
KOBOW II0 CTATUCTUYECKHM JIaHHBIM, TIBUICBAs Harpyska
B Kax1ou Touke 1o [19]. OcranbHble aHTPOIIOIEHHBIE U
nmagmmadTHIE (DAaKTOPHI OIEHEHBI 10 KapTaM u3 [22, 43].

IIpu nuarnoctuke I'Xb B moyBax HCMOJb30Banach
tunonorust [mazosckoii [13], B koTopoit Oapbepsl Tpym-
MUPYIOTCS B 3aBUCHUMOCTH OT MEXaHU3MOB 3aKpeTIeHHs
AJIIEMEHTOB U coequHeHu. Eo onucanbl MeXxaHUYeCKUM,
OMOreOXMMHYECKHI OpraHOMHHEPAbHBIN (OpraHnye-
CKO€ BEIECTBO TyMYCOBBIX TOPH3OHTOB), MIEIIOYHON
(mposBmnsieTcs mpu noBbIeHnu pH), XeMocopOIMOHHBIN
(cBs3aH ¢ aMOpP(HBIMHU TUAPOKCHAAMHU U OpPraHOMHHE-
panbHBIME coeauHeHusMu Fe, Mn u Al) u copbumnon-
HO-CEIMMEHTAIMOHHbIH  (00yCIIOBJIEH aKKyMYJSLUCH
AJIEMEHTOB (PPaKIHUAMH YaCTHI] PA3IMYHOTO TUAMETPA).
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AHTPOIIOTEHHBIE ®AKTOPBI
N JIAHJAIA®THBIE YCJIIOBUA

KonuuectBo, MOITHOCTD, ClIENMAIM3AIMIO U COCTaB
BBIOPOCOB MCTOYHHUKOB 3arpsi3HEHUST OTpaxkaeT QyHKIH-
OHAJbHASl CTPYKTypa ypOaHM3MPOBAHHOH TEPPUTOPHUH.
B mpenenax BAO BblieneHbl OpOMBILUICHHAS, TPaHC-
MOPTHAS!, PEKPEALMOHHAsl, TOCTarpPOTeHHasl U CEeNUTEO-
Hasl — XXKUJIOW 3aCTpONKH HU3KOM (15 aTaxeil), cpemanei
(5-9 sraxeii) n noBeieHHON dTaskHOCTH (10 M Gojee
staxelt). [lpeanpusTuist sHEPreTUKN, MAIINHOCTPOECHUS
U MEeTauio00paboTKH, XUMUU M HEPTEXUMHH, MPOU3-
BOJACTBA  CTPOHMATEpHANIOB, MYCOPOCIKUIaTEIbHbIHI
3aBoJ B PynHeBO cocpenoToueHbl B OCHOBHOM B KpyII-
HbIX Tpom3oHax («CoxomuHas ropa», «lIpoxexrop,
«ITepoBo» u zp). B okpyre rycras ceTb aBTOOPOT, Cpe-
o HanOosee kpynHbix — MKA/I, mocce DHTy3nacToB,
BemnsikoBckas yi1., 3eneHslil npocnekt, [lepoBckas yi.
Kunast 30Ha MOBBIIEHHON 3Ta)KHOCTH PACIOJIOKEHA B
ocHoBHOM 3a MKA/JI B mukpopaiionax HoBokocuHo u
KoxxyxoBo, 3acTpoiika cpeHeld 3TaXHOCTU — B I'paHU-
nax MKA/I. Hu3kast 3acTpoiika COOTBETCTBYET CTaphIM
KWIBIM KBapTanaMm B KocuHo-YxToMckoM p-He. OTHOCH-
TEJILHO OOJIBIINE YYaCTKU PEKPEallMOHHOW 30HBI Mpen-
craBiieHbl Jieconapkamu KyckoBo (Bemnsku), Tepaer-
kxuM (MBanosckoe), [lepoBckum (HoBorupeeso), a Takxke
Kocunckum Tpuozeprem (Kocuno-Yxromckwii). [locta-
rporeHHas 30Ha B HacTosIIee BpeMs mpeacTasineHa Ko-
cuHcKuM secomnapkoM (KocuHO-YXTOMCKMIA paiioH).

[Ip1neBast Harpy3ka pacrnpezesneHa no reppuropun BAO
Kpaiine HepaBHOMepHO. Hanbornee cuimbHO 3arpssHeHa Tep-
PUTOPHSE TIPOMBIIUTEHHOM (40 KI/KM? B CYT.) ¥ TPAHCIIOPT-

29

HOM (55 Kr/kM? B CYT.) 30H (pHC. 2). MakcumasbHast HaOIro-
nasiasicst 3uMoit 2009/10 . cyTouHasi Harpyska IbUTH B
KJIIEHOBO-Oepe30Boii Jieconocanke B 30 m or MKA/] cocra-
Biia 213 xr/km?, uto B 21 pa3 Bbiie (OHOBOTO 3HAYCHHS
[19]. TexHoreHHasi TeOXUMHUYECKAsl CIELUATN3AIMS TBEP-
J0H (ppakimu CHera OTPaKaeT COCTaB IBbUIM B XOJIOIHOE
BpeMs Tola W 3aKItodacTcs B HakorwieHun Mo (Kc=19),
Ag, Sb, As, W, Sn (4-6), V, Fe, Cr, Sr, Ni (2-3.9), Cd, Co,
Bi (1.5-1.7). B Beimaienusix JoMuaUpytoT Mo (Kd * =176),
W, Sb, As, Ag (14-18), Sn, Fe, Sr, V, Cr, Ni (6-10), Co, Zn,
Mn, Cu, Bi, Cd, Ti (3-5). HauGonee nHTEHCHBHBIC BBITIA-
JICHHUS 2JIEMEHTOB XapaKTepHbI A1 aBTOMarucrpaieil u
npoMbIieHHbIX 30H. [lo  B.P. butrokoBoii, Hanbombmias
BENTMYMHA YJIETBHBIX BBIOPOCOB aBTOTPAHCIIOPTA TPHYPO-
yeHa K MKAJI (1o 57 mr BeiOpocoB Ha 1 kM mipoOera) u 1.
OHTy3uacToB (4—7 Mr BeIOpOcOB Ha 1 KM mpoOera); Hau-
MEeHbIlIas — K BHYTPUKBapTaIbHbIM YIUIaM — MeHee 1 Mr
BBIOpOCOB Ha 1 KM mpoodera.

CrerieHb aHTPOIIOTEHHOW HAPYIIEHHOCTH TOYBEHHO-
TO TIOKPOBa TEPPUTOPUHU XaPAKTEPU3YIOT TaKKE CTPYK-
Typa 3acTpOMKH W 3aleyaTaHHOCTh MOYB. Bpicokas
IIOTHOCTH 3acTpoiiku (> 10000 m?/ra) xapakrepHa s
CPEAHEATAXKHBIX U YACTUYHO HU3KOATAKHBIX KBAPTAJIOB
B paiionax IlepoBo 1 HoBorupeeso, a Takxe Jijisi BBICOKO-
3TaxHbIX pailoHoB HoBokocnHo 1 KocnHO-YXTOMCKMIA.
IInoTHOCTE 3aCTPOMKHM HU3KOM 3TaXXHOCTH U MPOM30H B
ocHoBHOM cpeansst (5000—-10000 m%/ra), a 3a MKAJT —
HusKas (<5000 m?/ra). Hare BCero BCTPEYarOTCst YEThIPE
TUIA 3aCTPOWKH: NEepUMETpajbHas, TPYyINIIOBas, CTPOU-
Has U ycaneOHasl.

3arneyaraHHOCTh CO3J[aCT MEXaHUYeCKHe Oapbhepsl
Ha MyTH HUCXOJSIIUX TTOTOKOB arMoc(epHbIX 0CajKoB,

1000 2000

YpoBHH 1BLIEBOIH HATPY3KH
2

KI/KM® B CYTKH

I .
0 10 20 40 80 160 320

aBToMOBUNEHEIR
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KeneaHble

Puc. 2. Beinasenus nouin Ha Tepputopun BAO (2010 r.). CocrasiieHo 1o qanabiM [19]. YenoBHble 0003Ha4eHus Ha puc. 1.

"Kg = D/D g, — xosduunent npessimenns seinageHuit TM naz gonom, D u Dy — BbLIaJACHHE YIEMEHTa B OKPYTe U Ha

(OHOBOIA TEPPUTOPUH COOTBETCTBEHHO, MI/KM? B CYTKH.
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B pe3y/bTaTe Pe3K0 CHUKACTCS PaguaibHAs MHUIPALMS
aneMeHToB [12]. HaumGonbiias 3aneyaTaHHOCTh T10YB
(50-70%) cBoiictBenna tepputopusim BAO ¢ agmunu-
CTPaTUBHBIMHU, TOPrOBBIMU U KOMMYHAJIbHO-CKIaICKUMU
oObekTamMu U npomM3oHamu. Menbiie (20-50%) 3ameva-
TaHbl IOYBBl PAMOHOB JKUJIOW 3aCTPOUKH pa3IUYHOU
sTakHOCTH. HammeHee 3amedaTaHHBIMHU SIBJISIOTCS I10-
YBBI JIECOMAPKOBBIX TEPPUTOPHI.

K nanpmadTHBIM (QakTopaM OTHECEHBI XapaKTe-
PUCTHKH DPBIXJIBIX OTJIOKEHHH, Ha KOTOPBIX (QOpMHUPY-
I0TCSI TOPOACKUE MOYBBI. WX TrpaHyIOMeTpUUYecKHH U
MUHEPAJOTHYECKU COCTaB B 3HAUYUTEJILHOM CTEHNCHH
OTIPENEIIAIOT YPOBHU conepkanus TM B mouBax. Cpenu
PBIXJIBIX OTIIOKEHUI Mpeo0aaloT BOAHO-JIEIHUKOBBIE
KaMEHHCTBIE TIECKH, MECTaMHU MEePEeKPHIThIE MATOMOII-
HBIMH [TOKPOBHBIMH CYTJIMHKAMH, U IPEBHEAIIIOBHAb-
HbI€ BOJIHO-JIETHUKOBBIE NTECKH U CYNECH C IMPOCIOAMHU
CYITIMHKOB, XapaKTepHbIe Il OOMMUPHBIX (DIIOBUOIIIS-
LMAJIbHBIX PAaBHUH B LIGHTPAJIbHON YaCTH U TEPPac PeKH
MoCKBBI Ha ceBepe M I0ro-BOCTOKE paccMaTpUBAEMOM
tepputopunn BAO. MopenHass paBHHHA, CIOKCHHAS
BaJyHHBIMU CYINIMHKaMH, BCTpEYaeTCs] HEOONbIIUMHU
ydacTKaMH B CEBEPHOI 4acTH MCCIEAyeMOro paioHa.
JpeBHuE 03epHbIC KOTIOBHUHBI, PACIIOIOKEHHBIE B F0XK-
Hoit wactu BAO Boxpyr o3ep bemoe n Cesitoe, 3amon-
HEHBI 03€PHOJIETHUKOBBIMH CYTIIMHKAMH C TPOCIOSIMH
neckoB. JIomuHHO-0amOYHBIE TECYaHO-CYTIIMHUCTHIC
OTJIOKEHHS MPUYPOYCHBI K AHHINAM PYYbeB U OajoK,
a aJUTIOBHAJIbHBIE, NMPEUMYIIECTBEHHO IECYaHble — K
noiiMam pek Pynuesku, [lonomapku, Humenku, Cepe-
OpstakHm [3, 22].

[Monoxxenue B penbede onpeaenseT TeOXUMHUYECKYTO
00CTaHOBKY, HHTCHCUBHOCTbH JIaTE€PaIbHOW MUTPALUHN U
30HBI akkyMmymauud TM B mouBax. B okpyre mpeo0na-
JIAl0T DIIIOBHAJIBHBIE U TPAHCAKKYMYJISTHBHBIE HJIEMEH-
tapHble JaHamadTel. IlepBble 3aHMMAIOT MTOBBIILICHHbIE
AIIEMEHTHI Me3openbeda MPU OTHOCHUTEIHHO TIIYOOKOM
(> 1 M) ypoBHE TPYHTOBBIX BOJl M TIPUYPOUEHBI K BOTHO-
JIETHUKOBBIM PaBHUHAM, BTOPBIM COOTBETCTBYIOT Ooiiee
HU3KHE THUIICOMETPUYECKHE IMO3ULUU JOJIUHHBIX 3aH-
npoB. TpaHcanoBUaNbHbIE JaHAMAPTE pacnpocTpaHe-
Hbl Ha HEOOJIBIIMX yYacTKaX MOKAaThIX CKJIOHOB PEYHBIX
JIOJIMH, a CyNEPaKBaJIbHbIE — B IPEBHEO3EPHBIX KOTIOBU-
Hax W JHUIIAX JOIUH U 6amok [22].

BenenctBue yreuek M3 BOJIOMOABOIAIIMX M KOJUICK-
TOPHBIX ceTeil Ha OONbIIEH YacTH TEPPUTOPUH OKpyra
HaOII0AaeTCsl TOBBILICHNE YPOBHS IPYHTOBBIX BOJ [43].
[oaromsiemMble yyacTku ¢ ITyOUMHOH 3ajeranus IpyHToO-
BBIX BOJ MEHee | M MPUYyPOUCHBI K 03€PHBIM TOHUKEHU-
SIM 1 3aChIIIAHHBIM IOo¥MaM Masblx pek [Tonomapku, Hu-
mieHkd, CepeOpsHKH; HENOATOIUIIEMbIE TEPPUTOPUU C
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m1yOoKuM, Oosee 3 M 3aJeraHneM IPYHTOBBIX BOJ, HaXO0-
JIITCSI HA IOTO-BOCTOKE OKpyra B OacceiiHe p. PynHeBku;
OCTaJIbHbIE TEPPUTOPUH MOATOIIIAIOTCS MEPUOIUYECKH.
s moAaTomIsieMbpIX U MEPUOJUYECKU IMOATOINIIEMbIX
Y4acTKOB XapakTepHa OoJiee BBICOKAS YBIIAKHEHHOCTb
MOYB U TIEPEMEHHBIE OKHCIHUTEIbHO-BOCCTAHOBUTEb-
HBIE YCIIOBUSL.

HanMenpmas creneHs o3eleHeHHOCTH (< 50%) or-
MEUEHa B BBICOTHBIX KWJIbIX KBapTajax HoBokocuHo u
KocuHo-YXTOMCKOrO p-Ha, a TakXe B CPEIHEITAKHOU
3actpoiike paitonoB IlepoBo m CokonnHas ropa; HaW-
6ompimas (> 70%) — B rookHOM yacTu Kocuno-YxToMcko-
TO p-Ha, MPUOPEKHOI YacTH 03. benoe u ceBepHO yacTu
p-Ha Bemmnsku; cpennsis (50-70%) — B cpeaHeITaXHON
Y MaJIOATAXXKHOU 3acTpoiike paiioHoB MBanoBckoe, HoBo-
rupeeBo u Bermmsaku [22].

PE3VJIBTATBI 1 OBCYXJIEHUE
CaoiicTBa (pOHOBBIX IIOYB U cofep:kanue B HUX TM

JIJisi TOBEpXHOCTHBIX TOPU30HTOB (DOHOBBIX JIEPHO-
BO-TIOJI3OJIUCTHIX TMOYB B HammonamsHOM mapke «Me-
mepay XapakTepHa KUCas peakius Cpeabl CO CpeaHen
BenmumunHOW pH 4,8 mpwm BapsupoBanmu oT 4.0 mo 5.5.
ConepkaHue OpraHMYECKOro yIepoja COCTaBiIseT B
cpenHem 2.3% npu konebanusix ot 0.9 1o 5.0%; cpeanee
konuyectBo okcunoB Fe — 0.80%, Mn — 0.046%. IIpe-
00MaaroT Cyrecu ¢ coiepikaHneM (pU3MUecKoi TIIMHBI
okoio 12%.

Conepxaaue Pb B BepxHEM TOpHU30HTE MTOYB OJIH3-
KO K €ro KJIapKy B BE€pXHEH 4acTU KOHTHUHEHTAJIbHOU
KOpbI (Ta0. 1), A OCTaIbHBIX 3JIEMEHTOB XapaKTep-
Ho paccesnue (KP 2-3). Huskue KoHUEHTpamuu die-
MEHTOB B MOYBaX OOBSCHSIOTCS WX HE3HAUYHTEIbHBIM
colep)KaHWEeM B TOYBOOOPA3YIONUX BOJHOJIETHUKO-
BBIX Treckax [1].

Pu3nko-XxuMHUYECKHEe CBOMCTBA roOpoaACKHUX IMOYB

TexHoreHHas TpaHCc(OpMAIHs HCXOIHBIX PUPOIHBIX
mo4yB Ha Tepputropun BAO mposBisieTcs, pexae BCero,
B M3MEHEHNHU OCHOBHBIX (PU3NKO-XUMUYECKUX CBOWCTB H
WX MHKPOJIEMEHTHOTO cocTaBa. [1o cpaBHeHMIO ¢ hoHO-
BbIMH YCJIOBUSAMM PE3KO IMOBBINIACTCA pH TMMOBEPXHOCT-
HBIX TOPU30HTOB — B cpeniHeM ¢ 4.8 (Kucmasi peakius) Ha
¢doue 1o 7.1 (HelTpanabHas, C TOBBIIICHUEM MECTaMU JI0
8.5 — mienounoit). Hanbonee Bricokue 3HaueHust pH xa-
paKTepHBI JUTSI TI0YB MTPOMBIIIIEHHOW 30HHI (7.6) 1 aBTO-
Maructpanei (7.4), cmadokucias peakius (6.3) BeIIBIIC-
Ha B MOYBax MMapKoOB. HO}IHICJIa'—II/IBaHI/Ie II0YB, CBA3aHHOC
C BI)I6pOC.':1MI/I IbUIAX W 30J1bl, YCTAHOBJICHO BO MHOI'UX
JIPYTUX TOPOAAX M Ha MPUTOPOAHBIX TEPPUTOPUSIX, MIPH

Tadamnuna 1. Basnosoe conepxanne (Cd Bai.), koHneHTpanuu noamwxkHbIX ¢popm (Cd nons.) u nonsuxHOcTh Bi, Sb, As, Cd,
Cu, Pb 1 Zn B noBepXxHOCTHOM ropu3oHTe (hoHOBBIX MoYB HanmonansHoro napka «Memepa» (n=10) B cpaBHEeHUN
¢ xnapkamu (K) BepxHel 9acTi KOHTHHEHTAIBHOH KOPHI [15]

DjeMeHT

T'eoxumMuyeckue moka3aTein -

Bi Sb As Cd Cu Pb Zn
K, mr/xr 0.29 0.81 5.6 0.64 39 17 75
Cd BaiL., MI/KT 0.13 0.36 2.0 0.21 20 14 37
Cd moas., Mr/kr 0.004 0.01 0.04 0.08 4.2 8.5 1.0
IMoxBuxxHOCTH, % 3 4 2 39 21 61 3
Kuapk peccesnus (KP) 2.2 2.2 2.8 3.0 2.0 1.2 2.0
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9TOM BO37ICHCTBHE HEPEIKO CTOJIb HHTEHCHUBHO, YTO MPH-
BOJWT K CMEHE KJIacCa BOMHOW MHUTPAIMU DJIECMEHTOB C
H-Fena Ca|7, 19, 29, 42, 46].

B ropojckux mouBax OTHOCUTENBHO (hOHA yBEIUYH-
BaeTCs KOJIMYECTBO OPraHUYECKOTO BEIIeCTBa U (huznye-
ckoit ruHbl. Conepkanue oOIIero yriepoaa B BEpXHEM
ropm3onTe mouB BAO xome6nercs ot 0.1 go 10.4% mpu
cpenneM 3HaueHUU 3.5%, uto B 1.5 pasa BeIIIEe aHAJO-
FUYHOTO TOKa3aresiss B (PoHOBBIX mouBax. ComepikaHue
o011ero yrieposa no pyHKIMOHATLHBIM 30HAM BapbUPY-
eT cnabo, MaKCUMYM HaOJNFOJIaeTCs B KHUIIOW 3aCTPOUKE
CpeIHel 1 HU3KOW ATAKHOCTH, YTO O0YCIIOBIIEHO BHECE-
HHEM TOP(O-KOMIIOCTHBIX CMeECeH.

[To conepxanuro pusmueckord TmHBI (16%) MOYBHI
BAO B ocHOBHOM cyIiecuaHble, XOTs JIOKaJIbHO B JIECO-
nocaakax omu3 MKAJ] — TspkenocyrmHUCThIE (comep-
xaHue (usndeckoil mHb > 40%). YTsKeneHue rpa-
HYJIOMETPUYECKOTO COCTaBa TOPOJCKUX IIOYB CBSI3aHO
C TIOBBIIIIEHHBIM TOCTYIJICHHEM TEXHOTCHHOU ITbUTH, a
TaK)Ke C MOJCHIIKON IMOYBBI MPU PEKYJIBTHBALIMOHHBIX
paboTax ropoxackux ciyx0. Haubosnee sierkuii cocras
(11% ¢m3nveckoil IIMHBI) UMEIOT TOBEPXHOCTHBIE TOPH-
30HTHI MOYB MPOMBILUICHHBIX 30H H3-3a CHJIBHOM Ofec-
YaHEHHOCTH HCXOJHBIX MOPOJ — (IIFOBHOTIIAIAATHHBIX
IIECKOB; HAaMOOJee TSKEIBI — IMOYBBI MOCTAarPOTECHHOM
30HBI (25%) W3-3a yHaClIeZIOBaHUS CBOMCTB, C(HOpPMHU-
POBaHHBIX TIPH CEIBCKOXO3SHCTBEHHOM HCIIOIH30BAHUHU
TeppuTOpUH (PHIXJICHHE TOYBBI, BHECCHUE MHHEPAJIb-
HBIX ¥ OPTaHUYECKHX YTOOPEHHIA, MEITMOPAHTOB U T. II.).
KonunuectBo okcugos Fe B mouax BAO 1no cpaBHeHUI0
¢ GOHOM YBEITMIMBACTCS B CpEIHEM B 3.6 pa3a M COCTaB-
nset 2.84%, a Mn — B 1.4 pa3za (0.063%).

ITo cpaBuenuro ¢ nanubivMu 2005 1. [34] pH moBepx-
HOCTHOTO ropu3oHTa M0YB BAO He3HAUYUTENHHO CHU3UII-
cs (B cpemnem ¢ 7.5 no 7.1), ogHAaKO BO3POCIO CONEP-
JKaHUE OpraHuveckoro Bemiectsa — ¢ 2.7 1o 3.5%, uto
MOXKHO OOBSICHUTH 3aMEHOM 3arpsi3HEHHOTO BEPXHETO
CJIOSl YUCTBIM MAaTEPHAIIOM U IIHPOKAM MPUMEHEHHUEM
TOP(PO-KOMIIOCTHBIX CMECEH.

W3menenns (QpU3MKO-XUMUYECKUX CBOWCTB TOYB B
COYETAaHUU CO 3HAYUTEIHHBIMU aTMOTCHHBIMU MOCTAB-
kamu TM npuBOAST K (OPMHUPOBAHHIO B TTOBEPXHOCT-
HBIX TOPHU30HTaX TEXHOTEHHBIX aHOMAJINH, B KOTOPBIX
KOHIIEHTpUpyeTcs mupokas accoruanus TM. B mouBax
BAO c¢ pa3HOif ”HTEHCUBHOCTBHIO aKKYMYJIHPYIOTCS BCE
M3YYCHHBIC 3JIEMEHTHI, KOTOPBIE 10 3Ha4YeHUsIM K¢ 00-
pasytor psn: Cdy ¢ > Bigg > Sb, Zng g > Pby s > As3 9
> Cup g (Tabm. 2). Cogepxanue TM mpocTpaHCTBEHHO
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o4yeHb u3MeHunBo: y Cu, Zn, Sb ko3 dunnenTs! Bapua-
uuu Cv coctasnsaot 60—-70%, y Cd u Bi yBennuunsarorcst
10 130-140%. K 0CHOBHBIM HCTOYHUKAM MOJUTIOTAHTOB
OTHOCHUTCS aBTOTPAHCIOPT, & TaKXe MPOMBIIIJICHHBIC
NpeanpusTrs. BpIOPOCh TOMIMBHO-3HEPTETUYECKOTO
KOMILJIEKCa, Kak mpaBuiio, odoramiensl Pb, Zn, Cu, ma-
IIUHOCTPOEHUS U MeTaIII000padoTku — Zn, Sb, Cu, Pb,
As, xumun 1 Heprexumun — Cd, Sb, Zn, Cu, Bi, Pb, As,
3aBOJIOB TIO0 TIPOM3BOJICTBY cTpoiimarepuaios — Pb, Sb,
Zn, Bi, Cu, MycopocKuraTeIbHBIX 3aBO0B — Bi, Pb,
Cd, Sb, As, Zn, Cu; 1opoxHas MbLJIb CONCPIKHUT 3HAUU-
TenpHOoe konuuectBo Pb, Cu, Zn, Cd, Sb [9, 55].

TexHOoreHHass MbUIb, KaK MPaBUIO, CUILHO 00OTa-
meHa MOABMXKHBIMU (Gopmamu snemeHToB [49, 51],
ITO3TOMY COJIep)KaHhue OOMEHHBIX U OpTaHOMHHEPaJIb-
HbIX opm TM, mu3Bnekaemsix AAb ¢ D/ITA, 3ameTHO
Oosbiie GOHOBBIX: Zn3s5.5 > Biz1 9 > Asjg.5 > Sbg.g >
Cug. g > Cdz.1 > Pb;y 3. Haubonbinas mogBu)HOCTb Y
Cu (34%), cpennsas (15-20%) — y Zn, Pb, Cd u Bi.
OTHOCUTENBHO MAJIOTIOABUXXHBI Sb 1 As ¢ goiieit moma-
BIDKHBIX (opM okoiio 5%. Ilo cpaBHeHHIO ¢ poHOM B
FOPOJICKUX T0YBax HamboJiee CHIIBHO YBEJIHYHBACT-
csl MOABMXKHOCTE Zn (B 6.7 paza) u Bi (B 4.3 paza),
noaBuxkHOCTh Pb u Cd, HanpoTHB, yMEHbIIIAETCS, YTO
yKa3bIBaeT Ha MpeobiajaHue B COCTaBE TEXHOI'CHHBIX
BBITTAJICHUH CIA0OMOABUKHBIX (POPM ITHX METaJIOB.
BapuabenbHocTh KoHHIeHTpamui (CVv) TTOIBMKHBIX
dbopm TM B TOPOACKHX TOYBAX CYIISCTBEHHO BHIIIE,
yeM BajoBoro comepxkanus — oT 105% y Cu u As mo
348% y Bi.

Crarucrtuyeckoe MoIeJTMPOBAHUE HAKOIJICHUSI
THKEJIBIX METAJIJIOB H METAJUIOHIOB B TOPOJACKHX
nouBax u kiaaceol I'Xb.

Pe3ynbraThl MOIEINPOBAHUS IO METOLY PEFPECCUOH-
HBIX JICPEBbEB MMO3BOJIMIIN OLEHUTh MPOCTPAHCTBEHHOE
BapbUPOBAHNE BaJIOBOTO COMEP)KAHUS M TOABMKHOCTH
TM npu uzMeHeHUH NaHTAQTHBIX YCIOBUH M aHTpPO-
MOTeHHBIX (paKTopoB U Auarnoctuposars [’ Xb, 00ycnos-
nuBarone (GOpMUPOBAHUE KOHTPACTHBIX TEXHOTCHHBIX
anomanuil. Jluarnoctuka I'’Xb npoBoauiacs no AeHApo-
rpaMMaM, XapakTepU3yIOIUM CBSI3b MEXIy HOBOOOpa-
30BaHHBIMU (U3NKO-XMMHYECKHMH CBOWCTBAMH TIOYB
n 3akperuieHueM snemeHToB Ha [I'Xb (puc. 3, 4), uro
[I03BOJIMJIO BBIIETUTH OCHOBHBIE MEXaHU3MBI 3aKperie-
Huga TM u onpenenuts kinaccel I'’Xb, nomunupyroiue B
MTOBEPXHOCTHBIX TOPU30HTAX TOPOACKHX MMOYB (TaldI. 3).

Ta6umua 2. CTaTUCTHYECKUE M TEOXMMHUYECKHE [TOKAa3aTeN I  JIUIsl BaaoBoro coaepkanus (C ea..) u noaBrkHbIX hopm (C noos.)
Bi, Sb, As, Cd, Cu, Pb 1 Zn B noBepxHOCTHOM TOpr30HTE TouB BAO Mockssl (N=73)

DjIeMeHT
Ilokazarenn -
Bi Sb As Cd Cu Pb Zn
C 6an., MI/Kr 0.61 1.71 7.8 1.6 59 63 179
(0.12-6.1) (0.45-6.3) (3.0-55) (0.3-14) (13-220) (13-330) (46-690)
Kc sau. 49 4.8 39 7.6 29 4.5 4.8
C noos., Mr/xr 0.08 0.09 0.39 0.25 20 11 36
(0.001-2.4) (0.001-1.0) (0.02-2.2) (0.1-0.39) (2.0-84) (0.56—-131) (2.1-235)
Kc noos. 21.9 6.6 10.5 3.1 4.8 1.3 35.5
TlonBHKHOCTB, 13 5 5 16 34 18 20
% (0.1-39) (0.01-30) (0.4-39) (2-93) (10-86) (2-101) (3-9%)

HpI/IMe‘{aHI/Ie. BerHS{S{ CTpOKa — CpE€AHECE 3HAYCHUEC, B CKOOKax — MUHUMAaJIbHOE ¥ MaKCHMaJIbHOE coaepIKaHue.
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[Ipenmonaranock, 4To yBeTHYEHHE IMOBHKHOCTH 3Jie-
MEHTa TPH POCTE COAEPIKAHUS TeX WM MHBIX TPaHyIIo-
METPUYECKUX (Ppaxiyii CBSI3aHO C €ro BBINAJACHUEM B
cocraBe 3TuX (hpaxuuii.

Csuney. CBHHEIl TUNWYHBIA XallbKO(DHIBHBINA dlie-
MEHT, B COCJIMHECHUSAX HAXOIUTCS B JIByX- U YETHIPEXBa-
JmeHTHOW Qopmax. B BoccTaHOBHTETHHOW 0OCTaHOBKE
XaITbKOPUIBHBIE IIEMEHTBI U 3JIEMEHTHI TPYIIIThI XKeje3a
BOCCTaHABIUBAIOTCS JI0 IBYXBaJICHTHBIX ¥ 00pa3yloT He-
pacTBopuMbIe Cyabpuabl [38], 4TO 0OBACHIET UX HAKO-
IUICHHUE B peuHbIX uiaX. OCHOBHBIE KOMITOHEHTHI ITOYBHI,
cBsizpIBaromue Pb — kapOoHAThI, IIMHUCTBIE MUHEPAITBI,
okcuabl Fe m Mn, a takxke rymyc [6, 8]. Opranmdeckoe
BEIIECTBO OKa3bIBAET OOJbIlee BIUSHUE HA MMMOOWIIH-
3anuio Pb, yeM kapOOHATHI MM THAPOKCH]IBI, KOTOPHIC
OCaXJar0TCs B MOYBE TONIBKO Npu BeIcokuX pH [59]. Ilpn
Oonpmux KoHIeHTpanusx Fe monemxHOCTE Pb ymeHb-
maercs ¢ poctoM pH, 4To OOBsCHSETCS yBeIMYEHHEM
YCTOWYNBOCTH TUAPOKCHUIOB Fe B mienodHoi o0cTaHOB-
ke [23, 37]. Ilpu yBenndeHUN TEXHOTCHHOW HArpy3KH B
JIEpPHOBO-TIO/I30JIMCTHIX TIOYBAX BO3PACTAET OISl OOMEH-
HOM 1 crieruduyeckn coporupoBanHoi (hpakuuii Pb [26].

Banosoe conepxanne Pb B mouBax BAO usmensier-
Csl B 3aBUCHMOCTH OT T'€OXHMHYECKOH TMO3HIINU C MaK-
CUMAaJIbHBIM HAaKOIJICHWEM B TMOTYMHEHHBIX TEOXHMH-
yeckux Janamadrax. B cymepakBanbHbIX Janamadrax
OoJiee MHTCHCUBHOM akkyMyIsiuu Pb criocoOcTByeT u3-
MEHEHHE OKHCIHTEIbHO-BOCCTAHOBUTEIBHOTIO peXHMMa
MTOYB TIPY MOJTOIUICHUH ¥ YBEITHYCHHE KOJIMYeCTBa M0Y-
BEHHOTO TyMyca. B aoBHaIBHBIX, TPAHCAIIOBAAIBHBIX
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¥ TPaHCAKKYMYISATHBHBIX JNaHmmadrax Pb maxarmm-
Baercsa B okcuaax Fe m Mn. IIpu HU3KOM conep:kaHuu
okenoB Fe (< 2.9%) Pb koHLeHTpUpYETCSI B OCHOBHOM
B YaCTHMLAX CPEIHETO M KPYITHOTO IeCKa; yBEeIUYCHHE
JIOJIM YaCTHUI] MIIMCTOH (pakLuy BiedeT 3a co00i CHMKe-
Hue HakoruieHust Pb B mouBax.

[TocTymnenne moaBmxkHBIX GhopMm Pb cBszano ¢ (pak-
nueit cpennet ey, [lpu ee xoumentparmun < 11.7% B
MOYBaX, Pa3BUTHIX Ha O3EPHOJICAHUKOBBIX CYIJIMHKAX H
JIOIIMHHO-0AIOYHBIX TIeCYaHO-CYIIMHHUCTHIX OTIOKEHHU-
X, TOABIKHOCTH Pb Ooibllie, 4eM B MOYBax Ha IPYTHX
TUTIAX OTJIOKEHUH. YBeIMUeHHe bUICBO HATPY3KH U 3a-
MIeYaTaHHOCTH TI0YB COMPOBOXKAAETCS POCTOM TIOIBHIKHO-
ctu Pb. B To ke BpeMst py CyTOYHOM NIBUIEBOH Harpy3Ke
Gonee 14.2 kr/kM? noABMKHOCTL Pb B 1I04Bax BBICOTHOM,
CPEIHEITAKHON 3aCTPOWKH M TPOMBIIUICHHONW 30HBI
BBILIE, YeM B PEKPEallMOHHON U TPAHCIOPTHOW 30HaXx.

Haubonee xontpactHeie anomanuu Pb B ropoackux
MoYBaxX MPHUYPOUEHBI K KOMITIEKCHOMY COpPOIIMOHHOMY
1 OMOTEOXMMHYECKOMY OpraHOMHHEpAIbHOMY Oaphepy,
00s13aHHOMY CBOMM OOpa30BaHMEM 3HAYUTEIHHBIM KOH-
HeHTpanusM okcuaoB Fe u Mn u opranuueckoro Bele-
ctBa (> 2.9, 0.06 u 4.0% coorBercTBeHHO). HakoruieHnto
Pb Takske crocoOCTBYET MOCTYIUICHNE YACTHIL KPYITHOTO
necka (> 10%), BepoATHO, TEXHOTEHHOTO POMCXOXKIe-
HUSI, 000TaIEHHOTO STHM METaJUIOM. [Ipu 3TOM MX KOH-
TPAaCTHOCTh U EMKOCTh 3aMETHO OOJIbIIIE B TOJJUNHEHHBIX
TEOXUMHMYECKHUX JaHamadTax 3a cyeT Ooyiee CHIBHOTO
YBIIQXKHEHHSI, CIIOCOOCTBYIOLIEro nMMoOmm3anuu Pb, u
BBICOKOTO COZIEp KaHUs TyMyca.

Tabauna 3. BiusiHue aHTPOTIOreHHBIX ()aKTOPOB U JTaHAMA(THEIX YCIOBAN Ha HAKOTUICHUE W IOABIKHOCTE TM B

noBepxHOCTHOM (0—15 cm) cioe mouB BAO MockBbl

®dakTop

Banosoe copepxanue

IloaBMXHOCTH

Pb [Cu |[Zn |Cd

Bi |sb Pb |Cu |Zn |Cd |Bi |SP

pH 2+ |2+ |3+

Copr 2+
ni

2+
4+ | 1+

MeJIKasl IbLIb
CpeaHsis bUTb
KpyIlHas MbljIb
MEJIKHH MECOK
4+
2+ 1+ |1+

CpeHUN U KPYIHBIN IECOK
FepO3
MnO

IIOYBEHHO-TEOXUMHUUECCKHUEC
cBoOlicTBa

3+ 5+

2—

2 N 4+ 2+ 2+

4+

I+ | 3-
2+ | 1+
4+
2—- 1+
I+ | 3,5+
4+

S5+

Tun peIXJIBIX OTIOKEHUN

JlanamadTHO-reoXuMHUYECKas
TO3UIUS

JlanpmadTHBIC

TloaTomnneHue mouB 4

OyHKIMOHAJIbHAS 30Ha 3 3
O3eJICHEHHOCTh

3amneyaTaHHOCTD [TOYB
IIbineBas Harpyska 4+

BriGpockl TpaHCciOpTa

AHTpOHOFeHHBIe

CTpyKTypa 3aCTpOHKH

5+
4+
3+

[Mpumeuanue. Panru ot 1 10 6 Moka3pIBalOT yMEHBIICHHE 3HAYUMOCTH (DAKTOPa; «+» — POCT TOKa3aTelsi CIOCOOCTBYET YBEIHUCHHIO
KOHIIGHTpaluu (IIOJBUKHOCTHU) 3JIEMEHTA, «—» — €0 YMEHBIICHHUIO; 11 KaUeCTBEHHBIX IT0Ka3aTelIei XapaKkTep CBA3H HE ONpPeAeIsAeTCs.
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1.61 mr/kr
Cv=110%
n=11

C,|IP,A A
0.429 mr/kr 1.24 mr/kr | [0.189 Mr/kr 0.279 Mr/kr
Cv=534%)| |[Cv=62.4%]||Cv=31.8% Cv=39.2%

n=17 n==6 n=9 n=15

0.620 mr/kr 0.358 mr/kr
Cv =35.5 %) Cv=39.1%
n=38 n=17 B,C,H, P, A, Al

<5.6% 3.46 mr/kr
Cv=45.5%

n=

2.34 mr/kr

Cv=76.3%

n=12

1.27 mr/kr 2.00 mr/kr

2.142.5% >63% [Cv=134%| |Cv=458%
L4 ¥ y n=7 n=9
0.728 mrikr 1.37 mr/kr 0.983 Mr/kr 1.14 mr/kr 1.61 mr/kr
Cv=26.7% Cv=28.8 % Cv=27.9%| |[Cv=20.7%| [Cv=24.6%)
n=9 n=17 n=7 n=17 n=7
14.2 % y B
Cv=19.0% 41.2 %
n=_§ Cv=39.4%
n=06
234 % 16.2 %
Cv =36.8%| [Cv=43.8% 14.8 %
n=11 n=6 Cv=13.8%
- n==6
< 26.6%

249 % 343 %
Cv=235.6%| |Cv=21.5%

n==8 n=17 o o
<57.9% >57.9%

>5.85% 13.0 %

Cv=112%
103 % e
Cv=54.6 %
B, AJL 11 il

n=17

2.12%
Cv =53.0 %
n=_8 y
Cv =45.0 %)
<7.48 =
4.44 % 2.50%
Cv=32.0%| |Cv=237.0%
n=9 n=_§

Puc. 3. Pacnipenenenue Banosoro Bi (a), Sb (6) n moasmxkuoctr Cu (B), As () B mouBax BAO npu pa3innyHbIX COYETaHUIX
AQHTPONOTEHHBIX U JTaHAMAPTHBIX (pakTopoB. It KaXK10ro KOHEYHOTO y3J1a IIPUBOAUTCS CPE/IHEE 3HAUCHHE
koHIeHTpauu TM, koapdunmenT Bapuaruu Cv 1 9UcII0 Touek onpoboBanns n. CTpyKTypa 3acTpoiku: 1 — 6e3
3aCTpOiKH, 2 — TpymnmoBasi, 3 — cMelanHas, 4 — CTpoyHas, 5 — mepuMeTpabHas, 6 — ycaneOHas.
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|:| O+HS+S O+D+HS+S

aBTOMOBHNBHEIE AOPOTY

— W EE3HBIE OO0POTH

MK A [

Puc. 4. 'eoxumnueckue 0apbepsl B TOBEPXHOCTHHIX ropu30oHTax mouB BAO 1. Mockssl: D — menounoii (Cd, Cu, Zn),
S — copbuuonno-cenumenTanuonneiil (Cd, Cu), HS — xemocop6inonnsrit (Pb, Bi, Sb, As, Cu, Zn),

O — opranomunepainbHbiil (Pb, Sb, As) u ux coueranus.

MeOb cBsI3BIBaETCS OPraHUYECKUM BEIIECTBOM IOYB,
kapOoHaraMu, ruapokcugamMu Fe m Mn, DIMHHUCTBIMH
gacTuramMu [54]. B 1epHOBO-ITOA30JUCTRIX TTOYBAX IIPH
YBEJIMYEHUH TEXHOTEHHON Harpy3KH CIIOCOOHOCTH Opra-
HUYECKOTO BemiecTBa K copbuuu Cu pe3ko CHUKAeTcs,
YTO CHayasla NPUBOAMUT K YBEIHMUYCHHIO JOIH crenuu-
YeCKH COpOMpPOBAaHHOM, a 3aTeM M OOMEHHOH (pakiuu
Metaimia [26]. B BOCCTaHOBUTENBHOM Cpele MOABUXK-
HOCTh Cu ymensbImaercs [4]. KommuecTBo pacTBopuMoOit
Cu B moYBax MMeeT MOJOKHUTEIHHYIO KOPPEIAINOHHYIO
CBSI3b C BaJIOBBIM coziepskanreM Cu M OTpHUIIATeNbHYIO —
¢ pH [59]. B mouBax CmosneHCKO-MOCKOBCKOI BO3BBI-
LIEHHOCTHU CBSI3b MOABIKHBIX (opMm Cu c ee BalOBBIM
COZIEp’KaHHMEM IOJIOKUTENbHAS U BBIpaXKeHa OoJiee YeTKO
B T'YMYCOBBIX M OPraHOI'€HHBIX FOPU30HTAX. 3HAYMMOE
BIHMSIHUE Ha pacrpenenenrne moABkHoi Cu okasbIBa-
10T KOHIICHTpAIHsl MTOJIBMKHBIX popM Mn u Fe, a takxke
OKHCIIUTENIbHO-BOCCTAaHOBUTENIbHBIE ycnoBus. CBs3aH-
uele B okcuaax Fe gopmer Cu Gonee MOABHKHEL, YEM B
okcugax Mn [23].

Banosoe copepxanue Cu B nouBax BAO yBenunuu-
BaeTCs ¢ pOoCcTOM KoHIeHTpauuu okcusoB Fe. Ilpu Hus-
KoM conepkannn okcuaoB Fe (< 3.1%) naxomnenue Cu
KOHTPOJIMPYETCS IIeI0YHO-KUCIOTHBIMU YCIOBHAMHU. B
KHCIIOH n HelTpanbHou cpeae (pH < 7.0) moussl cenu-
TEOHOM M MOCTAarporeHHoN 30H akkymynupyoor Cu uH-
TEHCHUBHEE, YeM I10YBbl PEKPEALMOHHONW M TPaHCIOPT-
HO#. B menounsix ycnosusx (pH > 7.0) ¢ yBennueHnem
JIOJM 4acTHUI] KPYTTHOM TBUIM BajnoBoe coaep:kanne Cu
ymeHsbiaercs. IIpu none KpynHOW NbUIM B II0YBaX Me-
Hee 35% xoHneHTpanus Cu Bo3pacTaeT OTHOBPEMEHHO
C YBEJIMYECHHEM IBUICBOH HArpy3KH.

[TonemxHOoCTh Cu MONOKUTEIBHO KOPPEIUPYET C BbI-
Opocamu aBTOoTpancnopta (puc. 3, B). Ilpu 3HaueHHMIX
yACIBLHOTO BhIOpOCa aBTOTpaHcmopTa MeHee 1.25 wmr/
KM Mpo0era HauMeHbIIas MoABIKHOCTE Cu XapakTepHa

JUIS TIOYB HU3KOATAKHOM 3aCTPOMKHU M PEKpealliOHHOM
30HBL. B OCTaNbHBIX 30HAX MMPH YBEIHMYEHUH JIOJU CPE]I-
Hel IBLTH TOABIKHOCTE Cu CHIbKaeTcs. Ecin ynepHbIi
BBIOpPOC aBTOTpAHCIIOpTa MpeBbImaet 1.25 Mr/km mpooe-
ra, HauOoJbIIas TTOABUKHOCTD DJIEMEHTa HAOIIOaeTC st
B TIOYBaX CEMTEOHO 30HBI, B IPyTrUX 30HAX OHA YMEHbB-
IaeTcs ¢ pOCTOM O3EJIEHEHHOCTU TEPPUTOPHUH, TaK Kak
pacTeHHs MOTIOMIAIOT TO/IBIKHBIC, TOCTYITHBIC JUI HUX
dhopmer TM.

Hawnbonee maTercuBHO Cu HaKaIUTMBACTCS B IMOYBAX
Ha XEMOCOPOLIMOHHOM Oapbepe, KOTOPbIH (GopMuUpyeT-
Csl TIPU 3HAYUTEIBHBIX KOHIIEHTpaLUsAX okcuaoB Fe (>
3.1%), a Takke Ha HIETOUYHOM Oapbepe, 00pa30BaHHOM
BBITIAJICHUSIMU KapOOHATHOW TIBUIH.

LJunx aKKyMyIHpYeTCs B MTOBEPXHOCTHBIX TOPH30H-
Tax MOYB, COPOUPYACh OPTaHUIECKUM BEIIECTBOM U TIIH-
HUCTBIMH 4YacTULamu, npudem pu pH < 7 npoucxogur
KaTHOHHBIH 00MeH, a ipu pH > 7 — xemocopOnust [54].
B menounsix ycnoBusx Zn aacopOupyercs Hambomee
CWJIBHO, B ATHX YCJIOBHUSX BO3MO)KHO BKIIIOYEHHE Zn B
peIIeTKy TIMHUCTHIX MuHepanoB [51]. KonmenTparmms
7Zn yBETMYMBAETCS MO MEpe YMEHBIIEHHUS pa3Mepa ya-
CTHIl U B WIKCTOM (ppakiuu gocturaer 60% oT Bajo-
Boro cozep:xanus [41]. Beaymiyto ponb B HaKOIJIEHUH
MOABIKHBIX ()OPM Zn UTpaeT COAEpKaHHUE MOABMKHBIX
¢hopm Mn u Fe [23]. Cpenu Biustromux (hakTopoB OTCYT-
CTBYIOT BaJIOBOE COZIEp KaHNe Zn ¥ OpraHMIECKOe BeIle-
cTBO [23, 59].

MogenupoBaHHe pacIpeieleHns] BAJIOBOTO COAEpKa-
Hus Zn B nouBax BAO BBISIBUIIO €ro yBEIMUYEHHE C PO-
CcTOM KoHLeHTpauuil okcugoB Fe B mousax. [Ipu manom
conepxanun okcunoB Fe (< 3.2%) Benuka poib 1menod-
HO-KHUCJIOTHBIX YCIIOBUM. B KHCIBIX 1 HEUTpaNbHBIX T10-
yBax (pH < 7) Zn akkymynupyeTcss ”HTEHCUBHEE BCETO
B TOYBEHHOM ITOKPOBE CEIUTEOHON M MOCTarpOreHHOM
30H, a B OoJiee LICTOYHBIX YCIOBHUSIX — MPH CHUKCHUH
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3arevyaTaHHOCTH T0YB. B mouBax ¢ 3ame4ataHHOCTBHIO
6omnee 38% pOCT ymcna 4acTUI] CPEeAHEH MBUIA TPUBO-
JUT K OoJiee MHTEHCHBHOW aKKyMYJSIIMK Zn, MpHYeM
Ipu i0Jie 3TuX vactull oonee 4.1% pocTy BaJIOBOTO CO-
JeprkaHus Zn crocoOCTBYeT yBeInYeHUE KOHIICHTPALUHI
OKCHI0B Mn.

[TonBmKkHOCTE Zn B TTOYBAX 3aBHCUT OT THIIA PHIXJIBIX
OTJIOXKEHHWI: OHa HanOOJbIIIas B TOYBAX Ha JIOIMHHO-0a-
JIOYHBIX MECYaHO-CYIIMHUCTBIX W AJTIOBHAJBHBIX IIpPEu-
MYIIECTBEHHO MECYaHbIX OTIOXKEHHAX. B mouBsl, cdop-
MHUPOBAaHHBIC Ha JPYIHX TUTAX OTJIOKECHUH, TIOIBUKHEIC
(hopMBI MeTaIIa TIOCTYIAIOT B OCHOBHOM C YacTHI[AMU
Wjia ¥ KPYyNHOW MbUIM, MPH 3TOM MOJBMKHOCTh Zn CHU-
xKaercs 3a cuer ero (ukcanuu okcunamu Fe. [lpu otHO-
CUTEIILHO BBICOKOM COfep)kaHuu OkcumoB Fe (> 2.54%)
u HeOonpmon none yacturl wia (< 2.5%) HauOonbInas
MOJBMKHOCTh Zn XapaKTepHa AJIs OYB BBICOKO3TAXKHOM
JKUIJIOH 3aCTPOMKHU, TPOMBILUIEHHOW ¥ TPAaHCIIOPTHOM 30H.

TaxuMm 06pa3om, Zn HaKaIUTHBACTCS TIPEUMYIIICCTBEH-
HO Ha XeMOCOPOIIMOHHOM M COPOIMOHHO-CEAMMEHTAIH-
OHHOM Oaprepax, re oH puKcupyercs okcugamu Fe, Mn
U 4acTULAMU CpelHeH nbuiu. B akkymymsauuu Zn y4da-
CTBYET TaKXe ILEJIOYHOH Oapbep, 0OYEeBHIHO, MEHbLICH
E€MKOCTH.

Kaomuu obnamaet OOJIBIINM CPOJCTBOM K cepe, He-
KW LWHK, ITOATOMY OH 0oJjee MOABMXEH B KHCIBIX
ycioBusx [51]. B okucauTeapHOM KUCIIONH U HEUTpAITb-
Hoit cpenax (mpu pH < 7) Cd?" noxsuxeH, B CHILHO-
LIEIOYHON cpelne 00pa3yloTcs MEHee pacTBOPHMBIE
HelTpanbHble U aHnOHHBIE (hopmbl — CACO3, Cd(OH)),
Cd(OH)3— [27]. B KHCTBIX YCIOBHSIX BOIOPACTBOPH-
MbIe, 0OMEHHBIE, OPraHOMHHEPAJILHBIEC W HEMTPOUHOCOP-
ouposannbie popmbl Cd cocrasistor 10 88% ot Baso-
Boro cozepxanus [48]. CiaenoBarensno, murpanus Cd
B OCHOBHOM KOHTPOJHUPYETCS IIEIOYHO-KHUCIOTHBIMU
yenoBusamu [39]. Jlokazana cop6ius Cd opraHndeckum
BemecTBOM 1mouB [45]. B makomenun Cd Takxe BeiH-
Ka poJib BaJOBbIX KOHIIeHTpauuii Fe, Mn, HacblllleHHO-
CTH OCHOBAHMSIMH, TNIMHUCTHIX YaCTHUIl, OPraHUIECKOTO
yraepoaa [54].

B mouBax BAO BanoBoe coxmepxxanne Cd Bo3pacra-
€T TpY YBEJIWYCHHUH IO YaCTHUI[ CPEIHEH W MEIKOU
ey, [Ipu mone dpaxmum menko# meumm 3.6-6.0% Cd
aKKyMyJIMpyeTcsi 0oyiee WHTEHCHBHO B TIOYBaX >KUJION
3aCTPOMKHA CpPENHEN BTa)KHOCTH, IOCTarpoOr€HHONW |
TPAHCIIOPTHOW 30H MO CPABHEHHUIO C KHUIJIOW 3aCTPOHKH
HU3KOM ATa)KHOCTH M PEKPEallMOHHOM 30HOU. B mouBax
¢ OOJIBIIMM KOJIMYECTBOM MeINKoi blH (> 6.0%) oT4er-
JIUBO TPOSIBIIACTCS BIUsHUE Ha moBeneHue Cd miemod-
HO-KHCJIOTHBIX YCIIOBHH: B KHUCIIBIX U HEUTPAIBHBIX I10-
yBax (pH < 6.8) on HakannmBaeTcs ciadee, yueM B Ooree
menounsiX. [Ipu pH > 6.8 conepxkanue Cd 3aBucur ot
OKHCIIUTENIEHO-BOCCTAaHOBUTEJILHOTO PEKUMa MOYB: dJ1e-
MEHT WHTEHCHBHEE aKKyMYIUPYeTCS B TEPHUOJUYSCKH
MTOJTOTUISIEMBIX, HEKENW B TIOATOIUICHHBIX IOYBaX.

[Mocrynnenune noamxHbIX Gpopm Cd B roposickue no-
YBBI CBSI3aHO B OCHOBHOM C YaCTHULIAMHU KPYITHOM IBLIH.
[TonBuxKHOCTH MeTaJIJIa B MOYBAX CHJIBHO CHHMIKAETCS C
poctom pH u npu mepexozie OT AMIOBHAIBHBIX M TpaH-
COITIOBHAJIBHBIX JIAHAMAPTOB K TPAHCAKKYMYJISTHUBHBIM
U cynepakBalibHbIM. JlabHElIIee CHIKEHUE TMOJABUXK-
Hoctu Cd B momurHeHHBIX Janamadrax npu pH > 6.85
CBfi3aHA C yBEJIIMYCHHEM 3alle4aTaHHOCTH.

MaxkcumanbHasi akkymyisiud Cd B TOpOACKHX TI0-
YBax OINpeNeNsIeTcsd ero 3aKperyieHneM Ha LIETOYHOM U
COpOIIMOHHO-CETMMEHTAIMOHHOM Oaphepax. EmkocTh
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TTOCJIeTHET0 00yCIOBIIeHA IIPEUMYIIICCTBEHHO (DpaKIuei
Y4acTHll cpeiHer u Menkol nbui. KoHTpacTHOCTh U eM-
KOCTb 3THX KJIacCOB 0apbepoB 3aMETHO YBEINYHBAIOTCS
3a cyeT IMMOOWIIN3AIMH 3JIEMEHTa B MMOTYNHEHHBIX I'€0-
XUMHYECKHUX JIaHmadTax.

Bucmym. TloBenenue Bi B okpykarorieii cpene usy-
4eHo cy1a00. M3BeCTHO, 9TO B OKHCITUTENBHBIX YCIOBUSIX
OH cirabonoaBrKeH. Bi criocoOeH 00pa3oBbiBaTh Kap0o-
HatHble coenuHeHust (Bi202CO3), 4to cHUXKAET ero Mu-
TpalMoOHHYI0 CcOocoOHOCTh [54]. Bi akTuBHO copOupy-
€TCsl OPraHNYECKUM BELIECTBOM U OKCHJIAMHU METAJJIOB.
YcTraHOBIIEHO, YTO ¢ aMOP(HBIMH OKCHIAMH METAIIJIOB
CBsi3aHO OKOJIO 25% BanoBoro Bi, m IpUMEpHO CTOIBKO
K€ — C OPraHUYEeCKUM BEIIeCTBOM To4UB [52].

B nouBax BAO Bi HakariBaeTcsi IpeuMyIeCTBEHHO
B okcuzax Fe, ¢ poctoM konmdecTBa KOTOPBIX YBEIHYU-
BaeTCs U €ro BaJoBoe coaepikanue (puc. 3, A). Ilpu kon-
neHtpanusx okcuaoB Fe < 3.3% nakoruienue Bi B mouBax
CHIDKAETCSI C POCTOM COfIepKaHHs OeTHON ITHM dIIeMeH-
TOM (ppaximu cpemHero u KpymHoro mnecka. Ecimu conep-
YKaHUE ITOU (pakiuu He npebliacT 2.9%, Hanbosiee BbI-
COKHME KOHIICHTpaluu Bi mpuypoueHbl K moYBam >KUIION
3aCTPOMKHM M OBIBIIMM arponaHmmadTaM 3a MpeaeiaMu
MKAJ. ITpu GosbIieM KOJTHYECTBE CPEITHETO M KPYITHOTO
niecka (> 2.9%) WHTeHCHBHAs aKKyMYJSIus BajoBoro Bi
B TOYBaxX OONBIIMHCTBA (PYHKIIMOHAJBHBIX 30H OIpesie-
nsercs noBeleHHbIM (> 0.04%) comepkaHMeM OKCHJIOB
Mn. C yBenuueHHEeM YHCiIa YacTUIl KPYITHOW MBIIH B T10-
YBax 3THX 30H BaJIOBOE colepkanue Bi ymeHbaeTcs.

[HomsmxHOCTH Bi B mouBax, Takke Kak U Zn 3aBUCHT
OT THIA PBIXJIBIX OTIOKEHWH: HAMOONbBINAs TOIBHK-
HOCTh XapakTepHa sl TOYB Ha JIOIIMHHO-O0ATOYHBIX
[IECYAHO-CYIJIMHUCTBIX M QJTIOBUAIBHBIX I1€CYAHBIX
omnokeHusAX. g MoYB, MOACTHIIAEMBIX OCTAJIBbHBIMU
TUIIAMU OTJIOKEHHUH, XapakTepHa nmMMmoOmnm3auus Bi
3a cuer (ukcaruu Mmeramuia okcugamu Fe. Ilpu otHO-
CUTEIFHO BBICOKOM cojep)kannu okcunoB Fe (> 2.5%)
Bi copOupyercs Takke OpraHn4ecKUM BEIIeCTBOM IT0YB
1 oKcuaaMu Mn, B pe3ysbTare 4ero ero IMOABHKHOCTD
cHmkaercs. [Ipu maneix (< 0.0645%) koHIEHTpanusax
OKcHJI0B Mn moaBmkHOCTE Bi B mouBax cenuTeOHOM U
pPEeKpeanoHHON 30H BHIIIE, YeM B IPOMBIIUICHHOW H
TPAHCIIOPTHON 30HaXx.

MaxkcumanbHoe HakoruieHue Bi o0OyciosiaeHo dop-
MHUPOBAaHUEM B IIOYBaX XeMOCOPOIIMOHHOTO Oapbepa, eM-
KOCTb KOTOPOTO OIpeNeNsieTcs CONEpKaHUEM OKCHIIOB
Fe (> 3.0%) u Mn (> 0.04%), koTopo€ MakCUMAaJILHO B
BepXHEH 4acTH JIaHAmAa()THO-TEOXUMUIECKIX KaTeH, TIe
TOCIIOJICTBYEeT OKHCIUTeNbHas oOcTaHoBKa. Bemyrmas
porns okcuaoB Fe u Mn B akkymyrnsinuu Bi moarsepixna-
eTcs ¥ TeM, YTO HaMMEHbIIIUE KOHIICHTpaluu Bi BbIsBIIE-
HBI TIOYBAX C X HE3HAYUTEIbHBIM COJIEPKaHUEM U BBICO-
KOW J10JIel KpYTHOTOo IecKa.

Mboiwubsik. As XopoIo agicopOnpyeTcs THAPOKCHIAMHU
Fe, mom, HakarmmmuBaeTcs B TsOKEIBIX MuHEpaiax [30]. B
IJIMHACTON (ppakuuu MoxkeT copomuposarses 27-90% ot
BasioBOro coaepxkanust As [31]. MHorumu nccienoBare-
JSIMH 0c000 MOAYEPKUBAETCSL POJIb HAKOIUICHUST AS MHU-
Hepanamu, coaepxamumu Fe u Mn [47]. B unTtepBane
pH 3-10 xonuyecTBo aacopbUpoBaHHOro As>™ Ha OKCH-
nax Fe ymensmmaercs ¢ poctoM pH, Torma kak agcopOnus
As3* yBenmumBaetcs, mocturas Makcumyma npu pH 9
[53]. B orcyrerBHe runpokcunoB Fe u Mn poiib TiIaBHBIX
¢az-Hocutenelr As BHIMONHAIOT Al-comepikaimiue MuHe-
pasel u kapoonatsl [63]. Ilpu pH 7-9 murpaunonnas
CHOCOOHOCTH AS pe3K0 yMeHbIaercs [54].
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Perpeccuonnbiii ananu3 ganHblx no BAO BbIsBUI
YBEJIMUYEHHE COICPXKAHUS B IOYBAX BAJIOBOIO As ¢ po-
cToM KoHmeHTparun okcuaos Fe. [Tpu Hrskom (< 3.6%)
cogepxanun FepO3 HakorsieHne As ompenessieT opra-
HUYECKOE BELIECTBO — HAaMOOINbIINE KOHLIEHTPAUUU AS
npuypoueHsl Kk MHororymycubiM (C opr. > 5.2%) mo-
4yBaM, c(pOPMHUPOBAHHBIM Ha JIOUIMHHO-0AJOYHBIX MEC-
YaHO-CYIIMHUCTBIX OTJIOKEHUSIX JHUII PYyYbeB U OaJIOK,
a TaKXKe aJUIIOBUAJIbHBIX I1€CYAHBIX OTIOXKEHHSX MOMM
pex Pynnesku, Ilonomapku, Humenku, CepeOpsaHku.

BEISIBIICHBI MTOJOKUTENBHBIE CBSI3U MEXKIY MOJBHK-
HOCTBbIO AS U COZiepKaHHEM OPraHMYeCKOro BEIIECTBa,
cpenHero u KpymHoro necka (puc. 3, I'). Ilpu cogepxa-
HUU Iecka MeHee 58% M OpraHn4ecKoro yriepojaa MeHee
5.8% Ha ero MOABMKHOCTH OKa3bIBAIOT BIUSHUE CTPYK-
Typa 3aCTpOWKU M TIPUHAJUIC)KHOCTD K PYHKIIMOHATBHOM
30He. B mouBax cenuteGHOMN, pekpealioHHONW U TpaHC-
[IOPTHOM 30H MOJABUKHOCTBH AS TIOJIOKUTENIBHO CBSA3aHA C
CoZiep’)KaHMEM TOHKOTO IeCKa, U OTPULIATEIbHO — C KOH-
LIEHTpauuei cpeaHeil mpuin.

Orcroma crenyert, 9To As aKKyMyJTUPYETCS B OCHOB-
HOM Ha KOMILJIEKCHOM XEMOCOPOIIMOHHOM M OMOTEOXU-
MHYECKOM OpPraHOMHHEPAILHOM Oapbepe, XOpOULIO BbI-
paXEHHOM IIpU KOHLIEHTpauusax okcunoB Fe > 3.6% u
OpraHU4ecKoro BemiecTBa > 5.2%.

Cypoma. TloBenenue Sb B manmmadrax Takxke u3yde-
HO ¢11a00, OJTHAKO BBIACHEHHUIO YCJIIOBUI MMIPALlU 3TOTO
JNieMeHTa yAesseTcss Bce Oojbllie BHUMAHUS W3-3a €ro
TOKCUYHOCTH M HAKOIUICHHSI B OCaJIKaX CTOYHBIX BOJ [54].
B reoxumMuueckoM OTHOIIEHMH Sb BO MHOTOM CXOJHA C
As: Sb nerko copbupyercs ruapokcuamu Fe u Mn, a tax-
e opranndecknM BeriectBoM [44, 50, 54]. Ha copOrmmro
Sb BIMsSET COCTOSTHHE ITOBEPXHOCTH COPOCHTA 1 BEJTMUNHA
pH: copOrust Ha runpokcugax Fe nocturaer MakcuMyma B
KHCJIOM Juarna3oHe u coxpansiercs 1o pH 7 [60].

Banosoe coxepkanue Sb B mouBax BAO konTponu-
pyeTcs BUOM HCIIONb30BaHUSI TEPPUTOPUHN U CBOMCTBA-
MU TIOYB: CO/lep’KaHNeM rymyca, okcuioB Fe u Mn (puc.
3, b). Makcumym Sb B mouBax IMPOM30OH OOYCJIOBIICH
TEXHOTEHHBIMH BBITIAJICHUSIMHU, B OCTAIBHBIX 30HAX CO-
Jeprkanue Sb yBeTMUUBAETCS C POCTOM 3aIlacoB rymMyca.
Ecnu onn mensie 5.6%, OCHOBHYIO pOJib B aKKyMYyJIs-
nuu Sb urpatot okcunbl Fe u Mn, a Takxke o3eleHeH-
HOCTb TEPPUTOPHH.

ITomBmwkHOCTE Sb B TIEpBYIO O4YEpEb OMPEHeIeTCS
MIPUHAJUIEKHOCTHIO K (PYyHKIIMOHAILHON 30HE: B IOYBaX
[IOCTarporeHHoON M MPOMBIIIIEHHON 30H OHa OoJiblile,
YeM B OCTaJbHBIX 30Hax. B mepBbIX IBYX 30HaX MOA-
BIYKHOCTh METaJUIoNJa HauOoJIbIIasi IPU J10JIe TOHKOTO
necka 26.4—32.0%; npu yMEHBIIEHUN WU YBEIHYEHUH
ColepKaHMsI TOHKOTO TIeCKa MOIBIKHOCTE Sb yMEHbITa-
etcs. IIpu none Tonkoro mecka menee 26.4% ycTaHOB-
JIeHa OTpHUIATeNbHAs CBSA3b MEXAY MOABIKHOCTBIO Sb
U CTENEHbIO 03€JIEHEHHOCTU TeppuTopuH. [IpucyrcTBue
necka B KonuuectBe Oosiee 32% 0O0yclIOBIMBAeT Hau-
OO0JIBIIYIO MOABMKHOCTH METAJUIOMJA B IIOYBAX Ha JIO-
LIMHHO-0aJI0UHBIX I1€CYAHO-CYIJIMHUCTBIX OTIOKCHUSIX
1 03€PHO-JIETHUKOBBIX CYTJIMHKAX C MPOCIOSIMHU MECKOB.

Haxonnienne Sb B mouBax mpuypoyeHO K y4acTKam
JIOKaJIM3alUU KOMIUIEKCHOTO XeMOCOPOLMOHHOTO U OHO-
TreOXMMHYECKOTO OpraHOMHHEpalbHOro Oapbepa (puc.
4), 00yCIIOBIEHHOIO 3HAYUTEIIEHBIM KOJINYECTBOM OKCH-
nmoB Fe, Mn u opraamueckoro BemectBa (> 2.9, 0.06 u
5.6% cootBeTcTBeHHO). OTpeICICHHBIN BKIaa B HAKO-
rieHue Sb BHOCHT MeXaHHYeCKHUI Oapbep, BEIpaKEHHBIH
Ha TEPPUTOPHAX C BBICOKOH J0yel o3esieHeHHocTH (60-
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nee 63%). [lpeBecHas pacTUTENBHOCTh 3aMEIISET CKO-
POCTb BETpa B MIPU3EMHOM CJIOC BO3/yXa, YTO MPUBOIUT
K OCEJIaHUIO TBIJICBBIX YaCTHUII, COACPIKAIIMX MOJITFOTaH-
ThI. KpoMe ToTo, TOpOJICKHE pacTeHUsT aKTUBHO BOBJICKA-
10T Sb B OMOT€OXMMHUCCKUHN UK [64].

O06o01meHne pe3yabTaToB MOAEJMPOBAHUA Ha-
korieHusi TM B mouBax BAO B 3aBUCHMOCTH OT KOM-
Tiekca (pakTopoB W YCIOBHH TOKa3ayuo, YTO UX BaJo-
BOE COJICPIKAHUE HAXOJUTCS B MPSIMOM 3aBUCHMOCTH OT
KoHIIeHTpanuu okcuaoB Fe u Mn (popmupyromumx xe-
MocopOumoHHbI O0aprep mns Bi, Sb, As, Cu, Pb, Zn),
OpTraHUYECCKOTO BEIIECTBA (OPraHOMUHEPATTLHBIN Oapbep
s Sb, As, Pb), rparymomeTrpuueckoro cocrasa (copo-
MOHHO-CceIMMEHTanoHHbIH Oapwep it Cd, Cu) u pH
(menounoit 6apwrep st Cd, Cu, Zn). YcuneHue poiu co-
pOLMOHHBIX OapbepoB OOBSCHSAETCS TpeoliagaHreM B
OKpyTe I0YB C MOBBINIEHHBIM 10 CPAaBHEHHUIO ¢ (JOHOM
conmepkaareM FeyO3, MnO ¥ TBUTIEBATBIX YACTHII, YTO
comracyeTcs ¢ TaHHBIMHE APYTUX UCCIenoBareneii [6, 26].

Ha akkymyssiiuio Sb u Pb B TopoicKuX MoYBax CHIlb-
HOE BIIUSTHUE OKA3bIBAIOT U MHBIC (DAKTOPBI: HAKOIIJICHHE
Pb mpoucxoaut npenMyIiecTBeHHO B MOMYMHEHHBIX T'e-
OXUMHYECKHX TMO3UIMSIX, a coiepkanne Sb HamOoiee
OIIyTHMO M3MEHSETCS B 3aBUCHMOCTH OT BUa (DyHKITH-
OHAJILHOTO MCIIOJIb30BAaHUS TEPPUTOPHH, KOTOPBIN OIpe-
JIEJISIeT TEXHOTEHHOE TOCTYIUICHHE dJIeMeHTa. Biusaue
nocnenHero (akropa npocnexuBaercs Takxke y Bi, Cd,
Cu u Zn. OcranbpHble TaHAMAPTHBIE H aHTPOTIOTCHHBIC
(hakTOpHl MMEIOT MEHbIlIee 3HAUYEHUE W BBISBISIOTCS
JUIIb Yy OTACNBHBIX JIEMEHTOB: aKKyMYIANus Zn 3aBH-
CHUT OT 3are4araHHOCTH 1mouB, Cu — IbUICBOM HATPY3KH,
Sb — creneHn 03e1EHEHHOCTH.

B moBepxXHOCTHBIC TOPU30HTHI MTOYB OOJIBIIAS YaCTh
TM nocrymaer u3 arMmochepsl, Mo3ToMy (HOPMBI U TIOA-
BIDKHOCTH JJIEMEHTOB B BHINMAJICHUSAX B 3HAYUTEIHHOU
CTETICHN TIepEeIaloTCsl TOPOACKUM MoYBaM. AHAIIN3 TIOA-
BWXKHOCTU TM B 3aBHCHMMOCTH OT KPYIHOCTH YaCTHIIL
MIO3BOJIMJI OTIPENICTUTh (DOPMBI AIIEMEHTOB B COCTAaBE TEX
WIN WHBIX TIpaHyloMeTpuueckux (paxouii (Tadm. 2).
[IpenmymiecTBeHHOE MOcTyIieHne Pb co cpenneli mbi-
110, Cd 1 Zn — ¢ KpymHOH, a As — ¢ TTec4aHoi hpaxiuei
YBEIMYMBAET MUTPAIIMOHHYIO CTIOCOOHOCTH ITHX METall-
JIOB B [TOYBaX 3a CYET BBHICOKOW JIOJIU MOJABHKHBIX (POpM
JJIEMEHTOB B BHIIAJICHUSIX, B TO Bpems kak Cu, As B co-
CTaBe Cpe/iHeH MbUTH, a Sb B MEJIKOM MEeCKE MTPHUCYTCTBY-
10T B MPOYHOCBS3aHHBIX (hOpMax, KOTOPhIE HE U3BJICKA-
totest AAB ¢ DJITA. C poctom conepxkanus okeusioB Fe
MIPOUCXOAUT IMMoOmII3arus Pb, Zn, Bi. Ponb okcumos
Mn U MOYBEHHOI'O OPraHUYECKOTO BEIIECTBA MPOSIBIISCT-
cs B MpOYHOH (ukcarnuu Bi U yCHIICHUN TOJABMKHOCTH
As. Poct pH u 3aneuaTaHHOCTH OYB, U3MEHSIOMICH UX
OKHUCIIUTEIBHO-BOCCTAHOBHUTEIBHBIH IMOTEHIINAN, HATIPO-
TUB, CHIDKaeT MoJaBMKHOCTH Cd.

IIpocTpancTBenHoe pacnpocrpaHedue I'Xb B ro-
ponckux nmouBax. Kapra I'Xb cocrtaBieHa Ha OCHOBE
aHanM3a KapT (PU3UKO-XUMHUYECKUX CBOWUCTB mouB (pH,
collep KaHMsI OPraHMUECKOTo BellecTBa, okeuoB Fe, una,
MEJIKOH, CpeHEN U KPYIHOMU MbLIU, TOHKOTO U KPYyITHOTO
Mecka) ¢ BBIICTIAMH, COOTBETCTBYIOIIMMH MaKCHMallh-
HBbIM KOHLIEHTpauusiM TM, a Taxke KapT 3J1eMEHTapHbIX
TeOXMMUYECKHX JaHTa(TOB ¥ (DYHKIMOHAIBHBIX 30H.

[Ipu mocTpoeHUH KapT MOYBEHHBIX CBOMCTB UCIOJb-
30BaJIUCh UX Tpajlaliii, YCTAHOBICHHBIC B XOJIE perpec-
CHOHHOTO aHajau3a Mo IEHAPOrpaMMaM JUIsl OTAEIbHBIX
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MeTaJuIoB. J[JIst HIDKHUX ypOBHEH JAEHAPOTPaMM YUIHTHI-
BaJIMCh 3HAYCHHUS JTAH AP THBIX U aHTPOIIOTCHHBIX (aK-
TOPOB BbILIENIEKAUUX YPOBHEH. Tak, B AeHIporpamme,
xapakrepusyoueil auddepennuanuio Sb B TOUBEHHOM
nokpoBe BAO (puc. 3, b), xemocopOImoHHkIi Oapbep
BbIEsieTCsl 10 conepxanuio FeoO3 > 2.9% (tperwmi
YPOBEHB JECHIPOTPAMMBI), TIPH 3TOM YYHUTHIBAETCS, UTO
cofiepKaHWe OPraHUYEeCKOro YIiepoja B 3TOM BBIJENE,
KOTOPBI BKJIIOYaeT Bce (DyHKIIMOHAIBHBIC 30HBI, KPOME
MIPOMBIIUICHHOH (TIEPBbIA ypOBEHB), MeHbIIe 5.6%.

Jloxanu3zanus copOLMOHHO-CEIUMEHTAMOHHOTO 0a-
prepa it Cd u Cu B moyBax AIIIOBHAIBHBIX, TPAHCAITIO-
BHAJIBHBIX U TPAHCAKKYMYJIATHBHBIX JIAHAMIAPTOB OTIpe-
JIeach 1Mo copepkannio uia > 1.5% 1 KoHIeHTparun
Fep03 <2.9% mpu none kpymuoro necka > 10%, a Taxxe
0 coziepKaHuto cpeanei neutu > 11.1% npu none men-
Kot b1y > 6.0%. I'paHuIlbl XeMOCOpOIIMOHHOTO Oaphe-
pa mns Bi, Sb, As, Cu, Pb, Zn cooTBeTCTBYIOT KOHIICH-
tpammsam FepO3 > 3.1%; k HUM 100aBISIOTCS YYaCTKH C
conmepxkanneMm FeoO3 > 2.9% B dmroBHATBHBIX, TPAHC)-
JIOBUAIIBHBIX M TPAHCAKKYMYJISATUBHBIX JIaHAIadTax; a
TaKXke JIoKajdbHble rpanuilbl ¢ FeoO3 > 2.9% ¢ ogHospe-
MEHHBIM COJIEpP’)KaHUEM OPTaHUYECKOTO0 yriaepoaa > 5.6%
BO BCEX 30HAaX, KPOME IMPOMBIIIUICHHOM.

OpranomMuHepanbHEI 60apsep mist Sb, As, Pb popmu-
pyeTcs B IoYBax ¢ KOJMYECTBOM OPTaHUYECKOTO yTIIepo-
na > 5.2% u xounentpamusamu FeoO3 < 3.6%; B mouBax
CylnepakBaJIbHBIX JIaHAA(TOB — MPH CONEPKAHUU Op-
raaueckoro yriepona > 4.0%; a Takke B oyBax BCEX
(hDyHKIIMOHAIIEHBIX 30H, KPOME TIPOMBIIIJICHHOH C coliep-
KaHWeM yriepona > 5.6%.

[IpocTpancTBeHHOE pPACIPOCTPAHEHHE IIEIOYHOTO
Oapbepa (nenaporpammbl ainsi Cd, Cu, Zn) ompenens-
Jock To BenuuuHe pH > 6.8 ¢ omHOBpEeMEHHBIM conep-
JKaHUEM B ITOYBAX MEJIKOU MbLIN > 6% U cpenHel NbUiu <
11.1%. IIpu pH > 7.0 oH BeIIEAsIICS A7l KOHLIEHTpALUUN
Feo03 < 3.2%.

Kaprel otnensHbIX KiaccoB nousBeHHbIX ['XbB cTpo-
WINCH MeToZoM KpuruHra B nakere Surfer 10. Pe3ynb-
TUpYIOIIasl KapTa MojJydeHa MyTeM OBepiiesl 3TUX KapT
(puc. 4). Ee ananu3 nokasai, 4To Ha TEPPUTOPHU OKPYTa
WUpPOKO pacnpocTpanensl komiuiekcHble ['Xb. Ipu aTom
HanOOJIBINE TTOMIATN 3aHUMAET MIET0THON 6apbep, Ko-
TOPBIN (hOPMUPYETCS B TIOYBAX TTOBCEMECTHO, 33 UCKITIO-
yeHneM ydacTkoB KyckoBckoro u Teprerkoro napkos, a
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Takke pekpealnoHHoW 30HbI KocuHckoro Tpuosepbs.
Ocranpabie kraccel ['Xb 3anmmaror B BAO Menbmme
wiomaan. CopOIMOHHO-CeIMMEHTAlMOHHBIA Oapbep B
OCHOBHOM TIPUYPOUYEH K TPaHCIIOPTHOM 30HE, ero odpa-
30BaHUE 00YCIIOBIEHO BEICOKUMHU YPOBHSIMU BBITIAICHHS
neuTH. Ellle MeHbIMe M0 3aHUMaeT XeMOCOPOITH-
OHHBIN 0apbep, TOKAIN30BaHHEIHN B TpoM3oHe «IIpokek-
Top», BIoiab MKAJI u Ha mpusieraonmx TeppuTopHsx,
3aHATBIX B OCHOBHOM KWJIOW 3aCTPOMKOM HUBKOW ITaX-
HoCTH. HanMeHbIMe 11o11ain XapakTepHbI JIJIsl OpPraHo-
muHepansHoro I'Xb, koTopblil BcTpedaeTcs HEOOIbILH-
MU ydactkamu B mipenenax MKAJ] (ra3oHsr Bo gBOpax
ceuTeOHOM 30HBI U BIOJIH aBTOMATrUCTpascH); a Takke
snu3oanuecku 3a npeaenamMu MKAJL — B pekpeanuos-
Holi 30He BOM3u Kocunckoro Tprosepbs U B mocTarpo-
TeHHOH 30HE PSAA0M C MyCOpPOC)KUTaTeIbHBIM 3aBOJIOM B
Pynueso.

W3MmeHeHne eMKOCTH TOYBEHHO-TEOXUMUIECKUX 0a-
PBEPOB B YCIOBHSX ropoaa. PerpeccuoHHbBIE IepeBbs
MO3BOJISIOT OLIEHUTh U3MeHeHue emkocTu ['Xb B ropos-
CKUX ITOYBaxX IO CpaBHEHHIO ¢ (GOHOBBIMU. Ha ocHOBe
3HAQUCHUI B KOHEUHBIX y37axX NEHAPOTPAMM OIpeiaeie-
HBI BaJIOBBIE coliepkanust TM B TeX ke TOUKax ornpooo-
BaHUS U C TEMH ke (DaKTOpaM¥ TEXHOTEHHOW HATPy3KH,
HO TIpH (PU3UKO-XUMHUYECKHX TapaMeTpax (OHOBBIX
noyB. Tak, mpu (GOHOBOM KOJIMYECTBE B IMOYBAX OKCH-
noB Fe (< 3.2%), yacTtuil kpynHoro rnecka (> 2.9%),
okcuioB Mn (> 0.04%) conepkanue BanoBoro Bi co-
craBiseT 0.279 MI/Kr B HU3KOATAKHOM 3aCTPOUKE U pe-
KpearoHHoi 30He U (0.358 MI/KT B OCTaJbHBIX 30HAX,
TakK Kak OHOBAs T0JIsI KpymHOH mei > 20% (puc. 3, A).
CpenHee 1o OKpYTy MOJAEIBHOE COJEp’KaHHE BaJIOBOTO
Bi ¢ yueToMm KkojHMyecTBa TOUEK ONMPOOOBaHMS, MOMNaja-
IOUIMX B yKa3aHHBbIC KOHEUHBIE y3ibl, paBHO 0.279-15/
(15+8+17)+0.358-25/(15+8+17) = 0.33 mr/kr (Tabi. 4).
Pazanna mMexay ¢GakTHUeCKMMH U TTONyYeHHBIMH KOH-
LIEHTPAIUSAMU XapakTepu3yeT konnudecTtBo TM, kotopoe
3aKpenuiioch B ropojckux nousax Ha I'Xb 3a cuer yBe-
JYEHHS WX TOTIOLIAONIEH CIIOCOOHOCTH.

W3meHenne XapakTEepUCTUK TOPOACKUX IIOYB IO
CPaBHEHUIO C (POHOBBIMU TMPHUBOJUT K MPHPAIICHUIO
CPEIHET0 BAJIOBOTO CO/IEP KaHMUs BCEX 2JIEMEHTOB Ha 33—
99% (tabn. 4, puc. 5). llpu 3TOM 10N 3aKpPETIICHHBIX
Bi, Pb u Cd cocrasiser 45-50, Sb u As — 40, Cu — 30,
a Zn — 26%. B TOpoACKUX MOYBaX CHMKACTCS TTOABHK-

Tadauna 4. Cpennee conepkaHue U MOABIKHOCTS TM B TOBEPXHOCTHBIX TOpH30HTaX M0UB BAO 1. MOCKBHI U UX H3MEHEHUE
3a CYeT YBEINYCHHS EMKOCTH T€OXUMUYECKUX OaphepoB

Banosoe conepxxanune TM, Mr/kr HonsuxHOCTB, %

OnemeHt MojielibHOE | pakTuyeckoe | mpupoct d, | gonst mpupocTta | MoaeabHas | pakTHuecKas Rm—Mm
M) (R) % pBR (Mm) (Rm)

Cd 0.80 1.59 +99 50 30.3 377 +74

Pb 33 63 + 89 48 14.3 9.7 -4.6

Bi 0.33 0.61 + 83 46 9.0 11.7 +2.7

Sb 1.03 1.71 +67 40 1.8 2.1 +0.3

As 4.68 7.76 + 66 40 6.0 43 -1.7

Cu 41 59 +44 30 239 23.2 -07

Zn 133 179 +33 26 11.4 12.3 +09

[Ipumeuanue. R, Rm — copepxanue u noasmxHocTh TM B ropoackux nousax; M, Mm — paccunTanHble 110 MOJEIH COAEPKAHUE U IO BUXK-
HocTh TM mpu poHOBBIX cBoiicTBax mous (Mr/kr); mpupoct d = (R-M)/M-100 (%); p = (R-M)/R-100 — nonst (%) 3aKperieHHOro dIeMeHTa
3a CYET TEXHOTeHHOM TpaHchopMannu GU3NKO-XUMUUECKUX CBOMCTB FOPOJICKUX ITOYB.
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HocTh Pb u As u yBenmunBaetcs noasmwxHocTs Cd 1 Bi,
JUISL OCTAJIBHBIX 3JIEMEHTOB OHA OCTAeTCS HEH3MEHHOM
(Tabm. 4). brarogapsi (U3UKO-XMMHYECKAM CBOMCTBaM
TOPOJCKUX ITOYB ITOCTYMAOLINE U3 aTMOC(HEphl MOABHAK-
Hble Pb 1 As yacTMYHO HEHTPaIM3YIOTCA M CTAHOBSITCA
MeHee JOCTYIMHBIMH sl pacTeHuil. CKOpoCTh aKKymy-
nsimun nonBrkHBIX Cd 1 Bi onepeskaeT TeMmbl pocTta X
BAJIOBOTO COZICPIKAHMSI, YTO BEJAET K YBEIMUYCHHIO HKO-
JIOTHYECKOM OIIACHOCTH 3arpsi3HEHUSI TOPOJCKHX I10YB
TUMH JIEMEHTaMH. DTH PEe3yNbTaThl CBUIECTEIbCTBYIOT
0 TOM, YTO B YCIIOBUSIX TOpOja akKyMysnusi TM Ha Tex-
HOTCHHBIX 0apbepax HeoO0s3aTeNIbHO COMPOBOMKAACTCS
YMEHBILIEHHEM UX MOJBMKHOCTH, B HEKOTOPBIX CIydasx
OHA MOXET JJa’Ke BO3PACTaTh. ITO OOBSICHSAETCS BBICOKON
WHTEHCUBHOCTBIO BbINaACHNS NOABWAKHBIX hopm TM n3
arMocdepsl, KOTOpasi IPEBOCXOJUT CKOPOCTh MX BbIIIE-
JIAYMBaHUs U3 TIOBEPXHOCTHOTO TOPH30HTA ITOYB.

BbIBO/IbI

1. B pesyaprare TEXHOT€HHOTO BO3ICUCTBUS MPO-
MBIIUICHHBIX MPEINPUATHI 1 aBTOTPAHCTIOPTa B ITOYBAX
BAO 1o cpaBHeHHIO ¢ (JOHOBBIMH BO3PACTAOT KOHIICH-
tpauuu TM ¢ xoadduumenramu HakoruieHust Ke 2.9—
7.6. OCOOCHHO CHIIBHO TOPOJICKHE IOYBBI O0OTAIEHBI
MTOJIBMKHBIMHU (POPMaMHU SIIEMEHTOB: Zn3g > Bioy > Asjg
> Sb7 > Cus > Cd3 1 > Pbj 3, 3ameTHO yBenuuuBaeTcs 1Mo
CpaBHEHUIO ¢ (POHOM TOABIKHOCTE Zn (B 6.7 pasza), Bi
(4.3), As (2.5), Cu (1.6). Y Pb u Cd B BrImazieHusx mpe-
00JIa/Ial0T TPYIHOPACTBOPUMBIC COCTUHEHUSI, MTOITOMY
WX TIOIBUKHOCTb, HANIPOTUB, YMCHBIIACTCSI.

2. HaxomneHne XMMHMYECKHX 3JI€MEHTOB B IMOYBAX
BAO xoHTponupyeTcst 1eibiM psaoM (GakTopoB, o0y-
CIIOBNHBAIONNX (OPMUPOBAHUE PA3TUYHBIX KJIACCOB
I'XB: xemocopbuuonnoro (okcuasl Fe u Mn — Bi, Sb, As,
Cu, Pb, Zn), GMOreoXMMU4eCcKOro OpraHOMHHEPaIBHOTO
(opranndeckoe BeriecTBo mo4s — Sb, As, Pb), copouu-
OHHO-CETMMEHTAIIMOHHOTO (TPaHyJIOMETPHUYECKUI CO-
ctaB 1o4yB — Cd, Cu) u meroqHoro (KHCIOTHO-OCHOBHBIC
cBoiictBa — Cd, Cu, Zn). 3amMeTHOE BIUSHHUE Ha Xapak-
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Puc. 5. Hakonnenue TM B IOBEpXHOCTHBIX
ropusonTax nous BAO r. MockBslI 3a
CYET YBEIMYCHHS EMKOCTH (CepBhIi IIBET)
TCOXUMHUYECKUX 0apbepoB: S — cOpOIIMOHHO-
ceAMMeHTannoHHOT0, HS — XemocopOmionHoro,
D — menounoro, O — opraHOMHHEPATHHOTO.

tepuctuku I'Xb oka3piBaeT (yHKIMOHAIBHAS MpPUHAI-
nexxHocTs Teppuropun (Sb, Bi, Cd, Cu u Zn). ®opmu-
poBanue koMiuiekcHbIX ['’Xb 00ycioBneHo BblmageHnemM
KapOOHATHOM IBIIM C NOBBIIIEHHBIM COAEP/KaHUEM TOH-
KHX (hpakiui, BHECEHHEM B MOYBY TOP(HO-KOMIOCTHBIX
cMecel ¢ BBICOKMM COZIEpP’KaHHEM T'YMYCOBBIX BEIIECTB,
MOJTOIUIEHWEM M 3aledyaTblBaHueM M0YB, HapyIlaoH-
MH HX Ta30BbI M OKHCIUTEIbHO-BOCCTAHOBUTENIBHBIN
pesxxumbl. [pu strom akkymynsiius TM Ha TEeXHOTEHHBIX
Oapbepax HE BCErJa CONPOBOXKIAETCS! CHIKCHHEM HX
MTOJBMYKHOCTH, TIPH BBICOKOM MHTEHCHBHOCTH BBITIAJIe-
HU TonBMXXHBIX GopMm TM u3 armocdepsl, IpeBoCcXo1s-
el CKOpOCTh UX BBIHOCA M3 TOBEPXHOCTHOTO TOPU30H-
Ta TOYB, OHa MOXET BO3pPacTaTh.

3. HauOompmume mromand B BAO 3aHuMaer 1ienoy-
HO# Oaphep, BCTPEUAIONTHICS TTOBCIOMY, 32 UCKITIOUCHH-
€M YYacTKOB peKpearrioHHOW 30HBI. CopOmnoHHO-ce-
JuMeHTannoHHbl ['XDb npuypodeH K TpaHCIOPTHOM
30HE, XeMO-COPOLMOHHBIN Oapbep (popmupyeTcst B 1o-
yBax NMpoM3oHb! [Ipoxexrop, Bnons MKA/JL u Ha npu-
neratomux Tteppuropusix. OpraHomunepanbHbii ['Xb
3aHMMaeT HAaUuMEHBIIYIO TIJI0Ialb — B npeaenax MKAJL
3TO Ta30HBI BO JIBOPAX KHIJIOW 30HBI M BIOJIb aBTOMAaru-
CTpaJeH, 3a ee mpeaesiaMu — HeOONbIINE YYaCTKH PeKpe-
anuu BONM3u Kocunckoro Tprosepbst 1 ObIBIIMX arpo-
nangmadpToB B PynHeBo. XapakTepHOil 0COOEHHOCTBIO
TOPOJCKHX II0YB SBJISIETCS IIMPOKOE PACIPOCTPAHEHHE
komIuiekcHbIX I'Xb.

4. TexnorenHas TpaHcopmanus (UINKO-XUMHYeE-
CKHUX CBOMCTB Tropojickux mo4B (poct pH, yBennuenue
KOJIMYECTBA OPTaHWYECKOTO BEIecTBa, OKCHIOB Fe u
Mn, yTsKeIeHHEe TPaHyIOMETPHUYECKOTO COCTaBa) IO
CpPaBHEHMIO C (DOHOBBIMH MPUBOAUT K IPHUPALICHHUIO
CPEIHEro BaJIOBOIO COIEPXKAaHUS BCEX IJIEMEHTOB Ha
33-99%. CpaBHuTenbHAS OIEHKA €MKOCTH KOMILIEKC-
HbIX I'’XDB B ITOBEPXHOCTHBIX TOPU30HTAX IOPOJACKUX H
(hOHOBBIX TIOYB TOKAa3aja, 4To JAOJIS 3aKPEIJICHHBIX B TO-
ponckux nmousax TM cocrasnsger 40-50% oT BasioBOroO
co-nepxanus s Bi, Pb, Cd, Sb u As, 26-30% — misa
Zn n Cu.
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Supplement to
Newly identified climatically and environmentally significant
high latitude dust sources *

The central part of the East European Plain, with the
wide occurrence of silty soils derived from loess-like
sediments and reduced natural vegetation, is a potential
aeolian dust source (Bullard et al., 2011; Sweeney and
Manson, 2013). However, this region currently lacks
observations on dust lifting and transport. The gap for
observations in the central part of the East European
Plain for potential HLD source updates is filled here
with new data in Figs. S2-S4 on the partitioning of
elements among the five particle-size fractions separat-
ed from the natural soils of a rural area 100 km south-
west of Moscow (Fig. S1). The study area (55.12°—
55.13°N, 36.21°-36.22° E) belongs to the southeastern
part of the Smolensk—Moscow Upland (314 m a.s.l.),
representing a marginal area of the Middle Pleistocene
(MIS 6) glaciation with moraine topography modified
by post-glacial erosional and fluvial processes. The
major soil reference group is Retisol (IUSS Working
Group WRB, 2015), developed on the loess-like loam.
About 50% of the soils in the interfluve area were sub-
jected to arable farming. A new and unpublished inde-
pendent dataset on 33 elements in topsoil horizons was
obtained with a higher-accuracy ICP-MS/AES analysis
(compared to the DC-ARC-AES dataset of Samonova
and Aseyeva, 2020).

SUPPLEMENT: Central part of the East
European Plain: partitioning of chemical
elements among five particle-size fractions

Topsoil (0—10 cm) samples were collected along sev-
eral transects (Samonova and Aseyeva, 2020), crossing
two small erosional landforms—a gully and a balka (Fig
S1). The collected bulk samples (n=22) were physically
fractionated into five particle-size fractions (250—-1000,
50-250, 10-50, 1-10, and<1l um, n=100). The bound-
aries among particle size classes were defined accord-
ing to the Russian conventional fraction groups: coarse
and medium sand (250-1000 um), fine sand (50-250
49um), coarse silt (10-50 um), medium and fine silt
(1-10 pm), and clay (<1 pm). The concentrations of
Al, Fe, Mn, Ti, Li, Be, Sc, V, Cr, Co, Ni, Cu, Zn, Ga,
As, Rb, Mo, Cd, Sn, Sb, Cs, Pb, Ta, T1, Bi, Th, Y, Nb,
Ba, U, Zr, Sr, and Hf were determined on Elan-6100
and Optima-4300 DV spectrometers (Perkin Elmer Inc.,
USA) by ICP-AES/MS after the samples were digested
in a mixture of acids (NSAM-499-AES/MS method). In
physical fractionation, the sand fractions were separat-
ed from the bulk soil samples by wet sieving, while the
silt and clay fractions were obtained by sedimentation
and siphoning during times determined by Stokes’ law.

The measured concentrations and element distri-
bution among soil particle-size fractions are shown in
Figs. S2, S3, and S4. Because of the different ways in
which the elements can occur in the soils (Samonova
and Aseyeva, 2020), their distribution among parti-
cle-size fractions varies. However, some common pat-
terns in partitioning the elements exist, which allowed
us to combine them into several distinct groups (groups
A, B, and C). According to our results, most of the el-
ements (Al, Cd, Zn, Sc, V, Tl, Pb, Rb, Ti, Nb, Th, Y,
U, Li, Cs, Be, and Ga) showed the progressive accu-
mulation from the coarser to the finer fractions and a
maximum of the element concentration in the clay frac-
tion (Fig.S2). The predominant accumulation of metals
in the fine fractions was reported earlier for the natural
and polluted soils (Hardy and Cornu, 2006; Ljung et
al., 2006), suggesting these elements are mainly found
in the secondary minerals such as phyllosilicate clays,
where they occur as structural components or adsorbed
ions. A more detailed study of the element partitioning
showed that group A was not homogeneous because of
some differences in the distribution of the elements be-
tween the two sand fractions, which allowed us to iden-
tify several subgroups of the elements. The first sub-
group (Al, Cd, Zn, Sc, V, Tl, Pb, and Rb) included the
elements partitioned equally between the two sand frac-
tions. The second contained Ti, Nb, Th, Y, and U, with
higher affinity to the finer sand fraction, presumably
due to the preferential accumulation of stable minerals
like rutile and titanite in the fine sand and silt fractions.
The third included the lithophile elements (Li, Cs, Be,
Ga) associated more closely with the coarser sand frac-
tion than the fine sand fraction.

