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1. Wstep

Rozwdj cywilizacyjny wiaze si¢ ze wzrostem zapotrzebowania na kopaliny mi-
neralne. Wsréd wielu surowcédw szczegdlng role odgrywaja rudy metali. Wyjatko-
wo duzy wzrost popytu na metale miat miejsce w XX wieku. W okresie stu lat
roczna globalna produkcja cynku wzrosta z kilkuset tysigcy do ponad 10 min ton
(IZA 2005). Wielka skala przemystowej eksploatacji i przerdbki rud prowadzi do
zanieczyszczania Srodowiska naturalnego. Najwigksze iloSci metali cigzkich sa
emitowane do Srodowiska w obszarach wydobycia i hutniczej przerébki rud Zn-Pb,
Cu, Co, Ni i Fe, produkcji cementu oraz przemystowego spalania wegli. W Polsce
wptyw metali cigzkich na Srodowisko najwyraZniej zaznacza si¢ wokdt kopali
i hut miedzi na Dolnym Slasku (KowaLINsKI, WEBER, 1988; KaBALA, SINGH, 2001)
oraz cynku i otowiu w rejonie Slasko-krakowskim (TRAFAS i in., 1990; DuDKA i in.,
1995; HeL10S-RYBICKA, 1996; ULLRICH i in., 1999; CaBALA, Teper, 2007). Na tere-
nach zanieczyszczonych przez gérnictwo i hutnictwo rud szczegdlnie wysokie fa-
dunki Zn, Pb, Cd, Tl i As sa transferowane do gleb i stanowia realne zagrozenie
dla srodowiska przyrodniczego (WILSON, BELL, 1996; CapPUYNS i in., 2006a). Pro-
blematyka ta jest wazna, poniewaz metale nagromadzone w glebach zanieczysz-
czonych przez hutnictwo moga oddzialywaé na Srodowisko co najmniej przez
okres kolejnych 200 lat (DEGRYSE, SMOLDERS, 2006).

Bliska perspektywa zakoriczenia eksploatacji rud Zn-Pb w Polsce (CABALA,
2000; Kurczycka, MirchHeLL, 2004) skfania do zwrdcenia uwagi na prze-
ksztalcenia Srodowiska i jego zanieczyszczenie spowodowane wieloletnig eks-
ploatacja rud Pb-Ag oraz Zn-Pb. Z uwagi na ilo$¢ nagromadzonych metali oraz
formy wystgpowania przede wszystkim wazna jest powierzchniowa warstwa gle-
by. Badania mineralogiczne i geochemiczne gleb zanieczyszczonych metalami
dostarczaja istotnych informacji na temat kierunkéw przemian chemicznych
oraz aktywnos$ci metali. Jak wynika z prac A. CHLOPECKIEJ 1 in. (1996) oraz
M.J. WiLsoN, N. BELL (1996), badania te maja takze duze znaczenie jesli cho-
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dzi o oceng biodostgpnosci jondw metali cigzkich. Na obszarach historycznego
gbrnictwa i hutnictwa metale cigzkie, takie jak: Zn, Pb, Cd i Tl, wystepuja
w skomplikowanych, takze syntetycznych formach, z ktérych moga by¢ tatwo
tugowane do roztworéw glebowych (L1, THORNTON, 2001).

Cynk, otéw, kadm i tal sa bioaktywne (KABATA-PENDIAS, PENDIAS, 1992;
NRriaGu, PAcyNa, 1988), moga przenika¢ do tadcuchéw troficznych, co wiaze
si¢ z niekorzystnym, toksycznym wptywem na organizmy zywe oraz zdrowie lu-
dzi (WHO, 1988; APPLETON i in., 1996; TARKOWSKI i in., 2003; GULSON 1 in.,
2004). Badania biologiczne prowadzone w rejonie S$lasko-krakowskim jedno-
znacznie wskazuja na wysokie zawartosci biodostgpnych frakcji takich metali,
jak: Zn, Pb, Cd i Tl (Sawicka-KaprusTta i in., 1990; Dupka i in., 1995). Pod-
wyzszone koncentracje Zn, Pb i Cd stwierdzono w roslinach (Gzyr, 1990;
WIERZBICKA 1 in., 2004), organizmach owadéw (FiaLkowski, RainBow, 2006),
dzdzownic (bAszczyca i in., 2004; RozeN, 2006) oraz gryzoni (APPLETON i in.,
2000; DAMEK-POPRAWA, SAwICKA-KAPUSTA, 2003).

