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AHHOTanusa. AKmya/bHOCmMb ycciel0BaHUs 00yCJI0BJIeHa He06X0JUMOCTbI0 H3y4eHUs] GOPM MUTPALMH XUMHUYECKUX 3J1e-
MEHTOB B NI0/I3eMHBIX BOJ|aX 3aTOMJIEHHBbIX MeJHOKOIYeJaHHbIX PYTHUKOB [JI1 IPaBUJIBbHOI0 NOHUMaHHA U IPOTHO3UPOBa-
HHUA NPOLIECCOB UX NepeHoca U paclipe/ie/ieHUs B THPOTe0XUMHUYeCKHX NoJAX. [lol3eMHble ¥ TOBEePXHOCTHbIE BOJBI SIBJIA-
I0TCS CJIOKHOH CMeChIO BellleCTB, B KOTOpo# B 3aBucumocTH oT pH, Eh u t °C dopMupyrorcs dpasoBble nepexosbl ¢ nocaeny-
IOLIMM PacTBOpPEHHEM WJIM OCaX[,eHHheM MUHepasoB. [l pelleHUsa 3TUX 3a/a4 MCIO0Jb3yeTCs YUCIeHHOe THporeoMurpa-
[MOHHOE MOJIeJIMPOBAaHHE, B TOM YncIe GPU3NKO-XUMHYECKOe, KOTOPOe MO3BOJISIET CAe/IaTh BbIBOJbBI O MacIiTabax 3arpss-
HEHMsI U MeCTax JIOKaJMU3aLHUHU TaKUX YIaCTKOB AJIsS MOCAeAYIOIHUX Pa3paboTOK MEPONIPUATHH MO YJIYUIIEHUIO COCTOSTHUSA
ruapocoepsl. Lleaw: onpenenenre GopM MUrpanuy XMMAYECKHUX 3JIEMEHTOB B I0J3€MHBIX BOAaX U pacyeT HHJEKCOB HaChI-
LIeHHs] BOJbI 10 OTHOLIEHHUIO K MUHepasiaM. 06seKmbl: T0/j3eMHbIe BOJbl HA TEPPUTOPHUH 3aKPBITOro JIEBUXUHCKOTO MeJ-
HOKOJIYeJaHHOT0 pygHUKA. Memodul: nabopaToOpHble HCCIe0BAaHHUS MOJA3E€MHBIX BOJ, BBINOJIHSJINCH C HCIOJIb30BaHHUEM
MEeTO/I0B IIJIAMEHHO-3MHUCCUOHHOM CIIEKTPOMETPHH, IJIAMEHHO AaTOMHO-abCOPOIMOHHON, GOTOMETPHUYECKUM METOJOM C
peakTHBOM Hecciepa, THUTpHMeTpPUYECKUM, MepKyMeTPUYeCKUM U IOTEeHIUOMeTPUYeCKMM MeToJaMM; Macc-
CHEeKTPOMeTpUEer C HOHM3aLMed B MHJYKTUBHO CBSI3aHHOW IJIa3Me€ WU TpaBUMeTpPUYECKUM MeToAoM. [l ¢u3uko-
XUMHYECKOI'0 MOJIeJIMPOBAHUS UCIOJ/Ib30Basicsl nporpaMMHbIi npoAyKT Visual MINTEQ 3.1. Pe3y.siemam. Ilo pe3ysibTaTaM
06pabOTKH XMMHUYECKUX aHAJIN30B U PU3UKO-XMMUYECKOT0 MOJeJIMPOBaHuUsl BCe ONPO6GOBaHHbIE CKBaXKMHBI MO/le/IeHbl Ha
rpynnel. [lepBas rpymnmna - ckBaxuHbl N2 1, 2, 3 u 6, pacnoJio’keHHbIe B NIpejiesiax GbIBLIET0 TOPHOTO OTBOAA (Bo3Je 1. «Jle-
Buxa XIV», TexHoreHHoro BofioeMa, 1. «J/leBuxa II» u craHuuu HelTpanusanuu). Bropas rpynna npezcTaB/jeHa BoJiod B
cKkBakMHax N2 4 Bo3sJie cTBoJia 1. «lleHTpasbHas» U Ne 5 Bozsie oTBasa «lOxHbIN». TpeTbs rpymnna - ckBaxkuHa N2 7, pacro-
JIO)KeHHasl Bo3Jle yCTbs p. JleBuxu. MHJeKcbl HacblllleHUs1 U GOPMbl MUIPaliMM KOMIIOHEHTOB B BOJHOM cpejie MO3BOJIAIOT
BBIIBUTh MaclITab 3arpsisHEHUs U MecTa JIOKaJHU3alMU TaKUX Y4aCTKOB. YCTAaHOBJIEHO, YTO NPU JAeHCTByOLIeH cucTeMe
c6opa ¥ OUUCTKHU He IPOUCXOJUT MAcIITabHOro 3arpsisHeHus o/i3eMHBIX BoJ, Ha JIeBUXMHCKOM pyjHHUKe. OHO JloKaIu3yeT-
csl B palloHe axXTHOTOo cTBoJa «LleHTpanbHbIi» (ckBaxkuHa N2 4) u oTBasa «H0xHbIH» (ckBaxknHa Ne 5).
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Abstract. Relevance. The need to study the forms of migration of chemical elements in the groundwater of flooded copper
pyrite mines in order to correctly understand and predict their transfer and distribution in hydrogeochemical fields. Ground
and surface waters are a complex mixture of substances in which, depending on pH, Eh and t °C, phase transitions are formed
with subsequent dissolution or precipitation of minerals. To solve these problems, numerical hydrogeomigration modeling is
used, including physicochemical, which allows drawing conclusions about the scale of pollution and the localization of such
areas for subsequent development of measures to improve the state of the hydrosphere. Aim. To determine the forms of me-
tal migration in groundwater and to calculate water saturation indices in relation to minerals. Objects. Groundwater in the
territory of the closed Levikha copper pyrite mine. Methods. Laboratory studies of groundwater were carried out using flame
emission spectrometry, flame atomic absorption, photometric method with Nessler's reagent, titrimetric, mercumetric and
potentiometric methods; mass spectrometry with ionization in inductively coupled plasma and gravimetric method. Physical
and chemical modeling using the software product Visual MINTEQ 3.1. Results. According to the results of processing chemi-
cal analyzes and physical and chemical modeling, all tested wells are divided into groups: 1) wells no. 1, 2, 3 and 6, located
within the former mining allotment (near the Levikha XIV mine, a man-made reservoir, the Levikha Il mine and a neutraliza-
tion station); 2) represented by water in wells no. 4 near the shaft of the mine Tsentralnaya and no. 5 near the dump Yuzhny;
3) well no. 7, located near the mouth of the Levikha river. Saturation indices and forms of migration of components in the
aquatic environment make it possible to identify the scale of pollution and the localization of such areas. Thus, with the cur-
rent pumping system, there is no large-scale pollution of groundwater at the Levikha mine. It is localized in the area of the
Tsentralny mine shaft (well no. 4) and the Yuzhny dump (well no. 5).
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BBeaenue

XUMHYECKUH COCTaB IMOJ3EMHBIX BOJ 3aBUCHUT OT
psina GakTopoB, TAKMX KaK: MPUPOIHBIE YCIOBHUS TEppH-
TOpUH; OCOOCHHOCTH NHTAHUS W Pasrpy3Kd; COCTaB U
(UIBTPAIIMOHHBIE CBOMCTBA BOJOBMEINAIOIINX TOPOJ
[1-3]. Cocras nom3emusIX BOA GOPMUPYETCS B PE3yIib-
TaTe B3aUMOJCHCTBHUS MOPOJIBI C BOJIOW, TBEPIbIC (a3bl
(HeopraHuyecKkue U OpraHu4ecKUe BEIIEeCTBa) SBISIOTCS
KaK HUCTOYHHKaMH, TaK U NOTJIOTUTCIIAMHU PACTBOPCH-
HBIX KOMITOHEHTOB ITOJ3EMHBIX BOJ [4].