Unlike group A, the elements from group B had min-
imal concentrations, not in the sand but the silt frac-
tions, specifically the coarse silt fraction (Cr, Ni, Sn,
Bi, Sb, As, Mn, and Co) or both silt fractions (Fe and
Mo). However, the particle-size fraction that hosts the
major amounts of the elements remained the same (the
clay fraction). Most of the elements comprising this
group participate in redox reactions and belong to the
arsenic group or represent typical elements of the fer-
ro-family. The latter group can occur in soils as struc-
tural components of primary ferrous minerals or/and as
co-precipitates in secondary Fe-Mn (hydr)oxides. Most
of the elements from group B did not concentrate in the
sand fractions, except for Mn, Co, and Mo, which, in
some cases, displayed two concentration maxima (one
in clay and one in sand). Such bimodal distribution was
reported earlier and can be explained by the presence
of several hosting minerals and phases having high

* Meinander O. et al . (contribution from Aseyeva E.N., Kasimov N.S., Samonova O.A.) / Atmospheric
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retention for these metals. In the clay, Mn and Co are
associated with secondary clay minerals. However, in
the sand, they seem to be bound to newly formed Mn
(hydr)oxides. The last group (group C) incorporated sta-
ble elements Zr and Hf. Their maximum concentrations
were observed in the silt fractions, with a maximum in
the coarse silt and a minimum in the coarse and medium
sand fractions. Such distribution among different par-
ticle-size fractions can be explained by the occurrence
of these elements in detrital grains of primary accesso-
ry minerals, such as zircon, usually concentrated in the
fine sand to coarse silt fractions.

In conclusion, our geochemical study conducted in
the central part of European Russia showed that most
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of the elements in the upper horizons of typical silty
soils displayed progressive accumulation in the finer
fractions. However, our data also proves that the pref-
erential association of the elements with particle-size
fractions is not limited to the clay fraction. Metals such
as Mn and Co tend to have bimodal distribution with
concentration maxima in the clay and sand fractions.
The partitioning of Zr, Hf, Nb, Ti, U, and Y accumulat-
ing in the silt fractions is governed by their presence in
the mineral structure of accessory minerals that are sta-
ble during transport, physicochemical weathering, and
soil formation. In many cases, the coarse silt fraction,
with particle sizes of 10—50 pum, is depleted in elements,
which can stem from its loessial origin.
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FigureS1. Map of the study area in Central European Russia (modified after Panin et al., 2009) with the study objects

and sampling locations
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Figure S2. The abundances of elements (group A) in the soil particle-size fractions. Median is indicated as a line across the
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2. TOPOICKHUE ITOYBbI

Contamination of urban soils with heavy metals in Moscow as
affected by building development *

1. INTRODUCTION

Cities have become the centers of intensive impact
contamination of the environment because of high con-
centration of population and industry within relatively
small areas. The ecological situation in many cities of
Russia and other countries is close to the critical one
(Kasimov et al., 2014). The strongest technogenic im-
pact on the environment and humans is typical for mul-
timillion megalopolises. According to the intensity and
area of contamination, they represent specific techno-
genic geochemical and biogeochemical provinces (Saet
et al., 1990; Johnson et al., 2011; Kasimov et al., 2014).
Emissions from industrial enterprises and transport into
the atmosphere are responsible for the development of
geochemical anomalies in other components of urban
terrain: snow cover, vegetation, soils, and hydrosphere.

A great number and uneven distribution of the tech-
nogenic emission sources in combination with diverse
weather conditions create a complex and highly changea-
ble pattern of geochemical fields and geochemical anom-
alies in the atmosphere of megalopolises. The content of
contaminated aerosols in the air is highly variable, because
particles of different sizes are transported by air flows to
different distances (Hitchins et al., 2000; Baldauf et al.,
2008; Hagler et al., 2009). Therefore, in order to assess the
average level of contamination of the urban environments
and the degree of ecological comfort in separate districts
and quarters of the city, it is reasonable to test urban soils
that accumulate pollutants for many years.

Distribution of atmospheric pollutants is controlled by
the meteorological factors specifying the dispersing and
accumulative capacities of the atmosphere (Baklanov et
al., 2008; Glazunov, 2014; Demin et al., 2016). A signifi-
cant influence on them is exerted by the topographical
conditions and building patterns. High-rise residential
blocks represent a complex system of air-blown mul-
ti-surfaces at different heights and with different slopes.
Buildings considerably transform the wind regime of the
atmospheric boundary layer creating “wind shades” in
closed yards and “canyon effects” along large streets
(Lifanov, 2006; Moussiopoulos et al., 2010; Samsonov
et al., 2015). A decrease in wind speed in closed court-
yards leads to the deposition of dust particles enriched
in pollutants and their accumulation in the soils; in the
wellventilated areas, pollutants are carried away. Thus,
depending on their orientation, buildings can either pro-
tect the area from pollution, or enhance it.

A multivariate statistical analysis of soil-geochem-
ical data and parameters of building patterns in the
cities makes it possible to describe the spatial geo-

chemical heterogeneity of the urban environment and
to delineate the zones of predominate accumulation of
the pollutants in the soils and other depositing media
(Dimopoulos et al., 2004; Tsiros et al., 2009). Howev-
er, such studies are few in number, and the geometry
of urban development in them is insufficiently con-
sidered.

The aim of our study was to evaluate barrier and pro-
tective functions of city buildings via a joint analysis of
the contents of heavy metals and metalloids (HMMs) in
the upper horizon of urban soils, physicochemical prop-
erties of the soils specifying their capacity to fix HMMs,
and parameters of surrounding buildings. Residential
area of the Eastern Administrative District (EAD) of
Moscow was selected as the key object. This district is
characterized by the high technogenic loads on the urban
environment and various residential development with
high-rise and low-rise buildings arranged in patterns of
different densities.

The specific objectives of the study were as follows:

— to assess the physicochemical properties of urban
soils and the intensity and spatial patterns of their pollu-
tion with HMMs;

— to determine parameters of building patterns — dis-
tance to the buildings, their height, and their area on dif-
ferent directions from soil sampling points — with the use
of high-resolution satellite imagery and geoinformation
analysis; and.

— to determine threshold parameters of the artificial
relief of the city favoring an increase or a decrease in
concentrations of HMMs in urban soils.

2. STUDY AREA

Soils in the southern part of the EAD within Soko-
linaya gora, Perovo, Ivanovskoe, Novogireevo, Veshnya-
ki, Novokosino, and Kosino-Ukhtomskii municipalities
(Fig. 1) were studied.

Low-rise (up to five storeys) houses are typical of the
old quarters in Perovo, Ivanovskoe, Novogireevo, and
Veshnyaki municipalities and of the zone of individual
house construction in Kosino-Ukhtomskii municipali-
ty. Middle-rise (six-nine storeys) houses are typical of
residential areas within the Moscow Ring Road (MRR),
and high-rise houses (>ten storeys) are found beyond
the MRR in Novokosino and Kosino-Ukhtomskii mu-
nicipalities (Kasimov et al., 2016). Depending on the
mutual arrangement of buildings, the following four
development patterns can be distinguished: arranged
(along perimeter, in groups, in lines), and isolated
(manor-type) patterns.

* Kosheleva N.E., Vlasov D. V., Korlyakov I. D., Kasimov N.S.// Science of the Total Environment. 2018;636:854-863.
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Fig. 1. Sources of technogenic emissions and soil sampling points in the residential zone of the EAD. UTM system. Sampling
points in the area of Veshnyakovskaya Street are shown on the inset map. Municipal areas: Sokolinaya gora (I), Perovo
(IT), Ivanovskoe (III), Novogireevo (IV), Veshnyaki (V), Novokosino (VI), and Kosino-Ukhtomskii (VII). Here and in
Figs. 4 and 5 the following industrial zones are shown: A — Sokolinaya gora, B — Prozhektor, C — Perovo, D — Kosino-1,

E — Kosino-2, F — Rudnevo.

Motor transport is the major source of pollution of the
urban atmosphere and urban landscapes; it contributes to
nearly 80% of total emissions (Kasimov et al., 2014). The
largest highways are the MRR; Entuziastov and Noso-
vikhinskoe highways; Svobodnyi and Zelenyi avenues; and
Perovskaya, Plekhanova, Yunosti, Veshnyakovskaya, and
some other streets. Exhaust gases contain Cu, Pb, and Sr;
engine oil is the source of Fe, Mo, Zn, Cu, Pb, and Sb; tire
abrasion pollutes the environment with Cd, Mn, Fe, Zn, Pb,
Co, Ni, Cr, Cu, and Sb; and wear of brake pads, with Fe, Cu,
Sb, Mn, Zn, Ti, and Pb (Limbeck and Puls, 2011; Adachi
and Tainosho, 2004; Iijima et al., 2007; Gietl et al., 2010;
Quiroz et al., 2013). In the production of bearings, antifric-
tion alloys based on Sn and Pb are used; these alloys also
contain Sb, Cu, Cd, Ni, As (Vlasov et al., 2015).

Stationary sources of the anthropogenic pollution are
the enterprises of heat power engineering, metal pro-

cessing, machine building, chemistry and petrochemis-
try, production of building materials, pulp and paper,
food, and some others industries, whose emissions con-
tain HMMs. Emissions of thermal power plants contain
V, Ni, Pb, Mo, Ge, Cr, Zn, W, Cu, Ag, and Sn; of incin-
eration plants, Bi, Ag, Sn, Pb, Cd, Sb, Cu, Zn, Cr, Hg,
and As; of chemical and petrochemical enterprises, W,
Hg, Cd, Sb, Sn, Ag, Zn, Cu, Bi, Pb, Mo, and Co; and
of mechanical engineering and metalworking plants, W,
Mo, Zn, Sn, Sb, Ni, Cr, Cu, Mn, Pb, Co, V, and As (Saet
et al., 1990; Demetriades and Birke, 2015). The enter-
prises are mainly found in the industrial zones, such as
Sokolinaya gora, Prozhektor, Perovo, Rudnevo, Kosi-
no-1, and Kosino-2.

The study area belongs to the marginal part of the
Meshchera swampy and slightly dissected glaciolacustrine
plain slightly inclined toward the southeast and covered by
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Quaternary glaciofluvial, alluvial, and anthropogenic sed-
iments of considerable thickness (Shmidt, 2012). The soil
cover of residential areas consists of the anthropogenic ur-
banozems (Urbic Technosols), sealed soils (Ekranic Tech-
nosols), replantozems (Urbic Technosols Umbric), and
recreazems (Urbic Technosols Humic). In the recreation
zone, both native and anthropogenically transformed soils
are found: soddy-podzolic and soddy urbopodzolic soils
(Retisols) and their gleyed variants and soddy and mucky—
peat alluvial soils (Fluvisols). In the postagrogenic zone
(former cropland included in the urban territory), posta-
grogenic agrozems and agrosoddy-podzolic regraded soils
are distinguished (Shmidt, 2012; Kasimov et al., 2016).
Southern, western, and eastern winds predominate
in this area; thus, the EAD receives pollutants from in-
dustrial objects located to the west and southeast of its
area. The frequency of calm days varies from 3 to 22%,
which means that the EAD territory is sufficiently well
blown through with the removal of the pollutants beyond
its boundaries. Northeastern air flows predominate in the
north and northeast of the studied area, northwestern air
flows, in the center; and southwestern air flows, in the
south. This should be taken into account in the analysis
of the input of the pollutants from the adjacent industrial
zones and the atmospheric transport of the pollutants to-
ward neighboring suburban areas (Lifanov, 2006).

3. MATERIALS AND METHODS

In order to characterize distribution of the pollutants
in the soil cover of the EAD, the geochemical survey of
the residential area around the Veshnyakovskaya Street
was performed in July 2015. The samples were taken
in the nodes of the regular grid; sampling points were
spaced apart at about 200 m distance from each other.
Mixed soil samples from the surface soil layer (0-10 cm)
were taken using an envelope sampling pattern. Over-
all, 24 mixed soil samples (Fig. 1) were collected. In
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addition, data on 28 mixed soil samples obtained in the
residential zone of the EAD in summer 2011 were used
(Kasimov et al., 2016).

The major physicochemical properties and the con-
tents of HMMs were determined in the samples using
traditional methods (Krechetov and Dianova, 2009).
The bulk contents of HMMs were analyzed by the mass
spectrometry and atomic emission spectrometry with in-
ductively coupled plasma (ICP-MS and ICP-AES meth-
ods, respectively) on Elan-6100 and Optima-4300 DV
(Perkin-Elmer, USA) spectrometers in the Fedorvosky
All-Russia Research Institute of Mineral Resources. For
a detailed analysis, data on 14 elements belonging to
the first (Zn, As, Pb, Cd), second (Co, Ni, Mo, Cr, Cu,
Sb), and third (V, W) hazard classes accepted in Russia
(GOST 17.4.1.02-83) and on Sn and Bi were selected.
The major physicochemical soil properties — pH and the
contents of organic carbon (Cy), physical clay (par-
ticles with diameter b 0.01 mm, PMg), and Fe and
Mn oxides — were determined in the Eco-Geochemical
Center of the Faculty of Geography, Moscow State Uni-
versity.

The contours of buildings were obtained from the
OpenStreetMap database. The heights of buildings (H)
were determined by visual interpretation of GeoEye-1
satellite image (2015) using the database 2GIS. The area
occupied by the individual buildings (S) was determined
by a special tool for calculating the geometry (Calculate
Geometry, Area) in the software package ArcGis 10.0.
The distance (L) from the sampling points to the buildings
was measured using a distance tool (Generate Near Table),
which allowed also to identify the directions of the lines
connecting the sampling points and the buildings.

Building parameters were determined in the zone with
radius of 50 m around a sampling point (Fig. 2). The build-
ing parameters were averaged (S, L, H) and summed (XS)
for each sampling point using one-way ANOVA analysis
of variance (Statistica 8.0 software). In addition, paramet-

@ Soil sampling site

__ Influencing zone

[ Influencing buildings
E Buildings outside the influencing zone

---- Distance (L) to building
S - Area of building
H - Height of building

Fig. 2. Example of determination of the building development parameters
within the 50-m zone around a sampling point.
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ric statistics was calculated for four major azimuthal sec-
tors (northeastern, northwestern, southeastern, and south-
western) of the influencing zone to judge the degree of
“closeness” of sampling points with respect to the winds.

The spatial geochemical heterogeneity of the soil
cover in relation to building parameters and a complex
of soil factors was assessed using S-PLUS software by
the method of regression trees. In essence, this meth-
od consists of the consecutive division of the data ta-
ble according to one of the factors into two parts with
maximum inner homogeneity (Rawls and Pachepsky,
2002). The homogeneity of the obtained group is char-
acterized by the variability of the forecasted index
D =Y (y;—y)?, where i is the number of observation in
the group, and ¥ is the average value of y; according to
all the observations. Each of the groups is then divid-
ed into two parts, etc. Thus, each of the divisions can
be considered as branching along one of the variables—
predictors; the structure and number of branches in the
final tree depend on the number of division levels.

The division is terminated, if n is less than the preset
value (usually, 6-8), or if testing of the hypothesis about
significance of the difference between the averages with
the help of t-test gives a negative result. For each final
node of the dendrogram, the average concentration of the
metal and the coefficient of its variation Cv are calculated
for n sampling points. This method makes it possible to
predict the concentrations of the pollutants in soils upon
different combinations of the factors and to evaluate the
significance of these factors (Nikiforova and Kosheleva,
2007; Kasimov et al., 2016; Kosheleva et al., 2015).

The anthropogenic geochemical transformation of
urban soils was assessed by the enrichment factor EF =
C,/Cp and dispersion factor DF' = Cp/C,,, where Cp and
C, are concentrations of analyzed elements in the back-
ground and urban soils, respectively (Saet et al., 1990).
Data on the background soils were obtained in the Mesh-
chera National Park located approximately 150 km to the
east of Moscow (Kasimov et al., 2016). The total con-
tamination of the soils with HMMs was estimated with
the help of the integral contamination index Zc widely
applied in Russia: Zc = Y EF — (n — 1), where n is the
number of elements with EF > 1 (Saet et al., 1990). The
hygienic hazard of the soil contamination was estimat-
ed using the values of maximum permissible concen-
trations (MPC) accepted in Russia for Sb (4.5 mg/kg)
and V (150 mg/kg), or the values of tentatively permissi-
ble concentrations (TPC) established for Ni (80 mg/kg),
Cu (132 mg/kg), Zn (220 mg/kg), As (10.0 mg/kg), Cd
(2.0 mg/kg), and Pb (130 mg/kg) (GN 2.1.7.2041-06;
GN 2.1.7.2511-09). The coefficient of ecological hazard
Kd shows by how many times the actual concentration of
an element exceeds the MPC or TPC values.

The associations of HMMSs characterized by similar
behavior patterns in soils and having the same sources
were determined with the help of cluster and correlation
analyses.

4. RESULTS AND DISCUSSION

4.1. Physicochemical properties of soils and con-
centrations of HMMs

Surface horizons of urban soils in the residential zone
of the EAD are characterized by a significant increase
in pH values up to the neutral (pH 7.5) or even alkaline
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(pH 8.6) reaction in comparison with the background
soils of the Meshchera National Park. This is related to
dust and ash emissions or to the dissolution of various
technogenic inclusions in the soils. The pH of concrete,
shingle, and clinker brick debris is about 8.0, and the pH
of plaster and slate debris is up to 11-12 (Greinert et al.,
2013). The technogenic alkalization of the soils and the
corresponding change in the conditions of water migra-
tion of the elements have been found for urban soils of
many Russian and European cities (Birke et al., 2011;
Charzynski et al., 2013; Kasimov et al., 2014).

The soils of the EAD are also characterized by the
increased contents of Coro and physical clay (PMj¢) par-
ticles. Thus, the C, content in the surface horizon of
studied urban soils varies from 0.2 to 9% and averages
3.9%, which is 1.6 times higher than the background lev-
el. The soils of the residential zone have a loamy sandy
texture with the average physical clay content of 11%; in
some sampling points, sandy loamy and silty loamy soils
with the physical clay content up to 29.7% have been
found. A heavier texture of urban soils on some plots is
due to the increased dust load on the surface and to the
application of loamy soil material during soil reclamation
works by municipal workers (Kosheleva et al., 2018).

The background soils of the Meshchera National Part
are depleted of most HMMs (Table 1), which is due to
their low concentrations in the sandy parent materials.

A comparison of data on the concentrations of HMMs
in urban soils of the EAD and in the background soils at-
tests to a significant accumulation of many HMMs in the
urban soils; the accumulated elements can be arranged into
the following sequence according to their £F values (sub-
scripts): Cdg 6We.3Bis 5 Zns 1 Asg 2Cr3 8Sb3 ¢Pb3 5Cu3 .
These geochemical features of urban soils reflect the in-
fluence of several pollution sources. The major source is
automobile transport, which is confirmed by the data on
the elemental composition of road dust and its separate
particle-size fractions with the high concentrations of Cd,
Sb, W, Bi, and Pb (Vlasov et al., 2015). Some contribu-
tion to the soil pollution is caused by emissions from en-
gineering, metalworking, petrochemical, electric power,
construction materials, and incineration plants (Saet et
al., 1990; Limbeck and Puls, 2011; Vlasov et al., 2015).
It is known (Saet et al., 1990) that the ash of waste-incin-

Table 1

Concentrations of HMMSs in the surface horizons of soils
background soddy-podzolic soils of the Meshchera National
Park and in the residential zone of the EAD.

HMMs Background soils,  Urban soils, mg/kg (n = 52) EF
* —
mokg (M =10) o median min max

Cd 0.2 1.8 091 0.30 19 8.6
w 0.69 43 3.1 0.72 16 6.3
Bi 0.12 0.69 0.35 0.12 44 5.5
Zn 37 190 150 46 750 5.1
As 2 8.3 6.3 3 55 4.2
Cr 26 98 70 24 530 3.8
Sb 036 13 1.1 045 3.7 3.6
Pb 14 50 47 13 200 35
Cu 20 61 40 13 290 3

Ni 1 27 24 1 67 2.5
Sn 44 10 8 1.5 38 23
Co 4.3 7.2 7.2 3 1 1.7
\% 36 55 56 18 93 15
Mo 0.86 12 1.1 0.54 2.7 14

*n is the number of analyzed samples.
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eration plants is enriched in many HMMs: Bij90oCd3go_
770Z1120-360C110-200Cu15_64 (excess of element concen-
trations in the ash relative the natural abundances in the
upper part of the continental crust is given in subscripts).
Therefore, the soils near incineration plants actively ac-
cumulate these elements: Cdy7Cuj1ZngSng (EF values
are indicated in subscripts) (Birke et al., 2011). Various
organic and mineral fertilizers are applied to the soils
of the residential zone, including phosphorus fertilizers
containing elevated concentrations of Cd, As, Sn, and Pb
(Motuzova and Karpova, 2013).

The considered HMMs compose relatively stable
associations with similar spatial distribution patterns:
Cr-Cd-Cu-Zn-Bi-W-Ni (the coefficient of correlation
between the contents of these elements r = 0.83-0.95,
significant at P = 95%), Sb-Pb (r = 0.87), V-Co (r =
0.76), and Mo-Sn (r = 0.43). The former two associations
mainly consist of the technogenic elements released into
the environment in the course of various anthropogenic
(technogenic) activities, whereas the latter two associa-
tions represent anionogenic elements (except for Co) that
are not accumulated (or only slightly accumulated) in the
urban soils.

The integral index of the soil contamination with
HMMs (Zc) averages 68, which corresponds to the high
contamination level (64 < Zc < 128) (Saet et al., 1990;
Kasimov et al., 2016). The high Zc values have been
identified on 25% of the surveyed territory. Moderate
contamination level (32 < Zc < 64) has been found on
a larger part (62%) of the territory, and very high con-
tamination level (Zc > 128) has been found on 10% of
the territory. Only 3% of the surveyed residential zone is
characterized by the low total contamination level (16 <
Zc < 32).

The most significant excess of hygienic norms in the
soils of residential area of the EAD is typical of Cd (Kd
up to 9.5) and As (up to 5.5). Less dangerous contamina-
tion levels are typical of Zn (Kd < 3.4), Cu (<2.2), and
Pb ( < 1.5). The concentration of Zn exceeds the corre-
sponding TPC on about 23% of the territory; the concen-
tration of As, on 19%; Cd, on 14%, Cu, on 10%, and Pb,
on 2% of the territory. The concentrations of V, Ni, and
Sb are lower than the corresponding norms.

4.2. The influence of building patterns on the dis-
tribution of HMMs in urban soils

Statistical models characterizing distribution patterns
of HMMs in soils of the residential area of the EAD have
been developed based on the following factors and con-
ditions:

(a) parameters of the building development within
the 50-m radius zone around soil sampling points
and also in the four azimuthal sectors (total area
under buildings, average area and height of the
buildings, and average distance to the buildings);
characteristics of soil components that serve as
the major carriers of HMMs (Vodyanitskii, 2008):
the contents of organic carbon (Corg), physical
clay (PMjg), and Fe and Mn oxides; and
acid—base conditions (pH) affecting the migration
capacity of HMMs.

(b)

(c)

The results of the multiple regression analysis (Ta-
ble 2, Fig. 3) indicate that the building development
is one of the major factors affecting the distribution of
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HMMs in the urban soils of the EAD. It may both en-
hance and diminish the degree of soil contamination in
dependence of the parameters of the buildings and their
arrangement with respect to the prevailing winds.

First, buildings may serve as protective screens on the
migration pathways of the pollutants from motor vehi-
cles and industrial objects toward residential yards. In the
yards protected from winds, the input of dust enriched
in HMMs from the atmosphere considerably decreases
with a corresponding decrease in the concentration of the
pollutants in the soils. This effect was clearly pronounced
for As, Co, Pb, Sb, Sn, and W. For these elements, a pos-
itive relationship between their concentrations in the
soils and the average distance to the surrounding build-
ings was observed. With a decrease in the distance to the
buildings, the concentration of Sn decreased by three
times (Fig. 3), and the concentrations of other HMMs
decreased by 1.2-2.8 times, if the buildings were found
no further than 23-35.7 m from the sampling points (Ta-
ble 2). For most of the elements, the protective effect of
the buildings was most clearly pronounced in the north-
western sector, which is in agreement with the direction
of predominant winds.

The protective function of the buildings is also
proved by the negative relationship between the con-
centrations of Cr, Mo, Ni, and Sn and the average
height of the buildings. For Cr, the protective effect
of the buildings is only seen in the yards between rel-
atively high buildings (with the average height above
20.7 m). In such yards, the concentration of Cr in the
upper soil horizon decreases by 1.3 times. The concen-
trations of Sn and Ni in the soils of the yards decrease
by 1.9 times in the case of the average height of the
buildings above 15 and 11 m, respectively (Fig. 3).
The concentration of Mo decreases by 1.4 times in
the case of the average height of the buildings above
7.5-8.5 m. Dense building patterns protect the soils
from contamination with As: if the total area under
buildings in the given sector within the radius of 50
m exceeds 657 m?, the concentration of As in the soils
decreases by 1.3 times.

The enhancement of the soil pollution is observed in
the case of densely arranged high-rise buildings, when
the inner yards serve as “traps” for atmospheric flows.
They sharply decrease wind velocity, so that contami-
nated dust particles precipitate from the atmosphere and
are accumulated in the soils. This barrier effect of dense
building patterns is especially pronounced for Cd, Bi,
and Cu: their concentrations in the soils are positively
correlated with the average height of the buildings (the
concentrations of these elements increase by 1.5-1.7
times upon an increase in the average height of the build-
ings from 8.5 to 20 m and more). For Cd and Cu, this
effect is only seen in the north-western sector.

The concentrations of Cd, Cu, Zn, W, and Mo display
positive relationship with the total area under the build-
ings within the 50-m radius. Threshold values, upon which
the concentrations of these HMMs in the soils increase
by 1.2-1.7 times are equal to 323, 760, 760, 1000, and
1300 m?, respectively. For Co, Sb, and Pb, a positive rela-
tionship of their concentrations in the urban soils with the
average area under the buildings in the northeastern and
southwestern sectors is observed (Fig. 3). The threshold
values are equal to 118, 311, and 323 m?, respectively. If
the area under the buildings is larger, the concentrations
of these pollutants in the soils increase by 1.3—1.7 times.
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A negative relationship between the concentrations of
Cr and Sn in the urban soils and the average distance
to the surrounding buildings also points to the existence
of the zone of active fallout of these elements from the
atmosphere: when the distance to the buildings is < 25—
30 m, the concentrations of these elements in the soils
increase by 1.3-1.9 times.

Differences between threshold values of building pa-
rameters resulting in the enhancement of the soil contam-
ination with HMMs in the residential zone of the district
can be explained by the uneven distribution of HMMs in
dust particles of different diameters carried by wind flows
to different distances (Hitchins et al., 2000; Baldauf et
al., 2008; Hagler et al., 2009). This is confirmed by data
on the chemical composition of particle-size fractions of
road dust sampled in the EAD (Vlasov et al., 2015). In
comparison with the upper part of the continental crust,
these fractions are enriched in the following elements:

fraction PM; Cdys5Sby3Zn;5Sni,Cuy1PbigWoBigMog,
fraction PMj_19 Cd3Sb22Sn;2CugBigPbgZn7Mo7;
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fraction PMjo_s0 Cd;2Sb11Zn7Sn7W~7CugMogPbsBis;
fraction PM = 50 CdgSbgZnsCusMosSns.

The absence of As, Co, Cr, Ni, and V in these sequenc-
es attests to the insignificant role of the atmospheric input
of these elements to the soils of the residential zone.

The level of soil pollution with HMMs in the resi-
dential zone of the EAD also varies in dependence on
the soil texture. A positive relationship between the
contents of physical clay and the pollutants attests to
the input of HMMs into the soils together with fraction
PMj, and a negative relationship between them indi-
cates that the atmospheric input of HMMs into the soils
takes place with dust particles of larger sizes. With an
increase in the portion of fraction PM 1, concentrations
of Co, Ni, and V in the soils increase, whereas concen-
trations of As, Bi, Cd, Sb, Pb, and Sn become lower
(Table 2). For Cr, Cu, W, and Zn, this relationship is
uncertain, which may be explained by the input of these
elements from several sources with different sizes of
the emitted dust particles.

Table 2. Ranking the parameters of building development and physicochemical soil properties affecting the accumulation of
HMMs in the surface horizons of urban soils of eastern Moscow.

HMM Factors
building development (parameters of buildings) soil properties
average average average total pH Corg  physical FepO3 MnO
distance height area area clay
As 4+ NW (> 23 m) n/a n/a 4— (<657 mz) n/a n/a 2- 1,3+ 5+
Bi n/a 3+ (>18.5 m) n/a n/a n/a n/a 1- n/a 2+, 3—
Cd n/a 3+ NW (>20m) n/a 2+NE (>323 m?) n/a n/a 1- 5— n/a
Co 3+ (>26.4 m) n/a 3+SW (>118 m?) n/a 2- n/a 1+ 2,3+ n/a
Cr 3—(<25.2m) 4—(<20.7 m) n/a n/a n/a n/a 1,3-,2+ n/a n/a
Cu n/a 3+ NW (>8.5m) n/a 4+ (>761 mz) n/a n/a 1,3-,2+ n/a n/a
Mo n/a 4—(<8.5m) n/a 3+ (>1299 mz) 2- 2,5+ n/a n/a 1+
Ni n/a 2— (<11.1 m) n/a n/a 3- n/a 4+ 1+ 2—-
Pb 1+ NW (>357m) n/a 3+ NE (>323 mz) n/a 2— n/a 4— n/a 3+
Sb 2+ (>32.7 m) n/a 3+ (>311 m) n/a - n/a 2- 4+ n/a
Sn 2+ NW, 3— 1- (<15.2 m) n/a n/a n/a n/a 2—- 3+ n/a
(>28.1 m)
A% n/a n/a n/a n/a 2— n/a 1,2+ 3+ n/a
w 3+ NW (>28.1m; n/a n/a 4+ (>997 mz) n/a n/a 1,4-,2+ nla n/a
>34.8 m)
Zn n/a n/a n/a 3+ (>758 mz) n/a n/a 1-, 2+ n/a 3+
Zc n/a 3+NW (>20m) n/a n/a n/a 4+ 1- n/a 2+, 3—

Note: Ranks from 1 to 5 correspond to a decrease in the significance of a given factor; (+) and (—) signs mean positive and negative relations,
respectively. In brackets — threshold values of building parameters, upon which the concentrations of HMMs in the urban soils of residential
areas of the EAD tend to increase, n/a — not available. Here and in Fig. 3, letters indicate the particular parameters with respect to the azi-

muthal directions (NW — northwestern, SW — southwestern, and NE —

northeastern).
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Fig. 3. Distribution patterns of Cd, Sn, Pb, and integral contamination index Zc in the soils of eastern Moscow for differ-
ent combinations of the factors. For each final node (in the boxes), average concentrations of the elements (mg/kg)

or Zc values are given; the coefficients of variation Cv and the number of sampling points n are also indicated in
the following sequence: mean /Cv / n.

. > 128 (very high contamination level)
@ 96-128 (high)
@ 64-96 (high)

@ 48-64 (moderate)

@ 32-48 (moderate)
o
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Fig. 4. Distribution of the integral contamination index (Zc) in the soils of the residential zone of the EAD.



5 O QOO OO OO OO OO OO O OO OO OO OO OO OO O OO OO OO O OO OO OO0 O OO0 OO0 OO0 O OO OO OO O OO0 OO OO0 O OO OO0 OO0 O OO OO0 OO0

@

Number of elements

®: eo: @3 e 12 A0

(b)

Number of elements

.3-10 @ @ ©: o o2 4o

Fig. 5. Manifestation of the (a) protective and (b) barrier effects of the buildings on the accumulation
of HMMs in soils of the EAD.
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Table 3

Occurrence frequencies of the protective and barrier effects of
the buildings affecting the accumulation of HMMs in urban
soils of the EAD.

HMM Occurrence frequency f, %
protective effect barrier effect

As 48.1 0

Bi 0 21.2
Cd 0 32.7
Co 15.4 13.5
Cr 135 21.2
Cu 0 28.8
Mo 23.1 11.5
Ni 135 0
Pb 84.6 17.3
Sb 19.2 36.5
Sn 86.5 13.5
W 59.6 13.5
Zn 0 23.1
Zc 0 13.5

The accumulation of As, Bi, Cd, Co, Mo, Ni, Pb, Sb,
Sn, V, and Zn in urban soils also depends on the sorption
capacity of the soils related to the presence of Fe and Mn
oxides, whereas the accumulation of Mo is controlled by
the organic matter (Corg) content. The content of Co, Mo,
Ni, Pb, Sb, and V depends on pH conditions and gener-
ally increases in the weekly alkaline medium compared
with a neutral one due to immobilization of most HMMs.

The multielemental contamination of the soils (Zc) de-
pends on the contents of fine fractions, organic matter, and
Mn oxides (Fig. 3).

Among building parameters, the most significant in-
fluence on the soil contamination is exerted by the height
of the buildings; the Zc value increases by about 10 units
in the northwestern direction from the sampling points
(Fig. 3). Anomalous concentrations of HMMs are usual-
ly found in the yards in close proximity to the highways
(Fig. 4). The highest Zc values in the soils of the residen-
tial zone were found near the Veshnyakovskaya Street in
the center of the studied area, near the Perovskaya Street
in the northwest, Nosovikhinskoe highway in the east,
and Kosinskoe highway in the southeast. All these anom-
alies are due to precipitation of HMMs from car exhausts
and from the emissions of the incineration plant.

To reveal spatial localization of the barrier and trap-
ping effects of residential buildings, we have developed
schematic maps (Fig. 5). The intensity of these effects is
illustrated by the number of HMMs, whose content in the
soils depends on the earlier described parameters of the
buildings. These values were determined from the sets
of points included in the one or other final nodes of the
dendrograms.

The protective effect is manifested for virtually all
the studied points, whereas the barrier effect exists in
a much lower number of plots. The letter is complete-
ly absent in the area of low-rise buildings in the Ko-
sino-Ukhtomskii municipality in the southeast of the
territory and most pronounced in the yards between
high-rise buildings near the Veshnyakovskaya Street. A
more frequent occurrence of the protective effect can
be explained by the predominance of line and cluster
building patterns in comparison with the perimetral
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building pattern creating efficient multielemental bar-
riers (wellshaped yards encircled by the buildings). At
the same time, the protective effect of the buildings in
the EAD is manifested for a smaller number of HMMs
(up to 7 elements) in comparison with the barrier effect
(up to 10 elements).

For many of the studied points, barrier and protective
effects of the buildings are superposed. For instance, for
some elements, the buildings serve as screens hampering
element migration, whereas for other elements they serve
as traps favoring the accumulation of elements in the
yards surrounded by the buildings. This can be explained
by different particle-size composition of the emissions
from various sources of HMMs.

The spreading of particular HMMs depends on the
location and character of their sources. The frequency
of occurrence f of the protective screens and barriers as
compared with the total number of sampling points (Ta-
ble 3) shows that the protective effect is most frequently
pronounced for Sn and Pb (f'= 85-86%) and for W and
As (f = 48—60%). These particular elements are rarely
captured by the traps. Such a behavior is typical of the
coarse fractions of aerosols emitted into the atmosphere
from relatively low sources. For these fractions, even
lowrise buildings serve as efficient screens. This situa-
tion is typical of the entire territory, which attests to the
major role of motor vehicles as the sources of Sn, Pb, W,
and As. A larger part of emissions from the vehicles does
not reach considerable heights, at which the barrier effect
becomes more pronounced.

Barrier effect has been found for most of the studied
HMMs, though its occurrence frequency for most of the
elements is lower than that of the protective effect. Only
for Cu, Cd, and Sb, the occurrence frequency is with-
in 29-37%. For the remaining eight elements, it varies
within 11-23%. This effect is most pronounced for the
fine fractions of the aerosols. As for the integral con-
tamination index Zc, both effects are virtually absent,
because dust particles responsible for them in this case
have different sizes.

5. CONCLUSIONS

The soil-geochemical survey performed in the resi-
dential area of the Eastern Administrative District of
Moscow included evaluation of the barrier and protec-
tive functions of urban development by means of a joint
analysis of the contents of HMMs in the upper horizon of
urban soils, their physicochemical properties, and the pa-
rameters of the buildings. The main findings of this study
are the following:

(1) The soils of residential zone in the east-
ern  Moscow intensely accumulate Cdgg
Wi.3Bis sZns 1 Asq 2Cr3 8Sb3 ¢Pb3 5Cuz g (sub-
script indicates the EF value). Most of the ur-
ban soils are strongly contaminated with HMMs,
which creates dangerous ecological situation. The
hygienic norms are exceeded for As, Cd, Zn, Cu,
Pb.

(2) The level of soil contamination in the residential
zone is spatially differentiated and depends on pa-
rameters of the buildings. At distances of <23-36
m from the buildings, their total area >660 m?, and
their average height >7.5-21 m, these buildings
create protective screens for the yards, where the
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concentrations of As, Cd, Co, Cr, Mo, Ni, Pb, Sb,
Sn, and W in the soils decrease by 1.2-3 times.
An opposite effect of the buildings is manifested
in the inner yards — traps of HMMs. Such barriers
appear at distances of < 25-30 m from the build-
ings having the average height >8.5-20 m, av-
erage area >118-323 m?, and total area >323—
1300 m?. In such traps, the concentrations of Bi,
Cd, Co, Cr, Cu, Mo, Pb, Sb, Sn, W, and Zn in the
soils increase by 1.2—1.9 times.

(3) The effects of these two different building patterns

are only manifested upon certain directions of air
flows. In eastern Moscow, southern, western, and
eastern winds predominate. Buildings located in
the northwestern sector relative to the sampling
point protect it from the aerial pollution. An in-
crease in the height of these buildings and a de-
crease in the distance to the sampling point favor
the reduction of concentrations of As, Cr, Mo, Ni,
Pb, Sn, and W in the soils. An opposite effect — the
development of the zones of active fallout from
the atmosphere — is observed for Cd, Pb, and Co
upon an increase in the average or total area of
the buildings in the northwestern or southeastern
sectors relative to the sampling point. The protec-
tive effect of the buildings is more widespread,
which may be explained by the predominance of
building arrangement in lines or in groups (clus-
ters) in comparison with perimetral arrangement
creating wellshaped yards that serve as multiele-
mental traps. For many sampling points, both pro-
tective and barrier effects of the buildings can be

observed: for some elements, building are screens
protecting the soils from contamination, whereas
for other elements, buildings are barriers enhanc-
ing the soil contamination.

(4) The obtained quantitative data on the influence of

building patterns on the accumulation of HMMs
make it possible to perform the ecological assess-
ment of construction plans for new urban areas.
When planning new residential quarters, the rel-
ative positioning and parameters of the buildings
should be taken into account; these buildings
should not create barriers to the specific priority
pollutants coming from local sources. The role of
soil properties in the accumulation of HMMs is
also great, and this should be considered in the re-
mediation of urban soils. Enhanced accumulation
capacity of soil reclamation substrates with the
high content of organic matter leads to a strong
fixation and accelerated accumulation of HMMs
coming from technogenic sources. In this relation,
it is necessary to optimize the parameters of recla-
mation substrates that ensure the sustainable func-
tioning of urban soils and the biological diversity
of soil microbiota.

(5) The results obtained provide the basis for improv-

ing local and city-scale air quality models, which
take into account deposition of dust particles en-
riched in HMMs. Geochemical data can be used
to verify large eddy simulation models via adjust-
ing deposition parameters to ensure fitting of the
calculated and actual areas with an increased or a
decreased accumulation of pollutants.
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Main features and contamination of sealed soils
in the east of Moscow city*

INTRODUCTION

Sealed soils (Ekranic Technosols; Russian: Ekra-
nozems, from ekran—screen, membrane) are urban soils
covered by road pavements (asphalt, concrete), buildings,
and various constructions. These soils represent a specif-
ic form of technopedogenesis (Glazovskaya et al., 1986)
and include both human transformed natural soils and ar-
tificially created soils developed from cultural layers or
redeposited sediments, as well as from translocated, geo-
chemically extraneous, material, and fill substrates (Ger-
asimova et al., 2003; Prokofieva, 1998). According to the
FAOQ definition (FAO, 2006), Ekranic Technosols are the
soils with a low permeability of the surface layer because
of its screening or strong compaction under the impact
of natural and/or anthropogenic processes. In the classi-
fication WRB (2015) Ekranic Technosols are defined as
soils composed of technic hard material with properties
substantially different from those of natural materials.

In Russia, urban soils have mainly been studied
in open (not sealed) areas, and the obtained data have
been extrapolated on the entire urban territory with an
assumption that the soil properties are similar. The first
time of sealed soil study is 1995 (Stroganova & Prokof-
ieva, 1995). In the recent decade, an attempt to distina-
guish a separate group of sealed soils (Ekranozems) and
to include it into the general classification system of Rus-
sian soils and parent materials has been made (Prokofye-
vaetal.,2011). Now the study of sealed soils becomes an
immanent part of the ecogeochemical assessment of the
state of the soil cover on urban territories. The morpholo-
gy, physicochemical properties, evolution, and classifica-
tion of sealed soils are being studied together with those
of open soils on urban territories (Levin et al., 2017).

The most evident consequence of soil sealing is the
creation of protective screen between the atmosphere and
the soil surface, this screen hampers the further develop-
ment of sealed soils. An increased compaction of sealed
soils in comparison with open soils is related to the high
technogenic vibration loads. A low permeability of road
pavements decreases with time, which eases the inflow
of pollutants into the soil. The lifetime of road pavements
in cities of the humid zone is about 10 years (Gesentsvey
et al., 1985). Every year, the thickness of the paved layer
decreases by about 4-5 mm forming up to 160-200 t/ha
of the products of its destruction (Manuylov & Mosk-
ovkin, 2016).

Soil sealing decreases the evapotranspiration and in-
creases rainstorm runoff, it strongly transforms the heat
balance of the soil: The higher the density of construc-
tions, the higher the temperature of the soil surface under
asphalt. In hot summer days, the difference in tempera-
tures between sealed and open soils may reach 2-3°K,

the saturation deficit of air diagnosed by a darker color of
sealed soils (Burghardt, 2017).
Data on the physicochemical and microbiological
properties and the level of heavy metal contamination of
sealed soils obtained in some administrative districts of
Moscow (Stroganova & Prokofieva, 1995) indicate that
the soil under artificial pavements continues its function-
ing and does not become an abiotic body. The moisture
and heat supplies in these soils are sufficient for vegeta-
tion growing (Prokofieva, 1998). However, the biologi-
cal activity of sealed soils is low. These soils are charac-
terized by the specific communities of microorganisms
with a dominance of nitrogen-fixing Azotobacter chroo-
cocum. This causes the low intensity of the nitrogen cy-
cle and, particularly, the low rate of nitrification and de-
nitrification processes. Psychrotrophic microorganisms
developing under low temperatures (t < 6.5 °C) prevalil,
whereas spore-forming bacteria are suppressed (Zabelina
& Zlyvko, 2015).
Despite the predominance of sealed soils in the soil
cover of large cities (“EEA” 2017), specific features of
their functioning and their contamination levels are stud-
ied insufficiently. Data on the migration of pollutants in
sealed soils of Moscow and on the accumulation and dis-
tribution of priority pollutants in their profiles are few in
number, the location of anomalous concentrations of or-
ganic and inorganic pollutants in the sealed soils of Mos-
cow is unknown. The aim of this paper is to characterize
the main properties and the level of pollution of sealed
soils in different land use zones of the Eastern adminis-
trative district (EAD) of Moscow and to compare them
with background natural soils and with open urban soils.
The concentrations of both organic (petroleum products
(PPs) and benzo[a]pyrene (BaP)) and inorganic (heavy
metals and metalloids (HMMs)) are considered.
The particular goals of the study are as follows:
(i) To compile the map of soil sealing on a scale of
1: 50 000 for different land use zones in the EAD

(ii)) To determine the morphological features and ma-
jor physicochemical properties (actual increas-
es by 10-20% (Wessolek, 2008). The weakening
of gas exchange processes leads to the deficit
of acidity pH water, the organic carbon content
oxygen and excess of carbon dioxide under the
asphalt, where extremely low values of the ox-
idation—reduction potential can be found. They
can be Corg, particle-size distribution, degree
of salinity) of sealed soils in land use zones of
the district

(ii1) To evaluate the levels of contamination of sealed

soils in the EAD with priority pollutants (PPs,
BP, and HMMs) and to assess the ecological haz-
ard of their anomalous concentrations
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Fig. 1 Map of the land use zoning of the territory with the main industrial enterprises in the southern part of the EAD of
Moscow, scale 1: 50,000. UTM coordinate system. Municipal areas: Sokolinaya gora (I), Perovo (II), Ivanovskoe (III),
Novogireevo (IV), Veshnyaki (V), Novokosino (VI), Kosino-Ukhtomsky (VII)

POLLUTION SOURCES

There are some ways how the pollutants enter into the
sealed soils. A certain amount of HMMs and polyarenes
is inherited from parent rocks and can be determined
from data on their content in undisturbed background
soils. Another portion of pollutants were falled out from
the atmosphere and accumulated in the soils before they
were sealed. After sealing, the stock of pollutants in soils
is constantly replenished due to leaching from asphalt
and seepage through cracks of polluted storm and melt
water.

Motor traffic is the main source of environmental
pollution in the EAD of Moscow, its contribution to the
total aerial emissions reaches 85-90%. There are also
more than 50 factories, which are concentrated in sever-
al industrial zones, waste incineration plant in Rudnevo,
and two large thermal power stations (TPS) in the EAD
(Fig. 1). Despite the decline in the industrial production
at the end of the twentieth century (Bityukova & Saul-
skaya, 2017), the impact of these industrial facilities on
the modern eco-geochemical state of soils in the EAD
has been significant (Kosheleva & Nikiforova, 2016).
Aerial emissions, effluents, and solid wastes enriched in
various pollutants enter the upper horizons of sealed soils
with rainwater and runoff flows upon fracturing concrete
asphalt. With an average lifetime of road covering in cit-
ies of the humid zone of about 10 years (Gesentsvey et
al., 1985), the first cracks are formed already in the first
years after road repairs.

Asphalt coating is another source of pollutants in
sealed soils (Legret et al., 2005). It represents an arti-
ficial material obtained via compacting asphalt mixture,

sand, mineral powder, and bitumen (Gezentsvei, 1985).
Bitumen supplies the bulk of PAHs to sealed soils. It con-
sists of solid and semiliquid residues of oil distillation,
which contain many PAHs inherited from the tar and as-
phaltenes of the initial oil or newly formed as a result of
industrial production of bituminous materials. The naph-
thalene type of contamination with a share of naphtha-
lene homologues of 65.2% of the total PAHs is typical
for asphalt concrete of road pavements (Nikiforova et al.,
2019). Among trace elements in asphalt concrete Mn, Ba,
Sr, Zn, V, Ni, Cr, and Co have the highest bulk concentra-
tions (Adachi & Tainosho, 2004; Kupiainen et al., 2005).
For Mn, Sr, and Zn a high proportion of mobile forms is
typical (von Gunten et al., 2020).

The range of substances and separate chemical ele-
ments entering migration flows from technogenic sources
is very large. The priority soil contaminants in the EAD
are PPs and their derivatives, BaP—the most dangerous
carcinogenic substance from the group of polycyclic ar-
omatic hydrocarbons (PAHs), and HMMs (Kasimov et
al., 2016). Emitted pollutants are partly dispersed around
their sources forming local technogenic geochemical
anomalies in different components of urban landscapes
(Birke et al., 2011; Duris, 2011; Kasimov et al., 2016,
2017; Lianga et al., 2019; Tume et al., 2019; Vodyanit-
skii, 2009). Their other part is involved in regional ge-
ochemical fluxes resulting in the increasing concentra-
tions of these pollutants in the natural media (Chen et al.,
2020; Fernandez et al., 2000; Foti et al., 2017; Jiao et al.,
2021; Nam et al., 2009; Wild & Jones, 1995).

Petroleum products are technogenic carbonaceous
substances such as unsaturated hydrocarbons, PAHs, and
their derivatives entering the environment in the course
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of the work of oil refineries. The greatest danger to hu-
man health arises from the inhalation of hydrocarbon
solvents (hexane, benzene, toluene, xylene, etc.). They
suppress oxidation—reduction processes, disturb tissue
respiration, inhibit cardiac activity, and hamper the func-
tions of the liver, digestion, thyroid, and some other or-
gans (Pikovsky et al., 2015).

When soils are polluted with organic compounds,
benzo[a]pyrene (BaP) — a high molecular weight PAH,
which causes carcinogenic, mutagenic, and neurotoxic
effects on animals and humans, — presents the high risk
(Gennadiev & Pikovsky, 1996; Jacob, 2008; Tarafdar
& Sinha, 2017). Benzo[a]pyrene is often considered an
indicator of the overall carcinogenic activity of the en-
tire PAH group in the environment (Nikiforova & Ko-
sheleva, 2011). The sources of BaP are emissions from
industrial plants, heating and transportation systems,
and products of incineration of wastes and various fu-
els (Alegbeleye et al., 2017; Khalili et al., 1995; Larsen
& Baker, 2003). An additional source of PAHs in sealed
soils is asphalt concrete pavements, produced on the base
of bitumen — an organic binder, which is a solid and sem-
iliquid residues from the distillation of oil. PAHs in their
composition were inherited from oil tar and asphaltenes
(Pikovsky et al., 2015).

Vehicle emissions are enriched with a wide range of
HMMs, they also are widely applied in various indus-
tries. The flow of HMMs from motor vehicles is caused
by exhaust gases (Pb, Cu, and Sr), tire particles (Cd, Fe,
Mn, Zn, Ba, Pb, Co, Ni, Cr, Cu, and Sb), brake pads (Fe,
Cu, Ba, Sb, Mn, Zn, Ti, and Pb), abrasion of the road sur-
face (Ag, Be, As, Zn, W, Cr, V, Fe, Ti, and Co), and wind-
blowing of road dust and soil particles (Fe, Mn, Ti, Pb,
Cr, and Sr) accumulating near the curbs (Adachi & Tain-
osho, 2004; Charlesworth et al., 2011; Limbeck & Puls,
2010; Turer et al., 2001). The chemical composition of
industrial emissions depends on the kind of industry and
the composition of raw materials, whereas the quantity
of exhausts is controlled by technologies of production
and purification of emissions. Enterprises producing and
distributing electricity emit V, Ni, Pb, Mo, Ge, Cr, Zn,
W, Be, Cu, Ag, and Sn; engineering and metalworking
industries, W, Mo, Zn, Sn, Sb, Ni, Cr, Cu, Mn, Pb, Co,
V, and As; chemistry and petrochemistry, W, Hg, Cd, Sb,
Sn, Ag, Zn, Cu, Bi, Pb, Mo, and Co; construction materi-
als—Ag, Pb, W, Sb, Zn, Bi, Mo, Sn, Cu, Ba, Ni, V, Cr, and
Sr (Demetriades & Birke, 2015). Incineration of solid
domestic wastes is accompanied by the emissions of Bi,
Ag, Sn, Pb, Cd, Sb, Cu, Zn, Cr, Hg, and As (Bezuglaya &
Smirnova, 2008; Kasimov et al., 2014; Saet et al., 1990).

MATERIALS AND METHODS

The study is based on the results of soil-geochemi-
cal surveys of sealed soils in September 2016 and Au-
gust 2017 and on the published analytical data on open
(not sealed) soils of the EAD (Kasimov et al., 2016).
Seven municipalities — Sokolinaya Gora, Perovo, Iva-
novskoe, Novogireevo, Veshnyaki, Novokosino, and
Kosino-Ukhtomskii — in the southern part of the EAD
were investigated. This territory belongs to southern tai-
ga landscapes of the Meshchera lowland and represents
a vast outwash plain on the Moskva—Klyaz’ma interfluve
with absolute heights of 150-160 m a.s.l. It is composed
of glaciofluvial and ancient alluvial sediments (Ecologi-
cal atlas of Moscow, 2000).
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Eco-geochemical study of sealed soils was preceded
by land use zoning of the EAD (Kasimov et al., 2012)
with the use of high-resolution satellite images (2.4 m,
Quick Bird). Five land use zones were distinguished
according to predominant type of land use: industrial,
traffic, residential (low-, middle-, and high-rise), recrea-
tional, and post-agrogenic (Fig. 1). The latter is a former
agricultural land currently built up with residential areas.

Sealed soils were studied in pits and trenches made
by various municipal services. The upper part of the soil
profile with a thickness of 15-50 cm located under the
asphalt and the underlying sand—gravel beds was sam-
pled. Overall, 47 mixed samples composed of 3—4 indi-
vidual ones were taken from 35 soil pits. The morpholog-
ical structure of the profile of Ekranozems was studied in
four overburden pits with a depth of 1.5-2.0 m. When
describing soils, the amount of anthropogenic inclu-
sions (artifacts) was assessed visually (in % of the total
mass of fine fractions). The sampling procedure was the
same for all types of soils, then the samples were dried,
ground, and sieved, according to conventional prepara-
tion methods. For comparison, we used data on 49 sur-
face samples of open (not covered with asphalt) soils and
on ten soil samples taken in the undisturbed Meshchera
lowland region to the east of Moscow (Kasimov et al.,
2014). The physicochemical and chemical properties of
sealed and open urban soils and background natural soils
were determined in the Eco-Geochemical Center of the
Geographical Faculty of Moscow State University: actual
acidity (pH water) in an aqueous suspension by the po-
tentiometric method (pH340i/set), soil organic carbon
(Corg) by the method of I V. Tyurin with a titrimetric end-
ing, and particle-size distribution by the laser diffraction
method (““Analysette 22. Laser klasse 1 granulometer,
Fritsch), and soluble electrolytes, according to the elec-
trical conductivity of water extract on SevenEasy S30
(Mettler Toledo) conductivity meter. The contents of PPs
and BaP in the soils were analyzed by the of luminescent
bituminological and low-temperature spectrofluorimetry
methods in the Laboratory of Carbonaceous Substances
of the Biosphere at the Geographical Faculty of Moscow
State University. The bulk contents of HMMs were de-
termined by the inductively coupled plasma mass spec-
trometry (ICP-MS) and atomic emission spectrometry
(ICP-AES) methods in the N.M. Fedorovsky All-Russia
Institute of Mineral Raw Materials on Elan-6100 and
Optima-4300 (PerkinElmer, USA) spectrometers. For a
detailed analysis, 11 elements belonging to the first (Zn,
As, Pb, and Cd), second (Cr, Cu, Ni, and Sb), and third
(Ba, V, and W) hazard classes according to Russian State
Standard (Vodyanitskii, 2016), and Sn and Bi were se-
lected.

Processing of soil-geochemical data included calcu-
lations of the contamination factor coefficients of pol-
lutant accumulation in sealed soils relative to their open
analogs S = Cs/Cu, where Cs and Cu are concentra-
tions of pollutants in the sealed and open soils, respec-
tively, and the integral soil contamination index Zc¢ =
> CF—(n—1), where CF = Cs/Cbh 1is the contamination
factor for particular HMM in the sealed soils relative
to their background content Cb, and n is the number of
elements with CF > 1.0 (Saet et al., 1990). This index
has five grades denoting contamination level and eco-
logical hazard: low, nonhazardous (Zc < 16), moderate,
moderately hazardous (16 < Zc < 32), high, hazard-
ous (32 < Zc < 64), very high, very hazardous (64 <
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Zc < 128), and maximum, extremely hazardous (Zc >
128) (Kasimov et al., 2016; Saet et al., 1990). Mapping
sealed soils contaminated with PPs, BaP, and HMMs
were performed using ArcGIS 10 software. The ecolog-
ical and geochemical assessment of soils was performed
using the maximum permissible concentration (MPC)
of a given element according to international hygienic
norms (Crommentuijn et al., 2000).

Mapping sealed soils included an unsupervised clas-
sification of multispectral QuickBird images with deter-
mination of the proportion between open surfaces and
surfaces covered with asphalt and buildings (Khaybra-
khmanov et al., 2017). Within each of the land use zones,
the areas with the low, moderate, and high degree of soil
sealing were determined, the particular criteria were spe-
cific of each land use zone. In the ArcGIS software,
satellite images with predetermined major classes (wa-
ter objects, vegetation), and anthropogenic objects (as-
phalt pavements, buildings) were compared with poly-
gons of the land use zones (land use classes). For each of
the latter, the number of pixels of particular classes was
calculated. Their sum gave us the areas occupied by each
of the land use classes. The percent of sealed soils in the
total area of the land use zone was calculated.

RESULTS AND DISCUSSION
Soil sealing in the EAD

The map of soil sealing in the southern part of the
EAD (Fig. 2) demonstrates the distribution of sealed
soils in different land use zones of the district. Colors on
the map indicate land use zones; the darker the color, the
more soils are sealed.

The highest degree of sealing (>70%) is typical of
the industrial and traffic zones, and the lowest (< 10%) is
observed in the recreation zone. High percent of sealed
soils is also typical for the old parts of the EAD: indus-
trial and residential zones of Perovo with the high build-
ing density. Moderate degree of sealing is typical of the
new-rise multi-story residential areas in Novokosino and
Kosino-Ukhtomskii municipalities. The low degree of
sealing corresponds to older residential areas with a high
and medium degree of greenery adjacent to the Kusk-
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ovsky Park. The map of soil sealing for the EAD has a
lot common features with the map of soil sealing in the
Southeastern administrative district (SEAD) of Moscow
(Strogonova and Prokofieva 1995). The high percent of
sealed soils (up to 90%) in the SEAD is observed in the
industrial zone. In the natural (recreation) zone and agri-
cultural zone of the SEAD, the percent of sealed reaches
20%, in residential areas, it varies from 20 to 75%.

MORPHOLOGY AND PHYSICOCHEMICAL
PROPERTIES OF SEALED SOILS

Soils sealed under road pavements may include virtu-
ally all types of soils found in the city. The morphologies
of their profiles are diverse. In the most strongly trans-
formed types of sealed soils in the industrial or traffic
zone, natural genetic horizons may be completely absent.
Such soils are composed of human-made (technogenic)
layers. As a rule, the profile of sealed soils includes a
combination of the artificial layers differing in their color
and thickness. Their boundaries are usually smooth and
sharp. The laying of asphalt is often accompanied by the
removal of the topsoil, or its replacement with an artifi-
cial substrate. Other genetic horizons of the profile also
become transformed, which complicates their morpho-
logical study and identification.

The analysis of the profile of sealed soils includes
identification of the diagnostic horizons (Fig. 3) differing
not only in their morphological features but also in their
chemical and physicochemical properties (Prokof’eva et
al., 2014). Soil names are directly related to the presence,
thickness, and specific combination of the horizons in the
studied profile.

Asphalt concrete (ASC) as the most common road
pavement is the artificial construction material consist-
ing of gravels and sand with admixtures of fine mineral
powder and organic bitumen (Gesentsvey et al., 1985).
The ASC layer is usually underlain by sandy gravelly
pads (SGPs) of different thickness.

The major diagnostic horizon of sealed soils is the ur-
bic horizon UR. This is a synlithogenic horizon forming
in the course of regular input of various substances onto
the surface of urban soils, including deposition of aero-
sols from the polluted aboveground atmosphere. Urbic
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Fig. 2 Sealing degree of soil cover in various land use zones of the southern part of the EAD in Moscow, scale 1: 50,000
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Fig. 3 Morphological profiles of sealed soils in various land use areas of the EAD of Moscow: 1-Urbic Ekranic Technosol in
Kosino-Ukhtomsky District, Ukhtomsky settlement, low-rise residential area; 2—Ekranic Technosol (Toxic) in Perovo
District, industrial zone; 3—Technic hard material over Eutric Albic Retisol (Areninovic, Technic) in Veshnyaki District,
traffic zone; 4-Technic hard material over Molic Someric Umbrisol (Areninovic, Technic) in Novokosino District, Tri-
ozerye, recreation area. Diagnostic horizons and anthropogenic layers (WRB indices are indicated in brackets): ASC—
technic hard material (asphalt); SGP—Sand and gravel pad; UR (Au)— urbic; AYur (Au)-mollic horizon with artifacts (\
10%); TCH (Cu) — mixed human disturbed parent material with artifacts ([ 20%); RT (O)—technogenic layer with organic
material [ 30% (peat-containing mixture); RAT (A)—technogenic layer with organic material (\ 30%); ELBur (EBt)—elu-
vialilluvial horizon with urbic properties; BT (Bt), Illuvial horizon

horizons have a continuous character, gray or brown-
gray color, predominantly coarse texture with a consider-
able silt content, an increased water content in its upper
part immediately under asphalt pavement, and more than
10% artifacts (construction and household wastes). Ef-
fervescence with HCI is usually observed.

The humus horizon with urbic properties (AYur) is
formed in the upper part of soil profile. It has an even
gray-brown or dark brown-gray color, crumb or granu-
lar—crumb structure (often, with features of subhorizon-
tal plating), loamy texture, abundant coaly particles. It is
slightly dry or wet (immediately under the asphalt) and
contains relatively loose ocherous Fe and dark gray Mn
segregations and anthropogenic inclusions (< 10%), usu-
ally, it is slightly effervescent.

The upper UR and AYur horizons of sealed soils in the
EAD are characterized by the slightly alkaline reaction,
sandy loamy, or silty loamy texture, and an increased
content of Corg, whereas the background natural soils are
acid, loamy sandy, and have a low C, content (Table 1).
The highest Corg content is typical of the sealed soils in
the recreation zone, and the highest pH values are typical
of the sealed soils in the residential and industrial zones.
Judging the mean values of electrical conductivity (EC)
of the soil solution, these soils are nonsaline despite reg-
ular application of deicing mixtures and fertilizers to the
surrounding open soils. The average EC in sealed soils is
0.22 mS cm!, which is 13.6 times lower than the allowa-
ble level of 3.0 mS ecm™! (Ganjara 2005).

In comparison with neighboring open urban soils,
sealed soils are impoverished in Corg (by 1.8 times),
have approximately the same reaction (pH 7.5), and do
not accumulate salts in the upper horizons (Table 1).

Similar values of parameters were obtained by oth-
er researchers studying morphology and properties of
sealed soils in Moscow (Prokofieva, 1998; Strogonova

and Prokofieva 1995). They found that in some urban
districts, the acidity of sealed soils is considerably lower
than that in the background zonal soddy—podzolic soils
(Albic Retisols), the pH of sealed soils is in the range
of 6.5-9.3. The Corg content in sealed soils varies from
0.5 to 6.0%, which is higher than the range for the zonal
natural soils. The soil texture is loamy sandy or sandy
loamy. Anthropogenic inclusions (artifacts) may com-
prise up to 50% of the soil mass.

Contamination of sealed soils with petroleum
products, benzo[a]pyrene, and heavy metals and
metalloids

According to the level of pollution with BaP and PPs,
sealed soils strongly differ from the background natural
soils (Table 1). The distribution of the pollutants in
them is uneven, and the average contents of the pollut-
ants are considerably higher. The average BaP content in
sealed soils is 9.6 times higher than the maximum  per-
missible  concentration  (MPC, 0.02 mg kg'), the
background content of BaP in the natural soils is ex-
ceeded by 56 times. The qualitative composition of PPs
in the sealed soils is described as a mixture of oxidized
substances with the high content of resinous components
(Pikovsky et al., 2015). The allowable PPs content (300
mg kg!, Ganjara, 2005) in the sealed soils is exceeded by
9.5 times. The highest degree of BaP pollution is typical
of the sealed soils in the industrial zone, and the highest
degree of PPs pollution is typical of the sealed soils in
the traffic and recreation zones. In general, the degree of
contamination of sealed soils with BaP and PPs is 3.4—
3.5 times lower than that of open urban soils. The slight
accumulation of BaP in sealed soils is explained with the
predominance of low molecular weight PAHs in them
(Nikiforova et al., 2019).



58

QOO OO OO OO OO OO O OO OO OO OO OO OO O OO OO OO O OO OO OO0 O OO0 OO0 OO0 O OO OO OO O OO0 OO OO0 O OO OO0 OO0 O OO OO0 OO0

Table 1. Physicochemical and chemical properties of the upper horizons of background soils, sealed soils, and

unsealed soils in the EAD of Moscow

Index Depth, cm Corgr % PHuwater EC,dSm™' < 0.01 mm, % BaP, mg kg™’ PP, mg kg™
Background soddy-podzolic soils of Meshchera (n* = 10)

Mean 0-25 0.73 49 0.03 12.0 0.0034 0.00
Industrial zone of EAD (n = 9)

Mean 1.62 745 0.172 29.9 0.366 1923
min-max 3-55 0.24-3.32 6.34-8.1 0.080-0.334 9.4-41.1 0.004-1.68 42-10,000
Traffic zone (n=11)

Mean 2.03 7.37 2.49 32.6 0.110 3983
min-max 4-128 0.0-7.01 6.16-8.65 0.083-1.14 4.1-53.7 < 0.001-0.934 10-30,800
Residential zone (n = 21)

Mean 1.57 7.72 0.265 29.6 0.119 716
min-max 5-120 0.03-5.88 6.41-9.37 0.086-1.03 11.5-57.2 < 0.001-1.13 < 5-5000
Recreational zone (n = 6)

Mean 2.99 7.16 0.086 30.8 0.194 4188
min-max 5-60 0.75-6.34 6.49-7.70 0.059-0.116 10.5-62.1 < 0.001-0.54 < 5-14,500
All ekranozems of EAD ( n = 47)

Mean 1.87 7.51 0.221 30.5 0.169 2155
min-max 3-128 0.3-7.01 6.16-9.37 0.059-1.138 4.1-62.1 < 0.001-1.68 < 5-30,800
Unsealed soils of EAD (n = 49)

Mean 0-20 3.35 7.8 0.48 33.0 0.644 10,000**

*n-Number of samples
**According to (Pikovsky et al. 2012)

Our data are in agreement with the results obtained
for sealed soils of the city of Vladimir, in which the av-
erage content of PPs in the upper horizons of sealed soils
in different land use zones varies from 560 to 910 mg/kg,
corresponding to the moderate degree of pollution (Zabe-
lina & Zlyvko, 2015).

The concentrations of most HMMs in the sealed
soils of EAD are two to four times higher than their
concentrations in the background natural soils. V, Sn,
Cr, and Ba are an exception, as their concentrations in
the sealed soils are close to the background concentra-
tions. In comparison with open soils, the accumulation
of HMMs in sealed soils is less pronounced, whereas
the distinctions between sealed soils of different land
use zones are better manifested (Table 2). Thus, As,
Ba, Cr, Cu, Ni, Pb, Sb, and Sn are more intensely accu-
mulated in the sealed soils of the industrial zone. As is
also accumulated in the sealed soils of the traffic zone,
V, in the sealed soils of the residential zone, and Cd, Zn,
and W, in the sealed soils of the recreation zone. In the
industrial zone, the concentrations of Cu, Sb, and Pb are
even higher than those in open soils, the concentrations
of Ni, As, Sn, Ba, and W are close in the sealed and
open soils. These proportions between the elements are
observed under high anthropogenic load and consider-
able degree of soil sealing, which prevents infiltration
of snowmelt and rainwater into the sealed soils and the
leaching of HMMs from them.

In the industrial zone with the high degree of sealing,
HMMs tend to accumulate more actively than in the sealed
soils of other zones, because large amounts of HMMs
emitted by plants and factories are transferred by runoff
flows into the soils through cracks. Low S coefficients are
typical of a number of HMMs in the sealed soils of oth-
er zones that are welldrained owing to small sealed areas,
which is consistent with the results of a research in the
Polish city of Torun (Charzyn’'ski et al., 2017).

A comparison of the HMM concentrations in the
sealed soils of the EAD with MPC levels (Crommentuijn
et al., 2000) indicates that the norms for Ba and Cu are
exceeded in sealed soils of all the land use zones. Be-
sides, in the industrial zone MPC levels are exceeded for
Sb and Pb.

SPATIAL DISTRIBUTION PATTERNS OF THE
POLLUTANTS

The spatial pattern of pollution of the upper horizons
of sealed soils with organic pollutants is displayed on
two maps of the EAD (Fig. 4). In relation to the very
high variability in the PPs and BaP concentrations in
these horizons, the interpolation of data obtained seems
to be unreasonable. These data are directly indicated as
circles of different diameters (graduated symbols) in the
sampling points. The polygons shown on the map reflect
the degree of soil sealing in different land use zones of
the EAD of Moscow (Fig. 2).

Several contrasting technogenic (human-induced)
anomalies of PPs with the concentrations up to 14,500
mg kg'! in the upper part of sealed soils have been re-
vealed. These concentrations exceed the allowable level
by 17-48 times. Such anomalies are mainly allocated to
sealed soils of the traffic zone. The maximum concen-
tration of PPs (30 800 mg kg') has been identified in
the sealed soil under the Nosovikhino highway. In the
sealed soils of the industrial and residential zones, the
high levels of PPs pollution have been found for the are-
as with the high and moderate degree of sealing, not far
from the major highways. The level of contamination of
sealed soils in the recreation zone with PPs is two times
higher than that in the industrial zone, which is explained
by the proximity of many parks to the major highways.
The minimum average content of PPs (716 mg kg!) was
found in the sealed soils of the residential zone.
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Spatial distribution of BaP in the surface horizons of
sealed soils (Fig. 4) is close to the distribution of PPs, be-
cause both organic pollutants are hydrocarbons of the same
origin. However, some differences between them should be
noted. Thus, maximum concentrations of BaP are found in
the sealed soils of the industrial zone (1520 MPC, on the
average). An extremely high concentration of BaP
(25.6 mgkg') exceeding the MPC level by 1280
times has been determined in the sealed soils of the Soko-
linaya gora industrial zone. High concentrations of BaP are
also present in the sealed soils of the recreation zone. They
are only two times lower than those in the industrial zone.
Against the high spatial variability in the BaP concentra-
tions and the presence of several local anomalies (with
BaP concentration of 45 MPC and higher) in the southeast
and east of the EAD the average concentrations of BaP in
the sealed soils of the traffic and residential zones are three
times lower than those in the industrial zone. The allowable
and low level of contamination with BaP (1-5 MPC) is typ-
ical of the sealed soils in the residential zone and, partly, in
the traffic zone (under local small streets).

A comparison of data on the mean content of BaP
in the sealed soils (Table 1) and in the open soils of the
EAD (Kasimov et al., 2017; Kosheleva & Nikiforova,
2011) indicates that the soils of open plots are general-
ly characterized by the higher content of BaP (data on
2010), the difference reaches 3.4 times. Taking into ac-
count the low permeability of asphalt concrete, the con-
centration of BaP in the sealed soils is high, which may
be explained by the low values of the oxidation—reduc-
tion potential in these soils. This favors long-term pres-
ervation and accumulation of BaP in the sealed soils. As
shown earlier, BaP may be preserved in such soils for
decades (Chernyanskii et al., 2001).

In general, the geochemical state of the sealed soils
of EAD with respect to the contents of BaP and PPs is
ecologically hazardous. Human-caused accumulations of

Fig. 4 Man-caused anomalies of benzo[a]pyrene (BaP),
petroleum products (PP) and heavy metals in the upper
horizons of sealed soils in the EAD of Moscow

these hydrocarbons with the high degree of contrast are
formed in the sealed soils of all land use zones. However,
they are more common in the soils of the industrial and
traffic zones with the high degree of soil sealing.

With respect to the integral index of contamina-
tion with HMMs, the studied sealed soils belong to
the nonhazardous (Zc<16) or moderately hazardous
(16 <Zc <32) levels. Only three local (point-size) anom-
alies with the extremely dangerous concentrations of
HMMs (64 <Zc<128) have been identified. One of
them is in the industrial zone of the Sokolinaya gora mu-
nicipality, and two other anomalies are allocated to cross-
roads with heavy traffic. An extremely high contamina-
tion with HMM s has been found in the sealed soil of the
industrial zone near the Moscow Ring Road. This soil is
affected by both industrial and traffic exhausts.

CONCLUSIONS

Mapping of sealed soils showed their dominant posi-
tion in the soil cover of the EAD. The highest degree of
sealing (50—70%) is characteristic of soils in industrial
and residential zones in the central part of the district
with high building density. A high degree of sealing
is typical for areas of new high-rise development out-
side the Moscow Ring Road. The low degree of sealing
corresponds to older residential areas with a high and
medium degree of greenery adjacent to the Kuskovsky
Park.

The artificial asphalt screen on the soil surface affects
the character of the soil functioning, changing its water and
air regimes, morphological profile, physicochemical prop-
erties, and contamination levels. Sealed soils of the EAD
have a medium content of Corg (2.24% on the average), al-
kaline reaction (pH 8.0), coarse texture (fraction <0.01 mm
is 23.2%). The maximum Corg was found in the soil of the
recreation zone, and the alkaline reaction (with pH > 8.0)
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Table 2 Contents of heavy metals and metalloids in the upper part of the sealed soils in comparison with unsealed
soils for the Eastern Administrative district of Moscow, Ig g

Para- V Cr Ni Cu Zn As cd Sn Sb Ba w Pb Bi
meter

MPC* 43 100 38 40 160 34 1.6 53 3.5 165 - 140 -
Background sod-podzolic soils of Meshchera (n** = 10)

mean 36 26 1 20 37 2.0 0.21 4.4 0.36 238 0.69 14 0.125
Industrial zone (I) of EAD (n = 9)

mean 40.6 49.7 30.7 329 150 6.34 0.93 14.2 4.45 483 3.81 143 0.26
min 21.1 19.2 9.1 10.1 36.3 0.89 0.1 0.77 0.03 273 0.55 12.3 0.074
max 57.0 144 108 1315 257 13.3 3.52 67.2 254 986 12.7 644 0.47
S 0.52 0.54 0.88 3.74 0.52 0.78 0.66 0.95 1.23 1.06 0.61 1.25 0.37
Traffic (T) zone (n = 11)

mean 39.1 28.6 19.5 35.1 1 5.20 0.40 2.22 0.60 357 1.38 341 0.30
min 24.9 11.5 10.9 4.35 259 1.56 0.068 0.67 0.063 221 0.21 9.59 0.077
max 59.5 49.2 273 1M11.7 247 14.0 1.40 478 1.80 592 412 789 1.32
S 0.52 0.32 0.61 0.52 0.60 0.87 0.33 0.13 0.38 0.90 0.33 0.57 0.38
Residential (H) zone (n = 21)

mean 43.8 39.6 19.9 29.3 110 3.95 0.54 3.49 0.96 341 2.51 41.4 0.24
min 18.6 8.49 6.71 6.92 24.8 0.94 0.08 0.57 0.21 92.5 0.55 9.08 0.06
max 86.2 152 36.1 108 306 9.27 3.69 20.8 2.79 481 16.5 131 1.36
S 0.56 0.38 0.67 0.49 0.58 0.54 0.39 0.29 0.67 0.78 0.53 0.69 0.38
Recreational (R) zone (n = 6)

mean 40.5 339 16.7 28.0 108 3.68 1.51 2.95 0.89 341 3.50 27.3 0.19
min 28.1 17.8 12.3 16.5 84.2 1.85 0.20 1.00 0.53 238 0.65 15.7 0.09
max 55.3 58.1 21.8 53.1 133 6.18 5.15 5.03 1.40 444 9.47 42.3 0.41

S 0.54 0.34 0.58 0.56 0.74 0.58 0.72 0.23 0.77 0.90 1.09 0.56 0.34
All ekranozems of EAD (n = 47)

mean 41.7 384 214 87.9 116.9 4.67 0.70 5.17 1.56 372 2.62 57.3 0.25
min 18.6 8.49 6.71 4.35 24.8 0.89 0.07 0.57 0.03 92.5 0.21 9.08 0.06
max 86.2 152 108 1315 306 14.0 5.15 67.2 25.4 986 16.5 644 1.36
S 0.54 0.39 0.73 1.41 0.61 0.71 0.52 0.39 1.00 0.89 0.55 0.96 0.40
Unsealed soils of EAD (n = 49)

I(n=5) 78 92 35 88 286 8.1 1.4 15 3.62 456 6.2 14 0.71
T(13) 75 90 32 67 183 6 1.2 17 1.56 398 4.2 60 0.78
H(22) 77.5 103 29.6 59.2 190 7.37 1.38 12.1 1.43 436 4.70 60.1 0.628
R(9) 75 101 29 50 147 6.4 2.1 13 1.16 377 3.2 49 0.56
mean 774 99.4 29.2 62.4 191 6.55 1.35 134 1.56 418 4.73 59.6 0.628

*According to (Crommentuijn et al., 2000)
**n—Number of sample

was found in the sealed soils of the residential and industrial
zones. Despite the application of deicing mixtures and min-
eral fertilizers, the studied sealed soils are not saline: The
electrical conductivity of the soil solution in the upper hori-
zon is almost 15 times lower than the allowable level.

In comparison with open urban soils, sealed soils of the
EAD have a lower organic matter content, approximately
the same pH, and somewhat coarser texture, they are non-
saline. The norms for BaP and PPs contents in the sealed
soils are exceeded by almost ten times, which is 3.5 times
lower than for the open urban soils. The highly contrasting
technogenic accumulations of hydrocarbons are mainly
typical of the sealed soils in the industrial and traffic zones.

The concentrations of most HMMs in the sealed soils
exceed background levels by 1.2—4.4 times. In compar-
ison with open soils of the EAD, the accumulation of
HMMs in the sealed soils is lower, whereas the differ-
ence between sealed soils of different land use zones is
more pronounced. The most active accumulation of Cu,
Sb, Pb, W, Zn, Cd, As, Bi, and Ni has been found in the
sealed soils of the industrial zone with the high degree
of sealing. According to the integral contamination index
Zc (38.9), these are the most polluted soils (their Zc is
two times higher than that in the other zones). Hygienic
norm for Ba and Cu is exceeded in the sealed soils of all

land use zones. In addition, the concentrations of Sb and
Pb are higher than the MPC level in the sealed soils of
the industrial zone. Though the zonal percolation type of
the water regime in the sealed soils is not fully realized,
some part of precipitation carrying pollutants penetrates
under the asphalt and creates contrasting geochemical
anomalies of hydrocarbons and HMMs.

Unfavorable changes in the properties of urban soils
upon their sealing under asphalt create additional dan-
gers to the urban environment and human health. In
many countries, soil sealing is under control. In Europe,
it is believed that the low degree of sealing is favorable
for the citizens, because it decreases the degree of tech-
nogenic transformation of the urban environment. Urban
areas need a sound approach to city planning. It is desir-
able to decrease the degree of sealing wherever possi-
ble, implement additional greening measures, and apply
semipermeable coverings, such as tiled and stone-paved
sidewalks (Burghardt & von Bertrab, 2016; Charzynski
et al., 2017). As shown by the European and Russian
experience (Levin et al., 2017; Piotrowska-Dhugosz &
Charzynski, 2015; Romzaykina et al., 2020), the planned
transformation of a part of sealed soils in Moscow into
open soils should contribute to the improvement of eco-
logical situation in the capital.
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YpoBHU 1 pakTOpbl HAKONNEHNA METaNNIOB U MeTanIonaoB
B NPUAOPOXKHbIX MOYBAX, AOPOXKHOM Nbinn N nx ppakuum PM;qg B
3anagHom oKpyre MockBbl.*

BBEJAEHUWE

OnHolf M3 TIO0aJIBHBIX HKOJIOTHYECKHX MpoOieM
B IIOCJIEIHUE AECATUIIETHUS CTaja ypOaHU3anus, KO-
TOpas COMPOBOXKJAETCS POCTOM HYHCIIa METAITOJINCOB,
I7leé KOHIIGHTPUPYIOTCSl OMAacHBbIE 3arpsA3HSIONINE Be-
LIeCTBa, MOCTYHAIOIME C BBIOPOCAMHU MPOMBIIIICH-
HOCTH, TPaHCHOPTa M OBITOBBIMH OTXOZaMH. MocCKBa
SBJISIETCS. KpYNHEH UM roporoM EBpornbl, mostomy us-
y4EeHHEe XMMHMUYECKOI'O COCTaBa MOYBEHHOr'O IOKPOBA U
JIOPOYKHOW TIBIIIM TIPEICTABIISIET OCOOBIN WHTEpEC: OHO
MO3BOJIET OICHUTHh HAKOIJICHHE W pacipenesieHue Tsi-
KeJbIX MeTaysioB ¥ MeTauion10B (TMM) B roponckux
nanAmadTax, BeISBUTh IPHOPUTETHBIC 3aTPSA3HUTENN U
orpenenuTh (HaKTOPhl, BIUSIOUINE HA JOKAIU3AIHI0 UX
TeXHOTCHHBIX aHoManwit [11, 43, 44].

Br16pocel oTpaboTaHHBIX aBTOMOOWIIBHBIX Ta30B U
KUJKOCTEH, OCTaTKM CMa304YHBIX Macell W JpYyrux He-
(TEenpoayKTOB, YACTULIBI IIUH U TOPMO3HBIX KOJOJIOK,
oboramenusie TMM, mocTynaroT B JOPOXKHYIO MBLIb
U npugopoxxkHeie noussl [21, 38]. BeinyBaHue yacTuil
JOPOXKHOM IBIIH U TIOYB CIIOCOOCTBYET POCTY 3arpsizHe-
HHST aTMOC(EpHOT0 Bo3ayXa B ropomax [50], yBemwman-
Basi B TOM YHCJI€ PUCK OKCHJATUBHOI'O CTpecca KJIETOK
opranuszma venoBeka [32, 60].

OcHoBHOM nenonupyomeit cpeaoit nias TMM spins-
I0TCS TIOYBBI, TAK KaK B OTIMYME OT aTMOC(Epsl, IpyH-
TOBBIX U ITOJ3€MHBIX BOJl BO3MOKHOCTh MX CAMOOYHMILIE-
HUSI BechbMa orpaHudeHa. [IouBbI ABNSAIOTCS OMHUM W3
IJIABHBIX HCTOYHHUKOB MaTepHasia J0pOoKHOM mbliu [62],
OJTHAKO JJISI MUKPOYACTHI] JJOPOKHOM MBIIN XapaKTepeH
Oonee BBICOKUI ypoBeHb 3arpsiHenuss TMM, uem npu-
TopoxHBIX 1104YB [31]. OcoOBIif HHTEpEC BBHI3BIBAIOT MU-
KpodacTuisl ¢ quamerpoM <10 MkM (aHTi. “particulate
matter” — PMyq) u Oostee ToukHe dhpakmuu [9, 34, 42, 49,
53, 54, 59]. Ilo Kaunnckomy [13] PM1g — aT0o dpakius
(u3nUecKo IIMHBI, COCTOSIIAS U3 HJIa, MEJIKOH U Cpell-
Hell mpuii. C yMEHBIIEHHEM pa3Mepa 4acTHIl KOHLEH-
Tpauu TMM B HUX yBEJIHMUYUBAIOTCS, YTO CBSA3AHO C PO-
CTOM Y/AETHHOW TJIONIAH ITOBEPXHOCTH, COPOITMOHHON
€MKOCTH U €MKOCTH KaTHOHHOI0 0OMEHa, YBEIMUYEHUEM
KOJIMYECTBA OPraHMYECKOTO BEIIeCTBA U COMAEPKAHUA
[JIMHUCTHIX MUHEPAJIOB U OJJHOBPEMEHHBIM CHUKEHUEM
JIOJIM KBapla B MUHepaJlornyeckoM cocTase [33].

HoposkHas mbUIb popMuUpyeTcs B pe3ysbTaTe OCax-
JCHUs MPOMBILUIEHHBIX M TPAaHCIOPTHBIX BBIOPOCOB,
a TaKxe npu AeUIsiIUM NPUAOPOKHBIX MOYB JIETOM U
npotuBoroyonenubix pearentoB (III'P) 3umoit [36].
[TosTOMY YacTHIBI BTN SBISIOTCS (a30ii-HOCUTENEM
MHOTHX MOJIIOTAHTOB, B IEpBY0 odepeas, TMM. C no-
POXHOT0 MOJOTHA MBLUIb JIETKO BBIYBaeTCS B BO3AYX,

ocobeHHO gacTuilsl PM|(, a 3aTeéM MMOCTymaeT B TOPO-

CKHE TIOYBBI, CLIOCOOCTBYS MX 3arpsA3HEHHI0. XHUMHYe-

CKHUH COCTaB IOPOKHOM MBI U €€ OTACTBHBIX (PpaKkiInuii

M3y4aeTcsi BO BCEM MHpe, HO B Poccuu oH mo-npexHe-

MY aHaJIM3UPYyeTCA PEAKO U JJIsl OTPAHUYEHHOTO YUCIIa

TMM [7, 8, 41, 45, 52]. [lomoOHbBIe WcceTOBaHUS TIPO-

BEJICHBI B psifiec OKPyroB MOCKBBI, OTHAKO 3arpsi3HEHHE

MEJIKOJUCTIEPCHBIX YAaCTHII MBUTH OIIEHUBAJIOCH JAJIEKO

He Bceraa [16, 27, 37, 48, 57].

Henp paboTbl — [AaTh 93KOJIOTO-T€OXHMHUYECKYIO
OLIEHKY COCTOSHMS MPHAOPOKHBIX MOYB U JOPONKHOU
BTN, a Takke mx (pakmun PMjg mo comepikaHuio
TMM nHa npumepe 3amagHOr0 aIMHUHUCTPATHBHOTO
okpyTa (3A0) MOCKBBHI, T/I€ PACTIOIOKEHBI KPyTHEHIITHE
JIOPOXKHBIE MarucTpain Tropoja.

Pemanuce crenyromue 3agaun:

— IPOaHAJIU3UPOBATh OCHOBHBIC (DPU3MKO-XMMHUECKUE
CBOMCTBA MMOYB U JIOPOKHOM MBUIM HA PA3HbIX TUIAX
JIOPOT, CIIOCOOCTBYIOIINE (DUKCAIIMH 3aTrPS3HSIONUX
BEIIIECTB, U CPABHUTH UX C (POHOBBIMU YPOBHSIMHU;

— ONpeNeNuTh YPOBHU HAKOIJIEHUS JIEMEHTOB — MpU-
OPUTETHBIX MOJIIIOTAHTOB B BEPXHHUX T'OPH30HTAX
MTOYB U JIOPO’KHOM MBLITH, a Takke uX (pakuuu PMq
Ha JI0porax pa3HOd KpyIHOCTH;

— BBISIBUTH (PU3NKO-XMMHYECKHE CBOMCTBA IEIOHNPYIO-
LIUX Cpe, TaHamadTHRIC U aHTPOIIOTeHHBIE (DaKTO-
Ppbl, BAUsAOIIME Ha akkyMyJsaiuio TMM B nousax u
JIOPOXKHOMU TIBLIH;

— OULCHUTH CTENEHb 3arpSI3HEHUS U CBA3AHHYIO C HEH
9KOJIOTUYECKYIO ONACHOCTH TOJUIIOTAHTOB IO CYM-
MapHOMY IIOKa3aTEI0 3arps3HEHUs.

OBBEKT U METO/IbI UCCJIEJOBAHUSA

boénbmas vacte Tepputopun 3A0O pacrnosioxkeHa Ha
TennocTaHCKOW BO3BBIIIEHHOCTH, KOTOpasi OTJIMYAETCS
MaKCUMaJIbHBIMH 111 MOCKBBI BBICOTOW M IEpenagom
BBICOT, @ TaKXE CUJIBHOM PpacuICeHEHHOCTBIO PEYHOM
U OBpaxXkHO-O0amouHOM cetn. B pempede mpeobrana-
IOT TIJIOCKUE MTOBEPXHOCTH, TIOJOTHE U KPYTHIE CKIOHBI
MOPEHHOH XOJIMUCTOM, IOJOrOyBaJIUCTOM aKKyMyJIs-
THBHOW PaBHHUHBI C BRIPAXKEHHOH J1aTepabHON TBEPAO-
(a3HOl MUTpanuell MOJUIIOTAHTOB B pe3yJbTare IUIO-
CKOCTHOTO CMbIBA M OBpPaXHOH 3po3uu. LlenTpanbHas
4acThb OKpyra pacdJICHEHa IIOJIOTUMHU U KPYThIMH CKJIO-
HaMu AonuHBI p. CETyHB U €€ IPUTOKOB, CIIOCOOCTBYIO-
LIUMU JIaTepajibHOW MHUTpAIlMU BELIECTB; Ha fore JI0Iu-
Ha MECTaMU 3achillaHa U 3HAYUTENBHO Mpeodpa3oBaHa
XO3HCTBEHHOM JesiTeNbHOCTRIO. [IpocTpancTBa Mex Ty
XOJIMUCTON PaBHUHOM M PEYHBIMH JOIMHAMU ITPEICTAB-
JICHBI BBIIIOJIOKEHHBIMH y4aCTKaMM (UIFOBHOTJISIIINAIIb-

* Bnacos [. B., KykywkuHa O. B., Kowenea H. E., Kacumos H. C. // louBoBepgeHue. 2022;(5):538-555.
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HOM aKKyMYJIATHBHOM pPaBHUHBI C MEHEE UHTEHCUBHOMN
O0KOBOW MUTpanuell MoyToTaHTOB. (CeBepo-BOCTOK
3A0 3aHUMAaET MONUHHBIN KOMILIEKC p. MOCKBBI U €e
IIPUTOKOB, BKJIOYAKOIIUN MOWMY, IIEPBYI0 HaJIIOMMEH-
HYIO TEppacy U ee CKJOHHI [2].

B nouBooOpaszoBannu B 3A0 mpeodiiagaloT TeXHO-
reHHble (aKTOpbl, MOATOMY 37ECh PacIpPOCTPAHEHBI
AQHTPOTIOTEHHBIC TIOYBBI, B OCHOBHOM YypOaHO3eMbl U
kBa3u3eMsbl [18], cocrosuue W3 MBLIEBATO-T'yMYCOBO-
ro cydcrpara ¢ IpUMEChi0 OBITOBOTO H CTPOUTEIHHOTO
Mycopa, HHOTAa MOJCTUIAEMbIE BOAOHEIPOHUIIAEMBIMU
MaTepuaiaMu, Harpumep, 6etoHoM u ap. KBaszuzemsl
OTIIMYAIOTCSA OT ypOaHO3eMOB 0Oojee JIETKUM TpaHy-
JIOMETPUIECKUM COCTABOM W OOJBITUM KOJHMYIECTBOM
rymMyca, OHU BKJIIOYAIOT HECKOJIBKO NPUBHECEHHBIX T'y-
MYCHPOBAHHBIX CJIOEB U CJIOEB MOJCTUJIAIOIIETO TEXHO-
TE€HHOT 0 IpyHTa. /[ BCeX aHTPONOreHHO-N3MEHEHHBIX
[0YB XapaKTEPHO HapyLIEHHE NOYBEHHOIO MPOQUIs U
HECOIJIaCOBaHHOE 3aJIeTaHUE TOPH3OHTOB.

Jletom 2017 1. B 3A0 oT0o0OpaHo 29 cMelIaHHBIX TPOo
MIPUIOPOXKHBIX TI0UB U3 BepxHero (0—10 cM) ropusoHTa B
2-3 M OT JJOPOXKHOTO TIOJIOTHA U 29 cMeIaHHBIX TTPOO J10-
POKHOM MBUIM Ha Pa3HbIX THIAX AOPOT BJOJIb OOPIIOPOB
(puc. 1). CmerranHbIe TIPOOBI COCTABISUIACH U3 3—5 WH-
JUBUIYaTbHBIX, B3SThIX Ha paccTosiHuu 3—10 M apyr ot
Japyra. ABTOMOOUJIbHBIC JOPOTH Pa3ie/siuCch HA THUIIbI
B 3aBUCHMOCTH OT KOJIMYECTBA I0JIOC BUKEHUS B OHY
CTOPOHY M TUIOTHOCTH BBIOpOocOB Tpancnoprta [17]: Mo-
CKOBCKasi KoJblieBasi aBToMoOmibHas nopora (MKAJI)
(5 monoc ¢ BeiOpocamu 1000—1500 T/km? B rom) — mo 4
IpoOBI NMOYB M JOPO’KHOM IBUIM; ITIABHBIE PaguaibHbIE
noporu (4 nonocer, 1500-2000 1/km? B rox) — 1o 4 mpo-
oOb1; KpymHbIe (3 monockt, 1500-2000 1/km? B rox) — o 10
po6; cpeanue (2 mosockl, 2000—-4000 1/xkm? B o) — 110 3
po6sr; Masbie foporu (1 nonoca, 500— 1000 T/km? B rox)
— 110 3 poOs1. J{BOpPHI (MIIOTHOCTH BEIOPOCOB TPaHCIIOP-
ta 7o 1000 T/xmM? B TOx), TIe 0TOOpaHO 5 IPOO B TIpese-
JIaX aBTOMAPKOBOK U 5 MPOO IMOYB PSJIOM C TTapKOBKAMH,
MIPEJCTABIIEHBl CBOEOOPa3HBIMH ‘‘KOJIOIAMHU-IOBYIIIKA-
MU U3 JAByX—4eThlpex 9—16-3TaKHBIX AOMOB C Y3KMMH
npoesznami [15], koTopbie GOPMUPYIOT 30HY 3aCTOSI IPHU-
3eMHOT0 BO3JyXa U CIIOCOOCTBYIOT OCAXICHHIO TOJUIIO-
TaHTOB [39]. B KauecTBe (POHOBBIX ITAIIOHOB IS TTOYB H
MTBUTH MCTIOTH30BAIIMCH IEPHOBO-TIOI30JIUCTHIE TTOYBHI (14
po0) Ha TIOKPOBHBIX CyriMHKax B KopamoBckom Jec-
HuuecTBe OAMHLIOBCKOTO paiiona MoCKOBCKoOM 00acTH,
B 50 KM K 3anaxy oT MOCKBBI, pa3BUTHIE IO PA3HOTPaB-
HBIM €JIOBO-0EPE30BBIM JIECOM.

O®pakuus PMjp mouB W TbIIMA BBIACISAIACH METO-
JIOM OTMYYHMBAaHUS TOCIE TUCTIEPTrUPOBAHUS 00Pa3IOB
C TIOMOIIBbIO BIaXHOTO pacTupanus [3]. [lomyueHHBIN
pacTBOp (QUIBTpOBaIM Yepe3 MeMOpaHHBIH (QUIBTp C
nuameTpoM mnop 0.45 mxM. OHU3NMKO-XMMUYECKUE CBOM-
CTBA IBLIM U NOYB ONPEACISIIUCH B DKOJIOI0-T€OXUMHU-
YeCKOM IIeHTpe Teorpadmueckoro dakymbrera MI'Y:
pH u ynemsHas snextpornpoBogHocTs (ECi.5) BomHOM
BBITSDKKHU — TIOTEHIIHOMETPHUYECKUM M KOHJTYKTOMETPH-
YeCKUM METO/IaMM, COZEep)KaHHe OpPraHU4YecKOro yrie-
pona (Copr) — MeTomtoM TropHHA C THTPUMETPUYECKUM
OKOHYaHHUEM, T'PaHyJIOMETPUUECKHUI COCTAB — Ja3epHON
rpaHyJioOMeTpHEH.

Conepxanne TMM B 00mmux npo0ax MO4YB, MBLIH
u yactuuax PMjg onpenensyioch Macc-CeKTpaJbHbIM
(ICP-MS) u aTOMHO->MUCCHOHHBIM CIIEKTPaJIbHBIM
(ICP-AES) MeromamMu ¢ WHIYKTHBHOCBS3aHHOW IIja3-
moii Bo BHUU munepansHoro ceipest uM. H.M. ®deno-
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poBckoro. AnanusupoBaiuck TMM pa3HbIX KJIacCOB
omacHoctH: I kiacca (Zn, As, Cd, Pb); 11 (Cr, Co, Ni, Cu,
Sb, Mo); 111 (V, W, Sr, Mn), a rakxe Bi, Sn, Fe, Ta. Bosb-
HIMHCTBO BBIOPAHHBIX ISl aHAJIM3a 3JIEMEHTOB Xapak-
TEPU3YIOTCS MHTEHCUBHBIM HAKOIUIEHHEM B a3pO30JISX
[5], armocdeprbIx ocaakax [55, 56], CHE)KHOM TOKPOBE
[1, 58], peunoit B3Becu [14, 26], TOPOXKHON MBUIH U €€
OTJENBHBIX TpaHyjoMeTpuueckux ¢pakumsax [10, 16,
27], a Tak)ke B BEpXHUX ropus3oHTax mouB [39, 46, 51]
MoCKBBI.