Rosliny oraz mikro- i mezofauna, ze wzgledu na swe funkcje zyciowe, szcze-
g6lnie mocno sa zwigzane z oSrodkiem glebowym. Wysoka biokoncentracja Zn,
Pb, Cd i TI zalezy nie tylko od specyficznych cech organizméw zywych, duze
znaczenie ma takze ilos¢ metali oraz formy, w jakich wystepuja w glebie. Prze-
wazajaca czg$¢ przemian chemicznych mineraléw zawierajacych metale za-
chodzi w powierzchniowej warstwie gleb (WANG, Benoir, 1997). Wyjatkowo
wazng role w biogeochemicznym obiegu pierwiastkow odgrywa aktywna biolo-
gicznie ryzosfera. Korzenie oraz zwigzane z nimi symbiotyczne grzyby i auto-
chtoniczna flora bakteryjna oddziatuja na chemizm ryzosfery, przyczyniaja si¢
do uruchomienia jonéw metali cigzkich oraz biomineralizacji materii organicznej
(MARSCHNER, ROMHELD, 1996; COURCHESNE, GOBRAN, 1997; GOBRAN 1 in., 1999;
MARTIN i in., 2004). Badania ryzosfery zanieczyszczonej metalami cigzkimi
moga dostarczy¢ interesujacych informacji na temat wtasciwosci submikrosko-
powych metalonosnych faz, ktére moga formowac si¢ w wyniku biotycznego od-
dzialywania korzeni, grzybéw i bakterii na roztwory glebowe.

W polskich glebach zanieczyszczonych przez goérnictwo i hutnictwo rud
Zn-Pb dotad nie prowadzono kompleksowych i szczegétowych badari opartych
na metodach mikroskopii skaningowej (SEM), fazowych badaniach rentgenow-
skich (XRD) oraz chemicznych (ASA). Na przydatno$¢ nowoczesnych metod
skaningowych w Srodowiskowych badaniach gleb zanieczyszczonych przez hut-
nictwo metali zwraca uwage wielu badaczy (WEBER, 1995; AbaMo i in., 1996;
MANCEAU i in., 2000; VENDITTI i in., 2000b; BUATIER i in., 2001; ISAURE i in.,
2002; ROBERTS i in., 2002). Analiza i wlasciwa interpretacja wynikéw badafi
SEM jest bardzo trudna, poniewaz mineraly wystgpujace w Srodowisku glebo-
wym sa narazone na oddziatywanie wielu geo- i biochemicznych czynnikéw,
ktére moga zmienia¢ ich chemizm oraz cechy strukturalne. Aby osiagnac cele
badawcze, autor wyznaczyt sobie kilka zadaii; do najwazniejszych z nich naleza:
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— rozpoznanie skladu chemicznego i cech mikroskopowych metalonosnych
sktadnikéw wystepujacych w powierzchniowej warstwie gleby na terenach
zanieczyszczonych przez wspoélczesne oraz historyczne gérnictwo i hutnic-
two rud Zn-Pb;

— zbadanie, czy duza czgstotliwo$¢ wystgpowania metalonosnych ziaren w ob-
razach z mikroskopu skaningowego koreluje z wysokimi koncentracjami nie-
ktérych metali cigzkich, np.: Zn, Pb, Mn, Cd;

— rozpoznanie form i chemizmu wtérnych metalono$nych agregatéw po-
wstatych na korzeniach i w ryzosferze;

— okreslenie rozmieszczenia metali cigzkich w drobnoziarnistych frakcjach
gleb pochodzacych z warstwy powierzchniowe;j;

— zdefiniowanie zmian sktadu mineralnego i zawartosci Zn, Pb, Fe, Cd, Tl
w glebach w funkcji odlegtosci od Zrddet emisji zanieczyszczen;

— ocena przydatnosci mikroskopii skaningowej (BSE, EDS) do badar sktadu
mineralnego i (bio)geochemicznych przemian w glebie zanieczyszczonej
sktadnikami zawierajacymi metale cigzkie.

Celem badan bylo okreslenie prawidtowosci wystgpowania mineraléw meta-
lonosnych w najsilniej zanieczyszczonej, powierzchniowej warstwie gleby rejo-
nu olkuskiego i poznanie zréznicowania submikroskopowych cech poszczegdl-
nych metalono$nych sktadnikéw mineralnych. Szczegélnie wazne byly badania
wtérnych agregatéow mineralnych wystepujacych na korzeniach roslin, ktére
mogty powsta¢ w okresie ich wegetacji. Identyfikacja kulistych, metalonosnych
agregatow miata ustali¢ rol¢ emisji pyléw hutniczych w zanieczyszczeniu po-
wierzchniowej warstwy gleby w rejonie olkuskim.