Nzyuyenne GopM XUMHUYECKHX 3JIEMEHTOB B MOA3EM-
HBIX BOJIaX Pa3HOTO COCTaBa MO3BOJISAET MPABUIBLHO IIPO-
THO3HMPOBATH TPOIECCHI MX TEPEHOCa U pacipeieiCHHs B
TUAPOTr€OXUMHUYECKUX NOJSAX. Tako acreKT BakeH MPHU
HCCTIEIOBAaHUH MOTOKOB PACCESHHUA M OLEHKH TEXHOI'€H-
HOTo Bo3ZeHcTBHA MX Ha ruapocdepy [S]. Tak, mpu pe-
IICHWH BOIIPOCOB OXpaHBI BOAHBIX OOBEKTOB HEMAJo-
Ba)XKHOE 3HaYEHHE UMEET TO OOCTOSTENBCTBO, YTO Pa3HbIe
MHTpALIOHHbIE ()OPMBI OFZHOTO U TOTO K€ BJIEMEHTa
HMEIOT pa3iIMyHyl0 TOKCHYHOCTh. Harpumep, kaTHoHHbIE
(dbopmbl Meu (Cu2+, CuOH", Cuz(OH)22+) CYIIIECTBEHHO
OlacHEe ec¢ HEUTpaNbHBIX WM aHUOHHBIX (opm [6].
Taxoke Ipy ONpeAEIeHUN XMMUUECKUX JIEMEHTOB B BOJIE
HEOOXO/IMMO YYUTBHIBATh, YTO MHOTHE METOIbI aHAJIUTH-
YeCKOro onpezesieHus (0COOCHHO KOJIOPHUMETPUIECKOTO)
pa3paboTaHbl TOJIBKO HA UX OMPEICICHHBIC XUMUUECKIE
COCTOSIHUSI, IO3TOMY CYIIECTBYIOT IPOTHBOPEUHS MEXKITY
(dopMamu  ompeieNieHHss BJIEMEHTOB MPU XUMHUYECKOM
aHaIM3e MOJ3EMHBIX BOJ U MX PEAIbHBIM COCTOSHUEM.
Bcenencrere 3TOro B BOmax MOTYT OOHApY>KHBATHCSI HE

BCE JIEMEHTBI YTO MPUBOIKUT K HEJOCTOBEPHOCTHU IOJY-
YEHHBIX JaHHBIX. B CBSA3M ¢ 3TMM HEOOXOIMMO 3HATH U
MPOTHO3HUPOBATh BEPOSTHBIE COCTOSIHHSI JJIEMEHTOB B
MOJI3eMHBIX Bozax [7, 8].

Takum 00pa3om, 1ebi0 pabOThI SBISIETCS Ope/eIe-
Hre (GopM MHTPAIMK METAUIOB B TIOA3EMHBIX BOJaX 3a-
TOIUIEHHOTO JIEBUXHHCKOTO PYIHHKA U pacyeT HHICKCOB
HACBIIICHUsSI BOJIBI IT0 OTHOIICHHIO K MHHEPAIaM.

06BEKT UcCCIeJ0BaHUS

JleBuXUHCKas rpymnmna MEIHOKOYECIaHHBIX MECTO-
pOXACHUH pacmosiockeHa B CBepasIOBCKOH 00nacTH, B
30 kM ceBepo-3amagHee r. KupoBrpan, Ha BOCTOUHOM
okpauHe nocenka Jlepuxa (puc. 1).

Mecropoxnenusi OTKpbITEI B 20-X TIT. TPOILIOTO
BeKa. DKCIUTyaTalus IpoBOJMIACH KaK OTKPBITBHIM, TaK
u noazeMHbIM criocoboM. C 2003 1. Hayamoch 3aToI-
JieHre TOpHBIX BbIpadoTok [9]. K 2007 r. Ha ceBepHOM
¢uaHre pynHUKa B MpoBayie TIIyOuHOH okosio 20 M (B
HauboJiee HU3KOIM TOYKE TOPHOTO OTBOJA) cHhopMHUpO-
BaJICsl TEXHOTE€HHBIN BOJOEM, KyJa pa3rpyKarTcsl MU-
Hepam3oBaHHbIe Kucible mraxTHeie Bonabl (KIIB) c
pacxozoM nopsizka 120 m%/u [10].

Hauwmnas ¢ 2007 r. 11t mpeioTBpalieHus 3arpsizHe-
HUS OKpY’KaIoIIeH cpensl MOocie 3aTOIUICHHUS PyAHUKA
ObU1a opranuzoBaHa cuctema cbopa KIIB, nepexauku
U3 TCXHOI'CHHOT'O BOAOEMA, UX HeﬁTpaJ’IH:%aL[HH HU3BECT-
KOBBIM MOJIOKOM, cOpoc B IpyA-OCBETIHTENb. Jlamee
BOJIa CaMOTEKOM IO cTapoMmy pyciy p. JleBuxu morma-
naet B p. Tarun [10].
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Fig. 1.  Overview layout of objects at the Levikha mine

B 2003 r. BOIOOT/IMB OBIIT OCTAHOBJICH, JETPECCH-
OHHasl BOpPOHKa 3amonHuiach, u k 2007 r. B camoit
HU3KOH TOYKE TOPHOTO OTBOJA B IMpoBaje chpopMupo-
BaJICSI TEXHOTEHHBIM BOJOEM, B KOTOPBIM MPOUCXOIUT
pasrpy3ka kucibix (pH=2,7-4,1) MuHEepaIn30BaHHBIX
(mo 12 r/n) miaxTHBIX BOX CyJIb(ATHOrO COCTaBa C BbI-
cokuM cojepxanueM Fe, Al, Mg, Zn, Cu, Mn. Pacxon
TakoW pasrpy3ku nopsiaka 120 M/a— B 2 pasza MeHb-
1re, 4eM ObUT BOJOOTIIHB B IIEPHO.T OTPAOOTKH.

Hauunas ¢ 2007 r. meiitpanuzanus KIIIB Bo306HO-
BIJIACH: M3 TEXHOTEHHOTO BOJOEMa IIaXTHEIE BOABI Iie-
pPEeKauMBaIOTCs HA CTAHLMIO HEHTpaau3aluy U OYMILIEH-
HBbIE CTOYHBIE BOJbI MOCTYMAIOT B IMPYA-OCBETIUTENb.
COpoc uX MpoUCXoauT B p. JIeBUXY, JIEBBIA MPHUTOK P.
Tarw (UpThimickuii 6acceHOBBIA OKPYT).

MeToabl UCC/1eA0BAHUS

11 XapakTepUCTHKU COCTaBa IOA3EMHBIX BOJ B
paiione JIeBUXMHCKOTO MEIHOKOIYEIaHHOTO PYyAHUKA
B Mmae 2021 r. Obu mpoOypeHbl HaOIOJaTeIbHBIE
CKBaXHHBI r1yOHHOHN 0T 30 10 50 M, pacnojoKeHHbIE
B mpejesax ObIBIIEr0 rOpHOro OTBoAa (6 CKBaXHH) U
HIDKE cOpoca ¢ IpyJa-oCBETIIUTENS B ycThe p. JleBuxu
(1 ckBaxkuna) (puc. 2).