Jannble ananu3upoBanuch B makerte Statistica 10.
Hnsa kaxzaoro u3 18 u3ydyaembIX 31€MEHTOB B MPHUJO-
POKHBIX TIOUBAX, MOPOKHOW WhUTH W (ppaknmu PMjg
paccanuTsiBaNCh Kod((unmeHnTs Hakorenus Kc =
= Ci/Cqh, tne C¢h, C;— KOHIIGHTpAIMSI U3y4aeMOro 3Jie-
MeHTa B ()OHOBBIX MOYBAX U B FOPOACKHX MOYBAX HIIH
NBLIM, COOTBETCTBEHHO, HJIM KOA(PQHUIMEHTH pacce-
saus Kp = Cp/C; nipu Cgp/C; > 1. Pacuer cymmapHo-
ro ToKazaTess 3arps3Henus Zc = y Ke—(n — 1), rae n
— YHCJIO XHUMHYECKUX djeMeHTOoB ¢ Kce > 1, mo3Boann
OTIPEAETNTD KaTETOPUIO 3arpsizHeHus: <16 — HU3Koe, He-
omacHoe, 16-32 — cpenHee, yMepeHHO omacHoe, 32—64
— BBICOKOE, omacHoe, 64—128 — o4yeHb BBICOKOE, OYCHB
omnacHoe, >128 — MakcuMallbHOE, 4pe3BbIYailHO omac-
Hoe [11]. Bxian ¢pakmum PMg mopoXHOW TIHEUTH WA
MPUAOPOKHBIX TMOYB B coiepxkanue TMM B oOmiei
npode MbUTH WX TOYB OIEHUBAJIOCh MO aone D; (%):
D; = Cjp x Pjp/C;, tne Cjp — KOHIIGHTpAIUs JIEMEHTa
B PMyg, Mr/kr dpaxuuu, Py — nons dpaxuun PMig B
npo0e MBLIA WU TI0YB, %.

KoaddummeHTsr skomorndeckoid omacHoCcTH Ko =
= Ci/TIAK(OOK) serumcsimucek mist As, Cd, Pb, Zn, Ni,
Cu, Sb, V, Mn, y KOTOpBIX CyIIECTBYIOT YTBEPKICHHbIC
B PO npenensho gonyctumseie (IIAK) unu opueHTHpO-
BOuHO foryctuMble koHreHTpanun (O K) B mousax [20].

BnusiHue mpupoaHBIX M TEXHOTCHHBIX (PaKTOPOB Ha
akkymyssinuio TMM B puIOpOXKHBIX MOYBAX, JOPOXK-
HOW TBITM U B UX (Ppakunn PMjy olleHMBaIOCh B MpoO-
rpammHoM makete S-PLUS ¢ momorisio MeToma perpec-
CHOHHBIX nepeBbeB [39]. JlenaporpaMMbl CTPOUIIUCH B
3aBUCHMOCTH OT CJEAYIOMHNX (PakTOpOB M YCIOBHIA: re-
OXUMUYECKas Mo3WIHus (IOJIOKEHNE B peibede), CBOH-
CTBa TI0YB WMJIU TIBLITH, OTIPEIEISIONINE X COPOIIMOHHYIO
crocoOHoCcTh Mo oTtHomeHnuto Kk TMM (pH, ynenbHas
anexTpornpoBonHocTs ECy.5, conepxanue PMj(, TO ecTh
vactull pusnyecko kL, U Copr), TUI IOPOTH, 00BEM
BBIOPOCOB aBTOTPAHCIIOPTA (HEOYOIMKOBAaHHbIE TaHHbIE
0 BBIOpOcax mpemoctaBieHsl mpod. B.P. buTiokoBoii).

Jns ydera maHmmadTHO-TCOXUMHYIECKOW HEOTHO-
POIHOCTH TEPPUTOPUHU HCIONB30BaHbI JaHHBIE 00 a0-
COJIIOTHBIX BBICOTaX B Ka)JOH TOYKE, OMpPEIesIEHHBIX
no nudpooit mogenu penbeda (qanusie SRTM, Shuttle
Radar Topography Mission). [loBbiieHHBIE U BBIPOB-
HEHHBIC TIOCKHE MOBEpXHOCTHU (alc. BhICOTHI 182-204
M), TIOJIOTHE W KPYyThIe CKJIOHHI (184—199 M) MopeHHOM
PaBHUHBI, CJI0)KEHHOW BaJIYyHHBIMU CYTJIIMHKAMH, COOT-
BETCTBYIOT aBTOHOMHBIM 3JIIOBUAJIBHBIM M TPAHCAIIIO-
BUAJILHBIM JaHAmadTaM, COOTBETCTBEHHO (puc. Sl).
3achimanHble y4yacTKu A0auHbl p. CEeTyHb U ee IpUTo-
KOB Ha TEXHOTCHHBIX OTIOKECHHAX (166—170 M) U BBI-
TIOJIOKEHHBIE YYaCTKH (DIIIOBHOTIIAINAIBHON aKKyMYy-
naTuBHON paBHHUHBI (161-170 M), coxeHHON meckamu,
MECYaHO-TPABEIUCTBIMU OTIOKEHUSIMU U CYTIIMHKAMH,
MPENICTABIICHBI TPAHCAIIOBHAIBHO-aKKYMYJISTUBHBIMH
nanmmadramu. [ToHMKEHHBIE YUYaCTKH TOJIOTHX U KPY-
TBIX CKJIOHOB J0oiuHBI p. CeTyHb U ee mpuTOKoB (146—
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HpOMBIH_IJ'IeHHBIC npeaAnpuATUsL

Touku oT60Opa Mpod MBUTH U MTOYB
’ DIIeKTPOIHEPTETUKH

@ MKAZL
‘ Xumun 1 HeTeXUMUU
. . Paguanbuele mocce
4 Jlercoil npoMbIIIEHHOCTH
'ﬁ' MairHoCcTpoeHus 1 MeTanoo0paboTku O Kpymusre noporu

e HpOI/BBO}JCTBa PE3UHBI U MJIaCTUKaA O Cpe,I[HI/IC JAoporu

E IIpousBoacTBa 31€KTPOOOOPYAOBAHUS O Maiisie 1oporu
e [[11111€BOI TPOMBIIIUIEHHOCTH

fi IIpoumx orpacneit @ [zopu

Puc. 1. Touku oTO60pa mpod MOYB U TOPOKHOM MBLIX B 3amaiHON 9acT MockBHI (1eTo 2017 1.). IIpoMbITIIeHHBIC
30HBI (IIOKa3aHbI CEPOii 3aIMBKON): A — @unu, B — 3amannsiii nopt, C — bepexxkoBckast HabepexxHast, D —
Kynueso, E — Ceseproe Ouakoso, F — FOxxH0e Ouakoso.
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154 M) ¢ IpeNMyIIEeCTBEHHO TECYAHBIMU OTIIOKCHHSI-
MU OTHOCATCS K TPAHCOIIOBUAIBHBIM NaHAMAPTaM, a
rnoiiMa, nepBasi HaJAnoMeHHas Teppaca p. MOCKBBI U €€
MIPUTOKOB U ee moJsiorue ckiaoHs! (123—142 M) ¢ meckamu,
CYTNECSIMHU M CyTIMHKAMU C MPOCIOsMU Topda, B 3HAUHU-
TEJbHOM CTENEHU NEPEKPHITHIMU TEXHOIMEHHBIMU OTJIO-
KEHHUSMH, OTHOCITCS K CyTepaKkBaJIbHBIM JaHAMA(TaM.

PE3VIIBTATBI U OBCYXJIEHUE

OcHoBHBIE (PU3MKO-XHMHYECKHE CBOICTBA IpH-
JOPOKHBIX MOYB M I0POKHOM NbLIU. bojee nonoBuHbI
mpo0 IMOYB MMEET JIErKOCYTJIMHHUCTHIN COCTaB, COMEp-
»aHue yacTuil PM g B TpuI0pOKHBIX TIOYBaX Oosiee uemMm
B TNOJITOpa pa3a MEHbIIE, YeM Ha (OHOBBIX y4acTKax.
Habmronatorcs konebanust cofepkanus KPYMHbIX (pak-
nuii (kpymaee PM 1), koTopoe makcumanbio Ha MKA/],
MUHUMAaJIBHO Ha paJilalibHbIX MHOTOIIOJIOCHBIX I10CCE U
MaJIbIX Joporax. Peakuus cpeasl B IPUIOPOKHBIX I0-
YBax BCIOAY OTM3Ka K HEUTpasIbHOM co cpenanm pH 7.26.
Haubonpmme Bennuunsl pH ormeuarorcs Ha MKAJ u
BO ABopax. [louBbI BONM3H KPYIHBIX M MaJIBIX IOPOT 00-
JAJar0T HEHTpaIbHON peakiuel cpeisl (Tabdmn. 1), Torma
Kak 1151 (POHOBBIX JIEPHOBO-TIO30JIMCTHIX TIOYB Xapak-
TepHa ciabokucias peakius. OCHOBHON MPUYUHOHN ITOJ-
IelaYMBaHus MOYB B TOPOJE SIBISETCA CTPOUTEIbHASL
bLIb, puMeHeHue [1I'P U CUIIbHOIIETOUYHBIX MOIOIIUX
cpencts ¢ pH 9-11.

CpenHsis  ynenbHas d1eKTponpoBofHOCTh ECj.s
BOIHOM BBHITSKKHM 13 mouB 3A0 cocrtasisger 190 MmxCwm/
CM, YTO TIOYTH B TPW pasa BbIIe (OHOBOTO YPOBHS.
ECy.5 BappupyeT OT MUHIMAaIbHBIX 3HAYCHUH B MOYBAX
BOJIM3H MaJbIX AOPOT 10 MAKCUMAaJIBHBIX PSIZIOM C KpYTI-
weiMu Maructpansimu U MKAJL. VBenuuenue ECi.5
cBs3aHo ¢ npuMeHeHueM I1I'P 3umoli, koTopbie BecHOU
JIMILb YACTUYHO CMBIBAIOTCS TAJIbIMU BOJAMHU U OCAJKa-
mu. Cpennee conepixanne Copr = 4.67%, 4T0 B M0NTOpA
pasza Bele (OHA 3a CYET OPraHMYECKUX YACTHUI] TEXHO-
TeHHOTO MPOUCXOKJIEHHS — acanbra, BBIOPOCOB aBTO-
TpaHCHOpTa U MPOMBIIUIEHHOCTH [28]. MUHUMaIbHBIE
Benn4uuHbEl COpr NpuypoUYeHsl KO JBOPaM, MAJIBIM JI0pO-
raM 1 paguajbHbIM 11occe. bombliie Bcero opraHuuecko-
ro BeIlleCTBa COAEPXKHUTCS B mouBax psjaoM ¢ MKAJ u
KPYIHBIMH JIOPOTaMH.

IlouBeHHBIE CBONCTBA BAapbUPYKOT B 3aBHCHUMOCTH
OT KPYIHOCTH JOPOT U MHTEHCHUBHOCTH JIBU)KEHUS aB-
ToTpaHcnopra. Hanbomnbiine koneOaHUs XapaKTEPHBI
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nas ECy:s (B 1.9 pasa) u conepxanust Copr (8B 1.5 paza).
Bapreuposanue conepxanus gactuil PM g (busmdeckoit
[JIMHBI) MOKHO OTHECTH K cpenHemy (B 1.3 pasa), Hau-
MEHbIIIHEe KoJeOaHusl 3HaueHn ! xapakTepHsl Juis pH. [o
CpaBHEHHIO ¢ (OHOBBIMH TIOYBaMU pH MpUIOpPOKHBIX
[IOYB MOYTH Ha eAUHUITY OOJIbIIe, UX OTJIMYAET B 3 paza
0ojiee BBICOKAs AIIEKTPOIPOBOTHOCTD, MOBBHIIICHHOE B
1.4 paza conepxanue Copr 1 Ooutee serkuii rpanysome-
TPUYECKUN COCTaB.

JlopoxHasi IbLIb UMEET CyIIeCUaHbIil COCTaB, COICP-
x)aHue Qpakiuu PM (g B IBUTH MPaKTUYECKH B JIBa pa3a
MeHbIIIe, YeM B (DOHOBBHIX mMoYBaX. MaKCHMyM TOHKHX
(dbpakuii HaOIIOMAeTCS HA KPYMHBIX JAOpPOrax, MUHH-
MYM — Ha MaJbIX JOporax ¥ BO JBOpax, 4To, BEPOSTHO,
CBS3aHO C aKTUBHOM nocraBkoil PMjg npu ucrupanuu
IIUH ¥ METAJUTMYSCKUX JIETAJICH TOPMO3HBIX MEXaHMU3-
MOB aBTOMOOMIEH [50].

Peakius cpeas! mplu O1M3Ka K CIIa0OIIETIOYHON CO
CpEeIHUM 3HaUYCHHEM 7.44 TIpU HE3HAYNUTEIBHBIX KoJieOa-
HUSIX HA PAa3HBIX THIIAX A0pOr. MakcuMasbHbIC 3HAYCHHU ST
XapaKTePHBI IS IOCCE M CPEIAHMX JO0POT, MUHHUMAJIh-
woie — miist MKA/J] u nBopos. [IpumMeHeHue MOMOIINX
CPEICTB Ha PaJHAJIBHBIX IIOCCE M KPYIHBIX A0pOrax
MIPUBOJUT K TOAIIEIAYNBAaHHIO IBITH. M3-32 mpuMeHe-
aus [1I'P cpeqass ECy.5 coctaBnseTr 180 MmxCwm/cM, 9TO
npeBbimaeT (OHOBBIH yPOBEHb JIEPHOBO-IIO30JIUCTHIX
nouB B 2.8 pa3za. Haubosnbiue 3nauenust EC|.5 3aduk-
CHUPOBaHbI Ha KPYIHBIX ¥ CPEIHUX JIOPOTaX, HAMMEHb-
1IMe — BO JABOpax ¢ aBromapkoBkamu. CopepxaHue Cog,r
cocTaBisieT B cpenHeM 2.5% npu konebanusax ot 1.35%
Ha KPYTMHBIX noporax 1o 4.42% Bo aBopax, kyna Copr
MoCTymnaeT ¢ OJIM3JIeKAIUX Ta30HOB, C BBIXJIONAMH aB-
TOTPAHCIIOPTA U NPU UCTUPAHUU ILUH.

[lo cpaBHEHHIO C TPUIOPOKHBIMU ITOUBAMH JIOPOK-
Has TbUIb UMEET 0OJiee JISTKHI T'PaHyIOMETPHUSCKHM
COCTaB, COAECPXKUT B 1.5 paza MeHbIIe MEIKOIUCIEepC-
HBIX YacTHUIl U B 3 pa3a MEHbIIIE Qopr. Peakius cpensl
U DIJIEKTPONPOBOJHOCTh B BOJHOHN BBITSIKKE M3 IOYB
U TbUIM UMCIOT Onu3kue 3HaueHust — 7.3-7.45 u 180—
190 mxCwm/cm.

TMM B NpHIOPOKHBIX MOYBAX W KX (PPaKIHH
PMjg. IlpuopurerHble TOJTIOTAHTHI TPUIOPOKHBIX
mouB 3A0 — W, Sb, Mo, Cu, Cd, Sn, Zn, Bi (Kc 2.4-6.0)
(Tabmn. 2). I1o cpaBHEHMIO ¢ H)OHOBBIMHE MTOYBaMHU HauboIee
aKTHBHO akkymynupyetrcs W (cpequuit Kc 6.0) ¢ cuib-
HBIM BapbUPOBAaHUEM KOHIICHTPAIMI Ha JOPOTax ¢ pas-
HOW MHTEHCHBHOCTBIO JBHXEHUsI. OCHOBHBIMU UCTOYHU-

Taﬁmma 1. OcHoBHEIE (I)I/IBI/IKO—XI/IMI/I‘IGCKI/IG CBOIiCTBa MPpUIOPOKHBIX TOYB U Z[OpO)KHOﬁ ObIIN

(IpUBEICHBI CPETHUC 3HAUCHUS)

[TpuagopoXHBIE ITOYBEI JlopokHas BLUIH
Teppuropus
PM,p, % | pH |Cgpr % | ECy5, MkCM/eM | PMyg, % | pH | Copp, % | EC .5, MKCM/CM

MKA]] 22.5 7.46 5.4 247 15.3 7.16 2.8 156
PanmansHBIC IITOCCE 17.3 7.22 4.3 173 10.7 7.68 1.3 175
Kpymasie noporu 19.4 7.15 5.6 221 19.4 7.53 2.1 211
Cpennue noporu 20.4 7.25 3.8 185 16.5 7.62 1.8 210
Mansle noporu 17.5 7.10 4.7 132 13.6 7.53 2.6 193
JBopsI ¢ aBTomapkoBkamu | 21.1 7.36 4.2 181 13.2 7.13 4.4 136
Cpennee mo 3A0 19.7 7.30 4.7 190 14.8 7.44 2.5 180
®DOHOBBIC MTOYBBI 31.9 6.40 33 65.5 — - - -
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kamMu W SIBIISIOTCS] I3HOC IIIWH U JOPO’KHOTO TTOKPBITHS,
a Tak’Ke MPOMBIIIIEHHBIE BEIOPOCHI [57, 63]. Makcumanb-
Hoe HakoruieHne W 3aUKCHpPOBaHO B TIOYBaX PsIOM CO
CPeIHUMH ¥ KPYITHBIMU MarucTpaisamu, psaom ¢ MKAJ]
U paJuaiIbHBIMU II0CCE €r0 KOHIIEHTPAIHs CHUKAETCS B
TPH W JIBa pa3a COOTBETCTBeHHO. [loxokast kKapTHHa ak-
KyMYJISIUN HaOmromaeTest y Sb, kotopas mocie W BHO-
CHUT HanOOJBIINIA BKIIaJ B 3arps3Herue nous TMM (puc.
S2). K yBenuueHn1o KOHIIEHTpauu Sb IPUBOAUT U3HOC
TOPMO3HBIX KOJIOJIOK TpaHcropTa [61]. Hanbomnbiias koH-
HeHTpauus Sb BbIsIBIeHa BOIU3U CPEAHUX BHY TPUPAiOH-
HbIX opor; Ha MKA/JI u Bo nBOpax ¢ aBTONapKOBKaMU
OHA HaKallJIMBaeTCs B TPH pasa ciadee.

Konnentpamuss Mo m Cu gocturaeT MakcHMallb-
HbBIX 3HaueHu (Kc 3.2 u 2.7 COOTBETCTBEHHO) Ha Cpe-
HUX JIOporax, Ha MarucTpajisix ¢ 0ojee WHTEHCUBHBIM
JBUYKEHHEM MOCTENEHHO YMEHBIIAETCs,, MUHUMAJIbHbIE
3HA4YCHHS TPUYPOUYCHBI KO JIBOPAM C aBTOMAPKOBKAMH.
Oo6oramenuto mouyB Cu m Mo cIocoOCTBYIOT Takke
BBIOPOCHI 3aBOJIOB MAIIMHOCTPOEHUS W MeTajjoobpa-
0oTku [19], a Tak)ke HEBBIXJIOMHBIC BHIOPOCHI ABTOTPAH-
criopta [47]. Ha yBenuuyenue konueHTpanuii Cu BIUSIOT
NPEANPUATHS MO MPOU3BOJCTBY  AIIEKTPOJIMTHYECKOM
MeTHON (DOJIBTH W ONTORJIEKTPOHHBIX YCTPOUCTB. Zn,
Cd 1 Sn akKKyMyJIHPYIOTCS B TIOYBax BOJIW3HM BCEX TH-
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ITOB TOPOT JOBOJILHO paBHOMEPHO (K¢ 2.4-2.45). OcHOB-
HBIM TOCTaBIIMKOM Zn SIBJISIIOTCA KEJIE3HOJOPOKHBIN
TPAHCHOPT, BEIOPOCHI TPOMBIIILJICHHBIX MPEANPUATHIA U
ABTOTPAHCIIOPT — Zn NMPUCYTCTBYET B IIIMHAX B HEOpra-
Hudeckux ¢popmax (ZnS u ZnO) u B BUAE OPraHUIeCcKO-
ro creapata [23]. Beicokue xonnenTparuu Cd u Sn xa-
PaKTepHBI IS IHH, JOPOXKHON pa3METKH, TOPMO3HBIX
KOJIOJIOK M APYTHX JieTajeit aBTomoduneit [47]. Jns Pb,
As, Ni cBolicTBeHHO cilaboe HakomuieHue (Kc 1.3—1.5),
Ta, Cr, Co, V, Sr, Mn pacceuarorcs (Kp 1.7-1.1).
Tonkue yactuibl PM1g obmagatot 6ombiieii croco0-
HOCTBIO MOTJIOLATh 3arpsi3HUTENH, M0o3TOoMYy Bce TMM
OTINYAIOTCS BBICOKOW MHTEHCHBHOCTBIO aKKYMYIISIIUN
B 3TOH (pakuum MpUIOPOKHBIX mMouB (puc. 2). Ham-
oonbmmit Ke = 15.6 y W ¢ MakcMMaJIbHBIMH KOHIICHTpa-
UUSIMH Ha KPYTHBIX U CPEAHUX JIOPOrax, HAUMEHBIIIHE
3HaueHusi cBoicTBeHHBl MKAJ] u aBopam. bauskoe
pacnpe/esieHue KOHIIEHTPAIMii Ha pa3HbIX THIIAX JOPOT
xapaktepHo s Mo 1 Sn (Kc 8.8 1 5.4 COOTBETCTBCH-
Ho). Kak 1 B BajOoBBIX mpoOax, BTOPHIM IO 3HAYUMO-
CTH TOJUTIOTAaHTOM it ppakuun PMyg siBisiercs Sb ¢
OJIMHAKOBBIM ypoBHeM akkymyssinuu (10.8) Ha pasHbIX
THITaX JIOPOT, KOTOPBIA BABOE OOIBIIE, YeM B TIOYBAX
B IIEJIOM. 3HAYUTEILHO OoJibllle B yacTuiax PMipg 1o
CpaBHEHHUIO ¢ BAJIOBBIMH IpodamMu comepkanue Zn u Cu

Tadaununa 2. Cpeanee coepkaHue IEMEHTOB (MI/KT) B IPHIOPOKHBIX MOYBAX, TOPOKHON MBLIH U uX (pakuun PMq
Ha pa3HbIX THIAX JOPOT U BO JIBOpax ¢ aBTonapkoBkamu B 3A0O MockBbI

OOBEKT U TOPOTH A Cr | Mn Fe Co| Ni| Cu| Zn | As Sr [Mo| Cd | Sn| Sb | Ta W | Pb | Bi
MKA 67 | 55 | 51527890 9.7| 25| 41| 166 | 58| 132 |19 |047 | 3.8/ 1.8 [0.62| 5.6 | 28 | 0.32
panuaIbHbIE II0CCe 54 | 42| 41225127 6.8| 33| 45| 131| 34| 116 | 1.6 |042| 4.2/ 2.0 | 045| 72| 21| 0.58

—— KPYITHBIE TOPOTH 52 | 38| 390 [25054| 7.7| 32| 56| 147| 54| 126 | 1.7 [ 039 | 41| 19| 0.40| 70 | 27| 0.27
CpenHue 10poru 66 | 45| 462 (27161 | 9.6| 35| 61| 162| 69| 139 | 1.7 |0.35| 5.6/ 2.2 |0.49| 7.9 | 33| 0.41
MaJble 10poru 47 | 38 | 379 |18628| 6.1| 26| 44| 165| 4.0| 114 | 1.1 |0.62| 3.6/ 15| 0.37| 46| 32|0.25
NIBOPBI C aBTONapkoBkamu | 58 | 52 | 446 |21109| 7.5| 34| 38| 258| 49| 114 |1.0 |0.76| 3.2l 14| 0.43| 33| 36| 0.49
MKAJ 92 | 69 | 777 |42670| 14 37 61| 301 |9.1| 110 [3.6 [0.76 | 7.5/ 3.1 |0.80| 10 | 48 | 0.58
pajuaIbHbIE IIOCCE 87 | 67 | 649 |38069| 13 35| 80| 320| 59| 123 |45 |0.76| 89| 4.7]0.86| 17 | 39 0.78
PM,, KpYITHBIE TOPOTH 82 | 80 | 636 (41197 | 15 44 | 120| 386| 9.8| 136 |54 |0.63| 10 | 52| 0.87| 21 541 0.78
IOYB CpelHMeE 10pOru 86 | 63 | 684 |41876| 15 | 39| 107| 334| 11 | 134 |44 |053 | 11 | 47 |081| 19 | 55|0.78
MaJible JI0pOru 90 | 78 | 804 |42886| 14 | 42| 95| 437| 8.6| 116 |34 |12 | 9.6/ 4.0 | 083 | 11 | 79 |0.92
JIBOPHI C aBTONapkoBkamu | 84 | 74 | 673 |38253] 13 42 69| 580| 6.3| 119 | 2.6 | 1.0 5.8/ 2.6 0.85| 8.6 51| 0.78
MKAZ 65 | 56 | 424 (29918 | 89| 21 521 335 08| 156 [ 1.3 |0.20 | 46/ 3.0 |13 |63 | 15]0.26
paauaabHbIe II0CCe 57 | 43| 393 |25505| 6.5| 21 67| 220| 1.8 134 |15 |0.20| 3.7/ 1.3]0.57| 22| 26/ 0.19
Topoxas KPYITHBIE TOPOTH 66 | 53| 409 [30131| 6.1| 24| 51| 156| 14| 168 | 2.6 | 022 | 4.8/ 2.7 ]0.53| 42| 24| 0.27
TbUTb CpelHue 10poru 61 | 55| 403 |26718| 5.1| 24| 47| 128| 17| 182 |33 |0.24| 4.3 1.8 |0.56] 25| 22| 0.51
MaJible I0pOTH 48 | 34 | 341 |21939| 45| 16| 50| 143| 1.7| 130 |2.1 [0.19 | 49| 13 |0.58| 24| 63]0.18
NBOpBI ¢ aBTOnapkoBkamu | 39 | 38 | 319 |21123| 57 17| 29| 262| 22| 138 | 1.7 |026| 3. 13| 0.27| 39| 25| 0.20
MKAJL 90 | 57 620 (42106 | 17 35| 14411045 | 2.7 | 182 |41 |0.48 | 14 14 1052 | 27 371 1.0
pajiuasbHbIE IOCCe 99 | 78 | 718 [49626| 19 | 46 | 200| 1364| 3.0| 200 | 6.2 | 0.57 | 25 14 1 0.63] 22| 60 1.8
PM,, KpPYITHBIE TOPOTH 85 | 72 | 661 [46618| 16 45 | 222 879 2.5| 191 [ 6.2 |0.62| 25 13 10.63] 28 | 154 | 1.9
HMOPOXKHOM | chennpe noporu 74 | 62 | 597 |41624| 14 41 | 188] 618| 23| 197 | 6.2 [0.77 | 25 12 1036] 21 | 661 2.0
TP vansie noporu 71| 62| 584 |37057| 13 | 45| 142 92| 15| 161 |41 [0.60 |22 | 7.1 [044| 22 | 11|14
IIBOPBI C aBTOIapkoBKamu | 87 | 56 | 736 |41743| 16 53| 147] 1282| 2.3| 207 | 2.6 | 1.0 9] 73|19 31 751 15
®DOHOBBIE TTOYBBI 86 | 55 | 1006 {25398 9.4| 24 18| 71| 3.6| 137 | 0.50|0.20 | 1.7/ 0.40| 0.80| 1.0 | 19 0.20
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Puc. 2. 'eoxumuueckue cekTpsl TMM B NpUAOPOKHBIX MTOYBAX, TOPOKHOM MBUIH U UX

yactunax PMjg B 3AO r. MOCKBBI.

(Kc > 5.3), kotopoe He aupPepeHINPOBAHO 10 TUIAM
Jopor. B MeTKoauCcIepCHBIX YacTUIAX HAKATIITUBAIOTCS
taxke Bi, Cd, Pb, As (Kc 2.4—4.5) u MmeHee akTUBHO Ni,
Co, Fe u Cr (Kc 1.3-1.7). V, Sr u Mn pacceuatorcs (Kp
1.1-1.5).

TMM B nopoxHo# mbud U ee gpaknun PMjg. Oc-
HOBHBIMH 3arpsi3HUTEISAMU A0pOKHOHU nbuin 3A0 sBIs-
torest Sb, Mo u W (Kce 3.8-5.3) (Tab:. 2). KornenTpanus
TJIABHOTO TIOJUTIOTaHTa — Sb MpHMepHO OIMHAKOBa Ha
Bcex maructpansax, kpome MKAJI, Ha koTopoil 3Haye-
HUSI TIPEBBIMNAIOT cpeauue B 3 pasa (puc. S2). Bapsupo-
BaHUe coniepxkanust Mo u W HEBEIIMKO, C MAKCUMAaJIbHBI-
MU 3HAUCHHSIMU Ha CPEIHHX JIOPOraX U MUHHUMAJIbHBIMH
Ha MaJbIX J0porax, Bo nBopax (st Mo) u Ha MKA/I u
KpymHBIX moporaxX (mrst W). Crmabee B JOPOXKHON TIBUTH
akkyMmynmpytores Zn, Cu u Sn, KOTOpBIE paclpenaeIcHb
Ha BCEX aBTOMATUCTPAJISIX M BOPAX C MapKOBKAMH J0-
BOJIEHO PaBHOMEPHO, 32 UCKJIFOYEHUEM BBICOKOM KOHIICH-
tpauuu Zn Ha MKA/I u Huzkoit — Cu Bo aBopax. Conep-
xanue Cd, Bi, Sr u Fe 6im3ko k BenmnyuHaM B ()OHOBBIX
mouBax, a As, Cr, Co, Ni, V, Mn u Ta paccenBaroTcs.

Habop mpuOpUTETHBIX 3arpsi3HUTENICH B JOPOKHON
MIBIIA TAKOW JKE, KaK M B MOYBaX, OMHAKO COICPKAHHE
Sb u Mo B but B 1.2 u 1.4 pa3a Gounbine, a W B 1.6
paza MeHbIle. JTO OOBSICHSETCS TEM, YTO JIOPOKHAS
MBUTh OTPAXKAET aKTyaIbHYIO TEOXUMUYECKYIO HArpy3-
Ky Ha TOPOJCKHE NaHIMAa(THl B TETUIBIA CE30H, TOT/Ia
KaK MPUIOPOKHBIC TMOYBBI aKKYMYJIUPYIOT HEKOTOPBIC
MOJUTFOTAHTBl MHOTHE JICCATUJICTHS, Jpyras WX 4YacTh
MOXKET BBIMBIBATHCSI U3 BEPXHEr0 ropus3oHTta (puc. S3).

B tonkonucnepcubix yactuuax PMjo Bce TMM Ha-
KaIUTMBAIOTCS HAMHOTO WHTEHCHUBHEE MO CPaBHEHUIO
¢ obmumu ipodamu. Bo dpakmumu PM g meumm comep-
KaHWe MPHOPUTETHBIX 3arpsizHuteneit W u Sb B 1.7 u
2.7 pa3a Boime, ueM B PM g mpuaopoxHbIx mou. Ot-
HOCHUTEJIFHO MOYBEHHOr0 (DOHa HamOOJee WHTCHCUBHO
(cpemuuii Kc 29.4) nakarumBaeTcs Sb ¢ MaKCUMyMOM
Ha MKAJI u pagnansasix mocce (Kc 35.1) 1 MUHUMY-
MoM (Kc 18.5) Ha MaBIX JOporax U BO ABOpax. Bropoii
10 3HAYMMOCTH 3arpsi3HUTENs — W co cpenanm Kc 26.3

(Tabm. 2) 1 pa3maxoMm KojeOaHUI Ha pa3HBIX OpPOrax B
1.5 pa3a. MakcumanbHbIe KOHIIEHTparuu W Habmoma-
F0TCS BO IBOPax, MUHIMAJIbHBIE — Ha CPETHUX TOPOTax.
Bricoka akkymynanus Zn u Sn (Kc 13.9 u 13.4 coot-
BETCTBEHHO), B MIOYBAX COACPKAHHUE ITUX DJIEMECHTOB B
2.5 pa3a MeHblle. AKTUBHO HakaruBaioTcs Cu, Mo u
Bi, xoTOpBIe pacmpeneneHbl Ha BCeX aBTOMAruCTPaIsIX
M JIBOpax C MapKOBKaMH JOBOJIEHO paBHOMepHO. KoH-
neHTpanuss Pb B TOHKUX (paknusax HE3HAYUTEIHHO
CHIKAETCSI OTHOCUTEIHHO COMEPIKAHUS B BAJIOBBIX TIPO-
0ax (Kc 5.8 u 5.0 coorBercrBenHo). Conepxxanne Cd Bo
¢paxuun PM1( B 3 pasa Belllie, 4eM B BaJIOBBIX ITpoOax
(Kc 3.4 m 1.1 cooTBETCTBEHHO), OHO cl1ab0 BapbUpYeT Ha
Bcex tunax gopor. Konnenrpamuu Cr, Co, Ni, V, Sr, Fe,
Ta, As 1 Mn OIu3KH K (POHOBBIM.

Cesa3p HakoreHus TMM B dacTuIiax MPHIOPOK-
HBIX M0YB U JAOPOXKHOU NbLIK. 3BECTHO, UTO OJHUM U3
HCTOYHUKOB MaTepHuaia TOPOKHOU MBLIU CIIY>KaT MpH-
JIOPOXKHBIE TIOYBBI, HO OJHOBPEMEHHO BBIPAXXEH U 00-
PaTHBIN MpoIecC — MOCTAaBKA YACTHUIl JOPOKHOW TMBLIH
B TIPUIOPOKHBIE TIOUBHI [31, 62], TO €CTh CyIIeCTBYeT
“KpyroBOpOT” HYaCTHIl B MBIIN W MOYBAX, B KOTOPHIH
BKJIIOYACTCS JOMOJHUTEIbHAS MOCTABKA MOJUTIOTAHTOB
U3 IPYTUX TEXHOTEHHBIX MCTOYHUKOB. DTO JBHXKCHHE
4acTHIl U colepkamuxcs B HuX TMM oOycioBnuBaer
TCOXUMUYECKHE CBSI3U MEXIy IMOYBAMH U JIOPOKHOM
MBUTHIO, YTO TOATBEPXKJIAET OTMEUYEHHOE paHee Co-
BMecTHOe HakorieHue Ag, Sb, Sn, W, Bi, Cd, Cu, Pb, Zn
B 000MX KOMITIOHEHTaX B BOCTOYHOM yacTi MockBbI [37].
B nouBax, 1OpOokKHOU MbLIXA U UX MUKpodacTuLax PMjg
3amagHoro okpyra akkymynupytorcs W, Sb, Sn, Mo,
Zn, Cu (cpennue Kc > 2), K KOTOpBIM B TouBax, PMjg
ouB u PM ¢ iemn mo6asmasercst Cd, B JOPOKHOHN MBLTH
u PMj nous u nsutn — Pb, a 8 PM g ous u PMyq 1o-
POKHOM mbLIK — Bi (puc. 2), To €CTh B LIEJIOM IIEPEUYCHb
BXOALIMX B naparene3ucsl TMM Ha 3amnajie 1 BOCTOKE
MocCKBBI TPaKTHYECKU HE OTINYACTCS.

dopMHUpOBaHE TEOXUMHYECKUX CBS3EH MEXKIY J0-
POKHOHU TBLIBIO, IOYBAMH U BX (pakmueit PM( Ha 3a-
naje MoCKBbI OJATBEPKIAET KOPPETAIMOHHBIA aHATIN3
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conepkanusi TMM B 4eThIpex HM3yYEHHBIX KOMITOHEH-
Tax (BCEro MpoaHaJM3UPOBAHO MIECTh BO3MOXKHBIX Tap
KOMIIOHEHTOB, YKa3aHHBIX B Ta0m. 3).

B noacucremax nouBsl — PMjg mouB u JOpOXKHAs
bLTH — PM () IOPOXHOW MBLITU BEISIBIICHBI HAKOOJIEE BhI-
COKHE T, KOTOPBIEC YKa3bIBAIOT HA CYLIECTBEHHBIN BKJIA]l
CBSI3aHHBIX ¢ MUKpoudacTuiiamu PMjg TMM B ux Baio-
Boe coneprkanue (puc. 3). B nmpuaopoxueix mousax 3A0
¢dpaxuust PMy conepxxut 40—60% Mo, W, Bi, Sb, Zn u
Sn ot 3amacoB 3tux TMM, a takxxe 40—60% Cu, Cd, Pb,
Mo u Co u 60nee 60% Zn, Sn, Sb, Bi 1 W oT ux 3amacos
B JIOPOXHOM HBLIH.

B noacucreme PMjg nouB — PM1y A0p0okHOM TN
3HaunMbIe 1 yctaHoBieHbl s Cu (0.65), Mo (0.56) u
Sb (0.47), yTo yka3bpiBaeT Ha OOILIUE MCTOYHUKH ITHUX
TMM B nouyBax 1 JOPOKHOM NBIJIX U HA BEAYLLYIO POJIb
Mukpouactunl PM1g B nepenoce Cu, Mo u Sb Mmexay uz-
y4aeMbIMH KOMITOHEHTAMHU TOPOJICKOW cpenbl (puc. 4).
OTH KOPPEIAIHOHHBIE CBSI3H COXPAHSIIOTCS B ITOJICHCTE-
Me nouBsl — PM 1o gopoxHO# meutn, T1e K Cu (r = 0.63),
Mo (0.56) u Sb (0.44) noGasasiercs Sn (0.38), 4To cBU-
JIETEJILCTBYET O MOCTYIJIEHUU 3TUX TMM ¢ Mukpoua-
CTULIAMU U3 JOPOKHOM MbLIH B MOUBKL. Clie0BATENbHO,
(bpaxuust PMy( sBaseTcss oqHON M3 HanOoJiee Ba)KHBIX
Hocutenaedt TMM, ocoOEHHO B HOPOYKHOHM TBLTH, YTO
OTIPENIEAET €€ TOBBIIMICHHYIO0 DKOJOTHYECKYIO OIac-
HOCTh Aj1s HaceneHus 3A0.

Hna npyrux TMM 3HaueHus r He 3HAYUUMBI IIPU
p < 0.05, BeposiTHO, M3-3a OousblIero yyacTusi Oosee
KpYIHBIX yacTul] B murpauuu TMM, HeogqHOpoaHOCTH
HMCTOYHUKOB 3arpsI3HCHUS (IOpOKHAS IMBLUTH HAKaIlJINBa-
€T MOJUTFOTAHTHI B TETUIBIN CE30H, IMOYBHI — 32 MHOT'OJIET-
HUW MEPHOJ), HAIMYUS EMKHUX T'€OXMMHUYECKUX Oapbe-
POB B TIOYBAX M UX CJIA0OW BBIPAXKEHHOCTH B JIOPOKHOM
nbUTH | T.1. OTpeeiuTh OCHOBHBIE (PaKTOPHI HAKOILJIE-
Hust TMM B nouBax U JOPOKHOU MBLUIH MO3BOJISIET HE-
JIMHEHHBIN pErpecCUOHHBIN aHaIu3.

®akTopsl Hakorienuss TMM. Jlist oueHKH poJiu pas-
Tu4HbIX (pakTopoB HakomieHus TMM B IpUIOPOKHBIX
MoYBax, JOPOKHOM MBUIM U UX MHUKpouyactuuax PMjg
HCIIONIb30BaH METOJ perpeccuoHHbIX aepesneB. s Cr,
Mn, Sr, Ta u V perpeccuoHHbIM aHAIU3 HE TPOBOAUI-
Csl, TIOCKOJIbKY BO BCEX M3y4YaeMbIX KOMIIOHEHTaxX OHU
MIPAKTUYECKU HE HAKATIIUBAIOTCA.

B 1npuaopoXHBIX TOYBaX AKKyMYJSIIHS OOJb-
muHcTBa TMM 3aBUCUT OT T€OXMMHUUYECKON TMO3UIIUU
y4acTKa OmpoOOBaHUS M COACPNKAHUS TOHKUX YaCTHII
PMjq (tabx. 4), yTo coriacyercs C KOHIICNIIHEH O Be-

oymwen poiu penbeda B mepepacnpenesieHUH MOJUI0-
TAHTOB B TEXHOTEHHBIX JaHAIMA(TaX W pe3yJbTaTaMH
olieHKH noxBrKHOCTH Sb, Pb, As u Hg B mouBax rop-
HOIIPOMBIIIUIEHHBIX  JTaHAMA()TOB MYyHHIHMMAIUTETa
Jlena (Mcnanwusi) B 3aBUCUMOCTH OT reoMopdoioruye-
CKHX H KIIMMaTudeckux (hakTopos [24]. [eoxumuyeckas
MO3MLIMSI, OTPAKAOLIAsl MOJOXKEHUE B penbede U THUI
MOYBOOOPA3YIOIIEH TOPOABI, OMPEAENsIeT HAKOIIJICHHE
B npuopoxkubix nousax Bi, Cd, Fe, Mo u Ni, kotopoe
JIOCTUTACT MaKcUMyMa Ha oTMeTkax 199-204 M B aBTO-
HOMHBIX JaHAgmadTax, COOTBETCTBYIOIIUX BBIPOBHEH-
HBIM IJIOCKMM IIOBEPXHOCTSM MOPEHHOM paBHUHBI.
['panymomMeTpuuecKuii COCTaB OKa3bIBACT HAMOOIb-
mee BiusHUE HA pacupenenerne Cu, Sb, Sn, W u Zn B
MoYBax BOJU3M Pa3IUYHBIX TUIIOB aBTOJIOPOT: YEM MEHb-
e yactuly PM1g 1 coctaB mouB OnmKe K CyIeCYaHOMY,
TEM HMHTEHCHBHee OHM HakamneaioT TMM. Kucnot-
HO-OCHOBHBIC YCJIOBUSI U KPYIHOCTH JOPOT BIUSIOT Ha
HaKOIUICHWE IecTd W aecath TMM CcoOTBETCTBEHHO,
o7HaKo Jyist OosbiHCcTBa TMM 311 (hakTOPBI HE SIBIIS-
foTcs rnaBHBIMU. pH siBisieTca BeqymuM Tobko Jutst Co
1 BTOPBIM 10 3HaunMocTH aiist As, Cd, Sn u W. C poctom
pH xonuentpanuu 3tux TMM yBenuuuBaroTcs, 3a Hc-
KJIFOYEHHEM aHHOHOT'€HHOro AS, KOTOPbI aKTHBHEE MU-
rpupyet B menodHoi cpezae [12]. KpymHocTs aBTOTpace
SIBIISICTCSl BTOPBIM 110 3HaYMMOCTH (akTopom jutst Bi, Cd,
Cu, Mo u Zn, tpetbum — jyuisi Co, Ni, Sb, Sn u W.
KitoueByto ponb B akKyMmynsanuu Haubojee omac-
HBIX 3arps3HuTeneid — W u Sb — B IpuIOpOKHBIX OYBAX
WrpaeT rpaHyJoMeTpudeckuii coctaB (tadm. 4). B cyr-
JUHUCTBIX ToYBax (mpu comepxanuu PMig > 20%) W
HaKaIJIuBaeTcs B 2.2 pa3a MHTEHCHUBHEE Ha BBICOTHBIX
OoTMEeTKax >165 M (TpaHCAIIOBHAIBHO-aKKyMYJITHBHBIC
naHamadThl 3aChITaHHBIX YYaCTKOB JOJIHHBI p. CeTyHb
U €€ IPUTOKOB U BBINOJIOKEHHBIX YYaCTKOB (DIFOBHOTJIS-
LUAJIbHOM aKKyMYJISITUBHOW paBHMHBI), YeM Ha Ooiee
HU3KHUX OTMETKAX, IPUYPOUCHHBIX B OCHOBHOM K TPaHCH-
JOBHAIIBHBIM JIaHIIa(hTaM MOJIOTUX U KPYTHIX CKJIOHOB
nonuHbl p. CeTyHb U ee MPUTOKOB, a TaKKe K Cylepak-
BaJIbHBIM JIaHaTaM MOWMBI, IEPBOM HaIMOHMEHHOM
Teppackl p. MOCKBBI U ee ToJIoruM ckjoHam (puc. S1). B
CyIleCYaHBIX [I0YBAX HaKomjIeHue W 3aBUCUT OT PeaKkIUu
cpenbl: B CJIaOOLIETIOUHBIX, ONM3KUX K HEHTPaJbHBIM,
yenmoBusix (pH > 7.1) comeprkanme MeTauia B CpeIHEM B
2.7 paza Oomnble, 4eM B Oojee HEHTpPAJIBbHBIX YCIOBHUSX
(pH < 7.1). DT0 MOXHO OOBSICHUTH TEM, YTO HCTOYHUKOM
W Takxe sBistoTcs noamenadnsarone areHTsl: [1I'P,
BBINAJACHUS] KapOOHATHOM CTPOMTENBHOM IBLIH, H3HOC

1002 (a)loo_%H B (b) S B
i
75- 75-
504 50-
254 25
0 ———— O —

Mo Bi Zzn Ta Co Fe Cr V Bi
W Sb Sn Cu Pb As Mn Cd Sr

OPM g

Mo Bi Zzn Ta Co Fe Cr V Bi
W Sb Sn Cu Pb As Mn Cd Sr

B PM 151000

Puc. 3. ®paxuuonnsiii coctaB TMM B npuopoxHbIX ouBax (a) u JopoxxkHoi mbiin (b) 3A0 MockBbl.
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Puc. 4. Koppensunonnsie cBsa3u Cu, Mo u Sb B cucteme
OYBBI—10pOXKHas bIIb—PM 1 nouB—PM () 10pOKHOMN NBUIN.

Tadauna 3.Kosdpdunmentsr xoppensiun [Tupcona r mexay coaepxanmeM TMM B moncucTeMax MOYBBI—IOPOKHAS IBLTH,
PM10 nouB—PM () 1opo>kHO# NMBLTH, TOUYBEI-PM () mouB, opoxHas melIb—PM|( TOposkHOM MBIITH, TOUYBEI—PM ()

JIOPO’KHOU NBLIXA U JOPOKHAS NblIb—PM (g 1104B

Bennumna I' B nogcuctemax

™M PM;q nous — nousbl — PV, nbinb — PMyo nousbl — PMy, nbiib — PMyg

MOHBE! = MblTb PMyg nbinn nous nbian nbinv nous
\% 0.03 —-0.07 0.28 0.42 0.09 —0.17
Cr -0.07 0.02 0.16 0.41 -0.15 -0.07
Mn 0.20 0.06 0.57 0.18 0.24 0.02
Fe 0.04 —0.14 0.41 0.40 0.11 —-0.16
Co 0.05 -0.29 0.43 0.57 —0.01 -0.31
Ni 0.03 —-0.07 0.36 0.04 0.21 -0.35
Cu 0.04 0.65 0.93 0.29 0.63 —0.02
Zn 0.20 0.33 0.92 0.84 0.19 0.28
As 0.11 0.07 0.58 -0.04 -0.10 0.17
Sr 0.02 0.10 0.73 0.24 0.05 -0.06
Mo 0.01 0.56 0.77 0.11 0.56 0.16
Cd 0.07 0.04 0.84 0.62 0.18 -0.08
Sn 0.18 0.33 0.90 0.17 0.38 0.29
Sb 0.17 0.47 0.89 0.47 0.44 0.27
Ta 0.29 —-0.05 0.22 -0.22 -0.02 -0.18
w -0.14 -0.32 0.93 0.56 -0.30 —-0.13
Pb 0.15 0.27 0.86 0.99 0.18 0.21
Bi -0.04 0.21 0.55 -0.07 -0.06 0.19

KapOOHATHBIX MAaTEPHAJIOB, B TOM YHCIIE IPUMEHSIEMBIX B
JIOPOYKHOM CTpOUTENbCTBE. Ha mocnennee ykaspiBaeT To,
YTO KOHIEHTpauuun W B MoYBaxX yBETHMYMBAIOTCA C PO-
CTOM TPAHCIIOPTHOW HArpy3KH, JOCTHTrasi HauOOJIBIIUX
ypoBHel (B cpeareM 12.8 mr/kr) Ha MKA /I, pamnanbHBIX
II0CCE M CPETHHUX JTO0pOrax.

Sb akKyMyJIHpyeTCsS B CyINEeCYaHBIX IMOYBAX DITIOBH-
AJBHBIX JTaHAMAPTOB TJIOCKUX MMOBEPXHOCTEH W TpaH-
COIIOBUAIBHBIX JTAHAIIAPTOB MOJOTUX U KPYTHIX CKJIO-
HOB MOPEHHOW PaBHUHBI (A0COTIOTHBIE BHICOTHI >188 M)
B TOJITOpa pa3a MHTEHCHUBHEE, YeM Ha 0oyiee HU3KHX
OTMETKax, rae coxepkanue TMM onpenensiercs Kpyn-
HOCTBIO JOpOXHOH cetm — Ha MKAJ, paamaiabHBIX

Iocce M CPEIHUX TOporax oHO B 1.6 pa3a MEHbIIE, YeM
Ha KPYMHBIX JIOpOrax M BO ABopax (puc. 5a). B cyrmu-
HHUCTBIX ITOYBaX HAKOIIJICHHUE Sb 3aBHCUT OT THIIA aB-
TOIOPOT'M: MaKCUMallbHbIe KOHLEHTPAIMH METajljlona
HaOIIFOIAI0TCS Ha KPYIMHBIX U CPEAHUX Joporax. 37ech
HanOOoJIbIIIee KOJTHIECTBO CBETO(OPOB, @ aKKYMYIISAINS
Sb Bo BpeMs 9acTBIX MAHEBPOB, TAKHX KaK Ha4ajI0 IBU-
KEHUS, TOPMOKEHHUE, TIOBOPOT, MPOUCXOIUT Haubolee
aKkTUBHO [29].

Benymumu dakropamu akkymynsiinquu Mo u Cd
SIBJISIFOTCSL TCOXMUMHYCCKAsh MO3UIUSI U TUI JIOPOTH, Ha
BTOPOM MecTe (DU3MKO-XMMHYECKHUE CBOMCTBA TMOYB:
pH u ECy:5 nis Cd u conepxanue Copr 1ust Mo. Tak,
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(b)

< >
20.5% - 20.5%

- <8.7 Mr/Kkr > >8.7 Mr/KT =
Tun noporu Sb B PM b, pH
P, M| 11 K, C <7.3 >7.3
Tum noporu 3.6 mr/kr || 0.8 mr/kr | | 1.0 mr/kr 3.5 Mr/Kr 1.4 mr/xr | | 2.0 Mr/kT
P cv=>50% || cv=39% || cv=s61% Cv=41% T poporsy v=25%|| cv=141%
MKAI| P, C K, A n="17 n=>5 n="17 n=_8 P,C K|MKAL n=>5 n=>5
1.4 mr/xr || 2.3 Mr/kr 6.1 mr/kr | | 7.8 Mr/kr
Cv=14%|| Cv=11% Cv=58%|| Cv=11%
n=>35 n=>5 n=>5 n=6
> <6. .
(c) <72 7.2 (d) 6.2 Mr/Kr 6.2 Mr/Kr
y A 4 A 4
3.4 Mr/Kr <3.0 Mr/KT, >3.0 mr/KT 16 Mr/KT
Cv=168% Cv=49%
n="7 n=9
Sb B mouBax 2.9 mr/Kr
Cv=50%
<1.2 Mr/KkT >1.2 mr/xr =6 <153 §ikCwm/cm| >153 n=>5
1.6 mr/kr || 1.2 Mr/Kr 7.0 mr/kr | | 8.9 Mr/kr
Cv=18% || Cv=9.0% Cv=9.4%| |Cv=9.8%
n=3_§ n=_§ n="17 n=_§

Puc. 5. ®akrops! HakoruieHUs Sb B TPUIOPOXKHBIX OUBaX (@), ppakunu PM g mous (b), 1oporxHOI b (C) 1 ppakuuu
PM 1 nopoxuoii neun (d) B 3AO Mocksbl. Tunst gopor: P — pagnansusie mocce, K — kpynusie, C — cpennne, M —
Mautble 1oporu, /| — nBopsl ¢ aBronapkoBkamu; ECy.5 — yenbHas 31eKTpONpPOBOAHOCTD BOAHOM BBITSIKKH.

yeMm OoJbIle aOCOIOTHAs BHICOTA M KPyITHEE A0pora,
TEeM WHTEHCUBHee HakaruuBaroTcss Mo n Cd. B Gonee
HaCBIIIEHHBIX OPTaHMYECKUM BEIECTBOM ITOYBAaX HAKO-
njeHne Mo MHTEHCHBHEE M3-3a HaJW4usl OpraHOMUHe-
panpHOTO Teoxumudeckoro oapwepa [4]. Cd aktuBHee
AKKYMYJIHPYETCS B CJIA0OMICIIOYHBIX IMOYBAX, MPHYEM
4yeM OOJIbIIIe 3JEKTPONPOBOAHOCTh BOJHOHN BBITSKKH,
TEM MEHBIIIE er0 KOHIEHTpaIusi. DTO CBA3aHO C TeM,
YTO TPU YBEJIMYEHUU KOJIMYECTBA BOJOPACTBOPHUMBIX
coJieil B mouBax, B MEPBYIO O4epeib, XJIOPUIOB (M COOT-
BercTBeHHO 1ipu pocte ECy.5), moxsrmxkHocTh Cd Takxke
YBEITUYMBAETCS, YTO MOXKET PUBOAUTH KYCKOPEHHOMY
BEIMBIBaHHIO KoMITekcoB CdCl,> ™ U3 BepXHUX TopH-
30HTOB ITOYB aTMOCepHBIMHU ocaakaMmu [30] u yMeHb-
IIIEHUIO BaJIOBOTO COJEPKAaHUS MeTaJlja.

B cyrnmunamucThIx nouBax (mpu coaepxanuu PMjg >>
20%) Cu, Sn 1 Zn HaKamJauBalOTCI HHTCHCHBHEE, YeM B
CyTecuaHbIX, IPHYEM KOHIIEHTpanus Sn u Zn Bo3pac-
TaeT B IIENIOYHOM Juana3oHe, a Cu — ¢ yMeHbIIEHHEM
anekTponpoBonHOCTH. llocienHee OOBIACHSIETCS TeM,
4gTo ¢ poctoM ECj.5 yBenruuuBaeTcst monBmkHocTh Cu,
YTO B YCJOBHUSIX HM30BITOYHOTO yBJIAKHEHUS MPUBOIUT
K yCKOpeHHOMY BbIMbIBaHHIO Cu*" u3 mous [41]. Kpome
(PM3UKO-XUMHYECKHX CBONCTB, BTOPBIM II0 3HAYHMO-
ctu (akTopom akkymyisinuu Cu, Sn u Zn sBIseTcs
THUII TOPOTH: KOHIIEHTPAIIMHA METAJIJIOB BO3PACTAIOT Ha
KPYIHBIX JIOpPOTax, 4TO CBA3aHO C MHTEHCUBHOW TpaHC-
MOPTHOM HArpy3Koi u 00Jiee BRHICOKUMHU 00beMaMU BbI-
Opocos.

B vactunax PMj(y nous, B 0OTIU4YKE OT BajIOBOIO CO-
nepxaHusg TMM, uX akkyMyJsius B OONbIIeH CTENeHH
3aBUCHT OT pH W rpaHyIIOMEeTpHYECKOro COCTaBa MOYB,
9T (PaKTOPBI ONMPEIEISAIOT HAKOIIICHHE ACBATH U OJTUH-
Hanuatu TMM cootBeTcTBeHHO, mpudeM pH (wenou-
HOW TEOXMMHUYECKHUN Oapbep) sIBIsieTcsl BeLyUM (ak-
topoMm aisa Co, Fe u Ni, a rpanynoMeTpruyeckuii coctas

(copOIIMOHHO-CEAMMEHTAITMOHHBIN T€OXUMIYECKHI 0a-
pwep, 1o [4]) — nns Bi, Cd, Cu, Sb, Sn, W u Zn (tabm.
4). Menee 3HauNMBIMU (paKTOpaMU ABISIOTCA THII JIO-
poru u reoxumuyeckas nosuuus. Pacnpenenenne W u
Sb koHTpONUpPYyETCS IPaHYIOMETPHUECKUM COCTABOM U
KHCJIOTHO-OCHOBHBIMHM CBOMCTBAaMHU, HAUMEHbIIEE BIIHU-
STHUE OKa3bIBaeT KPYMHOCTH Aoporu (puc. S5b, puc. S3).
Ot comeprkanus yactutl PM g B moUBax 3aBUCHUT U aKKY-
myssitast Cd, Cu, Sn, Co, Fe, Ni 1 Zn B 3TUX yacTHIIaX.
Peaxuus cpenpl SIBISETCSI BTOPHIM 10 3HAYUMOCTH (ak-
TopoM B Hakoriennu Bi, Cu, Sb, Sn, W u Zn. KoHiien-
Tpausi Mo — 0JHOrO U3 TJIaBHBIX MOJITIOTAHTOB MOYB
— KOHTPOJIMPYETCS COEPKAHUEM 3JIEMEHTa B YaCTHIIaX
PM1o A0p0oXHOI MBbLIM, BEPOSITHO, BBIIYBAIOIIUXCS C
JIOPOYKHOTO TIOJOTHA W BBHIMAJAIOMINX HA MOBEPXHOCTH
MoYB, a Takke 0O0BEMOM BBIOPOCOB aBTOTpaHCIIOPTA,
IrpaHyJOMETPUYECKHM COCTAaBOM MOYB M TUIIOM AOPOTH.
O0beM BBHIOPOCOB aBTOTPAHCIOPTA TaKXKe 3HAYMTEIb-
HO BIHseT Ha HakoruieHne Pb Bo ¢pakumm PMig mipu-
JIOPO’KHBIX TTOUB, Ha akkKymymsmuio As, Cu, Pb u Sb B
PMq BiusieT ux conepkanue Bo ppakiuu PM g toposx-
HOM TBLIN.

B nmopoxwnoii e ans OonbmmHcTBa TMM Beny-
KM (paKTOPOM HAKOIJICHUS SIBISIETCS THII JOPOTH, OH
onpeAenseT akKyMmyJssinuio BocbMu TMM u sBasercs
raBHbIM 111 W, Mo u As. [{ins Mo, Cu, Zn, Co, Fe u Ni
AKKYMYJISIUS TIPOMCXOIUT CUJIbHEE Ha KPYIHBIX JIOPO-
rax, ogHako Mo u Pb oOHapyxuBaroT 00paTHYO TCHJCH-
LUI0 ¥ HAKAIUIMBAIOTCS Ha JIOPOrax ¢ MEHbILeH WHTEH-
CHBHOCTBIO J1BMKeHUs. [loBbIeHHOE mocTymienue Mo
u Pb B 10pOXHYIO MBI HA MAJBIX AOPOTrax, BEPOSTHO,
CBSI3aHO C YaCTHIMHM MAaHEBPaMU TPAHCIOPTa U JOPOXKHbI-
MU 3aTopamu. Mo u Pb BXomsar B cocTtaB neraneil Top-
MO3HBIX MEXaHU3MOB aBTOMOOUIEH [47], a 4acToe TopMo-
YKEHUE TPUBOAMT K POCTY BBIOPOCOB aBTOTPAHCIIOPTA H
koHUeHTpauuit TMM B gopoxHON mbuiu [25].
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Ta6amnua 4. Gaxrops! HakoreHus TMM M X 3HAYUMOCTH B IPUJIOPOKHBIX MOYBax U ux (paxuu PMj(, a Takxke B
JIOPOXKHOM TbLIH U e¢ Gpakiuu PM1o B 3AO MockBbl

®daxkropsl HakoruieHUss TMM As| Bi| Cd| Co| Cu| Fe| Mo| Ni| Pb| Sb| Sn| W| Zn
ITpunopoxHbIE TOUBBI
KucnotHo-ocHoBHBIE yciioBus (pH) 2% — | 3+| 1+| — — — - - — | 2+| 2+| 3+
OnekTporpoBonHocTb EC 5 I+ | 2—|4—] — | 3=| 2+ = | = | = | =] =] =] =
Conepxanue Gy, -3+ = | = = =3+ =—|2-] —=| = | = | =
Conepxanue PM;, - =] = = | 1= = = |2+ = | 1I—=] 1= 1= 1I-
leoxumMmueckast mo3uiust — | 1+ | 1+ | 2+ 2+ | 1+| 1+| 1+| —| 2+| —| 4+| —
Tun noporu -2 2 3 2 -2 3 -3 3 3 2
O0beM BEIOPOCOB aBTOTPaAHCIIOPTA — — — — — | 3+ - - 3= - — — —
ConepxxaHue 3JIeMEeHTa B MbUIU — — — | 4+ - — — - 1+ = — — —
PM,( npraopoXHBIX TTOYB
KucnotrHo-ocHoBHEIE yeimoBust (pH) — | 2+ — | 1+| 2+] 1+| —| 14| —| 2+| 24| 2+| 2+
OnekTpornpoBonHocTb EC 5 - - = = = |3 = =] -] —=1]2+r] =] =
Conepxanue Gy, -l -1 - -1 =14 -1 - -1 -1 - -1 -
Conepxanue PM;, — 1= 1= 2= 1= 2= | 2= | 2—=| — | 1=| 1I—=] 1—| 1-
leoxumMmueckast mo3uuust -] - - - - - - - — - - — -
Tun noporu 3 2 2 1 — — 3 3 — |3 3 3 —
O0beM BEIOPOCOB aBTOTPAHCIIOPTA — — — — — —| 2+ = 2—| - — — -
Conep:xaHue anemeHTa B PM, mbim 2— | — | — | = |2+ = |1+ = | 1+]2+] =] =] -
JopoxkHasi MblUIb
KucnorHo-ocHoBHBIe ycinoBus (pH) — — —| 2= 3—| - —| 4= =] 1= 24| -] 1-
BnexrponposogHocTs EC 5 — |3+ |2+ | = | = |1+ = | = | = | =] I+| 4+]| -
Conepxanue Gy, 3+ |2+ |1+ - = = | = | = |3+ —| —| 3] 3+
Conepxanne PM, 4— | = | = | = | = | = |4 = =1 =] = | —| 4
TeoxumMmueckast mo3uuust — | 1-] = - - - - 3= - — — — —
Tun noporu 1 — 1|3 — |2 3 1 2 2 — — 1 —
O0beM BEIOPOCOB aBTOTPaHCIIOpTa 2—| — — | I+ 1+] 2+| 24| 1+ — — — - 2+
ConepxaHue 3J1eMeHTa B ITOYBaxX — — | 4+ 3+ —| 4+| 2—| -— 1+ 2+| 3+| 2+| -—
PM,( 1OpoXHOI TbLIN

KucnotHo-ocHoBHBIe ycinoBus (pH) 1+ - — — — — —| 2+ - - 3= = 1+
BnekTpornpoBonHOocTb EC 5 — | = |2+ |3+ |3+ | 3| = | =] = | 3+| 2+ —| -
Conepxanue Gy, 33— 1=| = | = | = |4 = | 1+| = | =] =] = =
Conepxanne PM, 3— | = | 3=|2-| -] —| = = = = | —| 2+ 3-
Teoxumuueckass mo3uLIUs — — — - 4= = 3—] - — — — — —
Tun noporu 2 — |1 — — |2 - — — |2 1 3 —
O0BeM BEIOPOCOB aBTOTPAHCIIOPTa — | 2= = I+ 2+ =] 2—| - - - - = 2+
ConepxaHue asemeHTa B PM nous — |3+ - |+ I=] 1+ = | I+ 1+ =] 1-| -

* Panru ot 1 10 4 moka3bIBalOT yMEHbIIEHME 3HAYMMOCTH (hakTopat‘+” — pocT mokasaTelisi COCOOCTBYET YBEJIMUEHUIO KOHIIEHTpa-
LMK DJIEMEHTa, “—” — yMeHbIIeHuIo. JIJI1 KaueCTBEHHBIX IIOKA3aTeIel XapaKTep CBSI3U HE OIPEIeIISIETCS.

OU3NKO-XUMHUYECKHE CBOWCTBA THIIHM 3aHUMAIOT JsiomuMmu areHtamu [6]. ComepxaHue opraHuvecKo-
BTOPOE IO 3HAYUMOCTH MecTO (Tabm. 4). Peakuus cpe- Tro BemecTBa BiIMSET Ha KoHUeHTpauuu As, Bi, Cd,
Ibl siBJIsieTCs BenymuM (aktopoMm HakorieHus Sb u  Pb, W u Zn, a sanekTponpoBognocts — Ha Bi, Cd, Fe,
Zn u BausieT Ha koHUeHTpanuu Co, Cu, Ni u Sn Ha Sn u W B IOPOKHOH TN, YTO 00YCIOBIIEHO TTOCTaB-
pa3HBIX TUOAax AOpor. B oTianuue oT moys, B opok- KaMu TMM HU3 TEXHOr€HHBIX UCTOYHUKOB B COCTaBE
HOM NbUIM K akKKymMyJsiiuu TMM NpuBOAUT CHUXKE- OpPraHMYEeCKUX M BOJOPACTBOPUMBIX COEIMHEHUM.
Hue pH, 9T0 MOXKET OBITH CBS3aHO C YCHUJICHHOHW Mo- YBenuueHue coaepxkanus Copr B JOPOXKHOU MBLIH
craBkoil TMM npu BbICOKOM TpaHCHIOPTHOW Harpy3ke MOKHO OOBSICHUTh HHTEHCUBHBIM HCTUPAHHUEM LINH U
YW MHTEHCHBHBIX BBIOpOCAxX JIMOKCHJIOB a30Ta, a TaKk- BBIOPOCAMH BBIXJIOMHBIX ra30oB [22], a poCT 3IEKTPO-
K€ ¢ aKTUBHBIM MPUMEHEHUEM HAa KPYMHHBIX JOPOrax MPOBOJHOCTHU — C YBEIMUYEHUEM MTOCTABOK aBTOTPAHC-
xygopuHbiX III'P, koTOphlE MOTYT SBISTHCS MOAKHUC- MOPTOM PACTBOPUMBIX cOoeqUHEHHH [35].
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s Pb, Sb, Mo, Sn u W 6os1bI1oe 3HaueHIE UMEET YPO-
BEHb UX COACPKAHUS B TIPUAOPOKHBIX TOYBAX, YTO MOKET
yKa3bIBaTh KaK Ha NocTyIuieHue 3tux TMM B 10pokHYO
MBUJTb TMPHU BBIYBaHUH 3arPsI3HEHHBIX YacTHUI] MOYB, TaK
1 Ha noctaBky TMM B IOYBHI NpU BBITYBAHUN YaCTHII
JOpOKHOM IblIM. HanMeHsblliee BIMSIHUE Ha aKKyMyJisi-
LU0 JICMEHTOB OKa3bIBACT I'PAHYJIOMETPUUECKUI COCTAB
MBUTA U TEOXMMUYECKask MO3UIINS TOUYEK 0TOOpA.

Benymum daktopoM akkymyiasiquu Sb B TOpOKHOM
MIBUTH SIBJIIOTCS KUCIIOTHO-OCHOBHBIE CBOMCTBA MOCIE-
HEH: 4yeM BBIIIE KUCIOTHOCTH MBUIN, TEM WHTEHCHBHEE
HaKaruIMBaeTcs aHMOHOTeHHas Sb (puc. 5c). AKTHBHAA
ITOCTaBKa Sb W3 MBUIH B TIOYBEI 1 00pATHO MOATBEPKAa-
eTCs TeM, YTO B IIEJIOYHOM JHAmNa30HE MPH BHICOKOM
coiepkaHuu Sb B MPUIOPOKHBIX OYBaxX (>3 MI/KT) ak-
KyMYJIALMS 3arpsI3HUTENS B JOPOKHON MBUIH YCHJIMBa-
€TCsI B JIBa pa3a Mo CPaBHEHHIO C 0OpaTHOM cuTyauuei,
KOrza KOHLEHTpauuu Sb B NPUIOPOXKHBIX MOYBAX He
MIPEBHIMIAIOT 3 MI/KT.

Conepxanne Mo B TOPO’KHOM MBIITH KOHTPOJIUPYET-
Csl TUIIOM JIOPOTH, TO €CThb HHTEHCHUBHOCTBIO JIBHKE-
HUs, 00bEeMaMU BBIOPOCOB aBTOTPAHCIIOPTA U IPaHYJIO-
METPUYECKUM COCTAaBOM NbLIH. Ha KpymHBIX, cpenHuX
W MallblX J0oporax KOHLEHTpanuuu Mo IOCTUTaloT Mak-
CUMAaJTbHBIX 3HAUYCHHH, IPUUIEM, €CITH 00BEM BEIOPOCOB
aBTOTpaHcropra >23 T/KM B roj, To coaepkanrne TMM
B IIBIIM yBeIU4YuBaeTcs B 1.5 pa3a. B cymecuansix mo-
yBax (comepxkanue PMg < 17%) Mo HakannuBaeTcs ak-
THBHEe, 4eM B cymIMHHCTBIX. Ha MKA/L, pannanbHbIX
LI0CCE M BO JBOpaxX akKyMyJsauus Mo HAET He CTONb
HNHTEHCHUBHO.

B uactuniax PMjg 10p0KHOM NBLIH KJTFOUYEBY IO POJIb B
HakomieHnn TMM urpaet conep;xkanue 3arpsi3HUTENEH
B PMg mous, nyst Cu, Fe, Mo, Pb, Sb u W arot dakrop
SABIIsIeTCs BeAyuM (tadum. 4, puc. 5d, puc. S3). Bropsimu
10 3HAYUMOCTH (PAaKTOpaMU SBJISIOTCS 00bEM BEIOPOCOB
aBrotpancropta (Co, Bi, Cu, Mo, Zn) u Tun goporu (As,
Cd, Fe, Sb, Sn, W). 3nauumbimu paktopamu quddepeH-
unauuu PM1g nopoxHO#M nbuin 1o coaepxanuio TMM
SIBJISIIOTCA TaK)ke CBOMCTBA J0pokHOH nbuin — pH (As,
Zn, Ni, Sn) u Copr (Bi, Ni, As, Fe). Cogep:kanue 4acTHIl
PM10 u 31eKTponpoBOAHOCTh BOAHON BBITSIKKH U3 J0-
POXHOH HBIIM HE OTHOCATCA K BeAyLUM (hakTopam,
oJlHaKo coaepkanue PMjy oka3biBaeT HEKOTOPOE BIIU-
sune Ha naxorenue Co, W, As, Cd u Zn, a Benrnunna
ECy. 5 —mna Cd, Sn, Co, Cu, Fe, Sb.

Takum oOpa3zom, BajoBoe coaepkanue TMM B npu-
JOPOXKHBIX MOYBAX M JOPOXKHOM MBLIIM KOHTPOJIIUPYETCS
pasnuYHBIMU (DAKTOpaMH: B II0YBAX OIPECIISIOLIYI0
pOJIb UTPaeT TEOXMMHUYECKas MO3UIMA ydacTKa OIpo-
OoBaHUs (ero abCONIIOTHAS OTMETKA) U TPaHyJIOMETPH-
YeCKHUH COCTaB, XUMHUYECKUH COCTaB JOPOKHOM MBUIH
B OCHOBHOM KOHTPOJHUPYETCS aHTPOIOICHHBIMH (ak-
TOpaMH — 0OBEMOM BBIOPOCOB aBTOTPAHCIIOPTA U TH-
oM Joporu. KnucioTHO-OCHOBHBIE YCITIOBUS SIBJISIFOTCS
BTOPOCTENEHHBIM (PAKTOPOM KakK JJIA MOYB, TaK M JJIA
MIBLITH.

OKosoruyeckas OHacHOCTh 3arps3HeHuss TMM.
CpaBHenue conepxanus aesitu TMM B nousax, 1o-
POKHOM MBUTH 1 UX Ppakiusax PM1g 3anagaoro okpyra
Mockssl ¢ ux I1JIK u OJIK B mouBax [20] moka3aio, 4To
HanboJiee OmacHO 3arpsi3HeHa dpakmus PM|g e, B
koTopoit konueHTpaiuu Cu, Ni, Pb, Sb, Zn npesbicuiu
HOPMAaTUBBI IPAKTHYECKHU MoBceMecTHO, a Cd 1 As — B
63 1 50% mpo6 cooTBeTcTBEHHO. [IpK 3TOM MakcuMab-
uele npesbieHus [1JIK/OAK 3aduxcupoBanst y Zn, Ni
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u Pb (Ko 63, 47 u 28 cooTBeTcTBEeHHO). Heckompko cia-
Oce 3arps3ueHa ppakiust PM g oYB ¢ MaKCUMaTbHBIMU
4acTOTON U KPATHOCTBIO MPEBBIIICHHSI HOpPMATHBOB y Ni
(100%, Ko 31.6), Zn (100%, Ko 26.6), Cu (93%, Ko 7.7)
u As (87%, Ko 10.1). 3arpszHenne BagoBeIX pod MOUYB
Y TIBUTH HE CTOJbh WHTEHCHBHO. CaHUTapHO-TUTHEHUYE-
CKHe HOpMaTHUBHI IpeBbITeHb! To4uTH B 100% mipol y Zn,
Ni u As ¢ makcuManbHbIMU Ko 8.8, 31.6 1 5.0 cooTBert-
ctBeHHo, ay Cu, Cd u Pb — B 67, 27, 27% 1 Makcumalib-
weiMu 3HaueHusiMu Ko 3.5, 2.8, 1.7. Takum obpaszom,
HaUOOJBIIYIO YKOJIOTUYECKYIO OMAaCHOCTh MPEACTaBIIs-
10T Tpu Metajuta: Zn, Ni u Cu ¢ 6auskoit k 100% vacro-
TOW MPEBBINIEHUSI HOPMATHBOB U OYCHBb BBICOKUMH KO-
a¢pdunmentamu Ko 1151 Becex n3yyaeMbIX KOMITOHEHTOB.
JIONOTHUTENBHYIO 3KOJIOTUUECKYIO OMTACHOCTH CO3/IAl0T
BbIcOkMe KoHIeHTpauuu Pb, As, Cd u Sb B ToHKkoUC-
MEPCHBIX (HPAKIUAX TOYB M TBLIH.

[lo cpenHemy cyMMapHOMY IOKa3aTelto 3arpsi3He-
Hus Zc = 20, 3arpszaenne TMM npuIopoKHBIX TTOYB
3AO0 BOIM3M TOPOT pa3HBIX TUIIOB OTHOCUTCS K YMEpEH-
HO OIaCHOMY C MaKCHMAaJIbHBIMH 3HAYE€HUSIMHU Ha CpeJl-
HUX Joporax (25) u MUHUMaJbHBIMU BO ABopax (18) u
Majbix goporax (16) (puc. 6). B wactumax PMjg akky-
myssitus TMM B 2.7 pa3a Gonbllie u CpeHUN MoKasa-
Tenb Zc = 56. 3arpszaenne TMM ¢dpakiun PM o mous
BBICOKOE, OMacHO€ Ha MHOTHX JIOpOrax, Ha KPYIHBIX
Joporax Zc AOCTUTaeT MakcumymMa 71; Ha cpeaHux Jo-
porax 1 paJuajbHBIX II0CCE NTOKa3aTelb ZC TOXE BbICO-
KUl — 63 1 58 coorBeTcTBEeHHO. Paznuuus B cyMMapHOM
3arps3HEHUH TI0YB BOJIHM3H JOPOT PAa3HBIX THIIOB CYyIIIe-
CTBEHHBI, HauMeHee 3arpsisHeHHble — MKAJ[ 1 1BopsI €
ABTOIMAPKOBKAMH.

[lonmanemeHnTHOE 3arps3HEHNE JOPOKHON MBUTH OT-
HOCHUTCA K CpPEIHEMY, YMEPEHHO ONAaCHOMY YPOBHIO CO
cpeaauM Zc = 18, nanbonpminm Ha MKA/] 1 KpynHbIX
noporax (24 u 21 cOOTBETCTBEHHO) U MUHUMAIIbHBIM Ha
pamnanbHBIX 1occe (13) m Bo ABOpax ¢ aBTOMapKOBKa-
mu (14). B menxogucniepcHoit ¢ppaximn PM1g Haxore-
Hue TMM mpeBbllIaeT moka3areib B BaJlOBBIX Mpodax
B 6.3 pa3a. CpeaHee 3HauUe€HHE CYMMAapHOIO IoKa3are-
st gist yactul, PMg Zc = 113, uTto yka3blBaeT Ha UX
OYeHb ONACHOE M BBICOKOe 3arpsisHeHne TMM Ha Bcex
THIIaX JTOpOT. MaKkcuMallbHbIe 3HAYCHHST HAOIIONAI0TCS
Ha KPYITHBIX JOpOTrax W paguaibHbBIX mocce — 132 u 128
COOTBETCTBEHHO, HaUMEHBIINE TOKa3aTeln XapakTep-
HBI 1711 MaJbIX gopor — 91.

3AK/IIOYEHUE

[Ipunopoxusie ouBsl B 3A0 10 cpaBHEHHIO C (PO-
HOBBIMHU TIOYBaMu OoJiee JIeTKne, UMEIOT MOBBIIIEHHBIH
JI0 HEUTpaJIbHbIX 3HaueHuU pH, OoJiblee KOJIUYECTBO
Copr (4.7%) u B 3 pa3a 6oJiee BEICOKYIO JIEKTPOIIPOBO-
JOHOCTh. JlopoHas MbUIb UMEET CYNECUaHbId COCTaB,
CITa0OIIEIIOUHYI0 PEAKIIUIO0 CPEIBI, TAKYIO JK€ JJIEKTPO-
npoBonHocTh EC1: 5 u mormxenHoe conepxkanne Copr.
KpynHocTh nopor Ha (DU3MKO-XMMHYECKHE CBOHCTBA
JIOPOYKHOW MBUIM U TIOYB MPAKTUYECKU HE BIUSET.

[IpropUTEeTHBIMH MOJIIOTAHTAMHM  NPUJOPOAKHBIX
nmouB u ux ¢pakuun PMg sBisitores W, Sb, Mo, Cu,
Cd, Sn, Zn, Bi, mpu 3TOM B MEJIKOIUCTIEPCHON (hpaKITuu
PM/¢ koHIeHTpamwu OOJBIIMHCTBA 3THUX JJIEMECHTOB
3aMETHO BHIIIIE M3-32 OOJIBINEH yAETbHON MOBEPXHOCTH.
Banosoe cogepxkanne TMM B nouBax 3A0 Bapbupyer
B 3aBHCUMOCTH OT T€OXMMHUYECKOM MO3UIINHU U TPaHyJIo-
METPUYECKOTO COCTaBa TOYB, BTOPOCTEIIEHHBIMU (akK-
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Puc. 6. YpoBHH CyMMapHOTo moka3aress 3arpA3HeHUs Z¢ U SKOJOTHYECKO OMacHOCTH 3arpsa3HEHUS MPHUAOPOKHBIX MOYB U
nopoxxHoid el 3A0 1 ux dpaxun PM g TMM Ha pasHbIX THIIax JOpOT U BO JBOpax C aBTONapKoBKaMu. Twursl jopor: P —
paguansHble mocce, K — kpynusle, C — cpeguue, M — mainsle foporu, JI — I1BOpBHIL.

TOPaMH SABJISIIOTCS Peaklus cpesbl ¥ TN fopor. OCHOB-
HbIM (pakTopom Hakomienuss TMM Bo ¢pakuun PMyg
SIBJISIETCS. I'PAHYJIOMETPUUECKUH COCTAB II0YB, MEHEE
3HAYMMBI TIOJIOKEHHUE B penbede U MpUypOodeHHOCTh K
TOMY WJIM MHOMY THITY AOPOTH WJIU JIBOPY.

[Ipu 01MHAKOBBIX YPOBHSAX HAKOIJIEHUS KOJIMYECTBO
MPUOPUTETHBIX MOJUTIOTAHTOB B JOPOKHOW IBUIM He-
CKOJIBKO MEHBIIE, YeM B MOYBaX. B MeakoaucrepcHbIX
gactuax PMjg JOpOXHOW MBUTH U TTOYB HAOOP IpHO-
PUTETHBIX IOJUIIOTAHTOB COBIIAJIACT, a YPOBHU COIEP-
*aHus BO Qpakuuu PM|g NbUIK BbIIIE TPUMEPHO B 2
pasa. Bexymumu ¢dakropamMu HakoIJIeHUsS OONBIIMH-
ctBa TMM B noposkHOM mblIH U yacturiax PMjg siBiis-
10TCsl 00BEM BBIOPOCOB aBTOTPAHCIIOPTA M THII OPOTH,
(U3UKO-XMMHUYECKHE CBOICTBA NMBUIM M IOCTYIJICHHE
[IOYBCHHBIX YACTHULL.

B cucreme mnouBbl—n0pokHas NbUIb—PM{g mouB—
PMjog nopoxxnoii mwlin (opMHupyeTcs TapareHe3uc
(coBmectHoe Hakomnenue TMM c Kc > 2) W—Sb— Sn—
Mo—Zn—Cu. B noacucteme PM oy nouB—PM g nopox-

HOM MNBIIM YCTaHOBJIEHBI 3HAUYMMBbIE KOPPEIALUHU IS
Cu, Mo u Sb, 4to yka3piBaeT Ha OOLIME UCTOYHUKHU
TMM wu npeoOiafaroniyo poiab MUKPOYACTHIl B 00-
MeHe BemecTBOM U TMM mexay M3y4eHHBIMU KOM-
MMOHEHTaMU.

3arpssHenne TMM npuIOpOKHBIX MOYB U JJOPOXK-
Ho#l mbun 3AO OTHOCUTCS K YMEPEHHO OMAaCHOMY C He-
3HAUUTEIBHBIMU KOJICOAHUSIMHU Ha Pa3HbIX THUIIAX IOPOT.
CyIIecTBEHHO CHJIbHEE 3arpsA3HEHBl MENKHE YaCTHIIBI
PMj B mouBax, ux 3arpsi3HEHUE SIBJISIETCA OMACHBIM Ha
BCEX THIIAX JIOPOT, OYeHb OMACHBIH YpOBeHb 3aduKcu-
pOBaH Ha KPYIHBIX Jgoporax (cpeanuii Zc = 71). Menko-
aucriepcHasi (pakius MbUIM 3arpsi3HEHa CHIIbHEE, YyeM
B MIOYBAX, €€ 3arpsI3HEHUE SBJISAETCS OYEHb OMACHBIM H
BBICOKHM (cpenuuii Zc = 113).

[lomy4yenHple pe3ynbTaThl MOTYT OBITH HCIIONBb30BA-
HBI TIPY TUTAHUPOBAHWN MEPONPUATHHN, HAIIPaBIEHHBIX
Ha yMEHBIIEHHWE HETraTHBHOIO BIUSHHUS 3arpsA3HEHUS
MPUAOPOKHBIX MTOYB U JOPOKHOW MBI HA TOPOJICKYIO
Cpely U 340pOBbE HACEJICHUS.
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3. TOPOMKHAS IIbLIb

Enrichment of road dust particles and adjacent environments with
metals and metalloids in eastern Moscow*

1. INTRODUCTION

To assess the pollution level of urban environments
with heavy metals and metalloids (HMMs), the chem-
ical composition of various components of urban land-
scapes — atmospheric precipitation, urban soil, bottom
sediments in water bodies and streams, vegetation, etc. —
is studied.

Recently, increasing attention has been paid to road
dust, since the negative impact of vehicles on environ-
ment in megacities (with a population of more than 10
million people) is very significant (Gurjar et al., 2008;
D’Angiola et al., 2010; Goel and Guttikunda, 2015;
Cheng et al., 2016; Kasimov et al., 2019¢). The accu-
mulation of HMMs in road dust was studied in various
cities around the world (Skrbi¢ et al., 2012; Wijaya et
al., 2012; Saradhi et al., 2014) and in several cities of
Russia — in the Selenga river basin (Republic of Bury-
atia), in the Perm region, Voronezh, Yekaterinburg, and
some districts of Moscow (Kaigorodov et al., 2009; La-
donin and Plyaskina, 2009; Fedotov et al., 2014; Vlas-
ov et al., 2015; Bityukova et al., 2016; Sereda, 2017;
Prokof’eva et al., 2017; Seleznev, 2018; Kasimov et al.,
2019b; Ladonin and Mikhailova, 2020). The distribu-
tion of Cd, Pb, Zn, Cu, Ni, Cr, Mn, and Fe has been
well studied; less data are available for Sb, Bi, Mo, Ag,
and As (Amato et al., 2009b; Quiroz et al., 2013; Deh-
ghani et al., 2017). The amount and chemical composi-
tion of road dust are determined by the inflow of solid
materials with fallout from the atmosphere, with blown
off soil particles and particles formed due to pavement
abrasion. The atmospheric supply of pollutants depends
on the volume and composition of emissions from mo-
bile sources, which include the emission of engine oil
particles and fuel combustion products (Sb, Zn, Cu, Pb,
and Mo), tire abrasion (Sb, Cd, Zn, Pb, Cu, Co, Ni, and
Cr), wear of brake pads and alloy surfaces (Sb, Cu, Pb,
Ag, Zn, Ni, W, and Cr) (Gietl et al., 2010; Charlesworth
et al., 2011; Quiroz et al., 2013; Pant and Harrison,
2013; Grigoratos and Martini, 2015). In the manufac-
ture of bearings, antifriction alloys based on Sn and
Pb are used, which also include Sb, Cu, Cd, Ni, and As
(State Standard GOST 1320-74, 2001).

Particulate matter emissions from diesel-powered
cars running on Euro-5 and Euro-6 fuels are 28-36 times
lower than those from engines working on Euro-1 and 5
times lower than those from engines working on Euro-
4 (Emission standards, 2017). No less important is the
mode of traffic, including the type, speed, and number
of maneuvers associated with a stop (Irvine et al., 2009;
Nazzal et al., 2013). As traffic intensities increase, the
concentrations of Cd, Cu, Pb, Zn, Ni, Ti, Mo, Fe, Zr, K,

and Ca in road dust also increase (Apeagyei et al., 2011;
Duong and Lee, 2011). Enhanced abrasion of road sur-
face and road marking leads to the enrichment of road
dust with Ag, Zn, As, W, Cr, V, and Co. The concentra-
tions of Zn, Cu, and Cd are maximal in the dust accumu-
lating near the curbstone, while Pb, Fe, and Ni concen-
trate at a distance of 1 m from the curbstone (Pal et al.,
2011).

In turn, road dust itself can be a source of secondary
pollution of atmospheric air and roadside soils with solid
particles enriched with HMMs. There are coarse particles
with a diameter of more than 2.5 um (PM3 5_1¢), fine par-
ticles (< 2.5 um, PMj s), and very fine particles (< 1 pm,
PM; and < 0.1 um, PM 1). In the United States, road
dust is the source of more than half the mass of PMj
particles and about a quarter of PM» 5 particles in the at-
mosphere, second only to fires in the latter case (United
States, 2017). About 40% of PMg, 15% of PM, 5, and
3% of PM emissions are associated with road dust re-
suspension from paved roads (Amato et al., 2009a; Chen
et al., 2012; Lawrence et al., 2016). Road dust accounts
for 60—-100% Al, Si, Ca, and Ti; 40-60% Mg and Sr,
20-40% K, Fe, and Pb; and up to 20% S, CI, Mn, Co,
Ni, Cu, Zn, Sn, and Te in atmospheric particles PM3 5 19
(Grigoratos et al., 2014).

Dust particles enriched in HMMs and suspended in
the surface air layer enter the human body with food
and water (Revich, 2018; Khan and Strand, 2018).
PMy 1 and PM; are the most dangerous particles, as
they penetrate into the pulmonary alveoli and bronchi-
oles; PM|_; 5 are less dangerous as they enter the lungs
and bronchi, and PMj 5 1 are retained by the upper
respiratory tract (Tager, 2005). A decrease in the size of
aerosol particles increases the risk of mutagenesis, the
maximum of which is fixed for PM; 5 and smaller dust
particles (Pagano et al., 1996). High ecological risk of
fine particles of road dust compared with coarse ones
is confirmed by data on an increase in the share of bio-
available forms of Cu, Pb, Sb, Zn, Mn, Cr and Fe in fine
fraction (Padoan et al., 2017).

Thus, in the traffic zone, there are two opposite pro-
cesses — the entry of pollutants from the atmosphere
and soils into road dust and the reverse migration of
pollutants with road dust blown off from the roadway
surface. To assess the distribution of pollutants be-
tween the components of urban landscapes, it is ad-
visable to use geochemical paragenetic associations
(parageneses) of the elements, i.e., those sets of the el-
ements that have common sources and close migration
pathways, so that they simultaneously accumulate in
the particular environmental components (Perel’man
and Kasimov, 1999). Data on the concentrations of
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pollutants in the snow cover, which is an indicator of
air pollution, allow us to estimate the atmospheric ad-
dition, and data on the contents of HMMs in roadside
soils are indicative for the pedolithogenic component
in the road dust.

The contents of HMMs in the particle-size fractions
of road dust in cities of the world — the fractional distri-
bution of HMMs — remain insufficiently studied. Stud-
ies of the geochemical composition of road dust could
be conditionally divided into two groups. The first one
includes investigation of elements content in the differ-
ent fractions of road dust. Recently studies have focused
on the thoracic fraction (PMj(), which poses a potential
danger to public health (Ramirez et al., 2019; Kasimov
et al., 2019a; Zhang et al., 2019; Tian et al., 2019), as
well as fine PM; 5 and PM5 particles, which could be
blown out from the road surface and could stay in the
atmosphere for a long time (Kong et al., 2012; Padoan
et al., 2017; Lanzerstorfer, 2018). At the same time little
information is available about HMMs concentrations in
the road dust particles with diameter less than 20 um due
to the difficulties in separation of this fraction by sieving
(Lanzerstorfer, 2018).

Second group includes studies of fractional distribu-
tion of HMMs in road dust, specifically determination of
a pollutants distribution between particle-size fractions
in single road dust sample and definition of particles that
are the main HMMs carriers. The main focus is on rela-
tively coarse particles with sizes: < 125 and 125-200 pm
(Abdel-Latif and Saleh, 2012), < 75, 75-180, 180-850,
850-2000 pm (Duong et al., 2006), < 63, 63—80 or 63—
125 or 63-250 pm and some others, even more coarse
fractions (Deletic and Orr, 2005; Han et al., 2008; Zafra
et al., 2011; Han et al., 2014). But sometimes finer parti-
cles become the subject of research: <38, 38-74, 74—125
pm in diameter (Shen et al., 2016), < 37, 37-50, 50-75,
75-100 pm (Fujiwara et al., 2011), < 20, 20-56, 56-90,
90-250 um (Adamiec et al., 2016). Recent studies of the
fractional HMMs distribution in road dust take into ac-
count fine particles <5, 5-15, 15-35 pm and more coarse
(Lanzerstorfer and Logiewa, 2019), and < 2.5, 2.5-10,
10-200, 2002000 pm (Padoan et al., 2017). However,
they do not consider the composition of the most eco-
logically dangerous PM fraction. In our work, we tried
to combine the methods and approaches used in both
groups of studies.

Therefore, in our work special attention was paid to
the fractional composition of road dust and the accu-
mulation of HMMs in particles of different sizes. Thus,
the purpose of our study was to identify the patterns of
HMM accumulation in different particle-size fractions of
dust on roads in eastern Moscow with different traffic
intensities and their relationship with the composition of
roadside soils and atmospheric precipitation in winter.
Geochemical relationships between road dust and other
environmental components were examined via isolating
paragenetic groups of elements in the snow—-road dust—
soil system and in its individual subsystems (road dust—
soil, road dust-snow dust, and snow dust—soil). One of
the most polluted Eastern Administrative Okrug in Mos-
cow, where detailed environmental and geochemical
studies of the behavior of HMMs and organic pollutants
in landscapes have been conducted since the 1980s, was
chosen as the object of our study (Kasimov et al., 2016;
Kasimov et al., 2017; Vlasov and Kasimov, 2016; Ko-
sheleva et al., 2018; Vlasov et al., 2019).
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The following particular goals were set:

— to determine the contents of HMMs in particle-size
fractions of dust on roads with various traffic inten-
sities;

— to identify the enrichment of road dust with HMMs
relative to their background contents and to assess the
environmental hazard of HMMs in road dust;

— to estimate the levels of HMM accumulation in atmos-
pheric fallout and soils; and

— to evaluate the sources of pollutants in road dust and to
identify paragenetic groups of HMMs in the particular
components of urban landscapes in eastern Moscow.

2. MATERIALS AND METHODS
2.1. Study area

The main source of environmental pollution in east-
ern Moscow is motor transport, it contributes to about
80% of the total emissions (including gaseous com-
pounds and particulate matter). This is slightly less than
the average amount of motor transport emissions in
Moscow (93%, or 980 thousand tons) (Bityukova and
Mozgunov, 2019). Solid particles emissions in Moscow
are less than 1% of all pollutant emissions from motor
vehicles (Kul’bachevskii, 2018). However, these data
greatly underestimate particulate emissions, because
non-exhaust motor vehicle emissions that can account
for more than half of the total exhaust and non-exhaust
emissions of PMj( by motor vehicles (Van der Gon et
al., 2018), are not included. Sometimes their propor-
tion in total emissions could reach 70-90% (Nagpure
et al., 2016). However in 2005-2014 the annual mean
emissions of CHy in Moscow rapidly decreased simul-
taneously with the reconstruction of the natural gas
transportation, distribution, and consumption system;
and the annual mean emissions of CO, NOy, and SO»
slightly decreased too (Elansky et al., 2018). Deposition
of carbonate dust, use of deicing reagents and decline of
acidifying compounds emissions in Moscow led to the
increase of snow pH values by 0.6 since 1999 to 2019
(Eremina and Vasil’chuk, 2019).

Stationary sources of pollution in eastern Moscow are
represented by an incinerator, heat power plants, metal
working and mechanical engineering, chemistry and pet-
rochemistry, production of building materials, pulp and
paper factories, food industry, and other industries con-
centrated in several industrial zones: Sokolinaya Gora,
Prozhektor, Perovo, Rudnevo, Kosino-1, and Kosino-2
(Fig. 1). In the course of the zoning of eastern Moscow, the
following land-use zones were identified: traffic; industri-
al and nonresidential buildings; residential low-rise (up to
5 floors), medium-rise (6-9), and high-rise (10 and more
floors) zones; recreational; and post-agrogenic zones.

The study area is located in the marginal part of the
Meshchera slightly dissected swampy glaciolacustrine
plain inclined to the southeast and covered by a relatively
large thickness of Quaternary glaciofluvial, alluvial, and
technogenic deposits (Great Atlas of Moscow, 2012). The
soil cover is represented by neutral, sometimes alkaline
(pH up to 7.2-8.5) sandy and loamy sandy urban soils
(Urbic Technosols), sealed soils (Ekranic Technosols),
and replantozems (Urbic Technosols (Transportic)). Hu-
man-transformed and natural soils are developed in the rec-
reational zone: soddy-podzolic and urban soddy-podzolic
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Fig. 1. Land-use zoning and snow, soil, and road dust sampling points in eastern Moscow (EM). UTM coordinate system.

soils (Eutric Albic Retisols (Prototechnic)) and their gley-
ic, gleyed, and swampy varieties (Great Atlas of Moscow,
2012; Kasimov et al., 2016). The surface horizons of urban
soils in eastern Moscow are characterized by increased pH
values (by almost three pH units), higher (by 2.7%) con-
tent of organic matter, considerably higher (by almost four
times) adsorption capacity, 20% higher content of physi-
cal clay (< 0.01 mm, or PMj), and three to seven times
higher content of nutrients in comparison with the natu-
ral background soils owing to deposition of industrial and
construction dust and application of peat composts and
deicing mixtures (Kasimov et al., 2016).