Panu Profesorowi Wactawowi M. Zuberkowi, kierownikowi Katedry Geolo-
gii Stosowanej na Wydziale Nauk o Ziemi Uniwersytetu Slaskiego, dziekuje za
stworzenie odpowiednich warunkow pracy, ktore pozwolity na realizacje badari.
Panu Profesorowi Adamowi ldziakowi oraz Panu Profesorowi Leszkowi Tepero-
wi jestem wdzieczny za konsultacje naukowe i konstruktywne uwagi pomocne
w trakcie pisania pracy.

Pragne takze podziekowacé Pani Profesor Marii Sass-Gustkiewicz 7 AGH
w Krakowie oraz Panu Profesorowi Jerzemu Weberowi z Uniwersytetu Przyrod-
niczego we Wroctawiu za podjecie trudu recenzji oraz krytyczne uwagi, ktérych
uwzglednienie nadato ostateczny ksztalt tej monografii.

Sktadam rowniez serdeczne podziekowania Pani Magister Ewie Teper za po-
moc w wykonaniu badan skaningowych oraz mikroanaliz EDS. Pani Doktor
Grazynie Bzowskiej jestem zobowiqzany za przeprowadzenie badan rentgenow-
skich. Pracownikom Wydziatowego Laboratorium Analiz Wody, przede wszyst-
kim za$ Pani Ewie Jaincie, dziekuje za wykonanie oznaczen zawartosci metali.



Jerzy Cabata

Heavy metals in ground soil environment
of the Olkusz area of Zn-Pb ore exploitation

Summary

The Upper Silesian-Cracovian ore deposits are MVT (Mississippi Valley type) deposits and
the ores are characterized by simple mineral compositions. In the Zn-Pb-Fe sulphidic ores, the
following heavy metals are present: Zn, Pb, Fe, Mn, Cd, Tl, Ag associated with metalloid ele-
ments such as As and Sb. In the Olkusz area, though near-surface exploitation of the Pb-Ag ores
was conducted ever since the 12" century, the exploitation of Zn-Pb ores began only in the 19"
century. The ores were, at that time, enriched by the washing of oxidized Zn-Pb bearing deposits.
In the second half of the 20™ century, rapid development of Zn-Pb mining occurred with yearly
outputs of ore exceeding two million tons of Zn-Pb sulphide. In parallel, oxidized ores were pro-
cessed by roasting in rolldown furnances that were used until the 1980s. Since the 1970s, new
techniques of hydrometallurgical ore enrichment have been developed which have enabled the re-
covery of high purity, electrolytic zinc.

In areas of Zn-Pb ore exploitation, enrichment and metallurgical processing, heavy metals are
concentrated in the superficial zone of the ground soil; these contaminate ground- and surface
waters and penetrate into trophic chains. Investigations on minerals in the soil environment are of
great importance in revealing the chemical transformation processes involved in the
bio-concentration of particular metals in plants as well as in micro- and mezzo-fauna organisms.
The source of heavy metal ions such as Zn>**, Pb**, Fe**, Mn?**, Cd** and TI* are metal-bearing
mineral grains deriving from secondary, post-flotation waste deposits and from post-mining and
post-metallurgical wastes. Further sources of these metals are high- and low-level emissions of
air-borne dust from metallurgical plants and other industrial activities in the area. A significant
influence on the increased concentrations of metals in the near-surface rock layer and in the
in-situ created soil is the geological setting of the area and of the shallow occurrence of
ore-bearing dolomites in particular (Figs 1, 2, 3).

The subject of this research was the near-surface layer of the soil (depth: 0—0.05 m) in the
area. This was industrially transformed by historical mining activity as well as by ore enrichment
and metallurgical processing of Zn-Pb ores.

The research area extends for a distance of 7 km to the north and north-east from post-flota-
tion waste dumps (Fig. 10), which were sited several kilometers to the west of the town of Ol-
kusz. In this research, the author of the thesis used a range of analytical techniques, including:
X-ray diffraction (XRD), ASA — atomic absorption spectroscopy (for chemical composition de-
tection) and scanning microscopy, which enabled the investigation of submicroscopic features of
the mineral grains (BSE images) and their elemental composition (EDS analysis). Representative
submicroscopic forms of minerals containing Zn, Pb, Fe, Mn, Cd, AS, Sb, Cu, Cu, Sn and other
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elements are presented on 11 illustrations comprising 101 BSE images (Photos 2—13). Elemental
compositions of the mineral grains are presented on several tens of EDS spectra.