XUMHUYECKHH COCTaB MOA3EMHON BOJBI HAa PACIIU-
PEHHBIN TMepedeHb KOMIIOHEHTOB HCCIICIOBAJICS TI0
pe3yabpTaTaM MOCE30HHOTO YETHIPEXKPATHOTO OIpodo-
BaHus B TedeHue 2021 r. AHanmu3el TPOBOJIWIKCH B
CepTUGUIIMPOBAHHON  JTadOpaTopud B XHUMHKO-
aHAIUTHYECKOM IIeHTpe MHCTHTyTa MpOMBIIUICHHON
skosorun YpO PAH (r. ExkarepunOypr) ¢ ucmnonb3o-
BaHHEM METOJOB IUIAMEHHO-OMHCCHOHHON CIIEKTPO-

3ona obpymeHus|
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0630pHas cxema pacnoiosiceHusi 06seKkmos Ha /IesuXuHCKOM pydHuKe

METpUH, TUIAaMEHHO aTOMHO-a0COpPOIIMOHHOM, Macc-
CIIEKTPOMETPHUEN C HOHU3aUMeld B WHIYKTUBHO CBS-
3aHHOH mna3Me. B kaxoi mpobe onpeneneHo mopsia-
Ka 26 xomrnoHeHTOB. Ha Mecte n3mepsanu Temneparypy
(t °C), OKHMCIUTENEHO-BOCCTAHOBUTEbHBIN TOTEHIHAI
(Eh, mV), Bomopoassiii nokazarens (PH, en.), obuiee
KOJIMYECTBO PACTBOpeHHBIX B Bone dactui (TDS,
ppm), anexrporposoanocts (EC, mS).

OnpeneneHue MUTPAMOHHBIX (POPM KOMIOHEHTOB
U mporeccoB (OPMHUPOBAHMS COCTaBa MOA3EMHBIX BOJ
MPOBOAMIOCH METONOM UHCICHHBIX PacdéTOB C HC-
MOJb30BAaHHEM MPOTrPaMMBI PAaBHOBECHOTO (DU3UKO-
XMMHYECKOTO MOJICIUPOBAHUS TECOXMMHUYECKUX IIPO-
IeccoB B cucreme «Boma—topona» Visual MINTEQ
3.1[11-15].

Jnsi KaxIoro MuHepaga PacCUMTHIBACTCS WHJCKC
nacemenus Sl (saturation indices), kotopslit onpenes-
ercs kak pasuuia mexay log IAP (ion activity product,
MPOU3BEICHUE HMOHHON AKTHBHOCTH HPOIYKTOB peak-
mun) U log KS (koHCTaHTa pacTBOPHMOCTH MUHEPAa,
BKJTIOYECHHAS] B TEPMOIMHAMUYECKYIO 0a3y JaHHBIX):

SI =logIAP —logKs.

WNunexc Haceimenus SI npeacrapisseT HHGOpMAIUIO
0 COCTOSIHUM PacTBOpPa OTHOCHUTENFHO TBEpAOH (ha3bl.
[Tpu SI<0 pacTBOp sIBIIsIETCS] HEHACHIICHHBIM; Tpu SI=0
pacTBOp HAXOIWTCS B PABHOBECHH C TBEpAOW (pazoi;
npu SI>0 pactBop mepecsiiieH. Ecnu pacTBop HeHACHI-
LIEH, IIPOTHO3UPYETCS] PaCTBOPEHNE COOTBETCTBYIOIIEH
TBepao (a3bl. [Ipu ycIoBuH, YTO pacTBOpP MEPECHIIICH,
HauOoJiee BEpOSATHOU OyAeT peakuus OCaXIeHHsA pac-
TBOPEHHBIX BELIECTB U3 pacTBopa [6, 16].

139



Bulletin of the Tomsk Polytechnic University. Geo Assets Engineering. 2024. Vol. 335. No. 9. P. 137-147
Rybnikova L.S., Rybnikov P.A., Navolokina V.Yu. Chemical elements migration in ground waters of mining territory

~ YcnosHble 0603HayeHus:

% waxtel

e BOAOTOKM

[ sonoems!

(®) ckBaxuHbl

N~ Bogoc6op

nnsx npyaa-
ocseTauTens

oTBan "KOXHbii"

Cxema pacnoaodceHust ckeaxcu: 1 — eosqe ul. «/leguxa XIV»; 2 — 8o31e mexHozeHHo20 8odoema; 3 - go3/e ul. «/lesuxa

II»; 4 - 8o3s1e cmeosaa w. «lJenmpaavHasi»; 5 - 6o3ne omeaaa «HxcHblliy; 6 — 8031 cmaHyuu Helimpaausayuu; 7 —
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Well location diagram: 1 - near the mine Levikha XIV; 2 - near the collapse zone; 3 - near the mine Levikha II; 4 - near

the shaft of the Tsentralnaya mine; 5 - near the Yuzhny dump; 6 - near the neutralization (treatment) station; 7 - be-
low the discharge from the clarification pond, at the mouth of the river Levikha

Pe3yJibTaThl U 06CYK/eHUEe
T'udpoxumuyeckas xapakmepucmuka nod3eMHbIX 8600

MuHepanuzanys B IOJI3EMHBIX BOJIaX BapbUPYET OT
0,2 1o 2,0 r/n (tabn. 1). HckirodeHue COCTaBISIOT
ckBakuHBI Ne 4 Bo3iie ctBona 1. «L{eHTpanbHasy (Mu-
Hepanu3anus 10 13,7 r/m1) u Ne 5 Bozne orBana «HOx-
HBII» (MuHepamm3auus g0 35,3 r/m). Ha BeIcOKyIO Mu-
HEpaIM3alMIi0 U €€ W3MEHYMBOCTh B CKBaxkuHe No 5
BIIUSIIOT KUCJIBIE TTOJOTBAILHBIE BOJBI, TEKYIIHE C OT-
Bana «lOxHblil». B cBorO ouepens XMMUYECKuUil cocTan
MOAOTBAJILHOM BOJBI CHUJIBHO 3aBUCUT OT CE30HA U
0CaJIKOB 3a MpeaniecTByromue aau [17].

AHWOHHBIH COCTaB IOZ3€MHOH BOJBI CyNb(aTHBIH,
KaTHOHHBIN COCTaB MarHUEBO-KAJIBIIUEBBIH MO0 KeTe30-
AIMIOMUHHUEBBIA. VICKITIOUEeHE COCTaBIISIFOT CKBAKUHBI No
1, 3, 7. B ckBaxkunax Ne 1, 3 Bozma uMeeT THAPOKapOO-
HATHO-XJIOPHJHO-CYNb(aTHBIN COCTaB; MO KaTHOHAM BO-
Jla  HAaTPUEBO-KAJbIIMEBO-MArHWEBAsi W  MAarHUEBO-
KajbleBas. B ckBakunae Ne 7 Boma mMeeT THAPOKapOO-
HATHO-CYNb(aTHBIN COCTaB; MO KATHOHAM BOJA MarHHc-
Bo-KanbLueBas. B ckBakmuax Ne 1, 2, 3, 6 Bogsl ci1a0o-
kucieie (pH ot 5,0 10 6,4). B ckBakrHax Ne 4 u 5 BoJIbI