2.2. Field work

Road dust was collected in July 2013 from the road
surfaces with a plastic brush and dustpan in three rep-
licates at distances of 5—10 m after a five-day dry pe-
riod on roads with various traffic intensities (Fig. 1):
Moscow Ring Road (MRR) with the traffic intensity of
about 250 thousand cars per day (sampling points 3, 5,
8); large roads (80—100 thousand cars per day) — Entuzi-
astov Highway (points 2, 16) and Nosovikhinskoe High-
way (4); medium roads (40-55 thousand cars per day)
— Bol’shaya Kosinskaya Street (6), Veshnyakovskaya
Street (9, 11), Svobodnyi Prospect (13), and intersec-
tion of Zelenyi Prospect with Perovskaya and Plekhanov
streets (15); small roads (20-25 thousand cars per day)
— Novogireevskaya Street (1), Dmitrievskii Street (7), in-
tersection of Moldagulova and Snaiperskaya streets (10),
Soyuznyi Prospect (12), and intersection of Metallurgov
and Martenovskaya streets (14).

To determine the sources of the road dust, samples

from the surface (0—15 cm) horizon of urban soils (n =
73) were taken; in winter, the snow cover (n = 51) was
sampled at a quasi-uniform grid with a step of 500—-600
m, which made it possible to characterize the spatial dis-
tribution of HMM s in the study area.

Road dust is a specific technogenic object that does
not have a background analogue; therefore, natural
abundances of the elements in the upper part of the con-
tinental crust were used as reference standards. The fol-
lowing sources of data were used: (Rudnick and Gao,
2014) for Ag, Cd, and Mo; (Hu and Gao, 2008) for Bi,
Co, Cu, and V; (Wedepohl, 1995) for Sn; and (Grigor-
iev, 2009) for As, Be, Cr, Fe, La, Mn, Ni, Mo, Pb, Sb,
Sr, Ti, W, and Zn. For snow, the background reference
data were obtained from five samples taken 45-50 km
west of Moscow not far from the cities of Golitsyno
and Zvenigorod, where the aerotechnogenic influence
of Moscow is minimal. For soils, background reference
data were obtained from ten samples of soddy-podzol-
ic soils (Retisols) taken in the Meshchera Natural Park
in Vladimir region, about 150 km east of Moscow,
where the soils are developed from the same sediments
of sandy, loamy sandy, and sandy loamy textures as in
eastern Moscow.

2.3. Laboratory studies

Road dust samples were dispersed using wet rubbing,
and particle-size fractions were isolated by elutriation
(Vadyunina and Korchagina, 1986). Then, the obtained
solutions were filtered through membrane filters with
pore diameter of 0.45 um. Four particlesize fractions
were separated: clay (< 1 um, PM;), fine and medium
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silt (1-10 um, PM_1¢), coarse silt (10-50 um, PM1q_s0),
and sand (50-1000 wm, PM = 50). To separate the solid
particles from snow, snow samples after melting at room
temperature were filtered through membrane filters with
pore diameter of 0.45 pm.

The concentrations of Ag, As, Be, Bi, Cd, Co, Cr, Cu,
Fe, La, Mn, Mo, Ni, Pb, Sb, Sn, Sr, T1, V, W, and Zn was
determined in road dust and its particle-size fractions,
soils, and dust component of snow by the mass-spectral
and atomic emission methods with inductively coupled
plasma on Elan-6100 and Optima-4300 quadrupole mass
spectrometers (Perkin Elmer, USA) at the N.M. Fedor-
ovsky All-Russia Research Institute of Mineral Raw Ma-
terials (Moscow).

2.4. Data treatment

The obtained analytical data were used to calculate
several geochemical indicators for separate components
of the urban environment.

Road dust:

— Relative abundance coefficients (concentration clark-
es, CC): CC = C /K, where Cis the content of a metal
or metalloid in the road dust, mg/kg; and K is the nat-
ural abundance of the element in the upper part of the
continental crust, mg/kg;

— Enrichment factor EF = (C/ Cref)sample / (C/ Cref)
earth crust, where C and Cref are the contents of the
studied element and the reference element in the sam-
ple and in the upper continental crust, respectively. In
our case, La was chosen as the reference element due
to slight use in industrial production and low levels of
emissions from transport (Avino et al., 2008);

— Total enrichment index (Ze) of the road dust with pol-
lutants: Ze = Y EF — (n — 1) at EFF > 1.5, where n
is the number of elements with EF > 1.5 (Vlasov
et al., 2015). This index characterizes the levels of
accumulation of chemical elements in the road dust
solely under the impact of technogenic sources and
excludes the effects related to blown off soils or sur-
face materials. The grades of Ze are indicative for the
degree of environmental hazard; with respect to dust
load in the snow, the following grades of Ze are ac-
cepted in Russia: < 32, non-hazardous; 32—64, mod-
erately hazardous; 64—128, hazardous; 128-256, very
hazardous; and > 256, extremely hazardous (Saet et
al., 1990; Kasimov et al., 2016).

Snow cover:

— Daily dust load (Pn, kg/km? per day): Pn = 107-m /
(n°1-S), where m is the mass of solids in the snow, g;
n is the number of snow samples taken with a cylinder
of definite diameter; 1 is the number of days with the
snow cover; and S is the cylinder crosssectional area,
cm?, 107 is the conversion factor from g/cm? to kg/
km?;

— Deposition of the elements (D, mg/km? per day): D
= Pn-C, where C is the concentration of a given ele-
ments in the suspended matter, mg/kg;

— Excess of an element deposition on the studied urban
area over its deposition on the background area Kd =
D/Db;

— Total excess of deposition of the elements on the ur-
ban area over their deposition on the background area
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Zd: Zd = YKd — (n — 1), where n is the number of
elements with Kd > 1.5 (Kasimov et al., 2016). Snow
cover and soils:

— Coefficient of concentration of the pollutants relative
to the background level (relative enrichment factor)
Kc = C/ Cpackgr, where C and Cpyckgr are element
concentrations in the samples taken from the studied
urban territory and from the background area;

— Total contamination of the studied samples with the
chemical elements Zc: Zc = Y Kc — (n — 1), where n
is the number of elements with K¢ > 1.5 (Saet et al.,
1990). The following grades of environmental hazard
according to Zc values are accepted in Russia: < 16,
non-hazardous; 16-32, moderately hazardous; 32—
64, hazardous, 64—128, very hazardous; and > 128,
extremely hazardous (Saet et al., 1990; Kasimov et
al., 2016).

3. RESULTS AND DISCUSSION
3.1. Heavy metals and metalloids in road dust

3.1.1. The contents of HMMs in particle-size frac-
tions of road dust

Particle-size distribution of road dust in eastern Mos-
cow is characterized by the low content of PM fraction
(1.8% on the average). The percent of particle-size frac-
tions increases with an increase in their size; thus, the
content of PM_1q fraction is up to 13%; PMi¢_50, up to
16%; and PM - 50, up to 69%. An increase in the traffic
intensity leads to the rise in the content of sand fraction in
road dust owing to blowing out of smaller particles. This
is confirmed by an increased content of fractions PM_1g
and PMjq_50 (16.5% and 34.6%, respectively) and a de-
creased content of fraction PM - 50 (45.2%) in roadside
soils as compared with road dust (13%, 16%, and 69%,
respectively). Particle-size distribution of road dust of
eastern Moscow is practically the same as of the rest of
the city (Kasimov et al., 2019¢). A small proportion of
fine fractions in the total mass of road dust is also typical
for other cities (Zhao et al., 2010; Zafra et al., 2011; Du-
ong and Lee, 2011; Bourliva et al., 2017; Lanzerstorfer
and Logiewa, 2019).

The concentrations of Cd and Sb in road dust samples
from eastern Moscow are about six times higher than the
natural abundances of these elements in the upper conti-
nental crust; the concentrations of Sn, Zn, Cu, Mo, Pb,
Ag, Bi, and W are 2.5 to 4 times higher than the natural
abundances of these elements (Table 1). Close data on
element concentrations in road dust were obtained for
many other world cities, e.g., for Tokyo (Japan), Mumbai
(India), Tehran (Iran) (Wijaya et al., 2012; Saradhi et al.,
2014; Dehghani et al., 2017).

The concentrations of virtually all elements in par-
ticle-size fractions of road dust from eastern Moscow
tend to decrease with an increase in the size of the parti-
cles (Table 1). The exceptions are Ti and Sr: their max-
imum concentrations are typical of sand and coarse silt
fractions entering road dust from the roadside soils. The
presence of soil particles in road dust may also be the
reason for the higher concentrations of W, Cr, V, Fe, and
Mn in the coarse silt in comparison with the fine and
medium silt.

The fractional geochemical pattern of road dust can
be reflected by the percent of the elements in the particu-
lar particle-size fractions (mass loading) MGi = Ci-Pi/



OO OO OO OO OO OO OO OO OO OO OO OO OO OO OO OO OO OO OO OO OO OO OO OO OO OO OO OO0 OO OO0 OO0 OO0 OO0 O OO0

77

Table 1. Contents of HMM s in particle-size fractions of road dust (16 samples), the solid fraction of snow (51 samples), and soils
(73 samples) of eastern Moscow and natural abundances of these elements (K) in the upper continental crust, mg/kg
(for Fe and Ti, g/kg).

HMMs Road dust Solid fraction of snow Soils K

fractions total dust

PM1 PM1-10 PM10-50 PM > 50
Ag 2.9(0.45-8.2) 0.75 (0.38-1.6)  0.19 (0.003-1.3) 0.004 (0.002—0.01) 0.15 (0.08—0.34) 3.6 (0.01-110) 1.1 (0.25-17) 0.053 %
As 10 (6.5-19) 7.9 (4.9-12) 3.2 (1.7-6.5) 1.6 (0.41-3.2) 2.8(1.4-4.2) 18 (0.82-167) 7.8 (3.0-55) 56°
Be 1.2 (1.0-1.6) 0.87 (0.60-1.1)  0.71 (0.35-1.4)  0.70 (0.38-1.4) 0.75 (0.43-1.4) 1.9 (0.88-5.1) 0.96 (0.46-1.6) 2.3°
Bi 2.0 (1.6-2.8) 1.8 (1.4-2.8) 0.88 (0.51-1.8)  0.31 (0.07-0.90) 0.61 (0.21-1.0) 2.7(0.44-27) 0.61 (0.12-6.1) 0.23°
Cd 2.3 (1.8-3.9) 1.8 (1.3-2.3) 0.76 (0.41-1.4)  0.35 (0.11-0.83) 0.61 (0.27-1.5) 3.5 (0.66-54) 1.6 (0.30-14) 0.09 %
Cu 308 (194-567) 218 (141-372) 113 (53-269) 65 (26-125) 93 (40-181) 762 (195-2466) 59 (13-220) 27°¢
Co 24 (20-30) 16 (14-20) 9.5 (4.8-15) 5.8(2.3-9.2) 8.0 (3.8-12) 17 (6.6-43) 8.5 (5.5-13) 15°¢
Cr 158 (126-206) 65 (13-128) 70 (40-143) 40 (22-63) 50 (32-74) 118 (25-371) 94 (24-450) 920
Fe 54 (42-65) 24 (4.5-46) 30 (16-54) 19 (6.8-32) 22 (11-31) 43 (17-188) 20 (10-77) 40.6°
La 34 (30-40) 28 (22-35) 22 (14-31) 16 (6.8-24) 18 (9.0-24) 26 (13-53) 23 (13-77) 320
Mn 838 (577-1261) 373 (90-753) 433 (265-650) 295 (116—493) 339 (176-473) 674 (369-1440) 491 (209-1937)  770°
Mo 7.2 (5.2-9.9) 6.7 (4.0-14) 4.4 (2.5-14) 2.9 (1.2-7.5) 3.5(1.7-6.4) 4.7 (0.07-25) 1.6 (0.57-6.1) L1?
Ni 73 (61-117) 54 (42-79) 34 (17-57) 19 (7.3-35) 26 (13-46) 135 (53-419) 31 (14-120) 50°
Pb 176 (112-576) 123 (65-412) 64 (32-146) 35 (10-83) 53 (20-130) 333 (73-777) 63 (13-330) 17°
Sb 20 (14-26) 15 (6.8-25) 6.1 (2.9-14) 2.3 (1.3-5.5) 4.6 (2.7-6.8) 19 (4.9-62) 1.7 (0.45-6.3) 0.81°
Sn 32 (25-45) 24 (16-34) 11 (6.4-21) 6.3 (3.7-17) 9.5 (5.4-15) 24 (9.7-53) 12 (2.3-73) 254
Sr 73 (56-131) 35 (6.4-81) 118 (43-209) 153 (90-301) 133 (87-251) 111 (50-256) 117 (61-230) 270°
Ti 1.4 (1.0-1.8) 0.71 (0.15-1.4) 2.1 (0.87-4.3) 1.8 (0.43-3.2) 1.7 (0.56-2.8) 2.6 (1.3-5.1) 2.4 (1.2-3.3) 39°
A% 131 (117-141) 57 (12-106) 75 (42-117) 48 (13-84) 55 (23-79) 190 (87-470) 71 (39-94) 106 ¢
4 21 (2.8-54) 5.7(0.5-17) 9.4 (0.2-27) 3.4(0.6-7.3) 5.3 (1.1-10) 22 (8.1-46) 4.5(0.72-14) 2.03°
Zn 1180 (769-4167) 455 (81-1350) 350 (177-1036) 190 (119-619) 262 (160-705) 673 (335-3115) 179 (46-690) 75

Note: Minimal and maximal values are given in parentheses. Abundances of the elements in the upper continental crust are given

according to ® Rudnick and Gao, 2014; ® Grigoriev, 2009; ¢ Hu and Gao, 2008; ¢ Wedepohl, 1995

Caust» Wwhere Cj, and P; are the concentration (mg/kg) of
an element in the i-th fraction of the road dust and share
(%) of the i-th fraction of particles in the total road dust,
and Cg,,; is the concentration (mg/kg) of this element
in the whole dust sample. The fractional distribution of
HMMs in the road dust on the roads with different traffic
intensities is displayed in Fig. 2.

With an increase in the traffic intensity, the percent
of the elements increases in the sand fraction; decreas-
es in the fine, medium, and coarse silt fractions; and re-
mains stable in the clay fraction. Sand fractions of road
dust sampled on small and medium roads concentrate
Fe, Mn, Be, Ti, Sr, Sn, Cr, Mo, and V; sand fractions of
road dust from large highways with heavy traffic con-
centrate virtually all HMMs. On small roads, the most
environmentally hazardous particles PMj and PM;_qg
contain about 93% of Ag; 51-60% of Cd, Bi, As, Sb,
and Sn; 31-50% of Cr, Mo, Pb, Ni, Zn, Co, and Cu;
and up to 15-30% of W, V, Fe, Mn, Be, Ti, and Sr out
of the total contents of these elements in bulk samples
of the road dust. On larger roads, the share of elements
concentrated in PM; and PMj_1q particles decreases.
In the road dust from the MRR, these particles contain
78% of Ag; 31-35% of Cd and Sb; 16-30% of Bi, As,
Sn, Mo, Pb, Ni, Zn, Co, and Cu; 6—-15% of W, Cr, V,
Fe, Mn, and Be; and 2—5% of Ti and Sr out of the total
contents of these elements in the road dust as a whole.
The high sorption capacity of fine particles explains
the fact that even in the topsoils of small erosional
landforms located in the uncontaminated area of the

center of European Russia PM| and PM|_1g accounts
for 40-60% of Mn, Cu, Zn, Pb, Co, Ni, Cr (Samonova
and Aseyeva, 2020).

3.1.2. Enrichment of road dust and its particle-size
fractions with HMMs

The main sources of HMMs in road dust were identi-
fied using the enrichment factor EF calculated relative to
La, which is weakly involved in the processes of techno-
genesis. The enrichment of dust as a whole and its indi-
vidual fractions with Ag, Cd, Sb, Zn, Sn, Cu, Pb, W, Bi,
and Mo (EF > 2) indicates the input of these HMMs from
technogenic sources (Fig. 3), among which motor trans-
port emissions prevail. For As, Cr, Co, Ni, Fe, Sr, V, Mn,
Ti, and Be (EF < 2), natural (or crustal either terrigenous)
and mixed sources — parent materials, soils, building ma-
terials for creating the roadways, etc. — predominate.

The enrichment of road dust with HMMs depends on
the traffic intensity, which is related to the width of the
roads. On average, road dust in eastern Moscow is en-
riched in Cd,Sb1oSn7ZngCugMogPbsAgsWsBis (sub-
scripts indicate EF values). Depending on the nature
of the relationship with the intensity of the traffic, four
groups of elements are distinguished: (a) Cd and Zn, in
which a regular change in the EF value occurs with an
increase in the traffic intensity (EF decreases for Cd and
increases for Zn); (b) Be, Sn, Cu, Cr, Ni, and Mo with
EF values increase in the following sequence: MRR <
small roads < medium roads < large roads; (c) Co, V, Ti,
Fe, and Mn, whose EF values slightly differ for different
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Fig. 2. Fractional distribution of HMM:s in road dust of eastern Moscow.
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Fig. 3. Enrichment of particle-size fractions of road dust from eastern Moscow with HMMs (n = 16).

roads; and (d) Ag, Bi, W, Pb, Sb, As, and Sr with EF val-
ues variations regardless of the size of the roads.
Fraction PM| of road dust in eastern Moscow accu-
mulates  Ags1CdrsSby3Zng5Sn»Cup1PbigWoBigMog
Co02As2Cry. On all roads, PM particles are very strongly
(EF > 20) enriched in Ag, Cd, and Sb; on MRR, Zn is
added to them (Table 2). For Sn, Bi, Mo, Cr, and As, the
difference in EF values between the roads with various
traffic intensities is small; for V, Fe, Mn, Be, Co, Ni, Ti,

and Sr, EF is less than 1.5. There is no data on enrichment
of the PM fraction of road dust in other cities, however,
it was found that in the metropolitan area of Turin, Italy
as in Moscow Zn, Sb, Cu, and Pb accumulate in PMj 5
fraction of road dust (Padoan et al., 2017).

Fraction PM|_j9 1is characterized by a weaker
accumulation of Ag in comparison with fraction
PMj: Cdy3SborAg17Sn1»CugBigPbgZn7Mo7W3CooAs).
Particles PM1_1¢ are strongly enriched in Cd on all roads,
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Table 2. Fractional distribution of HMMs and total enrichment of road dust in eastern Moscow.
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Fraction Roads  EF levels Ze
>20 20-10 10-5 5-2

PMy S Ag,Cd,Sb, Zn, Sn Cu,W,Pb.Bi Mo, As, 160
M Ag, Cd, Sb, Pb Sn Cu,Zn W Bi Mo, Cr,As, 166
L Ag,Sb, Cd,, Cu,Sn Zn, Pb.Bi,Mo W, As,Cr, 144
MRR  Ag.Zn,Cd,Sb, W, .Sn Pb,Cu,Bi,Mo, Cr,As, 181
EM Ag, Cd,Sb,, Zn Sn Cu, Pb W, BiMo, As,Cr, 163

PM1_10 S Cd,, SbAg Sn Bi,Cu,Pb.Mo6 Zn,W,As, 90
M Cd,Sb,, Ag Pb Sn Bi Cu, Mo, Zn W, - 118
L Sb, Cd,Ag,, Sn ,Cu ,Zn, Mo, Bi, Pb, As,W, 129
MRR  Sb,,Cd, Ag Zn, Sn,Cu,Bi,Pb.Mo, W,As, 104
EM Cd,,Sb,, Ag Sn, Cu,Bi,Pb,Zn Mo, W.As, 109

PM10-50 S - Cd,, Sb,W,Sn.Zn Pb, Cu,Mo Bi,Ag, 50
M - Cd,,Sb,, W_Pb.Cu,Sn . Zn Mo Bi, Ag, 57
L - Sb,Cd,,Cu, Mo, Sn,Bi Zn W Pb, Ag, 78
MRR - Sb ,Ag ,Cd Zn,, Sn_Cu, W Bi Mo_Pb, - 73
EM - Cd,,Sb,, Zn.Sn.W_Cu Mo, Ag.Pb Bi, - 62

PM > 50 S - - Cd,Mo,Cu,Sn,Sb, Zn,W Pb Bi, 37
M - - Cd,Sn6CuSMos Sb,Zn,W Pb Bi, 33
L - - Sb,Cd,Cu,Mo_Sn,Zn, Pb,Bi,W, 41
MRR - - Zn9Sb8Cd5Pb5 Mo, W Cu,Sn_Bi, 37
EM - - Cd8Sb6Zn5Cu5Mo5Sn5 Pb,W Bi, 36

Total road dust S - Cd,Sb,, Ag Sn CuBi,ZnMo,W Pb, - 60
M - Cd, Sb,Sn.Cu,Mo Pb W Zn,Ag Bi, 53
L - Sb,,Cd,, Cu,Mo,Sn,Zn Bi, Pb,Ag,W, 61
MRR - Zn Sb,, Cd,Pb,Sn_Bi, Cu,Mo,Ag,W, 51
EM - Cd,,Sb,, Sn.Cu,Zn Mo Pb.Ag W Bi, - 56

Note: Roads: S — small; M — medium; L — large; MRR — Moscow Ring Road; EM — all roads of eastern Moscow on the average. Ze — total en-
richment index. Dashes mean the absence of indicator fitting the accepted grade (the elements with EF > 2 are shown).

in Sb on all roads except small ones, and in Ag only on
large roads. The values of EF for Ag on small and medi-
um roads and on MRR, and for Sn on all roads are almost
the same. PM_1q particles do not concentrate Be, Ti, V,
Cr, Mn, Fe, Co, Ni, and Sr on all roads in eastern Mos-
cow. Close results showing the accumulation of Zn, Cu,
Pb, Sb, Cd, Co, and As in PM5 fraction were obtained for
road dust of Wels, Austria (Lanzerstorfer, 2018).

Fraction PMjg_s50 is even less enriched in most
HMMs: Cdi2Sb;1W7Sn7Zn7CugMogBisAgsPbs.  On
large roads and MRR, PMjg_50 particles accumulate
HMMs more actively than on medium and small roads.
Moreover, the EF for Ag, Mo, and Zn on the MRR and
for Cu and Mo on large roads is 1.5-2 times higher than
that in the dust of other roads.

Fraction PM - 5o weakly concentrates a significantly
smaller number of elements: CdgSbgZnsCusMosSnsPb-
4W3Bi3. The accumulation of Sb in this fraction is par-
ticularly pronounced on large roads and MRR; for Zn and
Pb, maximum EF values are confined to road dust on the
MRR; whereas the accumulation of Cd, Sn, Cu, and Mo is
stronger on small, medium, and large roads. The ratios of
Be, Ti, V, Cr, Mn, Fe, Co, Ni, As, Sr, and Ag to La in the
PM . 50 fraction virtually does not differ from the ratios
of these elements in the upper continental crust (EF ~ 1).

In general, the distribution of studied HMMs in par-
ticle-size fractions is characterized by a regular increase
in element concentrations with a decrease in particle size.
Thus in eastern Moscow, in PM; fraction, the concentra-

tions of Zn, Sb, W, Cd, As, Sn, Pb, Cu, Bi, Cr, Co, and
Ni are 2.8-4.5 times (for Ag —up to 19 times), in PMj_qg
1.1-3.3 times (for Ag — up to 5 times), in PMjy_50 up to
1.8 times more than in the total road dust (or in PMqgq
particles). A decrease in the HMM concentrations with the
increase in particle size is common for road dust of dif-
ferent cities. For example, in Katowice, Poland, in PMj
particles of road dust the concentrations of Cr, Zn, Pb, Ni,
and Cu are 2-4.4 times, and Cd is up to 13 times higher
than in PM - 50 (Adamiec et al., 2016). In Dongying city,
Shandong Province of China the content of HMMs in the
PMj fraction of road dust is up to 3.3 times higher than
in PM1gg (Kong et al., 2012). Element concentrations in
PM35, PM; 5, and PM35 fractions of road dust of Wels, Aus-
tria are up to 4.5 times higher than in PM»5¢ (Lanzerstorf-
er, 2018), and in PMg3 of road dust of Aberdeen, Scotland
are 7-20 times higher than in PM - 509 (Deletic and Orr,
2005). In addition in PM37 of Buenos Aires HMM content
is 1.5-3 times higher than in PM75_19¢ (Fujiwara et al.,
2011). These facts along with an increased resuspension
ability of fine particles, increase their possible hazardous
influence to the population. The same pattern was also
revealed for atmospheric particles in many cities, for ex-
ample, in Zabrze, Poland (Zwozdziak et al., 2017). Thus
the tendency of HMM concentrations to decrease with in-
creasing particle size is most pronounced for Cd, Sb, Cu,
Co, Zn, Pb, and As, as was revealed in many studies. In
eastern Moscow, the usually unexplored W, Sn, and Bi are
added to these elements.



80

QOO OO OO OO OO OO O OO OO OO OO OO OO O OO OO OO O OO OO OO0 O OO0 OO0 OO0 O OO OO OO O OO0 OO OO0 O OO OO0 OO0 O OO OO0 OO0

143133
o4
266 —‘ I’—5|"|
= 10)} 1
v hig™
asio [T19
116 tu'Z
83 N
160 |:|5056; 126 13
Iy |108 ] _Imeu A | g Ze
1| 49 H[‘]. 37 | DDD 260
4 | AT
0 042 146
| : & 5 198 ’:l ; & 129 130
Y S %0 105471 65
I\ .l,:‘ / 4 = Q"E H I:I l:|D3015
SN )\ " ' e
N e 2178 18 ZZe3
S : S
A 3 7
- o 83
: & 55 6 D
115 .\'}\? 112
?4 A 4?
ﬁ 199 1631
18
7661 L=,7
0 1 4 1
L L 1 km = |l 0
~ !
Y N
N
&
Fig. 4. Total enrichment of particle-size fractions of road dust in eastern Moscow with HMM:s.
3.1.3. Total contamination of road dust Ze
The concentration of HMMs in road dust was eval- 190 7 _
uated on the basis of the total enrichment index Ze. Its 170 - -
calculations for the particle-size fractions of dust on the =
roads with various traffic intensities are shown in Figs. 4 1507 =
and 5. The clay fraction PM is most contaminated with 130- |
HMMs — Ze = 115-266; with an increase in particle size, -
Ze values decrease from 74 to 146 in fine and medium 1104 -
silt PM_;g to 47—104 in coarse silt PMg_50 and to 21— 90-
63 in sand fractions PM - 50 (Fig. 4). On average, the
total enrichment of PM| particles with pollutants corre- 704
sponds to a very dangerous level; of PM_1q particles, to 504
a dangerous level; and of PM g 50 and PM - 5¢ particles,
to a moderately dangerous level. 304
With increasing traffic intensity from small and me- i
L _E L L

dium roads to large roads, the contamination of PM_q,
PMj_s0, and PM - 5¢ particles also increases. However,
in the road dust from the MRR, the Ze values in these
fractions decrease by 5-25 units (Fig. 5). The PM; frac-
tion is characterized by a more complicated behavior: the
maximum Ze is typical of the particles from the MRR;
the minimum, from large roads; and an intermediate po-
sition is occupied by the particles from small and medi-
um roads. The total enrichment of PM| with HMMs on
small roads reaches a very dangerous level.

Different enrichment of silt fractions on roads with
various traffic intensities can be explained by two rea-
sons. The first is the traffic mode. On small and medi-
um streets, vehicle emissions contain a greater amount

S M I MRR
peM; EPMyp CIPMigs0 CIPMssp [ total dust

Fig. 5. Total enrichment of particle-size fractions of road dust
in eastern Moscow with HMMs on roads of different
sizes: S — small, M — medium, L — large, and MRR —
Moscow Ring Road.

of fine particles generated by the abrasion of brake pads,
tires, and pavement as a result of frequent stops at traffic
lights, public transport stops, in traffic jams, etc. Traffic
jams reducing the speed of the traffic flow to 20 km/h
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lead to an increase in emissions by 30% (Bityukova and
Sokolova, 2008); very strong traffic jam with a speed
of 8 km/h or less enhances the emissions by 3—4 times
(Choudhary and Gokhale, 2016). Car stops and their fre-
quency also affect fuel consumption and the emission
of pollutants (Ericsson, 2001). With a decrease in traffic
speed, the size of ejected particulate matter sharply in-
creases (Kittelson et al., 2004). In the center of Moscow,
where traffic jams are very frequent, the concentration of
CO and NO, in the air near the highways is almost two
times higher than that away from the center — between
the Third Transport Ring and the MRR (Kul’bachevskii,
2017). On large roads that are subjected to greater blow-
ing, increasing traffic speeds lead to the removal of small
particles of road dust by air flows, and the proportion of
large particles gradually increases.

The second reason is the types and volume of the
fleet. From 2011 to 2016, despite the strong expansion
of the territory of Moscow in 2012 and an increase in the
number of vehicles, particulate emissions from them de-
creased by 1.3 times — from 1643 to 1248 tons, which is
associated with the use of more environmentally friend-
ly brands of gasoline and an increasing efficiency of in-
ternal combustion engines: in 2002 in Moscow, Euro-0
class cars accounted for about 74%; Euro-1 class cars,
11% of all city cars. In 2012, most of the cars were of
Euro-3 (35%), Euro-4 (33%), and Euro-5 (10%) classes
(Donchenko et al., 2014). Up to 56% of all particulate
matter entering the Moscow atmosphere with motor ve-
hicle emissions is supplied by trucks weighing more than
3.5 tons; 29%, by buses; 10%, by cars; and 5%, by trucks
weighing less than 3.5 tons (Kul’bachevskii, 2017). At
the same time, the share of passenger transport (buses,
trolleybuses, minibuses, etc.) is large on small and medi-
um-sized intra-quarter roads, their number on large roads
and MRR decreases simultaneously with an increase in
the number of trucks and cars.

Thus, contrasting technogenic geochemical anoma-
lies of Cd, Sb, Zn, Ag, and Sn are formed in road dust,
especially in the smallest and most environmentally
hazardous particles PM; and PMj_1( even on small in-
tra-quarter streets.

3.2. Heavy metals and metalloids in atmospheric
fallout and soils

3.2.1. Atmospheric fallout

A comprehensive characteristic of atmospheric pollu-
tion during the cold period can be obtained by analyzing
pollutant anomalies in the snow cover. Data on the con-
tent of solid particles in the snow cover and the concen-
tration of HMMs in them make it possible to determine
the amount of pollutants entering the soil and surface
water during snow melting. Up to 2% of the mass of sus-
pended particles in snow have a diameter of less than
25 pm, but they accumulate up to 80% of the total mass
of HMMs contained in the snowmelt (Glenn and Sansa-
lone, 2002). Mo (Kc = 19.1), as well as Ag, Sb, As, W,
and Sn (6.3-3.6) are intensively accumulated in the solid
fraction of snow of eastern Moscow. The coefficient of
concentration of V, Fe, Cr, Sr, Ni, Cd, Co, Bi are smaller
(Kc = 2.1-1.5). The concentrations of other metals (Zn,
Mn, Pb, Cu, Be, Ti) in the snow of the urban territory are
close to their background concentrations.

The amount of dust falling on the snow cover de-
pends on the power and location of the emission sourc-
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es, the dispersing capacity of the atmosphere, the
prevailing wind direction, etc. In eastern Moscow, it
averages 27 mg/m? per day with fluctuations from 8
mg/m? per day in the southeastern part of the territo-
ry on open unaffected plots of former agricultural land
to 40 and 55 mg/m? per day near industrial facilities
and large roads. As a result, the coefficient of excess
of HMM deposition in the city over the background
deposition (Kd) differs by several orders of magnitude
in individual sections of the study area. The fallout of
many HMMs from the atmosphere in eastern Moscow
significantly exceeds the background: for Mo, by 176
times; for W, Sb, As, and Ag, by 18—14 times (Kasimov
et al., 2016). These elements are present in the emis-
sions of motor vehicles, engineering and metalworking
enterprises, chemical industry, heat power engineering,
production of building materials, glass, etc. (Saet et al.,
1990; Demetriades and Birke, 2015). Significantly low-
er Kd values (from 3 to 12) are typical of Sn, Fe, Sr, V,
Cr, Ni, Co, Zn, Mn, Cu, Cd, Bi, and Ti.

The intensity of atmospheric addition of HMMs in
snow cover was estimated by calculating the total ex-
cess of deposition of the elements in the urban area
over the background area Zd. It depends not only on
the content of HMMs in the solid fraction of snow
(Table 1) but also on the total dust load. For eastern
Moscow, the average Zd coefficient is 296, which
corresponds to a low pollution with a non-hazardous
environmental situation (Kasimov et al., 2016). The
input of metals in eastern Moscow mainly depends on
the amount of deposited dust (r = 0.86) and, to a lesser
extent, on the dust composition (r = 0.30). The average
pollution level with a moderately hazardous environ-
mental situation (1800 > Zd > 1000) is characteristic
of the northwestern part of the territory and is mainly
due to the emissions of Mo and W from motor vehicles
and various industries.

3.2.2. Urban soils

A comparison of HMM concentrations in the top-
soils of eastern Moscow (Table 1) with background
values showed that 10 elements accumulate most inten-
sively in the urban soils: Cd7 ¢Wg 5Big.9Zn4 gSby gPby 5
Agy 5As40Cr3 6Fes ¢ (Ke > 3.0). Cu, Ni, Sn, Be, Co,
V, and Mo are characterized by weaker accumulation
with K¢ of 1.7-2.9; Ti and Mn have near-background
concentrations.

Compared to the dust component of snow, the rel-
ative enrichment of urban soils with Mo is much less,
which is probably due to the increased migration capac-
ity of this element in alkaline and slightly alkaline urban
soils (PereI’man and Kasimov, 1999). The lists of accu-
mulating elements in the soils and road dust are identical,
but the concentration (relative enrichment) coefficients
in the soils are somewhat lower, which can be explained
by a coarser texture of the urban soils in comparison with
their background analogues.

The average Zc of HMMs in the soils of the territory
is 51, which corresponds to a moderately hazardous en-
vironmental situation (Kasimov et al., 2016). About 51%
of the tested points have high and dangerous levels (32 <
Zc < 64) of soil contamination; 11%, very high and very
dangerous (64 < Zc < 128); and 6%, maximal extreme-
ly dangerous (Zc > 128) levels. Only 32% of the study
area is occupied by slightly and moderately contaminat-
ed soils.
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Fig. 6. Geochemical features of the solid fraction of snow (snow dust), urban soils, and particle-size fractions of road dust (PM,
PM1_10, PM10-50, PM > 50) in eastern Moscow according to relative enrichment factors Kc (for snow dust and soils) and
relative abundance coefficients CC (for road dust and particle-size fractions of road dust).

3.3. Comparison of the chemical compositions of
road dust, atmospheric fallout, and urban soils

3.3.1. Contrast of the anomalies of HMMs

The intense technogenic impact of transport and in-
dustrial facilities leads to the changes in the physico-
chemical properties of depot media in eastern Moscow
(Kasimov et al., 2016) and the formation of technogenic
geochemical anomalies in them, which are usually char-
acterized by the relative enrichment factors Kc (for snow
dust and soils) and relative abundance coefficients CC
(for road dust and particle-size fractions of road dust) of
individual elements and by the total contamination indi-
ces Zc, Zd.

Technogenic anomalies in the particular components
of the landscapes of eastern Moscow have different ge-
ochemical specializations (Fig. 6) because of the migra-
tion of pollutants, the presence or absence of geochem-
ical barriers (Kosheleva et al., 2015), the nature and
characteristics of technogenic pollution sources, and the
duration of exposure to pollution.

The components of urban landscapes concentrate the
following HMMs (elements with K¢ > 2.5 are indicated
in order of decreasing anomaly, pollutants with Kc or CC
> 5 are marked in bold):

Road dust: Cd, Sb, Sn, Zn, Cu, Mo, Pb, Ag, Bi, W;

its PM; fraction — Ag, Cd, Sb, Zn, Sn, Cu, Pb, W, Bi, Mo;
PMi_jo— Cd, Sh, Ag, Sn, Cu, Bi, Pb, Mo, Zn, W;
PMig_50 — Cd, Sb, Zn, W, Sn, Cu, Mo, Bi, Pb, Ag;
PM - 59 — Cd, Sb, Mo, Sn, Zn, Cu, Pb, W, Bi;
Atmospheric fallout (the solid fraction of snow):

Mo, Ag, Sb, As, W, Sn;

Surface soil horizons:

Cd, W, Bi, Zn, Sb, Pb, Ag, As, Cr, Fe, Cu, Ni, Sn.

Fractions PM| and PM_;( of road dust and dust com-
ponent of the snow are characterized by the maximum
relative enrichment in HMMs and are most indicative of
the ecological state of the urban environment. The anom-
alies of HMMs in the urban soils are less pronounced.

3.3.2. Associations of HMMs in road dust and adja-
cent media

A comparative analysis of the geochemical composi-
tion of the dust component of snow, road dust, and sur-
face soil horizons in eastern Moscow made it possible
to identify pollutants that simultaneously accumulate in
different components, i.e., form paragenetic associations
(parageneses) of HMMs characterizing their sources
(Vlasov and Kasimov, 2016). The geochemical compo-
sition of each component of the landscape was deter-
mined relative to its background analogue (for road dust,
element abundances in the upper continental crust were
taken), which made it possible to evaluate the changes
in the chemical composition of each component of the
environment under the impact of anthropogenic factors
using parageneses of HMMs.

The landscapes of eastern Moscow are characterized
by the formation of the Sb—Ag—Sn—W paragenetic asso-
ciation common to road dust, soil, and the dust compo-
nent of snow. This element association, being an indica-
tor of the impact of vehicles, enters the environment with
the emission of motor oil and due to the wear of brake
pads, metal parts, and tires (Kukutschova et al., 2009;
Nazzal et al., 2013; Quiroz et al., 2013; Pant and Har-
rison, 2013; Grigoratos and Martini, 2015; Alves et al.,
2018). In addition to motor vehicles, the sources of Ag
are related to enterprises in the construction industry and
those, burning fossil fuels, as well as sewage sludge used
as a fertilizer for roadside soils (De Miguel et al., 1998;
Eckelman and Graedel, 2007; Zuzolo et al., 2018).
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Fig. 7. Paragenetic associations of HMMs in mineral
components of landscapes of eastern Moscow.

The accumulation of elements depends on their chem-
ical properties. For anionic (migrating under alkaline
conditions) As and Mo, atmospheric fallout is the major
source of these elements in road dust and topsoil, which
is confirmed by their paragenesis in the snow—road dust
and snow—soil subsystems (Fig. 7). Molybdenum, whose
mobility under alkaline conditions is higher than under
acidic conditions, is not fixed in the topsoils with alkaline
reaction upon its deposition on the soil surface. Its anom-
alies are found only in the snow—road dust subsystem.
Therefore, Mo is not a part of the snow—soil paragenesis.
The enrichment of road dust with As is very weak, which
indicates input of this metalloid mainly from industrial
emissions. Therefore, its anomalies are characteristic of
only atmospheric precipitation (snow) and soils, in which
this element is fixed on the biogeochemical barrier (Ko-
sheleva et al., 2015). Arsenic enters road dust in small
quantities and, therefore, it is not included in the snow—
road dust paragenesis.

The source of cationogenic Bi, Cd, Cu, Pb, and Zn,
which are weakly mobile in slightly alkaline urban soils
and alkaline road dust, is mainly associated with motor
vehicle emissions; These elements are members of a par-
agenetic association in the soil-road dust subsystem. The
migration of Bi, Cd, Cu, Pb. and Zn between road dust
and roadside soils is caused by the resuspension of solid
particles. Owing to the regional transfer of pollutants, the
background snow accumulates Bi, Cd, Cu, Pb, and Zn
(Kasimov et al., 2016); therefore, their Kc in dust load of
snow is low, and anomalies of this paragenesis in the city
snow are virtually absent. For this reason, the above-list-
ed HMMs are not included in the snow-road dust and
snow—soil parageneses.

Thus, the formation of various parageneses in the
eastern part of Moscow is mainly due to the properties of
HMMs (their mobility under alkaline conditions or accu-
mulation at geochemical barriers) coming from vehicles
and industrial facilities. Set of elements in parageneses
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also depends on seasonal variations in the composition
and amount of emissions from anthropogenic sources:
snow cover accumulates pollutants emitted in winter,
road dust characterizes summer emissions, and soils are
indicative for the long-term pollution.

4. CONCLUSIONS

Road dust in eastern Moscow as a whole and its par-
ticle-size fractions are enriched in Ag, Cd, Sb, Zn, Sn,
Cu, Pb, W, Bi, and Mo emitted by vehicles; for other
elements, natural and mixed sources, both natural and
technogenic predominate. Among them, Cd, Sb, Zn, Ag,
and Sn form the most contrasting anomalies in the fine
fractions of road dust. The total enrichment of road dust
with HMMs decreases with increasing particle size; it
1s maximum in PM; fraction and minimum in PM - 5
fraction. With increasing traffic intensity, the proportion
of the majority of HMMs increases in particles PM - 5
and decreases in particles PM1g_s9 and PMj_;¢ being al-
most unchanged in PM| particles. The total enrichment
with pollutants of the PM fraction corresponds to a very
dangerous level; of the PM|_;¢ fraction, to a dangerous
level; and of the PMg_50 and PM = 5( fractions, to a
moderately dangerous level.

A specific geochemical feature of the urban land-
scapes under consideration is the accumulation the Sb—
Ag—-Sn—W paragenetic association of elements in the
road dust, snow, and soils. This association is indicative
of the impact of emissions from vehicles and industri-
al facilities. The snow-road dust and snow—soil subsys-
tems are characterized by the paragenesis of anionic As
and Mo coming mainly from industrial sources, where-
as the soil-road dust subsystem is characterized by the
paragenesis of cationogenic Bi—~Cd—Cu—Pb—Zn emitted
mostly by motor vehicles. Thus, the set of elements form-
ing paragenetic associations is specified by the particular
sources of the pollutants, the chemical properties of the
elements, and the indicative capacity of the components
of urban environment in individual seasons (snow in the
cold season, road dust in the warm season, and soil over
the long-term period).

Differences in HMM pollution of total road dust on
the roads of eastern Moscow with various traffic inten-
sities are insignificant. However, the relationship with
the size of the road and traffic intensity is manifested
for individual road dust fractions: the total enrichment
of PM particles with HMMs is maximum on the MRR;
it is also large on small roads, while the maximum en-
richment of coarser particles (PM1_19, PM1g_50, and
PM - 50) is characteristic of large roads and the MRR.
Thus, the negative impact of vehicles on the environ-
ment is evident not only on large roads, but also on
intra-quarter streets, where small particles of PM; are
highly enriched in HMMs. In the areas with a dense net-
work of small roads, road dust particles being a source
of toxic HMMs create an unfavorable environment for
urban residents.
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Spatial distribution and sources of potentially toxic elements in
road dust and its PM;o fraction of Moscow megacity*

1. INTRODUCTION

Solid microparticles, especially particulate matter
PMjg and PM; 5 (with a diameter of up to 10 um and
2.5 um, respectively) represent one of the main contam-
inant of urban air. These particles can remain in the at-
mosphere for a long time in the suspended state and be
transported over long distances. In Moscow, Europe’s
largest megacity, air pollution is significant: average an-
nual concentrations of PMg in 2005-2014 amounted to
22-37 ng/m? (Elansky et al., 2018), while near the roads,
their concentrations are two to three times higher than
inside residential areas (Kul’bachevskii, 2019). An in-
crease in the concentration of microparticles in the air
and in the content of potentially toxic elements (PTEs)
in them negatively affect the respiratory function of citi-
zens, especially patients with asthma (Veremchuk et al.,
2018), and causes oxidative stress resulting in oxidative
modification of proteins and DNA and impairing leuko-
cyte energy potential (Golokhvast et al., 2015).

Microparticles enter the atmosphere of cities with
emissions from industrial enterprises and vehicles (Am-
ato et al., 2016; Grigoratos et al., 2014; Pachon et al.,
2020). In large cities, where the contribution of vehicles
to total emissions predominates, particles with a diameter
of 2.5 to 10 um (PMj 5_1¢9) mainly come from non-ex-
haust emissions of vehicles (abrasion of tires, brake pads
and road pavement) and from resuspension of roadside
soils and road dust, and fine fractions with a diameter of
less than 2.5 pum (PMj 5) are mainly related to exhaust
emissions (Pant and Harrison, 2013; Zhang et al., 2020).
For instance, the PM1( emission factor from wear be-
tween pavements and tires is of the order of 2 mg/km
per vehicle (Alves et al., 2020a). At the same time, re-
suspended road dust can be one of the most important
sources of microparticles in the atmosphere; for example,
in Bogota, it supplies about 23% of the mass of PMj
particles (Ramirez et al., 2018) and in the USA, more
than a half of PMg and about a quarter of PM; 5 par-
ticles (United States Environmental Protection Agency,
2020). This is especially true for cities with a high den-
sity of road network and large areas sealed under road
pavements (Amato et al., 2011).

Road dust is formed due to resuspension of roadside
soils in summer and deicing reagents in winter, as well
as due to deposition of suspended atmospheric particles
and precipitation (Kasimov et al., 2019c). The study of
the chemical composition of road dust and its individual
fractions is important from the environmental point of
view, since they are enriched in many pollutants, includ-
ing PTEs, and, therefore, pose a high risk to the respirato-
ry system (Khan and Strand, 2018; Ramirez et al., 2019;
Rissler et al., 2012).

The chemical composition of road dust and its indi-
vidual particlesize fractions is studied all over the world,

but in Russia it is still rarely analyzed for a limited num-
ber of PTEs (Kamanina et al., 2019; Kasimov et al.,
2019b; Kaygorodov et al., 2009; Konstantinova et al.,
2020; Krupnova et al., 2020; Prokof’eva et al., 2017; Se-
leznev et al., 2020). In Moscow, such studies have been
performed in some administrative districts (Ermolin et
al., 2018; Fedotov et al., 2014; Kasimov et al., 2020; La-
donin, 2018; Ladonin and Mikhaylova, 2020; Ladonin
and Plyaskina, 2009; Vlasov et al., 2015), whereas the
general pattern of the road dust contamination with PTEs
is still missing. When studying the composition of road
dust and its pollution with PTEs, less attention is paid to
PMg particles (Kong et al., 2012; Lanzerstorfer, 2018;
Ramirez et al., 2020, 2019; Tian et al., 2019; Zhang et al.,
2019), though their concentration is determined during
air monitoring in cities.

The composition of road dust and its fractions depends
on the intensity of anthropogenic loads: in industrial are-
as, due to the impact of industrial and construction facil-
ities, road surface abrasion, and vehicle emissions, dust
contains an increased amount of PM( particles in com-
parison with that in the areas of residential and commer-
cial buildings road surfaces, the potential risk to public
health decreases by about four times (Tian et al., 2019).

The purpose of our study was to analyze trace element
composition of road dust and its PM1¢ fraction in Mos-
cow within the Moscow Ring Road (MRR) and assess its
spatial variability. Specific objectives of this study were
the following:

— to determine the bulk content of PTEs in the road dust
of the megacity and the contribution of the PM frac-
tion;

— to characterize the spatial distribution of PTEs in road
dust and its PM ¢ fraction and to evaluate differences
in the dust enrichment in PTEs on different types of
roads;

— to identify the main sources of PTEs in road dust.

2. SOURCES OF ROAD DUST IN MOSCOW

The main sources of road dust in Moscow are motor
vehicles, industrial emissions, dry deposition and precip-
itation from the atmosphere, application of deicing salts
in winter, and wind erosion of soils in summer (Kasimov
et al., 2019c¢; Vlasov et al., 2020b).

At the beginning of 2019, the car fleet of Moscow
numbered about 4,380,000 vehicles, including 90.4% of
cars, 8.6% of freight and light utility vehicles, and 1.1%
of buses; the level of motorization of the population
reached 347 cars/1000 people (Kul’bachevskii, 2019).
The length of Moscow roads is about 3600 km, and they
occupy about 8% of Moscow area. The density of the
road network is 4.2 km/km?, including the highway net-
work of 1.54 km/km? (Khusnullin, 2013). Motor vehi-
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cles contribute up to 98% of the total emissions, which
amounted to 782,000 t in 2018 (Kul’bachevskii, 2019).

Overall, about 28,000 stationary emission sources
concentrated in industrial zones of the city are registered
in Moscow. Over the years, their emissions range from
60 to 70 thousand tons with the solids fraction of about
3%. In 2018, emissions from stationary sources amount-
ed to 60,400 t (Kul’bachevskii, 2019), of which almost
50-65% were produced by 13 thermal power stations
of Moscow; 20-30%, by oil refinery; 15-20%, by pro-
cessing industries; 2—3%, by machine-building enterpris-
es; 2-3%, by incinerators; and about 2%, by food and
building materials industries (Bityukova and Saulskaya,
2017).

In Moscow, deicing salts of the chloride group are
commonly applied; they consist of at least 93% of tech-
nical table salt mixed with marble or granite chips. In a
single road treatment, the rates of application of deicing-
mixtures vary within 80-200 g/m?. The total permitted
salt load reaches 420-500 thousand tons of dry weight
during the winter season (Khomyakov, 2015). The deic-
ing agents are usually applied in Moscow till the end of
March, or even till the first decade of April, depending on
weather conditions. In spring due to excessive applica-
tion of deicing salts, some of the reagents are not washed
out by the melt water, but remain in the solid form on the
roadway, increasing the road dust electrical conductiv-
ity (EC) up to 250 uS/cm in the central part of the city
(which is 3 times higher than in the parks), and up to 720
uS/cm in dust on the roads with the highest traffic (Kasi-
mov et al., 2019c¢). Precipitation during the warm season
does not lead to the complete leaching of salts out of ur-
ban ecosystems and from road surfaces. Leaching of salts
during summer only weakens, but does not completely
eliminate the process of progressive salinization of Mos-
cow soils (Nikiforova et al., 2014). An additional source
of water-soluble compounds (e.g., Nat, NO3—, PO43-,
Cl—, Ca2™) in road dust is vehicle emissions (Alves et al.,
2015). We have previously found the significant amounts
of water-soluble K, Mn, Cd, Cu, Co, and NO3™~ in the
snow cover near roads in the western part of Moscow as
a result of deicing agents application and vehicles emis-
sions (Vlasov et al., 2020b)..

Dustiness of roads increases due to wind erosion of
urban soils poorly protected by surface vegetation and
sod layer. Artificially constructed or highly transformed
soils — urbanozems (Urbic Technosols) — predominate
within the MRR and are characterized by increased pH
values, higher contents of organic matter and soluble
salts, hlgher exchange capacity, and higher percent of the
phys1ca1 clay fraction in their composition in comparison
with the background natural soils, which contributes to
the fixation of PTEs in them (Kosheleva et al., 2015).

The composition of solid atmospheric deposition in
the roadside areas of Moscow reflects the main sourc-
es of dust. Coarse fractions mainly consist of quartz
grains, feldspars, carbonate minerals, and asphalt frag-
ments; fine fractions are supplemented with carboncon-
taining particles and small fragments of paint, glass,
plastic, brick, and other materials (Prokof’eva et al.,
2017). The PM; 5 fraction is composed of the soluble
inorganic salts (mainly, sulfates and nitrates: 4-32% of
the aerosol mass), insoluble mineral particles, and car-
bonaceous materials (1.2-48%) usually represented by
elemental carbon (Duarte and Duarte, 2009; Popoviche-
va et al., 2020).
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3. MATERIALS AND METHODS

The studies were conducted on the territory within the
MRR. Before the official expansion of the city area in
2012 by 2.4 times, the area within the MRR comprised
83% of Moscow territory; after 2012, it reaches 35% of
the total Moscow area. Road dust was collected in nine
administrative districts of Moscow on roads with differ-
ent traffic intensities (number of samples n=173), as well
as inside courtyards with parking lots (n = 36) from June
09 to July 30, 2017 (Fig. 1). The density of the sampling
network was approximately 1 point per 4 km?. In terms
of traffic intensity, all roads were divided into several
types in accordance with the width of the roadway and
the number of lanes: the MRR (n = 20), the Third Ring
Road (TRR, n = 10), the main radial highways with more
than four lanes in one direction (n = 18), large roads with
three—four lanes (n = 48), medium roads with two lanes
(n = 43), and small roads with one lane in one direction
(n = 35). In the forest parks Losiny Ostrov, Izmailovsky,
and Bitsevsky, on footpaths farthest from the roads, five
samples of background dust were taken.

The period of field work was rainy; the rainfall in
June—July 2017 in Moscow exceeded the average value
by almost two times. Low intensity rains (<5 mm) fell on
June 01-03, 16 and 22, and July 09, 16, 21, and high-in-
tensity rains (>5 mm) fell on June 05, 13-15, 19, 21, 26,
and July 01-04, 08, 12—-14 and 31. So, the accumulation
of road dust was impeded by intensive surface runoff
and daily cleaning of roads by municipal services, which
could also reduce road dust pollution by PTEs (Amato et
al.,2010; Karanasiou etal., 2011; Zhang et al., 2017; Kim
etal., 2019). However, there is evidence that the washing
activities result merely in a road dust moistening without
it effective removal (Karanasiou et al., 2014); sweep-
ing and washing of roads did not significantly reduce
non-exhaust emissions (Keuken et al., 2010). Therefore,
sampling was performed under dry weather conditions,
no less than 24 h after the low-intensity rains and no less
than 72 h after the high intensity rains, when the road sur-
face was completely dried out. Samples were taken along
the curb on both sides of the roads usinga plastic dust
pan and a brush in three—five replicates at a distance of
3—10 m from one another; one mixed sample was com-
posed of them. On the major radial highways and large
roads, samples were taken from the dividing strip; in the
yards, from parking areas. The bulk samples were then
stored in self-sealed polyethylene bags for transportation
to the laboratory.

All dust samples were dried for 48 h at room tem-
perature. The dried samples were sieved though a 1-mm
sieves to remove debris particles and gravel. Each sam-
ple was divided into a three subsamples. In the first ~10 g
subsample particle-size distribution was analyzed on the
Analysette 22 MicroTec plus laser particle sizer (Fritsch,
Germany) with sodium pyrophosphate pretreatment for
dispersing aggregates in the Environmental and Geo-
chemical Center of the Lomonosov Moscow State Uni-
versity. In the second ~10 g subsample the separation of
the particles fraction with a diameter of 10 um or less
(PMjo) by wet grinding with further elutriation (Vad-
yunina and Korchagina, 1986) was done. The obtained
solutions were filtered through a membrane filter with
pore diameter of 0.45 pum. The third ~10 g subsample
was ground in an agate mortar and sieved through a 63-
um sieve to total PTE concentrations analysis.
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Fig. 1. (a) Mobile and stationary sources of anthropogenic emissions, sampling sites of road dust and background dust in parks
in Moscow, and (b) administrative districts of Moscow within the MRR. Impact levels of industrial zones are given according
to Bityukova and Saulskaya (2017). Capital letters indicate the names of administrative districts: N — Northern, NE — Northeast-
ern, E — Eastern, SE — Southeastern, S — Southern, SW — Southwestern, W — Western, NW — Northwestern, and C — Central.

The contents of As, Bi, Cd, Co, Cr, Cu, Fe, La, Mn,
Mo, Ni, Pb, Sb, Sn, Ti, V, W, and Zn were determined
in road dust and PM g particles by mass (ICP-MS) and
atomic emission (ICP-AES) spectrometry with induc-
tively coupled plasma using an iCAP Qc mass spec-
trometer (Thermo Fisher Scientific, USA) and an Op-
tima-4300 DV atomic emission spectrometer (Perkin
Elmer, USA), respectively. The analysis was performed
in the laboratory of the N.M. Fedorovsky All-Russian
Research Institute of Mineral Raw Materials by certified
methods (NSAM Ne 499 AES/MS, 2015) using blank
samples and standard reference materials “SGHM-2.
Aluminosilicate loose sediment (GSO 3784-86)”, “SGD-
2a. Essexite gabbro (GSO 8671-2005)”, “CS-2a. Trap
rock (GSO 8671-2005)” (Vinogradov Institute of Geo-
chemistry SB RAS, Russian Federation), and “andesite
AGV-2" and “basalt BHVO-2" (U.S. Geological Survey,
USA). This laboratory is accredited in the internation-
al accreditation system Analytics (AAS.A.00255) and
the national accreditation system (RA.RU.21GP11) and
meets the requirements of the International Organization
for Standardization (ISO Guide 34:2009 and ISO/IEC
17025:2017). The detection limits (DLs) were as follows
(mg/kg): As, 0.11; Bi, 0.0028; Cd, 0.008; Co, 0.01; Cr,
0.78; Cu, 0.82; Fe, 8.6; La, 0.054; Mn, 0.18; Mo, 0.008;
Ni, 0.43; Pb, 0.6; Sb, 0.005; Sn, 0.14; Ti, 17; V, 0.09; W,
0.043; Zn, 1.5. For all samples, for low concentrations

of PTEs (<5 DL) the relative standard deviation did not
exceed 20%; for higher concentrations of PTEs (>5 DL),
the relative standard deviation did not exceed 10%. Most
of elements selected for analysis are highly accumulated
in Moscow’s environment (Ermolin et al., 2018; Kasi-
mov et al., 2020; Kosheleva et al., 2018, 2015; Nikolaeva
et al., 2019; Romzaykina et al., 2020; Vergel et al., 2019;
Vlasov et al., 2020a, 2020b, 2019). They are also good
indicators of both anthropogenic and natural sources in
road dust and can pose risks to public health (Adamiec
and JaroszKrzeminska, 2019; Al-Shidi et al., 2020; Alves
et al., 2020a; Kolakkandi et al., 2020; Lanzerstorfer and
Logiewa, 2019; Men et al., 2020; Miazgowicz et al.,
2020; Ramirez et al., 2019; Wang et al., 2020).

The obtained data were processed by the methods of
mathematical statistics in the Statistica 10 software pack-
age. Sample mean (M), standard deviation o, coefficients
of variation (Cv= o/M x 100%), and minimum and
maximum concentrations of PTEs were calculated. The
significance of the correlation coefficients r was checked
using the t-test at p < 0.001.

The fractional distribution of PTEs in road dust was
estimated from the share of an element in the PM ) frac-
tion relative its content in the bulk road dust sample:
Di = Ci x Pi/Cdust, where Ci is the element concen-
tration in PMg, mg/kg fraction; Pi is the content of
PM fraction in the dust sample, %; and Cdust is the
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concentration of the element in the bulk dust sample,
mg/kg.

The contribution of anthropogenic sources of PTEs
to individual road dust fractions was estimated using the
enrichment factor EF = (Ci/Cref)/ (Ki/Kref), where Ci
and Cref are the concentrations of the i-th and reference
elements in the sample, Ki and Kref are natural abun-
dances (clarkes) of the i-th and reference elements in the
upper continental crust (Rudnick and Gao, 2014), re-
spectively. Composition of the upper continental crust
was used as a reference for normalization because of the
lack of background analogue for road dust, which is a
specific anthropogenic object. The input of the reference
element from anthropogenic sources should be minimal.
Most often, Al is used for this purpose; less often, Li, Zr,
Ti, Sc, Co, Fe, and Mn (Basha et al., 2010; Kara et al.,
2014). In our study, we chose La as a reference element
relatively weakly utilized by humans in comparison with
many PTEs (Avino et al., 2008).

The EF was developed to elucidate the origin of ele-
ments in seawater, atmospheric air, and sediments; then,
it was applied to study the chemical composition of soils,
lake sediments, peat, tailings, and other environmental
objects (Reimann and de Caritat, 2005). When using EF,
it is assumed that the ratio of the studied and normaliz-
ing elements in natural processes is equal to this ratio in
the Earth’s crust and that it changes under anthropogenic
impact. There are no generally accepted grades for the
EF. In many studies of the chemical composition of at-
mospheric aerosols, it is accepted that the values of EF <
1 indicate the predominant supply of elements from the
Earth’s crust, i.e., their terrigenous (crustal) origin. If EF
is in the range from 1 to 10, sources of mixed anthropo-
genic—terrigenous origin probably operate; for EF > 10,
PTEs are clearly of anthropogenic origin (Cheng et al.,
2018). When assessing the composition of rainwater, EF
> 100 is sometimes used as a threshold level (Chon et
al., 2015). We used EF gradations according to (Suth-
erland, 2000), which are often applied in the studies of
road dust pollution: <2 — depletion to minimal enrich-
ment, suggestive of no or minimal pollution, 2—5 — mod-
erate enrichment, suggestive of moderate pollution; 5-20
— significant enrichment and pollution; 2040 — very
high enrichment and very strong pollution, and >40 — ex-
tremely enrichment and pollution.

The intensity of the total accumulation of
PTEs was estimated by the total enrichment factor
TEF = YEF — (n — 1), where EFs of n elements with
EF > 1 were summed (Vlasov et al., 2015). The TEF val-
ues indicate the levels of accumulation in road dust and
environmental hazards of a group of PTEs coming from
anthropogenic sources: <32, nonhazardous; 32—64, mod-
erately dangerous; 64—128, dangerous; 128-256, very
dangerous; and >256, extremely dangerous. These grada-
tions were developed in Russia to estimate the total PTEs
pollution of the dust component of the snow cover (Kasi-
mov et al., 2012; Saet et al., 1990).

Visualization of geochemical data was performed in
the ArcGIS 10 software. The data of the OpenStreetMap
project were used as a cartographic base for geochemi-
cal maps. The boundaries of industrial zones occupying
more than 17% of Moscow were delineated accord-
ing to (Bityukova and Saulskaya, 2017). The current pro-
ductive activity in many industrial zones is minimal, but
separate stationary sources of emissions from the mainly
nonproductive sphere, such as gas stations, car washes,
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car repair shops, medical facilities, and others continue
to function within their territory. Such industrial zones
are barriers to the transport network and reduce the con-
nectivity of the territory, which increases vehicle mileage
and, therefore, creates higher levels of vehicle emissions.
The maximum concentration of large industrial zones is
typical of the eastern and southeastern parts of the city,
next to which there are densely populated suburban ar-
eas. The anthropogenic impact of industrial zones (Fig.
1) was estimated using indicators of the volume, struc-
ture, toxicity, and area of atmospheric emissions from
each source in the industrial zone, as well as the size of
the industrial zone and its percent in the overall land use
(Bityukova and Saulskaya, 2017). Very high and high
levels of anthropogenic impact are characteristic of 11
industrial zones, which occupy more than 20% of the to-
tal industrial area of Moscow and supply more than 70%
of the gross pollution of all industrial zones of the city.
These industrial zones are located mainly in the eastern,
southern, and southeastern sectors of Moscow, often ad-
jacent to the TRR or MRR. In these sectors, considerable
areas are also occupied by industrial zones with medium
and moderate levels of anthropogenic impact on the
environment.

4. RESULTS AND DISCUSSION
4.1. Particle-size distribution of road dust

The physicochemical properties of Moscow road dust
generally fit into the range of values reported for oth-
er cities in the world: the pH, 7-12; the organic carbon
(OC) content, 1-19%; and the electrical conductivity
(EC), 100-2800 pS/cm (Acosta et al., 2011; Al-Khash-
man, 2007; Alsbou and Al-Khashman, 2018; Ladonin
and Plyaskina, 2009; Li et al., 2016; Pant et al., 2015;
Sutherland et al., 2012; Wu and Lu, 2018; Yu et al.,
2020). The most significant man-induced change in the
properties of road dust in Moscow is characteristic of the
segments of large roads near industrial zones and of bus
depots (Kasimov et al., 2019c¢).

The texture of Moscow road dust is relatively ho-
mogeneous; it is composed of sand (50-1000 pm) and
silt (10-50 um) fractions with a predominance of quartz
and feldspars, respectively (Prokof’eva et al., 2017). The
fluctuations in the particle-size distribution for roads
of different categories are small; the differences do not
exceed 2—6%. Coarse particles (>50 pum) account for
60—70% of the total mass (Kasimov et al., 2019c). The
average content of PMq particles in road dust is 14.9 +
7.2%; a slight decrease in the content of these particles
is observed with a decrease in the size of the roads: from
17.7 = 6.5% on the MRR and 17.7 + 4.7 on the TRR to
16.1 £ 7.4% on the largest highways, 14.4% + 9.7% on
major radial highways, 13.4 + 6.9% on medium roads,
and 13.6 £ 7.2% on small roads increasing to 14.3 + 6.5%
in the yards. In Moscow forest parks, road dust contains
>50% of coarse particles (250-1000 um); the content of
PMg particles is slightly lower than that on the high-
ways and amounts to 12.9 £ 5.3%.

The spatial distribution of the PMjq fraction in road
dust is shown in Fig. S.1 (Supplementary material). A
slight increase in the content of PM g on MRR and TRR
is typical for places of big daily traffic jams, which leads
to an increase in emissions of fine particles and soot. High
shares of PM( were also noted along the Leningradskoye
and Yaroslavskoye highways, ones of the busiest highways
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in Moscow. In road dust in the northern part of the city
(Northern, Northeastern, and Northwestern administrative
districts), on major highways and the MRR, the content
of fine particles PMs_q slightly increases. The maximum
content of coarse (>50 pm) fraction and, accordingly, the
minimum content of fine (PMjs_1() particles are observed
in the center, east, and southeast of Moscow (Kasimov et
al., 2019c). The most probable reason for the predomi-
nance of coarse fractions in the road dust of the eastern and
southeastern parts of Moscow is that they belong to the
Meshchera lowland, a flat outwash plain composed of gla-
ciofluvial sands and loamy sands (Kasimov et al., 2016).

In other cities, the particle-size distribution of road
dust varies significantly depending on a large number of
factors — traffic intensity, number of congestions, wind
erosion of roadside soils, abrasion of car parts and road-
bed, sampling season, duration of the rainless period,
frequency and quality of road cleaning from dust, wind
speed, etc. (Bian and Zhu, 2009; Duong and Lee, 2011;
Gietl et al., 2010; Li et al., 2015). However, despite the
influence of various factors in most cities of the world,
including Moscow, the share of PMj particles in road
dust is quite stable and rarely increases up to 10-25%.
For instance, in Austrian Wels, PMq particles account
for 10-15% of the mass of the PM»( fraction (Lanzer-
storfer, 2018); in Bogota — about 10% of the mass of bulk
road dust (Ramirez et al., 2019), in Shanghai —about 20%
(Shi et al., 2011), in Chelyabinsk — up to 17% (Krupno-
va et al., 2020), in Krakow, Katowice and Olkusz — up
to 7-10% (Logiewa et al., 2020), in Philadelphia — less
than 10% of the mass of road dust (O’Shea et al., 2020);
in Alushta town — 22% of road dust and 31% of soils
in the surface horizons (Kasimov et al., 2019a). Local
sources of PM 1 particles (e.g., industrial emissions, coal
combustion) or natural factors (e.g., dust storms, dry pe-
riods) sometimes lead to a sharp increase in the propor-
tion of PMjq in road dust. For instance, in Beijing and
Shanghai — cities with heavy industrial impact, the PM1
content averages 59% and 65% of the PM ¢ fraction of
road dust, respectively, whereas in coastal Hong Kong
it is only 3% due to frequent rains (Tanner et al., 2008).

4.2. PTEs in road dust and in its PM;( fraction

4.2.1. Contents of PTEs in bulk samples of road dust

Owing to the anthropogenic impact, the chemical
composition of Moscow road dust is characterized by the
concentration of Pb, Cd, Zn, Sb, and Cu by 2.4-3 times
and Mo, W, Sn, and Bi by 1.2-3 times relative to their av-
erage contents in the upper part of the continental crust.
Other elements (Ti, V, Cr, Mn, Fe, Co, Ni, As, and La)
do not accumulate in the road dust of Moscow (Table 1).

On the paths of urban forest parks, only the concentra-
tions of Cd, Bi, and Zn in the dust are higher than their nat-
ural abundances in the upper continental crust. Most like-
ly, these elements enter the dust with windblown particles
from the upper soil horizons, where they accumulate due
to atmospheric deposition. In comparison with road dust,
dust particles from the paths of forest parks are depleted of
PTEs, which is due to a larger proportion of coarse parti-
cles with a diameter >50 um, which have a relatively low
sorption capacity: on average, their content in park dust
and road dustis about 75 and 55-65%, respectively
(Kasimov et al., 2019c¢). A decrease in the fraction of fine
particles was also noted for the soils of parks in Bogota,
which were used as a background standard in the study of
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city road dust. The content of PMq particles in the road
dust of this city was about 10%, whereas in the soils of
parks, it was two times lower (Ramirez et al., 2019).

In Moscow road dust, the accumulation of Sb, W, Cu,
Pb, and Sn is 3—4 times more intense than their accumu-
lation in the dust sampled on paths in forest parks, and
the accumulation of Mo, Cr, Zn, Fe, V, and Ni is 1.5-3
times higher (Table 1). Concentrations of Co, Ti, Mn, As,
Cd, Bi, and La in the dust of parks and highways do not
differ much. Many PTEs are characterized by strong var-
iability of concentrations that increases several times in
road dust in comparison with the dust of forest parks,
which indicates a significant contribution from anthropo-
genic sources and spatial heterogeneity of anthropogenic
impacts on the roads. The average coefficient of variation
Cv for PTEs in park dust is 39%, and it increases to 87%
in road dust. The highest variability is characteristic of
anthropogenic elements, such as Pb (Cv in road dust is 12
times higher than Cv in park dust), W and Mo (6 times),
and As (5 times), which may be due to a higher variabil-
ity of industrial emissions in comparison with the emis-
sions from vehicles. The variability of concentrations of
Mn, Cd, and Bi in road dust slightly differs from that in
park dust, which may be caused by a relatively large in-
put of Mn with plant litter and of Cd and Bi with mineral
fertilizers (Motuzova and Karpova, 2013).

In terms of the levels of PTEs in road dust, Moscow
is in an intermediate position among other major cities of
the world. For example, Moscow road dust is enriched
with As relative to road dust in Tokyo, Osaka, and Kyo-
to (Wijaya et al., 2012) and Beijing (Men et al., 2018),
but is depleted in this element in comparison with road
dust of Lagos (Ogunsola et al., 1994). Another dangerous
metalloid — Sb — is less actively accumulated in road dust
of Moscow than in road dust of Dhaka, Kolkata, Lagos,
and Tehran (Ahmed et al., 2007; Dehghani et al., 2017;
Nath et al., 2007; Ogunsola et al., 1994). The pollution
of road dust in Moscow with toxic Cd, Pb, and Zn is also
generally lower than in many other large cities — London
(Wang et al., 1998), Paris (Pagotto et al., 2001), Warsaw
(Adamiec, 2017), Tokyo (Wijaya et al., 2012), Seoul
(Lee et al., 2005), Shanghai (Tanner et al., 2008), Tehran
(Dehghani et al., 2017), Karachi (Igbal and Jilani, 2015),
Mumbai (Saradhi et al., 2014), Guangzhou (Cai et al.,
2013), and others.

Tehran road dust has the closest chemical composi-
tion to Moscow road dust (Dehghani et al., 2017). How-
ever, such an analysis of the geochemical specialization
of road dust in megacities is rather arbitrary because of
the comparison of the composition of particles with dif-
ferent diameters (50, 63, 75, 125, 150, 1000, 2000 pm)
and the absence of generally recognized particle fractions
that should be distinguished when assessing the intensity
of dust pollution with PTEs. The crustal factor also plays
an important role: the enrichment of some parent rocks
and soil particles by certain PTEs can lead to a noticeable
increase in their concentrations in road dust.

4.2.2. Concentrations of PTEs in PM1g particles of
road dust

PM ¢ particles have an increased sorption capacity
compared to road dust in general. This determines a 1.2—
6.4 times higher concentration of many PTEs in PMj
than in the bulk samples of road dust (Table 1). At the
same time, relative to Moscow parks, the PM¢ fraction
of Moscow road dust accumulates Sb, W, Sn, Bi, and Cu
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Table 1. Element clarkes (K) in the upper part of continental crust (Rudnick and Gao, 2014) and concentrations of PTEs in road
dust, park dust, and in their PM10 fractions in Moscow, summer 2017,

Ele- K Road dust, n =209 Park dust, n =5 CF PM of road dust, n=209 PM  of park dust, n = 5 CF
ment mg/kg - ) ) )

concentration, Cv, PI, concentration, Cy, PI, concentration, Cv, PI, concentration, Cv, PI,

mg/kg % mg/kg % mg/kg % mg/kg %
As 4.8 2.0 (0.14 -43) 203 0.4 2.0 (1.0-2.9) 41 04 1.0 2.0(0.14 -43) 71 04 69 (3.2-11) 48 14 03
Bi 0.16 0.273 (0.053 -5.1) 151 1.7 0.371 (0.058 -1.5) 170 2.3 0.7 1.5(0.12-12) 65 9.2 0.41 (0.32-0.51) 19 26 3.6
Cd 0.09 0.244 (0.12 -1.04) 43 2.7 0.32 (0.19 -0.46) 39 36 0.8 0.82 (0.08-8.7) 102 9.1 1.1 (0.82-1.3) 19 12 0.8
Co 17.3 6.1 (2.5-16) 39 04 43 (34-52) 18 02 14 15(1.0-85) 46 09 99 (8.6-11) 10 0.6 1.5
Cr 92 48 (12— 312) 60 0.5 20 (14-26) 23 02 23 68 (2.2-493) 58 0.7 48 (39-56) 15 05 14
Cu 28 66 (8.3 -556) 98 2.4 20 (9.8-30) 46 0.7 3.4 184 (12-906) 54 6.6 59 (44-72) 18 2.1 3.1
Fe 39,200 23,831 31 0.6 11,904 19 03 2.0 40,947 42 1.0 29,588 17 0.8 14

(7764 —438,261) (8253 —14,059) (2823 —220,472) (25266 —37,904)
La 31 13 (5.6 -50) 41 04 16 (7.1-38) 79 0.5 0.8 21 (1.6-170) 54 0.7 24 (21-26) 80 0.8 09
Mn 774 359 (132 -852) 28 0.5 299 (209 —403) 29 04 1.2 641 (58-4573) 50 0.8 1061 (894 —1177) 11 14 0.6
Mo 1.1 2.2 (0.49 -22) 83 2.0 0.79 (0.67-0.95) 14 07 2.8 49 (0.06-21) 54 45 25(1.7-3.0) 23 22 20
Ni 47 23 (6.9-139) 60 0.5 14 (12— 21) 26 03 1.6 46 (5.1-310) 56 1.0 36 (26 -50) 24 0.8 1.3
Pb 17 51 (9.5 -2488) 351 3.0 15 (8.3-20) 30 09 33 91 (6.5-923) 114 53 48 (40-54) 11 2.8 19
Sb 04 2.1 (0.40-11) 66 5.2 0.50 (0.30-0.64) 34 1.3 4.1 12 (0.45-48) 55 30 1.9 (1.3-24) 22 47 64
Sn 2.1 4.6 (0.84 -22) 64 2.2 1.38 (0.78 —1.96) 37 07 33 21 (1.0-137) 57 9.8 5.1 (3.9-6.4) 18 24 4.0
Ti 3840 2096 (659 —5574) 38 0.5 1570 (1139 —-1918) 19 04 1.3 3053 (136 -17,281) 45 0.8 2802 (2563 —3077) 9.0 0.7 1.1
\% 97 53 (16 -136) 40 0.5 31 (24-41) 22 03 1.7 81 (54-501) 46 0.8 68 (54 -88) 20 0.7 12
w 1.9 3.9 (0.56 —40) 95 2.0 1.07 (0.76 —1.18) 16 06 3.6 25(1.2-167) 63 13 44 (3.1-6.3) 34 23 56
Zn 67 197 (54 -1723) 81 2.9 88 (40-122) 42 1.3 2.2 1026 (48-7772) 91 15 386 (297 —451) 17 58 2.7

Note: Minimum and maximum concentrations are given in parentheses. Global pollution index PIr = Cr/K, where Cr is the
concentration of PTE in road dust or its PM1( particles, K is the concentration of PTE in the upper continental crust; for parks,

PIp = Cp/K, where Cp is the concentration of PTE in dust of parks or its PM( particles. Contamination factor CF = Cr/Cp.

3-6.5 times more actively, whereas the accumulation of
Zn, Mo, Pb, and Co is 1.5-3 times less active. Relative
to the natural element abundances in the upper part of
the continental crust, PM particles of road dust are en-
riched in Sb by 15 times, Zn by 14 times, W by 12 times;
and Cd, Sn, Cu, Bi, Pb, and Mo by 5-9 times. The varia-
bility of the concentrations of all PTEs in PM particles
of road dust under the anthropogenic impact increases
several times in comparison with these particles in park
dust. Thus, the average Cv of PTEs in PM( particles of
park dust is 19%, and it increases to 62% in PM¢ parti-
cles of road dust.
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In Moscow, the PMjy fraction concentrates more
than 65% of the total contents of W, Bi, Sb, Zn, and Sn in
road dust and slightly more than 50% of the total Cu con-
tent (Fig. 2). These elements are mainly associated with
PM particles actively migrating in the atmosphere over
long distances and polluting the air and soil in different
land use zones along the roads, including residential
quarters. A fairly large (30-50%) amount of Cd, Pb, Mo,
Co, and Ni in road dust is also associated with PM1( par-
ticles. The remaining elements — Mn, Fe, As, V, Cr, and
Ti — are mainly (75-80%) contained in coarser fraction
with a diameter of more than 10 um. In general, PM1g

Zn

Bi Sb
> 50%

W Sn i Cu

Cd Pb Mo Co
30-50%

NiiMn Fe As V C T

<30%

Fig. 2. Fractional composition of PTEs in road dust of Moscow (summer 2017).
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particles are among the most important carriers of PTEs
in Moscow road dust, which determines their increased
environmental hazard to the population.

The pollution of the PM1( fraction of road dust de-
pends on the intensity of anthropogenic impact, which
is indirectly characterized by the size of the city. For ex-
ample, in Moscow, the concentrations of most PTEs (ex-
cept for As) in PM( dust particles are 1.5-2 times higher
than those in small towns, such as Alushta (Kasimov et
al., 2019a) and Austrian Wels (Lanzerstorfer, 2018). A
comparison with larger cities of the world allows us to
determine the geochemical features of PM 1 particles in
road dust of Moscow: a 2 to 12 times higher content of W
in comparison with that in Barcelona, Ziirich, and Girona
(Amato et al., 2011), a 1.5-3 times higher content of Zn
in comparison with that in Beijing, Tianjin, and Dongy-
ing (Chen et al., 2012; Kong et al., 2012; Zhang et al.,
2019), and low contents of As, Sb, Bi, Mo, Sn, Cu, Cd,
Pb, Cr, and Ni relative to those in most of these large cit-
ies, as well as in Hong Kong (Ho et al., 2003). High con-
centrations of W and Zn are likely to be associated with
a large number of traffic jams, traffic lights, intersections
and turns in Moscow compared to other cities, which
contributes to faster tire abrasion and wear of brake pads
containing significant amounts of these metals (Apeagyei
et al., 2011). This is confirmed by the TomTom traffic
load index, which takes into account data on traffic con-
gestion in 416 cities from 57 countries, and according
to which Moscow and the nearest suburbs in 2017-2019
ranked fifth— sixth place in the world (losing in different
years to Bangalore, Manila, Bogota, Mumbai, Pune, and
New Delhi) with the traffic congestion level of 57-59%,
which corresponds to 218-225 h of traffic loss for each
driver (TomTom Traffic Index, 2020).

In terms of the levels of Co, Fe, Mn, Ti, and V in
PM; particles of road dust, Moscow occupies an inter-
mediate position among other large cities, which can be
explained by the arrival of these PTEs with resuspended
particles of roadside soils and road pavement, the inten-
sity of which varies slightly from city to city. Thus, the
level of pollution of road dust and its PMj fraction in
Moscow with most PTEs is slightly lower than in many
other large cities.

EF
1000

anthropogenic (transport, industrial)

100+
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4.3. Spatial differentiation of contamination of
road dust and PM;, fraction with PTEs

In Moscow, PTEs in road dust and its PM ¢ fraction
can be subdivided into two groups with respect to their
EF values (Fig. 3). Sb13PbgZngCd7CugSnsMosWsBiy
(subscripts indicate EF values of corresponding elements
in bulk samples of road dust) belong to the first group
with high EF because of the anthropogenic impact. In
this case, the road dust contamination with Sb, Pb, Zn,
Cd, and Cu corresponds to significant (5 < EF' < 20) en-
richment factor values, and contamination with Sn, Mo,
W, and Bi corresponds to the moderate (2 < EF < 5) val-
ues. The second group with lower EF levels includes Fe,
Ni, Co, V, Mn, Ti, Cr, and As that enter road dust mainly
due to blowing out of roadside soils, parent materials,
and natural materials applied for roadbed construction.
The PM fraction of road dust in Moscow accumulates
the same elements (Sbg4Zny3Wi9Snj4Bi13Cd 3Cuyg
PbgMo7), but is enriched with them by 2—4 times more
intensively than the bulk samples. Therefore, the PM1
particles contamination with Sb corresponds to the ex-
tremely high enrichment level (EF > 40); with Zn, to
very high level (20 < EF < 40); and with W, Sn, Bi, Cd,
Cu, Pb, and Mo, to significant level (5 < EF < 20).

The spatial distribution of PTEs in road dust and its
PM; fraction in Moscow is extremely heterogeneous;
many PTEs are characterized by local anthropogenic
geochemical anomalies of various contrasts (Fig. 4;
Figs. S2—-S9 in Supplementary material). Centers of geo-
chemical anomalies are found in the Central (Zn, Sn, Cd,
Cu, Pb), Eastern (Mo, Zn, W, Sn, Bi, Cd, Cu, Pb), West-
ern (Pb, Zn, W, Sn, Bi), Southern (Cu, W, Sn, Cd, Pb),
and Northern (Bi) districts of the city. Anomalies of Sb
in road dust and PM particles are detected in all parts
of the city and are confined mainly to radial highways
and the MRR. This is consistent with previous data on
Sb as one of the main pollutants in urban environments
of Moscow: in the dissolved and suspended phases of
snow cover and precipitation (Kasimov et al., 2012; Vi-
nokurov et al., 2017; Vlasov et al., 2020a, 2020b), at-
mospheric depositions and mosses (Vergel et al., 2019),
soils (Kosheleva et al., 2018, 2015), bottom sediments

mixed crustal and anthropogenic origin
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Fig. 3. Enrichment of road dust and its PMy( fraction with PTEs in Moscow (sum-
mer 2017) upon their input from different sources. Vertical lines indicate

maximum EF for each PTE.
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of ponds and lakes (Vlasov et al., 2019), woody and her-
baceous plants (Kasimov et al., 2016). The high accu-
mulation of Sb in all parts of Moscow is due to the fact
that the main source of emissions in the city is motor
vehicles, which can supply large amounts of Sb because
of the wear of brake pads (Pant and Harrison, 2013;
Grigoratos and Martini, 2015; Zhu et al., 2020). An in-
crease in road dust loadings is observed simultaneously
with a decrease in vehicle speed and distance to closest
braking zone (Pachon et al., 2020). Emission of Sb and
other PTEs is high during frequent stop—start maneuvers
and changes in vehicle trajectory movement (Nazzal et
al., 2013; Ferreira et al., 2016). Frequent traffic jams in
Moscow, which significantly reduce the traffic speed,
cause intensive accumulation of Sb in road dust. PMy is
characterized by a decrease in the Sb accumulation rate
with a decrease in the size of the road: the EF decreases
from 63 on MRR to 46—50 on TRR, highways, large and
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medium roads, to 35 on small roads and to 26 on
roads and parking lots in the yards. The hypothesis that
the main source of Sb in PM( is motor transport is also
confirmed by a sharp decrease in EF to 6 in parks, which
are situated far enough from roads (Table 2).

Previous studies of the chemical composition of soils,
the dust component of the snow cover, and various par-
ticle-size fractions of road dust in the east of Moscow
demonstrated that all these components of the urban en-
vironment accumulate Sb, W, and Sn, and the fine frac-
tions PM; and PM_;¢ additionally accumulate Cd, Zn,
Cu, Pb, Mo, and Bi at a significant level (EF > 5), espe-
cially in the roadside areas of MRR and major highways
(Kasimov et al., 2020; Vlasov et al., 2020b).

Often geochemical anomalies of PTEs are small in
length and are associated not only with the size of the
road (i.e., with the intensity of the vehicles impact) but
also with the influence of particular industrial zones.

Fig. 4. Enrichment factor of Sb and the total enrichment factor (TEF) in road dust and PMj fraction

of road dust in Moscow (summer 2017).
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Table 2. Enrichment of road dust and its PM | fraction with PTEs on roads of different sizes in Moscow (summer 2017).

Fraction Area Contamination levels and EF values TEF
Extremely  Very Significant Moderate
high high
EF > 40 EF 40-20 EF 20-10 EF 10-5 EF 5-2
PMig MRR Sb,, Zn, W, Sn ,Bi Cd,, Cu,Mo, Pb; 163
TRR Sb,, Zn, W,, Sn Bi Cu, Cd,Mo,Pb, - 169
H Sb,, Zn,, Sn W, Bi Cu, Cd, Mo,Pb, - 143
L Sb,, - Zn W Sn Bi Cd Cu,Pb ~ Mo, - 151
M Sb,, Zn,, W, Cd, Sn Bi Cu PbMo, - 154
Sm - Sb,, W Zn Sn Cd Bi, Pb,Cu Mo, - 127
Y - Zn,Sb, W, Cd Bi Sn, Cu,Pb, Mo, 131
Moscow ~ Sb,, Zn,, W ,,Sn Bi Cd Cu, PbMo, - 145
P - - Cd,, Zn Sb, Pb,Bi,Sn.W.Mo,Cu, 42
Total MRR - Sb,, Zn,, W_Cu6Cd6 Mo,Bi SnPb, Fe, 67
road TRR - - Zn Sb W,Sn.Cd,Cu, Mo Bi,Pb, Fe, 65
dust H - - Sb,, CdZn, Sn,Bi.Cu,Pb,W Mo, 42
L - - Sb, Pb,, Cu,Sn.Cd Zn, Mo W Bi, 68
M - - Sb,, Cd,Zn Cu, Pb.Sn Mo W Bi, 47
Sm - - Sb,, Cd,Pb.SnZn Cu, Mo, W Bi, 49
Y - - - Zn,Sb Cd Pb,W Mo, Sn,Bi,Cu, 46
Moscow  — - Sb,, Pb,Zn Cd Cu, Sn,Mo,W Bi, 54
P - - - Cd, Zn,Sb_Bi,Pb, 19

Note: MRR — Moscow Ring Road, TRR — Third Ring Road, H — major highways, L — large roads, M — medium roads, Sm —
small roads, and Y — roads and parking lots in the yards; Moscow — average for all roads in Moscow; P — dust sampled in parks.
Dashes mean the absence of the corresponding contamination level. Elements with EF < 2 are not shown.

Thus, Pb anomalies in the west of Moscow are most
likely due to the impact of the M.V. Khrunichev Space
Research and Production Center, Western River Port,
Moscow Kiyevsky railway station, and bus depot No. 5
in the “Berezhkovskaya Embankment”, “Western Port”,
and “Fili” industrial zones (Bityukova and Saulskaya,
2017). Increased Zn concentrations in the center of Mos-
cow are associated with emissions of railway transport
and of industrial enterprises at the border of the Cen-
tral and Southeastern administrative districts: car repair
and tire plants, refrigeration equipment factory in the
“Serp 1 Molot” and “Volgogradskiy Prospekt” industrial
zones. An increased concentration of Cu in road dust in
the south of Moscow is caused by the impact of railway
transport, nonferrous metal casting enterprises, produc-
tion of electrolytic copper foil and optoelectronic devices
(the “Copper Foil” factory in the “Verkhniye Kotly” in-
dustrial zone and the “Sapphire” factory in the “Cher-
tanovo” industrial zone), electrical substations, brick fac-
tory, and bus and trolleybus parks in the “Chertanovo”,
“Nagatino” industrial zones (Bityukova and Saulskaya,
2017). Zn is widely used in manufacturing of tires and
metallic parts of vehicles (Alves et al., 2020a; Pant and
Harrison, 2013), and production of galvanized steel for
refrigerators (Sabnavis et al., 2018). Cu may be emitted
by metallurgical plants, machinery companies (Vergel et
al., 2019), and production of optoelectronic devices (Saet
et al., 1990). Zn and Cu can be emitted by trolleybuses
(Aprile et al., 2010) and brick factories (Cao et al., 2019).
Railway transport is a significant source of Zn, Pb and Cu
in the environment (Stojic et al., 2017; Vaisktinaité¢ and
Jasitinien¢, 2020).

As a rule, relatively contrasting geochemical anom-
alies of Sb, Zn, W, Cd, Sn, Cu, Bi, Pb, Mo and other
PTEs are formed in the dust of the major highways of
Moscow (Varshavskoye and Dmitrovskoye highways,

Prospekt Mira, Kutuzovskiy, Volgogradskiy, and Sev-
astopolskiy avenues, etc.), TRR, and MRR; less often,
they are allocated to medium and small roads, or even
to the yards of residential areas (Table 2). In addition to
vehicle emissions, emissions from railroad transport
participate in their formation (Cd anomalies in road dust
are found in the area of the three railway stations — Ka-
zansky, Yaroslavsky, and Leningradsky), as well as near
various industrial enterprises. High levels of Cd, Cu, Zn,
Pb, and As are also typical of soils in the area of the three
railway stations and near the Belorussky railway station,
especially at short (up to 10 m) distances from the rail-
ways, though the influence of railways can spread up to
1000 m (Makarov, 2014).

The total enrichment factor (TEF) was calculated for a
comprehensive study of the enrichment of road dust and
its PMq fraction with PTEs and preliminary assessment
of spatial patterns of the environmental hazard. In general,
TEF values of Moscow road dust correspond to a low level
of environmental risk (average TEF = 54), whereas TEF
values for PMy particles attest to a high level of environ-
mental risk (TEF = 145) (Figs. 4, 5; Table 2).

The highest TEF values of bulk samples of road dust
are typical for the MRR, TRR, and major highways;
TEF values of PMjq particles are the highest in road
dust on the MRR and TRR in different parts of the city
(Fig. 5; Table 2), where, in addition to cars, there are
many large freight vehicles and public transport on the
roads. In Moscow, up to 56% of all particulate matter
entering the atmosphere with motor vehicle emissions
is delivered by trucks weighing more than 3.5 tons,
29% by buses, 10% by cars, and 5% by trucks weighing
less than 3.5 tons (Kul’bachevskii, 2019). The particu-
larly high enrichment of PMq fraction with PTEs is
observed within the central (enclosed inside the TRR)
part of the city with a high density of the road network
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Fig. 5. Total enrichment factor TEF values and the levels of
environmental hazard of road dust and its PM( frac-
tion on different highways of Moscow (summer 2017).
Roads: H — major radial highways, L — large roads,
M — medium roads, Sm — small roads, Y — roads and
parking lots in the yards; P — dust sampled in parks.

and intense traffic. On major radial highways, the TEF
values of road dust are lower than on MRR, TRR, and
large and medium roads because of frequent roadbed
cleaning by municipal services on highways, which re-
sults in a regular renewal of road dust and, hence, lower
accumulation of many PTEs in it.

Differences in the enrichment of road dust and
its PM1q fraction with PTEs on roads with different
traffic flows can be explained by the following rea-
sons. On small and medium roads, despite a decrease
in traffic flow, emissions contain a greater amount of
fine particles due to abrasion of brake pads, tires, and
pavement as a result of frequent stops because of a
large number of traffic lights, traffic jams, stops of
public transport, etc. Congestion reducing the traffic
flow rate to 20 km/h, leads to an increase in emissions
by 30% (Bitjukova and Sokolova, 2008); very strong
congestion with the flow rate of 8 km/h and less in-
creases emissions by three—four times (Choudhary
and Gokhale, 2016). With a decrease in vehicle speed,
the size of ejected particulate matter sharply increases
(Kittelson et al., 2004). The duration and frequency
of vehicle stops has a strong impact on fuel consump-
tion and pollutant emissions (Ericsson, 2001). In the
center of Moscow, where traffic jams occur very of-
ten, the concentrations of CO and NO» in the air near
the highways are almost two times higher than those
away from the center, between the TRR and the MRR
(Kul’bachevskii, 2019). With an increase in transport
speeds on large roads and greater wind blowing inten-
sity, small particles of road dust are resuspended to
the atmosphere, and the proportion of large particles
gradually increases. Therefore, an increase in the size
of the road and the intensity of the traffic flow from
medium to large and major highways leads to a de-
crease in the TEF of the PM( fraction.

In the yards of residential buildings, the TEF levels
of road dust and PM( particles are only 1.1-1.5 times
lower than those on major highways, MRR, and TRR.
In the courtyards, traffic is low, but generally low wind
speeds, tall buildings, and other constructions favor the

development of specific trap zones (well-shaped traps)
that reduce the airborne migration of PMjq particles
and contributing to their deposition on the surface of
soils and roads (Kosheleva et al., 2018). Thus, such ar-
eas require frequent cleaning to reduce the amount of
dust and PM particles.

4.4. Source apportionment of PTEs

To identify the main sources of PTEs and their con-
tribution to the composition of road dust and its PM
fraction in Moscow, the principal component analysis
(PCA) was applied. This method allows one to reduce
the number of factors required for interpretation by
generalizing arrays of multidimensional data in several
linear combinations of influencing variables (principal
components) without significant loss of information.
The results of PCA simplify the identification of vari-
ous sources involved in the formation of the fractional
composition of road dust. The initial data for the anal-
ysis were the concentrations of PTEs in road dust and
in the PM fraction (Table 1). The varimax normalized
rotation method was used. Factors were distinguished
by the magnitude of factor loadings: a strong relation-
ship corresponded to the factor loading of more than
0.7, and a moderate relationship corresponded to the
factor loading of 0.5-0.7. Classes on the distribution
schemes of factor score values for each chosen factor
(Figs. S.10 and S.11 in Supplementary material) were
distinguished by the Jenks natural breaks classification
method.

4.4.1. Total road dust

For bulk samples of road dust, six principal factors ex-
plaining in total 68% of the total variance were identified
(Fig. 6).

The first factor (PCI) is the most important and ac-
counts for about 33.6% of the total variance. This fac-
tor reflects the contribution of roadside soil particles to
road dust, which leads to the enrichment of road dust
with siderophile and lithophile elements of the Earth’s
crust — Ti, V, Mn, Fe, and Co (Adachi and Tainosho,
2005; Gunawardana et al., 2012; Harrison et al., 2012;
Morera-Gomez et al., 2020). The impact of this factor is
observed ubiquitously (Fig. S.10 in Supplementary ma-
terial). The input of these PTEs from a single source is
confirmed by the high positive correlation coefficients r
= 0.71-0.95 between the concentrations of elements of
this group (Table S.1 in Supplementary material).

The second (PC2) and third (PC3) factors, most
probably, characterize the contribution of industrial en-
terprises. The second factor is responsible for 11.1% of
the variance and is associated with the accumulation of
Cu and As (r = 0.47). It reflects the impact of enterprises
for the casting of nonferrous metals, production of elec-
trolytic copper foil, and optoelectronic devices (Saet et
al., 1990), which manifests itself in the formation of Cu
and As anomalies, especially in the southern part of the
city (Fig. S.10 in Supplementary material).

The third factor characterizes the influence of ma-
chine building and metal processing, car repair and paint-
ing enterprises (Demetriades and Birke, 2015; Zheng et
al., 2018), especially in the eastern part of the city. This
factor accounts for about 9% of the total variance and is
associated with increased concentrations of Ni, Cr, and
Mo in road dust. There is a strong positive correlation
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between Ni and Cr (r = 0.72), while Mo with Ni and Cr
are not strongly correlated (r = 0.30 and 0.35, respective-
ly). The main reason of the strong positive correlation
between Ni and Cr may be their joint emission as a result
of mechanical abrasion of stainless steel surfaces or gilt
metal objects, which is a source of coarse particles, en-
riched in Ni and Cr (Okuda et al., 2007).

The contributions of the fourth (PC4), fifth (PC5) and

sixth (PC6) factors to the total variance comprise 7.2%,

7.0%, and 6.3%, respectively. These factors might be as-
sociated with non-exhaust emissions of vehicles. They are
most clearly manifested on large roads (Fig. S.10 in Sup-
plementary material), where traffic jams often occur and a
large number of traffic lights are installed, which leads to
frequent stops and an increased number of car maneuvers.
Thus, PC4, which is responsible for the formation of Sb
and Pb anomalies in road dust of Moscow (r = 0.49), most
likely characterizes the abrasion of brake pads and linings,
where these metals are contained in high concentrations
(antimony sulfide Sb2S3 is a common component of brake
lubricant) and often used as indicators of this process (Gi-
etl et al., 2010; Grigoratos and Martini, 2015; Hulskotte et
al., 2014; Quiroz et al., 2013; Ramirez et al., 2019).

The fifth factor (PC5) is responsible for the accumu-
lation of Zn, W, Co, and Cd in the road dust as a result of
tire and road surface abrasion. These PTEs are used as in-
dicators of non-exhaust emissions (Apeagyei et al., 2011;
Pant and Harrison, 2013; Penkala et al., 2018; Song and
Gao, 2011). Zinc and Cd are used in the manufacture of
automobile tires (Harrison et al., 2012). Zn is present in
tires either in inorganic forms (ZnS and ZnO) or as organic
Zn stearate (Alves et al., 2020a; Pant and Harrison, 2013;
Wik and Dave, 2009). Moreover Zn borates are used as
an additive in the manufacture of polymers necessary for
the production of automobile parts, glass, and fiberglass
(European Borates Association, 2011). The operation of
sources common to Zn, W, Co, and Cd in combination
with the supply of certain elements from individual sourc-
es is the cause of weak correlation between these PTEs: r
are significant and decrease from 0.42 for the W—Co pair
and 0.36 for the Zn—Co pair to 0.26 for the Zn—W pair;
correlations between Cd and other PTEs are characterized
by low correlation coefficients (r < 0.15) and are statisti-
cally insignificant (Table S.1 in Supplementary material).

The sixth factor (PC6) explains the formation of Cd,
Sn, and Bi anomalies in the road dust. The sources of
these elements are wearing metal parts of cars, tires, road-
bed, and road markings. Thus, Cd and Bi can be present
in high concentrations in tires and road markings; Sn, in
brake pads and other details (Adachi and Tainosho, 2004;
Budai and Clement, 2018; Grigoratos and Martini, 2015;
Harrison et al., 2012; Thorpe and Harrison, 2008). Be-
cause of the difficulty of discrimination between various
non-exhaust sources, this integral factor is sometimes
called “vehicle abrasion” (Fabretti et al., 2009). A large
number of these PTEs sources operating with different
intensities are indicated by low r values that are signifi-
cant only for the Cd—Sn (0.30) pair and insignificant for
the Cd—Bi and Sn—Bi pairs (Table S.1 in Supplementary
material).

An additional source of elements is related to various
industrial emissions. Thus, Cr, Ni, Zn, Mo, Pb, and other
PTEs can be emitted by the mechanical engineering and
metalworking plants; Sb, Mo, Pb, Cd, Bi, and As are de-
rived from incinerators; and Zn, Pb, Sb, Cd, Bi, and As
can accumulate in roadside soils owing to the application
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of fertilizers and reclamation mixtures (Adachi and Tain-
osho, 2004; Christian et al., 2010; Grigoratos and Marti-
ni, 2015; Hulskotte et al., 2014).

4.4.2. PM1g particles

The composition of PMjq particles in Moscow road
dust is more homogeneous compared to road dust in gen-
eral, which is confirmed by a smaller number of prin-
cipal components for PTEs concentrations in the PMj
fraction and a more extensive list of elements, whose ac-
cumulation is controlled by them (Fig. 6; Table 2). Four
principal factors were determined for PM particles of
road dust and accounted for 84.2% of the total variance.

The first principal component (PCI) indicates the en-
try of elements into the dust with particles of roadside
soils polluted by emissions from vehicles and industrial
facilities and contributing to the enrichment of PM( par-
ticles of Moscow road dust with most PTEs of the mixed
anthropogenic-terrigenous (Ti, Fe, Mn, Ni, Co, V, Cr)
and of the predominantly anthropogenic (Zn, Sn, W, Bi)
origins. This factor is clearly pronounced on all types of
roads (Fig. S.11 in Supplementary material) and accounts
for 64.1% of the variance. The strongest correlative rela-
tionships are characteristic of the anthropogenic-terrige-
nous Ti, Fe, Mn, Co, V, Cr, and Ni (r = 0.84-0.97); for
PTEs of predominantly anthropogenic origin (Zn, Sn, W,
and Bi), correlative relationships between the elements
are weaker (r = 0.42-0.77) for all element pairs, except
for the Sn—Bi pair with r =0.91.

The second (PC2) and third (PC3) principal compo-
nents explain 7.8% and 6.3% of total variance, respec-
tively. They are most probably associated with PTEs de-
rived from vehicles, including their wearing parts, engine
oil particles, and motor exhausts, as well as from road
surface abrasion resulting in the increased concentra-
tions of Mo, Sb, Cu, Sn, Cr, Ti, and Fe in PM parti-
cles (PC2) with strong correlative relationships between
the elements (r = 0.60—0.94) and of Cu, Pb, Cd, and Zn
(PC3) with less strong relationships (r = 0.32-0.65). For
example, Ti is present in metal parts of automobile brake
systems, and Cr in a paint for road marking (Adachi and
Tainosho, 2004). Both factors also reflect the impact of
industrial enterprises, so they are most clearly revealed
not only in the central part of the city, where the main
impact is associated with emissions of vehicles but also
in its southern, southwestern, southeastern, and eastern
industrial parts (Fig. S.11 in Supplementary material).

The fourth principal component (PC4) is only ap-
plicable for As; this metalloid weakly accumulates in
PM g particles (EF = 1.1); it is probable that there are no
significant sources of this element in the urban environ-
ments of Moscow. This factor accounts for 6.1% of the
total variance. The sources of As may be related to incin-
erators of urban wastes, organic residues, and biomass
(Kumar et al., 2015; Niyobuhungiro and Blottnitz, 2013),
as well as to industrial enterprises (Bencharif-Madani et
al., 2019). Arsenic does not significantly correlate with
any of the PTEs in the PM( particles of Moscow road
dust (Table S.1 in Supplementary material).

Our results is close to the data obtained for other meg-
acities in the world, for example, for China, where re-
constructed PMjy emissions embody 51-64% soil and
cement dust, 26-40% tailpipe exhaust, 7-9% tire wear,
and 1-3% brake wear (Zhang et al., 2020).

Copper and antimony are often used as indicators of
brake pad abrasion. The Cu/Sb ratio in solid atmospheric
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Fig. 6. Principal components responsible for the main sources of PTEs in the road dust and the PM( fraction
of road dust in Moscow (summer 2017); calculated factor loadings are shown on the vertical axes.
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particles in tunnels and road dust of different cities varies
within 1.3—19 (Adachi and Tainosho, 2004; Alves et al.,
2018, 2015; Amato et al., 2011; Bukowiecki et al., 2010;
Fabretti et al., 2009; Gietl et al., 2010; Pant and Harrison,
2013; Ramirez et al., 2019; Stechmann and Dannecker,
1990), and within 5-18 in inhalable (PM¢) fraction of
road dust (Alves et al., 2020b, and references in it); this
ratio in the upper part of the continental crust is much
higher (70) (Rudnick and Gao, 2014). According to the
PCA, the main source of Cu in the road dust of Moscow is
related to industrial emissions, whereas the main source
of Sb is related to motor vehicles. The enrichment of road
dust with Cu and Sb from different sources is confirmed
by the low correlation between them (r = 0.36). In PM
particles, both elements mainly come from vehicle emis-
sions, and the correlation between their concentrations is
much stronger (r = 0.75). The median value of the Cu/Sb
ratio in Moscow road dust is 26; thus in the PMy( frac-
tion it equals 16. In the dust sampled in parks, it increases
to 36 (road dust) and 28 (PM;¢). A sharp increase in this
ratio in the road dust may indicate the input of Cu from
industrial sources and with contaminated soil particles.
With a decrease in the road size, the Cu/Sb ratio increases
(Fig. S.12 in Supplementary material), which indicates a
reduction in the Sb contamination and an increase in the
Cu contamination.

Another example of a pair of elements, for which
different sources have been identified for road dust and
for PMq particles, is the Sb—Mo pair. The results of
PCA suggest joint supply of these elements to PMyg
fraction with the products of abrasion of brake pads and
other metal parts of automobiles. The presence of Mo
in Moscow road dust is largely determined by industrial
emissions. In Moscow road dust and PM particles on
different types of roads the Mo/Sb ratio is <1; in dust
samples from parks, it increases to 1-2; in the upper
part of the continental crust, it is close to 2.0 (Fig. S.12
in Supplementary material). The high indicative value
of the Mo/Sb ratio is confirmed by the data for Palermo
and Catania (Italy), where the sharpest increase in the
Sb content compared to Mo is typical for the fine frac-
tions (PMj 5) of atmospheric dust particles (Dongarra
et al., 2009).

In general, the PCA results indicate the presence of
several sources of the same element in road dust and its
PMj fraction in Moscow, which results in several prin-
cipal components responsible for the same element sup-
ply. In turn, each of the PCs can characterize the source
of many PTEs in the urban environment. For PM1( par-
ticles, a more uniform composition in comparison with
bulk samples of road dust is typical. Owing to their high
migration capacity, PM( particles can migrate to consid-
erable distances, so that the zones of influence of differ-
ent sources often overlap one another.

5. CONCLUSIONS

For the first time, the contents of PTEs in road dust
and its PM ¢ fraction were studied in detail in Moscow,
the largest megacity in Europe. The average content of
PM ¢ particles in Moscow road dust is 14.9 £ 7.2%; a
tendency for a slight decrease in the share of these parti-
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cles with a decrease in the size of the roads is observed:
from 17.7 £ 6.5% on the Moscow Ring Road to 13.6 =
7.2% on small roads; it increases again up to 14.3 £ 6.5%
in the yards. In Moscow forest parks, the proportion of
PMjg particles is lower than that in the road dust and
averages 12.9 + 5.3%.

The main pollutants of bulk road dust and its PM g
fraction in Moscow are Sb, Zn, W, Sn, Bi, Cd, Cu, Pb,
and Mo. The pollution of Moscow road dust by danger-
ous Cd, Sb, Pb, and Zn is generally lower than in many
other large cities of the world, but the PM 1 particles of
Moscow road dust are characterized by a high W content,
an increased Zn content, and relatively low contents of
As, Sb, Cd, and Pb in comparison with other cities. This
is related to a significant proportion of resuspended parti-
cles of roadside soils in the road dust: about 34% for bulk
samples of road dust and 64% for its PM1 fraction. Oth-
er factors that have the greatest impact on the chemical
composition of road dust and PM particles are non-ex-
haust vehicle emissions (~20% for road dust and ~14%
for PM 1 particles) and industrial emissions (~20% and
~6%, respectively).

PM; particles are one of the most important carrier
of W, Bi, Sb, Zn, and Sn (more than 65% of the total con-
tent); Cu (>50%); and Cd, Pb, Mo, Co, and Ni (30-50%)
in the road dust of Moscow. The PM | fraction is, on
average, 1.2-6.4 times more contaminated with PTEs
than the total road dust. Owing to the susceptibility of
PM particles to resuspension from the roadway, their
capacity to remain in the suspended state in the air for a
long time and be transported over considerable distances,
these particles pose an increased environmental hazard to
citizens.

The chemical composition of road dust in general and
its PMj particles is spatially heterogeneous. They are
most heavily contaminated in the central part of the city
due to the large number of cars and traffic congestion.
Local anomalies of individual elements are observed near
industrial zones mainly in the west, south, and southeast
of Moscow. With decreasing road size and traffic inten-
sity, the enrichment of road dust and its PMjq fraction
with PTEs decreases. In the yards of residential build-
ings, which are usually ignored in the ecogeochemical
monitoring of urban areas, the level of total enrichment
of road dust and its PM( fraction is only 1.1-1.5 times
lower than on major highways, the Moscow Ring Road,
and the Third Ring Road, which is serious danger to peo-
ple spending a significant part of their lives in residential
areas.

The results obtained in this study proved the need of
further investigation of the PTEs distribution in differ-
ent particle-size fractions of road dust. In addition they
can be used to simulate the pollutant fluxes in the atmos-
phere of Moscow metropolitan area, since road dust is an
important source of microparticles in the air. The spatial
patterns of the PTEs distribution in the road dust and its
PM; fraction should be taken into account while plan-
ning measures to remove dust and clean the road surface,
especially for the most polluted parts of the road network
of city, as it could assist in significant reduction of public
health risks.
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Contamination levels and source apportionment of potentially toxic
elements in size fractionated road dust of Moscow *

INTRODUCTION

Over the period from 1950 to 2015 the contribution
of megacities to the urban population increased from 3
to 13%. The number of people living in such cities rose
from 24 to 463 million (United Nations 2018), which
created a high load on the urban environment (Baklanov
et al. 2016). When assessing the hazard of environmental
pollution in megacities and other urban areas by poten-
tially toxic elements (PTEs), much attention is paid to
road dust, whose chemical composition is determined by
exhaust and non-exhaust traffic emissions and PTE dep-
osition from the atmosphere (Haynes et al. 2020).

The chemical composition of road dust has received
much attention in scientific publications (Semerjian et al.
2021; Vlasov et al. 2022a). It is important to assess not
only the accumulation of pollutants in bulk samples of
road dust but also in its individual particle size fractions,
which have different abilities to be blown out from the
road surface, the distance of transfer in the atmosphere,
and the hazard to public health (Lanzerstorfer 2021).
Fine particles enriched with PTEs can be easily resus-
pended from the road and penetrate deep into the human
body, causing adverse health effects (Alves et al. 2020;
Guo et al. 2021; Men et al. 2022), for instance, oxidative
stress (Veremchuk et al. 2018), cellular mitochondrial
activity, and the development of inflammatory respons-
es (Yoon et al. 2018). Therefore, recently, many studies
have focused on the distribution of PTEs in the “thorac-
ic” road dust particles (or PMyq fraction, i.e., particles
with a diameter <10 um) (Amato et al. 2009; Ramirez
et al. 2019; Zhang et al. 2019; Tian et al. 2019; Kasimov
et al. 2019a; Levesque et al. 2021; Vanegas et al. 2021;
Vlasov et al. 2022b; Jeong and Ra 2022b), as well as in
the finer PMo, PM» 5, PMy, and PM; fractions (Acosta et
al. 2011; Kong et al. 2012; Chen et al. 2012; Padoan et
al. 2017; Lanzerstorfer and Logiewa 2019; Miazgowicz
et al. 2020; Faisal et al. 2021).

When assessing the urban environment quality, it
is essential to study not only fine particles of road dust
but also relatively coarse fractions since those particles
form the bulk of road dust mass (Adamiec et al. 2016;
Bourliva et al. 2017; Seleznev et al. 2021) can be easily
and effectively removed from the roadway together with
particles > 100 um during the cleaning (Majumdar et al.
2021). For instance, the PMs fraction and the finer par-
ticles account for about 5—15% of the road dust in Asian
and European cities, while a proportion of coarse parti-
cles reaches more than 85% (Bian and Zhu 2009; Zhao et
al. 2010; Duong and Lee 2011; Zafra et al. 2011). Con-
sidering coarse fractions of road dust can be character-
ized by a sufficiently high pollution level (Svédova et al.
2020; Jeong and Ra 2022a), especially in summer (Zhu
et al. 2021), the collection of these particles by munici-
pal services requires control over their further utilization.
The chemical composition of fine fractions is significant-

ly affected by both remote and local sources, while the
composition of coarse fractions is strongly influenced by
local ones (Logiewa et al. 2020). Moreover, fine particles
enter road dust mainly with vehicle emissions (Lingard
et al. 2006), while coarse road dust fractions are de-
rived from wind resuspension of roadside soil particles
and mechanical abrasion of the road surface, as well as
abrasion wear of car parts (Tanner et al. 2008). It is well
known that PTE concentrations increase with decreasing
particle size (Fujiwara et al. 2011; Jayarathne et al. 2017,
Lanzerstorfer 2021). However, source apportionment of
PTEs in size-fractionated road dust is performed rarely
(Kolakkandi et al. 2020), although considering the chem-
ical composition of different particle size fractions could
provide a more detailed assessment of potential sources
of pollutants in the entire mass of road dust.

Moscow is the largest megacity in Europe: the num-
ber of people living in the urban agglomeration exceeds
17 million (Mosstat 2020). As in many other megacities,
the primary source of anthropogenic impact on the envi-
ronment is motor transport, which supplies about 92% of
total emissions (Kul’bachevskii 2020). Among station-
ary sources, the main contribution is made by enterprises
for the production and distribution of electricity, gas, and
water (65%) and manufacturing (29%). Industrial zones
in Moscow occupy about 17% of its total area, which
reduces the connectivity of the road network and leads
to longer distances traveled by vehicles and a higher
volume of pollutant emissions from motor transport.
Off-gasses of industrial enterprises are dust sources too
(Bityukova and Saulskaya 2017). A decrease in particle
contamination with an increase in their size and a strong
accumulation of Zn, Cu, Cd, Cr, Ni, Sn, Pb, S, and P
in nanoparticles of road dust was identified (Fedotov et
al. 2014; Ermolin et al. 2018). In the road dust of the
southeastern part of the city, the concentrations of Pb,
Ag, As, Cd, and Hg decreased by a factor of 1.5-3 from
2004 to 2017 due to the closure of many industrial enter-
prises, but the concentrations of Zn, Cu, Sb, Cr, and Ni
increased 1.2-2.5-fold due to an increase in vehicle emis-
sions (Ladonin and Mikhaylova 2020). High correlations
were found between the content of PTEs in road dust
and dust on exterior glass window surfaces of a high-
rise building in Moscow, which confirms the significant
role of road dust in urban air pollution (Nikolaeva et al.
2022). A contaminant profile for PM( particles was pre-
viously obtained in Moscow, and it comprises Sb, Zn, W,
Sn, Bi, Cd, Cu, Pb, and Mo (Vlasov et al. 2021). Howev-
er, comparing contaminant profiles of four particle size
fractions of road dust in different parts of Moscow has
not been conducted before.

Historically, the eastern Moscow part has been more
industrialized than the western one: the intensity of the
environmental impact of the eastern industrial zones
determines 66% of the total industrial emissions ver-
sus 34% for the western part (Bityukova and Saulskaya

*Vlasov D.V,, Vasil’chuk J. Yu., Kosheleva N.E., Kasimov N.S. // Environmental Science and

Pollution Research. 2022.

DOI:10.1007/511356-022-24934-1

IF5.2



https://link.springer.com/article/10.1007/s11356-022-24934-1

98

2017). The unevenness of industrial and traffic impact
in the two parts of the city led to the difference in ele-
ment concentrations: in the soils of the eastern part, the
levels of Cd, Sb, Zn, W, Pb, Ni, Cr, and As were 1.5-2.5
times higher than their concentrations in the western part
(Bityukova et al. 2016). Moreover, the number of people
living in the Western and Eastern Administrative Okrugs
of Moscow is 1.397 and 1.527 million, respectively, and
the population densities in these two Okrugs are 7.2 and
9.9 thousand people per square km, respectively (Moss-
tat 2020).

Therefore, the present study is aimed at comparing
PTE partitioning in the road dust in the western part of
Moscow with a developed motor transport network and
the industrial eastern part. To achieve this aim, we (i)
analyzed the mass fractions of different particles in the
road dust of the western and eastern parts of the city, (ii)
assessed PTEs enrichment levels in the dust particle size
fractions and bulk samples, and (iii) performed source
apportionment of PTEs in the particle size fractions of
the road dust using the principal component analysis with
multiple linear regression for the first time in Moscow. In
the eastern, industrial part of the city, the distribution of
PTEs across the PMl, PM1_10, PM10_50, and PM50_1000
fractions of the road dust was analyzed earlier (Kasimov
et al. 2020), but the comparison of the PTE content in
four fractions in two parts of Moscow was studied for
the first time.

MATERIALS AND METHODS
Study area and sampling

In the western part of Moscow, there is a more signif-
icant amount of major highways with high traffic inten-
sity compared to the eastern part of the city. However,
based on the data on transport emission density, the con-
sidered city’s parts slightly differ: surface areas of roads
with < 100 tons of traffic emissions per 1 km? account for
20% and 22%, while roads with 100-500 t/km? occupy
55% and 56% and roads with > 500 t/km? occupy 25%
and 22% of the total area of the Western and Eastern Ad-
ministrative Okrugs of the city, respectively (Bityukova
and Mozgunov 2019). The higher average speed on the
Moscow Ring Road (MRR) in the east (64 km/h) than in
the west (60 km/h) indicates more significant congestion
in the western part of the city.

In the western part, combined heat and power plants
(CHPs) and boiler houses prevail among stationary emis-
sion sources due to de-industrialization and renovation of
industrial zones. Two large CHPs (No. 12 and 25), Khru-
nichev Space Center, a construction plant, an industrial
complex “Ochakovo” (brewery and soft-drink plant), a
rubber fabricating plant, the West Port, and a railway depot
are located in this part of the city (Bityukova 2021). The in-
dustrial zones are also home to car repair businesses (Saul-
skaya 2018), reinforcing the similarity between industrial
and traffic-related pollution. In the eastern part of Moscow,
the stationary sources are represented by an incineration
plant, thermal power plants, metalworking and mechanical
engineering enterprises, chemical and petrochemical enter-
prises, food industry plants, plants that produce construc-
tion materials, pulp and paper, and other materials. After the
CHPs, the incineration plant is ranking the largest among
the industrial sources in terms of the volume of emissions
supplying Fe, Zn, Pb, Hg, Cr, Sb, Ni, Al, Cd, Cu, Mn, Sn,
Co, As, V, and TI (Public Federal Register 2022).
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Road dust samples (n=21) were collected in the
western part of the city in the Krylatskoye, Mozhaysky,
and Novo-Peredelkino municipal districts in June 2014
(Fig. 1, Table S1). In the city’s eastern part, samples
(n=16) were collected in the Sokolinaya Gora, Perovo,
Ivanovskoye, Novogireyevo, Veshnyaki, Novokosino,
and Kosino-Ukhtomsky districts in July 2013. Informa-
tion on the fieldwork and results of studying the chemical
composition of road dust and its particle size fractions in
the eastern part of Moscow were described in detail in
our previous paper (Kasimov et al. 2020), while in the
current study, we focused on differences between two
city parts.

Sampling was carried out during the summer since
there is a high probability of road dust resuspension from
the roadway surface after a dry antecedent period, and it
releases into the atmosphere, which poses a potential risk
to public health. Roads were divided into four groups ac-
cording to the number of lanes in one direction: MRR (5
lanes, 6 samples), large roads (3 lanes, 8 samples), me-
dium roads (2 lanes, 10 samples), and small streets and
courtyards (1 lane, 13 samples). In our study, the word
“courtyard” refers to an innerblock space in residential
areas used for vehicle parking and, therefore, undergoes
traffic influence. The sampling was carried out from the
road surface with a plastic brush and a scoop after a dry
period of at least seven days. Triplicate samples were
collected at a distance of 5—10 m and then stored in self-
sealed polyethylene bags for transportation to the labo-
ratory.

Laboratory analyses

All dust samples were dried for 48 h at room tem-
perature. The dried samples were sieved through 1-mm
sieves to remove debris particles and gravel, according to
N.A. Katschinski particle size classification (Katschinski
1956; Bezuglova et al. 2021). Each sample was divided
into two subsamples. In the first — 10 g subsample, par-
ticle size distribution was analyzed using laser particle
sizer “Analysette 22 MicroTec plus” (Fritsch, Germany)
to assess the content of PM; (particles with a diame-
ter<1 pum), PM;_19 (1-10 pm), PM;q_50 (10-50 pm),
and PM5q_1000 (50—1000 pm) fractions. The analysis in-
cluded sodium pyrophosphate pretreatment for dispers-
ing aggregates and was performed at the Environmental
and Geochemical Center of M.V. Lomonosov Moscow
State University.

The second — 10 g subsample was fractionated into
four size ranges, listed above, using dry sieving and sed-
imentation. On the first stage, bulk samples were sieved
using the 50 pum stainless steel sieve to separate PMsg_
1000 particles that could not pass through the sieve. The
particles which passed through the 50 um sieve were
fractionated with the sedimentation method based on
Stokes’ Law, which is described in detail elsewhere (Li
et al. 2017). The pretreatment of the subsamples included
preliminary liquid dispersing with ~ 1000 mL of deion-
ized water without exposure of the dust samples to ul-
trasound in order to preserve particle structures, that is,
to create conditions similar to the natural ones for wind
resuspension. The dust solution was then transferred to
a 1000-mL measuring cylinder. After an appropriate set-
tling time, previously calculated with Stokes’ Law, the
supernatant was siphoned off at a fixed depth below the
surface and collected. To ensure that each particle frac-
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tion was completely separated, the remaining solution
was subjected to repeated sedimentation and siphon until
the supernatant was clear. The solutions obtained after
physical fractionation were filtered through membrane
filters with a pore diameter of 0.45 um (EMD Milli-
pore, USA). After separation, all filters with particle size
fractions of road dust were dried at 40 °C, weighed, and
stored for further analyses. The particle size fractions of
the road dust were analyzed for Al, As, Ba, Be, Bi, Cd,
Co, Cr, Cu, Fe, Mn, Mo, Ni, Pb, Rb, Sb, Sn, Sr, T1, V, W,
and Zn concentrations by mass and atomic emission in-
ductively coupled plasma spectrometry (ICP-MS/AES)
using an “i{CAP Qc” mass spectrometer (Thermo Fish-
er Scientific, USA) and an “Optima-4300 DV” atomic
emission spectrometer (Perkin Elmer, USA). The anal-
ysis was performed in the analytical center of N.M. Fe-
dorovsky All-Russian Research Institute of Mineral Raw
Materials by certified methods (NSAM No. 499 AES/MS
2015) using blank samples and standard reference mate-
rials “GSO 3784-86,” “GSO 8671-2005,” “GSO 8671—
2005” (Vinogradov Institute of Geochemistry SB RAS,
Russia), “AGV-2,” and “BHVO-2" (U.S. Geological
Survey, USA). The laboratory is accredited by the inter-
national accreditation system Analytics (AAS.A.00255)
and the national accreditation system (RA.RU.21GP11)
and meets the requirements of the International Organi-
zation for Standardization (ISO Guide 34:2009 and ISO/
IEC 17,025:2017). The detection limits (DLs, pg/g) were
as follows: Al, 12; As, 0.05; Ba, 0.54; Be, 0.001; Bi,
0.016; Cd, 0.003; Co, 0.01; Cr, 8.6; Cu, 0.51; Fe, 36; Mn,
0.19; Mo, 0.076; Ni, 0.84; Pb, 1.2; Rb, 0.08; Sb, 0.022;
Sn, 0.07; Sr, 0.08; Ti, 5.8; V, 0.025; W, 0.024; and Zn,
0.93. For all samples, at low concentrations (<5 DL) of
PTE, the relative standard deviation did not exceed 20%:;
at higher concentrations (>5 DL) of PTE, the relative
standard deviation did not exceed 10%.

Data processing and PCA/APCS-MLR analysis

Differences between the chemical composition of in-
dividual size fraction of the road dust and the content of
PTEs in the bulk road dust sample were estimated using
the coefficient Dx:

Dx:Cf/Ctot (1)

where Cyis the concentration of the element in the f-th
particle size fraction (ug/g fraction) and Cy,; is the con-
centration of the element in the bulk dust (nug/g dust).

To determine the contribution of the particle size frac-
tions to the overall contamination of the road dust by a
specific pollutant, the grain size fraction loading (GSFL)
was calculated for each size fraction f (Sutherland et al.
2012):

GSFLy = CyxPr/Cioy (2)

where GSFL{ is the percentage of the PTE in the f-th par-
ticle size fraction of the road dust (%) and Pris the share
of the f-th fraction in the road dust (%).

The contribution of anthropogenic sources to the PTE
content in the particle size fractions of the road dust sam-
ples was determined by the enrichment factor EF:

EF=(C; /Cy)/(Ki/K 41) 3)

where Ci and CAl are the concentrations of the consid-
ered i-th element and a reference element in the sample
and K; and K 4; are the abundances of these elements in the
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upper continental crust (Rudnick and Gao 2014). Al was
chosen since it is commonly used as a reference element
(Vodyanitskii and Vlasov 2021). EF <1 indicates the nat-
ural origin of the element in a sample (predominant sup-
ply from the earth’s crust, i.e., primarily terrigenous ori-
gin), EF from 1 to 10 indicates the possible contribution
from anthropogenic sources, and at EF"> 10, PTEs have a
clear anthropogenic origin (Cheng et al. 2018). For an in-
tegral assessment of the intensity of PTEs accumulation,
the total enrichment factor TEF was calculated:

TEF =Y EF—(n—1) 4)

where n is the number of the summable individual ele-
ments with £F > 1. TEF shows the levels of accumulation
of chemical elements due to anthropogenic impact: <32,
low; 32-64, moderate; 64-128, high; 128-256, very
high; > 256, extremely high (Vlasov et al. 2021). The
TEF levels were chosen based on the integral index of
pollution of the dust accumulated in snow cover, which
is used in Russia to assess air pollution (Saet et al. 1990).

Statistical data processing was carried out in the Statis-
tica 10 package. Application of the principal component
analysis (PCA) made it possible to reduce the original di-
mension of data required for interpretation by transform-
ing a set of multivariate data into several linear combi-
nations and allowing the identification of the sources that
control the chemical composition of the studied particle
size fractions (Aminiyan et al. 2018). Four datasets were
used in the PCA (each dataset for a separate particle size
fraction of the road dust). They included data on concen-
trations of 22 PTEs in 37 samples (16 samples from the
eastern and 21 samples from the western parts of Mos-
cow). Prior to the analysis, Z-normalization was applied:

Zik=(Cir — C)/oj (%)
where Cj is the concentration of the i-th chemical ele-
ment in the sample &, C; is the average concentration of
the i-th element for all samples, and oi is the standard
deviation of the i-th element.

Kaiser—Meyer—Olkin (KMO) and Bartlett’s spherici-
ty tests were performed to examine the suitability of the
data for PCA. KMO is a measure of sampling adequa-
cy indicating the common variance proportion (Varol
2011). In this study, KMO is>0.60 for each dataset
(0.65, 0.73, 0.66, and 0.63 for PMl, PMl—lO, PM10_5(),
and PM5g_1000 of road dust, respectively), indicating
that PCA may be useful. Bartlett’s test of sphericity in-
dicates whether a correlation matrix is an identity ma-
trix and variables are unrelated (Varol 2011). The sig-
nificance level of <0.001 for each dataset in this study
indicates significant relationships among the variables
and the suitability of using PCA.

The Varimax rotation method was used to simplify
the interpretation of the factors and reduce the number of
PTEs with high factor loadings (Guo et al. 2004). Only
the principal components (PCs) that explained more than
5% of the total variance of the data set and with eigenval-
ues > 1 (Kaiser’s criteria) were used as factors. To assess
the contribution of sources to the PTE concentrations, the
PCA method was used with the calculation of Absolute
Principal Component Scores (APCS) and the further ap-
plication of Multiple Linear Regressions (MLR). PCA/
APCS-MLR is a valuable technique to identify inde-
pendent factors using the eigenvector decomposition of
a matrix of pairwise correlations among compound con-
centrations (Thurston et al. 2011; Prakash et al. 2018).
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APCS allow apportioning the total mass of each PTE
among the components obtained by the PCA, that is,
among the various sources. A detailed methodology for
calculating APCS and using PCA/APCS-MLR can be
found elsewhere (Thurston and Spengler 1985; Shi and
Lu 2018; Liang et al. 2019; Chen et al. 2021). The main
steps in this approach are summarized below.

As the factor scores obtained from PCA are normal-
ized, with mean zero and standard deviation equal to
unity, the true zero for each factor score was calculated
by introducing an artificial sample with concentrations
equal to zero for all variables. For this additional sam-
ple, normalized values for PTE concentrations will be as
follows:

(Z0)i =(0-Cp)lo=—Cjlo; (6)

The APCS for each component are then estimated
by subtracting the factor scores for this artificial sample
from the factor scores of each one of the true samples.

Regressing the PTE concentration data on APCS
gives estimates of the coefficients, which convert the
APCS into pollutant source mass contributions from
each source for each sample (Thurston and Spengler
1985). The source contributions to Ci can be calculated
by using MLR:

Ci= ot 2(APCSp<Epi)p =1,2,...0 (7

where &, is the intercept of multiple regression for the
i-th element, &,; is the coefficient of multiple regression
of the source p for pollutant i, and APCS), is the scaled
value of the rotated factor p for the considered sample.
APCS,, x &,; represents the contribution of source p to
Ci. The mean of the product APCS), % &,; on all samples
represents the average contribution of tﬁe sources (Ma et
al. 2021). APCS uncertainty (UNC, %) was calculated as
follows:

UNC=(Cipeas = Crmodel) Cimeas * 100% 3)

where Cj,04s 18 the measured concentration of PTE and
Cinodel 18 the predicted concentration of PTE based on
PCA/APCS-MLR results (Song et al. 2006).
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RESULTS AND DISCUSSION
Mass fractions of particles in the road dust

In the western and eastern parts of Moscow, the av-
erage mass fractions of various particle sizes in the road
dust differ significantly (Fig. 2). On the roads of the
western part of Moscow, the dust had a sandy texture
(Katschinski 1956) with the PMj share of about 7.5%.
In the eastern part, the road dust consisted mainly of
sandy loam and showed a higher amount (about 14%)
of the PM¢ fraction. This can be explained by the fact
that PM g emissions are higher at a constantly low ve-
hicle speed (Tang et al. 2019). In the eastern part, where
the average traffic speed is lower, the proportions of PM;
and PM|_jo were higher than in the western part.

In the western part of Moscow, the share of PM( was
higher on roads with more traffic: it increased from small
and medium roads to large roads and the MRR. This
was probably due to the increased abrasion of roadways
from road traffic and more intense wear of tires since it
is known that up to 36% of the particles’ masses origi-
nated due to the abrasion usually have a size of 20-50
pum (Klockner et al. 2021). In addition, major roads usu-
ally have high curbs and dust collectors to prevent the
fine particles from their spread outside the road. In the
eastern part of Moscow, an increase in traffic intensity
was accompanied by a rise in PMsq_1900 share, while the
amount of other fractions decreased due to the blowing
of particles from the roadway. The latter was confirmed
by a higher share of PM;_j9 and PMj(_s¢ in the road-
side soils compared to the dust: in the soils, the PM_1g
on average accounted for about 16%, the amount of this
fraction in the road dust was 13%; PM(_s¢ in the soils
and road dust accounted for 35% and 16%, respectively.
The share of PMsq 1000 was lower in the soils compared
to the dust—45% versus 69% (Kasimov et al. 2016). In
the road dust of small roads and in-yard areas, a larger
proportion of PM3q can be explained by the widespread
occurrence of closed courtyards, which act as a kind of
“sink” for polluted atmospheric air coming from high-
ways and numerous industrial sources located in the east
of Moscow (Kosheleva et al. 2018). In courtyards, the
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Fig. 2. Mass fractions of different particle sizes in the road dust on roads of various types in Moscow’s western traffic and
eastern industrial parts. Roads: 1-small roads and courtyards, 2—medium, 3—large, 4-MRR, and 5—average for all roads



102

atmospheric delivery of fine particles and mechanical
cleaning, which removes mainly coarse particles, led to a
gradual accumulation of fine fractions.

PTEs content in the particle size fractions of the
road dust

The total content of PTEs in the bulk samples of the
road dust and their concentrations in particle size frac-
tions in Moscow’s western and eastern parts are given in
Table 1. In the road dust of the western part of Moscow,
the average total concentrations of Cu, W, and Pb were
10-30% higher compared to those in the eastern part, and
Zn, Mo, Cd, Sn, Sb, and Bi were higher in the eastern part.
High concentrations of Cu, Pb (Pant, Harrison 2013), and
W (Vlasov et al. 2022b) in the western part of Moscow
are caused by transport emissions, while Zn, Mo, Cd, Sn,
Sb, and Bi in the eastern part of the city can be found in
industrial emissions of incineration plant, thermal pow-
er plants, metalworking and mechanical engineering en-
terprises, chemistry and petrochemical enterprises, food
industry plants, plants that produce construction materi-
als, pulp and paper, and other materials (Kasimov et al.
2020). The differences in the concentration of PTEs in
the individual fractions and the bulk road dust samples,
in general, were reflected in the values of the Dx index
(Eq. 1; Fig. 3). Dx for PM was significantly higher than
for coarser fractions in both parts of Moscow. At the same
time, the maximum concentrations of the PTEs coming
from vehicles were confined to PM; (Cr, Cu, Zn, Cd, and
Sn) and PM_;g (Be, Co, Ni, As, Rb, Sr, Sb, Ba, W, and
Bi) in both parts of the city. However, as the particle size
increases, the concentrations of these PTEs decrease.
The coarser PM1(_s¢ fraction, which mainly originates
from soil minerals and pavement fragments, had high Ti
contents, which decreased with decreasing particle size.
Fe, Mn, and V had a similar distribution within particle
size fractions: their maximum concentration was found
in PM_;¢, and a minimum was registered in the coarsest
PM50_1000 fraction. A bimodal distribution was typical
of Mo and Pb: their high concentrations were found in
PM; and PMj(_s¢. In general, in the eastern part of Mos-
cow, the concentrations of most PTEs in PM| particles on
average 3—5 times exceed those in PM5q_1000, and in the
western part, the exceedance equals to 2—4 times.

PTE concentrations increased with a decrease in
the size of the road dust particles due to an increase
in their specific surface area, growth of sorption ca-
pacity and cation exchange capacity, changes in min-
eralogical composition accompanied by an increase in
the percentage amount of clay minerals, and related
decrease in quartz abundance (Bian and Zhu 2009;
Duong and Lee 2011; Gunawardana et al. 2014). In
addition, a higher amount of organic matter content
(Kasimov et al. 2019b) can contribute to the accumu-
lation of PTEs as fine particles contain more microbial
humic-like substances, and larger ones are enriched in
fulvic acids (Aryal et al. 2015). Chemical analyses of
soils in the Central part of the East European Plain also
demonstrate that the majority of elements (Al, Cd, Zn,
V, Tl, Pb, Rb, Ti, Th, U, Li, and Cs) accumulate more
intensively in finer fractions and show a maximum of
the element concentration in PM1. Furthermore, Mn,
Co, Mo, and Fe showed accumulation both in coarser
fractions PM»s0_1000 and PMsg_ 250 and in the finest
fraction PM| (Meinander et al. 2022).
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In coarse particles PM5so_1000, the differences in the
content of most PTEs in the western and eastern parts of
Moscow do not exceed 100% (Fig. 4). In finer particles,
these differences are more distinct, which probably re-
sult from unequal traffic loading, different structure of
the vehicle fleet, and an increased level of anthropogenic
impact related to industrial facilities in the eastern part of
the city. In summary, in the eastern part of the city, the
concentrations of Sb, Mo, As, and Ni in PM and Sb, Mo
in PM_o were more than twice the values in the western
part of Moscow. These elements may indicate emissions
from mechanical engineering and metalworking enter-
prises, chemical and petrochemical industries, the ener-
gy sector, incineration plants, and construction materials
manufactures (Duan and Tan 2013; Li et al. 2020; Wong
et al. 2021). The differences in the element concentra-
tions in the bulk road dust and its particle size fractions
registered in the eastern and western parts of the city can
also arise from different cleaning techniques: frequent
wet cleaning of the roadway in the west of Moscow and
mechanical cleaning in the east. Furthermore, long-term
exposure to dust on the roadway causes a stronger impact
of different pollution sources, leading to an increase of
PTEs concentrations in all particle sizes and, therefore,
the reduction of disparities between particle size frac-
tions (Zafra et al. 2011).

In summary, PM| and PM_j¢ of the road dust in the
east of the city were characterized by increased levels of
Sb, Mo, As, Ni, Bi, Cd, and Sn, while in the west, these
fractions had higher concentrations of W, Cr, Cu, Ti, Sr,
and Pb. The different industrial impact and traffic load
in the city parts can explain the dissimilarity. Among the
listed PTESs, the concentrations of Sb, Mo, Ni, and Cd in
all fractions in the east exceeded those in the west, prob-
ably due to the higher impact associated with the indus-
trial sector and especially the incineration plant (Public
Federal Register 2022) and metalworking industry (Wei
et al. 2021) that may emit those PTEs. The difference
between the contents of other PTEs in the particle size
fractions was much less pronounced.

Partitioning of PTEs in the road dust

Figure 5 shows the distribution of PTEs within the particle
size fractions of the road dust in the western and eastern parts
of Moscow evaluated by the GSFL index (Eq. 2). Fractional
composition (partitioning) of PTEs in the road dust for
the roads of different sizes in the western and eastern
parts of Moscow. The black line separates the propor-
tion of fine particles (PM and PMj_1() from coarse ones
(PMj0-s0 and PMs0_1000)

The fractional composition of PTEs in the road dust
was different for roads of various sizes. In the western
part of the city, for most PTEs, the highest contribution
of PM and PM_jo was found on the large roads. With
a reduction in traffic load, the contribution of these par-
ticle size fractions decreased due to a higher input from
PMs50_1000- The lower contribution from fine particles
was also observed on the MRR due to the higher share of
PTEs associated with the PMo_s¢ fraction. In the east-
ern part of Moscow, the contribution of PM; and PM_q
declined with increasing traffic load, reaching the max-
imum for most PTEs on small roads and in courtyards.
The main difference between the western and eastern
parts of Moscow is that the eastern industrial part of the
city was characterized by a recession in the contribution
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Fig. 3. The ratio of PTE concentrations in the fractions PM{, PM|_19, PM|0_50, and PM50_190¢ (marked as > 50) to the total
PTE content (Dx index) in the bulk road dust in the western and eastern parts of Moscow: (a) the PTEs with Dx < 3; (b)

the PTEs with Dx up to 7. The numbers in the corners of the squares indicate the size of PM in pm



QOO OO OO OO OO OO O OO OO OO OO OO OO O OO OO OO O OO OO OO0 O OO0 OO0 OO0 O OO OO OO O OO0 OO OO0 O OO OO0 OO0 O OO OO0 OO0

104

(89—, (S6—¢1) F1-60) (57—89) (9z—+1) 9°6—0'1) (Tv—¢€8°0) T1—91) (L1-9'1) (€z—11)

¥0 9y €T 1'9 SI 0T v L1 ¢y I's L9 qas
S1-%°9) (L1-L¢) (Iz—¢9) (F€—91) (S¥—50) F1-1¢) (€1-10 61-t'L) (6v—9%) (€01—8'8)

|4 $'6 €9 11 ¥C 43 L9 7 4l €C LT ug
(S'1—LT°0) (€8°0—11°0) F1-14°0) (€€ (X520 (FL°0—ST°0) (95°0—21°0) (S 1-9t°0) (9°¢—8¢°0) (0v—€8°0)

60°0 19°0 Se'0 9L°0 81 €T 1+°0 8T°0 wo 91 91 PD
F9—L1) L1 F1-50 F1-0%) 66-79) (6T—L8°0) (6'2—99°0) (@ axa))] (1'9—-15°0) Ty=c1)

I'T S'¢ 6T vy L9 TL L1 ST 4 €T 9T O
(1sz—L8) (10€—06) (60T—¢t) (18—'9) (1€1-99) (6sc—121) (8¥€—L0T) (8€T—111) (195—88) (10S—1¢)

1143 €€l €51 I ¢ €L [9A| ¥91 0L1 1454 90¢ IS
(¥S—920) (95—0) #9—¥1) (ss—¢€¢) (6L—LS) (8L—0¢) (18—52) (LS—TD) (£8—61) (T9-1°6)

8 6¢ L€ 6€ S 89 8% ot 6¢ 8¢ 9 Q¥
@v—1 (Te—1¥°0) (S9—L1) T1—6'%) (61-59) (0'6—99°0) (0°5—6£°0) (S1—6'1) (T€—68°0) (17—58°0)

8t LT 91 43 6L 01 €T 91 'y TL (47 sV
(S0L—091) (619—611) (9€0T—LLT) (0S€1-18) (L91%—69L) (58¢—66) (922—19) (FS9—tLT) (1s€7—182) (S0ST—SI11)

L9 9t 061 0S¢ SSh 0811 8IC LT] LSE SH01 9L01 uz
(181—0%) ($T1—92) (697—¢9) (TLe—1¥1) (L9S—¥61) (LST—0¢) (8L1—61) (868—5) (Teer—p) (6€17—¥H1)

8¢ €6 9 €Il 8I¢ 80¢ 86 09 61 114 ¥L9 no
(9v—¢€1) (se—¢'1) (LS—L1) (6L—2h) (L11-19) (se—cn) (F€—76) (1s—81) (65—0°5) (€5—61)

Ly 9 61 €€ S €L 0T L1 8T 0 43 IN
(T1-8¢) (T6—¢€0) (S1-8%) 0z—%1) (0€—02) O1-%%) F1-60) (ST—=5'L) (ST—9%) (9217

Ll 08 8¢ $'6 91 T 6L ¥'9 €l Ll Sl 0D
(r¢—11) (ze—8'9) (FS—91) (9r—S%) (59—2¥) (1s—L1) (Ly—21) F11-92) (#L—12) (€9-6'9)

6¢ w 61 0¢ T S 6C ST 1% 59 4% eE |
(€Ly—9L1) (€6v—911) (059—592) (€5.—06) (1921—LLS) (959—8¢7) (T19—0L1) (S16—01%) (6€8—4¥0) ($5.—98)

vLL 6¢€ S6T %34 €Lg 8¢8 L6€ L¥E 768 80L 6SS U
FL—T¢) (€9—20) (€r1—0t) (8T1—¢€1) (90z—921) (€8—L0) (78—€0) (68—5¢) (1sT—tb) (€zy—121)

6 0S ot 0L 9 8¢S 143 |87 8¢ 9¢1 974 e}
(6L—€0) (#8—¢€1) (L11-Th) (901—21) (IP1—L11) (921—-620) (zz1—s0) (961-19) (0S1—9¢) (Te1—¢n)

L6 S¢S 1% SL LS I€1 LS 6 16 601 38 A
(8'2—95°0) (Te—€v°0) (€$—L80) F'1-51°0) 8 1-01) (96—¢'1) (I's—1°'1) 9°6-1¢) (I'L—00) (L'8—LT0)

8¢ L1 81 It 1L°0 vl LT T 6F 9y 'y 1L
(I+—91) 9v—S1) (€s—01) (8T—1°¢) (8+—0¢) (L§s—T0) (65—L1) (6v—00) (TL—9m #$—0'9)

I8 LT 8¢ 8¢ 91 8¢ 43 0€ L€ 6t ¢ v
(€ 1-2¥°0) (#'1-8€°0) #'1-5€°0) (I'1-09°0) (9'1-86°0) (L'1-89°0) (8'1—¢€S°0) (€ 1-6S°0) ((Syaard ()] (0z—L1°0)

1T SL0 0L°0 10 L8°0 Tl S6°0 88°0 01 91 Tl og
snp yng 000108 |1 0S=0l AL O-IA g "N Isnp yng 0001=0S AT g 050l g 0= "ANd

38y ¢ 8/81 ‘m00s0JA Jo 11ed ([eINSnpur) UIA)SEH 3/31 ‘m00S0]A] JO 1aed (oUFRI}) UIAISIA qA1d

(107 0BD puE YoruUpny) 03 FUIPIOIIL UIAIS IR
SN0 [eyuaunuod Joddn oy ur s I J JO soourpunge oy [, "S}o30eIq Ul USAIS 9T SaN[eA WNWIXBW PUB WNWIUIA “3/SW—I], pue ‘9 [V 10§ ‘3/3r () ISNId [BIUaUnRUO0d

10ddn oty ur seduepUNqER T 14 Y} PUB MOISOJA JO S1aed ([BLIISNpUT) UI2)SBI pue (JGJer)) UId)SIM U} UT ISP PLor 9} JO SUONILI 9ZIs d[oned i) ur suonenuaduod g1.d 1 dqel,



Table 1 (continued)
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K, pgleg

Eastern (industrial) part of Moscow, pg/g *

Western (traffic) part of Moscow, pg/g

TE

Bulk dust

PM;_j PM -5 PMi55_1000 Bulk dust PM, PM,_jo PM 459 PMs5_1000

PM,

628

305
(198—446)

328

(189—501)

286
(118=507)

152

(28—310)

350
(261-476)

348

(265—572)

343

(248—590)

295

(147-385)

417
(153—530)

353
(85—489)

Ba

1.9

5.3

(1.0—10)

3.4

(0.64—7.3)

9.4

(0.19-27)

5.7

(0.49—17)

21
(2.8—54)

7.3

(2.6-26)

3.2

(0.80—17)

19

(6.1—77)

41
(7.9-65)

30

(2.0—80)

53 17

(20—130)

35

64

(32-146)

123

124 176
(112-576) (65—412)

(29-734)

25

814

(14-7186)
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(24-2637)

861

(99—4129)

Pb

(10-83)

(16—36)

0.16

0.61

(0.21-1.0)

0.31
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Fig. 4. The ratio of PTE concentrations in the road dust particles of the eastern
(Ceast) part to the PTE concentrations in the western (Cyegt) part of Moscow

of PM; and PMj_j¢ with a rise in traffic. An opposite
relationship was revealed for the west, probably due to
differences in the traffic and industrial impacts and kind
of road cleaning. In the eastern part of Moscow, a change
in the contribution of PM| and PM_;( was mainly due to
an increase in the loading of the PM5q_1¢qg fraction, and
in the western part, it was caused by a higher contribution
of PMo_s0. At the same time, the PM; fraction in both
parts of the city on all types of roads usually accounted
for no more than 10% of the total PTE content, and the
most significant contribution of PM; was found for Cu,
Zn, Cd, Sb, Sn, W, Pb, Bi, and Cr.

W, Pb, Cd, Sn, Sb, Cu, Zn, Cr, and As compared to
other PTEs are characterized by a high contribution of
PM; and PM_; fractions to the total concentrations of
each PTE on all types of roads in both parts of the city. Bi
was added to this list on the MRR, large and small roads.
In the eastern part, all types of roads showed high peaks
of Cu, Zn, As, W, Pb, and Sb. The list of the elements
beside W, Pb, Cd, Sn, Sb, Cu, Zn, As, Cr, and Bi also in-
cluded Mo, Ni, Co (on all types of roads), and Mn, Fe, V,
Be (on small, medium and large roads) probably due to
the presence of sources not typical for the western part of
Moscow and associated with emissions from industrial
enterprises.

Enrichment factors of chemical elements in
size-fractionated road dust

Both parts of Moscow showed the enrichment of
PM;, PM|_;9, and PMg_so with Sb, Cd, Zn, Sn, Bi, W,
Cu, and Pb associated with the delivery of the elements
from anthropogenic sources (EF > 10); Mo was added to
this list in the eastern part of Moscow (Fig. 6). This is
confirmed by data on the geochemical specialization of
atmospheric aerosols in Moscow (Gubanova et al. 2021).
Relatively high EFs, which can be explained by the im-
pact of anthropogenic and natural (mostly terrigenous)
sources, were revealed in the same particle size fractions
for As, Cr, Ni, Co, Fe, Rb, Be, and Ba in both parts of
Moscow, as well as for Mo, Ti, and Sr in the western part.
Due to the low sorption capacity of the coarse particles,
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Figure 5. Fractional composition (partitioning) of PTEs in the road dust for the roads of different sizes in the western and
eastern parts of Moscow. The black line separates the proportion of fine particles (PM1 and PM_;() from coarse
ones (PM19-50 and PM50-1000)
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Figure 6. Enrichment of particle size fractions of the road dust with PTEs in the western (traffic) and eastern (industrial) parts

of Moscow

the PM50_1000 fraction revealed lesser enrichment with
most PTEs than the finer fractions. Eastern Moscow was
characterized by elevated levels of the EF for Sb, Cd, Zn,
Sn, Bi, Mo, As, Ni, Co, Rb, and Be, which indicates a
significant contribution of industrial sources to road dust
pollution. In the western part of the city, the EF levels for
Pb, Cu, W, and Ti were higher than in the eastern part due
to the stronger impact of traffic.

The main difference between the two parts of Mos-
cow is that in the western part, the EF maxima of an-
thropogenic and natural-anthropogenic PTEs occur in the
PM; fraction, whereas in the eastern part, the EF maxima
are associated with PM_jq. This is because in the west-
ern part, the coefficient Dx of the reference element Al
in PM|_jq particles is maximal, and in the east, on the
contrary, it is minimal (Fig. 3). These values can be ex-
plained by the differences in the mineralogical composi-
tion of PM1, PM_10, and coarser fractions, as well as the
unequal input of PM| and PM|_;¢ during abrasion of the
road surface and wear of vehicle tires. A large proportion
of PM( formed during abrasion of the road surface con-
sists mainly of aluminosilicates, including about 40% of

plagioclase (Na,Ca)Al(Si,Al)SioOg and 35-40% of horn-
blende Cay(Mg,Fe)4Al(Si7Al)O22(OH,F), (Tervahattu et
al. 2006). The ultrafine road dust particles contain a high
proportion of Fe-rich carbonaceous particles with high
contents of Al, Ca, S, and Si, supplied by brake wear,
with fuel additives and engine oil (Kwak et al. 2014),
as well as magnetite particles produced during abrasion
of brake pads (Kukutschova et al. 2011; Ramirez et al.
2020).

The influence of the traffic intensity on the chemical
composition of the road dust particle size fractions and the
effect of the traffic flow structure were confirmed by the
data on the EFs calculated for different road types (Table
S2, Table S3). In the western part of the city, the EF val-
ues for most PTEs reached their maximum on the MRR
and large roads. We observed a decrease in EF values on
the medium and small roads and courtyards. Compared to
PM;j¢_50 and PMsq 1900, the EF values of PTEs in the fine
fractions (PM; and PM1_;() suggested more pronounced
differences between various roads. The EF values of Be,
Rb, Ba, Sr, Ni, As, V, Co, and Mn in the road dust were
practically the same, regardless of road type, which in-
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Fig. 7. Total enrichment of the road dust particles with PTEs on roads of different sizes in Moscow’s western (traffic) and east-
ern (industrial) parts. TEF values are shown on the horizontal axis. MRR is Moscow Ring Road

dicates that the road size (and, accordingly, the intensity
of traffic) had little effect on the accumulation of the el-
ements from this group. EF value of Bi suggests its high
enrichment in the PM3sq_1090 fraction on medium roads.
In summary, in the western part of Moscow, many PTEs
preferably accumulate in the road dust of large roads and
the MRR, corresponding with increased emission of pol-
lutants from motor vehicles at high speeds. The same pat-
tern was observed in Ulsan (Republic of Korea), where the
concentrations of PTEs reached maximal levels in the road
dust of the main highways; in the central part of the city,
on large bypass roads with a high proportion of busses and
trucks, the concentrations of Cd, Cu, Zn, Ni dropped (Du-
ong and Lee 2011).

The TEF index was used to assess the total enrichment
of the dust particle size fractions with PTEs on various
road types in the western and eastern parts of Moscow
(Table S2, Table S3, Fig. 7).

According to TEF index values, the most polluted
fraction differs in the city’s two parts: PM7 in Western
Moscow and PMj_jg in Eastern Moscow. In the west-
ern part of Moscow, the finest particles PM| and PM_g
demonstrate the trend of TEF values rising with the in-
crease of road size, while in the eastern part of the city
only coarse particles PMsg 1900 show the same trend.
The data on TEF show that in the western part of Mos-
cow PTEs most intensively accumulated in the PM;
fraction (average TEF value =444). On all roads, the
TEF values in this particle size fraction ranged as ex-
tremely high (Fig. 7, Table S2). With increasing particle
size, the TEF values decreased from 254 in PM_jq to
208 in PM|g_50 to 53 in PM50_1000. The observed close
TEF levels in PM|_19 and PMj¢_50 might be associated
with high enrichment of Pb in large particles on medium
roads, especially on the MRR. The accumulation of oth-
er PTEs in PM¢_s5q particles was less intensive than in

PM_1¢. In the PM; and PM_ ¢ fractions, the TEF val-
ues increased with traffic flow. In the PM5q_1000 fraction,
the TEF values grew from small to medium and large
roads but slightly decreased on the MRR.

In the eastern part of Moscow, the average level of the
TEF in the PM| fraction was lower compared to that of
the west of Moscow on all road types except for medium
ones, while in the PM1_1 it was higher on all roads. In
the western part, the TEF values in the fraction PM¢_5¢
were higher on medium roads and the MRR by 56 and
255 units, respectively, than in the eastern part; but on
small and large roads, they were lower by 31 and 195
units, respectively. In the eastern part of Moscow, PTEs
accumulated in fine fractions on both small and large
roads due to industrial impact. An increase in the TEF
values associated with an increase in traffic load in the
east of Moscow was noticeable only in the coarse frac-
tions PM1g_50 and PM5q_1900.

In summary, an extremely high enrichment in PTEs
was observed in the fine fractions PM| and PM|_;¢ not
only on major highways but also on small roads and in
courtyards. Relatively large particles of PMjy_50 were
also enriched with PTEs to extremely high levels on me-
dium roads and the MRR in the western part of Moscow
and on large roads in its eastern part.

Source identification and apportionment

The data on PTE concentrations in four particle size
fractions of the road dust was analyzed using principal
component analysis (PCA). For PM; and PM_yq, four
principal components (PCs) were extracted, explaining
80.7% and 81.5% of the total variance in the data, respec-
tively, and for PMg_s50 and PM50_10g0, five PCs were
extracted, responsible for 84.2% and 73.5% of the total
variance, respectively (Tables S4-S7).
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The PCA/APCS-MLR receptor model was applied
to the four extracted components for PM; and PM|_jg
particles and the five extracted components for PM1q_s¢
and PM5q_1000 to quantify the contributions of the sourc-
es to each measured PTE content. Statistical analysis
results, including identified source profiles obtained by
PCA/APCS- MLR, APCS uncertainty, and the coefficient
of determination (R2) between predicted and observed
concentrations of PTEs, are presented in Tables S§8—S11
(Supplementary material). In APCS, source contribution
estimates are not constrained to be nonnegative (Miller
et al. 2002), which is physically impossible, i.e., PCA/
APCS-MLR’s ability to generate negative source contri-
butions and inability to model extreme data are known
concerns (Larsen and Baker 2003). For all studied PTEs,
the uncertainty (UNC) did not exceed = 45%, which in-
dicates an acceptable level of modeling accuracy and is
appropriate for source apportionment of PTEs in various
particle size fractlons of road dust in Moscow. For the
majorlty of PTEs, R2 was more than 0.6. Relatively low

2 values (<0. 6) were obtained in PM; for As (0.55),
Cr (0.45), in PM1_1¢ for Pb (0.55), in PMg_s¢ for Zn
(0.39), and in PMj5(_190o for Ni (0.48), Bi (0.24), and Pb
(0.17). To assess the differences in the contribution of
sources to the PTE content in dust and its particle size
fractions in different parts of the city, the average values
of APCSp x &pi were calculated separately for the west-
ern and eastern parts of the city (Table S12). The results
are presented in Fig. 8, where stacked bars display contri-
butions by different sources to an element concentration.
Only sources with a reliably established positive contri-
bution to PTE concentrations were considered.

Source contribution (in percent) to size-fractionated
road dust in Moscow obtained by PCA/APCS-MLR. The
black line separates the contributions of terrigenous (be-
low the line) and anthropogenic (above the line) sources

The terrigenous factor was identified in the PM; and
PM_¢ fractions, explaining 38.1% and 47.7% of the to-
tal variance of the data, respectively. It had high loadings
of Al, Be, Ba, Fe, Rb, V, and Mn in the PM fraction and
high loadings of Al, Ba, Ti, Fe, V, Mn, Be, Sr, Cr, Rb, W,
Zn, and Pb in the PM|_;¢ fraction. The accumulation of
Al usually indicates the addition of rock particles, while
the enrichment with Fe, Mn, Rb, and Ba implies wind-in-
duced emission of particles from polluted urban soils (Yu
et al. 2018; Morera-Gomez et al. 2020; Konstantinova et
al. 2022).

Additionally, this factor may be derived from the abra-
sion of the road surface since asphalt concrete contains
relatively high amounts of Mn, Ba, Sr, V, and Ni (von
Gunten et al. 2020) and can also be due to construction
objects emitting high amounts of Sr (Amato et al. 2009),
while concrete dust often is rich in Be (Frye et al. 2021).
In general, in the western part of Moscow, the contribu-
tion of the terrigenous source to the concentrations of Pb,
Sr, Cu, and W and notably of Cr in the PM|_;¢ fraction
was higher than in PM|, but its impact on Ni, Bi, Mo,
Sb, and especially on As concentrations was significantly
lower.

Two terrigenous factors were identified in the coarse
fractions of the road dust: rock particles (including build-
ing materials) and wind-induced emissions of particles
from polluted soils. The occurrence of two terrigenous
factors in the coarse size fractions might be attributed to
the significant additional impact of local soil (Logiewa et
al. 2020). The fine fractions, however, are typically char-
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acterized by intense air transport from remote sources,
resulting in better mixing of particles coming from rocks
and soils, and higher commonality in their chemical
composition, in contrast to large ones. The influence of
rock particles with high loadings of Rb, Ba, Al, Be, and
Sr explained 38.0% of the total variance in PMg_s¢. In
PM50_1000, this factor (with high loadings for Rb, Al, Ba,
Sr, and Be) explained 12.6% of the total variance. Re-
suspension of polluted soil particles explained 9.0% and
36.6% of the total variance in the PM g 59 and PMsq_

1000 fractions, respectively, and had high loading for Ti,

Mn, Co, V, Fe and Ti, Co, V, Fe, Mn, Cr, Cu, respectlvely

In all particle size fractions of the road dust, the ter-
rigenous factor had high relative contributions (> 50%)
to the concentrations of Al, Ba, Rb, Sr, Be, Mn, V, Ti,
and also Fe in the PM1, PM_;, and PMsg_10g0 fractions
(Table S12). The most significant relative contributions
of the terrigenous sources to the PTE concentrations
were observed in the coarsest PMsg_ 1900 particles in
both parts of the city (Fig. 8). Due to a more intense in-
dustrial impact, the contribution of the terrigenous factor
to the PTE concentrations in the east in all particle size
fractions was lower than that in the west. The PMjq_59
fraction in the eastern part of Moscow was little affect-
ed by wind-blown soil particles (the relative contribution
from this source was less than 1-2% for all PTEs), but in
the western part, soil factor contributed 30—40% to the
total levels of Ti, Mn, and Fe and 10-20% to other PTEs.
However, in total, both terrigenous sources—rocks and
soils—made approximately the same relative contribution
to the concentrations of most PTEs in PM(_5¢ in both
parts of Moscow.

The factor that was interpreted as the influence of mo-
tor transport (“traffic” factor) explained 21.2%, 19.2%,
9.2%, and 9.7% of the total variance in PM|, PM|_jo,
PMjg_s50, and PMs5g_1000, respectively, and had high
loadings for W, Pb, Cu, Zn, and Bi in PM{, Sn, Bi, Cu,
Zn, Sb, and Co in PM_;¢, Cu, Pb, Bi, Cd, Sb, Co, V, and
Zn in PMjo_s50, Sb and Zn in PM5q_10g0. It is known that
W, Cu, Sb, and Pb are good brake pad wear indicators
(Duan and Tan 2013; Moskovchenko et al. 2022; Ozaki
et al. 2021), while Zn and Cd are tire abrasion indica-
tors (Grigoratos and Martini 2015). The largest number
of PTEs whose concentrations were significantly influ-
enced by vehicles was found in the PM;_j9 and PM¢_s59
fractions. However, in the west of Moscow, motor trans-
port made a significant contribution (20-50%) to the
concentrations of Zn, W, Pb, Bi, Cu, and Sr in PMy; in
the east, the contribution of the transport sector to the
element concentrations in the same fraction was lower
by 15-30%. In the PM|_;¢ fraction, the most significant
relative contribution of vehicle transport (>90%) was
calculated for Bi in the west of Moscow. The contribu-
tion of this factor to Sn concentrations was described as
“high” (about 70%), and for Cu, Sb, Cd, Zn, Mo, and Pb
as “enhanced” (20-50%). In the east, the contribution of
transport to the concentrations of most PTEs was nearly
the same as in the west but differed only for Cu, W, Zn,
and Pb. For these elements, the relative contribution of
traffic factor was higher by 14-20%, probably due to fre-
quent traffic jams caused by more significant congestion
of major roads in the eastern part of Moscow and addi-
tionally by industrial impact (Bi et al. 2018; Jeong et al.
2020; Kasimov et al. 2021; Kelepertzis et al. 2020).

In general, in PM1_q(, in comparison with PMj, the
contribution of vehicle emissions to the concentrations
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Fig. 8. Source contribution (in percent) to size-fractionated road dust in Moscow obtained by PCA/APCS-MLR. The black line
separates the contributions of terrigenous (below the line) and anthropogenic (above the line) sources
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of Sn, Cd, Sn, Mo, and Bi was higher. In the coarser par-
ticles, the contribution of motor transport to the accumu-
lation of PTEs was roughly the same in different parts of
the city. In the PM(_5q particles, traffic-derived particles
determined about 60% of the Pb and Cu concentrations
and 20—40% of Bi, Cd, Sb, Sn, and Co. In the PMsq_1000
particles, a significant contribution of the transport factor
(65-70%) was found only for Sb and Zn.

The factor associated with the influence of industrial
facilities (“industrial 1” factor) explained 5.2%, 5.0%,
23.5%, and 8.1% of the total variance in PM1, PM;_jo,
PMjg_s50, and PM5g_1000, respectively, and had high
loadings for Sn, Cd, and Cu in PM, Ni, Cd, and Mo
in PM;_;0, Mo, Cr, and Ni in PMy_50, Mo, Sn, and Cd
in PM50-1000- A s1gn1ﬁcant source of Mo, Cr, Cu and
Ni are emissions from metalworking, reﬁnery, and pet-
rochemical industries (Kim et al. 2014; Bozkurt et al.
2018; Wong et al. 2021). Cd is added to the environment
with emissions from instrumentation, chemical, and
rubber industries and also during plastics and paints
production (Ciarrocca et al. 2015; Hossain et al. 2019).
The largest number of PTEs whose concentrations were
significantly influenced by industrial factor was estab-
lished in the PMj(_s¢ fraction, but in the western part
of Moscow, the largest relative contribution of industri-
al sources to the PTE concentrations was found in the
PM; (55-95% for Mo, Cu, Sn, Cd, Cr and 30-50% for
Sb, Pb, and Bi). In PMjg_s¢, the relative contribution
from industries varied within 50-80% for Mo, Sn, Bi,
Sb, Cr, and Cd. In PM5g_1000 and PM_jq, the contri-
bution of an industrial factor in the element concentra-
tions was lower in comparison with PMo_s¢ fraction:
10—45% for Mo, Sn, Pb, Cd, Cu, Cr, Ni in PMsg_1900
and 12-36% for Ni, Mo, Cd, Sn, Sb in PM_1¢. In the
eastern part of Moscow, where many industrial areas
are located, the relative contribution of industries to the
PTE concentrations was higher than the western part—
by 10-30% in PMj_jg9, PMj9_s50, and PMsq_1000. The
PM; fraction had lower loadings of industrial sources
in the eastern part of the city than in the western part,
mainly due to an increase in the relative contribution of
the “industrial 2” factor (see below), which was espe-
cially pronounced for Cd, Sn, Mo, and Pb.

The factor associated with the influence of mixed
sources such as emissions from industrial facilities,
waste processing, and incineration plants (“industrial 2”
factor) explained 16.3%, 9.6%, 5.5%, and 6.6% of the
total variance in PM{, PM|_19, PM0_50, and PM5q_1000,
respectively, and had high loadings for Mo, Sb, Ni, Co,
V, Mn, Bi, Cd, Rb, and As in PM|, As, Rb, Co, and Ni in
PMi_10, As, W, and Fe in PMg_s50, W and As in PMs(_
1000- Typically, waste sorting, recycling, and incineration
plants are sources of As, Cd, Sb, Rb, V, and Bi (Christian
et al. 2010; Enamorado-Béez et al. 2015; Li et al. 2020),
while Rb, Ni, and Co can serve as indicators of combus-
tion processes (Song and Gao 2011; Kara et al. 2014; Yu
et al. 2018). High contributions for both As and Fe can
be associated with scrap metal recycling (Duan and Tan
2013) and the sorption of As by Fe oxides and hydrox-
ides (Ouyang et al. 2020). A significant contribution of
the “industrial 2” factor to the concentrations of a wide
range of PTEs was revealed in the PM; and PM|_;( par-
ticles. In the west of Moscow, the relative contribution
of this factor to the concentrations of the PTEs in PM;
reached 15% for Mo, Sb, Ni, Cd, Bi1, As, Zn, Co, and Mn.
In PM_;q it was >40% for As, Ni, and Mo and 20-40%
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for Sb, Rb, Co, and Be. In the eastern (industrial) part for
most PTEs, the loadings of the mixed sources were high-
er than in the western part (Fig. 8). In the PM_( frac-
tion, the contribution of waste incineration and industrial
emissions to the concentrations of As, Ni, Rb, Mo, Sb,
Co, V, Be, and Al were higher in comparison with PM1.
In the coarse particles in the west, “industrial 2 sources
determined 12-46% of As, Fe, W, and Zn concentrations
in PMg_s0 and 33-90% of As, W, and Mo concentra-
tions in PMsq_1900. In contrast to the fine particles, this
factor in the coarser fractions contributes less in the east
than in the west due to the higher loading of the separate-
ly identified “industrial 1" factor.

In general, our results on the relative contributions
of different sources to the chemical composition of the
road dust agree well with the loading levels obtained
in other cities. So, significant relative contributions
of terrigenous factors to the concentrations of Al, Co,
Fe, and Sr (39-65%), and industrial sources and traf-
fic to the concentrations of Cd, Cu, Ni, Pb, Sb, Zn, As,
and Cr (41-72%) were established for the road dust in
Chelyabinsk, Russia (Krupnova et al. 2020). In Xi’an
(China), the contribution of natural sources prevailed
in the PMg3 fraction of the road dust, where geogenic
factor controlled the concentrations of Co, Ga, Mn, Ni,
Rb, V, and Y (57-87%), while the main contribution to
the concentrations of Ba, Cr, Cu, Pb, and Zn (59-70%)
came from vehicle emissions (Shi and Lu 2018). In
Guangzhou (China), road dust pollution was formed
mainly under the influence of a mixed industrial and
traffic factor which controlled 71% of Pb, 58% of Cr,
and 48% of Zn concentrations. High relative contribu-
tion to the element concentrations came from traffic
emissions, which comprised nearly 100% of Cu, 75%
of Ni, 42% of Cr and Zn, 28% of Pb, and 24% of Co.
An input with soil particles was a significant source for
Co (up to 38%) and Ni (up to 18%) (Liang et al. 2019).

In summary, according to the relative contribution
of various sources to the PTEs concentrations, the fine
particles PM1 and PM_1( are rather similar. According
to the list of individual sources, the PM1g 50 particles
occupy an intermediate position between the fine (PM;
and PM|_;o) and the coarse (PMsq_1000) particles. The
two parts of Moscow differ according to the contribution
of various anthropogenic sources to the pollution of par-
ticle size fractions of the road dust: in the east of Mos-
cow, industrial sources and waste incineration have high
contributions to the PTE concentrations in all particle
size fractions, while in the west, the contribution of traf-
fic emissions increases significantly, especially in PMy,
PM|_10, and PMjq-s0.

CONCLUSIONS

For the first time, the partitioning of PTEs in the road
dust was studied in detail, and the quantitative source
apportionment of PTEs in four particle size fractions of
road dust was carried out for western and eastern parts
of Moscow that are associated with traffic and industrial
impact, respectively. The difference in nature and inten-
sity of impacts caused by traffic and industries was the
reason for the greater proportion of relatively fine parti-
cle size fractions PM_j9 and PM(_50 in the road dust
of the eastern part and the predominance of the coarse
fraction PMsg 1000 in the western part of the city. PM;
and PM_jq of the road dust in the east of the city were
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characterized by increased levels of Sb, Mo, As, Ni, Bi,
Cd, and Sn, while in the west, these fractions had higher
concentrations of W, Cr, Cu, Ti, Sr, and Pb. The dissimi-
larity can be explained by the different industrial impact
and traffic load in the city parts. Among the listed PTEs,
the concentrations of Sb, Mo, Ni, and Cd in all fractions
in the east exceeded those in the west, probably due to
the higher impact associated with the industrial sector. In
the west, the intensity of accumulation of most PTEs in
the road dust and its particle size fractions increased with
an increase in the traffic load. In the east, the differences
between the roads of different sizes for most PTEs were
less pronounced due to the “smoothing” effect of indus-
tries, and the fine particles on small roads were enriched
with PTEs to the same extent as on the large ones. In both
parts of the city, extremely high W, Pb, Cd, Sn, Sb, Cu,
Zn, Cr, and As enrichment was found in PM; and PM_;¢
not only on major highways but also on small roads and
in courtyards, which indicates the need to control their
ecological and geochemical state.

A similar list of PTEs came from terrigenous sources
in both parts of Moscow. They significantly contributed
to the concentrations of Al, Be, Ti, Sr, Mn, Fe, Rb, and
Ba in particles of all size ranges. Significant differences
in the geochemistry of particle size fractions of the road
dust were related to anthropogenic factors. In the western
part of Moscow, dominated by the transport sector, the
main pollutants with EF > 10 were Pb, Sb, Cd, and W,
and in the eastern part, the polluting elements—Sb, Cd, Sn,
Zn, Bi, Cu, and Mo—were derived from industrial sourc-
es. The maxima of the EFs for anthropogenic and mixed
natural and anthropogenic PTEs were typical of the PM;
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fraction in the western part and the PM;_; fraction in the
eastern part of Moscow. In the eastern part, the relative
contribution of industrial sources to the accumulation of
PTEs in all particle size fractions was 10-30% more than
in the western part of Moscow. In the west, the finest
particles PM| and PM1_1( demonstrate the rising of TEF
values with the increase of road size, while in the eastern
part of the city only coarse particles PMsq_1000 show the
same trend. The most polluted fraction, according to TEF
index values, differs in the two parts of the city: PM; in
Western Moscow and PM|_;¢ in Eastern Moscow.

Generally, our study confirms the trend distinguished
in many other cities: an increase in the accumulation of
PTEs with a decrease in particle size. In terms of the
chemical composition and the intensity of PTE enrich-
ment, the PMj_1¢ particles were more similar to PMy,
and the PM_s¢ particles were more similar to PMsq_
1000- These similarities were confirmed by the analysis
aimed at quantifying the contributions of various sources
to the PTE concentrations in the particle size fractions. In
the fractions PM; and PM_¢, a significant contribution
was made by anthropogenic sources; however, its role
decreased in the coarse fractions—PMg_s0 and especially
in PMsq_1900—due to the influence of roadside soils and
rocks.

The results can be used to minimize the adverse im-
pact on public health associated with wind-induced re-
suspension of road dust particles and improve the road
dust cleaning system. The research results showed the
need to include road dust and its particle size fractions in
the ecological and geochemical monitoring system of the
urban environment.
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Benzo[alpyrene in Moscow road dust: pollution levels and health risks*

INTRODUCTION

Road dust is a multicomponent medium formed dur-
ing the settling of aerosol particles derived from the
engine and industrial emissions, wear and tear of vehi-
cles and transport infrastructure, washing out and blow-
ing out of roadside soils, the comminution of garbage,
and from residues of deicing mixtures (Aguilera et al.,
2021; Pachon et al., 2021; Seleznev et al., 2020; Zhang
et al., 2019a). Its particles are the carrier phase of many
pollutants, primarily polycyclic aromatic hydrocarbons
(PAHSs, or polyarenes) and heavy metals and metalloids
(HMMs) (Alves et al., 2020b; Jayarathne et al., 2019;
Vanegas et al., 2021; Wiseman et al., 2021; Vlasov et al.,
2022). Therefore, in large cities, road dust increasingly
often becomes an object of ecological and geochemical
monitoring (Demetriades & Birke, 2015; Ramirez et al.,
2019; Sager, 2020; Vlasov et al., 2021; Yang et al., 2017).
Road dust particles, particularly those with a diameter
of less than 10 um (PMyg), are easily blown out from
the roadways into the air, and the related pollutants en-
ter human bodies through inhalation, ingestion, or der-
mal contact (Levesque et al., 2021; Lloyd et al., 2019;
Rienda & Alves, 2021). Road dust is an essential source
of particulate matter in the urban atmosphere, especially
within street canyons (Kauhaniemi et al., 2011; Stojil-
jkovic et al., 2019). Moreover, road dust is a significant
source of suspended particles in the atmosphere of the
USA, supplying more than half of the mass of PM1( and
about a quarter of PMj 5 (NEI, 2020). In the form of dry
precipitates, road dust enters urban soils, as well as the
surface of plants, contributing to their pollution, particu-
larly, during mechanical cleaning of the roadway by city
services (Polukarova et al., 2020). Migrating with storm
runoff, it exerts a negative impact on urban water bodies,
increasing the content of suspended matter and the con-
centrations of most HMMs, PAHs, salts, and nutrients
(Lloyd et al., 2019; Nawrot et al., 2020). In the absence
of snow cover, the chemical composition of road dust ap-
pears an informative indicator of the ecological state of
the urban environment and the primary sources of pol-
lution (Kasimov et al., 2019a; Ladonin & Mikhaylova,
2020; Svédova et al., 2020).

PAHs are distinguished as carcinogens and mutagens
(IARC, 2010). Pyrogenic PAHs are mainly formed dur-
ing the combustion of organic substances in motor vehi-
cles and industrial plants; petrogenic PAHs are found in
petroleum products. PAHs included in the polymeric ma-
terials, tires, and road surfaces can be classified as both
pyrogenic and petrogenic (Stogiannidis & Laane, 2015).
Among PAHs, the most dangerous is benzo[a]pyrene
(BaP), which belongs to hazard class I substances, the
ingestion of which into the human body can cause can-
cer (Dat & Chang, 2017; Jacob, 2008; US EPA, 2017).
In cities, BaP is most often formed during incomplete
combustion of fuels at industrial enterprises, transport

facilities, and in heating systems, as well as during bi-
omass burning (Konstantinova et al., 2020a; Liao & Yu,
2020). PAHs in road dust have been the subject of many
studies, especially in Asian cities with high amounts of
road dust and with numerous sources of PAHs (Anh et
al., 2019; Gbeddy et al., 2021; Khpalwak et al., 2019;
Konstantinova et al., 2020b; Ma et al., 2017; Majumdar
et al., 2017; Soltani et al., 2015; Wei et al., 2015). In the
road dust of Moscow— the largest megacity of Russia and
Europe—the dustiness of the roads is also quite high (Bi-
tyukova & Mozgunov, 2019). However, most of the stud-
ies of PAHs in Moscow are devoted to soils (Agapkina et
al., 2007, 2018; Belinskaya et al., 2015; Kasimov et al.,
2017; Kogut et al., 2006; Nikiforova & Kosheleva, 2011;
Nikiforova et al., 2019; Nikolaeva et al., 2017; Smagin et
al., 2021; Zavgorodnyaya et al., 2019), river water (Er-
emina et al., 2016), bottom sediments of water reservoirs
(Kramer & Tikhonova, 2015), snow cover (Galitskaya &
Rumyantseva, 2012; Kasimov et al., 2017; Khaustov &
Redina, 2019; Lebedev et al., 2012; Zavgorodnyaya et
al., 2019), atmospheric precipitation (Polyakova et al.,
2018), and aerosols (Popovicheva et al., 2020).

So, the behavior and distribution of BaP in Moscow
road dust have not been studied in detail, there are only
a few single measurements of the content of BaP in road
dust on some city roads (Bykova et al., 2021; Karpuhin et
al., 2017), although road dust is an important link reflect-
ing the relationships between the urban environments—
soils, water bodies, and atmospheric aerosols (Kasimov
et al., 2020). In the road dust of Moscow, only HMMs
were previously analyzed in detail (Ermolin et al., 2018;
Fedotov et al., 2014; Kasimov et al., 2021; Ladonin &
Mikhaylova, 2020; Vlasov et al., 2021). An important
role in the distribution and accumulation of HMMs and
BaP is played by the physicochemical properties of road
dust, determining dust capacity to fix pollutants (Acosta
etal., 2011; Hu et al., 2011; Kasimov et al., 2019b), and
by the artificial relief: under urban conditions, buildings
can both protect against pollution and contribute to the
enhanced accumulation of pollutants (Kasimov et al.,
2017; Kosheleva et al., 2018). Air pollution, and proba-
bly as a result, road dust, is especially high in deep street
canyons with heavy traffic (Lv et al., 2020; Yuan et al.,
2014). The isolation of street canyons from adjacent ur-
ban blocks leads to the fact that about 70% of the equiva-
lent black carbon released into the atmosphere from intra-
canyon sources (vehicles) (Barreira et al., 2021). Owing
to the turbulent air mixing in street canyons, a uniform
distribution of PAH concentrations over height can be
observed (De Nicola et al., 2013). BaP is one of the pri-
ority pollutants in Moscow soils; its contribution to the
total equivalent toxicity of 16 PAHs is 37.5% (Agapkina
etal., 2018). Road dust in Moscow is an important source
of particles in the atmosphere (Gubanova et al., 2021),
and increased concentrations of BaP in the surface air are
one of the causes of population mortality in the city from

* Kosheleva N.E., Vlasov D.V., Timofeev V. Samsonov T.E., Kasimov N.S. // Environmental Geochemistry and

Health. 2022. DOI: 10.1007/510653-022-01287-9

IF 4.9


https://link.springer.com/article/10.1007/s10653-022-01287-9

114

cancer (Andreeva et al., 2016). Thus, the study of road
dust pollution with BaP in Moscow is extremely relevant.
However, despite the serious danger of BaP for the city’s
population, the associated public health risks have not
yet been estimated.

Our work aimed to characterize the content and lead-
ing factors contributing to the increased accumulation of
BaP in the road dust in dependence on the type of road
and geometry of street canyons in Moscow, to compare
BaP contents in road dust and other urban environments,
and to evaluate non-carcinogenic and carcinogenic risks
to public health.

Sources of road dust pollution

The main source of road dust pollution in Moscow
is motor transport; in 2019, its emissions amounted to
345,000 tons, or 85% of the total volume of emissions
into the atmosphere (Kul’bachevskii, 2020). Roads oc-
cupy about 8% of the city’s area; their total length at the
end of 2019 was 6625 km (Rosstat, 2020). With the area
of Moscow reaching 2561 km?, the density of the road
network in the city is 2.6 km/km? In 2019, Moscow’s car
fleet totaled about 4419 thousand units, including 90%
of cars, 9% of trucks and light-duty vehicles, and 1% of
buses. The level of motorization was 349 units/1000 peo-
ple. The average growth rate of the vehicle fleet in Mos-
cow in 2014-2019 reached 18.2 thousand units/year, or
0.5%/year (Kul’bachevskii, 2020).

In Moscow’s motor transport emissions (excluding
abrasion of the road surface, markings, tires, and brake
pads of cars), carbon monoxide accounts for 63%, nitro-
gen oxides 22%, volatile hydrocarbons 13%, and particu-
late matter about 1%. The largest amount of PM is emit-
ted by freight transport (61%) and buses (29%), although
the number of these vehicles is an order of magnitude
smaller than that of light cars. This is because of consid-
erably higher specific emissions and mileage of heavy
trucks and buses and a lower share of engines of high
ecological classes corresponding to Euro-4, Euro-5, and
higher European emission standards (Kul’bachevskii,
2020). The average dust load on the surface of roadside
soils (within a 1 m zone) in the early 2000s was 1.77 g/
m? per day, decreasing to 0.47 g/m? per day at a distance
of 5 m from the road, which was 262 and 67 times higher,
respectively, than the background dust deposition (0.007
g/m? per day) level (Achkasov et al., 2006). At present,
dust deposition from the atmosphere within a few meters
from the MRR averages 0.13 g/m? per day; it decreases
to 0.10 g/m? per day near major highways and 0.03-0.04
g/m? per day near medium and small roads; in courtyards
of residential buildings with parking lots, it is about 0.02
g/m? per day (Vlasov et al., 2020).

Exhaust emissions of BaP per 1 km of the mileage
reach up to 0.1 mg for mopeds and motorcycles, 3.87
mg for cars, 2.03 mg for light trucks, 0.97 mg for heavy
trucks, and 0.90 mg for buses (Riccio et al., 2016). In
addition to vehicle exhausts, the source of BaP in the
traffic area is non-exhaust emissions, among which the
most significant contribution is due to tire and roadway
wear. The content of BaP in automobile tires can reach
1.39-2.5 mg/kg, in addition, the intensity of the supply
of polyarenes during tire wear increases with increasing
tire mileage or the degree of wear (Alves et al., 2020a). A
significant source of PAHs and BaP in the traffic area is
represented by railway transport facilities associated with
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diesel engine exhaust gases; abrasion of brakes, wheels,
and rails; dust blowing during the transportation of bulk
minerals and slags; and wear and tear of sleepers and ob-
jects treated with various chemical compounds (Kim et
al., 2016; Levengood et al., 2015; Lovett et al., 2018).

Emissions from industrial plants also contribute to
road dust pollution. There are more than 30,000 station-
ary emission sources in the industrial zones of Moscow
(Fig. 1).

In 2019, the volume of their emissions amounted to
about 60,000 tons, with a share of solids of about 3%
(Kul’bachevskii, 2020). Stationary sources are respon-
sible for only 15% of the total emissions of pollutants
in Moscow, of which 50-65% are due to 13 combined
heat and power plants (CHPs); 20-30%, to oil refinery
plants; 15-20%, to processing industries; and up to 7%,
to machinebuilding enterprises, incinerators, and pro-
duction of food and construction materials (Bityukova &
Saul’skaya, 2017). Very high and high levels of anthro-
pogenic impact are characteristic of 11 industrial zones,
which occupy more than 20% of the total area of indus-
trial territories and supply more than 70% of the gross
pollution from all city’s industrial zones (Bityukova &
Saul’skaya, 2017). These industrial zones are located
mainly in Moscow’s eastern, southern, and southeastern
sectors, often adjacent to the TRR or MRR. Industrial
zones with medium and moderate levels of anthropogen-
ic impact also occupy large areas near the TRR in these
sectors. Dust sources are also represented by about 700
urban construction sites. These are residential buildings,
urban infrastructure, and road and transport facilities. In
addition, Moscow 1is currently redeveloping industrial
zones into residential ones (Saul’skaya, 2018).

The dustiness of roads increases due to the windblow-
ing of urban soil particles and the use of deicing mixtures
(DIMs). Artificially created or intensely transformed
soils—Technosols—prevail on territories bounded by the
MRR (Prokof’eva et al., 2017). These soils are specified
by higher pH values, contents of soluble salts, organic
matter, PM particles, and sorption capacity in compar-
ison with the natural background soils (Umbric Albelu-
visols), which contributes to the fixation of BaP in the
urban soils (Kasimov et al., 2019b). In Moscow, DIMs
of the chloride group (NaCl, CaCly) mixed with marble
chips are applied. In 2019, 324 thousand tons of DIMs
were purchased by the City Hall, so for every 1 m? of
road surfaces and courtyards (in total they occupy about
162 million m?) accounted for 2 kg of DIMs (Voronov et
al., 2019).

Materials and methods
Sampling and chemical analyses of road dust

Road dust was sampled in June—July 2017 within the
territory limited by the MRR (Fig. 1). Sampling was car-
ried out during the summer, since in autumn, winter, and
spring the roadway is wet for a long period (due to snow
melting or low temperatures that prevent the rapid evap-
oration of moisture), and in the summer, there is a high
probability of road dust resuspension from the roadway
surface after a dry antecedent period and release it into
the atmosphere, which poses a potential risk to public
health. Samples were taken in all districts of the city on
roads with different traffic intensities: MRR (number of
samples n = 19), Third Ring Road (TRR) (7), major ra-
dial highways with more than four lanes in one direc-
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Fig. 1. Sources of industrial impact and road dust sampling sites (summer 2017) in Moscow (a) and the administrative districts
of Moscow within the Moscow Ring Road (b): ND is Northern district, NED is Northeastern, ED is Eastern, SED is
Southeastern, SD is Southern, SWD is Southwestern, WD is Western, NWD is Northwestern, CD is Central district.
Industrial impact levels are given according to Bityukova and Saul’skaya (2017)

tion (17), large roads with three—four lanes (46), medium
roads with two lanes (42), and small roads with one lane
in one direction (29). Overall, 160 dust samples were col-
lected on highways and 33 dust samples in courtyards
with parking lots (Table S1 in the Supplementary ma-
terials). The period of field work was rainy; the rainfall
exceeded the average value by almost two times. Light
rains with a volume of < 5 mm fell on June 1-3, 16, 22,
and on July 9, 16, 21; rainfall events with a volume> 5
mm occurred on June 5, 13-15, 19, 21, 26, and on July
1-4,8,12-14, and 31. The accumulation of road dust
was impeded by surface runoff and cleaning of roads by
municipal services. So, sampling was performed under
dry weather conditions, no less than 24 h after the rains
with volume < 5 mm and no less than 72 h after the rains
with volume > 5 mm, when the road surface was com-
pletely dried out. Samples were taken along the curb on
both sides of the roads using a plastic dustpan and a brush
in three—five replicates at a distance of 3—10 m from one
to another; one mixed sample was composed of them. On
the major radial highways and large roads, samples were
taken from the dividing strip; in the courtyards, samples
were taken from parking areas. The bulk samples were
then stored in self-sealed polyethylene bags for transpor-
tation to the laboratory.

All dust samples were dried for 48 h at room temper-
ature and then were sieved through 0.25-mm sieves to
remove debris particles and gravel. The BaP content was
determined in samples at the Laboratory of Carbonaceous
Substances of the Biosphere (Faculty of Geography, Lo-
monosov Moscow State University) by high-resolution
spectrofluorimetry at the temperature of liquid nitrogen
(Shpolskii spectroscopy) using a Fluorat-02-Panora-
ma (Lumex Instruments, Saint-Petersburg, Russia) de-
vice supplemented with an LM-3 monochromator and
a CRYO-1 cryogenic attachment. This method is wide-
ly used in the study of PAH concentrations in soils and
mineral objects. The methodology is described in detail
elsewhere (Tsibart et al., 2014). Briefly, 3 g of road dust
samples were extracted with n-hexane (5 mL) at room
temperature. The degree of extraction was controlled by
the absence of extract luminescence under UV light. In
cases of the presence of extract luminescence, the extrac-
tion was continued with 5 mL of n-hexane. The extract
was frozen in liquid nitrogen (77 K). Then, the mixture
in the frozen extract was irradiated by light, and the BaP
luminescence spectra were recorded. The wavelengths of
the excitation and emissions of luminescence used for the
BaP identifications are 367 nm and 402 nm, respective-
ly. High selectivity of the method is obtained by using a
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spectra selection of BaP in the solution by scanning the
narrow excitation wave band (Alekseeva & Teplitskaya,
1981). Identification and quantitative estimations of BaP
were made by comparison of fluorescence and excitation
spectra with the international certified reference standard
solution 2260a of the National Institute of Standards and
Technology (USA). The limits of detection (LOD) and
quantification (LOQ) for BaP were 0.0001 mg/kg and
0.0005 mg/kg, respectively. The average error in deter-
mining BaP was 10-15% with a maximum error (near
LOD) of 25%.

Data processing

Statistical data treatment was performed in the Sta-
tistica 8 software package. The mapping of geochemi-
cal data was performed in the ArcGIS 10 package. Maps
from the OpenStreetMap project (www.openstreet map.
org) served as a cartographic basis for maps. The classifi-
cation of numeric fields when using graded symbols was
carried out using the Jenks natural breaks algorithm.

The method of regression trees in the S-PLUS soft-
ware package was used to assess the effect of the phys-
icochemical properties of dust, the uneven anthropogen-
ic load in certain areas of the city, and the geometry of
street canyons on the BaP content in road dust (Rawls
& Pachepsky, 2002). The result of multiple partitioning
of the matrix with predictor variables and the BaP con-
tent in Moscow road dust is a dendrogram reflecting the
levels of the pollutant content for various combinations
of quantitative and qualitative factors. For each terminal
node of the dendrogram, the average content of BaP and
the coefficient of variation Cv (Cv = o/mean x 100%,
where o is standard deviation) were calculated for n sam-
pling points. The following properties of road dust were
taken into account: particle-size distribution, pH and the
electrical conductivity (EC) of the water solution, and
the organic carbon (Corg) content. A detailed analysis of
these properties of Moscow dust was made previously
(Kasimov et al., 2019b), and the brief results are given in
the Supplementary Materials (Text S1, Table S2). The an-
thropogenic impact of transport was characterized by the
type of road, from which dust samples were taken, and by
its belonging to one of the nine districts. The parameters
of street canyons—height H, width W, canyon proportions
H/W, length L, and orientation (direction) —were deter-
mined for each sampling point using the OpenStreetMap
data following the methodology described below.

The environmental hazard of road dust pollution with
BaP was determined using the environmental hazard co-
efficient K, = C/MPC, where C is the content of BaP in
road dust, and MPC is its maximum permissible concen-
tration. As the MPC of BaP for road dust has not been
developed, the MPC for soils equal to 0.02 mg BaP/kg
soil (SanPiN1.2.3685-21, 2021) was used as a hygienic
standard. The reasons why we used MPC of BaP in soils
are as follows: (1) the contribution of soil particles to
the road dust mass in Moscow is significant (Vlasov et
al., 2021), (2) soils are often used as a background in the
study of road dust (Men et al., 2020), (3) resuspension of
road dust particles from the roadway into the atmosphere
and their further deposition on the soil surface can be
an important source of urban soils pollution (Zhang et
al., 2019b), (4) the same approach is used to assess the
potential risk to public health from the exposure of road
dust and soil particles (Gabarron et al., 2017b).
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Determination of parameters
of street canyons

The size of the road (the number of lanes) is an insuf-
ficient characteristic for analyzing the spatial distribution
of pollutants within the urban area and quantitatively as-
sessing its impact on the accumulation of BaP since this
characteristic does not take into account the urban devel-
opment surrounding the road. Previously, we have shown
that building characteristics have a significant impact on
the pollution level of the urban environment in Moscow
(Kosheleva et al., 2018). Buildings can both prevent the
transfer of pollutants from the streets to the surrounding
areas (which can increase the level of dust pollution on
the roads), and in some cases, on the contrary, certain
building characteristics can contribute to the blowing of
pollutants off the streets, which can potentially reduce
dust pollution by various contaminants. Therefore, we
expanded the set of parameters characterizing the geom-
etry of streets with traffic flows and used formal methods
of its description within the framework of the concept of
urban canyons. An urban canyon is a three-dimensional
volume bounded by the surface of the Earth from below
and by the walls of buildings from both sides of the street
and open at the top (Fig. Sla, Supplementary materials).
This concept is widely used in urban climatology to mod-
el the processes occurring in the interaction zone of the
boundary layer of the atmosphere, the Earth surface, and
urban built-up (De Nicola et al., 2013; Fellini et al., 2020;
Nunez & Oke, 1977; Oke, 1987). The micro-canyon is
defined by a pair of neighboring buildings, but dispersion
of pollutants in urban environment appears in a larger
scale, specifically along the streets, which are formed by
multiple canyons arranged in a row. To formalize such
arrangement, Samsonov et al. (2015) introduced the con-
cept of the macro-canyon (Fig. S1b, Supplementary ma-
terials). With the correct planning of the street network
in relation to the wind rose, the macro-level canyons are
ventilation corridors, along which the urban atmosphere
is blown through, and the concentration of pollutants in
it decreases (Ren et al., 2018). In this work, macro-level
canyons are called street canyons.