kucieie (pH ot 2,8 1o 3,5). daktrveckue BennunHbl pH
MMEIOT HeWTpallbHble 3HaueHHsA B CKBakuHe Ne 7 (7o
7,0). Bonsl B ckBaxkuHax Ne 2, 4, 5 HaXo[sTCSl B OKUCITH-
TenbpHOM oOctaHoBKe (3Hauenms Eh>+100 mB), B Bozme
MIPUCYTCTBYET CBOOOIHBIA KHUCIIOPOJ, 3JIEMEHTHl MHTPH-
PYIOT B BEICIICH (opme CBOeH BaJeHTHOCTH. Bompl B
OCTAJIbHBIX CKBKMHAX HAXOJATCS B YCIOBHUSX MEPEXOJI-
HOM  OKHUCIIMTEIbHO-BOCCTAHOBUTEIILHON — OOCTAHOBKH:
BermunHbl Eh m3mensttores ot 0 o +100 MB, B ycioBusx
HEYCTOMYHMBOrO T'€OXUMHUYECKOTO PEKUMA, KOTJa MpoTe-
KaeT Kak cjaboe OKUCICHHE, TaK U ClIa00e BOCCTAHOBJIE-
HHE I[EJIOro psiia MeTawioB (tabm. 1, puc. 2, 3).
ConeprkaHusi METAIOB B MOA3EMHBIX BOIAax Ipe-
BeImaroT Kiapku konneHrpanuii (KK) [18] Ha omuH—
ATh mopsAakoB (puc. 4). CaMbie CyIIECTBEHHBIC Ipe-
Boimenus: KK (B Thicsun pa3) oTMEUaroTcs B CKBAXKHHAX
Ne 4 u 5 mns Al, As, Be, Cd, Cu, Co, Fe, Mg, Mn, Ni,
Zn. B ckBakmae Ne 2 3madeHms KK cHmkaroTcs Ha
onuH—/Ba nopsaka. B ckBaxunax Ne 1 u 6 mpeBbie-
HUS KIIQPKOB (COTHH—ICCSATKH DPa3) OOHAPYKEHBI ISt
Cd, Cu, Co, Mn, Ni u Zn. B ckBaxxune Ne 7 ormMedaroT-
cs1 mpeBbIenus mo Be, Ca, Co, Mg, Mn u Ni (puc. 4).
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Ta6auya 1. Cocmas 800db! 8 ckeaxcuHax (damoet onpobosaHus 26.05.2021-24.09.2021)

Table 1. Composition of water in wells (sampling dates 26.05.2021-24.09.2021)
Ne ckBaxKUH CocTas Bozb! (popmysa KypJsiosa) MuHepanusauus, r/na H Eh mV ¢ oC
Well no. Water composition (Kurlov formula) Mineralization, g/L P i i
1 50, 72 €121 0,1-0,2 5,1-5,4 98-103 8,0-9,3
Mg 48 Ca 34 Na 13 T T j T
2 504 94 0,5 5,0-5,1 111-124 7,7-9,0
Ca 55 Mg 27 ’ Y ) T
3 504 65 C1 23 HCO, 12 0,5 6,2-6,4 48-58 8,0
Ca 68 Mg 23 ’ o } ’
4 504 99 10,7-13,7 2,9-3,5 206-210 9,0-11,2
Al 44 Mg 21 Fe?* 17 e T - T
5 50, 99 12,9-35,3 2,8-3,2 233-237 9,0-12,0
Al 43 Fe2* 26 Mg 20 T o ) T
6 50493 1,9-2,0 6,1-6,2 58-64 7,4-8,4
Ca73Mg19 e Y } T
7 50, 65 HCO, 33 0,8-0,9 6,7-7,0 18-30 9,1-8,5
Ca71Mg24 o Tl } s
T T T T 0
20
(«}]
40 &
o © o & =
80 g LN N -
60
4 40
/s 20 q l I l I 100
- 4 — 4 8000 16000 24000 32000
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Fig. 3. Durov diagram (%-eq/L).
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Dopmbl Muzpayuu 3/1eMeHNMO08 U pe3y16mamul
pacuemos uHdekcoe HacvlujeHull

OCHOBHBIE XUMHUYECKHE (POPMBI MUTPALIUH dJICMEH-
TOB B IIOA3EMHBIX BOJaX 3aBUCAT OT UX BAJICHTHOCTH.
TaK, M0 JTaHHBIM TCPMOAMHAMHUYECKUX pPaCUYCTOB, OJ-
HO3apsAHBIC KaTHOHBI (HATPUW W Kajuil) MUTPHUPYIOT
MPEUMYIIECTBEHHO B BUJIE CBOOOHBIX HOHOB (B Cpea-
HeM Oonee 95 %) (puc. 5). JIByx3apsiiHble KaTHOHBI
(kaypIui, MarHud, MapraHell, IMHK) MHUTPUPYIOT B
HOHHO-pacTBOpeHHOM (Gopme (Oomee 55 %), pexe B
(hopme cynbdaTHBIX KOMIUIEKCOB.

Fe siBnsieTcst mepexoIHBIM 2IEMEHTOM H, B 3aBHCH-
MOCTH OT OKHCIHTEIbHO-BOCCTAHOBHUTEIFHOTO MOTECH-
[[fajga, UMEET CTEeNeHb oKucieHus 2+ wim 3+ [18-20].
Tak, Fe?* naxomutest mi60 B cBoGoaHOM (opme (ot 51
10 91 %), mubo B KOMIIeKce ¢ cybharamu FeSO4
(mo 56 %). ®opma Murpanuu Fe®* ompenaenseTcs Kuc-
JIOTHOCTBIO CpeJbl: B CIAO0OKUCIION M HEWTpalbHOU
cpene d3TO THAPOKCHUAHBIE KOMILUIEKCHI (FeOH2+,
Fe(OH),"), B kuc0ii cpee 31O CyiIbpaTHbIE KOMILIEK-
cb1 (FeSO,", FeSO,%).

Al Moxer (GpopMHpOBaTh HaHOOJIbIIEE KOJIHMUECTBO
Pa3HOOOpa3HBIX KOMILUICKCOB, MCKIIOUEHHE COCTABIIS-
10T CKBaXXKHHBI Ne 4, 5 ¢ kucioi BoJoi, B HUX (HOPMBI
MUTPalUH TPEHMYIIECCTBEHHO B CYNB(pATHOU TpyTiIie
(puc. 5).

TepMoauHAMUYECKUE PACUETHI MTOKA3aJIH, YTO MO~
3eMHBIC BOJBI MIEPECHIIIICHBI TI0 OTHOUICHUIO K pa3ind-
HBIM THIPOKCHIAM W CyJIb(araM aTOMHHHUS, OKCHJ-
THAPOKCHUIAM U OKCHJaM XKelle3a, a Takke K KapOoHa-
tam (Tabi. 2).

Bo Bcex ckBakMHaX BOJBI HACHIIMICHBI 10 OTHOIIE-
HUIO K MUHepajaM rpymmsl cyiabdaroB. Boga B ckBa-

Geochemical spectrum of elements in the water of tested wells (Ig CC)

skuHax Ne 1, 2, 3, 5, 6 (HeiiTpanbHas BoJia) mepechIliie-
Ha 110 Aly(OH)10SO4(S) u anynuty. Boma B CKBaXKMHAX
Ne 4, 5 (xucnbie BOJIbI) IEPECHIIEHA ITO0 OTHOIIEHUIO K
apo3uty (Taba. 2).

[To oTHOWIEHMIO K MHUHEpalaM TPYIIbl OKCHAOB
BOJBI HACHIMIEHBI B ckBaknuHax Ne 3, 4, 5, 6 u 7. Boga
B ckBaknHax Ne 3, 6, 7 mepechllieHa 1o repiuuHuTy. B
ckBaXrHax Ne 4, 5 BOJIbI IEPECHIILIEHBI 10 OTHOIIEHHUIO
K TeMaTUTy W MarHeTury (Tabi. 2), Takke KHUCIbIE BO-
OB 1 BOJA B CKBaKUHE Ne 7 TIepeChIIeHHI 110 PeppuTy
MeJH.