The main parameters of the micro-canyon are the
height 4 and the width w, which determine the propor-
tions of the canyon, the 4/w ratio (Text S2, Supplementary
Materials). The similar parameters H, W, and H/W of the
street canyon are determined by averaging the 4, w, and
h/w values for its constituent micro-canyons (Samsonov
et al., 2019). Additional geometric characteristics of the
street canyon are its length L and orientation (direction) 6,
which is defined in the range from 0° to 180° (because mu-
tually opposite orientations are equivalent). Street canyon
characteristics for each sampling point in Moscow were
determined based on the data from OpenStreetMap. The
variability of the characteristics is shown by their distri-
butions (Fig. 2), and their characteristic values are shown
in the bottom line of Table 1. The average values of the
canyon’s height H and width W are 17.5 m and 120.3 m,
respectively, which determines the prevalence of small
values of the canyon proportions (H/W < 0.5). The dis-
tribution of canyon lengths also suggests that shorter can-
yons (< 3000 m in length) are more common. The main
mode of orientations corresponds to the direction 102.2°,
while the directions perpendicular to it are also widespread
(for clarity, the directions 0°-180° are duplicated in the
graph by equivalent directions 180°-360°).
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Fig. 2 Distribution of the parameters of street canyons at sampling sites (frequencies of occurrence) in Moscow

Table 1 Typical values of street canyon parameters in Moscow

Road Height (H), m  Width (W), m  Length (L), m H/W  Orientation (6), °

MRR 12.1 0.053

TRR 13.4 0.110

Major radial highways 0.136 61.6
Large 129.2 0.166 34.9
Medium . 92.7 1,675 0.213 41.6
Small 76.9 1,170 74.1
Courtyards 58.5 588

All roads 120.3 2,199

Mean values are given for H, W, L, and H/W; modal values are indicated for 6

The average characteristics of the street canyons
are expected to differ depending on the type of road
along which the canyon is located. The correspond-
ing distribution densities are shown in Fig. 3; mean
values of H, W, L, and H/W and modal values of 0 are
given in Table 1. It can be seen that the change in the
type of road from the courtyard roads to the MRR is
accompanied by a regular decrease in the mean height
of the canyons from 23 to 12.1 m, an increase in the
mean width from 58.5 to 304.1 m, an increase in the
mean length from 588 to 4650 m, and a decrease in the
canyon proportions from 0.522 to 0.053. This general
pattern is interrupted by relatively short TRR canyons
with the mean length of 2232 m, which is obvious-
ly due to the higher curvature of the TRR, at which
the rectilinear sections are relatively short. Another
exception is represented by canyons along medium
roads, which are less high (15.9 m) than canyons along
small (18.2 m) and large (17.8 m) roads, which can be
explained by the peculiarities of street development.
However, there is no complete differentiation of the
parameters of the canyons depending on the types of
roads; their distributions partially overlap one another.
This determines the need to consider all the parame-
ters of the canyons when analyzing the factors of BaP
accumulation in the road dust of Moscow.

Assessment of public health risks

The health risks of adults and children were assessed
using a model developed by the US EPA (US EPA, 1989,
2002), which takes into account three pathways of the en-
try of contaminated road dust particles into the body: oral
via ingestion (ingest), dermal via skin contact (dermal),
and respiratory via inhalation (inhal). For BaP, the risk is
determined by the average daily dose (ADD) of chronic
consumption of contaminated dust coming in three ways:

ADDingest = Cux IngR X EF X ED X CF, (l)
BWx AT
ADDinhal _ Cy X InhR x EF x ED (2)
BWx ATx PEF
CuxSAXAF xABSXEFXED
ADD ==u xCF, 3
dermal BW x AT 3

where Cy is the content of BaP in road dust (mg/kg),
IngR and InhR are the amounts of ingested (mg/day) and
inhaled (m?/day) particles, EF is the exposure frequency
(days/year), ED is the exposure duration (year), BW is
the average human body weight (kg), AT = ED x 365
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Fig. 3 Distribution densities of the parameters of street canyons by types of roads in Moscow

is the average time of BaP influence (days), CF is the
conversion factor (1 x 10 kg/mg), PEF is the particle
emission factor (1.36 x 10° m*/ kg), SA is the surface area
of the skin in contact with road dust particles (cm?), AF
is the coefficient of dust adhesion to the skin (mg/cm?),
and ABS is the absorption coefficient of BaP. The values
of the variables differ for adults and children (Table 2).

Table 2 Values of variables for adults and children used in
the assessment of public health risks

Variable Value References
Adults Children
IngR (mg/day) 30 60 (US EPA, 2002)
InhR (m?/day) 21.4 16.74 (US EPA, 2011)
EF (days/year) 350 350 (US EPA, 2002)
ED (year) 72 6 (US EPA, 2002)
BW (kg) 80 15 (US EPA, 1989, 2002)
AT (days) 26,280 2190 (US EPA, 2002)
SA (cm2) 5700 2800 (US EPA, 2002)
AF (mg/cm?) 0.07 0.2 (US EPA, 2002)
ABS 0.13 0.13 (RSL, 2017)

The danger of BaP is determined by the ratio of ADD;
to the reference dose RfD:

ADDjpg
HQingest = Rf ]51:) e “4)

ADD;
HQinhal = ?ﬁ?al’ (5)

ADDdermal'

HQgermal = Rf Dags (6)

Reference dose RfD is a daily dose, which, being
consumed for a long period, does not lead to the devel-
opment of pathological changes or diseases detected by
modern research methods at any time in the life of the
present or subsequent generations. To date, the follow-
ing reference doses have been established for BaP: for
oral intake, RfD, = 3 x 10* mg/kg per day, and for in-
halation, RfD; =2 x 10° mg/kg per day (RSL, 2017; US
EPA, 1989). According to the recommendations by the
US EPA (2002), RfDaps is calculated by multiplying
the reference dose for oral intake by the gastrointestinal
absorption coefficient, which equals 1.0 for BaP (RSL,
2017). Thus, RfDaRs = RfD,.

Hazard index HI = Z(HQingest + HQinhat + HQdermal)
considers the admission of contaminated dust particles
in all possible ways. Indicators HQi and HI are graded
into four levels of hazard for human health: none (< 0.1),
low (0.1-1), moderate (1-10), and high (> 10) (Lei et al.,
2016; Lemly, 1996; Man et al., 2010; US EPA, 2002).

The carcinogenic risk for adults was assessed by cal-
culating the incremental lifetime cancer risk (ILCR) un-
der the impact of BaP (AT = 72 yr = 26 280 days) (US
EPA, 1989, 2002):

ILCR; = ADD; x CSF; x IBW/ 70, (7)
where CSFi is the cancer slope factor (mg/kg per day)
for different pathways of dust particles into human body
(i = ingest, dermal, inhal): CSFjjgest = 7.3, CSFjpha) =
3.85, CSFdermal = 25 (Knafla et al., 2006; Peng et al.,
2011; Yang et al., 2014). The total carcinogenic risk (TR)
under the influence of BaP arriving in various ways was
determined as the sum of individual risks:
TR = ) ILCR, (8)

Indicators ILCRi and TR are graded into five levels
(Fryer et al., 2006; US EPA, 1989): very low (< 10°°),
low (10°-107%), medium (105-10*%), high (10°-1073),
and very high (> 107).
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Table 3 Mean, minimum and max-

. . Roads (number of samples) Mean + ¢ Min Max Cv, % Kp
imum concentrations (mg/kg), and
environmental hazard of BaP in the MRR (19) 0264020  0.030 0.91 77 13.1
dust on different types of Moscow TRR 0.14 4 0.11 0.045 0 a1 1
roads and parking lots in courtyards ) ’ ’ ) 33 7
(summer 2017) Major radial highways (17) 0.17+£0.98 0.022 0.36 58 8.5
Large roads (45) 0.29+0.19 0.026 0.77 68 14.4
*Cv is the coefficient of Medium roads (42) 0.25+0.13  0.042 0.56 54 12.3
variation Small roads (29) 0.22+0.13 0.036 0.56 59 10.8
%K}, is the environmental Courtyards (33) 0.37+0.21 0.101 1.02 57 18.6
All roads (193) 0.26 £0.18 0.022 1.02 67 13.2

hazard coefficient

Results and discussion

The contents and spatial distribution of BaP
in road dust

The mean BaP content in the road dust of Moscow is
0.26 mg/kg (Table 3, Table S3 in Supplementary materi-
als), which is almost 53 times higher than the background
level (0.005 mg/kg) in the natural topsoils (Umbric Albe-
luvisols) of the Meshchera lowland, 50 km east of the
city (Kasimov et al., 2017), the level in postagrogenic
soils (0.005 mg/kg) in the east of Moscow (Kasimov et
al., 2017), and the level in natural soils of the Losinyi
Ostrov National Park (0.008 mg/kg) in the northeast of
Moscow (Zavgorodnyaya et al., 2019). In the soils of
forest parks, which fall under the influence of industrial
facilities and transport, the BaP content is only 1.5-1.6
times lower than that in the road dust of Moscow and
averages 0.16 mg/kg for the eastern industrial part of the
city with variation from 0 to 0.80 mg/kg (Kasimov et
al., 2017). In Moscow’s northeastern and northern parts,
the BaP content in the dust of forest parks averages 0.17
mg/kg with variation from 0.04 to 0.49 mg/kg. The BaP
content in soil fractions < 1 pm and 1-2 pm is higher
(0.27 mg/kg and 0.45 mg/kg, respectively) than that in
road dust because of the high sorption capacity of clay
particles (Kogut et al., 2006). Comparison of BaP con-
centrations in road dust with the level in the background
and urban soils is carried out quite often (Men et al.,
2020) since there is no background analog for road dust
(all roads are of anthropogenic origin), and soils are an
important source of road dust material and its PM par-
ticles in Moscow (Vlasov et al., 2021) and other cities
(Ramirez et al., 2019).

The highest content of BaP was determined in road
dust from courtyards in residential blocks (mean, 0.37
mg/kg; maximum, 1.02 mg/kg) (Table 3). This is due to
the impact of organized and unorganized car parking, low
vehicle speeds, and frequent vehicle maneuvers in court-
yards. In addition, the accumulation of BaP can increase
in specific “trap wells” in courtyards, where the velocity
of airflows decreases and more active fallout of aerosols
takes place (Kosheleva et al., 2018). Among different
types of roads, road dust is most contaminated with BaP
on large roads and the MRR with the high traffic intensity
and a large number of trucks. On the contrary, in the road
dust of medium and small roads, the BaP content is low-
er because of lower traffic intensity induced by public
transport and numerous traffic lights and turns, which in-
crease the number of maneuvers and contribute to traffic

congestion. The least contaminated is the road dust from
radial highways and TRR because of the absence of traf-
fic lights and regular renewal of the dust during sweeping
and washing of the roadbed by city services.

Thus, the environmental hazard of BaP pollution is
maximal in courtyards with parking lots (mean K;, = 18.8,
maximum 51), the second place belongs to major radial
highways (mean K = 15, maximum 33.5), and road dust
from the MRR ranks third (mean K; = 13, maximum 40.5)
(Table 3). The share of dust sampling points, in which Kj,
exceeds 10, on different types of roads decreases in the
following order: courtyards with parking lots (79%) >
MRR (63%) > medium roads (60%) > large roads (57%)
> small roads (48%) > radial highways (35%) > TRR
(29%). The points with the highest contamination (K >
30) are found in courtyards with parking lots (12% of the
total number of sampling points in courtyards), on major
radial highways (7%), and the MRR (5%) (Fig. 4).

The distribution of BaP in road dust of Moscow is
uneven; the highest mean contents are typical for the
Northern, Southeastern, Eastern, Central, and Southern
administrative districts (Fig. 5), where traffic jams are
frequent and large industrial facilities are located. Waste
incineration plants are located in the Eastern, Southern,
and on the border of the Northern and Northeastern dis-
tricts. Many heat power plants are located in the Southern
district and on the border of Southern and Southwestern
districts. The maximum content of BaP (1.02 mg/kg) in
the road dust exceeding the background level in Umbric
Albeluvisols by more than 200 times was found in the
Central district, where the density of the road network is
higher than in other districts of Moscow, and the mini-
mum content (0.022 mg/kg), in the Southern district. The
lowest mean BaP content (0.10 mg/kg) was in the road
dust from the Southeastern district. We obtained a val-
ue close to the previously reported (0.13 mg/kg) for this
area (Karpuhin et al., 2017).

On most of Moscow’s highways, a hazardous envi-
ronmental situation has developed with an excess of the
MPC for BaP by 13-15 times. The maximum excesses
with the coefficient of environmental hazard Kj, = 30-50
are observed near large industrial zones within the TRR
and the area between the TRR and the Moscow Central
Circle railroad (Table 3). Only the Southeastern district
is characterized by a low excess of the BaP content in the
road dust relative to the MPC (on average, by 2.2 times),
which can be explained by the predominance of volatile
low-molecular-weight PAHs (naphthalene homologs) in
the emissions of the oil refinery. According to the per-
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centage of dust sampling points, in which K, exceeds 10,
relative to the total number of sampling points (Fig. 4),
the districts of Moscow can be arranged into the follow-
ing sequence: ND (75%) > SED (74%) > SWD (65%)
> WD (59%) > CD and SD (58%) > ED (57%) > NWD
(56%) > SED (7%). The most polluted points with Kh >
30 were found in WD (7% of samples), CD (6%), ED and
SWD (5%), and SED and NWD (4%).

Comparison of BaP contents in road dust
and other components of Moscow environment

Since there were no previous assessments of road dust
pollution in Moscow with BaP, it was impossible to un-
derstand what “place” in terms of pollution level road

dust occupies among other environments of the city. This
is important because it is not clear whether further de-
tailed studies on the distribution of BaP and other PAHs
in road dust are needed, or research needs to be focused
on other environments to assess public health risks. So,
the chemical composition of road dust as an indicator
of urban pollution can be assessed by comparing it with
the composition of atmospheric precipitation in the form
of snow and rain, soils, and bottom sediments in water-
courses and reservoirs.

Precipitation

The fallout of PAHs with snowfalls onto the earth sur-
face near roads in Moscow is 3—6 times higher than that
in the recreational area and residential blocks (Zavgorod-
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nyaya et al., 2019) (Fig. 6, Table S3 in Supplementary
materials). The BaP concentration in the filtrate of melt-
ed snow near major roads often exceeds the MPC for
water (0.005 mg/L) (Mazur et al., 2021), reaching 0.003
mg/kg to 0.140 mg/kg near major highways (Khaustov
& Redina, 2019), and 0.005-0.493 mg/L near the MRR
(Lebedev et al., 2012). The insoluble phase in the city’s
snow (dust component of the snow) accounts for about
90% of the total BaP content (Galitskaya & Rumyantse-
va, 2012). In the dust component of snow of the high-rise
residential, agricultural, and recreational areas, the BaP
content is slightly lower than that in road dust. In the
low-rise and middle-rise residential areas and near roads
it rises up to 0.60 mg/kg, 1.22 mg/kg, and 5.73 mg/kg,
respectively, which is several times higher than in road
dust (Kasimov et al., 2017).

In spring, the BaP concentration in the rainwater
of Moscow varies within 0.0006-0.03 mg/L and, in
most cases, exceeds the MPC for water (Polyakova et
al., 2018). High correlation coefficients between the
contents of BaP and pyrene, fluoranthene, chrysene,
benzo[a]anthracene, indeno[/,2,3-¢,d]pyrene, and ben-
zo[g, h,i]perylene in atmospheric aerosols of Moscow
indicate the supply of PAHs with emissions from com-
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bustion of natural gas and the operation of domestic
heating plants together with emissions from combus-
tion of gasoline and diesel fuels by vehicles (Popovi-
cheva et al., 2020).

Urban soils

According to the long-term monitoring data, the
BaP content in the soils of different land-use zones of
Moscow averages 0.02—0.04 mg/kg and varies from
0.003 to 2.30 mg/kg (Kosheleva & Tsykhman, 2018;
Kul’bachevskii, 2020), which is generally less than
that in the road dust. However, most publications
provide averaged data on the BaP content in the soils
of several land-use zones, including slightly pollut-
ed recreational zones, which underestimates the BaP
pollution of urban soils. According to these estimates,
the average BaP content in soils is 0.023 mg/kg in
the south of the city (Maksimova et al., 2014), 0.043
mg/kg in the northeast (Namestnikova, 2017), and
0.080 mg/kg in the southeast (Karpuhin et al., 2017),
though averages of 0.115-0.125 mg/kg in different
parts of the city have also been reported (Agapkina et
al., 2007; Belinskaya et al., 2015).

0.001 0.01 0.10 1.0 10 BaP, mgkg
road dust  various roads | : . ® ] ' 1
INA I & { 2
TRA | b & :
MRA | b & | 2
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HRA | i @ | 2
AGA | (P 2
RCA | BRI o~ :
melted snow TRA I & i 3
INA | — @ i 2
INA, RCA, RSA | - l 4
INA, RCA, RSA ]| I - | 5
TRA | | & : B
railway stations } @ { 6
sealed soils, TRA | & | 7
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Fig. 6 Contents of BaP in the urban environments of Moscow. Lines indicate the ranges, and bubbles indicate the mean con-
centrations. Information on the components of the urban environment and land-use areas (INA is industrial, TRA is traffic,
RSA is residential, LRA is lowrise residential, MRA is medium-rise residential, HRA is high-rise residential, AGA is
agricultural, RCA is recreational) are indicated in the left columns. The numbers in the right column indicate reference sources:
1-this study; 2—Kasimov et al. (2017); 3—Khaustov and Redina (2019); 4-Belinskaya et al. (2015); 5— Agapkina et al. (2007);
6—Makarov (2014); 7-Nikiforova et al. (2019); 8—Nikolaeva et al. (2017); 9—Namestnikova (2017); 10—Zavgorodnyaya et al.
(2019); 11-Maksimova et al. (2014); 12—Kul’bachevskii (2020); 13—Kosheleva and Tsykhman (2018); 14—Kogut et al. (2006);

15—Kramer and Tikhonova (2015)
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In soils of the residential zone, the BaP content is var-
ying from 0.035 mg/kg in new high-rise residential areas
to 0.075 mg/kg and 0.084 mg/kg in the densely built-up
and low-rise residential areas (Kasimov et al., 2017; Za-
vgorodnyaya et al., 2019). These values are almost three
times lower than the BaP content in road dust. Howev-
er, in old medium-rise residential blocks, where a large
number of people who own vehicles live for a long time,
the BaP content in soils increases to an average of 0.28
mg/kg (Kasimov et al., 2017), which is comparable to its
content in road dust.

In the soils of the traffic zone, the highest concentra-
tions of PAHs are observed within 30-50 m from roads,
which indicates a significant supply of PAHs from roads,
especially in densely builtup areas (Nikolaeva et al.,
2017; Zavgorodnyaya et al., 2019). This is confi med by
a threefold increase in the ratio of BaP to benzo[g,h,i]
perylene in urban soils as compared to undisturbed soils
of forest parks (Zavgorodnyaya et al., 2019). In the soils
of the traffic zone in a 50-m strip along the roads, the
BaP content averages 0.062-0.065 mg/kg (Nikolaeva
et al., 2017; Zavgorodnyaya et al., 2019), increasing to
0.57 mg/kg within few meters from major highways and
ranging from 0.001 to 3.28 mg/kg (Kasimov et al., 2017),
which is twice as more as in the road dust. In the traffic
zone near large railway stations, the BaP content in soils
varies from 0.006 to 11.9 mg/kg with an average of 0.50
mg/kg (Makarov, 2014), which is almost two times high-
er than in the road dust.

In industrial zones, a significant source of BaP is
emissions from enterprises of various industries; there-
fore, the average concentration of BaP in soils is 1.56
mg/kg varying from 0.30 to 3.61 mg/kg, which is higher
than in the traffic zone (Kasimov et al., 2017) and is al-
most six times higher than in road dust.

A more intense accumulation of BaP in roadside soils
compared to road dust was previously found in some oth-
er cities (Bezberdaya et al., 2022) and could be associat-
ed with increased organic matter content in soils treated
with peat-compost mixtures, contributing to the active
fixation of polyarenes on the geochemical sorption bar-
rier (Kosheleva & Nikiforova, 2011). In addition, soils
accumulate BaP for decades, whereas the accumulation
time in road dust is limited to a few days or weeks in
the warm season because the dust material is regularly
renewed due to its partial blowing and road cleaning by
communal services. The road surface provides an addi-
tional supply of BaP to soils and road dust. The average
BaP content in the asphalt concrete pavement of Moscow
is 0.19 mg/kg with a variation from 0.066 to 0.34 mg/kg,
and its content in sealed soils under the asphalt pavement
averages 0.16 mg/kg, increasing to 0.51 mg/kg in some
places (Nikiforova et al., 2019), which is about 1.5 times
lower than in the road dust.

With an increase in the number of benzene rings, the
rate of PAH biodegradation decreases (Patel et al., 2020);
therefore, the concentration of highmolecular-weight
BaP during its long-term accumulation in soils is 2.5
times higher than in melted snow, which accumulates
BaP during several cold months (Zavgorodnyaya et al.,
2019). However, at the first stages of the operation of
new sources of BaP, and owing to the active replacement
of contaminated soil material with a cleaner one, soils
become relatively depleted (four—seven times) in BaP
compared to the dust component of snow (Kasimov et
al., 2017).
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Bottom sediments

When particles contaminated with BaP enter the
watercourses, they accumulate actively in the bot-
tom sediments of small rivers. Thus, in bottom sed-
iments of the Los’ River in the Losiny Ostrov Nation-
al Park in the northeast of Moscow, the BaP content is
0.059 mg/kg; in bottom sediments of the Nishchenka
River in its southeastern part, it increases from 1.58 to
5.05 mg/kg along the river course, which is due to the
strong industrial impact, including that of the old refin-
ery located near the river (Kramer & Tikhonova, 2015).
Due to low solubility in water, BaP molecules migrate
mainly together with fine particles as part of sorption or-
ganic and organomineral complexes (Kogut et al., 2006).
Therefore, despite the fairly high levels in soils and road
dust, BaP in the Moskva River virtually does not migrate
in dissolved form (Eremina et al., 2016). In bottom sed-
iments of small rivers of Moscow—the Los’, Kotlovka,
Businka, and Tarakanovka—the mean BaP content is 0.26
mg/kg with a variation from 0.059 to 0.61 mg/kg, which
is close to its content in road dust (Kramer & Tikhonova,
2015) and attests to a significant role of emissions from
vehicles and washing off road dust in the pollution of
water bodies in the city.

So, the BaP content in Moscow road dust is, on aver-
age, several times lower than that in winter atmospheric
precipitation and is close to that in the soils of most land-
use zones and bottom sediments of watercourses of the
city. This is due to the supply of dust contaminated with
BaP both from the atmosphere and from the blown out
soil particles. Lower levels of BaP in road dust and soils
compared to snow are due to a higher degradation rate
of BaP in the warm season, the removal of contaminated
dust material from roads by communal services, and the
addition of clean material to the urban soils.

Factors of BaP accumulation in road dust

The role of various factors of BaP accumulation in
road dust was determined using the method of regres-
sion trees, which makes it possible to estimate the BaP
content under different combinations of influencing fac-
tors according to the dendrogram. To construct it, the fol-
lowing groups of factors were used: (1) physicochemical
properties of dust (Table S2, Supplementary materials);
(2) the level of anthropogenic load, determined by the
type of road and its allocation within a particular part of
the city (administrative districts) as well as the geometry
of street canyons (its length L, height H, width W, H/W
ratio, and orientation of the canyon 0 relative to the cardi-
nal points). The inclusion of physicochemical properties
among the factors in regression analysis is reasonable,
since organic matter, its composition and structure, as
well as the presence of clay minerals and fi particle frac-
tions (especially PM g and PM> due to the large surface
area, negative charge, and high content of organic mat-
ter), play a significant role in the accumulation of PAHs
and BaP; the degradation of PAHs depends on the pH
and EC values, which determine the activity of micro-
bial communities (Gennadiev et al., 2015; Gabarrén et
al., 2017b; Dehghani et al., 2018; Emoyan et al., 2018).
In general, physicochemical properties of road dust in
Moscow (Text S1, Supplementary materials) fit into the
range of values typical for other cities of the world: pH
7-9, Corg 1-17%, EC 100-2800 uS/cm (Abbasi et al.,
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Fig. 7 Factors of BaP accumulation in road dust of administrative districts in Moscow. The decoding of the designations of the
administrative districts is given in the caption to Fig. 1, the types of the roads—in Fig. 4

2017; Acosta et al., 2011; Bartkowiak et al., 2017; Dong
et al., 2020; Gabarrén et al., 2017a, 2017b; Gelhardt et
al., 2021; Padoan et al., 2017; Sutherland et al., 2012;
Wu & Lu, 2018). Other factors used in regression trees
are analyzed above.

The results of regression analysis made it possible to
determine the threshold values of the influencing factors
and showed a significant role of the geometry of street
canyons in the accumulation of BaP in road dust (Fig.
7). With a canyon length L < 500 m, which is typical for
courtyards with parking lots, the BaP content in road dust
is maximum, on average, 0.39 mg/kg. In relatively wide
street canyons (H/W < 0.5), BaP accumulation in road
dust is 1.6 times more intense than in narrow canyons.
This can be explained by a larger number of cars in wide
canyons and the protective role of buildings in narrow
canyons that act as barriers preventing air flows contami-
nated with BaP from entering the courtyards. Previously,
an inverse relationship was revealed; air pollution in can-
yons with high H/W values was higher than in canyons
with low H/W values (Merbitz et al., 2012). However,
such a relationship was observed in a large street canyon
with heavy traffic.

A secondary factor of BaP accumulation in short (L <
500 m) and wide (H/W < 0.5) canyons is the acid—base
properties of dust; in a neutral medium, the BaP content
is 1.6 times higher than in an alkaline medium, which can
be explained by dust acidification by nitrogen oxides with
an increase in traffic load. In short (L < 500 m) and nar-
row (H/W>0.5) canyons, a positive relationship between
the BaP and organic matter contents is observed, which is
caused by a significant proportion of soil particles in the
road dust of courtyards. The organic matter of the traffic
zone mainly consists of difficultly soluble compounds,
the sources of which are the asphalt pavement and emis-
sions from the industrial sector and vehicles (Faure et al.,
2000), and the influence of organic matter on the sorption
of PAHs is generally known (Minkina et al., 2019).

Most of the samples (about 80%) were taken in rela-
tively long (L > 500 m) canyons, where the average con-
centration of BaP is 0.24 mg/kg with some differentiation
by road type. On the MRR and major highways, the av-
erage BaP content reaches 0.28 mg/kg with an increase

in accumulation when the canyon is directed from north
to south (6 > 155°). With a different orientation of the
canyons, various intensities of polyarene accumulation
are seen in different parts of the city, as well as in dust
with various EC caused by the use of DIMs (Fig. 7). An
increase in EC by 1.7 times enhances the accumulation
of BaP, which is confirmed by soil studies in the Eastern
district of Moscow (Kosheleva & Nikiforova, 2011), as
well as in Tyumen city (Konstantinova et al., 2020a).

In long (L > 500 m) canyons on the TRR, radial high-
ways, medium and small roads, as well as in short wide
(L <500 m, H/'W < 0.5) canyons, pH has a noticeable
effect on the BaP content in road dust; in a neutral medi-
um (pH < 7.4), it is 1.5 times higher than in an alkaline
medium. High pH values (pH > 8) are due to the input
of alkalizing materials during repair works on the roads
and the laying of paving slabs (Greinert et al., 2013). A
similar negative relationship between the pH value of the
water extract of road dust and the BaP content was estab-
lished in Tyumen (Konstantinova et al., 2020a). Moreo-
ver, the excess of the average height of the canyon H >
20 m on these types of roads in all districts of Moscow,
except for the Southeastern district, leads to a noticeable
(1.6 times) increase in the accumulation of BaP because
of the slowing down air flows in the canyons (Kauhan-
iemi et al., 2011).

Hence, the maximum accumulation of BaP in the road
dust of Moscow occurs in relatively wide (H/W < 0.5)
and short (L < 500 m) canyons, and is favored by the
neutral reaction of the dust typical of courtyards with
parking lots, and meridional orientation of segments of
major roads (MRR, radial highways) perpendicular to the
direction of the prevailing winds, which impairs blowa-
bility of these segments.

Assessment of environmental hazard of BaP and
human health risk

The health risk of the urban population is determined
by the chronic average daily dose (ADD) of BaP-con-
taminated dust. The consumption of BaP with dust par-
ticles which enter the body of an adult and a child by
different pathways varies greatly from 2.8 x 10~ mg/kg
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Table 4 Average daily doses of BaP (10—5 mg/kg per day) entering the bodies of adults/children with contam-
inated road dust particles on the roads with different traffic intensities

Street roads

District MRR TRR Radial highways Large Medium Small Courtyards
Oral pathway: ADDingest
ND 8.1/86.7 nla 9.1/96.7 10.9/116.3 9.8/104.3
NED 10.8/114.8 nla 7.9/84 6.3/66.8 6.6/69.9 12.2/129.6
ED n/a 6.4/68.4 9.3/99.5 7.4/78.7 12.4/132.7

SED 5.6/59.6

SD 6.7/71.3 nfa 8.8/93.8 5.8/61.6 15.3/162.8
SWD 7.6/81.3 nfa 8.3/88.6 9.4/100.1 7.1/75.8 8.5/90.7 14.5/154.7
WD 7.7/82.1 nla 4.6/48.8 13.2/140.9 10.3/109.6 11.8/125.4
NWD n/a 5/53.1 9.4/100.1 11.8/126.2 6.3/66.7 12.2/129.9

cD n/a nla 9.8/104.5 10.2/109.1 9.5/101.1

Dermal pathway: ADDgermal

ND 14.1/105.2 n/a 15.7/117.3 n/a 189/141.1 | 242/i81 16.9/126.6
NED 18.6/139.3 nla 13.6/101.9 10.8/81.1 11.3/84.8 21/157.3

ED n/a 11.1/83 16.1/120.7 12.8/95.5 21.5/161
SED 9.7/72.4

SD 11.6/86.6 n/a 15.2/113.8 10/74.7 26.4/197.5
SWD 13.2/98.7 nla 14.4/107.5 16.2/121.5 12.3/91.9 14.7/110.1 25.1/187.7
WD 13.3/99.6 nla 7.9/59.2 22.8/170.9 17.8/132.9 20.3/152.2
NWD nfa 8.6/64.5 16.2/121.5 20.5/153.1 10.8/81 21.1/157.7
cD nfa nfa 16.9/126.8 17.7/132.3 16.4/122.6

Inhalation pathway: ADDinhal

ND  0.0043/0.0178 n/a 0.0048/0.0198 n/a 0.0057/0.0239 | 0.0073/0.0806 | 0.0051/0.0214
NED  0.0056/0.0236 nla 0.0041/0.0172 0.0033/0.0137 0.0034/0.0143 0.0064/0.0266

ED n/a 0.0034/0.014 0.0049/0.0204 0.0039/0.0162 0.0065/0.0272
SED  0.0029/0.0122

SD  0.0035/0.0146 nla 0.0046/0.0192 0.003/0.0126 0.008/0.0334
SWD  0.004/0.0167 n/a 0.0044/0.0182 0.0049/0.0205 0.0037/0.0155 0.0045/0.0186 0.0076/0.0318
WD  0.004/0.0168 nla 0.0024/0.01 0.0069/0.0289 0.0054/0.0225 0.0062/0.0257
NWD n/a 0.0026/0.0109 0.0049/0.0205 0.0062/0.0259 0.0033/0.0137 0.0064/0.0267
cD nfa nfa 0.0051/0.0214 0.0054/0.0224 0.005/0.0207

Here and in Table 5, n/a denotes the absence of data. Colors (from green to red) indicate increasing ADD values
for each type of road, each administrative district, and each pathway of BaP intake into human bodies

Table 5 Total carcinogenic risk (TR) associated with traffic intensities on different roads

Street roads

District MRR TRR Highways Large Medium Small Courtyards ~ Average in district
ND  1.56x10~ nfa 1.74x1072 nla 2.10x10° [ 2.69x10° | 1.88x10° | 2.40x10° |
NED  2.07x10° nla 1.52x10-3 1.21x10° 1.26x10° 2.34x1073 2.01x10-®
ED nfa 1.23x10° 1.79x10° 1.42x10° 2.39x10° 1.97x10°°
SED | 1.08x1073 1.44x10-3

SD  1.29x103 nla 1.69x1073 1.11x10°  2.94x10°° 1.93x10°°
SWD  1.47x103 nla 1.60x10° 1.81x103 1.37x10° 164x10° 2.79x1073 1.78x107°
WD 1.48x1073 n/a 8.81x10* 2.54x10° 8.40x10* 1.98x103 2.26x107 1.88x1073
NWD nfa 9.59x10%  1.81x10°  2.28x10° 1.20x10° 2.34x10-° 1.77x10°2
CcD nfa nfa 1.89x10° 1.97x10° 1.82x10° [448X10°31  1.94x10°

Colors from green to red indicate a rise in the average TR value for different types of roads in each administrative district

to 4.75 x 10 mg/kg per day. The ADD values averaged
for the administrative districts of Moscow decrease in the
following order: ND> NED > ED > CD > SD > WD >
SWD > NWD > SED.

There is also a strong differentiation of this indicator
depending on the type of road (Table 4).

Ingestion of dust particles with food and while playing,
walking, etc., is the main pathway of BaP intake into the
bodies of both adults and children. ADD values indicate
that adults and children receive 90.6% and 93.3% of BaP
orally, respectively. BaP entering human bodies through
skin contact is 9.3% and 6.7% of the total ADD for these
two groups, respectively. Less than 0.2% of BaP is re-
ceived through inhalation. The total hazard index HI is
highly differentiated by administrative districts of the city
with the highest average values both for adults and chil-
dren in the Northern district and the lowest values in the
Southeastern district (Fig. S2, Supplementary materials).

For adults, average HI values do not exceed 3.34 in
all districts of Moscow, which corresponds to the mod-

erate level of health hazard. However, children are more
susceptible to exposure to pollutants per unit weight be-
cause of their physiological and behavioral characteris-
tics, such as ingestion of significant amounts of soil and
dust during playing and walking outdoors, increased gas-
trointestinal absorption of certain substances and air con-
sumption per unit weight, etc. (Gabarron et al., 2017b;
Qu et al., 2012). Thus, for a child, average HI values in
administrative districts of Moscow vary from 3.37 to
8.62, corresponding to the moderate health hazard level.
The maximum HI (28.9) was determined for courtyards
in the Central district, where children are more likely to
contact contaminated dust particles during walks. The
lowest HI values were found in the Southeastern district,
which can be explained by the predominance of volatile
low-molecular weight PAHs in the refinery emissions.
Almost all values of the carcinogenic risk associated
with the oral and dermal exposure ways are in the range
from 10-5 to 10-3, which corresponds to moderate and
high risk levels; the risk associated with inhaled BaP is
very low: 10-9 to 10-7. Therefore, the total risk (TR) is
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Fig. 8 Distribution of the total hazard index HI for a children and b adults; c total carcinogenic risk TR at sampling points of

Moscow road dust (summer 2017)

high and very high with TR > 10-4. The highest average
value of the TR =4.43 x 103 is in the Central district. In-
creased contents of PAHs in road dust and other environ-
ments lead to an increased risk of developing cancer cells,
including lung, skin, and bladder cancer (Abdel-Shafy &
Mansour, 2016; Armstrong et al., 1994; Bostrom et al.,
2002; Kim et al., 2015; Zhang et al., 2020). In addition to

carcinogenic effects a direct relationship has been estab-
lished between the long-term exposure to microparticles
contaminated with polyarenes and the decrease in birth
weight (Wilhelm et al., 2012), poor cognitive develop-
ment (Edwards et al., 2010), obesity, and the risk of diar-
rhea (Wu et al., 2021). The contribution of diff ent ways
of entry to the total risk follows the sequence: ingestion
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> skin contact > inhalation, which is consistent with the
results obtained by other researchers (Alghamdi et al.,
2021; Gope et al., 2018; Jiang et al., 2014; Mihankhah et
al., 2020; Zhang et al., 2020).

The variation in the TR values depending on the type
of roads in different districts of Moscow is given in Table
5. The highest average values are observed in the South-
ern, Southwestern, Northwestern, and Central adminis-
trative districts (Fig. 8) for courtyards with parking lots,
which is most likely associated with the idling of cars
while waiting for passengers. In the Central, Northeast-
ern, and Western districts, maximum TR values are typ-
ical of the roads with several lanes. In the Eastern and
Southeastern districts, maximum TR values are allocat-
ed to the MRR and major radial highways, respectively,
due to frequent traffic congestions since many residents
from the southeastern suburbs commute to work on these
roads every day.

Limitations of the study

Our results are a first assessment of risk for public
health from road dust polluted with BaP in Moscow meg-
acity based on snapshot observations during one of the
seasons of the specific year. Therefore, the risk assess-
ment results in our study have the following limitations.
Firstly, the sampling represents only one season, which
did not allow taking into account the inter-annual vari-
ability in the accumulation of dust on the roads. To as-
sess seasonal differences in the level of pollution of the
urban environment with BaP, a comparative analysis of
pollutant concentrations in various environments, such
as snow cover which characterizes pollution during the
cold period, urban soils, and bottom sediments of water
bodies which are indicators of long-term pollution, was
carried out. For a more accurate risk assessment, further
studies of the distribution of BaP in road dust in different
seasons and under various meteorological conditions are
required. Secondly, the study of only BaP did not make it
possible to do a source apportionment study using recep-
tor models and statistical methods such as principal com-
ponent analysis or positive matrix factorization. Further
expansion of the list of analyzed pollutants could remove
this limitation. Thirdly, the distribution of BaP in various
particle size fractions of road dust of Moscow has not
yet been studied, which may affect the assessment of the
risk to public health, since the ability of particles to be
blown off the roadway, as well as their ability to pene-
trate the human body, largely depends on particle size.
For a more detailed assessment of the health risk, it is
necessary to determine the content of BaP in different
particle size fractions of road dust. Finally, the obtained
results show the risk levels averaged over various types
of roads and different administrative units of the city. In
the absence of knowledge about the degree of road dust
pollution with BaP in Moscow, the task was to obtain
the average level of contamination in order to understand
whether further more detailed studies of BaP in road dust
in Moscow are needed. It will be helpful to take into ac-
count the spatial variability of BaP concentrations in road
dust when assessing health risks in future, for example,
applying Monte Carlo simulation or using not only mean
concentrations, but also the median, 90th and 95th per-
centiles of BaP concentrations.
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CONCLUSIONS

For the first time, the pollution levels and the spatial
distribution of BaP in road dust in Moscow were deter-
mined considering the geometry of street buildings (can-
yon effect) and the physicochemical properties of the
dust. In addition, the health risks of the adult and child
population arising from BaP contamination were as-
sessed, including the average daily dose of contaminated
dust, the hazard index, and the carcinogenic risk under
the influence of BaP entering the human body through
dermal, ingestion, and inhalation pathways.

The average BaP content in Moscow road dust is 53
times higher than the background level in Umbric Al-
beluvisols and 1.6 times lower than the BaP content in
dust fallout from the atmosphere. The highest contents
and environmental hazard of BaP pollution with a max-
imum in the Central district of Moscow are confined to
the courtyards with parking lots. The pollution with BaP
in these places is intensified due to the formation of “trap
wells” creating zones of air stagnation and deposition of
aerosols. Road dust pollution with BaP depends on the
type of road: large street roads and the MRR with high
traffic intensity are the most polluted, while radial high-
ways and the TRR with a low number of traffic lights are
the least polluted roads.

Important factors of BaP accumulation in road dust
of Moscow are geometry patterns of street canyons.
The BaP content in road dust is maximum when the
canyon length is less than 500 m, and relatively wide
canyons accumulate BaP 1.6 times more actively than
narrower street canyons. In longer canyons, road dust
pollution with BaP is less pronounced, but the pollu-
tion level is not the same on different types of roads
and depends on their orientation relative to the cardinal
points. On the TRR, radial highways, and medium and
small street roads with high (> 20 m) street canyons,
there is a noticeable increase in the accumulation of
BaP. The influence of the physicochemical properties
of road dust and allocation in different districts of the
city is manifested locally.

On most of Moscow’s highways, an extremely dan-
gerous environmental situation has developed with an
excess of the MPC for BaP by 13—15 times. The max-
imum excess of the MPC (Kp 30-50) is observed near
large industrial zones within the TRR and in the terri-
tories between the TRR and the Moscow Central Circle
railroad. The high content of BaP in road dust negative-
ly affects the health of citizens. The main way of BaP
intake by adults and children is oral ingestion, which
accounts for more than 90% of the total BaP intake.
For adults in all districts, the HI index corresponds to a
low—moderate level of danger, for children, to a moder-
ate level with a maximum in the central part of the city.
The carcinogenic risk is the highest in the courtyards of
the Southern, Southwestern, Northwestern, and Central
districts.

The results showed the need for further study of BaP
in the road dust of Moscow, seasonal dynamics of pol-
lution and the effect of precipitation on the washing of
dust from roads. The results can be useful for identifying
urban areas with the most dangerous level of BaP pol-
lution and for increasing the efficiency of road cleaning
measures.
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4. ATMOCO®EPHBIE OCAJIKH U CHET

Partitioning and solubilities of metals and metalloids in spring
rains in Moscow megacity*

1. INTRODUCTION

Rain plays an important role in purifying the atmos-
pheric air by removing solid particles, metals and met-
alloids (MMs), and other pollutants during the warm
season. At low precipitation intensity (<0.1 mm/h),
more than 99% of the aerosol mass is washed out from
the atmosphere during in-cloud processes (elements
sorption on raindrops inside the cloud), and up to
50%—-80% during below-cloud processes (washout of
the aerosol solid particles in the atmospheric surface
layer) (Zhang et al., 2004). The most significant factors
determining the rate of atmospheric pollutant washout
by rains are the sizes of the solid atmospheric particles
and raindrops as well as the amount, intensity, and du-
ration of the rainfall event (Bayramglu Kars,1 et al.,
2018; Cizmecioglu and Muezzinoglu, 2008; Guo et al.,
2015; Khan et al., 2018; Ma and Kang, 2018; Ouyang
et al., 2015; Park et al., 2015; Tripathee et al., 2020;
Uchiyama et al., 2017). Although research on the com-
position of atmospheric precipitation over long peri-
ods of time (annual and perennial) has been extensive-
ly carried out, short-term changes have been scarcely
investigated (Pan et al., 2017). Urban air pollution
depends on many factors such as the city functional
zone (e.g., recreational, transport, industrial), parame-
ters of street canyons, distance to the pollutant source,
and others. It was reported that building development
in cities changes turbulent wind-velocity fluctuations
(Glazunov, 2014) and creates geochemical heteroge-
neity via redistributing atmospheric pollutant fluxes
and forming sedimentation zones in urban soils and
other deposition media (Kosheleva et al., 2018). Local
maxima of air pollution and atmospheric precipitation
are characteristic of regions near industrial zones and
major highways. For instance, in Moscow, Europe’s
largest city, the average annual concentrations
of atmospheric PM|( near highways were 1.4 times
higher than those in residential areas (Kul’bachevskii,
2019). PM( concentrations in the city were found to
decrease by an average of 3.7% annually from 2005 to
2014, mostly on the weekends (Elansky et al., 2020,
2018). The heterogeneity of urban air pollution was
also confirmed by data on the variations in the ionic
composition of precipitation in Moscow (Yeremina et
al., 2014). However, the occurrence of medium-range
transport of atmospheric pollution might suggest that
in megacities, rainwater contamination with MMs is
only slightly larger in the city center than in the sub-
urbs (Garnaud et al., 1999).

In rainwater, usually the soluble fraction of chemical
elements is investigated because this fraction is the most
reactive and highly migratory, with the capability of get-
ting incorporated in the biological cycles, including bio,
hydro, and pedogeochemical processes. However, the
insoluble fraction of MMs accumulates in the surface
layers of urban soils and road dust, acting as a source of
secondary air pollution when particles are blown away
from the surface (Cerqueira et al., 2014; Grigoratos et
al., 2014; Kasimov et al., 2019b; Ma et al., 2019; Se-
leznev et al., 2019, 2020; Talovskaya et al., 2018, 2019).
A comprehensive study of the composition of the solid
and liquid phases of MMs as well as MM partitioning
in rainwater provides a detailed description of pollution
and may be used to control atmospheric inputs and en-
vironmental health (Guo et al., 2017). In rainwater, eco-
logically hazardous Cd, V, Cu, Zn, Sr, Na, and Ca are
highly soluble, while the solubilities of Cr, Ni, Co, and
Pb are generally considerably lower (Baez et al., 2007;
Chudaeva et al., 2008; Cizmecioglu and Muezzinoglu,
2008; Garnaud et al., 1999; Kamei-Ishikawa et al., 2016;
Kaya and Tuncel, 1997; Morselli et al., 2003). Al and Fe,
which are the components of the coarse aerosol fraction,
together with Cs, Ga, Y, Sc, and Mo, prevail in the in-
soluble form (Al-Momani, 2008; Baez et al., 2007; Bay-
ramoglu Karsand Alagha, 2004; Chudaeva et al., 2008;
Kamei-Ishikawa et al., 2016; Ozsoy and Ornektekin,
2009). The concentrations of MM forms in rainwater are
strongly influenced by rainfall parameters (e.g., rain-
fall amount and duration), and by the physicochemical
properties of rainwater, which determine the transition
of soluble MMs to insoluble ones and vice versa. These
properties include pH, concentration and the size of solid
particles in rainwater, electrical conductivity (EC), cati-
on and anion balance, and redox potential (Conko et al.,
2004; Di Marco et al., 2020; Garcia et al., 2006; Kamani
et al., 2014; Morselli et al., 2004; Singh et al., 2016; Tri-
pathee et al., 2020).

Detailed studies have been conducted on the elemen-
tal composition of precipitation in many cities around
the world. In Russia, considerable research attention has
focused on analyzing the composition of snow cover,
while much less research has been devoted to rainwa-
ter (Chudaeva et al., 2008; Elpat’evskii, 1993; Golube-
va et al., 2010; Kokorin and Politov, 1991; Semenets et
al., 2017; Udachin et al., 2010; Yanchenko and Yaskina,
2014). Studies of snow cover pollution in Moscow with
solid particles enriched with environmentally hazardous
MMs and benzo(a)pyrene were carried out in different

* Vlasov D., Kasimov N., Eremina I., Shinkareva G., Chubarova N. // Atmospheric pollution research.

2021;12(1):255-271.

DOI: 10.1016/j.apr.2020.09.012.  CiteScore 6.7, IF 4.9



https://www.sciencedirect.com/science/article/abs/pii/S1309104220302816

128

functional zones in various parts of the city; Cd, Sb, Zn,
Pb, Cu, Mo, Sn, and Bi were among the main pollut-
ants identified (Achkasov et al., 2006; Bogatyrev et al.,
2018; Kasimov et al., 2017, 2012; Lebedev et al., 2012;
Sokolov and Astrakhan, 1993; Vinokurov et al., 2017,
2014). There are also studies relating to polycyclic ar-
omatic hydrocarbons, polychlorinated biphenyls, organ-
ophosphates, dialkylphthalates, phenols, alkylpyridines
and other organic compounds present in the rainwater
(Polyakova et al., 2018). Research on MM partitioning
in rainwater in Moscow has not yet been conducted, al-
though this is necessary to define the fate of pollutants
after their deposition and understand the interrelation-
ships between the components of the urban environment
(e.g., between precipitation, soils, road dust, and surface
waters).

Thus, this study was aimed to compile and analyze
the first dataset of the soluble and insoluble MM frac-
tions in the rainwater in Moscow. The experiments were
conducted during the spring season at the Meteorologi-
cal Observatory of Lomonosov Moscow State Universi-
ty (MO MSU); the spring season was selected because
the most diverse meteorological conditions and levels of
air pollution are usually observed in this season. The re-
search objectives include the following: (1) study of MM
partitioning in Moscow rainwater; (2) determine MM
solubility in the precipitation and the factors influencing
it; and (3) identify the probable sources of MMs in the
precipitation.
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2. MATERIALS AND METHODS
2.1. Rainwater sampling

A study on the chemical composition of atmospheric
precipitation was carried out in April and May 2018, at
the MO MSU (55.707°N, 37.522°E; Fig. 1), located in
the MSU Botanical Garden. MO MSU is situated far
from industrial pollution sources and major highways
and is considered a background meteorological obser-
vatory.

Rainwater samples (15 events) were collected using a
rigid-vinyl plastic funnel 80 % 80 cm, placed at a height
of 2 m from the ground, atop a plastic bucket. We analyz-
ed each rainfall event from the beginning to its end on the
current or adjacent days: April 6-7th, 10-11th, 17—18th,
18—19th, 21st, 21-22nd, 25th, and 26th, as well as May
Ist, 2nd, 4th, 5-6th, 17—18th, 18—19th, and 19-20th.

2.2. Laboratory analysis, quality assurance and
quality control

pH of the rainwater samples was measured using a
pH meter (Seven Compact S220; Mettler Toledo, Swit-
zerland; accuracy: +£0.002); EC was measured using an
EC meter (Seven Compact Cond meter S230; Mettler
Toledo, Switzerland; accuracy: £0.5%). To determine the
forms of MMs, all samples were filtered through mem-
brane filters with a pore diameter of 0.45 um (EMD Mil-
lipore, USA) to separate the solid phase (filter retained
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Fig. 1. Spring rains sampling site in Moscow.
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the solid particles) from the liquid (filtrate) phase. Fil-
ters and filtrates were analyzed separately. The content
of solid particles in rainwater (X, mg/L) was estimated
based on the mass of the suspension on the filter m (mg);
this was weighed using an analytical balance (Discovery
DV114C; Ohaus, Switzerland; repeatability: 0.1 mg) and
determined using Equation (1):

X=m/V (D

where V is the amount of the filtered rainwater (L).
Concentrations of Al, As, Ba, Be, Bi, Ca, Cd, Co, Cr, Cs,
Cu, Fe, K, Li, Mg, Mn, Mo, Na, Ni, Pb, Rb, Sb, Sc, Se,
Sn, Sr, Th, Ti, T1, U, V, W, Y, Zn, and Zr were determined
in the laboratory of the All-Russian Research Institute of
Mineral Resources named after N.M. Fedorovskii using
ICPMS (mass spectrometer iCAP Qc; Thermo Fisher
Scientific, USA) and ICP-AES (atomic emission spec-
trometer Optima-4300DV; PerkinElmer, USA) methods
according to certified methods (NSAM Ne 499 AES/MS,
2015; NSAM Ne 520 AES/MS, 2017). This laboratory is
accredited in the international analytical system Accred-
itation (AAC.A.0025), the national accreditation system
(RA.RU.21TTI11), and complies with the requirements
of the International Standards ISO Guide 34:2009 and
ISO/IEC 17025:2017. It also conducts metrological ex-
aminations of measurement techniques in Russian Fed-
eration (accreditation certificate No. 01.00115-2013).
The analysis was conducted using instrument blanks,
method blanks, and standard reference materials. For de-
termining soluble MMs “Trace metals in Drinking Wa-
ter (TMDW)” (High-Purity Standards, USA) reference
material was used. The detection limits (DLs) were as
follows (pg/L): Li, 0.04; Be, 0.004, Na, 60; Mg, 7.0; Al,
1.0; K, 10; Ca, 18; Sc, 1.0; T1 0.05; V, 0.05; Cr, 0.1; Mn,
0.5; Fe, 9.0; Co, 0.006; N1, 0.1; Cu, 0.1; Zn, 0.3; As, 0.09;
Se, 0.3; Rb, 0.006; Sr, 0.2;Y, 0.006; Mo, 0.2; Zr, 0.006;
Cd, 0.007; Sn, 0.009; Sb, 0.06; Cs, 0.005; Ba, 0.04; W,
0.01; T1, 0.004; Pb, 0.03; Bi, 0.006; Th, 0.006; U, 0.007.
For insoluble MMs “SGHM-2. Aluminosilicate loose
sediment (GSO 3784-86)” (Vinogradov Institute of
Geochemistry SB RAS, Russian Federation) reference
material was used. The DLs were as follows (ng/L): Li,
0.034; Be, 0.001, Na, 3.0; Mg, 0.9; Al, 9.0; K, 3.7; Ca,
10; Sc, 0.022; Ti 2.8; V, 0.05; Cr, 0.1; Mn, 0.07; Fe, 3.4;
Co, 0.004; N1, 0.17; Cu, 0.1; Zn, 0.2; As, 0.06; Se, 0.06;
Rb, 0.004; Sr, 0.05;Y, 0.007; Mo, 0.003; Zr, 0.142; Cd,
0.003; Sn, 0.03; Sb, 0.002; Cs, 0.001; Ba, 0.13; W, 0.018;
T1, 0.001; Pb, 0.24; Bi, 0.001; Th, 0.002; U, 0.001. For
rainwater samples, for low concentrations of MMs (<5
DL) the relative standard deviation did not exceed 20%;
for higher concentrations of MMs (>5 DL), the relative
standard deviation did not exceed 10%.

2.3. Data processing

To identify the probable source regions of air masses
arriving at Moscow, backward trajectories were analyzed
for each rain sample collection date using the HYSPLIT
transport and dispersion model (Rolph et al., 2017; Stein
et al., 2015). Modeling was carried out at heights of 500,
1000, and 1500 m above the Earth’s surface with an in-
terval of 120 h from the middle of the rainfall event; this
was determined by the difference between the time of its
end and beginning.

Volume-weighted concentrations (Cw) were calculat-
ed using Equation (2):
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i=1
Cw = (Ci-Xi/Xs) )

where Ci is the content of the soluble or insoluble frac-
tion of the element (pg/L); Xi is the precipitation amount
(L/m?) in the i-th rain event; and Xs is the precipitation
amount for the entire study period (L/m?).

To define the predominant fraction of elements in pre-
cipitation, the share of their soluble fraction or solubility
(Kz,%) was calculated as:

Kz=100% - Cs/Cr 3)

4)

where Cg is the concentration of the soluble MM frac-
tion, pg/L; Cj is the concentration of the insoluble MM
fraction, pg/L; and C7 is the total content of the soluble
and insoluble fractions, pg/L. All studied elements were
divided into four groups using the following Kz scale: (1)
>75%, a sharp predominance of the soluble MM fraction;
(2) 50%—75%, presence of MMs mainly in the soluble
fraction; (3) 25%—50%, MMs present mainly in the in-
soluble fraction; and (4) <25%, a sharp predominance of
the insoluble MM fraction.

The contribution of anthropogenic sources to MM
content in rainwater was estimated using the enrichment
factor (EF):

Cr=C+Cs

EF = (C; /Cqp/(K; /K 41) (5)
where C; and Cy; are the contents of the i-th and ref-
erence elements in the rainwater sample respectively;
and Ki and Kj; are the concentrations of the i-th and
reference elements in the upper continental crust, re-
spectively (Rudnick and Gao, 2014). The reference el-
ement in atmospheric aerosols should ideally have no
anthropogenic source. Al is most often used as a refer-
ence element; Li, Ca, Mg, Zr, Ti, Sc, Co, Fe, and Mn
are much less commonly used (Basha et al., 2010; Kara
et al., 2014). It is assumed that in natural processes,
the ratio of the studied and reference elements remains
almost permanent and is equal to the ratio in the con-
tinental crust, changing only under anthropogenic im-
pact. Comparison with the distribution of elements in
the continental crust is justified, as particulate matter in
atmospheric air consists of soil and rock particles trans-
ported by wind from the Earth’s surface (Reimann and
de Caritat, 2005). In our study, Al was selected as the
reference element. An £F < 10 indicates the natural or-
igin of elements in the rainwater samples (mainly from
the Earth’s crust). EF values from 10 to 100 denote the
probability of anthropogenic element sources, whilst
EF > 100 signifies that elements definitely have an an-
thropogenic origin (Chon et al., 2015).

Statistical processing of the results was conduct-
ed using Statistica® 8 software (Statsoft/Dell, USA).
To evaluate the correlation between the properties of
precipitation and rainwater, and solubility of MMs,
the non-parametric Spearman rank correlation coeffi-
cients rs were calculated, with a significance level of
p < 0.05. Cluster analysis was carried out to define the
MM groups with similar distribution patterns in Mos-
cow rainfall. MM grouping was carried out using the
Ward’s amalgamation rule, with a measure of similarity
d=1 - Pearson r.
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3. RESULTS AND DISCUSSION

3.1. Meteorological conditions and rainfall
parameters

In the beginning and middle of April, during the rain-
fall period, the cyclonic type of atmospheric circulation
prevailed with the advection of air from the western and
northern regions. On April 25-26th, a lowgradient bar-
ic field was observed with a predominant air advection
from the northern regions. On May 1-6th, air outflow
from the south and southwest dominated, and from May
17th to 20th, air advection from the west was observed
with a cyclonic type of circulation.

The average monthly meteorological parameters for
April and May 2018 were analyzed relative to the meas-
urement data of the MO MSU for 1954-2013. In 2018,
the average monthly air temperature was 2—-3°C higher
than the corresponding temperatures for 60 years from
1954 to 2013 (Chubarova et al., 2014). In April 2018,
the average air temperature was 8.4 °C (it was 6.2 °C for
1954-2013), and in May it was 16.7 °C (it was 13.3 °C
for 1954-2013); this is consistent with the general cli-
mate warming trend. Lower values of relative humidity
were also noted. The precipitation amount was within the
normal range; in April it was 38 L/m? compared to 41
L/m?, and in May it was 50 L/m? compared to 55 L/m?
based on the long-term measurements.

Most of the rainfall events in April-May 2018 were
characterized by light rains with a volume of less than
5 L/m? (Table 1). Rainfall events with a volume greater
than 5 L/m? were observed on April 18—19th and 26th,
2018, as well as May 5-6th, 17—18th, 18—19th, and 19—
20th, 2018. The duration of these rainfall events varied
from short (less than 4 h) on April 6-7th and 21st, and
May 2nd, 4th, and 5—6th to 17 h events on May 18—19th,
and a 25 h event on April 17-18th. As such, rainfall in-
tensity also changed significantly during the study dura-
tion; from 0.2 to 2.9 L/m?per hour (Table 1).

Acidity analysis highlighted a significant excess in
the proportion of acid rain (with pH < 5.0) in April 2018
(66%) compared to the measurement data of the MO
MSU for 1982-2017 (17%). There was lower proportion
of acid rain in May 2018 (28% and 35%, respectively).
All rainfall events were characterized by a pH ranging
from weakly acidic to almost neutral; in the first rainfall
event of the season on April 6-7th the pH recorded was
4.05, and for the rainfall event on April 21st, the pH was
6.35. The average pH of the rainwater in April and May
2018 was 5.0 and 5.2, respectively (with mean perennial
values of 5.0 and 4.8). The highest EC (572 puS/cm) was
detected for the first rainfall event on April 6—7th, fol-
lowing the winter period. In other samples, the EC varied
from 21 to 217 puS/cm.

The average mineralization value for the duration of
the experiment was 21.7 mg/L; this is consistent with the
data of 22.8 mg/L for 1982-2017. Mineralization was
dependent on the precipitation amount; it was found to
be an average of 18.5 mg/L for a precipitation amount
greater than 3 L/m?, and 56.1 mg/L for a precipitation
amount less than 3 L/m? However, the acidity had only
differed slightly, along with the predominant cation and
anion concentrations. During the experiment, Ca** was
the predominant cation in the rainwater samples (Eremi-
na, 2019). The main source of Ca?" in the atmosphere is
chemical weathering and dissolution of minerals (Gon-
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za'lez and Aristiza’bal, 2012). In cities, an addition-
al source of Ca is the construction and demolition dust
(Crilley et al., 2017; Ramirez et al., 2020). The predom-
inant anion was CI™ consistent with the observations of
the last 13 years (Eremina, 2019). Weathering products
of rocks, marine aerosols, and de-icing reagents were the
sources of CI™ (Eremina et al., 2015).

3.2. Concentrations of soluble and insoluble MMs

The contents of soluble and insoluble element frac-
tions and the total MM concentrations in rainwater are
given in Table 2. The contents of almost all MM in April
were 1.3—4.1 times higher than those in May. This was
likely to be caused by a more intense input of MMs into
the atmosphere from industrial sources in April due to
the active heating season, which was no longer active in
May. In April, grass cover had not yet developed, and
as such, dust particles on roads were blown into the at-
mosphere; their further partial dissolution contributed to
the MM content (Kyllo nen et al., 2009). In spring, there
was a sharp increase in the coarse particle fraction in the
atmosphere (Chubarova et al., 2011). Moreover, in April,
after snow melting and before streets were washed with
city services, road dust particles (especially PM1g, PMj,
PMj »5) were found to be highly enriched with Pb, W,
Sb, Cd, Cu, and other MMs (Ermolin et al., 2018; Fed-
otov et al., 2014; Kasimov et al., 2020; Vlasov, 2017),
which were actively transported by wind from the road
surface into the atmosphere. In May, the intensity of par-
ticle resuspension decreased due to road washing and
precipitation. Previous research on atmospheric PMj
seasonal variations in Moscow have also demonstrated
that the highest PM o concentrations were observed in
March—April due to snow melting and the accompanying
wind transport of fine soil and de-icing reagent particles
that accumulated during the winter (Elansky et al., 2018).

The highest concentrations of MM are characteristic
of the first rainfall event that occurs following a dry peri-
od (Kamani et al., 2014; Naimabadi et al., 2018; Ouyang
et al., 2019). Thus, the maximum concentrations of solu-
ble and insoluble MMs were observed in the first rainfall
event after the winter period on April 6—7th, when the air
masses moved mainly from southwestern (Spain, Portu-
gal), southern, and southeastern Europe (Fig. A1).

An increase in the precipitation amount led to a de-
crease in the average concentrations of MMs. Typically,
the dependence of MM concentrations on the precipita-
tion amount may be described as:

C=C,X7F (6)
where C is the concentration of a soluble or an insolu-
ble MM or the total MM concentration in the precipi-
tation; X is the precipitation amount; and C, and f are
constants (Takeda et al., 2000). The higher the S coef-
ficient, also called the scavenging index (Shimamura et
al., 2006), the more rapid and intensive is the chemical
element washout. In Moscow, the highest S coefficients
(>0.9) were common for elements of predominantly
terrigenous (crustal) and partially anthropogenic ori-
gin (soluble Li, K, Na, Mn, U, Ca, V, Co, Cs, Zr, Sn, W,
and Bi, and insoluble Na, U, Zr, Y, W, Zn, and Be). This
was likely to be caused by the accumulation of these
MMss by large particles, transported from the surface
of soils or roads during the dry period and then quick-
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Table 1 Main parameters of rainfall in the territory of the MO MSU in April-May 2018.

Date Precipitation Duration of rainfall ~ Rainfall intensity, = Antecedent Solid particles  pH EC,
amount, L/m? event, h L/m? per hour dry period, h content, mg/L uS/cm
April:
6-7th 0.7 3.6 0.2 65 150 4.05 572
10-11th 2.4 8.1 0.3 89 45 5.05 108
17-18th 12.4 25.2 0.5 138 76 475 85
18—19th 5.2 9.8 0.5 0 9.2 4.65 32
21st 4.1 1.5 2.7 58 87 6.35 78
21-22nd 2.7 10.3 0.3 2 24 5.40 21
25th 2.4 6.2 0.4 56 30 4.90 119
26th 7.8 6.6 1.2 14 18 475 24
May:
Ist 43 6.9 0.7 98 75 5.35 64
2nd 1.2 0.75 1.6 31 183 5.85 217
4th 1.3 0.92 1.4 43 102 6.15 115
5-6th 5.1 2.3 2.3 12 45 5.15 61
17-18th 14.9 5.2 2.9 292 40 5.30 27
18—19th 154 17.4 0.9 5 6.8 4.40 29
19-20th 7.4 13.2 0.6 9 6.1 4.45 27
Table 2 Concentrations of MMs in rainwater samples in April-May of 2018, pg/L.
MM Soluble fraction (CS) Insoluble fraction (CI) Total (CT)
Mean? Min.—Max.? cwb Mean Min.—Max. Cw Mean Min.—Max. Cw
Li 0.17 0.02°-0.74 0.079 0.88 0.017°-3.0 0.64 1.1 0.037-3.7 0.72
Be 0.023 0.002°-0.065 0.020 0.054 0.001-0.17 0.038 0.077 0.002-0.24 0.059
Na 818 63-6550 339 367 3.2-1442 247 1185 66-7992 587
Mg 326 52-1268 178 512 12-1639 354 837 64-2907 532
Al 141 15-924 70 1946 46—-6965 1370 2087 69-7889 1439
K 455 11-2392 218 681 26-2146 476 1135 68-3572 694
Ca 7840 982-37,621 3761 1188 38-3525 779 9027 1049-41,029 4539
Sc 0.5¢ 0.5°-0.5¢ 0.5¢ 0.40 0.011°~1.5 0.28 0.90 0.51-2.0 0.78
Ti 0.60 0.08-2.4 0.30 139 3.4-503 96 139 3.6-500 96
\% 0.82 0.06-5.5 0.38 3.8 0.091-15 2.6 4.6 0.15-20 3.0
Cr 0.60 0.16-3.5 0.30 2.3 0.16-8.7 1.6 29 0.32-12 1.9
Mn 26 2.0-103 13 22 0.83-66 15 48 2.9-150 29
Fe 184 38-1217 102 1970 76—6558 1407 2154 1567775 1509
Co 0.42 0.042-2.0 0.21 0.50 0.016-1.8 0.35 0.92 0.058-3.7 0.56
Ni 0.95 0.19-4.9 0.48 1.4 0.086-5.0 0.95 2.4 0.28-9.9 1.4
Cu 13 3.1-63 8.8 5.1 0.16-13 39 18 4.3-76 13
Zn 66 13-284 37 12 0.30-37 7.2 78 15-304 44
As 0.18 0.11-0.62 0.12 0.060 0.03°-0.22 0.047 0.24 0.14-0.84 0.17
Se 0.18 0.15°-0.52 0.15 0.39 0.067-1.0 0.32 0.57 0.22-1.2 0.48
Rb 0.83 0.081-4.6 0.40 2.4 0.087-8.4 1.7 3.2 0.20-9.9 2.1
Sr 17 2.8-62 10 7.8 0.23-29 53 25 3.9-90 16
Y 0.13 0.013-0.83 0.067 0.55 0.004°-1.7 0.39 0.68 0.023-2.6 0.45
Zr 0.073 0.003°-0.36 0.041 6.6 0.071°-23 4.5 6.7 0.074-23 4.6
Mo 0.1° 0.1°-0.1° 0.1° 0.13 0.002°-0.60 0.078 0.23 0.10-0.70 0.18
Cd 0.15 0.037-0.53 0.095 0.021 0.002°-0.073  0.012 0.17 0.039-0.57 0.11
Sn 0.066 0.010-0.17 0.035 0.77 0.033-2.9 0.56 0.84 0.043-3.1 0.60
Sb 5.5 1.1-16 3.2 0.25 0.019-0.94 0.17 5.8 1.1-17 34
Cs 0.018 0.003°-0.071 0.010 0.081 0.002-0.24 0.060 0.099 0.005-0.31 0.070
Ba 22 6.1-51 16 22 0.46-86 15 44 9.3-132 31
w 0.074 0.014-0.45 0.036 0.93 0.009°-4.4 0.60 1.0 0.023-4.8 0.64
Tl 0.016 0.002°-0.051 0.010 0.016 0.001-0.050 0.011 0.031 0.003—-0.10 0.021
Pb 148 23-973 112 32 1.1-76 24 180 31-1026 136
Bi 0.042 0.003°-0.20 0.024 0.14 0.014-0.63 0.10 0.18 0.018-0.83 0.12
Th 0.017 0.003°-0.066 0.010 0.21 0.001°-0.60 0.15 0.22 0.004-0.67 0.17
U 0.027 0.004°-0.14 0.013 0.076 0.001-0.22 0.054 0.10 0.004-0.35 0.067

4 Mean, Min.—Max. — mean, minimum and maximum concentrations.
bCw- volume-weighted concentrations.

¢ Concentration was below DL, thus for further calculations the half of it was used.
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ly washed out from the atmosphere by light and short
rainfall events. In Higashi (Takeda et al., 2000), Lhasa
(Guo et al., 2015), Singapore (Hu and Balasubramani-
an, 2003), and Tokyo (Shimamura et al., 2006), high
p values were also found mainly for elements of ter-
rigenous origin, whereas MMs of anthropogenic origin
were characterized by lower f coefficients. A similar
dilution effect (a decrease in MM concentrations with
an increase in the precipitation amount) was previously
reported for many urban, rural, and remote territories
(Ma and Kang, 2018; Park et al., 2015; Song and Gao,
2009; Tripathee et al., 2020).

The MM content in rainwater varies greatly depend-
ing on the intensity of the anthropogenic impact, the ter-
ritory class (urban, suburban, rural, and remote areas),
proximity to the sea coast, precipitation amount, season,
and other factors (Table 3).

In the present study, the concentration of the soluble
fractions of Cr, Ni, As, Se, and Cd were lower in Moscow
as compared with those in many other cities, and were
close to the concentrations of these elements in rainwa-
ters in the suburban and rural territories, and in some
cases, the background territories. Particularly high con-
centrations of these MM in the rainwater were observed
in industrial zones; for example, in Daya Bay located on
the edge of the Pearl River Delta area, where large coal-
fired thermal power plants and the petrochemical zone
are situated (Wu et al., 2018). The contents of the soluble
fractions of Al, V, Fe, and Co in Moscow rainwater were
close to those in most other cities. Among the main pol-
lutants, Zn, Pb, and Sb dominated. Concentrations of sol-
uble fractions of Ba, Mn, Cu, Zn, Pb, and Sb in rainfall
were greater than in many cities of the world due to the
high emissions from the transport sector, including those
from non-exhaustive sources, e.g., resuspension of road
dust, tires and brake pads wear, abrasion of road surfaces
(Grigoratos and Martini, 2015; Grivas et al., 2018; Jeong
et al., 2019), and traffic jams. This is confirmed by our
data on the composition of Moscow road dust (Kasimov
et al., 2020; Vlasov et al., 2015).

Regarding the insoluble MM fraction, in comparison
with the Mexico City (Béez et al., 2007), Ankara (Kaya
and Tuncel, 1997), Mersin (Ozsoyy and Ornektekin,
2009), and the Mediterranean coast of Turkey near An-
talya (Al-Momani et al., 1998), the contents of Al, V, Mn,
Fe, Cu, Pb, Sr, and Ba in the rainwater in Moscow were
higher, whilst the concentrations of Cr, Co, Ni, Zn, and
Cd were lower.

Thus, spring rainfall in Moscow was an important
factor in the purification of atmospheric air contaminated
with the insoluble and soluble fractions of many MMs.
A comparison with the element concentrations in the
rainwaters of other cities showed that the levels of ele-
ments in the MO MSU data may be used as background
urban levels in the city’s rainwater during future studies
of environmental pollution of this megacity.

3.3. Sources of MMs in spring rains of Moscow
3.3.1. Cluster analysis

Based on the results of cluster and correlation analy-
sis (Fig. B1), five associations of soluble MM fractions
with a similar distribution pattern in spring rainfall were
identified: (1) Li-Mg—Sr-Ca—Co—Zn—Ni-Cd-Cs (r =
0.93-0.99); (2) Na—Al-V-Fe-Y-Cr—W—Cu-Pb-Se (r =
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0.87-0.99); (3) Zr-U-Bi-TI-Th (r = 0.89-0.99); (4)
K-Rb (r = 0.97); and (5) Ti-Mn—Sb-Ba (r = 0.91—
0.97). The insoluble fraction of the MMs was charac-
terized by slightly different associations: (1) Li—Cs—Tl—
Be-Y-K-Th-U-Cu (r = 0.91-0.99); (2) Mg—-Mn-Zr—Ca
(r = 0.94-0.99); (3) Na—Sr-Ti—Fe—Co—Al-Sc—V-Rb—
Ba-Cr-Sn—Ni—Mo (r = 0.97-0.99); (4) Zn—Cd-Pb (r =
0.72-0.98); and (5) As—Sb—W-Bi (r = 0.90-0.96). Only
soluble As, Sn, and Be and suspended Se were weakly
associated with other MMs.

The associations of soluble Li-Mg—Sr—Ca—Co—Zn—
Ni-Cd-Cs and Na-Al-V-Fe-Y-Cr—W-Cu—Pb-Se,
and insoluble Mg-Mn—Zr-Ca and Na—Sr-Ti-Fe-Co—
Al-Sc—V-Rb-Ba—Cr—Sn—Ni—-Mo were mainly formed
through the wind transportation of de-icing reagents
particles (Na, Ca, Mg), carbonate dust emissions from
constructional facilities (Ca, Mg, Sr, Ti and Li), and the
resuspension of urban soil and road dust particles (Al,
Ti, V, Fe, Y, Co) contaminated with transport emissions
(e.g., during the abrasion of metal parts of cars and road
surfaces; Ba, Zn, Cd, Cr, Sn, Mo, Cu) (Adachi and Tain-
osho, 2004; Crilley et al., 2017; Grigoratos and Martini,
2015; Kasimov et al., 2019a, 2020; Saet et al., 1990;
Vlasov et al., 2015). In spring, rainwater usually con-
tains a large amount of solid dust particles of natural
origin. This can be attributed to the large open areas of
soils unoccupied by vegetation, and increased intensity
of winds, which together, lead to the enrichment of rain-
water with crustal elements (Pan and Wang, 2015). An-
other reason is the long-distance transport of soil parti-
cles from continental areas, as indicated by the presence
of Al, Y, Fe, and Se in the association. For example,
Se usually accumulates in fine particles (diameter of
0.25-0.35 um) that can migrate for hundreds of kilo-
meters (Gallorini, 2000). Emissions from coal-burning
power plants (Ketris and Yudovich, 2005; Landing et
al., 2010), marine and continental aerosols (Suess et al.,
2019), as well as forest fires and other sources associ-
ated with biomass burning (De Santiago et al., 2014;
Lynam et al., 2015) significantly contribute to Se con-
tent in atmospheric precipitation.

Long-distance transport, fuel burning in heating
plants, and biomass burning also formed associations
of soluble Zr-U—-Bi-TI-Th and K-Rb and insoluble Li—
Cs—T1-Be-Y—K—Th—U—Cu. It has been reported that Th,
Tl, U, and Bi often indicate coal burning (Landing et al.,
2010), as high concentrations of K, Th, Tl, Be, U, and
Cu are found in coal-originated soot particles (Ketris and
Yudovich, 2005). Elements of these associations may
also originate from the wind transport of soil particles,
where MMs are present in soil minerals (Grivas et al.,
2018; Reid et al., 2005; Yu et al., 2018).

Associations of soluble Ti-Mn—Sb—Ba and insoluble
Zn—Cd-Pb were mainly due to the influence of motor ve-
hicles connected to the abrasion of tire wear (Zn, Cd, Mn,
Sb), brake pads (Sb, Ba, Pb, Zn), and road surfaces (Ti,
Mn) (Adachi and Tainosho, 2004; Grigoratos and Marti-
ni, 2015; Nazzal et al., 2013). The source of biogenic Mn
may be plant pollen, which intensively migrates in the
spring during the plant flowering season (Dikareva and
Rumiantsev, 2015).

The association of insoluble As—Sb—W-Bi originated
from industrial enterprises, especially incinerators (Dem-
etriades and Birke, 2015; Saet et al., 1990), located in the
southern, northern, and eastern parts of Moscow, and to a
lesser extent from motor vehicle emissions.
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3.3.2. Enrichment of rains with MMs

Among the main sources of pollutants in atmospher-
ic precipitation, anthropogenic emissions, migration of
marine aerosols, and continental dust, are usually con-
sidered (Song and Gao, 2009). The contribution of an-
thropogenic sources to the composition of rainwater in
Moscow was estimated using the enrichment coefficient,
EF. The average composition of seawater is sometimes
used as a reference standard when calculating EF’; in this
case, Na was used as an indicator element (Cheng et al.,
2011). Less often, Mg or Ca are used instead of Na. The
seawater reference makes it possible to estimate the con-
tribution of anthropogenic and crustal sources to elemen-
tal content in rainwater.

In this study, the EF was calculated using the data
on the average composition of seawater (Gordeev and
Lisitzin, 2014) and Na as an reference element. EF val-
ues varied greatly between the chemical elements (Fig.
2). Very high EF values (106—-109) were characteristic of
Pb and crustal elements such as Fe, Al, Sc, Mn, Ti, and
Y. This indicated a strong influence of solid particles
blown from the surface to the precipitation compound.
Smaller, though still significant EF values (103-107),
were obtained for MMy that were primarily of anthro-
pogenic origin: Zn, Be, Co, Cu, W, Se, Cr, Ni, T, V, Cd,
Ba, and As.

The EF value, that was calculated relative to the aver-
age composition of the upper continental crust and Al as
a reference element for Moscow rainwater, also showed
considerable differences between the elements (Fig. 2).
Thus, for the soluble MM fraction, this £F varied from
0.1 for Ti to 10,603 for Sb, and for the insoluble fraction,
from 0.5 for Na to 657 for Se. The highest EF of the in-
soluble fraction was characteristic of Se, which has also
been reported for other regions of the world (Shimamura
et al., 2006; Xing et al., 2017). The anthropogenic origin
(EF > 10) was confirmed for the soluble and insoluble
fractions of Sb, Pb, Cd, Zn, Cu, Bi, W, and Sn as well as
the predominantly soluble fractions of Ca, Mo, Sr, As,
Sc, Ba, Mn, Na, Mg, Tl, Co, Be, K, and Ni (Fig. 2). High
EF values (>10) with Al as a reference element were also
found for most MMs in Tainan, Taiwan (Cheng and You,
2010), Gwangju and Taean, Republic of Korea (Chon et
al., 2015; Jung et al., 2011), Lhasa, China (Guo et al.,
2015), Tehran, Iran (Kamani et al., 2014), Aliaga, Turkey
(Kara et al., 2014), and the southeastern part of the Atlan-
tic Ocean (Chance et al., 2015).

Greater enrichment with the soluble fraction of MM
compared to the insoluble fraction was observed in the
rainwater of northern Jordan (Al-Momani et al., 2002).
The main sources of these elements were motor vehicle
emissions resulting from fuel combustion, tire, brake
pads, and other metal vehicle parts wear, road surface
abrasion, wind transport of roadside soil particles, indus-
trial emissions, and macro-regional pollutant migration
(Adachi and Tainosho, 2004; Demetriades and Birke,
2015). The latter is likely contribute significantly to the
general atmospheric precipitation pollution, as the en-
richment coefficients were the highest for the soluble
MM fraction. This means that the elements accumulate
in higher quantities in the smallest particles, which could
pass through filter pores during the filtration processes.
These particles may migrate over significant distances of
hundreds or even thousands of kilometers, and contribute
to the formation of precipitation as condensation nuclei
(Ponette-Gonza'lez et al., 2018; Sakata et al., 2006; Tri-
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pathee et al., 2014). For example, in rainfall of North-
ern China, Cu, Zn, Pb, Cd, As, Se, and TI are associated
mainly with fine particles, while Na, K, Ca, Ba, Mg, Co,
V, Mo, Ni, Cr, and Mn all have a bimodal distribution
with concentration peaks in particles of 0.43-0.65 pm
and 4.7-5.8 um. In Moscow, the road dust resuspension
also makes a significant contribution to the enrichment of
MM in spring rains. This is confirmed by the intensive
accumulation of Zn, Cu, Pb, Cd, W, and Sn in rainwa-
ter. These elements are the indicators of motor vehicle
emissions and were found in high concentrations in the
Moscow road dust (Kasimov et al., 2020).

3.3.3.Contribution of anthropogenic, crustal, and
marine sources to the concentrations of MMs

in rainwater
There are several sources of each chemical element
present in the atmosphere and rainfall. To quantify the
contribution of anthropogenic (4), crustal or terrigenous
(T, e.g., particles of soils, rocks, that have been blown
from the surface) and marine (M, e.g., ocean aerosol mi-
gration) sources to MM concentrations in atmospheric
precipitation, the share of each source was calculated
(Zhang et al., 2007) using the following Equations (7)—

(11):

M = 100/EF g, (7
T = 100/EF 4, (8)
A=100-M-T )
EFNg = (C; /CNJ/(CM; /CM ) (10)
EF 1= (Ci /Ca/(Ki /K1) (11)

where C;, Cy;, Cy, represent the contents of the i-th and
reference elements (Al and Na) in the rainwater sample,
respectively; Ki and K4; are the concentrations of the
i-th and reference elements (Al) in the upper continental
crust (Rudnick and Gao, 2014); and CM; and CM}y, are
concentrations of the i-th and reference element (Na) in
seawater (Gordeev and Lisitzin, 2014). The contribution
of each source was calculated separately for the soluble
and insoluble fractions of MMs (Fig. 3).

The soluble fraction of most MMs was characterized
by a very large contribution from anthropogenic sources;
this was >90% for Sb, Pb, Se, Cd, Zn, Cu, Bi, Ca, Mo,
Sc, Ba, As, W, Sr, Mn, Sn, Co, TI, Ni, and Be. Crustal
sources prevailed for lithophilic Zr, Ti (>99%), and Th
(>90%). Their contribution was also significant for Cs,
Fe, Y, Cr, Li, V, Rb, and U (17%—43%). Marine aerosol
accounted for 1%, 2%, 6%, 7%, and 23% of Rb, Sr, K,
Li, and Mg concentrations, respectively; and had a negli-
gible effect (<1%) on the concentrations of other soluble
elements.

For the insoluble fraction of MMs, the role of an-
thropogenic factors decreased because of the increase in
crustal material contribution, likely due to the influence
of the particles transported by wind from the soil sur-
face and road dust resuspension (Bencharif-Madani et
al., 2019; Kamani et al., 2014). Anthropogenic sources
accounted for more than 90% of Se, Pb, Bi, Sb, W, Sn,
more than 80% of Cu, Cd, and Zn, more than 70% of
Mo, and approximately 50% of Fe. For the remaining in-
soluble elements, crustal sources were predominant. The



OO OO OO OO OO OO OO OO OO OO OO OO OO OO OO OO OO OO OO OO OO OO OO OO OO OO OO OO0 OO OO0 OO0 OO0 OO0 O OO0 1 3 5

EF
107
@ A

i AR A mS @7 @S5 A]
1004 @ A

10!
10°
10+ -Pb_Al_Mn Co

Sn® Cu Y Zr Cr TI Cd As Mo Rb K Mg Bi_ Th
Fe Sc Zn Be Ti Sb W Se Ni V Ba Cs Ca Sr Li Na U

Fig. 2. Enrichment factors of soluble (S) and insoluble (I) MM fractions in rainwater of the MO MSU during April-May 2018.
For bars, Al was used as reference element, and the average composition of the upper continental crust was used as a ref-
erence standard. For triangles and circles, Na was applied as reference element and the average composition of seawater
was used as a reference standard. MMs are arranged in decreasing order of EF for soluble fractions.

% Soluble fraction
100

80
70

50

20
10

Sb Se Zn Bi_ Mo Ba W Mn Co Ni_ K Rb Cr Li Fe Th T
Pb Cd Cu Ca Sc As S Sn Tl Be U V Y Mg Cs Zr

% Insoluble fraction
100 = . -

90
80

60
50
40
30
20
10

Mo Ba W Mn Co Ni K Rb Cr Li Fe Th Ti
' Y Mg Cs Zr

Se 7Zn Bi
Pb Cd Cu Ca Sc As Sr Sn TI Be U V
A mT B M

Sb

Fig. 3. Contribution of anthropogenic (A), crustal (T) and marine (M) sources to the contents of soluble and insoluble MM frac-
tions. Elements are arranged in decreasing order of the anthropogenic sources contributing to the soluble MM fraction
content.



136

contribution of ocean aerosols to the content of insoluble
fractions of elements in precipitation was also insignifi-
cant (<1%) for most MMss; only for Ca, Li, K, Sr, and Mg
it accounted for 1%—8%.

3.4. Partitioning of MMs in rainwater
3.4.1. Solubilities of MMs

All MM investigated in this study were divided into
four groups based on the ratio of soluble to insoluble frac-
tions. The first MM group, with a sharp predominance
of the soluble fraction (solubility Kz > 75%) included
Sb, Zn, Ca, and Cd (Fig. 4a). A similar pattern for Cd
and Zn was observed for precipitation in Paris, France,
and Bologna, Italy, the causative factors being vehicu-
lar emissions and thermal power plants (Garnaud et al.,
1999; Morselli et al., 2003). Previous research on MM
partitioning in snow cover of Western Moscow shows
that at the MO MSU, the soluble fractions of Na, Ca,
and K prevailed, whilst for Cd, Ni, Sr, Zn, and Mg the
soluble fraction ranged between 55% and 70% (Vlasov
et al., 2020). A higher amount of insoluble MM fractions
in snow cover in comparison with rainwater was associ-
ated with long-term solid particle accumulation by snow,
including dry atmospheric deposition.

In Moscow, a sharp predominance of the insoluble
fraction (Kz <25%) was characteristic of the second
group consisting of Ti, Zr, Al, Sn,

Fe, W, Th, L1, V, Cs, Bi, and Y. This was also common
for other cities, such as Mersin and Istanbul in Turkey
(Basak and Alagha, 2004; Ozsoy and Ornektekin, 2009)
and some cities in Northern China (Pan and Wang, 2015).

An intermediate position was occupied by Cr, Rb, U,
Be, Se, K, Ni, Mg, and Co, mainly found in the insolu-
ble fraction (Kz 25%—50%, third group); and Mn, TL, Ba,
Mo, Na, Sc, Sr, Cu, Pb, and As, with rather high propor-
tion of the soluble fraction (Kz 50%—75%, fourth group).
The predominance of insoluble Cs and a high proportion
of soluble Sr were found in wastewater during rainfall in
Morioka, Japan (Kamei-Ishikawa et al., 2016). In rainfall
in the Far East (Russia), the share of the soluble fraction
of most elements was higher than that in the rainwater
in Moscow (Chudaeva et al., 2008), most likely because
of the more intensive dissolution caused by a higher
precipitation volume and a lower amount of fine solid
particles washed out from the atmosphere. A significant
proportion of the soluble fraction of anthropogenic ele-
ments in atmospheric precipitation has also been noted
in other regions of the world (Al-Momani, 2008; Baez et
al., 2007; Cizmecioglu and Muezzinoglu, 2008; Connan
et al., 2013; Heal et al., 2005).

3.4.2. Influence of rainfall parameters on the parti-
tioning of MMs in rainwater

A large proportion of the insoluble fraction may be
attributable to two main causes. The fi is associated with
the MM input into the atmospheric air together with sol-
id soil or dust particles (Bencharif-Madani et al., 2019;
Padoan et al., 2016). This is typical for crustal elements
and other metals, which exist mainly in weakly mobile
and practically insoluble forms, such as Ti, Zr, Al, Fe, Th,
Li, Cs, Bi, and Rb. Experimental data on MM leaching
from the PM 5 fraction to an aqueous solution as a result
of the contact between solid aerosol particles with mim-
icking fog water showed that the solubility of Al, Cr, and
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Sr was much lower than that of Cd and Rb (Di Marco et
al., 2020).

The second cause is the properties of rainwater and
those of the chemical elements themselves. It is known
that the soluble fraction of MMs in rainwater strongly
depends on acid-base conditions, redox potential, and
solid particle size (Morselli et al., 2004). In general, Ba,
Na, Sr, Cu, Pb, Ca, Zn, and Cd are mobile under acidic
conditions and migrate in the form of cations (Kasimov
et al., 2019). In the acidic environment of urban rainwa-
ter with pH 4.0-6.4 these elements may easily be trans-
ferred into the aqueous solution and therefore generally
become predominant in the soluble fraction. In acidic
precipitation (pH < 5), the solubility of many MMs is
often much higher than in rainfall with a higher pH (Baez
et al., 2007; Conko et al., 2004; Kamani et al., 2014). In
Moscow rainfall, this fact was most pronounced at pH <
4.5 (Fig. 5). At the same time, pH had the greatest influ-
ence on MMs with medium solubility, as elements with
high solubility were already present in the soluble frac-
tion (Garcia et al., 2006; Kaya and Tuncel, 1997). Thus,
in Moscow spring rainfall events, the largest difference
in MM solubility (20%—50%) in acid rains with pH <4.5,
compared to non-acid rains with pH > 5.0, was observed
for Y, Pb, U, Be, Na, Ni, Th, Cu, W, Fe, Mg, Cr, Tl, and
Ba. A lower variability in solubility (5%—20%) was com-
mon for Co, Cs, Sr, Mo, Li, Zn, Sc, Al, V, Ca, Se, Cd,
Mn, and the smallest (<5%) variability was observed for
As, Zr, Sb, Sn, Ti, K, and Bi (Fig. 5). Low pH may be a
cause of increased MM solubility and an indicator of the
MM input due to anthropogenic impacts. There were two
main sources of elements; (1) industrial enterprises and
thermal power plants supplying sulfates, and (2) trans-
port, which is a source of nitrates. Sulfates together with
nitrates cause the acidify rainwater with its pH decreas-
ing to 5 or lower. The acidification of rainwater in Mos-
cow is also affected by chlorides from de-icing reagents
(Eremina et al., 2015). A high temporal heterogeneity in
the ratio of the MM fractions in individual rainfall events
was observed in Moscow (Fig. 4b and c, Fig. 6).

If there were dry days prior to the rainfall event, the
majority of elements were found in the insoluble form,
associated with solid particles. A stable linear correla-
tion between the share of soluble MM fraction and the
length of the antecedent dry period was determined for
Cr (rs =-0.68), Sc (-0.65), Mo (-0.63), Cd (-0.63), Ba
(-0.60), Rb (-0.60), Na (-0.56), Th (-0.54), and V (-0.53).
However, all elements except Se ry had negative values,
which means that with an increase in the duration of the
antecedent dry period, the share of the soluble fraction of
MMss had decreased, while that of the insoluble fraction
had increased. Moreover, the influence of solid particles
on the MM solubilities was shown by the stable nega-
tive linear correlation between the share of the soluble
MM fraction and the solid particle content in rainwater
for Sc (rs=-0.91), Mo (-0.89), Cd (-0.76), Ba (-0.63), Pb
(-0.60), Cr (-0.58), and the negative correlation for all
other MMy (Table C1). A large proportion of elements
in the insoluble fraction was typical for the rainfall on
April 21st where there was a predominance of air mass-
es from southwestern Europe at 1500 m altitude, from
the Atlantic Ocean at 1000 m, and from the Baltic Sea
at 500 m. Other rainfall events with a high share of in-
soluble elements were recorded on April 17—18th, May
Ist and 17-18th, 2018, when air masses arrived mainly
from southeastern, central, and southern Europe and the
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Balkans, which may have facilitated the atmospheric mi-
gration of solid particles (Fig. Al).

With prolonged rainfall (over several days in a row)
on the second and subsequent days, the share of the sol-
uble fraction of MMs sharply increased due to a de-
crease in the content of solid particles in the rainfall
from its prolonged scavenging from the atmosphere.
This was typical for rains in the territory of MO MSU
on April 18-19th, 21-22nd and 26th, 2nd, 18-19th,
and especially May 19-20th. Thus, the solid particle
concentration in a rain sample from April 18—19th was
more than eight times lower than in the samples from
the previous rainfall event on April 17-18th (9 and 76
mg/L, respectively). This was especially pronounced for
Pb (rg between the rainfall event duration and the share
of the soluble element fraction was 0.78), Cd (0.68), Cu

(0.62), Be (0.61), Zn (0.56), Sc (0.55), and Mo (0.55).
For other MMz, although the rg showed positive values,
it was not significant. It is known that in the first epi-
sode of precipitation after a long antecedent dry period,
rainfall events are enriched with MMs due to in-cloud
scavenging (rainout mechanism) and the below-cloud
scavenging (washout mechanism). Moreover, in sub-
sequent events of prolonged rainfall, the below-cloud
scavenging processes are weakened due to the gradual
removal of particles from the atmosphere (Bayramoglu
Kars 1 et al., 2018). This means that during the initial
rainy days, an increased amount of aerosol particles pre-
cipitate from the atmosphere, and on subsequent days,
the rainfall washes out smaller amounts of pollutants
due to lower concentrations of aerosols remaining in the
air. With an increase in the solid particle content in pre-
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cipitation, their gradual dissolution intensifies, leading
to an increase in the concentration of soluble MMs. At
the same time, the rate of decrease in the concentrations
of V, Ni, Zn, Pb, and Cd of anthropogenic origin during
rainfall is lower, likely due to the in-cloud scavenging
processes (Guo et al., 2015; Hu and Balasubramani-
an, 2003; Ozsoy and Ornektekin, 2009; Poissant et al.,
1994). Therefore, an increase in the soluble MM frac-
tion during prolonged precipitation episodes indicates
an increase in the contribution of in-cloud scavenging
compared to below-cloud scavenging processes from
rainfall pollution.

A similar situation depicting decreasing concentration
of solid particles during prolonged rainfall was typical

for other extended periods of rainfall (Table 1). This pat-
tern was not consistent on May Ist and 2nd, 2018. On the
first day, the rainfall contained 75 mg/L of solid particles,
whilst on the second day it contained 183 mg/L solid par-
ticles. This was probably due to the active departure of
citizens to suburban summer cottages, causing a sharp
increase in transport emissions. The second reason could
be burning a large amount of charcoal and plant biomass
during the holidays celebrated in Russia in early May.
As a result, there was an increased amount of particu-
late matter in the air due to the low intensity of washout
from the atmosphere together with the small precipita-
tion amount (only 4.3 L/m? on May 1st and 1.2 L/m? on
May 2nd).
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During the May holidays, air advection from the south
and southwest prevailed. At the same time, in the MO
MSU territory, high ratios of black carbon (BC) content
to the concentration of PM ¢ in the atmospheric air were
observed; this was due to long-distance transport of parti-
cles originated from biomass burning in southern Russia
and western Europe on May 1st and 5-7th. The BC/
PMjy ratio was 0.15-0.19, while BC concentrations
equaled 3—7 pug/m?. On the unpolluted days of April and
May 2018, the BC/PM| ratio was 0.01-0.06, with a BC
concentration <2 ug/m?* (Popovicheva et al., 2020). From
April 30th to May 5th increased PMy concentration
in the air was measured to be approximately 34 pg/m?;
however, it sharply decreased to 23 ug/m?® from May 6th
to 12th. This is likely due to the short and intense rains on
May 2nd, 4th and 5-6th, 2018 (Chubarova et al., 2019).

On May 17-18th, the share of insoluble MM in rain-
fall was high due to a prolonged antecedent dry period
(11 days), when, on May 13—17th, a large amount of aer-
osol had accumulated in the air and PM( concentrations
increased to an average of 40 pg/m* (Chubarova et al.,
2019).

The proportion of the soluble fraction was also affect-
ed by rainfall intensity. This was especially pronounced
for Cu (rs=-0.66), Y (-0.61), Zn (-0.58), Bi (-0.58), Fe
(-0.57), Pb (-0.55), and Cd (-0.54). For other MMy, the
rs was not significant, although it was negative with the
exception of Mg, Sr, Mo, and Ba. This negative correla-
tion was likely due to the fact that during heavy rainfall,
an intensive washout of solid particles from the atmos-
phere occurred; this in turn led to an increase in the pro-
portion of the soluble MM fraction.

4. CONCLUSIONS

Spring rainfall in Moscow was characterized by a
significant temporal heterogeneity of MM content and
a large variability in the concentrations of soluble ele-
ments. In general, the contents of most MMs in the rain-
water in April were higher than in the rainwater in May.
This was attributable to the considerable contribution to
the MM from industrial sources during the winter heat-
ing season, high atmospheric aerosols pollution in April,
and the dilution effect due to the increase in the precipi-
tation amount in May.
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In this study, Ti, Zr, Al, Sn, Fe, W, Th, Li, V, Cs, Bi,
and Y dominated in the insoluble form, and Sb, Zn, Ca,
and Cd in the soluble form in the rainwater. This indi-
cates the high pollution risk of Zn, Cd, and Sb in the
Moscow environment, as soluble pollutant fractions can
easily be incorporated into the biogeochemical cycles,
which should be taken into account in further ecological
and geochemical urban assessments. A large share of the
insoluble fraction of elements was associated with the
supply of solid soil or road dust particles to the atmos-
phere. MM solubilities in rainfall increased with decreas-
ing pH and increasing duration of rainfall, and declined
with an increase in rainfall intensity, the length of the
antecedent dry period, and the content of solid particles
in rainwater. With prolonged rainfall on the second and
subsequent days, the proportion of soluble fraction of
almost all MMs sharply increased. This highlights the
necessity of detailed analysis of air pollution by MM
during prolonged precipitation as a part of environmen-
tal monitoring. During the celebration of public holidays
in Russia at the beginning of May, the proportion of in-
soluble MM forms increased. This was due to the sharp
increase in transport emissions due to the mass departure
of citizens from the city to suburban summer cottages
combined with the burning of large amounts of charcoal
and plant biomass during the holidays.