Bogpl mpakTUdeckd MO BCEM CKBOKWHAM TOKa3bi-
BalOT HACBILEHHUE I10 OTHOLICHUIO K MUHEpajIaM IpyIl-
bl OKCUJ-TUAPOKCHIIOB. B HEHWTpanbHBIX BOJaX OTMe-
yaeTcs MepeHachllieHne o auacnopy (mo 3,4). B
ckBakuHe Ne 7 mepeHachlIeHHE TaKKe 3aMETHO 110
oemuty (1o 1,6). B KHCIIBIX MOA3EMHBIX BOAAX OTMeE-
yaercs nepeHaceieHue (o 3,4) no retuty u (no 3,1)
nenunokpokury (y-FeO(OH)) (tabm. 2).

Wuaexcol HachILEeHU BOJ IO TUAPOKCHIY AIIOMH-
HUS ¥ THOOCUTY (TUAPAPTUIIINTY) HAXOAATCS B Uarna-
30He oT 0,4 10 2,5 (Tadm. 2).

Nuaexcsl HachlLleHUs] BOABI 10 OTHOLLIEHUIO K MH-
HepajiaM TpYIIbl KapOOHATOB caMble HU3KHE: B CKBa-
xuHe No 7 WHIEKC HACHIIECHUS 10 KapOOHATy MapraH-
na 0,1 u mo pogoxposury 0,6 (Tadm. 2).

[To oTHOmIEHHIO K MHHEpajiaM TPYIIbl TajJOTeHH-
JIOB BOJBI HACHIIICHEI B CKBaxkuHax Ne 3, 4, 5 6 u 7.
Hawnboee BBICOKasi CTEIIEHb MMEPEHACKHIIICHUS OTMEYa-
ercsa mo Fe(OH),;Cl3(S) B ckBaxkunax Ne 4 u 5, mis
KOTOPBIX MHACKCHI HACBIIEHUs nocturat 5.4 u 4,9,
COOTBETCTBEHHO (Tab. 2).

142



HW3BecTust TOMCKOIo NOJUTEXHUYECKOTO YHUBepcUTeTa. MHXUHUPHUHT reopecypcos. 2024. T. 335. N2 9. C. 137-147
Pri6HuKOBa JI.C., Pri6HUKOB [1.A., HaBosiokuHa B.10. Murpaiys XuMu4ecKux 3J1EMEHTOB B II0/I3€MHBIX BOJAX ...

Na* K*
100 100
80 80
mNaHCO3 (aq) = KSO4-
60 60
. = NaSO4- - mKCl (aq)
40 = NaCl (aq) 40 mK+1
mNa+1
20 20
0 0
1 2 3 4 5 6 7 1 2 3 4 5 6 7
CKBaXMHbl CKBaXXWHbI
Mg* Cu®
100 100
80 80
= CuHCO3+
60 1§ MgHCO3+ 60 ¥ CuCO3 (aq)
= 5MgSO4 (aq) = = CuS04 (aq)
40 = MgCl+ 40 = CuOH+
= Mg+2 mCu+2
20 20
0 0
1 2 3 4 5 6 7 1 2 3 4 5 6 7
CKBaXMHbI CKBaXWHbI
Fe* Fe3*
100 100
80 80
u Fe(S04)2-
u FeSO4+
60 =FeHCO3+ 60
2 = uFe+3
mFeS0O4 (aq)
40 40 u Fe(OH)2+
=Fe+2 uFeOH+2
20 20
0 0
1 2 3 4 5 6 7 1 2 3 4 5 6 7
CKBaMUHbI CKBaMMWHbI
Zn?* Al3+
100 100
mAI2(OH)2C0O3+2
% BZnHCO3+ % =AlOH)4-
=AI(OH)3
60 #ZnCO3 (aq) 60 (OH)3 (aq)
= =Zn(S04)2-2 = =AIOH)2+
40 ZnS04 (aq) 40 mAIOH+2
R mAI(SO4)2-
n
20 20 mAISO4+
mAI+3
0 0
1 2 3 4 5 6 7 1 2 3 4 5 6 7
CKBaXWHbI CKBaXWHbI

Puc. 5. ®opmbl Muzpayuu 3nemeHmos
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Ta6auya 2. Pe3ysbmamul pacuema UHOeKC08 HACbIWeHUs N003eMHbIX 800

Table 2. Results of calculation of groundwater saturation indices
Munepan dopmyna 'pynna Homepa ckBaxkuH/Well numbers

Mineral Formula Group 1 2 3 4 5 6 7
Al(OH)s3 (Ocagoxk) ~ ~ j
Al(OH)s (Soil) Al(OH): — 04 12 07 | 19
r'u66cur (C) hydroxide
Gibbsite (C) Y-Al(OH)s 09 | 05 | 18 13 | 25
Al4(OH)10S04(s) Al4(OH)10S04 2,6 2,1 4,5 - - 3,6 57
AIOHSO4(s) AIOHSO4 -0,8 -0,2 - 0,9 0,9 - -
Anynut cynbdarTbl
Alunite KAlz (OH)6(S04)2 sulfates 1,9 2,3 2,1 0,5 - 2,4 2,3
Aposut 34 _ _ _ - -
K-Jarosite KFe?*3(OH)6(S04)z 58 4,6
bémur
Boehmite Yy-AlO(OH) 0,0 -0,5 0,8 - - 0,3 1,6
Auacnop AIO(OH) 18 | 14 | 27 | - - 22 | 34
Diaspore
®eppuruapur 0. OKCHJ-THJPOKCH/bI B _ B _ _ _
Ferrihydrite (Fer)205-0,5H20 oxide-hydroxides 03 03
Fetur
Goethite FeO(OH) - - -0,8 3,4 2,8 -0,3 1,2
JlenuA0KPOKUT
Lepidocrocite y-FeO(OH) 1,0 31 2,6 0,5 0,9
FemaTut
Hematite Fe;03 - - 0,8 9,1 7,9 1,8 4,7
lepueHut ~ ~ ~ ~
Hercynite FeAl,04 1,8 1,3 5,0
MaI‘HeTII/IT FesOs OKCH/BI - - 1,9 7,6 6,2 33 7,6
Magnetite oxides
dJeppHT Megn CuFe,04 _ - - 4,1 2,7 - 2,8
Cupric Ferrite
MarremMuT
Maghemite v-Fez0; - - - 2,6 1,5 - -
MnCOs (am) MnCO3 - - - - - - 0,1
POAOXDOIUT Kap6OHATHI
Rhodochrosite MnCOs carbonates - - - - - -0,9 0,6

raJoreHu /bl _ _

Fe(OH)2Cls(s) Fe(OH)2Cls halides 0,5 0,7 54 4,9 11 2,1

IIpumeyanue: «-» uHdekc HacblujeHusi meHvuie —1/Note: «-» saturation index is less than -1.