The enrichment of spring rainfall with a soluble MM
fraction was more pronounced than with insoluble frac-
tions because of the very large contribution (>90%) of
anthropogenic sources to the content of the former for
most MMs. In contrast, for the insoluble MM fraction,
the influence of crustal material transported by wind
from the soil surface had increased.

The concentrations of the soluble fractions of Cr, Ni,
As, Se, and Cd in Moscow rainfall were lower than in
many other cities of the world, and were close to the lev-
els of these elements in the rainfall of suburban, rural,
and background territories. This leads us to recommend
the use of data obtained in this study as urban background
values for environmental and geochemical monitoring of
the entire Moscow city. For a better understanding of the
seasonal variability, nature, and intensity of rainfall scav-
enging of the MM fractions, it is necessary to conduct
longer and more detailed studies on the chemical compo-
sition of rainfall and snow.
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Daily variations in wet deposition and washout rates of potentially
toxic elements in Moscow during spring season*

INTRODUCTION

The study of the chemical composition of atmospher-
ic precipitation makes it possible to assess the washout
rates of potentially toxic elements (PTEs), particulate
matter, organic pollutants and ions (such as sulfates,
nitrates, ammonium, etc.) from the atmosphere and to
evaluate wet deposition fluxes on the Earth’s surface
(Al-Momani 2008; Cizmecioglu and Muezzinoglu 2008;
Bayramoglu Kars1 et al. 2018; Talovskaya et al. 2018,
2019; Ma et al. 2019; Tian et al. 2020; Cherednichenko
et al. 2020; Park et al. 2020; Loya-Gonzalez et al. 2020;
McHale et al. 2021). PTEs usually include a large num-
ber of elements, e.g. carcinogenic As, Cd, Pb, Cr, Be, Ni,
and Co, as well as causing general toxic damage to the
body or individual organs and systems Sb, Zn, Cu, Mo,
W, Sn, Se, Ba, Mn, and others (R 2.1.10.1920-04 2004;
U.S. EPA 2020). Atmospheric precipitation is the most
important factor in the self-purification of atmospheric
air during the warm season (Ouyang et al. 2019; Long et
al. 2020; Orlovi¢-Leko et al. 2020). Wet deposition com-
pared to dry one is more efficient in removing PTEs from
the atmosphere and causes higher pollutants input into
terrestrial or aquatic systems (Ouyang et al. 2015). Al-
though estimates of wet deposition of PTEs over long pe-
riods of time (one-year or long-term) are carried out quite
often, short-term changes in the chemical composition of
rainwater are still poorly investigated (Pan et al. 2017).

The elemental composition of atmospheric precipi-
tation has been studied in detail in many cities around
the world. In Russia, the main attention is paid to the
analysis of the individual chemical elements distribution
in the rains, but those are usually snap-shot observations
(Elpat’evskii 1993; Golubeva et al. 2005; Chudaeva et al.
2008; Udachin et al. 2010; Yanchenko and Yaskina 2014;
Semenets et al. 2017; Svistov et al. 2017; Kuderina et
al. 2018; Bufetova 2019). In Moscow — the largest meg-
acity in Europe — complex meteorological observations
are being carried out since the mid-1950s (Chubarova et
al. 2014) at the Meteorological Observatory of the Lo-
monosov Moscow State University (MO MSU). Since
1982, these observations have been supplemented with
monitoring of the physicochemical properties and mac-
rocomponent composition of atmospheric precipitation
(Eremina 2019). The atmospheric air pollution in Mos-
cow with particulate matter (PM) and gaseous pollutants,
especially sulfur dioxide due to the use of natural gas by
electric and thermal power plants, is lower than in other
megacities (Elansky et al. 2018). In Moscow, research
on the individual rain samples pollution with organic
compounds was carried out (Polyakova et al. 2018). Our
previous study of the solubility and partitioning of PTEs
during spring rains in Moscow showed that anthropogen-
ic sources contributed significantly to the concentration
of soluble PTEs; for the insoluble PTEs, crustal materi-
als were the important contributors (Vlasov et al. 2021a).
The spring period was chosen because of the largest va-

riety of meteorological conditions, typical for both cold
and warm seasons, and emissions of pollutants into the
atmosphere from various sources that were previously
observed during spring months (Chubarova et al. 2019;
Elansky et al. 2020; Popovicheva et al. 2020a). Howev-
er, studies of the intensity of soluble PTEs washout from
the atmosphere by rains within the city have not been
previously conducted. Therefore, the aims of this study
are to estimate wet deposition of soluble PTEs forms and
to identify the rain parameters that affect PTEs washout
from the atmosphere during the spring period.

MATERIALS AND METHODS

The study of the rainwater chemical composition was
carried out in April-May 2018 at the MO MSU during
the AeroRadCity experiment (Chubarova et al., 2019).
The MO MSU is located in the southwestern part of the
city at the territory of the MSU Botanical Garden, far
from industrial sources of pollution and major highways;
and therefore is considered as a background city station
(Fig. 1). Rain samples (n = 15) were taken at a height of
2 m from the ground surface using a vinyl plastic funnel
80x80 cm in size and a white plastic bucket. Each rain-
fall event was analyzed from its beginning to the end on
the current or adjacent days, that is, individual rainfall
events: on April 6-7, 10— 11, 17-18, 18-19, 21, 21-22,
25, 26, and May 1, 2, 4, 5-6, 17-18, 18-19, 19-20.

The pH and electrical conductivity (EC, uS/cm) were
measured in rainwater samples by potentiometric and
conductometric methods, respectively. To isolate soluble
forms of PTEs, samples were filtered through Millipore©
filters with a pore diameter of 0.45 um. According to the
mass of suspension on the filter, the content of solid par-
ticles in rainwater (S, mg/L) was estimated as S=m/V,
where m is the mass of particles on the filter, mg; V is the
volume of filtered rainwater, L. Concentrations of Al, As,
B, Ba, Be, Bi, Ca, Cd, Co, Cr, Cu, Fe, K, Mn, Mo, Na,
Ni, P, Pb, Rb, S, Sb, Se, Sn, W, and Zn in the filtrate were
determined using mass spectral (ICP-MS) and atomic
emission methods (ICP-AES) with inductively coupled
plasma on the mass spectrometer «iCAP Qc» (Thermo
Scientific, USA) and atomic emission spectrometer «Op-
tima-4300 DV» (Perkin Elmer, USA) in the laboratory of
the All-Russian Scientific-research Institute of Mineral
Resources named after N.M. Fedorovsky according to
certified methods (NSAM Ne 520 2017).

In this study, the term wet deposition (D) means the
mass of a chemical element fallout from the atmosphere
with rainfall per unit area of the Earth’s surface for the
entire precipitation event (ug/m?per event): D = C - X,
where C is the PTEs content in rainwater, pg/L; X is the
precipitation amount, mm (which corresponds to L/m?).
The term washoutrate (D/4) means the mass of a chem-
ical element fallout from the atmosphere with rainfall
per unit area of the Earth’s surface per unit time (pg/
m? per hour). The washout rate shows how effectively
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Fig. 1. Rains sampling site (MO MSU) in the southwestern part of Moscow

(quickly) the pollutant is washed out from the atmos-
phere: Dh = C - X / t, where t is the duration of pre-
cipitation, hours. The D/ index allows to compare pre-
cipitation events of various duration to determine the
effect of rainfall parameters on the intensity of PTEs
washout from the atmosphere. The duration of precip-
itation was calculated as a difference between the end
and the beginning times of a particular precipitation
event. These data were obtained from the standard me-
teorological TM-1 tables and have an error in determin-
ing the beginning and the end of the precipitation event
on the order of 1-2 minutes, which is more accurate
than the 10-minute time resolution of measurements
obtained with the pluviograph. At the same time, good
correspondence was observed between the data on the
duration of precipitation and the pluviograph data. The
precipitation intensity (U, L/m? per hour) was also es-
timated as U = X/ ¢. From the time difference between
the end of the precipitation event and the beginning of
the next one, the length (in hours) of the dry period R
between rain events was calculated.

Due to big variation in wet deposition between par-
ticular PTEs, for a comprehensive assessment of each
separate precipitation event, all data were normalized:

D’} = (Dj —Dnin)/ (Dmax — Dmin), Where D;and D’; are the
initial and normalized values of PTEs wet deposition in
the i-th precipitation event, respectively; Dpax and Dy
are the maximum and minimum values of PTEs wet dep-
osition for the entire observation period. Then the total
normalized wet deposition (ND) in the i-th precipitation
event can be defined as XD';, where j are all cosidered
PTEs (inourcase,j=1,2, 3, ..., 24, 25,26). The normal-
ization was done for the wet deposition of PTEs to the
Earth’s surface (ND), as well as for data on the washout
rate of PTEs from the atmosph re (NDh).

Statistical processing of the results was performed
in the Statistica® 8 software. To assess the correlation
between precipitation parameters (X, ¢, U, R) and the
physicochemical properties of rainwater (pH, EC, S) on
one hand, and values of PTEs wet deposition (D) and
the washout rates of PTEs from the atmosphere (D) on
the other hand, the nonparametric Spearman’s rank cor-
relation coefficients rg were calculated, the significance
of which was tested at a level of p < 0.05. To determine
the PTEs groups with a similar distribution of wet dep-
osition, cluster analysis was performed using the PTEs
grouping by the Ward’s method with the similarity meas-
ure d = 1 — Pearson’s I.
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RESULTS AND DISCUSSION

Rain parameters and physicochemical properties
of rainwater

To characterize weather conditions and identify peri-
ods with typical synoptic situations in April-May 2018,
meteorological data from the MO MSU and a synoptic
maps archive were used (Weather maps... 2020). An
analysis of the atmospheric circulation features showed
that in early and mid-April, during the period of rainfall,
the cyclonic type of circulation prevailed with air ad-
vection from the western and northern regions. On April
25-26, a low-gradient baric field was observed with a
predominance of air advection from the northern regions.
In the first decade of May, air masses from the south and
southwest prevailed, and from May 17 to May 20, air ad-
vection from the west with a cyclonic type of circulation
was observed.

In 2018, the average monthly air temperature val-
ues were 2—3°C higher than the corresponding values
for 1954 to 2013 and amounted to 8.4°C in April and
16.7°C in May, which matches with the general trend of
climate warming (Chubarova et al. 2014). The amount
of precipitation fell within the normal range: in April
it was 38 mm compared to 41 mm, in May — 50 mm
compared to 55 mm according to the long-term meas-
urements. The duration of precipitation varied from
short-term rains (less than 4 hours) on April 67 and 21,
May 2, 4 and 5-6 to 17 hours on May 18-19, and even
25 hours on April 17-18, thus, the rain intensity varied
from 0.2 L/m? per hour to 2.9 L/m? per hour depending
on the event (Fig. 2). With an increase in the rain events
duration, the precipitation amount also increases (ry =
0.60; Fig. 3a), whilst the content of solid particles in
rainwater decreases (g = 0.60; Fig. 3b) due to their in-
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tensive washout from the atmosphere at the beginning
of precipitation event. As the duration of precipitation
increases, the precipitation intensity usually decreases
(Fig. 3c¢).

An excess of the acid precipitation (with pH < 5.0)
frequency in April in comparison with the mean values
for 35 years at the MO MSU (66% and 17%, respective-
ly) was revealed. At the same time, a lower acid precip-
itation frequency was found for May (28% and 35%,
respectively). All rains were characterized by a slightly
acidic to almost neutral reaction with pH variability from
4.05 on April 6-7 to 6.35 on April 21 (Fig. 2). The av-
erage pH of rainwater in April and May 2018 was 4.7
(versus the average long-term values for these months
of about 5.0 and 4.8, respectively). The highest EC value
(572 uS/cm) was also found on April 6-7. In rainwater
samples from other days the EC varied from 21 uS/cm to
217 pS/em (Fig. 2). During the spring experiment, as in
the last 13 years, Ca?* was the predominant cation, and
CI" was the predominant anion in precipitation (Eremina
2019; Eremina and Vasil’chuk 2019). The increase in EC
values in rainfall is probably due to the partial dissolution
of particulate matter washed out from the atmosphere, as
indicated by the strong rank correlation (ry = 0.85) be-
tween EC and the content of solid particles in rainwa-
ter (Fig. 3e). The ranking is based on the increase in the
values of rainwater properties and precipitation parame-
ters — high ranks correspond to high values of indicators.

The average solid particles content in rainwater dur-
ing the spring experiment was 63 mg/L, varying from 6.1
mg/L in the last episode of prolonged precipitation in late
May to 183 mg/L on May 2 during the public holidays
(1-9 May) celebrated in Russia (Fig. 2) which were also
characterized by elevated aerosol loading due to predom-
inant air advection from the south and south-western re-
gions (Chubarova et al. 2020). The amount of solid par-
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Fig. 2. Physicochemical properties of rainwater and rainfall parameters during the spring experiment. X — precipitation amount,
t — duration of precipitation, R — length of the antecedent dry period, S — solid particles content in rainwater, U — precip-

itation intensity, EC — electrical conductivity
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Fig. 3. Rank correlation between the ranks of the physicochemical properties of rainwater and rain parameters: X — precipita-
tion amount, t — duration of precipitation, R — length of the antecedent dry period, S — solid particles content in rainwater,
U — precipitation intensity, EC — electrical conductivity. High ranks correspond to high values of indicators. The color
indicates the dependences on the same parameters of rain or the properties of rainwater (horizontal axis): (a)-(d) dura-
tion of precipitation, (e) solid particles content in rainwater, (f) length of the antecedent dry period, (g)-(h) precipitation

amount

ticles washed out with rains depends on the length of the
antecedent dry period prior to precipitation event (ry =
0.53; Fig. 3f), which is associated with the accumulation
of coarse aerosol particles in the air during a long dry pe-
riod and their subsequent washout with precipitation. A
significant correlation between the solid particles content
in rainwater and precipitation amount (ry = —0.75; Fig.
3g) was revealed. This is likely due to the dilution effect,
namely the mineralization and the content of solid parti-
cles in rainwater decrease with increasing precipitation
amount (Park et al. 2015). A decrease in EC with an in-
crease in the precipitation amount (ry = —0.72) is associ-
ated with the same phenomenon (Fig. 3h). The decrease
in solid particles content in rainwater is influenced by
an increase in the duration of precipitation (ry = —0.70),
probably due to the more intensive washout rate of solid
particles in the first minutes and hours after the begin-
ning of a rainfall event (Fig. 3b). A decrease in the solid
particles content in rainwater with increasing duration of
precipitation leads to a decrease in rainwater pH (Fig. 3d)
since high pH is associated with the partial dissolution of
particulate matter (Singh et al., 2016).

Thus, the most important rain parameters for wet dep-
osition are precipitation amount, duration and intensity
as well as the length of the dry period. All of them affect
the pH and EC values along with the content of solid
particles in rainwater.

Wet deposition and washout rates of PTEs from
the atmosphere

The wet deposition of PTEs in spring varies greatly —
on average from 21884 pg/m? per episode for Ca to 0.12
ug/m? per episode for Be (Table 1).

The highest levels of wet deposition (> 100 pg/m? per
event) are typical for Ca > S > Na > K > Pb > Fe > Al >
Zn > P, while highest washout rates from the atmosphere
(> 50 pg/m? per hour) are common for Ca > S > K > Na
> Fe > Al > Pb > Zn. For other PTEs, the wet deposition
as well as washout rates are much lower and decrease

(Table 1). Ca, S, Na, and K are macroelements of atmos-
pheric precipitation and natural waters; the presence of
macroelements of the continental crust (Al and Fe) in
high concentrations relative to other PTEs in rainwater
is associated with crustal and terrigenious sources input;
high washout rates of Zn, Pb, Mn, Ba, and Cu are caused
by the industrial and vehicular impact, which is typical
for most large cities (Galloway et al. 1982; Song and Gao
2009; Kamani et al. 2014; Vlastos et al. 2019).

A comprehensive assessment of the temporal heter-
ogeneity of wet deposition and washout rates of PTEs
from the atmosphere was carried out by calculating the
total normalized values of wet deposition (ND) and to-
tal normalized values of washout rates of PTEs (NDh)
for the entire experiment period. Changes in the ND and
ND#h values are shown in Fig. 4.

The highest ND values for the majority of PTEs were
found for rains on April 17-18, when one of the three
rainfall events with the highest precipitation amount
(12.4 mm) was observed. These maxima are also asso-
ciated with the highest aerosol concentration before the
beginning of rainfall: from April 11 to April 16, the max-
imum PMj( concentration was observed over the entire
period of the experiment and was equal to 43 pg/m?’
(Chubarova et al. 2019). Afterwards, from April 17 to
April 22, due to the precipitation and washing out of aer-
osols, a sharp decrease in the PM content (to 24 pg/m?)
was determined, which in turn caused the high values of
total normalized wet deposition on April 17-18 and total
normalized washout rates on April 21. Increased levels of
total normalized wet deposition of PTEs, relative to other
days, were observed on May 17-19, which is also due
to a high level of aerosol pollution of the atmospheric
surface layer in the previous dry period (Chubarova et al.
2019), large precipitation amount (14.9-15.4 mm) and
high rain intensity on May 17-18 (2.9 mm/hour, the most
intense rain of the entire experiment period).

The washout rates of PTEs from the atmosphere have
a slightly different pattern in temporal changes compared
to ND (Fig. 4). Very high total normalized washout rates
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Table 1. PTEs’ wet deposition to the Earth’s surface and washout rates from the atmosphere at the MO MSU territory

Wet deposition, pg/m? per event Washout rates, pg/m? per hour
PTEs
mean minimum-maximum mean minimum-maximum

Ca 21884 85152-3546 6881 31420-344

S 3519 12279-660 991 3496-64
Na 1979 9113-466 497 1608-35
K 1269 3691-173 546 3828-10
Pb 650 3186-38 79 190-6.0
Fe 592 2615-104 111 238-10
Al 406 1860-39 96 300-3.8
Zn 214 922-42 58 247-4.0

P 123 481-16 42 278-0.92
Ba 95 272-17 24 82-1.6
Mn 76 26415 28 165-1.1
Cu 51 213-10 10 35-0.98
B 32 161-3.1 7.6 34-0.31
Sb 19 83-3.1 5.4 23-0.30
Ni 2.8 13-0.51 0.78 4.1-0.050
Rb 23 5.8-0.63 1.0 7.4-0.061
Cr 1.7 6.9-0.43 0.43 2.1-0.042
Co 1.2 5.9-0.20 0.35 1.6-0.020
Se 0.89 2.3-0.18 0.17 0.43-0.039
As 0.73 1.7-0.14 0.17 0.74-0.029
Mo 0.58 1.5-0.070 0.11 0.29-0.020
Cd 0.55 1.9-0.13 0.14 0.45-0.012
w 0.21 1.0-0.038 0.048 0.18-0.004
Sn 0.2 0.96-0.027 0.057 0.23-0.003
Bi 0.14 0.73-0.024 0.034 0.11-0.002
Be 0.12 0.53-0.009 0.018 0.058-0.001

Note. PTEs are arranged in descending order of their average wet deposition
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Fig. 4. Total normalized values of wet deposition of PTEs (ND, left axis) and washout rates of PTEs from the atmosphere (NDh,
left axis), as well as precipitation amount (X, mm, right axis) on the MO MSU in April-May 2018
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of PTEs (NDh) were revealed for May 1-6, when air
advection from the south and southwest prevailed. The
beginning of this period of public holidays (May 1) is
characterized by rather low washout rates of PTEs. How-
ever, already on May 2 it increased sharply due to the
anthropogenic emission of PTEs to the atmosphere from
the biomass burning in suburban areas and the territo-
ry of the MSU Botanical Garden, together with the coal
burning during picnics near MSU and vehicle emissions
due to the large number of traffic jams that occur when
residents leave the city. This is confirmed by the increase
in the levels of wet deposition of K, Rb, Mn, Sn, Sb,
and As these days, which are often used as indicators of
controlled biomass and coal combustion or forest fires
(Landing et al. 2010; Samsonov et al. 2012; Grivas et
al. 2018). Thus, the spring period is characterized by a
strong influence of forest fires in the Moscow region and
the biomass burning in residential areas on the composi-
tion of atmospheric particles in Moscow (Popovicheva et
al. 2020a), which is indicated by the high values of the
black carbon (BC) to the PM content ratio in the atmos-
phere (Popovicheva et al. 2020b), since BC is a marker
of biomass burning or fuel combustion.

From April 30 to May 5, a high concentration of PM1
of 34 pg/m?* was observed, which sharply decreased to 23
pg/m? in the period from May 6 to May 12 (Chubarova
et al. 2019), probably due to short and intense rains on
May 2, May 4 and May 5-6, which caused high values
of the total normalized washout rates of PTEs. On May
17-18, the PTEs washout rates were also high due to the
previous long dry period (11 days), with a large amount
of aerosol accumulated in the air on May 13—17, which
resulted in high PM1( values (Chubarova et al. 2019).
During prolonged rains, which lasted several days with
only short breaks, wet deposition and PTEs washout
rates significantly decreased, which is typical for May
18-19, May 19— 20 and April 26, but especially noticea-
ble for April 18-19 and April 21-22 (Fig. 4). These data
confirm the hypothesis about the deposition of the main
pollutants’ masses in the first hours after the onset of rain
due to the active washout of aerosols from the atmos-
phere (Lim et al. 1991).

Thus, the highest ND levels for most PTEs were
found on April 17-18 and May 17-18 due to a long dry
period before these precipitation events (138 hours and
292 hours, respectively) and high aerosol concentrations
in the surface atmospheric layer. The maximum NDh was
observed on April 21, May 2, May 4, May 5-6, and May
17-18 with relatively short and intense (1.4-2.9 mm/
hour) precipitation.

Sources of PTEs in rainwater

In order to estimate the contribution of anthropogenic
sources to the content of PTEs in precipitation the en-
richment factor (EF’) could be used: EF = (D; /D41 )/(K;/
Kyy), where D; and D4 are wet deposition of the i-th and
the reference elements, K; and K4; are the abundances of
the i-th and the reference elements in Snjg, Najg, Cojg,
Nijp, Bej, Kj1) and the content of PTEs in the upper
continental crust is used as a reference standard with Al
as a reference element (Basha et al. 2010). EF < 10 in-
dicates a crustal (or terrigenous) origin of elements, EF’
from 10 to 100 shows probability of anthropogenic PTEs
sources, and at EF'> 100 PTEs definitely have an anthro-
pogenic source (Tian et al. 2020).
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High EFs in the Moscow rains in April-May 2018
certainly indicating the anthropogenic origin of the
PTEs, were determined for (the £EF values are shown in
the subscript) Sbgzg, Pb7g80, Se1987, Cdi232, and Sy13s.
A significant contribution of anthropogenic sources was
also observed for Zngq1, B373, Cuses, Bij7s, Cay71, and
Mojgg. In many other cities, a substantial enrichment
of atmospheric precipitation with these PTEs was also
found (Koulousaris et al. 2009; Song and Gao 2009;
Ozsoy and Ornektekin 2009; Landing et al. 2010; Kama-
nietal. 2014; Chon et al. 2015), and for Zn, Cd, and Cu it
was reported even for the southeastern part of the Atlantic
Ocean (Chance et al. 2015). This indicates the significant
role of wet deposition processes for the PTEs input into
terrestrial landscapes. The main sources of most of these
PTEs are vehicle emissions, fuel combustion, tires and
brake pads wear, road surface abrasion, roadside soil par-
ticles blowing, industrial enterprises emissions, as well
as macroregional long-distance transport of pollutants
(Demetriades and Birke 2015; Grigoratos and Martini
2015; Grivas et al. 2018; Konstantinova et al. 2020; Li-
yandeniya et al. 2020; Logiewa et al. 2020; Orlovi¢-Leko
et al. 2020; Ramirez et al. 2020; Seleznev et al. 2020;
Tian et al. 2020), which is confirmed by the previously
identified sources of snow cover pollution in the west-
ern part of Moscow (Vlasov et al. 2020). The remaining
PTEs on the territory of the MO MSU were apparently
of mixed anthropogenic-terrigenous sources (P3g, Basy,
As30, W22, My, Snjg, Najg, Coyg, Nijo, Beyq, Kyp) and
terrigenous origin (Rbg, Cryg, Fe3), which indicates the
influence of solid particles blown out from the Earth’s
surface and included in the atmospheric precipitation.

For a more detailed determination of PTEs sources, a
cluster analysis was carried out. Based on its results, four
associations of soluble forms of PTEs with similar dep-
osition patterns were identified: (1) Zn—Sb—Ni—Ca—Co—
Bi-Sn—Al-W-Cr—Fe-Na-P; (2) Cu-Ba-Pb-Cd-S-B;
(3) Se-Mo—-As-Be; and (4) K-Rb—Mn (Fig. 5).

The first geochemical association (Zn—Sb—Ni—Ca—Co—
Bi—Sn— Al-W—-Cr—Fe-Na—P) includes PTEs coming from
anthropogenic (Zn, Sb, Bi, Ca), anthropogenic-terrigenous
(W, Sn, Co, Ni, Na, P) and terrigenous (Al, Fe, Cr) sources.
Sb, Zn, Sn, Bi, W, and Ni indicate the resuspension of road
dust and its various grain size particles, since in Moscow
and some other cities road dust is highly enriched with
these PTEs (Ladonin and Plyaskina 2009; Fedotov et al.
2014; Ermolin et al. 2018; Kasimov et al. 2019a; Ladonin
and Mikhaylova 2020; Vlasov et al. 2021b). For example,
in the eastern part of Moscow, the fine fraction PM1 and
the coarser PM1 1o of road dust are significantly (EF >
5) enriched in Sb, W, Sn, Cd, Zn, Cu, Pb, Mo, and Bi,
especially on Moscow Ring Road and highways (Vlasov
et al. 2015; Kasimov et al. 2020). Al, Fe, and Na are emit-
ted by blowing out particles of contaminated urban soils
(Morera-Gémez et al. 2020). This source is somewhat less
significant for W, which is presented in the surface hori-
zons of Moscow soils (Kosheleva et al. 2018). Blown-out
soil particles are also a source of P in atmospheric aerosols
and precipitation (Bencharif-Madani et al. 2019). Deic-
ing agents can supply Na and Ca, since CaCly and marble
chips (Ca, Mg)CO3 are among the main deicing agents
after NaCl in Moscow (Vlasov et al. 2020). Mentioned
deicing agents are found in high concentrations in road
dust and surface soil horizons in the spring season. Cr, Ni,
and Co can come due to abrasion of the asphalt pavement
(Song and Gao 2011). Thus, the Zn—Sb—Ni—Ca—Co—Bi—



146

QOO OO OO OO OO OO O OO OO OO OO OO OO O OO OO OO O OO OO OO0 O OO0 OO0 OO0 O OO OO OO O OO0 OO OO0 O OO OO0 OO0 O OO OO0 OO0

i -
Cd
s P—
g
|
0

0.5 1.0

1.5 2.0 2.5 3.0

Fig. 5. Dendrogram of wet deposition of PTEs in the MO MSU on April-May 2018 (clustering
was done using Ward’s method; the similarity measure is d = 1 — Pearson’s r)

Sn— Al-W—Cr-Fe—Na-P association is mainly formed by
the blown out particles of urban soils, road dust and deic-
ing agents, which could be partially dissolved in rainwa-
ter. For instance, at the very beginning of the contact of
an acidic (pH 4.7) mimicking fog water with atmospheric
PM2.5, a significant part of K, Cd, Mn, Mo, V, Ba, Al,
Fe, Sb, Cu, and Cr are transferred to the soluble form (Di
Marco et al. 2020).

The second association Cu—Ba—-Pb—Cd-S-B in-
cludes elements with high EFs, that are coming from
anthropogenic sources (Cu, Pb, Cd, S, B), as well as
anthropogenic-terrigenous Ba. Copper, as well as Pb
and Cd, are used in large quantities in vehicle brake
pads and linings (Fabretti et al. 2009; Grigoratos and
Martini 2015). Barium sulfates used in the brake pads
manufacturing as a friction modifier can supply S and
Ba to atmospheric particles and precipitation (Pant and
Harrison 2013). Boron also comes from vehicles, since
it is used as an additive in the manufacture of poly-
mers, glass and fiberglass, as well as in the production
of lubricants, antifreeze and fuel additives (U.S. Borax
2020). Waste incineration can be an additional source
of Sb, Cd, and other PTEs (Christian et al. 2010). High
S concentrations also often indicate a large contribution
of long-distance transport of secondary inorganic aero-
sols (Cheng et al. 2015).

The third association (Se-Mo—As—Be) is formed by
elements with very high (Se, Mo) and high (As, Be) EFs,
which indicates their predominantly anthropogenic ori-
gin in atmospheric precipitation. Likely sources of Mo
include metalworking, car repair and painting compa-
nies (Demetriades and Birke 2015; Zheng et al. 2018),
widespread in Moscow. Arsenic, Se, Be and sometimes
Mo can come from waste incineration and diesel fuel
combustion (Kumar et al. 2015; Bencharif-Madani et al.
2019), while Se is also used as a coal combustion indica-
tor (Wu et al. 2018). Despite the fact that coal is not used
at Moscow thermal power plants, Se accumulated in fine
particles (0.25—0.35 pm) could migrate hundreds of kilo-
meters (Gallorini 2000) from those territories where coal
is burned (suburbs, summer cottages, even transbounda-
ry transfer).

The fourth association (K—Rb—Mn) is probably de-
termined by the biomass burning, since these PTEs, as
noted above, are widely used as indicators of this type of
impact (Samsonov et al. 2012; Grivas et al. 2018). High
EFs values are found for Mn and K, while for Rb low EF
is defined, probably due to its poor solubility in rainwa-
ter (Yu et al. 2018) and relatively high abundance in the
upper continental crust.

Thus, the Zn—Sb—Ni—Ca—Co-Bi—Sn—-Al-W-Cr-Fe—
Na—P geochemical association is formed by the PTEs
input mainly with blowing out of soil particles and road
dust as well as deicing agents’ resuspension. The main
source of Cu—Ba—Pb— Cd—S-B association is vehicle
emissions, while Se-Mo—As—Be association is particu-
larly emitted from industrial sources as well as during
waste incineration and long-distance air mass transport.
In addition, biomass combustion (including forest fires)
and atmospheric migration of plant pollen are responsible
for the formation of K—Rb—Mn geochemical association.

Influence of rain parameters on the washout rates
of PTEs from the atmosphere

A nonparametric correlation analysis was carried out
to determine the main factors affecting the wet deposi-
tion of PTEs to the Earth’s surface and the PTEs washout
rates from atmospheric air.

The precipitation amount determines the wet deposi-
tion values of anthropogenic PTEs with high EFs (Table 2,
Fig. 6): Se, Mo (rg = 0.96), As, Pb, Ba, and Cd (ry 0.83,
0.65, 0.59, and 0.57, respectively). Other researchers also
noted a similar positive correlation, for instance, in cities
and suburbs of Northern China for Cu, Zn, Cd, As, and Se
(Pan and Wang 2015), and Izmir, Turkey for Cr, Cd, Pb,
and Ni (Cizmecioglu and Muezzinoglu 2008). Less strong
inverse correlation was found between the precipitation
amount and the washout rates of soluble PTEs from the at-
mosphere: rg values are significant only for anthropogen-
ic-terrigenous Na and P (—0.53); for other elements, except
for Se, Mo, and Pb, they are also negative (Table 3, Fig.
7). A decrease in the PTEs washout rates is associated, as
noted earlier, with the dilution effect, which reduces the
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Fig. 6. Examples of rank correlation of wet deposition of PTEs (vertical axis) with the physicochemical properties of rainwater
or rain parameters (horizontal axis; designations are shown in caption of Fig. 2). High ranks correspond to high values of
indicators. The color shows the correlation with the same rain parameters or properties of rainwater
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Table 2. The Spearman’s correlation coefficient (rs) values between wet deposition of PTEs on the Earth’s surface,
physicochemical properties of rainwater, and rain parameters on the MO MSU territory

Physicochemical properties of rainwater

Rain parameters

PTEs

pH EC Solid particles ~ Precipitation =~ Duration of  Precipitation  Length of the
content amount precipitation intensity antecedent
dry period
Be —-0.01 —-0.17 -0.10 0.38 0.42 —-0.11 0.47
B 0.29 -0.02 0.14 0.39 —0.13 0.51 0.56
Na -0.07 0.57 0.52 -0.15 —-0.16 —-0.09 0.66
Al —-0.25 0.45 0.38 0.09 0.02 —-0.06 0.75
K 0.46 0.46 0.68 —-0.17 —-0.49 0.39 0.70
P 0.10 0.31 0.36 —-0.12 —-0.21 0.08 0.25
S 0.06 0.27 0.28 0.21 —-0.05 0.25 0.72
Ca 0.07 0.74 0.74 —-0.31 —-0.35 0.03 0.68
Cr -0.57 0.36 0.15 0.15 0.17 -0.19 0.39
Mn 0.46 0.42 0.61 —-0.05 —-0.40 0.43 0.69
Fe —-0.68 0.15 —-0.07 0.36 0.41 -0.27 0.47
Co 0.06 0.62 0.63 -0.15 —-0.26 0.04 0.79
Ni —-0.18 0.63 0.56 —-0.10 —-0.08 —-0.09 0.63
Cu -0.39 0.18 0.06 0.39 0.28 —-0.00 0.60
Zn -0.10 0.38 0.33 0.19 0.01 0.14 0.68
As -0.47 -0.47 -0.60 0.83 0.53 0.24 0.05
Se —-0.48 —-0.69 —-0.72 0.96 0.60 0.22 —-0.05
Rb 0.45 0.36 0.51 0.06 —-0.37 0.55 0.65
Mo —-0.35 -0.72 -0.75 0.96 0.60 0.31 —-0.08
Cd —-0.18 —-0.06 —0.18 0.57 0.24 0.30 0.35
Sn 0.06 0.59 0.48 -0.14 —-0.11 0.00 0.48
Sb 0.00 0.27 0.18 0.29 0.01 0.30 0.49
Ba 0.06 —-0.06 —-0.06 0.59 0.14 0.53 0.44
W -0.42 0.52 0.30 —0.03 0.19 —-0.37 0.64
Pb —-0.70 —-0.20 -0.40 0.65 0.63 -0.19 0.13
Bi 0.09 0.35 0.46 0.01 —0.24 0.12 0.77

Note. The rg values significant at p < 0.05 are shown in bold

PTEs concentrations and, as a consequence, the mass of
pollutants’ washout per unit time.

The duration of precipitation has a significant positive
correlation with the wet deposition of PTEs of anthropo-
genic origin including Pb, Mo, Se, and As (ry 0.63—0.53),
and a negative correlation with the washout rate from
the atmosphere for all PTEs (Tables 2 and 3, Figs. 6 and
7). Such relations are significant for all PTEs, except for
Be and Pb, with rg values ranging from —0.52 for Mo
to —0.90 for Mn. The reason for this is a sharp decrease
in PTEs concentrations in atmospheric air by the end of
the precipitation event in comparison with its beginning,
when the highest PTEs levels are usually found, due to
the removal of pollutants from the atmosphere during
prolonged precipitation (Ouyang et al. 2015).

The length of the antecedent dry period is one of the
most important factors contributing to an increase in wet
deposition and the washout rates of PTEs from the at-
mosphere especially in conditions with elevated aerosol
content (Tables 2 and 3, Figs. 6 and 7). This is most pro-
nounced for the wet deposition of PTEs of anthropogenic
(Bi, S, Zn, Cu, B, Ca), anthropogenic-terrigenous (Co,
K, Mn, Na, Ni, W) and terrigenous (Al, Rb) origin. For
the washout rates of most PTEs, such relations are less
pronounced, while the correlation coefficients are posi-
tive for all PTEs and are significant for W, Ni, B, Be, Rb,
and Cu (0.65-0.51). That is, with an increase in the dry
period, the washout rate of PTEs increases.

The first rain after a long dry period is enriched with
PTEs due to in-cloud and below-cloud scavenging pro-
cesses. During a short dry period, due to frequent pre-
cipitation, the below-cloud scavenging processes weak-
en with the gradual removal of solid particles from the
atmosphere (Bayramoglu Kars1 et al. 2018). During
prolonged precipitation, an increased amount of aer-
osols is removed from the atmosphere within the first
days. On the subsequent days, due to low concentra-
tions of atmospheric aerosols, the rains wash out small-
er amounts of pollutants. An increase in the pollutant
concentrations in precipitation after a long dry period
and a large load of contaminants in the early stages of
river runoff are often referred to as the «first flush ef-
fect» that was investigated in detail on urban territories
(Schiff et al. 2016; Shen et al. 2016; Liu et al. 2019;
Mamoon et al. 2019).

Solid particles content in rainwater contributes to an
increase in the wet deposition and washout rates of PTEs
from the atmosphere due to the intensification of the
gradual dissolution of particles, which in turn leads to an
increase in the concentration of soluble forms of PTEs
(Table 3, Fig. 7).

The rain intensity proved to have a positive correlation
with the wet deposition of most PTEs. High significant ry
were found for terrigenous Rb (0.55), anthropogenic-terrig-
enous Ba (0.53), and anthropogenic B (0.51) (Table 2, Fig.
6). The washout rate is characterized by stronger correlation
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Table 3. The Spearman’s correlation coefficients (rs) values between washout rates of PTEs from the atmosphere,
physicochemical properties of rainwater, and rain parameters on the MO MSU territory

Physicochemical properties of rainwater

Rain parameters

PTEs

pH EC Solid particles ~ Precipitation =~ Duration of  Precipitation  Length of the
content amount precipitation intensity antecedent
dry period
Be 0.43 0.28 0.48 —-0.06 —-0.50 0.54 0.52
B 0.66 0.28 0.54 —-0.05 —-0.68 0.77 0.54
Na 0.45 0.69 0.82 -0.53 -0.81 0.38 0.45
Al 0.43 0.72 0.87 —-0.49 —-0.82 0.42 0.50
P 0.45 0.64 0.78 -0.53 -0.78 0.34 0.31
S 0.58 0.61 0.77 —-0.43 -0.83 0.56 0.48
K 0.65 0.56 0.82 -0.47 -0.87 0.54 0.50
Ca 0.50 0.67 0.82 -0.47 —-0.85 0.51 0.47
Cr 0.34 0.63 0.78 —-0.42 —-0.82 0.45 0.46
Mn 0.65 0.59 0.83 —-0.50 -0.90 0.53 0.47
Fe 0.30 0.68 0.82 —-0.49 —0.82 0.38 0.48
Co 0.51 0.68 0.84 —-0.49 -0.87 0.49 0.46
Ni 0.45 0.69 0.86 —-0.46 -0.80 0.44 0.55
Cu 0.43 0.52 0.70 -0.23 -0.71 0.61 0.51
Zn 0.51 0.66 0.83 —-0.43 —-0.83 0.53 0.49
As 0.41 0.19 0.37 —-0.13 -0.77 0.78 0.26
Se 0.34 0.01 0.21 0.13 —-0.67 0.90 0.16
Rb 0.63 0.57 0.76 —-0.43 —-0.85 0.59 0.51
Mo 0.49 -0.19 0.03 0.31 —-0.52 0.96 0.09
Cd 0.54 0.63 0.80 —-0.43 —-0.84 0.54 0.49
Sn 0.44 0.76 0.81 —-0.50 —-0.66 0.28 0.50
Sb 0.53 0.62 0.78 —-0.35 -0.76 0.56 0.50
Ba 0.53 0.39 0.57 —-0.07 —-0.65 0.76 0.38
W 0.34 0.74 0.85 —0.46 —-0.68 0.29 0.65
Pb —-0.38 0.11 0.09 0.35 —-0.09 0.09 0.43
Bi 0.56 0.61 0.83 —0.48 —-0.85 0.47 0.45

Note. The rg values significant at p < 0.05 are shown in bold

(Table 3, Fig. 7) with rain intensity for a large number of
PTEs: high ry values were found for Ca, Mn, Zn,

Be, K, Cd, S, Sb, and Rb (0.51-0.59), Cu (0.61), Ba,
B, As (0.76-0.78), and Se (0.90). For other PTEs, except
for Pb, ry is also positive and amounts to 0.37 and even
higher. A positive correlation between the amount of
PTEs washed out from the atmosphere and rain intensity
is typical for precipitation in Kyoto and regions of Japan
(Sakata et al. 2006), as well as for southwestern Taiwan,
when during the typhoon, the amount of washed-out pol-
lutants sharply increased compared to the usual precipi-
tation levels (Cheng and You 2010).

Long dry periods before the onset of precipitation event
lead to an increase in the solid particles’content in rainwa-
ter, which in turn contributes to an increase in the rainwa-
ter pH as a result of the partial dissolution of the suspended
matter (Yeremina et al. 2014; Singh et al. 2016). Such par-
tial dissolution of road dust particles can contribute to an
increase in precipitation pH since its values for the water
extract of road dust in Moscow is 6.4—8.1 (Kasimov et al.
2019b). Therefore, with an increase in the length of the dry
period, as well as the amount of solid particles in rainwater
and pH value, the intensity of PTEs washout by rain from
the atmosphere also increases (Table 3, Fig. 7). The largest
Iy values are typical for B, K, Mn, and Rb (14 0.66—0.63), as
well as Co, Ba, Bi, Cd, Sb, S, and Zn (0.58-0.51). Due to
the acidifying effect of industrial and thermal power plants
emissions (e.g., on account of sulfate-ion formation as a

result of a chemical reaction of emitted sulfur dioxide and
water in the atmosphere), vehicle emissions (e.g., nitrate
ion formation as a result of chemical reactions of emitted
nitrogen oxides and water), and also deicing chloride rea-
gents (Eremina et al. 2015), a decrease in the rainwater pH
is accompanied by an increase in the wet deposition of Pb
(rg=-0.70), Fe (-0.68), and Cr (-0.57), as well as Be, Na,
Al Ni, Cu, Zn, As, Se, Mo, Cd, and W (Table 2, Fig. 6). At
the same time, a decrease in the rainwater pH in this case
is not the reason for the growth of wet deposition of PTEs,
but an indicator of the anthropogenic sources’ impact on
supplying these PTEs to the urban environment.

Electrical conductivity indirectly shows the amount
of ions in the solution (rainwater). Therefore, EC has
positive a correlation with the level of wet deposition of
many PTEs, and especially Ca, Ni, Co, Sn, Na, and W
(ry 0.74-0.52). For some PTEs, this correlation is neg-
ative. This is possible because, due to the predominant-
ly low levels of deposition of these PTEs (first of all,
Be, Se, As, Mo, Cd, and Ba), their contribution to EC
is insignificant. Therefore, the pattern of EC change is
determined precisely by the behavior of elements with
high concentrations in rainwater and, accordingly, high
levels of wet deposition, e.g. Ca, Na, Fe, Mn, Al, S, etc.
(Tables 2 and 3, Figs. 6 and 7). This is confirmed by
the fact that positive significant rg values were found
between the washout rates of the majority of PTEs and
the EC value.
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Fig. 7. Examples of rank correlation of washout rates of PTEs (vertical axis) with the physicochemical properties of rainwater
or rain parameters (horizontal axis; designations are shown in caption of Fig. 2). High ranks correspond to high values of indi-
cators. The color shows the dependences on the same rain parameters or properties of rainwater
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CONCLUSIONS

In urban conditions, rain is an important factor in the
atmosphere purification from PTEs. The contaminated
particles of road dust and urban soils input into the at-
mosphere during wind-blowing, the impact of transport
and industrial facilities, waste incineration and biomass
burning lead to a strong enrichment of rainwater with sol-
uble forms of Sb, Pb, Se, Cd, and S, as well as P, Ba, As,
W, Mn, Sn, Na, Co, Ni, and Be. High levels of PTEs wet
deposition were revealed for the public holidays (May
1-6), which is due to the anthropogenic supply of PTEs
to the atmosphere during the combustion of organic res-
idues and coal in suburbs, the strong impact of transport
and the elevated aerosol content due to predominant air
advection from southern and south-western regions. Dur-
ing prolonged rains, the wet deposition of PTEs sharply
decreases on the second and subsequent days due to the
active below-cloud scavenging of aerosols during the in-
itial moments of precipitation.

In Moscow, one of the most significant rainfall pa-
rameters affecting the level of PTEs wet deposition from
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the atmosphere is the length of the dry period before the
beginning of atmospheric precipitation when aerosol par-
ticles accumulate in the air, which leads to an increase in
rainwater pH. This factor has a particularly strong effect
on the deposition and washout of PTEs of mainly anthro-
pogenic origin (W, Zn, Bi, Cd, Sb, Ni, B, S, K, and Cu).
Another important factor in atmosphere purification from
PTEs is the rain intensity, which depends on the amount
and duration of precipitation. An increase in these param-
eters leads to an increase in wet deposition and washout
rates of most PTEs, especially of anthropogenic Se, As,
B, Cu, Sb, S, and Cd, anthropogenic-terrigenous Ba and
K, and terrigenous Rb.

The first data obtained for Moscow on the rain param-
eters affecting the levels of wet deposition and washout
rates of PTEs from the atmosphere in April-May are pre-
liminary. However, these results can be useful for urban
environmental quality assessment in Moscow and can
provide a better understanding of atmospheric deposition
processes in urban areas.
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Major ions and potentially toxic elements in atmospheric
precipitation during the COVID-19 lockdown in Moscow megacity*

1. INTRODUCTION

The rapid spread of a new coronavirus infection
caused the introduction of mobility restrictions for inhab-
itants to reduce the population’s morbidity, which signif-
icantly affected the state of the environment, economy,
and society (Hartwell et al., 2021). Such lockdowns were
introduced in many major cities around the world in the
spring and summer of 2020 (Shakil et al., 2020), which
reduced the number of vehicles both within cities and
between (Marinello et al., 2021b; Zeng and Bao, 2021),
the passenger traffic intensity on public transport (Sah-
raei et al., 2021), amount of air traffic (Suzumura et al.,
2020), vehicle (Cao et al., 2021) and industrial emissions
(Zheng et al., 2021).

Lockdowns represent a real-time experiment in moni-
toring the state of the urban atmosphere under the rapidly
and significantly changing anthropogenic load (Jia et al.,
2021). Restrictions led to the reduction of air pollution
levels in cities with many contaminants (Adam et al.,
2021; Marinello et al., 2021a), primarily NOy (Barré¢ et
al., 2021; Volta et al., 2022), PMo (Fan et al., 2021),
PM, 5 (Balamurugan et al., 2022), PM; (Clemente et al.,
2022), nanoparticles and ultrafine particles (Eleftheriadis
et al., 2021; Straaten et al., 2022), volatile organic com-
pounds and non-methane hydrocarbons (Gu et al., 2022;
Pakkattil et al., 2021), black carbon (Petit et al., 2021),
polycyclic aromatic hydrocarbons (Ambade et al., 2021).
Although electricity production and demand have de-
clined on a macro-regional scale (Ali et al., 2021), shel-
ter-in-place restrictions have led to an intensification of
energy consumption in cities, especially by the private
sector, and, accordingly, an increase in particulate matter
from the residential burning of coal (Tyagi et al., 2021).
Moreover, the results of observations over 540 traffic,
background, and rural stations, from 63 cities covering
25 countries showed no clear signal between population
mobility and the reduction of pollutants other than NO,
and NOy, which indicates the influence of factors oth-
er than the reduced vehicular impact on improving air
quality (Sokhi et al., 2021). Such a factor can be mete-
orological conditions (Das et al., 2021; Lv et al., 2022),
which cause up to 36-49% of the decrease in black car-
bon, PM, 5, and NO»2 concentrations in Nanjing, China
(Lin et al., 2021) and up to 1/3 of the decrease in PM> 5
concentrations over China and South Korea (Kang et al.,
2020). Thus, the impact of restrictive measures on the
state of the environment is ambivalent and can contribute
to both a decrease and an increase in pollution.

However, there are few assessments of the impact of
lockdown on the content of potentially toxic elements
(PTEs) and water-soluble ions in aerosols (Chanchpa-
ra et al., 2021; Li et al. 2021; Liu et al., 2021b; Man-
chanda et al., 2021; Wang et al., 2021a) compared to the
number of studies on the assessment of atmospheric gas
pollution. Most often, there is a decrease in the level of

PTEs in atmospheric aerosols and dust due to the lesser
vehicles impact, construction, dust blowing out, and in
some cases to the lesser industrial emissions (Clemente
et al., 2022; Millan-Martinez et al., 2022; Nguyen et al.,
2021; Rabin et al., 2022) while waste burning and unfa-
vorable meteorological conditions for the dispersion of
pollutants contribute to an increase in aerosol pollution
by PTEs and CI during lockdowns (Nguyen et al., 2021;
Wang et al., 2022b). The decreasing levels of atmospher-
ic pollution during the lockdown are also manifested in
a decrease in the amount of dry deposition of settleable
particulate matter by 73—97% and the content of Al, Ca,
Fe, Mg, Mn, and Na in it by up to 75% (Lara et al., 2022).
However, for most megacities, estimates of the impact of
lockdowns on aerosol pollution with PTEs are not avail-
able.

Under normal (without lockdowns) conditions, pre-
cipitation is a significant factor in the purification of the
atmosphere from pollutants (Vithanage et al., 2022): for
instance, 26-43% of PMj 5 is removed by the wet dep-
osition in different seasons (Wang et al., 2021b). During
the lockdown, a decrease in the level of wet and dry dep-
ositions of S and N from the atmosphere in Monterrey,
Mexico, has been reported (Solis Canul et al., 2021).
Heavy rainfall, which had already significantly reduced
air pollution by PM g and PM>, 5 in the State of Sdo Pau-
lo, Brazil, prior to the lockdown, was the reason for the
weak air pollution decline during the lockdown itself
(Rudke et al., 2021). In Hangzhou, China, the concentra-
tions of total and water-soluble Fe in PM» 5 decreased by
62—78%, but the solubility of Fe increased as a result of
the atmospheric oxidizing capacity increase, which pro-
moted the formation of more acidic species and further
enhanced the dissolution of aerosol Fe (Liu et al., 2021a).
During the lockdowns, PTEs content in mosses (Vergel
et al., 2022; Yushin et al., 2020; Zupanci¢ and Bozau,
2021) and snow pits (Wang et al., 2022a), reflecting at-
mospheric deposition, were studied. Nevertheless, the
impact of the lockdown on the chemical composition and
pollution level of atmospheric precipitation with PTEs
has not been previously assessed in detail.

In Moscow, restrictive measures were introduced from
the very end of March until the beginning of summer.
From early April to mid-May, air pollution decreased
due to a fourfold reduction in traffic load: for CO2 by
28-38%, for NO» by 33-55%, for NO by 63-66%, and
for PMg by 17-28% (Ginzburg et al., 2020). Under the
urban background conditions in the west of Moscow
during the lockdown, the concentrations of PMyq, CO,
NO, NO», CHy, and SO» in the air decreased, and the
concentrations of O3 increased due to reduced vehicle
emissions and atypical meteorological conditions, which
were manifested in the smoke air advection on the verge
of the lockdown, as well as advection of clean air from
the northern regions (Chubarova et al., 2021) with the
reduction in cloud condensation nuclei concentrations
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during the lockdown (Shuvalova et al., 2022). In this pe-
riod, the contribution of fuel combustion to the air pol-
lution by black carbon in the city decreased, but the con-
tribution of biomass burning in the residential areas in
the suburbs (waste, wood and plant residues burning) and
agricultural fires around the city increased (Popovicheva
etal., 2021). After the restrictions were lifted, concentra-
tions of black carbon and PMj 5 increased significantly
(Popovicheva et al., 2021), and concentrations of Ba, Sn,
K, Cu, Bi, B, Mo, As, Sb, and Pb associated with PM|
emitted from vehicles and industrial sources as well as
Sr, Mg, Ca originated from construction and demolition
processes, and Zr, P, Mn, Fe emitted with road dust and
soil particles resuspension also increased (Kasimov et
al., 2021). At the same time, PM|q concentrations re-
mained almost the same due to the washing out of parti-
cles by precipitation (Popovicheva et al., 2021). After the
restrictions were lifted in early May, compared to April,
the concentrations of P, Pb, Al, S, Ni, Sn, Sb, Bi, Se, and
Th in size-segregated aerosols in the center of Moscow
began to increase (Gubanova et al., 2021). However, the
lack of data on pre- and post-lockdown PTEs levels did
not allow assessing the lockdown impact on air pollution
and the role of precipitation in the purification of the at-
mosphere from pollutants during the lockdown remains
unclear.

Observations of the chemical composition of precip-
itation, including the content of PTEs forms, have been
carried out in Moscow since the beginning of 2020,
which made it possible to study the changes in the chem-
ical composition of precipitation before, during, and after
the lockdown in order to achieve the following goals: (1)
to determine the change in physicochemical properties
and major ion composition of precipitation before, dur-
ing and after the lockdown; (2) to study the ratio of sol-
uble and insoluble forms of PTEs in precipitation during
these periods; (3) to identify sources and evaluate the im-
pact of the lockdown on the change in their contribution
to precipitation pollution.

2. MATERIALS AND METHODS
2.1. Study period

The investigation of the chemical composition of pre-
cipitation was carried out in January—July 2020 on the
territory of the Meteorological Observatory of Lomon-
osov Moscow State University (MO MSU; 55.707°N,
37.522°E), located in the south-west of Moscow on the
territory of the Botanical Garden away from industrial
sources and major highways (Fig. S1).

Meteorological conditions in the studied period were
previously described in detail (Chubarova et al., 2021).
Briefly, winter 2019/2020 turned out to be dry (Hy-
drometcenter of Russia, 2021); the air temperature was
significantly higher compared to 1954-2013 in all win-
ter months and at the beginning of spring and summer:
by 7.8°C in January, by 7.2°C in February, by 6.2°C in
March, and by 1.5°C in June (Chubarova et al., 2014).
The air temperature in April and May was lower than the
long-term average values by 1.4°C and 1.7°C, respec-
tively, which is associated with the predominance of air
advection from the northern regions (Chubarova et al.,
2021). The year 2020 was unique in terms of precipita-
tion patterns. In January and February (56 mm and 35
mm respectively), precipitation amount was close to the
long-term average annual for these months (47 mm and
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40 mm), while in March (49 mm), it was 1.3-fold higher
than average (37 mm) due to active cyclonic atmospheric
processes, and in April — 2.4-fold lower (17 mm in April
as opposed to 41 mm average). However, in May and
June, unprecedented precipitation occurred (168 mm and
193 mm), almost three times higher than the long-term
monthly mean (55 mm and 76 mm for May and June,
respectively). Thus these months became the rainiest in
200 years of meteorological observations in Moscow
(Lokoshchenko, 2020). In July, 113 mm of precipitation
fell against the average value of 81 mm. As a result, a
large amount of precipitation in late spring and early
summer contributed to the purification of the atmosphere
from pollutants.

On the other hand, there was a decrease in the an-
thropogenic load during the study period as starting from
March restrictions were introduced to prevent the spread
of the COVID-19 outbreak (Table S1). The self-isolation
(lockdown) period for the majority of residents was in-
troduced on March 30, and the access control regime be-
gan on April 13. Since June 1, car dealerships, non-food
stores, weekend fairs, and some consumer services enter-
prises have resumed their work, and since June 9, the ac-
cess control regime and self-isolation have been canceled
(Measures against coronavirus in Moscow, 2020). Dur-
ing the lockdown, the number of vehicles on the roads
has been drastically reduced (Fig. 1).

An average decrease in the number of vehicles on the
weekdays of April was 40% (Kirilina, 2020), which re-
sulted in the lowest level of road congestion for 2020 in
Moscow in April (TomTom Traffic Index, 2020). During
the pandemic, “Yandex” developed the self-isolation in-
dex (YSII), which demonstrated the lockdown level (the
level of city activity compared to the typical day before
the pandemic) in various cities, including Moscow: when
YSII <2.4, it means that there are many people on the
streets; when YSII changes from 2.5 to 2.9 — there are
many people on the streets; from 3.0 to 3.5 — some peo-
ple on the street; from 3.6 to 3.9 — most people stayed at
home; from 4.0 to 5.0 — streets are almost empty (Yan-
dex, 2021). The changing of the YSII values in Moscow
(Fig. 1) had a negative correlation with vehicles num-
ber (Kirilina, 2020), levels of road congestion (TomTom
Traffic Index, 2020), as well as concentrations of PMj,
CO, NO, NO»y, CHy, SOy in the air of Moscow back-
ground area and positive correlation with O3 (Chubarova
et al., 2021).

The following periods have been identified to assess
the impact of the lockdown on PTEs pollution of atmos-
pheric precipitation.

Pre-lockdown period (PL) was from January 1 through
March 31, since the precipitation on March 30-31 (the
first days of the lockdown) washed out the pollutants that
had accumulated in the atmosphere during the long rain-
less period started from March 15, which was before the
restrictions. In January and February of 2020 (subperiod
PL1), snow and mixed precipitation prevailed; in March
of 2020 (subperiod PL2), it rained.

The lockdown period (LP) was from April 1 to May
31. Since in Moscow, air pollution is significantly affect-
ed by emissions of the power industry (Elansky et al.,
2018), LP was divided into two subperiods: LP1 (April
1 — May 11) during the active heating season; and LP2
(May 12-31) during the lockdown, but after the end of
the heating season. Starting from May 12, the number of
vehicles on the roads of Moscow started to increase in
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Fig. 1. The change of Yandex self-isolation index (YSII, ranks), levels of road congestion (mean % for every week, based on
TomTom Index data), and daily vehicles number on the roads (DVN, millions of vehicles, based on data (Kirilina,
2020)) in Moscow in January—July 2020 during pre-lockdown periods (PL1, PL2, see comments in text), lockdown
periods (LP1, LP2) and after lockdown periods (ALI, AL2).

comparison with April-early May 2020 (Kirilina, 2020);
that is, on May 12, the influence of the lockdown on the
intensity of the traffic load began to weaken. In addition,
the non-working days’ regime in Russia, introduced on
March 30, was canceled that day, leading to the restora-
tion of transport and industrial activity.

After lockdown period (AL) lasted from June 1 until
the end of the precipitation composition analysis cam-
paign on July 27. Even though the access control regime
and self-isolation have been canceled since June 9, it
took longer to restore economic and transport activity
fully. According to (TomTom Traffic Index, 2020), dif-
ferences in road congestion in Moscow in the summer of
2020 compared to 2019 were < 20% starting from week
25, i.e., from June 15 (Fig. S2, Supplementary materi-
als). Therefore AL was divided into two subperiods: AL1
(June 1-14) — the beginning of the lockdown canceling;
and AL2 (June 15 — July 27) — the recovery of road traffic
and industry activity. In June, in general, the number of
vehicles on the roads of Moscow gradually returned to
the level of 2019 (Kirilina, 2020).

2.2. Sampling and laboratory techniques

Precipitation samples (N = 87) were taken on the MO
MSU territory using a polyvinyl chloride funnel (80 x 80
cm), located at the height of 2 m from the ground surface,
and a white plastic bucket. Each case of precipitation was
analyzed from its beginning to the end on the current or
adjacent day.

The pH and specific conductivity (EC, uSm/cm) was
measured using an “Expert-001” ionometer and “Ex-
pert-002” conductivity meter (Econix, Russian Feder-
ation; accuracy: +0.01 and £+ 0.5%, respectively). The
soluble cations (Ca2*, Mg2*, Na*, K, NH4") and anions
(SO42 CI7, NO3™) concentrations were determined by
ion chromatography on a “JETchrom” instrument (Port-
lab, Russian Federation). The detection limits for cations
and anions were calculated at a 95% confidence level

for three parallel measurements of the sample and blank
measurements. For SO42~ and Na™ they are 0.04 mg/L
for Ca2+ and K™ — 0.03 mg/L, for CI", NO3~, NH4",
and Mg2" — 0.02 mg/L. Concentrations of HCO3™ were
obtained by titration with a solution of sulfuric acid with
control of solution pH. The results showed a good con-
vergence between the sum of equivalents of cations and
anions with R2 = 0.995 (Fig. S3).

To determine the soluble and insoluble forms of
PTEs, samples were filtered through membrane filters
with a pore diameter of 0.45 um (EMD Millipore, USA)
for separation of the solid phase (filter with suspended
particles) from the liquid phase (filtrate), which were
analyzed separately. Suspended particles concentration
(SPC, mg/L) was estimated based on data on the mass of
suspended particles deposited on the filter (m, mg) and
the volume of filtered water (V, L):

SPC =m/V (1)

Filter weight was determined on an analytical balance
Discovery DV114C (Ohaus, Switzerland; repeatability:
0.1 mg).

Concentrations of Al, Ag, As, Ba, Bi, Cd, Co, Cr, Cs,
Cu, Fe, Mn, Mo, Ni, P, Pb, Rb, S, Sb, Sc, Sr, Ti, T, W,
and Zn in the filtrate and on the filter was obtained at the
All-Russian Scientific Research Institute of Mineral Raw
Materials named after N.M. Fedorovsky using ICP-MS
and ICP-AES methods on mass spectrometer “iCAP Qc”
(Thermo Fisher Scientific, USA) and atomic emission
spectrometer “Optima—4300 DV” (Perkin Elmer, USA).
This laboratory complies with ISO Guide 34:2009 and
ISO/IEC 17025:2017. The analysis was conducted using
instrument blanks, method blanks, and standard refer-
ence materials. For determining soluble PTEs, “Trace
metals in Drinking Water” (High-Purity Standards, USA)
reference material was used. The detection limits (DLs)
were as follows (ug/L): Al, 0.084; Ag, 0.005; As, 0.009;
Ba, 0.016; Bi, 0.005; Cd, 0.003; Co, 0.005; Cr, 0.04;
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Cs, 0.0025; Cu, 0.04; Fe, 2.5; Mn, 0.022; Mo, 0.036;
Ni, 0.13; P, 4.0; Pb, 0.06; Rb, 0.004; S, 61; Sb, 0.005;
Sc, 0.022; Sr, 0.22; Ti, 0.025; T1, 0.0029; W, 0.007; Zn,
0.12. For insoluble PTEs, “GSO 3784-86 (Vinogradov
Institute of Geochemistry SB RAS, Russian Federation)
reference material was used. The DLs were as follows
(ng/g): Al, 53; Ag, 0.054; As, 0.12; Ba, 0.11; Bi, 0.02;
Cd, 0.074; Co, 0.09; Cr, 1.1; Cs, 0.02; Cu, 0.85; Fe, 67;
Mn, 4.1; Mo, 0.046; Ni, 1.1; P, 39; Pb, 0.1; Rb, 0.12; S,
47; Sb, 0.092; Sc, 0.085; Sr, 0.22; Ti, 0.025; TI, 0.008;
W, 0.03; Zn, 1.3. For low concentrations of PTEs (<5
DLs), the relative standard deviation (RSD) did not ex-
ceed 20%; for higher concentrations of PTEs (>5 DLs),
RSD did not exceed 10%.

Due to the strong variability, for a correct compari-
son of the periods, volume-weighted concentrations of
the soluble PTEs forms, major ions, and mineralization
were calculated:

n
C=Y(C; xX)/X; 2)
i=1
where C; are concentrations of the soluble PTEs (pg/L),
major ions (peq/L), or mineralization (mg/L), X; is the
amount of fluid (mm) that fell during i-th precipitation
episode n is the number of precipitation episodes in pe-
riod j, X; is the amount of fluid that fell during of period j
(mm). éoncentrations of the insoluble PTE forms are
measured in pg/g; therefore, the average concentrations
over the periods were calculated by simply averaging
without considering the amount of precipitation.

Changes in PTEs concentrations (6, %) in the studied

periods relative to each other were calculated as follows:

€)

where C2 and C1 are the mean volume-weighted PTE
concentrations in two compared periods.

To define the predominant fraction of elements in pre-
cipitation, the share of their soluble fraction or solubility
(K;,%) was calculated as:

§=100x (C2/Cl - 1)

K =100% % Cso1/ Cyoy, (4)
Cior = Cins + Csol, &)
Cins = Cg x SPC /1000, (6)

where Cy,; is the concentration of the soluble PTE, pg/L;
Cius is the concentration of the insoluble PTE, pg/L;
Cyo; 1s the total content of the soluble and insoluble frac-
tions, ug/L; SPC is the suspended particles concentra-
tion, mg/L Cy is the PTE content in suspended particles,
washed out by precipitation, pg/g.

2.3. Assessment of the PTEs sources contribution
to the pollution of precipitation

PTE sources in rains were estimated using the enrich-
ment factor (EF):

EF = (Ci/ CaD / (Ki/ Kap)., (7)
where C; and Cyj are the contents of the i-th and refer-
ence (Al) elements in the precipitation sample, respec-

tively; K; and K4 are the concentrations of the i-th and
reference elements in the upper continental crust, respec-
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tively (Rudnick and Gao, 2014). EFs were calculated us-
ing the volume-weighted PTE concentrations. EF' < 10
for the soluble phase and EF < 1 for the insoluble phase
show the predominant supply of PTE from terrigenous
(crustal) sources; 10 < EF < 100 for soluble and 1 < EF
< 10 for insoluble phases indicate the presence of both
anthropogenic and terrigenous PTE sources; £F > 100
for soluble phase (Chon et al., 2015) and EF > 10 for
insoluble one (Cheng et al., 2018) prove anthropogenic
PTE origin in precipitation. Most often, for the soluble
PTEs and total concentration of PTEs in rains, the gra-
dation of EF' > 100 for anthropogenic sources is used
(Koulousaris et al., 2009; Ozsoy and Ornektekin, 2009;

Samayamanthula et al., 2021; Tripathee et al., 2020),
for the insoluble PTEs in precipitation and snow cover,
lower EF gradations may be applied (Xu et al., 2022b).
It has been proved that the threshold for evaluating the
anthropogenic origin of metals in precipitation samples
should be higher than that of aerosol samples Xu et al.,
2022b). Since large particles blown from the surface of
soils and roads make a significant contribution to the
chemical composition of aerosols washed out from the
atmosphere by rains, the gradations of EF adopted for
soils and road dust (EF < 1 for terrigenous sources, and
EF > 10 for anthropogenic sources) can be applied for
insoluble phases (Adimalla et al., 2020; Bourliva et al.,
2017; Liang et al., 2019; Morera-Gomez et al., 2020).
Therefore, in our work, we used different gradations of
EF for precipitation’s soluble and insoluble phases.

For main PTEs sources identification, principal com-
ponent analysis with multiple linear regression (PCA-
MLR) was used in Statistica 8 software and R program-
ming environment. As input data for PCA and another
source apportionment method, positive matrix factoriza-
tion, the PTE concentrations in each precipitation episode
are often used without prior normalization to the precipi-
tation volume (Al-Momani, 2003; Bisht et al., 2022; Jain
etal., 2019; Keresztesi et al., 2020; Mirzaei et al., 2018;
Samayamanthula et al., 2021; Tian et al., 2020) since the
volume-weighted concentrations are usually used to av-
erage the PTE concentrations over a period of time, such
as a month, season, or year (Ma et al., 2019; Tripathee et
al., 2020). If the concentration of each PTE in each pre-
cipitation episode is replaced by the volume-weighted
concentration, then the PTE content obtained after the
application of MLR can only be averaged over the en-
tire study period. This approach will not make it possible
to estimate the change in the contributions of identified
sources to the PTE concentration in each of the six stud-
ied subperiods. For PCA, data on the PTE deposition
rates are sometimes used (Cereceda-Balic et al., 2020).
There is a direct relationship between the deposition rate
of PTEs and the amount of precipitation, which has been
repeatedly confirmed (Cherednichenko et al., 2021; Ciz-
mecioglu and Muezzinoglu, 2008; Pan and Wang, 2015;
Takeda et al., 2000; Tripathee et al., 2020), including
by our previous studies of Moscow rains (Vlasov et al.,
2021a). The aim of the current research did not include
the assessment of the PTEs deposition rate from the at-
mosphere. Therefore, when performing PCA-MLR, we
used the concentrations of PTEs in soluble and insoluble
phases of each precipitation episode.

The ultimate goal of performing PCA-MLR is to
determine the percent contribution of different PTEs
sources for a given precipitation sample. The detail pro-
cess of the PCA-MLR model was described in previous
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studies (Larsen and Baker, 2003; Thurston and Spengler,
1985). Only the principal components with eigenval-
ues >1 (Kaiser’s criteria) were used as factors. Prior to
the analysis, Z-normalization was applied (Larsen and
Baker, 2003):

Zig=(Cix — C) /o4, (8)
where Cj; is the concentration of the i-th chemical el-
ement in the sample k, is the average concentration of
the i-th element, and o; is the standard deviation of the
i-th element. Kaiser-Meyer-Olkin (KMO) and Bartlett’s
sphericity tests were performed to examine the suitability
of the data for PCA (Varol, 2011). KMO is a measure
of sampling adequacy that indicates the proportion of
variance that is common, i.e., the variance that may be
caused by underlying factors. In this study, KMO is 0.84
(meritorious level) for datasets of soluble and insoluble
forms of PTEs, indicating that each dataset is adequate
and PCA may be helpful. Bartlett’s test of sphericity in-
dicates whether a correlation matrix is an identity matrix
and whether variables are unrelated. The significance
level of <0.001 for each dataset in this study indicates
significant relationships among the variables.

Source contribution was estimated with PCA-MLR,
for which the total PTEs concentrations were calculated
separately in soluble (3.Cs,;) and insoluble (3.Cj;s) phas-
es of precipitation. The MLR equation can be expressed
as:

chm, > (Bi X FSp), )

where Z C,; 18 the standard normalized deviate of the
sum of t%e soluble PTEs concentrations, Bk represents
the regression coefficients, and FSj is factor (principal
component) scores calculated by the PCA analysis. Thus,
the mean percentage contribution of source k (MPCS, %)
was calculated as:

MPCS = 100 x B/ Y. By, (10)

and the mass contribution of each source £ (MCS, pg/L)
was estimated as:

xFS;,  (11)
where oy, is the standard deviation of } Cy,; (947
ng/L), and meanyc, ; is the mean of >.Cso7 (968 ng/L).
The same calculations were performed for the insoluble
PTE phase of precipitation at oy ¢, . equal to 26,696 ng/g
and meany¢;, . equal to 90,077 pg/g. Based on the results
of PCA-MLR, volume-weighted mean concentrations of
PTEs were calculated for the studied subperiods.

To identify the probable source regions of air masses
arriving at Moscow, backward trajectories were analyzed
for each rain sample collection date using the HYSPLIT
transport and dispersion model (Rolph et al., 2017). Mod-
eling was carried out at heights of 500, 1000, and 1500
m above the Earth’s surface with an interval of 72 h from
12 UTC of the day with the precipitation. In addition, an
analysis of the possible advection of a smoke cloud from
agricultural fires was carried out; this methodology was
described in detail by Chubarova et al., 2020, Chubarova
et al., 2021. Briefly, to do so, the data from the FIRMS
fire monitoring service using MODIS/Terra satellite im-
ages was used together with the actual data on the oc-

MCS = meany . X(By/ Y By) +Bix oy,

sol
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currence of detected fires within a 50 km radius from
the particle transfer line, determined by the HYSPLIT
backward trajectory method at the height of 500 m with a
time step of one day. If the number of fires in the region
(Moscow, Moscow region, and adjacent regions) was
small and/or the fires were located on the border of a 50
km region, then the AERONET data on the Absorption
Angstrom Exponent (AAE) were additionally used. The
impact of fires was proved for March 17-18 and 25-29,
April 4, 7,9, 13, 23, and June 18.

3. RESULTS AND DISCUSSION

3.1. Changes in the physicochemical properties of
precipitation and major ions content during
the lockdown

Data on the physicochemical properties of precipita-
tion and major ions content during PL, LP, and AL pe-
riods in Moscow in the winter and summer of 2020 are
shown in Table 1. In 2020, the decrease in precipitation
pH from winter to summer (Fig. 2) was entirely consist-
ent with its long-term annual variation (Chubarova et al.,
2014). During each of the LP2, AL1, and AL2 periods, a
considerable amount of precipitation occurred, compara-
ble to the sum of precipitation of the PL1 + PL2 periods,
which lasted three months. The daily average for LP2,
AL1,AL2, and PL1 +PL2 was 6.7 mm, 9.3 mm, 5.4 mm,
and 1.6 mm, respectively. At the same time, the intensity
of precipitation increased from the beginning of the year
to the summer season. This contributed to the intensifica-
tion of pollutant washout from the atmosphere from PL1
(3.7 mm/episode) and PL2 (4.9 mm/episode) to LP1 (5.0
mm/episode) and especially LP2 (11 mm/episode) and
AL1 (16 mm/episode), decreasing at PL2 (8.8 mm/epi-
sode). The level of precipitation pollution was affected
by the uneven distribution of the amount and intensity of
the precipitation. The average content of solid particles
and EC was the highest in LP1 despite the introduced
lockdown restrictions and the lowest in AL1 due to di-
lution. High concentrations of particulate matter and EC
during LP1 were also associated with frequent episodes
of smoke advection (April 4, 7,9, 13, and 23) and aerosol
accumulation in the atmosphere during a long two-week
period without rainfall before the first April precipitation
(April 18).

The highest volume-weighted concentrations of all
ions were observed during LP1, which coincide mainly
with April, when the highest long-term annual content
of ions is usually recorded (Chubarova et al., 2014). The
main reason for this is the inverse relation of these con-
centrations with precipitation and lack of snow cover. At
the same time, the herbaceous cover is not yet developed
in April, so partially dissolving soil particles, with an
increase in convection, end up in the surface air layer.
Therefore, in 2020, the maximum mineralization value
was obtained for LP1 with the minimum amount of pre-
cipitation, which is associated with increased concentra-
tions of [HCO37], [CI"], and [Na'], by factors 0f 2.6, 1.6,
and 3.6, and decreased concentrations of [SO4 ] and
[NO37] by factors of 2.0 and 1.4 respectively in LP1 rela-
tive to the long-term annual data for April in 2000-2019.
The concentration of [SO427] has been gradually de-
creasing in all seasons of recent years, and the decrease
of [NO37] content in LP1 relative to long-term data can
be associated with a significant decrease in traffic load
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Table 1. The amount of precipitation, physicochemical properties of precipitation, and volume-weighted content of major ions
in the periods before (PL1, PL2) during (LP1, LP2) and after lockdown (AL1, AL2) in Moscow in 2020.

Parameters Periods

PL1 PL2 LP1

LP2

ALl

AL2

Jan 01-Feb 29  Mar 01-Mar 31 Apr 01-May 11

May 12-May 31

June 01-June 14

June 15-July 27

X, mm 91 50 50
X per episode, mm 3.2 49 5.0
pH 6.6 6.4 59
EC, uS/cm 34 40 69
SPC, mg/L 18 34 51
HCO3 ™, peq/L 55 69 80
S0427, peq/L 24 34 45
CI™, peq/L 117 127 319
NO3 ™, peq/L 23 29 29
Ca?", peq/L 112 153 240
Mg2", peq/L 7.8 8.9 26
Na™, peq/L 39 45 59
K", peq/L 73 11 11
NHy4 ™, peq/L 41 38 121
Mineralization, mg/L 14 17 29
>anions/) cations 1.06 1.02 1.03

135
11
5.6
25
17
23
22
93
17
75
8.7
19
7.9
39
9.9
1.04

130
16
5.2
14
12
4.1
12
49
12
41
4.7
5.7
3.9
14
4.7

1.12

167

8.8
5.1
28
15
7.1
30

106

27
88
13
17
10
36
11
1.0

4

X'is the precipitation amount, EC is electrical conductivity, and SPC is the solid particle content.

and, accordingly, nitrogen oxide emissions during the pe-
riod of strict restrictions. An increase in [NO3~] concen-
trations due to the traffic load recovery was also observed
in AL2 (from 12 peg/L in AL to 27 peq/L in AL2) and
in LP2 (to 17 peq/L), despite the substantial dilution of
samples due to high precipitation amount.

The ion balance in precipitation during the studied
periods changed (Fig. 3). The contribution of [HCO37]
to the sum of the ions decreased from January to July:
from 13% in PL to 8.1% in LP and 2.3% in AL (Fig. 3,
Fig. S4), which coincides with the trend of decreasing pH
from winter to summer. In LP1, contributions of [NO3™]
and [SO427] decreased due to reduced transport and in-
dustry emissions (Fig. S4, Fig. S5), but the contribution
of [Cl"] and [NH4"] increased slightly, and startlng from
LP2, the contribution of [NO3~] and [SO427] began to
increase, due to the secondary formation of aerosols
during transboundary transport as one of the reasons
(Hassan et al., 2022; Zheng et al., 2020): ammonium sul-
fate (Pearson correlation coefficient r between [NH4']
and [SO427] was 0.69), ammonium nitrate (r between
[NH4*] and [NO3~] was 0.43) and ammonium chloride
(r between [NH4 ] and [C17] was 0.81) (Fig. S6). An in-
crease of a secondary inorganic aerosol contribution to
the major ions and trace elements content in PMj 5 in
Wuhan was noted for local air masses with a simultane-
ous decrease in the contribution of industrial processes,
coal combustion, biomass burning, vehicle emissions,
and road dust (Zheng et al., 2020). In Delhi, during the
lockdown, the contribution of vehicular emissions, do-
mestic coal combustion, and semi-volatile oxygenated
organic aerosol in PMj 5 concentrations in the air de-
creased by 86-96%, while the contribution of secondary
chloride, power plants, dust-related, hydrocarbon-like
organic aerosols, and biomass burning related emissions
changed only slightly and depended mainly on meteor-
ological conditions (Manchanda et al., 2021). However,
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the assessment of the role of [Cl ] in the formation of
secondary inorganic aerosols in Moscow requires further
detailed investigation in different seasons.

The increase in the contribution of [CI"] in LP could
be explained as follows. In Moscow, de-icing mix-
tures are used, up to 60—-80% of the mass of which ac-
counts for NaCl, and the rest are CaCly, crushed marble
(CaC03), KC1, HCOONa, MgCly; liquid solutions of
CaCl2 and NacCl are also used (Order N 05-14-650/1,
2011). It is known that in the warm season, chloride
de-icing mixtures can be a significant factor in the acid-
ification of atmospheric precipitation in Moscow due to
the formation of HCI (Eremina et al., 2015), which can
lead to the increase in soluble PTE forms in precipita-
tion (Vlasov et al., 2021b). Substantial [C]"] input may
be due to the influence of the de-icing mixtures in Mos-
cow (Zappi et al., 2023), as a very high r value (up to
0.95) was defined between [CI7] and [Ca2™] in precipi-
tation in January—July of 2020 (Fig. S6). However, the
high correlation between [Na*] and [CI ] (r = 0.84, R2
= (.705) was lower than typical for precipitation influ-
enced by marine aerosol (R2 > 0.9) (Terzi et al., 2010)
and dissolution of de-icing mixture particles, blown out
from the road and soil surfaces after snowmelt, which
indicates an additional source of [Na*] and [CI]. It was
reported that such a source of [C1] in aerosols and pre-
cipitation could be waste incineration (Liu et al., 2018),
open biomass burning, and its burning in residential
areas (Fourtziou et al., 2017; Yang et al., 2018). The
increase in [Cl] contribution to the sum of the ions
in Moscow precipitation was observed in LP1 (from
24.8% in PL2 to 34.3% in LP1) when part of the city
residents moved to suburban areas where they burned
waste and heated by burning coal and wood due to low
air temperatures. This probably caused a sharp increase
in [CI7]/[SO427] and [C1"]/[NO3~] ratios in LP1 up to
7.1 and 11, respectively, at the ranges of 3.8—4.8 and
4.3-5.1in PL1 and PL2, as well as 3.5-4.1 and 3.9-5.5
in LP2, AL1, and AL2. Wherein the r value was higher
between [CI™] and [SO427] (0.70) in comparison with r

pre-lockdown (PL)

5.5%
EHCO,” BSO,> ECl- BNO,

lockdown (LP)
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between [Cl ] and [NO37] (0.61; Fig. S6). An increase
in biomass and coal burning contribution to aerosol
pollution by polycyclic aromatic hydrocarbons during
lockdown with a simultaneous decrease of traffic con-
tribution was revealed in Jamshedpur, India (Ambade
et al., 2021). In Suzhou, during the Chinese New Year
and the lockdown, the contribution of coal combustion
and industrial emissions to the PMj 5 content increased
by 2.9 and 1.7 times, and traffic contribution decreased
by 22% only (Wang et al., 2021a). An increase in
[C17]/[SO427] ratio up to 6-10 and higher indicates that
biomass burning and waste combustion could be an es-
sential [Cl ] source in aerosols (Luo et al., 2019) and,
accordingly, precipitation, which also supports our hy-
pothesis.

Potassium ion [K'] is often used as another bio-
mass burning indicator (Achad et al., 2018). However,
it could also migrate with sea salt (Fourtziou et al.,
2017) and terrigenous dust particles (Yu et al., 2018)
and be associated with de-icing mixtures (Order N 05-
14-650/1, 2011). Correlation between [K*] and [C]]
during the studied periods in Moscow was high (r =
0.67), and episodes with a sharp increase in [K*] and
[CI"] in general were observed at the end of March
and the first half of April, as well as on April 24. On
these dates, frequent smoke advections of polluted air
from the suburbs (Fig. 4) with very high PM;¢ and
PMj; 5 concentrations were recorded (Gubanova et al.,
2021) that were also observed in the atmospheric col-
umn (Chubarova et al., 2021). During LP1, an average
[CI]/[K"] value sharply increased up to 29, from 12
to 16 during pre-lockdown, and decreased afterward
in LP2, AL1, and AL2 to 10-13 (Fig. 2), which indi-
cates a significant [Cl ] input as a result of waste burn-
ing. Such features have been identified in other cities
during the lockdown, for instance, in Pudong (China),
concentrations of Cl in atmospheric PMj 5 increased
due to waste incineration (Wang et al., 2022b), and in
Hangzhou (China) particles containing biomass burn-
ing tracers increased up to 155% (Xu et al., 2022a).

after lockdown (AL)
2.3%

4.3%
mCa®* EMg* ENa* BK* ENH/'

Fig. 3. The ion balance in Moscow precipitation before, during, and after the lockdown in January—June of 2020.
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The smoke advection from the suburbs and the
concomitant decline in city vehicle emissions dur-
ing the lockdown led to a dramatic change in the
[SO427)/[NO3 ] ratio, which increase shows an ampli-
fication of the influence of stationary sources, and a de-
crease identifies the transport sources (Nalmabadl etal.,
2018; Zeng et al., 2021). In PL, the [SO42 “J/[NO3™ ]ra—
tio was 1.06—1. 14 which sharply 1ncreased later in LP1
up to 1.53 due to an increase in [SO42~] concentrations
and relatively unchanged [NO3™] concentrations. The
increase in [SO427] concentrations in LP1 may be relat-
ed to the waste, biomass, and coal burning in the suburbs
(the sources of SO, emlssmns) Wthh was considered
above when analyzing the [C17]/[SO427] ratio. In LP2,
it decreased to 1.32 due to a faster decline in [SO42 ]
concentrations compared with [NO3~]. In Moscow, nat-
ural gas is mostly used for heating, but in towns from
the Moscow suburbs fuel oil may be additionally used,
so higher air temperatures (late spring), the end of the
heating season, and less waste and fuel combustion in
the suburbs in LP2 could be the reason for the decrease
in SOZ emissions and, as a consequence, a decrease in
[SO427] concentrations in the precipitation. The signif-
icant role of satellite towns in air pollution in Moscow
during the lockdown is confirmed by data on the con-
tamination of the moss Pleurozium schreberi with trace
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elements on the territory of the entire Moscow region
(Vergel et al., 2022). After the lockdown, this ratio de-
creased even further, amounting to 1.00—1.11 (Fig. 2).
This is due to the increase in [NO3~] concentration in
AL2 on account of the restoration of transport activity,
the growth of vehicle emissions, including NOy. Nev-
ertheless, r between [SO427] and [NO3™] was O 70 for
the entire study period (Fig. S6), reaching 0.76—0.94 in
PL1, PL2, LP1 and AL1, but reducing to 0.58-0.61 in
LP2 and AL2. This indicates ion input from fuel com-
bustion in most precipitation episodes before and dur-
ing the first part of the lockdown, as well as immediate-
ly after the restrictions were lifted.

During AL, the contribution of [CaZ"] began to in-
crease slightly due to the intensification of the ion supply
during the blowing out of soil and dust particles in the
summer after the end of long and intense rains. Simulta-
neously the contribution of [NH4"] and [Na*] decreased
due to the blowing out of a lesser amount of de-icing mix-
ture residuals to the summer. After the restrictions were
lifted, the [NO3~] contribution doubled. This growth be-
gan in the second phase of restrictions (the second half
of May) when the traffic load began to increase gradual-
ly, and the share of [NO37] increased from 3.2% in LP1
to 5.6% in LP2, continuing to grow in AL1 and AL2 to
8.1-8.2% (Fig. S4).
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Fig. 4. Concentrations of [Cl7] and [K'] in atmospheric precipitation in Moscow in January—July 2020 by individual episodes.
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3.2. Content and solubilities of PTEs during
periods

The content of soluble and insoluble forms of PTEs in
atmospheric precipitation during the studied periods in
Moscow is given in Table S2. Concentrations of soluble
forms are highly dependent on precipitation amount due
to dilution processes (Tripathee et al., 2020), therefore,
volume-weighted concentrations were used for the cor-
rect comparison of the periods.

Before the lockdown, mixed precipitation (rains and
snow) fell in January—February, rains prevailed in March,
and the amount of precipitation in PL2 was almost two
times less than in PL1, which contributed to a relative
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increase in PTE concentrations. In the last quarter of
March, a powerful positive pressure anomaly and unfa-
vorable meteorological conditions for the dispersion of
impurities were observed, which led to a sharp short-term
increase in the concentrations of CO and PM 1 (Ginzburg
etal., 2020). Smoke advection also contributed to the ad-
ditional contamination effect since it happened on March
21-27, which, together with the absence of precipitation,
led to the intensification of pollution (Chubarova et al.,
2021). As a result of the combined effect of anthropo-
genic impact in the first half of PL2 and meteorological
parameters in the second half of PL2, the concentrations
of the soluble form of most PTEs increased compared to
PL1 (Fig. 5, Fig. 6, Figs. S7-S9, Table S3), while the in-
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Fig. 5. The content of (a) soluble, pug/L, and (b) insoluble, pg/g, forms of some PTEs in Moscow precipitation in January—
July of 2020. Horizontal lines show volume-weighted soluble PTEs concentrations over the subperiod and averaged
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soluble form of all PTEs, on the contrary, decreased due
to the beginning of anthropogenic load reduction from
local (intraurban) sources. The concentrations of soluble
PTEs, emitted during the waste incineration — As, P, Ag,
and emissions from industries — Sb, Mo, Al, Pb, Ag in-
creased dramatically (> 60%) (Kara et al., 2014; Kasi-
mov et al., 2020; Zheng et al., 2018).

During the lockdown, compared to the PL period,
concentrations of soluble P (>3000%), Ag (>2000%), Pb
(>800%), and Sb (>500%) increased dramatically, which
is associated with the waste and plant residues burning
in suburban areas, as well as the biomass burning before
the lockdown. During the lockdown, the biomass burning
contribution to the content of black carbon in Moscow was
20%, and after the restrictions were lifted, it decreased
to 13%, while the contribution of fossil fuel combustion
increased from 79% to 87%; the largest contribution of
biomass burning was characteristic of air advection from
the northeast and northwest (Popovicheva et al., 2021).
Smoke advection was often observed during the lockdown
period in April (Chubarova et al., 2021), which was also
confirmed by high correlation coefficients r between [K™]
and P (0.81), as well as [CI ] and Sb (0.88) (Fig. S6). An
intensive increase in the concentrations of soluble PTEs
forms was observed mainly in the first lockdown subpe-
riod (LP1) in April and the first half of May. An increase
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in PTE concentrations in precipitation and snow during
the lockdown was also found in the urban area in Thessa-
loniki, Greece, due to the higher central heating emissions
during this period (Tsamos et al., 2022). In the second half
of May (LP2), the end of the heating season in Moscow, a
decrease in traffic load and a significant amount of precip-
itation, as well as the advection of the cleanest Arctic air
with low values of the pollutants (Chubarova et al., 2021)
and contributed to a sharp decrease in the concentrations
of soluble forms of PTEs.

Fine particles migrate most in the atmosphere. After
being washed out by precipitation and during filtration,
these particles pass through the filter pores, i.e., form the
soluble phase of precipitation. This is especially true for
S, Pb, Zn, K, Sb, Bi, Mn, Mo, Sn, P, Cu, and Co, up
to 25% of which in PM;( in Moscow is accounted for
by PMy 5 (Gubanova et al., 2021). Therefore, during ep-
1sodes of smoke advection, the concentrations of soluble
PTEs mainly increased, while the content of insoluble
forms of most PTEs contained in particles larger than
0.45 um (filter pore diameter) increased in LP1 and de-
creased in LP2 (Fig. 6, Fig. S9). The impact of smoke ad-
vections on air quality in Moscow during the lockdown
is confirmed by the increase in concentrations of P, Pb,
Bi, Se, Ni, Sn, and Sb in aerosols in the city center in late
March and early May compared to April (Gubanova et
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al., 2021). In LP2, compared with LP1, concentrations
of almost all PTEs, besides Zn, decreased by 10-99%.
Over the entire LP, compared to PL, the concentrations
of insoluble P and Pb in precipitation increased by 146%
and 112%, respectively. Simultaneously the concentra-
tions of W, Cu, and Co decreased by 50-70%; Sr, Ag, Bi,
Mn, S, Sc, Sb, Ba, and Ni by 35-50%; and of the remain-
ing PTEs by <35%. This indicates a less intensive PTEs
supply from intraurban sources: vehicle emissions and
blowing out of road dust particles due to sharply reduced
traffic, which is confirmed by TomTom data (TomTom
Traffic Index, 2020). In other cities, a decline in partic-
ulate matter concentrations in the atmosphere during the
lockdown was also determined by a decrease in trans-
port activity. In Lublin, Poland, its reduction by a factor
of five also reduced the doses of traffic-related PM1 and
PMj | particles inhaled by road users (Polednik, 2021).
In cities and regions of Spain, the decrease in PM1( con-
centrations was more significant than that of PM» 5 due
to a reduction in non-exhaust transport emissions and
construction/demolition dust (Querol et al., 2021). In the
Moscow precipitation, positive r values between [K™]
and insoluble PTEs (the effect of smoke advection) were
found only for P, Pb, and Cd and amounted to 0.56, 0.45,
and 0.25, respectively (Fig. S6).

An increase in the content of soluble PTEs and a de-
crease in insoluble ones led to a sharp increase in the
PTEs’ solubility during the lockdown (Fig. 7, Fig. S10),
especially for Ag (67%), P (45%), Mn, Pb, Sb, and As
(>15%). The irregular change in concentrations of PTEs’
forms in precipitation led to the fact that the PTEs’ sol-
ubility increased significantly in the first subperiod of
lockdown LP1, while this trend slowed down in the sec-
ond lockdown subperiod LP2.

After the lockdown, a record amount of precipitation
in 200 years of meteorological observations was reported,
which, despite the restoration of traffic load in Moscow,
led to the purification of the atmosphere from PTEs due to
the strong dilution. Thus, after the restrictions were lifted,
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the concentrations of soluble PTEs decreased by 17-97%
for all PTEs except for Cu (an increase of 65%) and Ti (an
increase of 23%). This may be associated with the sup-
ply of Cu and Ti from vehicles since both metals are used
in the brake pads (Adachi and Tainosho, 2004; Borawski,
2020). The effect of dilution is indicated by the negative
r between the amount of precipitation and the concentra-
tions of all soluble PTEs except for Ag (Fig. S6); the r
value is significant at p < 0.01 for S, Rb (—0.31), Sc, Ni,
Ba (—0.30), Cs (—0.28). The most significant increase in
the concentrations of soluble forms of PTEs in rains was
observed in AL2 at the end of June and July, even despite
a large amount of precipitation during that time. That is,
the washout by precipitation did not compensate for the
increase in PTEs supply from anthropogenic sources. Af-
ter the restrictions were lifted, the pollution recovery of
precipitation by PTEs occurred gradually, probably also
due to the time lag between the recovery of emissions on
the one hand and the level of atmospheric pollution by
aerosols on the other. In European countries, even a few
months after the end of the lockdown, NO» concentrations
in the air were 20% lower than the modeled ones, that is,
the recovery of air pollution levels after the lifting of re-
strictions occurred gradually (Solberg et al., 2021).

For insoluble forms of PTEs, the increase in con-
centrations started already in AL1, despite the intensive
washing out of solid particles from the atmosphere by
prolonged rains in the first half of June. In AL2, at the end
of June and July, the concentrations of insoluble PTEs in
precipitation continued to increase. In general, over the
period AL relative to LP, the concentrations of insoluble
As, Sb, Ni, Bi, Cs, and Mo, which are indicators of the
impact of industrial facilities and transport, increased the
most (>35%). At the same time, the concentrations of Cd
(by 58%), Pb (37%), P (32%), W (16%), and Zn (16%)
decreased, likely due to reduced emissions from subur-
ban waste burning and less frequent smoke advection.

All this led to the fact that the solubility of Ag and Mo
in AL decreased by 64% and 22%, respectively, while of
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Cu, Pb, Sr, and P increased by 12-21%; for the remaining
PTEs, the changes did not exceed 10%. The solubility of
most PTEs rapidly decreased almost immediately after
the restrictions were lifted due to an increase in the con-
centrations of insoluble forms in AL1 and significantly
increased again due to prolonged precipitation in AL2
(Fig. 7).

The high PTEs solubility in June—July and its general
increase from winter to summer is associated with a gen-
eral trend of a decrease in the precipitation pH from 6.6
in winter to 5.1-5.2 in the first half of summer (Table 1)
since lower pH promotes an accelerated PTEs transition
in precipitation from the insoluble form to the soluble one
(Kamani et al., 2014; Vlasov et al., 2021b). A particularly
strong influence of a pH decrease on the increase in PTEs
solubility in precipitation was revealed by significant r
values at p < 0.01 (Fig. S6) for Pb (-0.90), Fe, Cd, Cu,
Sb, Zn, Ba, Al (—0.50 to —0.66), as well as significant r
between the [HCO3™] in precipitation and the solubility
of Pb, Cd, Zn (—0.56 to —0.60).

3.3. Source identification and apportionment
3.3.1. Enrichment factors

The EF has been widely used as the first step to iden-
tify the relative contribution of crustal or anthropogen-
ic sources to certain chemical elements and compounds
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in atmospheric precipitation (Cable and Deng, 2018;
Keresztesi et al., 2019; Rivera-Rivera et al., 2020; Sa-
mayamanthula et al., 2021; Tian et al., 2020). Fig. 8
shows the EF of soluble and insoluble PTEs forms in
precipitation in PL, LP, and AL in Moscow in January—
July 2020.

Significantly higher EF values were obtained for sol-
uble forms than for insoluble ones. This may be due to
the fact that the PTEs are accumulated in higher quan-
tities in the finest particles, which may participate in
regional transport over hundreds of kilometers, contrib-
uting to the formation of precipitation as condensation
nuclei, and could also pass through filter pores during
filtration processes (Ponette-Gonzalez et al., 2018; Tri-
pathee et al., 2014). In addition, EF values of most ele-
ments in precipitation samples are higher than those of
totally dissolved in aerosol samples (Xu et al., 2022b),
which may be related to the higher solubility of PTEs
than reference elements (e.g., Al) in dilute acid. For in-
stance, similar greater enrichment with the soluble PTEs
compared to the insoluble ones was also observed in the
rainwater of Northern Jordan (Al-Momani et al., 2002).
In Moscow, this was especially pronounced for Sb, S,
Zn, Cd, Sr (average EF for periods for the soluble form
was 125-457 times higher), and Pb, As, Ba, Cu, Ag, Tl
(on average 38—84 times higher). Only for Tl, Cr, and Fe,
the differences in EF values between the two forms were
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Fig. 8. EF value foe soluble and insoluble PTEs forms in atmospheric precipitation in the studied periods in January—July 2020.
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insignificant (up to 1.7 times on average, Fig. 8). Sb, S,
Zn, Cd, Pb, Cu, Ag, Mo, W, Bi with EF' > 100 for soluble
forms and EF > 10 for insoluble ones had a certain an-
thropogenic origin on average over periods. In addition,
in soluble form, this group included P, Sr, and As. Solu-
ble Sc, Cr, Cs, Fe, Ti, and insoluble Sr and Tl came from
terrigenous sources. The remaining PTEs can be attrib-
uted to the group of mixed natural-anthropogenic origin.