Boga B ckBaxkmnax Ne 1, 2, 3 u 6 xapakrepusyrorcs
WICHTHYHBIMHA WHICKCAMHU HACBHIIICHHS [0 MUHEpalaM
TPy CyJIb(AThI, THAPOKCHIAB! M KapOoHaThl. OHH Tepe-
coiniens! 1o oTHommeHHI0 K Al (OH)10S04(s) (ot 2,1 o
4,5), anmynury (ot 1,9 no 2,4), nmacnopy (ot 1,4 10 2,7) n
ru66cuty (ot 0,5 no 1,8). Bropas rpynma — 310 Boja B
ckBaxknHax Ne 4 11 5, 31ech OTMEUaeTCs MePECHIIIIEHHE TI0
OTHOLICHHWIO K MHHEpaJaM TPYI OKCHIBIL, CYIb(aTsl,
OKCHJI-THIPOKCHJIBI U TaloreHupl: rematuty (9,1-7,9),
marneruty (7,6-6,2), sposury (5,84,6), rerury (3,4-2,8)
u nemuaokpokuty (3,1- 2,6). B Tpetpeit rpymme (ckBa-
xuHa Ne 7) Habmromaercst HEOONBIIOE TEePEeHACHIICHHE
no MuHepanam kapOonatHod rpymmbl (MNCOgz(@m) u
pomoxpo3uty), a takxke 1mo Aly(OH)10SO04(S) (5,7), ru66-
cuty (2,5) u nuacriopy (3,4) (tabm. 2).

Takum oOpa3oM, Mo pesyibprataM 00pabOTKH XH-
MHUYECKUX aHATH30B M (PU3HKO-XUMHUIECKOTO MOZIEIH-
poBaHUA Bce ONMPOOOBaHHBIE CKBAXKUHBI MOXHO pa3fe-
1uTh Ha Tpu rpynnsl. IlepBas — ckBaxkunsl Ne 1, 2, 3 u
6, pacriooXKeHHBIE B MPEAeax OBIBIIEr0 TOPHOTO OT-

Boza (Bozine 1. «JleBuxa XIVy, TexnoreHHoro Bojoe-
Ma, 1. «JleBuxa llI» u cranum HeliTpanu3anum) Maso-
W ciiaboMuHepaIn30BaHHbIe (10 2 1/71) cynbdaTHbIE
MarHHeBO-KaJbIIUEBBIE W KaIbIIMEBO-MarHUEBLIE BO-
nbl. @aktuueckue BenuuuHbl pH B Boge ckBakud Ne 1,
2, 3, 6 UMCIOT YMEPECHHOKHUCIIBIE U CIAa0OKHCIIbIE 3HA-
9geHus, Bappupyor ot 5,1 (ckBaxkmHa Ne 2) mo 6,2
(ckBaxkuHa Ne 3), a TakxKe XapaKTepU3yIOTCS UISHTUY-
HBIMU WHJEKCAMHU HACBHIIICHUS MO MUHEpajaM TpyIm
cynbGaTel, THAPOKCUABI U KapOoHaThl. OHU TIepeChI-
mensl Mo otHomeHnio K Aly(OH)10S04(S), anynury,
auacnopy u rubocury. Bropas rpynna mpencraBieHa
BOZI0H B ckBaxkuHax Ne 4 Bo3zne crBouia 1. «LlenTpans-
Has» (MuHepanm3anus 12,2 v/m) u Ne 5 Bosne oTBana
«tOxHpI» (MuHepanuzanus 24,7 r/11), BCKPHIBILIUECST
KHCIBIe CyNb(paTHBIE MarHHEBO-aJIOMHHHCEBEIC JINOO
JKENe30-aMOMIHNEBEIE BOABl. OHH TIEPECHIICHBI TI0
OTHOILGHUIO K MUHEpajaM IpyNI OKCHIBI, CYIb(aThl,
OKCUJI-TUJIPOKCU/IBI U TaJOTCHUJBI: TeMaTHTy, MarHe-
TUTY, SIPO3UTY, TETUTY U JICHHIOKPOKHUTY.
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Fig. 6. Water saturation indexes with respect to minerals

Tperps rpymnma — 3TO BOAa CKBaxuHbL Ne 7 ¢
HEUTPaAIbHOM CpPENION, pacroioKeHHAsl BO3JIE YCThS P.
JleBuxwu, ciabomuHepanu3oBanHas (1o 0,9 v/m) ruapo-
KapOOHATHO-Cynb(aTHas MarHHeBO-KajJblUeBas. B
Bojie HaOmrogaeTcss HEOOJBIIOE TEPEHACHIIICHUE 10
MuHepaiaaMm kapbonatoi rpymmsl (MNCOgz(am) u po-
noxpo3uty), a taxke no Al (OH)10SO4(S), rubbecury u
nuacrnopy (puc. 6).

BoeiBOABI

ITon3emuble Boabl JIEBUXMHCKOIO pyAHHUKA OTHO-
CITCS B OCHOBHOM K CyIb(aTHBIM MAarHHEBO-
KaJIbLIMEBBIM HIIU JKEJI€30-aJIIOMUHUEBBIM BoxaM. He-
CMOTpsI Ha HEUTpaJbHBIE U Cla0OKUCIIbIe 3HaueHus: pH
B ONpPOOOBAHHBIX CKBAKUHAX, COACPKAHUE TSDKENBIX
METAJIJIOB B HHUX JIOCTUIAeT BBICOKMX 3HAYEHUM, Ipe-
BBINIAIONIMX KIApKU KOHLEHTpalMd Ha OJUH-TIATH
nopsakoB. TeM He MeHee s TOKCUYHOCTH 3aKOM-

CITMCOK JIMTEPATYPbI

TUIEKCOBAHHOCTh JJIEMEHTOB B BOJIC SBJSICTCS BaXKHEE,
yeM 00Imasi KOHIEHTpaIus. MeTauibl BeChMa TOKCHY-
Hbl B (hopMe CBOOOJHBIX HOHOB, HO MEHEE€ TOKCHYHBI
MIPU TEX JK€ KOHICHTPAIHIX, KOTJa OHH MPEACTABICHBI
B BUJIC KOMILICKCOB.

PacueTsl nHIEKCOB HACHIIICHUS OTHOCHTEIHHO MU-
HEPAJIOB BBISIBIJIM, YTO ITOJA3EMHBIC BOJBI IEPECHIIICHEI
no otHotreHnio K anynury u Aly(OH)10SO,4. Kucibie
BOJBI, B OTIHYHE OT HEHTPaIbHBIX M CIAOOKHCIIBIX,
UMEIOT BBICOKHE Sl 1O SIpO3HTY, TEeTHTY, PEeppUTy Me-
1w (II) m marremury.

[TomyueHHble pe3yabTaThl 00PaOOTKH XHUMHYECKHX
aHANM30B W MOJCIHPOBAHMS IO3BOJMIN Pa3ICIHUTh
ONMpOoOOBaHHBIC CKBAXWUHBI HA TPYIIBl M BBISBUTH
MacmTab 3arps3HEHHsS W MECTa JIOKAIM3AIMKA TaKHX
YYaCTKOB Ha TEPPUTOPUH JIEBUXWHCKOTO MEITHOKOJ-
YEeJAHHOTO PYyIHHKA.

1. Favas P.J.C., Pratas J., Gomes M.E.P. Hydrochemistry of superficial waters in the Adoria mine area (Northern Portugal):
environmental implications // Environmental Earth Sciences. — 2012. — Vol. 65. — P. 363-372.

2. Geochemistry of trace metals and rare earth elements in stream water, stream sediments and acid mine drainage from Darrehzar
Copper Mine, Kerman, Iran / N. Soltani, F. Moore, B. Keshavarzi, R. Sharifi // Water Quality, Exposure and Health. — 2014. —

Vol. 6. — Ne 3. — P. 97-114.

3. Kopueesa T.B., IOpkesua H.B., AmuHoB ILI. TI'eoxumuueckne OCOOCHHOCTH MHIPALMOHHBIX [TOTOKOB B 30HE BIIHSHHS
TOPHOIPOMBILIIEHHOT0 TexHoreHe3a (r. Meanoropek) // M3Bectuss TOMCKOTO MOJMTEXHUYECKOTO yYHUBepcHTeTa. NHXUHUPHHT

reopecypcoB. — 2017. — T. 328. — Ne 2. — C. 85-94.

145



Bulletin of the Tomsk Polytechnic University. Geo Assets Engineering. 2024. Vol. 335. No. 9. P. 137-147
Rybnikova L.S., Rybnikov P.A., Navolokina V.Yu. Chemical elements migration in ground waters of mining territory

4. Nordstrom D.K. Hydrogeochemical processes governing the origin, transport and fate of major and trace elements from mine
wastes and mineralized rock to surface waters // Applied Geochemistry. — 2011. — Vol. 26. — P. 1777-1791.

5. Kopneesa T.B., IOpkesnuy H.B., Caea O.I1. ['eoxuMudeckoe MoaenpoBaHNe MOBEACHUS TSHKEIBIX METAIIOB B TEXHOTCHHBIX
cucremax // VzBectuss TOMCKOTO MONMHTEXHHYECKOTO YHUBepcuTeTa. UmkumanpuHT reopecypcoB. — 2018, — T. 329. — Ne 3. —
C. 89-101.

6. BopoOnéra JI.A., EBTrornna 3.A. ®opMEI MHUTpaIii HAKENS W MEAW B yJIBTPAIPECHBIX BOAaX IEHTpanbHOI gacTn Kombsckoro
peruoHa // BectHuk 3abalikanbckoro rocyaapcTBeHHoro yausepeutera. — 2021, — T. 27. — Ne 5. — C. 6-16.

7. Kpaiinos C.P., Peokenko b.H., [IIsen B.M. T'eoxummus moa3eMHbIX BoA. TeopeTHUECKHE, MPUKITAIHBIC U IKOJOTMYCCKUE
acriektsl. — M.: U3n-Bo «Hayxkay, 2004. — 672 c.

8. ®opMBI MHUrpaniyd XHMHYECKHX 3JEMEHTOB B MOA3eMHbBIX Bogax ropusonra / J[.A. Hosuko, A.E. IlloxuH, A.B. YepHsix,
©.@. ynsies / Tpyast @epcmanoBckoii Hayunoii ceccunt ' KHIT PAH. — 2019. — T. 16. — C. 448-453.

9. PwibrukoBa JI.C., PwiOHumkoB IILA., HaBomokmna B.}O. PeaOmnmuramuss TEXHOTEHHBIX OOBEKTOB OTPaOOTaHHBIX
MEIHOKOYETAaHHBIX MeCTOpoXxIeHnid Ha mpumepe JleBuxuHckoro pyxanuka (Cpemmumit Ypan) // H3sectus Tomckoro
MOJIMTEXHUUECKOTo yHUBepcuTeTa. mknaupunr reopecypcos. — 2023. — T. 334, — Ne 8. — C. 137-150.

10. Rybnikova L.S., Rybnikov P.A., Navolokina V.Y. Reducing negative impacts of dormant pyrite copper ore mine on the
geosphere in the Urals // Journal of Mining Science. — 2022. — Vol. 58. — P. 519-525.

11. Gustafsson J.P. Visual MINTEQ. — 2013. URL.: https://vminteq.lwr.kth.se (nata o6pamenus 15.06.2023).

12. Impact of acid mine drainages on surficial waters of an abandoned mining site / M.L. Garcia-Lorenzo, J. Marimon,
M.C. Navarro-Hervas, C. Perez-Sirvent, M.J. Martinez-Sanchez, J. Molina-Ruiz // Environmental Science and Pollution
Research. — 2016. — Vol. 23. — P. 6014-6023.

13. Butler B.A., Ranville J.F., Ross P.E. Observed and modeled seasonal trends in dissolved and particulate Cu, Fe, Mn, and Zn in a
mining-impacted stream // Water Res. — 2008. — VVol. 42. — P. 3135-3145.

14. Reactive solute transport in streams: a surface complexion approach for trace metal sorption / R.L. Runkel, B.A. Kimball,
D.M. McKnight, K.E. Bencala // Water Resour Res. —1999. — Vol. 35 (12). — P. 3829-3840.

15. Assessment of metals loading in an acid mine drainage watershed / P. Gijung, J. Minjae, K. Hwansuk, J.B.M. Kristine,
C. Gunhui, K. Sungpyo, K. Young, O. Seongwook, Y. Jaeyoung // Mine Water Environmental. — 2016. — Vol. 35. — P. 44-54,

16. Alhamed M. Application of geochemical modelling to investigate the geochemical behaviors of iron in a highly complex
abandoned coal mine field // Conference: Vietnam International Water Week-VACI 2018. — Vietnam, 2018. — 1 p.

17. Rybnikova L.S., Rybnikov P.A., Galin A.N. Formation of under spoil water composition at copper-pyrite deposit in the middle
Urals // Journal of Mining Science. — 2023. — Vol. 59. — P. 331-341.

18. IlIBapues C.JI. 'maporeoxnmus 30HBI THIIEpreHe3a. ucnpasi. 1 gom. — M.: Henpa, 1998. — Ne 2. — 366 c.

19. Manora A.U., Cuakuna E.C., Peokenko b.H. Mogens Mectoposkaenus anMa3zoB uM. M.B. JIoMOHOCOBa Kak CHCTEMBI «BOIa—
nopogax»: (bOprl MUrpanuu, HaCbIICHHOCTb MNOA3CMHBIX BOJ OTHOCHUTECIIBHO nopouoo6pa3y}0mnx u py}leIX MHUHEPAJIOB,
IKOJIOTHYecKas oleHka kadecTa Boj // ['eoxummst. — 2017. — Ne 12. — C. 1128-1140.

20. ®U3UKO-XUMUYECKUE AaCIIEKTHI MUTPAUOHHBIX TMPOLECCOB TSKEIBIX METAJUIOB B TIPUPOAHBIX BOJAHBIX CHCTEMAxX /
O.A. JlaBrinoBa, E.B. Koposuna, E.C. Baranosa, .T. I'yceBa, b.A. Kpacyn, M.A. HcaeBa, T.IO. Mapuesa, B.B. Mymiokosa,
E.C. Kiiumos, M.B. By3aesa // Bectauk FOYpI'Y. Cepust Xumust. — 2016. — T. 8 (2). — C. 40-50.

HUHdopmanus 06 aBTopax

JIioagmuaa CepreeBHa PbIGHMKOBA, JOKTOP re0/I0or0-MUHepaJori4eckKux HayK, [JIaBHbINA Hay4YHbIN COTPYAHUK
JIabopaTOPUU 3KOJIOTUH TOPHOTO MPOU3BOACTBA, MHCTUTYT ropHoro Aena YpO PAH, Poccus, 620219, r. EkaTte-
pUHOYpr, yi1. MaMuHa-Cubupska, 58; luserib@mail.ru; https://orcid.org/0000-0002-4221-7879

Iletp AHApeeBUY PBIGHUKOB, KaHIUJAT Ie0/I0r0-MUHEepaJOrHYecKUX HayK, 3aBeAyIoLUui JJabopaTopueil reorH-
dopMalMOHHBIX U LMOPOBBIX TEXHOJOTMH B HeApOIoJb30BaHMM, UHCTUTYT ropHoro jena YpO PAH, Poccus,
620219, r. ExaTtepuH6ypr, ys1. MamuHa-Cubupsika, 58; ribnikoff@yandex.ru; https://orcid.org/0000-0002-7829-5035
Bepa IOpseBHa HaBoJIOKMHA, HayYHbBIN COTPYHUK J1a60paTOpUU reonHGOPMALMOHHBIX U IUPPOBBIX TEXHO-
JIOTMH B HeJipoIo/b30BaHuHU, UHCTUTYT ropHoro gena YpO PAH, Poccus, 620219, r. EkaTepun6ypr, yJi. Mamu-
Ha-Cubupska, 58; vunavolokina@gmail.com; https://orcid.org/0000-0002-1547-9451

[Toctynuia B pegaknuio: 10.11.2023
[TocTynuia nocje peneHsupoBaHus: 26.01.2024
[IpunsaTa k nmy6ankanuu: 09.09.2024

REFERENCES

1. Favas P.J.C., Pratas J., Gomes M.E.P. Hydrochemistry of superficial waters in the Adoria mine area (Northern Portugal):
environmental implications. Environmental Earth Sciences, 2012, vol. 65, pp. 363-372.