During all three periods, soluble and insoluble forms of
Sb, Pb, Ag, Cd, S, Zn, Cu, Mo, and Bi with £F' > 100 and
EF > 10, respectively, were supplied from anthropogenic
sources. Before the lockdown, soluble As, Ba, Sr, W, and
insoluble W were supplied from anthropogenic sources.
After the restrictions were introduced due to the anthropo-
genic load reduction, the EF values for most soluble and
insoluble PTEs began to decrease. This continued even af-
ter the restrictions were lifted, probably due to the washing
out of pollutants from the atmosphere by heavy rains that
fell during this period and due to dilution. Only for soluble
Sb, Pb, Ag, and P and insoluble Pb, Cd, and P EF values
increased during lockdown due to the impact of suburban
waste burning, which was discussed earlier.

The most significant differences in the EF" values be-
tween all three studied periods were characteristic of the
soluble PTEs forms. Thus, the largest EF for the majority
of soluble elements was calculated for the period before
the lockdown, and the smallest — after the restrictions
were lifted (Fig. 8). This indicates a more significant
change in the supply of ultrafine aerosols from anthro-
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pogenic sources as a result of lockdown measures and
greater dependence of soluble PTEs concentrations on
changes in rain parameters (frequency, intensity, length
of the dry period between rains, etc.) from episode to ep-
isode (Vlasov et al., 2021a). Thus, the chemical composi-
tion of solid particles washed out from the atmosphere by
precipitation is more stable and changes less significantly
with a decrease in anthropogenic activity.

3.3.2. Principal component analysis

For potential sources of PTEs identification Principal
Component Analysis (PCA) was used. For soluble forms
of PTEs, four Principal Components (PC) that explained
74.0% of the total variance were defined (Table 2).

PC1 is responsible for 50.4% of the variance and has
high factor loadings (> 0.5) for P, Ti, Cd, As, Co, S, Mn,
and Rb with correlation coefficients of 0.45-0.86 (Fig.
S6). P, As, Cd, Rb, and S could derive from waste, fuel,
and biomass combustion (Bozkurt et al., 2018; Hu et al.,
2015; Lun et al., 2018). Ti, Cd, Co, and S may also come
from non-exhaust vehicle emissions, e.g., during tire wear
and road surface abrasion (Alves et al., 2020; Zannoni et
al., 2016). High S concentrations may also indicate long-
range transport of secondary inorganic aerosol (Cao et
al., 2017), which is confirmed by the high r between the
content of S and [NH4"] in precipitation, equal to 0.78
(Fig. S6). Thus, PC1 was indicated as the influence of
waste and fuel combustion, and vehicle emissions.

Table 2. Varimax-rotated component matrix following principal component analysis of the soluble fraction of PTEs in
precipitation in Moscow (loadings >0.5 are highlighted in bold).

PTEs Rotated component number

PC1 PC2 PC3 PC4
Al 0.114 0.927 0.130 0.155
P 0.967 0.031 0.111 -0.013
S 0.647 0.131 0.523 0.380
Sc 0.099 0.250 0.588 0.555
Ti 0.805 0.421 0.027 0.124
Cr 0.265 0.433 0.613 0.074
Mn 0.522 0.487 0.528 0.236
Fe 0.180 0.889 0.136 0.093
Co 0.682 0.277 0.537 0.082
Ni 0.384 0.482 0.624 0.219
Cu 0.200 0.646 0.122 0.133
Zn 0.083 0.510 -0.017 0.330
As 0.676 0.327 0.376 0.219
Rb 0.502 0.101 0.259 0.536
Sr 0.113 0.648 0.333 0.215
Mo 0.124 0.026 0.720 0.235
Cd 0.778 0.120 0.073 0.376
Sb 0.432 0.694 0.426 0.111
Cs 0.166 0.235 0.297 0.826
Ba 0.139 0.767 0.343 0.250
w 0.090 0.037 0.728 0.156
Tl 0.246 0.211 0.264 0.842
Pb 0.050 0.746 -0.063 —0.081
Bi 0.451 0.630 0.226 0.360
Eigenvalue 12.1 2.7 1.8 1.2
Variance explained, % 50.4 11.1 7.6 4.8
Estimated source Waste and fuel combustion, vehicle emissions Road dust and non-exhaust emissions, soils Industrial Mineral
Source contribution, % 41.8 19.7 22.3 16.2

Silver was not considered due to a large number of samples with concentrations below the detection limit. Source contribution was deter-

mined using PCA-MLR.
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PC2 explains 11.1% of the total variance and has high
factor loadings Al, Fe, Ba, Pb, Sb, Cu, Sr, Bi, and Zn
with correlation coefficients of 0.23—0.92. The least pro-
nounced relations were found between Zn and Pb with
other PTEs. Such a range of elements indicates the brake
pads abrasion (Grigoratos and Martini, 2015; Pant and
Harrison, 2013) with the accumulation of Sb, Cu, Ba, Pb,
Zn, and Bi in road dust and its individual particle size
fractions in Moscow (Bykova et al., 2021; Ermolin et al.,
2018; Kasimov et al., 2020; Vlasov et al., 2021¢, Vlasov
et al., 2022). Fe and Sr can originate from terrigenous
sources — soils and rocks (Morera-Gomez et al., 2020;
Ramirez et al., 2019; Shinkareva et al., 2022), as well as
Al, which is often used in EF calculations as a reference
element (Mirzaei et al., 2018; Orlovi¢-Leko et al., 2020;
Vodyanitskii and Vlasov, 2021). Thus, PC2 was identi-
fied as a factor indicating the input of road dust, soils and
non-exhaust vehicle emissions.

PC3 explains 7.6% of the total variance and has high
factor loadings W, Mo, Ni, Cr, Sc, Co, Mn, and S with cor-
relation coefficients of 0.33-0.85. The least pronounced
relations were found between W and Mo with the rest el-
ements. Most PTEs can come from industrial enterprises,
especially metalworking production and mechanical engi-
neering (Bozkurt et al., 2018; Zheng et al., 2018), which
are important sources of environmental pollution in Mos-
cow (Bityukova and Saulskaya, 2017). This is confirmed
by the accumulation of W, Mo, and S in the snow cover in
the city west (Vlasov et al., 2020). Alloy steel processing
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enterprises, mechanical wear of chrome steel, and galvan-
ic industries can also supply Cr, Ni, and Co (Bozkurt et
al., 2018; Okuda et al., 2007). In Moscow, we previously
found high correlations between Cr and Ni in road dust
and its PM1q fraction (0.72 and 0.86, respectively), in the
insoluble and soluble forms of snow in the city west (0.96
and 0.82, respectively), and in the insoluble and soluble
forms of spring rains at the MO MSU (0.99 and 0.98, re-
spectively), amounting to 0.66 in 2020 (Fig. S6). This fact
indicates the common input of these elements into the at-
mosphere in different seasons (Vlasov et al., 2020, Vlasov
et al., 2021b, Vlasov et al., 2021c). PC3 was indicated as
the influence of industrial sources.

PC4 is responsible for 4.8% of the total variance and
has high factor loadings for T, Cs, Sc, and Rb with cor-
relation coefficients of 0.42-0.88. EF for T, Cs, Sc, and
Rb does not exceed 20 in LP, and AL and 40 in PL, indi-
cating the terrigenous sources input. Thus, T1 is included
in sulfide minerals (pyrite, sphalerite, marcassite, etc.),
feldspars, and micas in which it can be found in high
concentrations due to similar ionic radius with K and
Rb (Liu et al., 2019). Cs, Rb, and Sc are also present in
feldspars and other soil minerals (Kabata-Pendias, 2011).
Thus PC4 was identified as a mineral source.

For insoluble forms of PTEs in the precipitation of
Moscow, five PCs were identified, which account in total
for 79.3% of the total variance (Table 3).

PC1 explains 43.8% of the total variance and has high
factor loadings for Ba, W, Sr, Co, Mn, Cu, Ti, Fe, and

Table 3. Varimax-rotated component matrix following principal component analysis of the insoluble fraction of PTEs in
precipitation in Moscow (loadings >0.5 are highlighted in bold).

PTEs Rotated component number

PC1 PC2 PC3 PC4 PC5
Al 0.519 0.096 0.828 —-0.078 0.025
P —0.390 0.088 —0.063 0.783 0.120
S 0.206 0.818 0.204 0.318 0.049
Sc 0.351 0.155 0.447 —0.100 —0.318
Ti 0.758 0.275 0.495 -0.062 0.078
Cr —-0.018 0.922 0.112 0.054 -0.054
Mn 0.836 0.204 0.385 —-0.063 —0.032
Fe 0.716 0.186 0.576 —0.128 0.170
Co 0.860 0.201 0.243 —-0.049 0.011
Ni 0.052 0.860 —0.004 —0.081 —0.011
Cu 0.781 0.435 0.061 0.236 0.099
Zn 0.403 0.396 —0.068 0.449 —0.281
Rb 0.186 0.224 0.910 —-0.024 0.009
Sr 0.874 0.045 0.305 -0.075 0.005
Mo 0.404 0.773 0.096 —0.084 0.166
Ag 0.231 0.772 —0.033 0.120 0.188
Cd 0.393 0.162 -0.075 0.699 —-0.161
Sb 0.240 0.311 0.120 —0.011 0.735
Cs 0.237 0.694 0.555 0.187 0.058
Ba 0.878 0.001 0.172 0.029 -0.009
W 0.878 0.190 0.028 —0.041 —0.005
Tl 0.162 —0.106 0.882 0.064 0.190
Pb —0.295 —0.046 0.153 0.629 0.500
Bi 0.470 0.367 0.229 0.166 0.239
Eigenvalue 10.5 3.6 22 1.7 1.0
Variance explained, % 43.8 15.0 9.2 7.0 43
Estimated source Vehicle emissions, road dust, construction dust Industrial Soils, mineral =~ Waste combustion Brake pads
Source contribution, % 342 18.6 38.8 2.3 6.1

Arsenic was not considered due to a large number of samples with concentrations below the detection limit. Source contribution was deter-

mined using PCA-MLR.
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Al, with correlation coefficients of 0.47-0.92 (Fig. S6).
The most likely sources of Cu, Ti, W, Ba, Fe, and Al are
non-exhaust vehicle emissions and blowing out of road
dust particles (Ramirez et al., 2019; Srimuruganandam
and Shiva Nagendra, 2012) and the accumulation of these
particles in urban canyons (Kosheleva et al., 2022). Sr
and Ba input is associated with the emission of construc-
tion and demolition carbonate (Amato et al., 2014). Thus,
PC1 was indicated as the influence of vehicle emissions,
road dust, and construction dust.

PC2, explaining 15.0% of the total variance, is indi-
cated as industrial emissions input, as PC2 has high fac-
tor loadings for Cr, Ni, S, Mo, Ag, and Cs with correla-
tion coefficients of 0.51-0.87 (Fig. S6).

PC3 is responsible for 9.2% of the total variance and
is associated with the input of PTEs with mineral and soil
particles since it has high factor loadings for Rb, T1, Al, Fe,
and Cs with correlation coefficients of 0.45-0.88 (Fig. S6).

PC4 accounts for 7.0% of the total variance and has
high factor loadings for P, Cd, and Pb, likely originat-
ed from waste combustion. A fairly high r among these
PTEs was found between the P and Pb (0.64); P and Cd
(0.31); as well as Cd and Pb (0.12). It was reported that
during waste combustion, Pb can also be supplied to the
atmosphere in addition to P and Cd (Li et al., 2019).

PC5, accounting for 4.3% of the total variance, has
a strong positive correlation with Sb and Pb, which can
be indicators of car brake pad wear (Ozaki et al., 2021).
After the ban on ethylated gasoline in many countries,
brakes and road surface markings became the most im-
portant source of Pb in vehicle emissions (Aguilera et al.,
2021; Bourliva et al., 2018).

3.3.3. PCA-MLR receptor model

Multiple linear regression analysis of the sum concen-
tration of all measured soluble and insoluble PTEs was
performed by selecting the PCA factor scores as the inde-
pendent variables to determine the mass apportionment
of the four principal components in the soluble phase and
five principal components of the insoluble phase in pre-
cipitation samples.

For soluble PTEs, the resulting equation was as fol-
lows:

2ZCsol =0.752 % FSl +0.354 x FS2 +0.401 x FS3 +
0.292 x F'S4 (R?=0.936).

By expanding %ZCsol and rearranging terms, the mul-
tiple linear regression equation becomes: Y Cg,; = 0.752
X 0y Cyor X FS1 +0.354 % 3 Csp ¥ FS2 + 0.401 % 65y,
X FS3+0.292 X 65¢y, % 1S4 + meany ¢, , Where 6y¢y,
was 947 pg/L, and meany ¢, was 968 ug/L.

For insoluble PTEs, the resulting equation was as fol-
lowAs:

Zsc,,; = 0.610 x FS1+0.331 x FS; +0.693 x FiS3 +
0.041 x FS4+0.110 x FSs (R?=0.976).

By expanding Zyc, = and rearranging terms, the mul-
tiple linear regression equation becomes:

2 Cins = 0.610 X 65,0 % FS1 +0.331 X 6505 X FS2
+0.693 X oy X FS3+0.041 X050y, X FS4+0.110 %
Oy Cins % F'S5 + meany ¢,

QOO OO OO OO OO OO O OO OO OO OO OO OO O OO OO OO O OO OO OO0 O OO0 OO0 OO0 O OO OO OO O OO0 OO OO0 O OO OO0 OO0 O OO OO0 OO0

where oy(;,, was 26,696 pg/g, and meanyc;,, was
90,077 pg/g.

The PCA-MLR results showed that the average per-
centage contribution of the soluble PTEs content in Mos-
cow precipitation over the entire study period was 41.8%
for waste and fuel combustion and vehicle emissions;
22.3% for industrial emissions; 19.7% for road dust and
non-exhaust emissions, and soil particles resuspension;
and 16.2% for the mineral source (Table 2). For insolu-
ble PTEs, the results slightly differ: 38.8% for soil par-
ticles resuspension and mineral source; 34.2% for vehi-
cle emissions, road dust resuspension, and construction
dust; 18.6% for industrial emissions; 6.1% for brake pads
abrasion; and 2.3% for waste combustion (Table 3).

In Figs. 9, S11, and S12, the time series of the to-
tal concentrations of soluble (3.Cs,) and insoluble
(3.Cjys) PTEs forms coming from distinguished sources
are shown, as well as the contribution of each source to
> Cso1 and Y Cj,s in each precipitation sample.

The results showed that PCA-MLR gives a more ac-
curate estimate of the sources’ contributions to the con-
tent of insoluble PTEs forms compared to soluble ones:
for the latter, modeling showed a negative contribution
(which is physically impossible) of PC1 to the content of
PTEs in 7% of individual samples of atmospheric precip-
itation, of PC2 — in 13%, of PC3 — in 20%, of PC4 — in
25%. For insoluble forms, a negative contribution was
obtained only for PC3 (3.5%), PC4 (3.5%), and PC5
(2.3%). PCA’s ability to generate negative source contri-
butions and inability to effectively model extreme data are
known concerns (Larsen and Baker, 2003). Therefore, in
Figs. 9, S11, and S12 for separate precipitation episodes,
the sum of percentage contributions in Y Cyy; and Y Ciy
is <100% due to excluding negative source contributions
in the calculations. A significant change in the sources’
contributions to precipitation pollution in Moscow dur-
ing and after the lockdown was found (Fig. 9).

For soluble PTEs, the contribution of industrial emis-
sions sharply decreased in LP2, that is, after the end of
the heating season. In PL, the contribution of this source
was 38% in PL1 and 66% in PL2, reaching 40% in LP1
and decreasing to 6% in LP2. Immediately after the re-
strictions were lifted, the contribution of industrial emis-
sions amounted to 7%, decreasing to almost zero in AL2.
In LP2, when the population activity began to increase,
the contribution of road dust and non-exhaust emissions,
as well as soil particles resuspension began to restore,
amounting to 8-15% in PL1, PL2, and LPI, rising to
17% in LP2 and sharply increasing to 28-30% after re-
strictions were lifted. This is due not only to an increase
in the traffic load but also to the intensification of blow-
ing out of dust particles from the road surface, especially
in the second half of July. At this time, after intensive
precipitation of up to 41 mm in early summer, moderate
rains of 0.7-8.5 mm occurred. The recovery of transport
activity after the lockdown was reflected in the growth of
the contribution of waste and fuel combustion and vehi-
cle emissions. Specifically, in PL1, PL2, and LP1, a such
contribution was 24-37%, increasing in LP2 to 58%, and
after the lifting of restrictions, it amounted to 56—65%.
It is crucial that in LP1, despite a slight change in the
relative contribution of waste and fuel combustion and
vehicle emissions, there was a sharp increase in PTEs
concentrations coming from these sources. This was also
confirmed by the overlap of the [C1"] and [K™] concen-
tration peaks with the concentration of PTEs coming
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Fig. 9. The contribution of the factors distinguished using PCA to the total concentrations of soluble PTEs forms and the total
concentrations of insoluble PTEs forms in the precipitation of Moscow during the studied subperiods in January—July
2020 estimated using MLR. The upper graphs show the absolute contribution to the concentrations; the lower ones
show the percentage (normalized by the sum of the contributions of the sources) contribution to the concentrations.
The PTE concentrations in the studied subperiods are presented as volume-weighted means.

from the waste and fuel combustion and vehicle emis-
sions factor on April 24 and 29, May 12—14 and 19, and
also on July 2 (Fig. S13). In June—July, the [C]"] and [K™]
peaks were most likely associated with the influence of
road dust and non-exhaust emissions, as well as soil par-
ticles resuspension, while in the first half of April, with
the industrial factor (Fig. S13). The PTEs concentrations
associated with the mineral source sharply decreased by
a factor of 2—6.5 in AL1 compared to the other periods
due to a large amount of precipitation, which contributed
significantly to dilution.

For insoluble PTEs, the most significant differences
in the sources’ contribution between the studied periods
were defined for vehicle emissions, road dust resuspen-
sion, and construction dust. Concentrations of PTEs,
coming from this mixed source, gradually decreased
from 39-46% in PL to 27% in LP and AL1 and contin-
ued to decrease to 21% in AL2. This change is associated
with a decrease in traffic activity and the suspension of
work at many construction sites due to the lockdown. Af-
ter the restrictions were lifted, the contribution of vehicle
emissions, road dust resuspension, and construction dust
did not recover due to the rapid washing out of partic-
ulate matter from the atmosphere during heavy precip-
itation. Moistened soils also prevented the blowing out
of particles from their surface. This was reflected in a
decrease in the contribution of soil particles resuspension
and mineral source: in PL in winter and in March, the
contribution of this source was 28-39%, increasing in

LPI1 to 46%, and decreasing in LP2 to 42% and in AL1
to 33%. In AL2, after heavy rains subsided, the contri-
bution of soil particle resuspension and mineral source
increased to 52%. At the same time, the percentage con-
tribution of brake pads abrasion and waste combustion to
the precipitation contamination with insoluble PTEs was
insignificant and changed slightly in the studied periods,
amounting to 4-9% and 2-4%, respectively.

During the studied subperiods, the concentrations
of insoluble PTEs coming from industrial emissions
changed insignificantly and averaged 13,900-18,200
pg/g. However, in relative terms, this source contribution
increased from 15-18% in PL and LP1 to 23% in LP2
and 28% in AL1, which is associated with a decrease in
the concentrations of PTEs coming from other sources.
That is, the contribution of industrial emissions to precip-
itation pollution with soluble PTEs decreased as restric-
tions were introduced and dropped to almost zero after
the end of the heating season, while the lockdown and
the end of the heating season had almost no effect on the
concentrations of insoluble PTEs.

4. CONCLUSIONS

The first data on the impact of the COVID-19 lock-
down on changes in the physicochemical properties,
ionic composition, content, and ratio of PTEs forms in
precipitation in Moscow have been obtained. The dual
nature of the lockdown impact on the composition of pre-
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cipitation has been revealed. On the one hand, the con-
tent of the most soluble and insoluble PTEs decreased
by 10-99% and 9—61%, respectively, which is consistent
with the decreasing air pollution levels observed in other
cities during the lockdown. On the other hand, the burn-
ing of wood, coal, waste and agricultural residues in the
suburbs typical for Moscow contributed to an increase in
precipitation pollution with PTEs during the lockdown,
especially with soluble P, Ag, Pb, Sb, As, Cd, [CI"], [K*],
and insoluble P, Pb, Cd. Smoke air advections to the city
also exacerbated the precipitation pollution, which is
confirmed by the growth of the ratios [SO427]/[NO37],
[CI")/[NO37], [CI"]/[SO427], and [CI"]/[K*]. Due to the
time lag between the increase in atmospheric pollution
and the washing out of aerosols by precipitation, the re-
covery of the PTEs level in precipitation occurred gradu-
ally after the restrictions were lifted.

Our research during the lockdown made it possible
to show that the chemical composition and the sources’
contribution to the PTEs content in solid particles in pre-
cipitation are more stable and change less significantly
with a decrease in anthropogenic activity in contrast to
the soluble precipitation phase. The greatest changes in
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the contribution of sources were established in the second
stage of the lockdown and after the lockdown, when the
contribution of industrial sources to the content of solu-
ble PTEs sharply decreased (from 38-66% to 6%) due
to the increased contribution of road dust and non-ex-
haust emissions, and soil particles resuspension (from
8—-15% to 17-30%), waste and fuel combustion and ve-
hicle emissions (from 24-37% to 56-65%). For insolu-
ble PTEs, the most significant differences in the sources’
contribution were defined for vehicle emissions, road
dust resuspension, and construction dust, which input de-
creased from winter to summer due to the lockdown and
a large amount of precipitation in late May—June.

These results can be helpful in studying the effect of
anthropogenic load variability on precipitation pollution
by PTEs in megacities to define the factors influencing
the ratio of PTEs forms and their potential hazard to the
urban population. Unlike other cities, in Moscow in the
first half of 2020, the lockdown overlapped with an un-
precedented amount of precipitation, which requires fur-
ther investigation of the chemical composition of precip-
itation and aerosols in similar time periods in subsequent
years.
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Dissolved and suspended forms of metals and metalloids in snow cover
of megacity: partitioning and deposition rates in western Moscow*

1. INTRODUCTION

Urban air pollution with particulate matter is a rec-
ognized environmental problem, especially relevant for
megacities. Contaminated air is responsible for about
80% of premature deaths; it causes ischaemic heart dis-
ease, stroke, chronic obstructive pulmonary disease, and
lung cancer [1], and increases the risk of adenocarcino-
mas [2]. Increased concentrations of particulate matter
with high proportions of metals and metalloids (MMs)
affect the external respiratory function of citizens, espe-
cially of asthma patients [3].

Due to its long occurrence and ability to accumulate
pollutants over the entire cold period of the year, snow
cover is a natural, informative, and convenient com-
ponent indicating air pollution with particulate matter
and MMs in northern cities [4—7]. Snow pollution with
MMs correlates well with the overall Air Quality Index
(AQI) and the level of atmospheric pollution with PMy
and PM 5 [8]. In comparison to rains, snow more ef-
fectively absorbs pollutants and washes them out of the
atmosphere due to the higher surface area and porosity
of snowflakes compared to raindrops [9]. The intensity
of snow cover pollution is determined from the mass
of MMs entering soils and surface waters during snow
melting. MMs in liquid (dissolved or soluble) form could
be included into the biogeochemical cycle, while solid
(suspended or insoluble) forms of MMs accumulate in
surface horizons of urban soils and road dust [10-12].
The ratio of these forms of MMs and its variations are
also frequently used informative indicators of different
types of pollution sources [13—16]. In recent studies on
snow cover pollution, special attention has been paid to
the chemical composition of accumulated particulate
matter and the determination of its mass [4,17-22].

Major sources of pollutants in the snow cover of cities
are emissions of vehicles, industries and the fuel and en-
ergy complex, as well as de-icing salts (DISs). High level
of snow cover pollution along roads is caused by reduced
efficiency of automobile engines when air temperatures
are below zero [23,24]. The most often used chemical
DISs are chlorides and carbonates of Na, Ca, Mg, and K,
as well as organic compounds, glycols and other alco-
hols, etc. [25,26]. However, the most commonly applied
NaCl causes salinization and solonetzicity of soils, sup-
presses urban vegetation, and increases salinity of water
bodies [27-31]. During snow melting, chloride meltwa-
ter increases the mobility of many metals contained in
soil particles and their environmental hazard, probably
due to the formation of MMs chlorides [32-34].

Moscow is the largest megacity in Europe, with more
than 12.6 million citizens, and more than 17 million peo-
ple inhabiting the agglomeration. As in many other large
cities the main source of anthropogenic impact on the en-
vironment is motor transport, generating about 93% of

the total emissions to the atmosphere. Heat and power
stations and the oil refinery are responsible for the major-
ity of stationary source emissions [35]. In spite of active
deindustrialization since the 1990s, industrial zones still
occupy about 17% of the city area, thus reducing the con-
nectivity of road network and leading to excessive motor
traffic and higher release of pollutants [36,37].

The studies of snow cover pollution in certain admin-
istrative okrugs and districts of Moscow and the Mos-
cow Oblast are quite numerous [29,30,38-50]. However,
most of the studies did not consider the ratio of MMs
forms (i.e., MMs partitioning) and its change under an-
thropogenic impact; nor did they include comprehensive
assessment of snow cover pollution with MMs near roads
of different types. It is therefore necessary to collect and
constantly update data about geochemical pressure on ur-
ban landscapes, especially in the traffic zone.

The western part of Moscow is considered to be less
polluted with industrial emissions due to predominant
westerlies and the concentration of large industrial zones in
the eastern and southeastern sectors of the city, where they
produce about 2/3 of the total industrial emissions [36].
Therefore, the Western Administrative Okrug (WAO),
with a population of 1.4 million and with about 2800 cars
per 1 km? was chosen to assess the vehicles” impact on
MMs accumulation in snow [35]. Our main objective is to
assess anthropogenically-induced changes in the chemical
composition of snow cover in the traffic zone of the WAO.
The aims of this study were the following: (1) identifi-
cation of changes in macro-component composition and
physical-chemical properties of the snow meltwater in the
WAO relative to the background territory; (2) determina-
tion of snow cover contamination by dissolved and sus-
pended forms of MMs near roads and at car parking lots in
the yards of residential buildings; (3) analysis of the ratio
of MMs forms in the snow cover of the traffic zone; (4) as-
sessment of the atmospheric deposition rates of pollutants
along the roads and potential anthropogenic load on the
urban landscapes of WAO during snow melting.

2. MATERIALS AND METHODS
2.1. Study area and snow sampling

Southerly and westerly winds prevail in Moscow dur-
ing the year, resulting in the regional transfer of pollut-
ants in the north and east directions; the repeatability of
easterly winds is also high [51]. Moreover, Moscow is a
“heat island”, created by burning the great amount of fuel
from the end of September to the second half of April
[52]. The resulting upward air currents in the city center
promote the inflow of relatively clean air from suburban
territories to the city. This contributes to self-purifica-
tion of the atmospheric air and, consequently, diminishes
snow cover pollution [53].
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Figure 1. Snow cover sampling sites in the western part of Moscow (March 2018). Industrial zones:
A-Fili, B-Western Port, C—Berezhkovskaya Embankment, D—Kuntsevo, E-Severnoye Ocha-

kovo, F-Yuzhnoye Ochakovo.

Large highways and interchanges (Moscow Ring
Road-MRR, Rublevskoye and Mozhaiskoye highways,
Kutuzovskiy and Michurinskiy avenues, etc.) are the
main sources of anthropogenic impact in WAO. There
are also six industrial zones within its territory: Fili (Fig-
ure 1, letter (A)), Western Port (B), Berezhkovskaya
Embankment (C), Kuntsevo (D), Severnoye Ochakovo
(E), and Yuzhnoye Ochakovo (F), which include heat
and power stations No. 25 (Severnoye Ochakovo indus-
trial zone) and No. 12 (Berezhkovskaya Embankment
industrial zone), metal-fabricating enterprises, electrical
equipment production, enterprises of rubber, chemical,
light and food industries (Figure 1).

Geochemical survey of snow cover was carried out
in mid-March 2018 in maximum snow cover thickness.
Due to frequent thawing weather in winter of 2017-2018,
permanent snow cover was formed only at the end of the
first decade of January 2018. The thickness of snow cover
in WAO differed only slightly from the long-term mean
values (3545 cm) [51,54] and averaged 42—-50 cm near
roads, increasing to 55—65 cm (averaged 61 cm) within the
background areas. It is known that MMs concentrations
in the surface layer of snow cover are usually lower than
in the underlying layers [12]. To avoid underestimation of
snow cover pollution, snow samples were taken along the
full depth of undisturbed snow cover. In total, 26 mixed
samples were taken within the territory of WAO (Fig-

ure 1), each consisting of 10—15 individual samples taken
at a distance of 3—5 m by plastic pipe with the cross-sec-
tion area of 20 cm? (one plastic pipe corresponded to one
snow core, i.e., snow column) along the following roads:
the MRR (3 sites), highways with four lanes in one direc-
tion (4 sites), large roads with three lanes in one direction
(4 sites), medium roads with two lanes in one direction
(5 sites), and small roads with one lane in one direction
(5 sites). The yards of residential buildings with car park-
ing lots (four sites) and the Meteorological Observatory
of the Lomonosov Moscow State University (MO MSU)
were also sampled. The background area was chosen to
be sufficiently distant from the city to avoid its polluting
influence. Thus, three sampling sites were selected more
than 120 km west of Moscow in the Mozhaisk and Vo-
lokolamsk districts of the Moscow Oblast.

2.2. Laboratory analysis and data processing

Snow cover samples were melted in the laboratory at
20-22 °C. The main physicochemical characteristics of
meltwater were determined at the Ecological and Geo-
chemical Center of the Lomonosov Moscow State Uni-
versity, Faculty of Geography. The pH of the resulting
solution was measured using the potentiometric method
with the pHMeter “SevenCompact S220” (Mettler Tole-
do, Greifensee, Switzerland; accuracy: +£0.002). Filtra-
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tion through membrane filters with pore diameter of 0.45
um (EMD Millipore, Burlington, MA, USA) was ap-
plied to isolate filtrate with dissolved (or soluble) forms
of MMs and particles on the filter with suspended (or
insoluble) forms. Filters with pore diameter of 0.45 pm
are widely used to separate the dissolved and suspended
forms of MMs when studying the composition of snow
cover, rainfall runoff, or river waters [8,16,55,56].

The anionic composition of filtrate (SO42~, CI,
NO37) was determined using the “Stayer” liquid ion
chromatograph (Akvilon, Moscow, Russia); and the
cationic composition (Ca*, Mg*, K*, Na’) using the
atomic absorption spectrometer with flame atomization
"novAA-400“ (Analytik-Jena AG, Jena, Germany). The
detection limits for cations and anions were calculated at
95% confidence level for three parallel measurements of
the sample and blank measurements. For SO4>" and Na™,
they are 0.04 mg/L, for Ca’>* and K* — 0.03 mg/L, for
Cl, NO*, and Mg*" — 0.02 mg/L. The concentration of
HCO? ions was calculated as the difference between the
sums of cations and anions equivalents. In aerosol chem-
istry, the ammonium plays a significant role in chemical
processes, including the formation of secondary ammo-
nium sulfate and ammonium nitrate fine inorganic aer-
osols [57]. However, previous studies on the chemical
composition of snow in Moscow showed that the ammo-
nium in urban snow is about 5%-eq. from the amount
of cations [58]. That is, the ammonium does not play a
significant role in the balance of cations in Moscow snow
meltwater. Therefore, the concentrations of ammonium
in snow cover of WAO were not measured.

The content of solid particles in snow meltwater (X,
mg/L) was estimated (Equation (1)) based on the mass of
suspension on the filter m (mg), weighed on an analytical
balance “Discovery DV114C” (Ohaus, Greifensee, Swit-
zerland; repeatability: 0.1 mg):

X=m/V,

where V' is the amount of meltwater (L).

Concentrations of dissolved and suspended forms
of Al, As, Ba, Bi, Ca, Cd, Co, Cr, Cu, Fe, K, Mg, Mn,
Mo, Na, Ni, Pb, Rb, Sb, Sn, Sr, Ti, V, W, and Zn were
measured at the laboratory of the N.M. Fedorovsky
All-Russian Research Institute of Mineral Raw Mate-
rials (VIMS) by ICP-MS and ICP-AES methods using
the “iCAP Qc” mass spectrometer (Thermo Fisher Sci-
entific, Waltham, MA, USA) and the “Optima-4300DV”
atomic emission spectrometer (Perkin Elmer, Waltham,
MA, USA) according to the certified methods [59,60].
The VIMS laboratory is accredited to the Analytics in-
ternational accreditation system (AAS.A.00255) and
the national accreditation system (RA.RU.21TTI11); it
meets the requirements of the International Standards
ISO Guide 34:2009, ISO/IEC 17025:2017, and ISO/
IEC 17043:2010. The VIMS laboratory is also accred-
ited to certificate measurement techniques and provide
metrological examination in Russian Federation (accred-
itation certificate No. 01.00115-2013). The analysis was
conducted using replicates, method blanks, field blanks,
and standard reference materials in order to maintain the
standard quality. For dissolved MMs, the detection limit
(DL),which is defined as three times the standard devi-
ation of replicate blank measurements, were as (ug/L):
Na, 18; Mg, 100; Al, 0.57; K, 100; Ca, 19; Ti 0.55; V,
0.4; Cr, 1.0; Mn, 0.33; Fe, 0.53; Co, 0.034; Ni, 3.4; Cu,
0.32; Zn, 0.23; As, 0.10; Rb, 0.005; Sr, 0.02; Mo, 0.05;
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Cd, 0.004; Sn, 0.01; Sb, 0.007; Ba, 0.01; W, 0.03; Pb,
0.05; Bi, 0.002. For suspended MMs the DL were as
(ug/L): Na, 16; Mg, 2.2; Al, 22; K, 9.1; Ca, 25; Ti, 1.6;
V, 0.12; Cr, 0.38; Mn, 0.18; Fe, 8.6; Co, 0.01; Ni, 0.29;
Cu, 0.52; Zn, 1.0; As, 0.02; Rb, 0.01; Sr, 0.12; Mo, 0.009;
Cd, 0.001; Sn, 0.08; Sb, 0.005; Ba, 0.31; W, 0.05; Pb,
0.6; Bi, 0.003.

Snow cover contamination with dissolved and sus-
pended forms of MMs was evaluated (Equation (2)) us-
ing the contamination factor (CF):

CF = Curb/Ch )

where Curb and Ch are MMs concentrations in snow
cover in the city and in the background area, respectively
(ng/L).

The mass of each MMs coming to the Earth’s surface
from the atmosphere (ng/m? per day), that is, the deposi-
tion rates of suspended and dissolved MMs were calcu-
lated (Equations (3) and (4)):

Durb = Curb - P/t 3)
Db =Cb - P/t 4)

where Durb and Db are deposition rates in the city and in
the background area, respectively (ug/m? per day); P is
the water supply in snow cover (L/m?); t is the number of
days of snow cover occurrence (61-63 days depending
on the date of snow sampling).

Water supply in snow cover was calculated according
to Equation (5) below:

P=V/a-t-S) (5)

where a is the number of plastic pipes with snow (i.e.,
snow columns or snow cores) collected at the site; S is
the area of the plastic pipe cross-section, m?.

The dust deposition rate was estimated as (Equation
(6)):

Pn=m/a-t-S). (6)

The intensity of anthropogenic pressure was deter-
mined (Equation (7)) as the excess of an element deposi-
tion rate on the studied urban area over its deposition rate
on the background area:

DF = Durb/Db. (7)

Comprehensive assessment of snow cover pollution
with dissolved and suspended MMs was obtained by
calculating the total contamination factor of snow (7CF,
Equation (8)) and the total excess of MMs deposition
rates in the city above the background (7DF, Equation
9)):

TCF=Y CF—(n—1), (8)

TDF =YDF —(n— 1), (9)

where n is the number of chemical elements with CF or
DF > 1; when calculating 7CF and TDF, only CF and
DF > 1 are summed [61,62]. The environmental hazard
of MMs snow pollution was determined in line with the
TCF gradations adopted in Russia: <32-low, non-dan-
gerous, 32—64—-medium, moderately dangerous, 64—128—
high, dangerous, 128-256—very high, very dangerous,
>256-maximum, extremely dangerous [61,62].

The spatial distribution patterns of the TCF and TDF
totals were evaluated in the ArcGIS software package
(Esri, Redlands, CA, USA). Cluster analysis to separate
stable paragenetic associations of MMs was performed
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by the Complete Linkage method in the STATISTICA 8
software (Statsoft/Dell, Tulsa, OK, USA) with a meas-
ure of similarity d = 1-Person r and amalgamation rule
Complete Linkage. The significance of Pearson correla-
tion coefficients  and Spearman correlation coefficients
ry was checked against the t-criterion at p < 0.05.

3. RESULTS AND DISCUSSION

3.1. Physicochemical properties and
macrocomposition of snow meltwater

Background snow waters in the western part of Mos-
cow are slightly acidic (pH 5.6), with low mineralization
(6.4 mg/L); the ionic composition of water is calcium
bicarbonate (Table 1). The obtained data correlates with
the findings of physicochemical properties of snow in
Moscow suburbs [40,58,63]. The concentration of sol-
id particles in snow water in background conditions is
low (about 9 mg/L), while the intensity of daily dust load
(9 mg/m? per day) corresponds to the average level for
background non-urbanized areas in the East European
Plain (about 10 mg/m? per day) [61].

pH value is an integral indicator of acidifying and al-
kalizing compounds’ ratio and reflects the influence of these
compounds on the carbonatic equilibrium. According to
2018 data, the pH value of contaminated snow meltwater
in WAO ranged from 7.3 to 8.8 with an average of 8.1; that
is, the alkalization of snow cover in the city is intensive and
exceeds the background by 2.5 pH units. The highest pH
values 7.6-8.8 are common for roads; with an average pH
of 8.2, the alkalization of meltwater decreases in the fol-
lowing sequence of roads: large (8.6) > highways (8.4) >
medium (8.2) > small and the MRR (8.0). The rising pH
value of snow meltwater with an increase in traffic intensity
was also recorded in Lahti, Finland [55]. The intensity of al-
kalization in WAO is lower in the yards of residential build-
ings with car parking lots—the average pH of snow meltwa-
ter is 7.4 with slight variations from 7.3 to 7.5. The pH of
snow water in the territory of the MO MSU is 7.3, which is
close to the mean value for residential zones. In Moscow,
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like most other cities, there is alkalinization of surface soil
horizons [29,30,64—66], road dust particles [65,67,68], and
bottom sediments of lakes and ponds [69]. Previous stud-
ies on Moscow soil water extract and the composition of
salts in soils showed a significant increase in the amount of
carbonates [29], as opposed to the background sod-podzol-
ic soils that do not contain carbonates at all. This, togeth-
er with results of research in other cities [70], indicates
significant influence of carbonates on the soils’ pH value.
The sources of carbonaceous compounds in the urban en-
vironments, aside from natural-originated carbonate parti-
cles, are dust from construction and demolition activities,
as well as road dust particles mainly related to tire wear,
motor exhaust, and brake wear [71-73]. Thus, rather high
pH values of snow meltwater are associated with partial dis-
solution of incoming urban soils and road dust particles on
snow cover surface. It is known that partial dissolution of
solid particles of various geneses increase the rainwater pH
values [74]. Greater pH values of roadside snow meltwa-
ter sampled near large roads confirm the hypothesis of road
dust particles being the most important alkalizing agent for
the snow of WAQ. The pH of road dust water extract for
Moscow large roads varies from 6.9 to 8.1 and decreases
in the yards [68]. An additional source of alkalizing agents
in snow cover is marble chips, which is a commonly used
DIS in Moscow [75]. On the contrary, chloride DISs can
slightly reduce the pH of precipitation and snow due to the
formation of gaseous HCI, CINO,, and Cly as a result of the
reaction of NaCl with gaseous HNO3, H,SO4, N2Os, and
CIONO2 [76].

The intensive geochemical impact of transport and
industrial facilities and the application of DISs led to a
significant increase in the concentration of solid parti-
cles in snow cover (2-5-fold), the intensity of dust load
(2—7-fold), and mineralization (5—-18-fold), as well as to
the change in the ionic composition of snow meltwater
in WAO relative to the background. The mineralization
of meltwater next to roads in the western part of Mos-
cow averages 100 mg/L, varying from 18 to 331 mg/L;
in the yards of residential buildings, it varies from 18 to
63 mg/L and amounts 32 mg/L in the territory of the MO

Table 1. Physicochemical properties, snow cover thickness, and ion content in snow meltwater in the western part of Moscow

and the background territory.

Roads *

Parameter MRR - L M S R Y MO MSU B

m - - - -

m=3) (=4 @=4 @=5 @=s |7 @=H @=h @=3

pH 8.0 8.4 8.6 8.2 8.0 8.2 7.5 7.3 5.6
Mineralization, mg/L 144 233 87 73 58 113 35 32 6.4
Solid particles, mg/L 93 83 28 31 24 48 15 17 9.0
Dust load, mg/m? per day 133 102 35 41 30 62 20 21 9.0
Snow cover thickness, cm 50 42 46 45 42 45 45 45 61
Water supply, L/m? 91 73 83 80 77 80 79 77 67
Na™, ueq/L 1126 2357 505 594 436 951 262 236 8
KT, neg/L 9 25 14 9 11 14 16 28 1
Mg2*, peq/L 17 20 38 12 12 19 9 19 4
Ca2*, peq/L 1039 1459 707 498 394 773 226 178 69
Cl', peq/L 1400 3353 607 719 434 1229 278 240 7
NO3-, peq/L 22 28 29 25 26 26 24 29 24
S042-, peq/L 92 104 79 63 82 83 70 59 15
HCO5™, neq/L 678 374 550 305 310 420 141 134 38

* Roads: H-highways, L—-large, M—medium, Sm—small; R—average for roads; Y—yards with parking lots; B—background;

n—number of mixed samples.
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MSU. In terms of the mineralization of snow meltwa-
ter, the roads of WAO form a following series: highways
(233 mg/L) > MRR (144) > large (87) > medium (73) >
small (58 mg/L). In Moscow, the average annual con-
centrations of atmospheric PMq in 2018 totaled 0.7 of
the maximum permissible concentrations (that is, about
40 ug/m3); near highways, the concentration of PMj
was 1.4 times higher than inside residential areas [35].
At the same time, PM|( concentrations in the city de-
creased by an average of 3.7% annually in 2005-2014
[77]. Our data on snow cover pollution show an increase
in the content of solid particles by almost four times in
snow meltwater near roads compared to the yards of res-
idential buildings with car parking lots, which indicates
a significant contribution of particles larger than PMy
to atmospheric deposition, as well as the presence of an
additional source of solid particles in snow, e.g., DISs.
A sharp increase in the content of particulate matter in
snow cover when using DISs was also found in other
cities, for example, in Yekaterinburg (Russia); where the
content of particulate matter in the snow cover of roads
and footpaths is 4-5 times higher than in the snow cover
of lawns and car parking lots in the yards [21].

The ionic composition of snow meltwater near the Mos-
cow Ring Road, the highways, and large and medium roads
differs slightly. It is almost everywhere of calcium-sodium
chloride type, which compares favorably with the results
of long-term (1999-2019) studies of acidity and chemical
composition of snow and rainfall in Moscow and Moscow
Region [58,63,78]. Only at sampling points on the streets
of Molodogvardeiskaya (point S16 in Figure 1) and Ryab-
inovaya (point S08) near the construction sites and indus-
trial zones Severnoye Ochakovo and Yuzhnoye Ochakovo
is the water of calcium-sodium bicarbonate-chloride type.
Snow meltwater near small roads, at car parking lots in the
yards of residential buildings, and on the territory of the
MO MSU has the same composition with slightly higher
proportion of bicarbonates, nitrates, sulfates, and calcium
and lower proportion of chlorides and sodium, probably
due to smaller amounts of DISs, which is also confirmed
by low mineralization of meltwater on these territories as
compared to other roads.

Water supply in the snow cover next to the roads is av-
erage 80 L/m?, slightly decreasing in the yards (79 L/m?)
and the MO MSU (77 L/m?). Water supplies in the back-
ground snow cover are lower and amounts to 67 L/m? as
a result of partial snow blowing by the wind. Snow cover
in the city is less susceptible to blowing due to higher
density resulting from slightly higher air temperatures
(heat island) and, accordingly, more frequent tempera-
ture transitions around 0°C in March (during snow cover
sampling period) and the earlier start of snow melting.

3.2. MMs concentrations in snow cover
3.2.1. Dissolved forms of MMs

Average, minimum, and maximum concentrations
of MMs forms in snow cover near roads, in the yards
of residential buildings, near the MO MSU, and in the
background area are given in Table 2. The value of con-
tamination factor CF' (Table 4) shows the excess of MMs
forms’ concentrations above the background level and,
therefore, the level of snow cover contamination.

The maximum content of dissolved forms of most
MMs is observed in roadside snow cover, because of ve-
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hicular impact; it gradually decreases in the yards and at
the MO MSU down to minimum levels in snow cover of
the background territory in the suburbs. The CF factor
varies quite a lot along the roads with different traffic
intensities in WAQO. The snow cover is most heavily con-
taminated with dissolved Na, the CF of which regularly
declines as the road size decreases: from 280 near the
highways, 134 near the MRR and 50-70 near large, me-
dium and small roads, and down to 28-31 in the yards
of residential buildings and at the MO MSU. The main
source of dissolved Na is DISs; thus, dissolved Ca and
Sr actively accumulate in snow cover too. Their CFs
also decline as the road size decreases: from 14-23 at
the MRR and highways to 6-10 on large, medium, and
small roads, and down to 3—6 in the yards and at the MO
MSU. High values of correlation coefficient r for pairs
Na—CI" (0.99), Ca—CI (0.87), and Sr—CI~ (0.94) indicate
the entry of these metals with chloride-type DISs, applied
frequently in Moscow. This is confirmed by the studies
of snow cover composition in the southwestern part of
Moscow, where the use of DISs contributed to a sharp
increase in Na, Ca, and K concentrations [39].

Motor vehicle emissions could be an additional
source of Na. Petrol Euro 3, 4, 5 and diesel Euro 3, 4 ve-
hicles emit up to 1310 pg Na per 1 km [80]. Strontium is
probably an impurity in DISs, since this metal is often a
part of calcium compounds. Concentrations of dissolved
forms of MMs in snow cover depend on the intensity of
transport impact; they are also associated with different
amounts of DISs applied on different roads. For example,
the concentrations of Na in snow of Novi Sad (Serbia),
those of Cu, Fe, Zn, and Pb in snow of Beijing (China),
and those of Al, Co, Cr, Cu, Mn, and Ni in snow of Lahti
(Finland) increase with larger road size, while the con-
centrations of Zn in Novi Sad and CI" in Beijing decrease
[4,12,55].

In the western part of Moscow, several MMs showed
local maxima of concentrations in the yards and at the
MO MSU, where large areas are occupied by parking
lots. Thus, high levels of dissolved K are probably due
to the active fuel combustion during car engine idling;
this is confirmed by the value of r = 0.57 between the
content of dissolved K and NO3". It is known that NO3" is
produced by fuel burning, in particular by motor trans-
port [81], amounting up to 2280 pug NO3™ per 1 km [80].
Even larger amounts of water-soluble NO3™ are released
when burning diesel fuel [82]. Therefore, K is used as an
indicator of vehicle emissions when studying the com-
position of aerosols [83,84]. It occurs in unleaded gaso-
line [85] and comes abundantly with road dust, especial-
ly in tunnels, and with direct tailpipe emissions of cars
[80,86,87]. Fuel burning also causes the release of V into
the environment [88,89], and therefore its concentrations
are high in the snow cover near parking lots. In general,
MMs emissions over cruise conditions are substantial-
ly different from the emissions over a transient cycle or
while idling [90].

Besides the above-mentioned Na, Ca, Sr, K, and V
due to the transport impact, the snow cover near all types
of roads is highly polluted (CF > 3) with dissolved Mo
and Mg, with W, Co, and Ba near the MRR, with W, Sn,
Bi, Co, Ni, Ba, Sb, Fe, and Ti near highways, with Sb and
Co near large roads, with Cd, Mn, and Co near medium
roads, and with Sb, Ba, and Ni along small roads. The
possible source of these MMs could be non-exhaust ve-
hicle emissions [91-94], which is supported by the data
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Notes. The CF value of each element is written in the subscript. DS—dissolved (blue background), SP—suspended (orange background) forms.

on the intensive enrichment of Moscow road dust
and especially its fractions PM| and PM|_;¢ with
Sb, W, Sn, Bi, and Cd [67,95,96], and nanoscale
particles of road dust enriched with Pb, Cu, Zn,
Ni, Cd, Cr, Co, and Sn [97]. Therefore, the high-
est CF values for many of these MMs, in particu-
lar W and Sn, are characteristic of snow cover
along the MRR and highways. High levels of dis-
solved Na, K, Mg, Fe, Al, Zn, Sr, Cu, and other
MMs comparable to our data were also found in
snow cover near the MRR in 2011 [48].

The most intensive accumulation of dissolved
Mo and Sb in the western part of Moscow was
observed in snow cover along large roads. Mo
and Sb probably come with emissions from
heat and power station No. 25 and other thermal
power plants in WAO, as indicated by increased
r coefficients in pairs Mo—Sb (0.99), Mo—SO4*
(0.48), and Sb-SO4* (0.45). During long and
severe frosts, fuel oil is used as an additional
fuel for power plants along with natural gas, thus
contributing to higher SO» emissions [77] and
increasing SO4>" concentrations in SNOw cover.
The accumulation of Mo and Sb in snow cover is
also characteristic of the eastern part of Moscow,
where these elements are actively emitted by heat
and power stations, as well as by metalworking,
mechanical engineering, and petrochemical en-
terprises [46].

The MO MSU and the background territory
are characterized by higher concentrations of dis-
solved Zn and Pb compared to snow cover along
the roads and in the yards. The increased content
of dissolved Zn in snow cover near the MO MSU
compared to roadside snow cover was indicated
earlier [40]. This is probably due to the region-
al transfer of pollutants from urbanized areas
of the Moscow Oblast and the nearest regions,
to the macro-regional transfer from Europe and
global migration of pollutants. It is confirmed
by the data on the accumulation of metals in
the dust component of background snow cover
near Zvenigorod in the western part of Moscow
Oblast [46], in snow cover of the background re-
gions of the Ryazan Meshchera [98], and the Po-
lar Plateau in Antarctica [99]. High levels of Cd
at the urban reference sites not polluted by traffic
compared to snow near the roads were detect-
ed in Innsbruck, due to the input of metal from
non-transport sources [23]. In Moscow, the snow
cover composition at the MO MSU showed 2-3
times higher content of Fe, V, Co, and Ba; minor
difference in content of Al, Mn, Ni, Cu, As, and
Cd; and 2-3 times lower content of Cr, Zn, Sr,
and Mo compared to the territory of the Botanical
Garden next to the MO MSU [40].

Different rates of CF value increment with in-
creasing anthropogenic impact make it necessary
to consider the behavior of all studied pollutants
simultaneously and make an integral assessment
of contamination. For this purpose, total contam-
ination factor 7CF of snow cover with dissolved
and suspended MMs was calculated. The spatial
distribution of 7CF is shown in Figure 2.

The maximum levels of MMs contamination
in the dissolved phase of snow causing extreme-
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ly dangerous environmental situations (7CF > 256) are
characteristic of the sections along Kutuzovskiy Avenue,
Mozhaiskoye Highway (near the industrial zones Sever-
noye Ochakovo and Yuzhnoye Ochakovo), Rublevskoye
Highway and Minskaya Street, mainly because of the
application of DISs. Very high level of snow cover pol-
lution and very dangerous environmental situations is
characteristic of the MRR, Aminievskoye Highway, sev-
eral medium (Molodogvardeiskaya St. near the Kuntsevo
industrial zone and Bolshaya Filevskaya St. near the Fili
and Western Port industrial zones) and small (Koshtoy-
antsa St., sampling point S20 in Figure 1) roads. Territo-
ries along almost all studied small roads and at the MO
MSU have the high level of pollution (with TCF 64-128)
and a dangerous environmental situation. The amount of
applied DISs is lower in most yards, and the impact of
transport decreases as well, but it does not completely
disappear because of the presence of car parking lots.
The decrease is also due to protective functions of build-
ings that act as barriers to air pollutant flows from the
highways to the yards of residential buildings [100].
Buildings prevent the spread of emissions from vehicles,
thus decreasing snow cover pollution to medium level
(with TCF 32-64) and a moderately dangerous environ-
mental situation.

3.2.2. Suspended forms of MMs

The content of suspended forms of all MMs in road-
side snow cover is higher than in snow cover of the yards,
the MO MSU, and the background territory. Application
of DISs on roads and further blowing of their particles by
the wind leads to their inclusion into roadside snow. This
accounts for the fact that the highest CF values of Ca
(385, 64, and 24, respectively) were found in snow cover
of the MRR, highways, and large roads, decreasing on
medium roads, small roads, in yards, and at the MO MSU
(21, 13, 9, and 10, respectively). Suspended forms of all
MMs, except K, Mo, and Sb, are accumulated much
more intensively than dissolved ones, due to enrichment
of the dust component of snow cover with MMs and the
high content of solid particles in snow cover. Solid parti-
cles’ input to the snow cover is due to precipitation from
the atmosphere, DISs application on roads, blowing of
road dust and soils particles from snow-free areas, and
spraying of mud sediment from the surface of roadways
during snow melting. Resuspended road dust is reported
to be one of the most important sources of microparticles
in the atmosphere; for example, in Bogota, it supplies
about 23% of the mass of PM particles [101] and in the
USA, more than a half of PMy and about a quarter of
PM, s particles [102]. In Paris, the contributions of road
dust emissions were estimated to be 13% of atmospher-
ic PM o, while the sum of vehicle exhaust and wear ac-
counted for 47% of PM 1 [103]. Moreover, for the north
cities, the spraying of mud sediment from the surface of
roadways is an essential source of suspended particles
and MMs in roadside snow cover [21].

On large roads, dissolved Mo and Sb accumulate more
intensively compared to its suspended forms, which is
probably due to the increased pH of snow meltwater (an
average of 8.6 on large roads, 8.0-8.4 on other roads).
These elements are typical anionogenic elements and mi-
grate well in alkaline conditions, so the higher pH values
could contribute to the acceleration of their dissolution
[104]. A positive correlation of dissolved Mo content
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with pH values of river water and snow was also found
in the basins of rivers flowing into the Gulf of Bothnia
[105].

Smaller roads have lower traffic intensity, resulting in
a decrease of accumulation of suspended MMs forms.
Ca, W, Co, Ti, Mg, Sr, Na, Mo, Al, Fe, Zn, Sb, Mn, As,
Ba, Cu, Cr, Ni, Rb, Sn, and K are accumulated intensively
(CF>50) in snow cover near the MRR. The CF decreas-
es sharply for all MMs along the highways, reaching 64
for Ca, 27-47 for W, Co, Ti, Sr, V, Mg, and Na and less
than 25 for other MMs. Along large and medium roads,
the CF of Ca, W, Cu, Mo, Zn, Sr, Co, Sn, Sb, Mg, V, Ti,
As, Na, Cu, and Fe decrease to 10-25, and to 5—17 near
small roads. Higher content of solid particles in snow
cover at the MO MSU leads to the increase in CF values
for Zn, Mo, Cr, Sr, V, Pb, and Ca up to 10-16, as com-
pared with the yards where CF values of these MMs are
5-9. High levels of Zn at the MO MSU are probably due
to the influence of transport, since car parking lots are
located nearby, where intense accumulation of the metal
is typical [106]. Our studies on the chemical composition
of dust component in snow cover of the eastern industri-
al part of Moscow showed that the following MMs are
the ones that accumulate most intensively (the CF value
is written in subscript): Moj9Sb4.9As4cW4.35n3 6V |
Fer 1Crp ¢ [46]. However, foregoing data include areas
with low levels of snow cover pollution, namely recre-
ational and agricultural zones; therefore, CF levels for
MMs are lower than those obtained for the traffic zone in
the western part of the city.

The TCF values of suspended MMs increase consid-
erably and the levels of environmental hazard increase
by one gradation at many points, as compared to the total
pollution of snow cover with dissolved forms. The high-
est increase of 7CF for suspended forms is at the MRR,
where the extremely dangerous environmental situation
and the maximum 7CF values were found, ranging from
761 in the northern part of the study area (4.5 times high-
er than the TCF for dissolved MMs forms) to 1296 on
the average (6 times higher) and 7580 in the southern
part (39 times higher). In other territories, the growth of
TCF for suspended forms relative to the dissolved ones
is less pronounced, reaching 1.2 to 3 times. The excep-
tion is Rublevskoye Highway, where the TCF is almost
6 times lower due to the low dust content in snow cover
(12 mg/L compared to 102 mg/L near the MRR). The
low dust content in snow cover could be attributed to
the large distance of sampling point from the highway
itself—there is both an alternate route and a car parking
lot on the roadside, which separate the sampling point
from the highway.

Extremely high snow cover pollution on the territory
near the intersection of the MRR and Leninskiy Avenue,
one of the busiest highways in Moscow, is probably the
result of very intense MMs inflow with vehicle emissions
(enormous numbers of cars and traffic congestions), as
well as the blowing of contaminated road dust micropar-
ticles. An extremely dangerous situation (7CF > 256)
also occurs on Kutuzovskiy Avenue, Mozhaiskoye and
Aminievskoye highways, and a number of large (Min-
skaya and Mosfilmovskaya streets) and medium (Molo-
dogvardeiskaya and Bolshaya Filevskaya streets—sites
S16 and S12 in Figure 1, respectively) roads. In the yards
of residential buildings, snow cover pollution with sus-
pended forms of MMs as compared to dissolved ones in-
creases to the high level (TCF 64—128), and to very high
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% (b) Suspended MMs

Figure 2. Distribution of TCF values for dissolved and suspended MMs in the western part of Moscow.
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Figure 3. (with continuation) Proportions of dissolved and suspended MMs forms in snow cover along different types of
roads, at car parking lots in the yards of residential buildings and at the MO MSU in the western part of Moscow, and
in the background area.

level (TCF 128-256), and very dangerous environmental
situation for small and some medium roads.

Thus, snow cover pollution on the roadside territories
in the western part of Moscow is mainly due to particu-
late matter. It is enriched with Ca, W, Co, V, Sr, Ti, Mg,
Na, Mo, Zn, Fe, Sb, and Cu. The MMs content in sus-
pension along the roads is on average 25 times or more
above the background. Na, Sr, Ca, K, Mo, Sb, and W are
the main dissolved pollutants; their content in the snow
of certain areas of the WAO is six or more times above
the background level. The spatial pattern of the total
contamination factor 7CF is characterized by the forma-
tion of common centers of abnormally high values for

both dissolved and suspended MMs forms on the MRR,
Kutuzovskiy Avenue, Rublevskoye, Mozhaiskoye, and
Aminievskoye highways and some other streets. The
anomalies appear due to the application of DISs, vehi-
cle emissions, as well as the impact of enterprises in the
adjacent industrial zones, such as Severnoye Ochakovo,
Yuzhnoye Ochakovo, Kuntsevo, Fili, and Western Port.

3.3. Partitioning of MMs

Studying the ratio of MMs forms is important for
predicting the pollutants’ behavior during and after
snowmelt, since the dissolved phase has a higher mi-
gratory ability. Therefore, the risk of contamination
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greatly depends on the MMs’ ability to transform from
a non-dissolved phase to a dissolved one. To define the
predominant phase of elements in snow, the share of their
dissolved phase, or solubility (Kz, %) was calculated:
Kz =100% - Cdis/(Cdis + Csus), where Cdis is the con-
centration of dissolved phase of MMs, pg/L; Csus is the
concentration of suspended phase, pg/L.

Most MMs in snow cover of the background territo-
ry prevail in dissolved form: the proportion of dissolved
forms of Ca, Zn, Na, Cd, Ni, As, Cu, and Sr is more than
85%; 60-70% for Sb, Co, Mg, Mn, and Ba, and 52-56%
for Rb and Mo (Figure 3). These MMs are most like-
ly washed out from the atmosphere and could enter the
snow cover during in-cloud processes, i.e., elements’
sorption on snowflakes inside the cloud [107]. Anoth-
er source is washing out from the atmosphere with an
ultrafine (<0.45 pm) fraction of aerosols, which passes
through filters in the process of snow meltwater filtration
in the laboratory. The predominance of dissolved forms
of MMs could also be attributed to a slightly acidic reac-
tion (pH 5.6) of snow meltwater in background areas, as
the cationogenic Ca, Zn, Na, Cd, Ni, Cu, Sr, Co, Mg, and
Ba could be easily transferred from insoluble to soluble
form in acidic waters [104,108,109].

Other MMs are found predominately in suspended
forms, which accounts for 80-90% of Sn and Bi, 60-80%
of Ti, Al, Fe, and W, and 50-60% of Pb, V, Cr, and K. An
increase in the proportion of suspended forms of MMs
is related to the washout of the solid aerosol particles
in the atmospheric surface layer by below-cloud scav-
enging processes [107]. In the background area, most
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Figure 3. (continuation) Proportions of dissolved and sus-
pended MMs forms in snow cover along different
types of roads, at car parking lots in the yards of
residential buildings and at the MO MSU in the
western part of Moscow, and in the background
area.

of these MMs enter the atmosphere with relatively large
soil particles blown from snow-free surfaces, thus con-
tributing to higher proportion of suspended MMs forms.
Thin snow cover, strong wind, and the absence of woody
vegetation could significantly increase the soil particles
supply to the roadside snow. Regional transport of con-
taminated atmospheric aerosol particles of different sizes
also contributes to the higher proportion of suspended
MMs forms. For example, in Northern China, Al and Fe
in precipitation are mainly associated with large particles
and Pb with thin ones, while K, V, and Cr have a bimodal
distribution with peak concentrations within particle size
intervals of 0.43-0.65 and 4.7-5.8 um [110].

In urban areas, mass deposition of solid particles from
the atmosphere and the application of DISs on roads with
their subsequent blowing out and re-depositing on the
surface of roadside snow cover significantly increase the
role of suspended MMs forms. This is most pronounced
in snow cover along roads (Figure 3), where the propor-
tion of suspended forms is above 90% for Sn, Ti, Bi, Al,
W, and Fe, 80-90% for Pb, V, and Cr, 50-80% for Rb,
Mo, Mn, As, Co, Cu, Ba, Sb, Mg, and Zn. The dissolved
phase prevails for K, Ni, Cd, and Sr (it accounts for 50—
65%), as well as for Ca (87%) and Na (97%)).

The effect of dust deposition on the increasing pro-
portion of suspended forms of MMs is confirmed by the
high significant negative coefficients of rank correla-
tion rs between the dust load and the proportion of dis-
solved forms for almost all MMs: rs are less than —0.67
for all MMs, except K (=0.57), Sb (—0.56), Ni (—0.41),
and insignificant for Mo, W, and Na. Insignificant cor-
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relation between Mo and W solubility and dust load is
due to numerous points with concentrations below the
detection limit, for these elements. Weak Na solubility
correlation with amount of dust particles is due to Na
input mainly with DISs and their subsequent rapid dis-
solution, providing for just little effect on the dust load.
High positive rs between the concentrations of Cl™ in
meltwater and the proportion of suspended forms of all
MMs (rg = 0.49-0.75), except Sr (0.44), Ca (0.40), K,
Ni, Mo, W (0.15-0.34), and Na (—0.28) indicate the pres-
ence of MMs as slightly soluble impurities in chloride
DISs. High proportion of suspended MMs in snow cover
of the WAO could be also explained by the change of
subacidic conditions in background snow meltwater (pH
5.6) to neutral, weak alkaline, and even alkaline in the
city (pH 7.5-8.6). Under such alkaline conditions, the
cationogens Bi, Fe, Pb, Rb, Mn, Co, Cu, Ba, Mg, and Zn
are poorly dissolved from the suspended particles. This is
confirmed by the negative significant rs between the pH
value of meltwater and the proportion of dissolved forms
of Cu, Cd, Ba, Bi, Fe, Sn, Al, and W.

A comparative analysis of the chemical composition
of atmospheric dust, snowmelt-runoff, and rainfall-run-
off in Beijing showed the leading role of dust in the for-
mation of precipitation composition. Its presence in the
snow cover results in the predominance of suspended
forms of pollutants [12]. High proportions of many MMs
in the suspension along with the dissolved forms of Na,
K, Ca, Sr, and Sb were also identified in snow cover on
the windward slope of the Salt Lake Valley (central Wa-
satch Mountains), Utah, USA [111]. The predominance
of suspended forms of most MMs seems to be typical of
urban areas, as supported by the data on Cr, Pb, Cu, Ni,
Al, and Fe in snow in Ostersund [15] and on Pb, Cu, Zn,
and Cd in snow in Luled and Umed, Sweden [16].

Concentrations of Al, Fe, Mn, and V in snow cover
of the traffic zone increase with increasing particle size
reaching the maximum in particles >1000 pm, while the
concentrations of Zn and Pb are the highest in particles <
100 um [21]. This trend is observed even in small cities
with no industrial enterprises, where the increasing con-
tributions of 0.45-1.2 pm, 1.2-8 pm, and >8 um frac-
tions to the total concentrations of these MMs in snow
cause lower proportion of dissolved forms of Al, Si, Mn,
Fe, and Zn compared to the background territories, as
shown by the Valday case study [112]. A summary of
the results of studies on the chemical composition and
the ratio of pollutants in water runoff from roads at 294
monitoring points on six continents showed that Pb and
Cr predominate in road runoff in suspended form, while
Zn, Cu, Ni, and Cd in dissolved form [14]. At the same
time, the proportion of suspended forms of MMs in snow
meltwater is usually greater than in rainwater [113]. The
MRR stands out among all types of roads of the WAO
in terms of the ratio of MMs forms in snow cover—the
highest proportion of suspended forms of all MMs was
recorded next to this highway. Mass input of dust parti-
cles leads to the dominance of suspended form for most
MMs in snow cover (more than 85%); only Cd and Sr ac-
count for 72—77%. Ca and Na entering snow cover with
easily soluble DISs prevail in dissolved forms (61% and
86%, respectively). Medium roads, similar to the MRR,
are characterized by a significant proportion (>80%) of
suspended forms for Sn, Ti, Bi, Al, W, Fe, Pb, V, Cr, and
Mo and relatively low ones for Zn and Cd (43% and
31%, respectively). A high proportion of dissolved Zn
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reaching 70% is typical of traffic area runoff [14], and
of dissolved Cd and Zn for snowmelt water, in which the
solubility of these metals could reach 100% and 81%,
respectively [15].

The ratio of MMs forms on large, small roads, and
highways is scarcely different from the average level for
all WAO roads.

Anthropogenic load in the yards and at the MO MSU
is less pronounced compared to roads; it is evident from
the content of solid particles in snow meltwater (15 and
17 mg/L compared to 48 mg/L on the roads). Therefore,
the contribution of suspended MMs to the total content of
elements in snow cover decreases. The MO MSU is lo-
cated between two small roads — Academician Khokhlov
Street and Michurinskiy Alley, used for the passage and
parking of vehicles of the MSU employees. Thus, the ra-
tio of suspended and dissolved MMs forms is close to
that in the yards. At the same time, the share of dissolved
Cd, K, Zn, Mg, Ba, Cu, and Rb increases by 10% and
more in snow cover at the MO MSU and in the yards of
residential buildings compared with roads. The source of
these MMs could be fine particles (less than 0.45 um)
emitted during the heating of car engines at car parking
lots in the yards and near the MO MSU.

This is confirmed by laboratory studies on the influ-
ence of air temperatures and the operation modes of car
engines on snow pollution with particulate matter and
MMs. The studies have shown that motor vehicles emis-
sions enrich snow with particles of 50400 nm, which are
high in MMs content [19]. Therefore, when a solid phase
is separated from meltwater using filters with 0.45 pm
pore diameter, a large number of fine MMs-contaminat-
ed particles enters the dissolved phase. Nanoparticles ac-
count for 71% of the total number of particles with 3 nm
to 10 um diameter in snow of Montreal, and up to 19%
of particles are less than 100 nm [114]. Particle number
density of ultrafine particles (0.01-0.1 um in diameter)
in snow is dozens and hundreds of times larger than that
0f 0.1-0.2 um and 0.2—0.5 pm particles. However, a sig-
nificant proportion of Al, Cr, Mn, Co, Ni, Cu, As, Cd,
and Pb is in suspended form, that is, it is associated with
particles larger than 0.2 pm, although the ultrafine frac-
tion also plays an important role in the formation of total
MMs content in snow [22].

Study of the composition of atmospheric particles in
Hong Kong revealed that the proportion of water-solu-
ble MMs in PMj s fraction is 10-25% higher than in the
PM; fraction. Moreover, Ca, Mg, Cd, Zn, V, Cu, Mn,
and Ni prevail in dissolved form in PM, 5 fraction, com-
pared to just Ca, Mg, Cd, and Zn in PMj( [84]. Resi-
dential buildings often form enclosed spaces, or “well
traps”, in which the migration of particles in the atmos-
phere diminishes sharply and soil pollution with MMs in
the yards increases [100] due to deposition of fine parti-
cles, thus contributing to a higher proportion of dissolved
forms of MMs in snow cover. Probably for the same rea-
son, the proportion of dissolved forms of most MMs (ex-
cept Ni, K, and Mg) in snow cover of the yards is higher
than at the MO MSU. The traffic intensity at car parking
lots is low—even near stores, the vehicles’ turnover usu-
ally does not exceed 50 units per day per 1 parking place
[115]; nevertheless, the runoff from these areas is usually
highly enriched with many MMs as compared to high-
ways with light traffic intensity [14].

Thus, Sn, Ti, Bi, Al, W, Fe, Pb, V, Cr, Rb, Mo, Mn,
As, Co, Cu, Ba, Sb, and Mg dominate in suspended form
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in snow cover in the western part of Moscow. Ca and
Na prevail in the dissolved form, and the contribution
of suspended and dissolved forms of Zn, K, Ni, Cd, and
Sr to their total content ranges from 40 to 60%, that is,
they lack a clearly pronounced predominant form of oc-
currence.

3.4. Deposition rates of dissolved
and suspended MMs

To assess geochemical impact on the components of
urban landscapes during the snow occurrence period,
it is necessary to determine the accumulated supplies
of MMs released during snow melting. The content of
particulate matter and MMs in snow meltwater of urban
areas is greater than in rainfall-runoff, indicating the cru-
cial role of snow melting for the formation of chemical
composition of river runoff [12,15]. Snow-covered are-
as near different types of roads, in the yards, and in the
background territory are quite different, because the city
territory is severely fragmented by the road network and
buildings. Therefore, the correct comparison of the sup-
plies of pollutants in snow cover of different territories
is only possible using specific parameters (per unit area).
Normalizing of supplies by the number of days of snow
occurrence shows the accumulation of pollutants per unit
area and per time unit, i.e., the daily intensity of dep-
osition (flux) of pollutants from the atmosphere. Since
the concentrations of dissolved and suspended forms of
MMs are expressed in pg/L, data on water content in
snow cover in L/m? are used to estimate the intensity of
pollutants deposition.

The mean, minimum, and maximum values of the
dissolved and suspended forms of MMs deposition from
the atmosphere near the roads, in the yards of WAO, at
the MO MSU, and in the background area are given in
Table 4.

High levels of daily deposition in dissolved form are typ-
ical for major elements in precipitation, namely Na, Ca, K,
and Mg; elements of the upper continental crust, i.e., Al and
Fe, as well as Ti, are added to them if we consider the dep-
osition in suspended form. Deposition of dissolved Na, Ca,
Sr, Mo, K, W, Sb, V (DF > 5) and suspended Ca, W, Co, V,
Ti, Sr, Mg, Na, Mo, Zn, Fe, Sb, Al, Cu, As, Sn, Ba (DF' > 25)
in roadside snow cover showed the largest excess above the
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background values. The list of priority pollutants is shorter
at car parking lots in the yards of residential buildings of the
Moscow WAO and the MO MSU. In the yards compared to
the background areas, the highest excess of deposition rates
are found for dissolved Na, K, and Sr (DF > 5) and sus-
pended Ca, Sn, and Mo (DF > 10), while dissolved Na, K,
Sr, and V and suspended Zn, Mo, Cr, Sr, V, Pb, Cu, Ca, As,
Sn, and Sb are characterized by the highest excess of dep-
osition rates at the MO MSU, compared to the background
areas. Thus, the snow cover composition and MMs deposi-
tion intensity for the MO MSU territory showed intermedi-
ate values between yards and roads. This is mainly due to
the amount and composition of deposited dust within MO
MSU, since the distribution pattern of the dissolved forms is
practically similar to the yards.

The total excess of MMs deposition rates over the
background level is represented by the integral 7DF index.
For the dissolved MMs phase, the TDF value depends on
the size of the road: it is maximum for the highways (446),
on the MRR it is 264; it decreases to 186 on large roads, to
143 on medium roads and to 116 on small ones (Figure 4).

High TDF values are marked for Kutuzovskiy Ave-
nue and Mozhaiskoye highway—648 and 529, respective-
ly (Figure 5). Increased values of the integral index (7DF
> 250) were also calculated for the MRR, Rublevskoye,
and Aminievskoye highways and Minskaya Street (a large
road). TDF values are approximately the same in the yards
and at the MO MSU (82 and 83, respectively). In addition,
the changes in 7DF values are determined by the accumu-
lation of Na: the share of this metal to 7DF is 67-68% for
the MRR and the highways, decreasing to 59% for medi-
um roads due to the less intensive use of DISs, to 51% for
small roads, 45% in the yards, and 38% at the MO MSU.
However, the contribution of Na is only 38% for large
roads, because of the intensive input of dissolved forms of
Mo and Sb (DF 40 and 19, respectively). A significant con-
tribution of Ca, Sr, and K is common to all types of roads.

The maximum value of the integral TDF index
for suspended phase, reaching 4039, is found for the
MRR, due to intense deposition of a wide range of MM,
among which (DF > 100, and written in subscript) are
Caq91W328C0281Tiz61V261Sr255Mgr46Naza3Mor73
Aljg1Fer53Zn147Sb140Mny 3 BajgoAsios.

Similar to suspended MMs, TDF values for dissolved
MMs decrease with diminishing road size: it is 553 for

TDF
5000
dissolved MMs
suspended MMs
500
50 T T T " T T \
MRR H L M Sm R Y MOMSU

Figure 4. Total excess of daily deposition of dissolved and suspended forms of MMs over the background level for different
territories: H-highways, L—large roads, M—medium roads, Sm—small roads, R—all roads of the Moscow WAO, Y—car

parking lots in the yards of residential buildings.
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of integral TDF index values for dissolved and suspended MMs forms in the western

Figure 5. Distribution
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the highways, 294 and 308 for large and medium roads,
respectively, 220 for small ones and 135 for the yards
(Figure 4). The highest TDF values at all points studied
on the MRR and the increased values (TDF > 500) on
Kutuzovskiy Avenue, Mozhaiskoye and Aminievskoye
highways, and Minskaya Street (Figure 5) evidence that
the anomalies of dissolved and suspended MMs depo-
sitions generally coincide. Lower TDF values of sus-
pended MMs on Rublevskoye highway could be caused
by the low content of solid particles in meltwater (12
mg/L compared to 78—102 mg/L in snow cover next to
the MRR, 170 mg/L along Kutuzovskiy Avenue and 95
mg/L along Mozhaiskoye highway).

The TDF value for suspended MMs within the MO
MSU area lies between values for small roads and yards
and equals to 189. There is no particular element leading
in its contribution to 7DF in suspended phase compared
with dissolved one: the input of Zn averages 10%, those
of Ca, V, Cr, Cu, As, Sr, Mo, Sn, Sb, and Pb—6-8%, and
5% or less of other MMs. On the roads, the contribution of

dissolved MMs

|
0 02 04 06 08 1.0 1.2 1.4
suspended MMs
Ot R,
0 0.1 02 03 0.4 05 0.6

Figure 6. Dendrograms of dissolved and suspended MMs in
snow cover of the western part of Moscow. Results of clus-
ter analysis (amalgamation rule: Complete Linkage, distance
measure: d = 1-Pearson ).
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Cais 7-13%, W-7-10%, Mo and Cu—below 9%, Co and
V-below 8%, Sn and Ti-below 7%, Sb, Zn, Sr, Mg, and
Na—below 6%, and the rest MMs—5% or less. In the yards,
the contribution of Ca is 9%, Mo, Sn, Sb, W, V, Zn, As, Ti,
and Sr—6—-8%, and the rest MMs—5% or less.

The average TDF value for suspended forms is 864;
the elements form the following series in terms of DF
values: CajpoW71Cos6Vs4TispSrsoMgq9NaggMoy3Znsg
Fe34Sb33Al13:Cu30As26Sn25BazsMna3RbigCri7K 7
NijgCd1BijgPb;. This pattern of deposition dif-
fers from what we received earlier for the roads of the
Eastern Administrative Okrug of Moscow, where the
TDF value for suspended MMs was 609 with the fol-
lowing excesses of deposition over the background:
Mo3g0W45Sb31Asy7Sn 8Fe5Sr14V13C011 CriiMnjoNig
TigZngCu7BigAgsCdsBesPbs [46]. However, the cal-
culation of 7DF in the Eastern Okrug did not consider
major elements that play an important role in snow cover
pollution, such as Ca, Mg, Na, K, and Al, as well as Ba
and Rb. If these elements are ignored, the TDF for the
Western Okrug will be 574, which is very close to its
value in the eastern industrial part of Moscow.

3.5. Indication of sources (Cluster Analysis)

Sources of dissolved and suspended MMs in the snow
cover of the western part of Moscow were identified by
cluster analysis (Figure 6). Seven MMs associations were
distinguished for dissolved forms, i.e., CI-Na—Sr—Ca (r
=0.86-0.99), Mg—HCO3" (r = 0.50), Mo—Sb-SO4* (r =
0.45-0.99), K-NO3™ (r = 0.57), Mn—Cd—Cu—Co—Rb (r =
0.50-0.95), Ti-Fe-Pb—Al-Sn-Bi-W (r = 0.78-0.97),
Cr—Ba—Ni (r = 0.82—-0.87); no associations for V and Zn
were found. It is well known that coarse particles in the
snow are carried over shorter distances compared to fine
particles (< 0.45 pm), so their composition is more uni-
form and depends mainly on the adjacent sources. There-
fore, fewer associations of suspended forms of MMs are
formed compared to dissolved ones (4 vs 7), but they
contain greater number of MMs, i.e., Ni-Al-Mg-Ti—Ca—
Sr—Mn—Co—W-K-Rb-Ba-Ni-Fe-V (r 0.94-0.99),
Cr—Zn (r =0.97), Mo—Sb—Cd-As (r = 0.91-0.97), Sn—Bi
(r=0.91); no associations for Cu and Pb were identified.

DISs are a most important source of MMs in the snow
cover of WAO, which is clearly manifested in the associ-
ations of dissolved Cl-Na—Sr—Ca and Mg-HCO?*, since
Na, Ca, and Mg chlorides, as well as Ca and Mg car-
bonates are mainly used as DISs in Moscow [75]. Their
consumption for single road treatment is 80-200 g/m?
[116]. Moscow community services apply liquid DISs at
temperatures higher than —16 °C; at lower temperatures,
combined ones are applied, which include marble chips
(up to 50-60%), and crystals of calcium chloride and for-
mic acid salts. The solubility of marble is low, but it in-
creases with diminishing size of its chips in the presence
of dissolved calcium chloride and pavement particles
[70]. Only combined DISs are approved for application
in the yards, grounds surrounding residential buildings,
sidewalks, and pedestrian streets of Moscow. DISs and
the construction dust of carbonate composition could
also be a source of Sr, since this metal is often contained
in Ca and Mg carbonates [117].

Large amounts of MMs accumulate in snow cover as
a result of soil and road dust particles transfer. They are
resuspended from the road surface during long snowless
periods and from the snow-free areas [4], as well as when
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cars spray particles of contaminated material accumulat-
ed on the road surface and consisting of snow, DISs, dirt
from the car wheels, and a large mass of soil particles
[21]. Input of a large group of MMs as a result of blowing
and splashing mud material from the surface of roads is
indicated by the formation of associations of suspended
Ni—Al-Mg-Ti—Ca—Sr-Mn-Co-W-K-Rb-Ba—Ni-Fe-V
and dissolved Ti—Fe-Pb—Al-Sn—-Bi—-W. Thus, Al, Ti, Fe,
Mn, Rb, and K come predominantly with soil particles
upon blowing [118-120]; Na, Ca, Mg, and Sr — with con-
struction dust and large DISs particles; W, Sn, Bi, Co, Ni,
Ba, Pb, and Ti — with various size fractions of road dust
[67,95,119,121-125].

The input of elements into snow cover from road-
side areas is difficult to separate from their entry with
car emissions, since both road dust and roadside soils are
partly polluted with MMs by vehicles emissions. There-
fore, wear of brake pads and other metal parts of vehi-
cles leads to the formation of associations of dissolved
Cr—Ba—Ni and suspended Cr—Zn, and probably dissolved
Mo—Sb-SO4* together with suspended Sn—Bi and Mo—
Sb—Cd—As in roadside snow. The assumption is support-
ed by the results of studies in which Ba, Zn, Sb, Sn, Mo,
Bi, Cr, and Ni were proved to be indicator elements for
such effects of motor vehicles [91,93,118,120,126—-130].
Ba and Sb sulphates used as a friction modifier in the
production of brake linings [131], as well as antimony
sulfide (III)-Sb,S3, which is a component of brake lubri-
cant [92] could be sources of sulfate ion in snow cover.

Abrasion of tires and the roadway surface causes the
formation of the association of dissolved Mn—Cd—Cu—
Co-Rb in roadside snow cover of the Moscow WAO.
These MMs are often used as indicators of this type of
transport impact [89,93,118,126,127]. In addition, Zn,
Cr, Mo, and Sb are indicators of tire abrasion [122,127],
while Cu, Cd, and Mn indicate brake pads and linings
wearing [89,119,121,122,126]. However, the consider-
ation of brake pads abrasion and tire wear as separate
factors is rather questionable because they form a wide
range of MMs associations. Therefore, the abrasion of
brake pads and tires is sometimes classified as a single
“vehicle abrasion” factor [118]. Vehicle exhausts con-
tribute to the formation of dissolved K-NO3~ associa-
tion in roadside snow cover. Most commonly, the input
of K is attributed to the combustion of organic residues,
biomass, or coal [132—-134]. However, there are no
significant sources of biomass combustion within the
WAO territory, and power plants burn mainly natural
gas in winter, so the input of K and NO3~ from vehi-
cles seems more likely. Moreover, significant correla-
tions of NO3~ with dissolved Cu (r = 0.62) and Rb (r =
0.42), and of dissolved K with dissolved forms of Rb (r
=0.75), Cu (r=0.64), Sr (r = 0.52), Co (r = 0.52), W
(r=0.47), Cl (r = 0.41), and Na (r = 0.39) are typical
of snow cover in WAO. This may indicate additional
input of K and NO*~ with DISs (in the form of KClI,
or as impurities to the DISs of chloride composition),
as well as when blowing and splashing road dust and
soil particles, sometimes with admixed potassium and
nitrogen fertilizers.
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The anthropogenic impact of industrial enterpris-
es in the western part of Moscow is less intense than
that of vehicles, but this source could contribute to
the formation of dissolved Mo—Sb—SO42~ association
in snow cover. Despite the fact that Moscow thermal
power plants burn mainly natural gas during the heat-
ing season, fuel oil is also used there during severe and
prolonged frosts as an additional fuel. This contributes
to higher SO emissions into the atmospheric air [77]
and, probably, increases SO4* concentrations in snow
cover.

Both the dissolved forms of V and Zn, and suspended
forms of Cu and Pb could come in different amounts from
all the above-discussed sources. Thus, no close associa-
tions with other MMs were found for these elements.

4. CONCLUSIONS

The undertaken studies proved the significant impact
of motor transport, industrial facilities, and DISs on ur-
ban snow cover pollution. The obtained data made it pos-
sible to define in detail the snow cover pollution pattern
of snow over in the western part of Moscow, which could
be used to predict the after-snowmelt fate of MMs in oth-
er urban environments.

In the western part of Moscow, anthropogenic impact
caused a significant increase of dust load (2—7 times),
concentration of solid particles in snow cover (2-5
times), mineralization of snow meltwater (5-18 times),
and the change of its ionic composition from calcium bi-
carbonate to calcium-sodium chloride (as compared with
background snow cover).

Suspended forms of Ca, W, Co, V, Sr, Ti, Mg, Na,
Mo, Zn, Fe, Sb, and Cu are primary pollutants in the
traffic zone of the western part of Moscow; their con-
centrations in roadside snow cover are more than 25
times in excess over the background. Na, Sr, Ca, K, Mo,
Sb, and W dominate among the dissolved forms, with
six and more times excess over the background. The
location of the anomalies of dissolved and suspended
MMs concentrations matches those of the deposition of
mentioned MMs forms in snow cover within the WAO.
These anomalies are localized near the MRR and many
large and medium roads. Na is the most important pol-
lutant; its contribution to total deposition of pollutants
increases with growing amount of DISs application —
from 38-45% at the MO MSU and in the yards to 51—
68% on the roads.

In WAO, the following anthropogenic sources supply
different groups of chemical elements that form specific
paragenetic associations of MMs in snow cover: DISs
(dissolved Cl-Na—Sr—Ca and Mg—HCO37); resuspension
of road dust and blowing of soil particles (suspended Ni—
Al-Mg-Ti—Ca—Sr—Mn—Co—W-K—-Rb-Ba—Ni-Fe-V and
dissolved Ti—Fe—Pb—Al-Sn—-Bi—W); wear of metal parts
of the cars (suspended Cr—Zn, Mo—Sb—Cd-As and dis-
solved Cr-Ba—Ni, Mo—Sb-S04%); abrasion of tires and
roadway surfaces (dissolved Mn—Cd—Cu—Co—Rb); vehi-
cle exhausts (dissolved K-NO?*"); and emissions of heat
power plants (dissolved Mo—Sb—SO4>).
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5. ADPO30/IN

Impact of Restrictive Measures during the Covid-19 Pandemic on
Aerosol Pollution of the Atmosphere of the Moscow Megalopolis*

In the second half of the 20th century, a response
to economic growth around the world was an increase
in the concentration of pollutants in the atmosphere
[1] and, as a result, an increase in environmental dam-
age [2]. The contribution of human economic activi-
ty to this process, including emissions from vehicles,
heat power engineering, and industrial facilities, has
already exceeded the contribution of natural sources—
fires and dust storms.

Pollution of the urban atmosphere. At present, air
quality is determined by mass concentrations of the
most dangerous gaseous pollutants CO, NO», O3, SO,
and fine particles less than 10 um in size (PMg)'. The
chemical composition of PM ¢ is determined by anthro-
pogenic and natural sources. Particular attention is paid
to the smallest respirable fraction of aerosols less than
2.5 um in size (PM» 5), which are formed in emissions
of primary sources (transport, industry, construction,
road dust, fires) and those formed in the atmosphere as a
result of photochemical reactions of gaseous emissions
of SOy and NO» from thermal power plants and internal
combustion engines. High PM» 5 concentrations cause
toxic effects on the human body, exacerbation of asth-
ma, lung cancer, and cardiopulmonary diseases [3, 4].
In this context, the World Health Organization (WHO)
and environmental protection agencies in different
countries have introduced maximum permissible con-
centrations for the average annual and daily content of
PM g and PM; 5 in the air (Table 1). The most polluted
are megalopolises with a PM; 5 level exceeding 89 pg/
m?, and the cleanest, with an annual average PM» 5 val-
ue of less than 10 pg/m? [5].

Black carbon (BC) is a product of incomplete com-
bustion of fossil fuels in transport engines, thermal pow-
er plants, and biomass in the residential sector, as well
as the fumes of agricultural and forest fires. It is formed
as agglomerates 100-200 nm in size, consisting of nan-
oparticles with a diameter of 20-50 nm (Fig. 1a). Global
anthropogenic black carbon emissions are estimated at
about 7.2 Tg (teragrams) per year and amount to ~15% of
the mass concentration of PM s; for the transport sector,
this value reaches 50% [6]. The anthropogenic influence
of the city is identified by the characteristic daily trend
of black carbon, which reflects the variability of the in-
tensity of emissions of combustion products in accord-
ance with the operating mode of enterprises and transport

! PM stands for particulate matter.

[7]. In the process of fuel combustion, a unique structure
of graphite microcrystallites is formed (Fig. 1b), due to
which black carbon remains the only component of aero-
sols that absorbs solar radiation well and determines the
radiation balance of the atmosphere and climate.

Black carbon is the most dangerous and toxic com-
ponent of PM» 5 from the point of view of the impact
of emissions of combustion products on public health in
comparison with other sources. In large cities, the risk of
chronic and respiratory diseases increases owing to the
high degree of air pollution with black carbon from the
exhaust of automobile engines [8]. Emissions of burnt
fossil fuel are the most significant environmental threat
to children’s health worldwide [9]. Due to a number of
characteristic properties, black carbon is today consid-
ered one of the most important indicators of the impact on
human health and the environment [8]. Its mass concen-
tration is accepted by the world environmental protection
agencies as a characteristic of continuous monitoring of
the degree of aerosol pollution of the atmosphere [10].

Moscow is one of the largest megacities in the world
with a high population density and a developed trans-
port, heat and power, and industrial infrastructure that
uses natural fuels (gas, diesel, gasoline), which is accom-
panied by large volumes of aerosol emissions into the
atmosphere. The capital has about 630 industrial enter-
prises registered in various branches of machine building
and metalworking, energy, chemistry and petrochemis-
try, light and food industries, and construction. About
50% of pollutants are emitted by enterprises that produce
and redistribute energy, gas, and water. Industrial pro-

Table 1. Air quality standards and MPCs (pg/m?) adopted by
the WHO, the US Environmental Protection Agency
(EPA), the European Union (EU), and the Russian

Federation

Period WHO EPA EU RF*
PMj 5 | Annual average 10 12 25 25

Daily 25 35 25
PMjg Annual average 20 - 40 40

Daily 50 150 50 60

* Hygienic standards GN 2.1.6.3492-17 “Maximum Permissible
Concentrations (MPC) of Pollutants in the Air of Urban and Rural
Settlements.”

* Popovicheva 0O.B., Chichaeva M.A., Kasimov N.S. // Herald of the Russian Academy of Sciences.

2021;91(2):213-222.

DOI: 10.1134/51019331621020131
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ates in the emission of (a) a diesel engine of automobile
transport [33] and (b) the internal structure of graphite
microcrystallites [35].

duction zones occupy about 17% of the city’s area; the
14 largest enterprises provide up to 85% of gross pol-
lution from stationary sources [11]. The total volume of
industrial emissions is dominated by processing plants
and electricity distribution enterprises; gas accounts for
96.7% of fuel consumption. A central heating system op-
erates in Moscow, and biomass is not used for heating, in
contrast to large cities in China and Europe [12, 13]. The
combustion of biomass is believed to contribute a small
share to the pollution of a city’s atmosphere.

In 2019, the average annual concentrations of PMj
and transport emissions in the capital amounted to 0.8
MPC (see Table 1) and up to 93% of gross pollution [14].
Analysis of the dynamics of the main pollutants that de-
termined air quality in 2005-2014 showed that Moscow
is comparable in this indicator with European cities [15].
However, the Russian Federation has not yet adopted a
method for monitoring combustion products in the at-
mosphere; there are no MPC standards for black carbon.
Its mass concentrations are only measured for scientific
purposes [16, 17]. In August 2010, during extreme pollu-
tion by smoke emissions from fires around the Moscow
metropolis, abnormally high concentrations of PMj and
black carbon were recorded, 34 times higher than the
MPC according to EU standards (see Table 1) and seven
times the MPC level in a normal period [18].

The state of the environment during the pandem-
ic. The COVID-19 pandemic, announced by WHO on
March 11, 2019, has had a significant impact on public
health and economic activity around the world. Many

N cases
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countries introduced a self-isolation regime and a num-
ber of measures limiting economic activity and traffic. It
has become clear that the impact of the pandemic is an
unprecedented experiment in quantifying the impact of
collective responses on the environment, including urban
air quality. Analysis of data on global air quality showed
a significant decrease in the concentrations of oxides
NO2 and CO, which dominate the emissions of internal
combustion engines of road transport, compared to the
level of 2019 [19]. European cities recorded a decrease
in CO2 emissions from 8 to 75% (https://www.icos-cp.
euw/event/933) and NO, down to 62% [20]. A decrease in
atmospheric concentrations of primary pollutants (NOx,
CO, SOy, volatile organic components) led to a change in
the ozone concentrations of secondary organic aerosols,
depending on the meteorological conditions of the region
[21]. It was assumed that the decline in economic activ-
ity would lead to a significant reduction in PM» 5 in the
aerosol load of the atmosphere. However, measurements
carried out in the largest cities of the world showed dif-
ferent levels of the decrease in the mass concentrations of
PM, s, from the maximum, by 35% [20], to the absence
of'any changes [22], owing to the ambiguous dependence
of transformation processes occurring in the emissions of
primary sources into the atmosphere.

Black carbon, as a direct product of fuel combustion,
has become one of the most significant indicators of the
impact of changes in transport intensity and industri-
al production on the environment during the pandemic.
According to the observations of 17 European stations,
the emission of black carbon in Europe dropped by 11%
compared to the same period in previous years [23]. Sig-
nificant temporal changes in the concentration of black
carbon occurred in the countries that introduced the most
stringent restrictive measures. In large cities, its average
concentration during quarantine dropped by 35-47%
compared to the period before the epidemic [24, 25]. The
decrease in the concentration of indicators of primary ve-
hicle emissions—the number of fine particles and black
carbon, registered on roads of different traffic intensity
classes—reached 60—68% and 22-46%, respectively [26].
The highest emission of black carbon was observed in
the spring of 2020 in the residential sector of cities due to
the intensive combustion of biomass at low air tempera-
tures [23].

In Moscow, the number of reported cases of COV-
ID-19 increased from April to June 2020, but by the end

Period of
restrictive
measures
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period

50000 | ‘
A I
1 T 1

T T
Apr. 15 May 1 May 15 June 1l June 15 July 1 July 15 Aug. 1 Aug. 15
Fig. 2. COVID-19 cases recorded in Moscow from April to August 2020.
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Fig. 3. Collection and analysis of data on aerosol load of the atmosphere during the COVID-2019 pandemic.

of summer the situation had stabilized (https://www.ro-
spotrebnadzor.ru/region/korono_virus/epid.php) (Fig. 2).

Restrictive measures during the pandemic influenced the
intensity of the economic activity of the metropolis. The
quarantine lasted from March 26 to May 12, after which
some enterprises received permits to work. On June 1,
Moscow began to ease strict restrictions on movement
and work of the population. On June 1, the period of
restrictive measures ended, and the recovery period be-
gan. By June 18, business activity returned to its former
course, and by the end of the summer life in the city re-
turned to normal. Estimates of changes in the concentra-
tion of the gaseous pollutants CO, NO,, NO, and PMy,
according to Mosecomonitoring data, are recorded in
[27], which presents the results of the analysis of aerosol
pollution of the atmosphere of the Moscow megalopolis
during the COVID-19 pandemic based on measurements
of the most important indicators of hazardous impact on
the environment and human health—black carbon and the
mass concentration of PMj 5. The influence of th