2. Soltani N., Moore F., Keshavarzi B., Sharifi R. Geochemistry of trace metals and rare earth elements in stream water, stream
sediments and acid mine drainage from Darrehzar Copper Mine, Kerman, Iran. Water Quality, Exposure and Health, 2014,
vol. 6, no. 3, pp. 97-114.

3. Korneeva T.V., Yurkevich N.V., Aminov P.G. Geochemical features of migration flows in the conditions of mining
technogenesis (Mednogorsk). Bulletin of the Tomsk Polytechnic University. Geo Assets Engineering, 2017, vol. 328, no. 2,
pp. 85-94. (In Russ.)

4. Nordstrom D.K. Hydrogeochemical processes governing the origin, transport and fate of major and trace elements from mine
wastes and mineralized rock to surface waters. Applied Geochemistry, 2011, vol. 26, pp. 1777-1791.

146



HW3BecTust TOMCKOIo NOJUTEXHUYECKOTO YHUBepcUTeTa. MHXUHUPHUHT reopecypcos. 2024. T. 335. N2 9. C. 137-147
Pri6HuKOBa JI.C.,, Pri6HMKOB [1.A., HaBostokrHa B.10. Murpaius XuMrU4ecKuX 3J1EMEHTOB B I10/13€MHbIX BOJAX ...

5. Korneeva T.V., Yurkevich N.V., Saeva O.P. Geochemical modeling of the behavior of heavy metals in technogenic systems.
Bulletin of the Tomsk Polytechnic University. Geo Assets Engineering, 2018, vol. 329, no. 3, pp. 89-101. (In Russ.)

6. Vorobyova D.A., Evtyugina Z.A Forms of migration of nickel and copper in ultra-fresh waters of the central part of the Kola
region. Bulletin of Transbaikal State University, 2021, vol. 27, no. 5, pp. 6-16. (In Russ.)

7. Krainov S.R., Ryzhenko B.N., Shvets V.M. Geochemistry of groundwater. Theoretical, applied and environmental aspects.
Moscow, Nauka Publ., 2004. 672 p. (In Russ.)

8. Novikov D.A., Shokhin A.E., Chernykh A.V., Dultsev F.F. Forms of migration of chemical elements in underground waters of
the horizon. Proceedings of the Fersman scientific session of the State Institute of the KSC RAS, 2019, vol. 16, pp. 448-453.
(In Russ.)

9. Rybnikova L.S., Rybnikov P.A., Navolokina V.Y. Rehabilitation of man-made formation of abandoned copper pyrite deposits on
the example of Levikhinsky mine (Middle Urals). Bulletin of the Tomsk Polytechnic University. Geo Assets Engineering, 2023,
vol. 334, no. 8, pp. 137-150. (In Russ.)

10. Rybnikova L.S., Rybnikov P.A., Navolokina V.Y. Reducing negative impacts of dormant pyrite copper ore mine on the
geosphere in the Urals. Journal of Mining Science, 2022, vol. 58, pp. 519-525.

11. Gustafsson J.P. Visual MINTEQ. 2013. Available at: https://vminteq.lwr.kth.se (accessed 15 June 2023).

12. Garcia-Lorenzo M.L., Marimon J., Navarro-Hervas M.C., Perez-Sirvent C., Martinez-Sanchez M.J., Molina-Ruiz J. Impact of
acid mine drainages on surficial waters of an abandoned mining site. Environmental Science and Pollution Research, 2016,
vol. 23, pp. 6014-6023.

13. Butler B.A., Ranville J.F., Ross P.E. Observed and modeled seasonal trends in dissolved and particulate Cu, Fe, Mn, and Zn in a
mining-impacted stream. Water Res, 2008, vol. 42, pp. 3135-3145.

14. Runkel R.L., Kimball B.A., McKnight D.M., Bencala K.E. Reactive solute transport in streams: a surface complexion approach
for trace metal sorption. Water Resour Res, 1999, vol. 35 (12), pp. 3829-3840.

15. Gijung P., Minjae J., Hwansuk K., Kristine J.B.M., Gunhui C., Sungpyo K., Young K. Seongwook O., Jaeyoung Y. Assessment
of metals loading in an acid mine drainage watershed. Mine Water Environmental, 2016, vol. 35, pp. 44-54.

16. Alhamed M. Application of geochemical modelling to investigate the geochemical behaviors of iron in a highly complex
abandoned coal mine field. Conference: Vietnam International Water Week-VACI 2018. Vietnam, 2018. pp. 1

17. Rybnikova L.S., Rybnikov P.A., Galin A.N. Formation of Underspoil Water Compositionat Copper—Pyrite Deposit in the Middle
Urals. Journal of Mining Science, 2023, vol. 59, pp. 331-341.

18. Shvartsev S.L. Hydrogeochemistry of the hypergenesis zone. M., Nedra Publ., 1998. No. 2, 366 p. (In Russ.)

19. Malova A.l., Sidkina E.S., Ryzhenko B.N. Model of the diamond deposit named after M.V. Lomonosov as “water-rock”
systems: forms of migration, saturation of groundwater relative to rock-forming and ore minerals, environmental assessment of
water quality. Geochemistry, 2017, no. 12, pp. 1128-1140. (In Russ.)

20. Davydova O.A., Korovina E.V., Vaganova E.S., Guseva I.T., Krasun B.A., Isaeva M.A., Martseva T.Yu., Mulyukova V.V.,
Klimov E.S., Buzaeva M.V. Physico-chemical aspects of migration processes of heavy metals in natural water systems. Bulletin
of SUSU. Chemistry series, 2016, vol. 8 (2), pp. 40-50. (In Russ.)

Information about the authors

Liudmila S. Rybnikova, Dr. Sc., Chief Researcher, Institute of Mining of the Ural Branch of the Russian Academy
of Sciences, 58, Mamin-Sibiryak street, Ekaterinburg, 620219, Russian Federation; luserib@mail.ru;
https://orcid.org/0000-0002-4221-7879

Petr A. Rybnikov, Cand. Sc,, Head of the Laboratory of Geoinformation and Digital Technologies in Subsoil Use,
Institute of Mining of the Ural Branch of the Russian Academy of Sciences, 58, Mamin-Sibiryak street, Ekaterin-
burg, 620219, Russian Federation; ribnikoff@yandex.ru; https://orcid.org/0000-0002-7829-5035

Vera Yu. Navolokina, Researcher, Institute of Mining of the Ural Branch of the Russian Academy of Sciences, 58,
Mamin-Sibiryak street, Ekaterinburg, 620219, Russian Federation; vunavolokina@gmail.com;
https://orcid.org/0000-0002-1547-9451

Received: 10.11.2023

Revised: 26.01.2024
Accepted: 09.09.2024

147