Of particular interest in the research were the roots of plants which had settled on highly pol-
luted ground. The investigation focused on the forms, elemental compositions and the manner of
occurrence of both primary- and secondary minerals present in the epidermal layer of the roots of
such plants as Dianthus carthusianorum, Festuca ovina, Viola tricolour, Cardaminopsis arenosa,
Armeria maritime and others. Submicroscopic analysis of plant-root epiderm and of fine-grained
soil indicates that metal-bearing minerals are abundant in the compositions of both. In the inves-
tigated rhizospheres, the research identified mineral grains with forms and chemical compositions
different from those of the minerals occurring in both primary- and oxidized Zn-Pb ores. Roots
of plants and shreds of fungi are covered by a secondary glaze, and coatings and superficial con-
centrations of metal-bearing minerals, all formed as a result of the biochemical activity of biotic
soil components which were rich in solutions and metals. The formation of such surface forms on
the roots may reflect the defensive reaction of the plants to high concentrations of heavy metals.
The research focused on the origin and on the forms of Ca sulphate found on the plant roots and
on other organic constituents in the soil, e.g., on needles of Pinus silvestris. The results of the re-
search point to the major importance of submicroscopic analysis in the recognition of acid waste
drainage (AWD) processes occurring in soils rich in Zn-Pb and Fe sulphides.

Metal-bearing minerals are represented in the area by Zn- and Pb carbonates, Fe-Zn-Pb sul-
phides, Fe oxides and by unstable sulphates of Fe, Zn and Pb. Commonly, the minerals are of
submicroscopic size <20 ym) and in the form of irregular grains and aggregates with morpholo-
gies that indicate that the minerals had been subject to weathering processes during the stage of
their hypergenesis. The parageneses of ore minerals recognized in the soils of the Olkusz region
are identical to those found in the primary Zn-Pb ores. The simple, metal bearing sulphides pre-
sent, such as sphalerite, galena, marcasite and pyrite, are typical of Zn-Pb ores of MVT type. In
the near-surface layer of the soil, the chemical transformations of the sulphides are similar to tho-
se seen in the primary Zn-Pb ores. Among Zn-Pb-Fe minerals recognised in the soils, smithsoni-
te, cerussite, and Fe oxides and hydroxides, are the most common. In the areas of both historic-
and contemporary post-industrial waste heaps, the processes of sulphide oxidation are very di-
stinctly marked by the secondary crystallization of Ca and Fe sulphates on the roots of plants.

A significant volume of metals occurs in polymineral aggregates characterized by complex
structures and chemical compositions. In those areas close to the metallurgical plant, characteri-
stic spherical aggregates were recognized (Photos 9—10) which, apart from Si and Al, also con-
tain Fe, Zn, Pb, Mn, Cd and As. The presence of these elements is evidence for the major
involvement of metallurgical-process emissions in the pollution of the soil. The superficial layer
of soil which covers land reclaimed during the last several years does not contain spherical mine-
ral phases. During his research, the author established that since the end of the last century, me-
tal-bearing post-metallurgical aggregates had been no longer emitted into the atmosphere.

The near-surface layer of the soil (depth; 0—0.05 m) formed on the post-mining waste de-
posits, in the vicinity of post-flotation tailing dumps and in places where the processing of Zn-Pb
ores had taken place in the past, is very commonly characterized by exceptionally high metal
contents. In areas neighboring post-flotation tailings, i.e., at distances of 0—1.2 km, analysis of
numerous soil samples revealed very high concentrations of Zn (5000—10 000 mg kg™),
Pb (1 000—5000 mg kg'), Fe (10 000—40 000 mg kg'), Cd (10—100 mg kg') and TI
(5—50 mg kg™1). Total contents of metals in the superficial soil layer as well as the size of min-
eral grains containing Zn, Pb, Cd, Fe and Mn, show significant correlations with distance from
the sources of the polluting emissions (Fig. 21). The distribution of metals, i.e., Zn, Pb, Fe, Mn,
Cd, and TI, in soil samples divided into specific grain size groups is also presented.

The techniques of scanning electron microscopy (SEM) enable quick and easy recognition
of particular groups of metal-bearing minerals occurring in the soil. Particularly good results



Summary 127

were obtained for the mineral grains present on the epiderm of plant roots as well as on other or-
ganic material such as shreds of fungi or algae. SEM analysis, conducted in the low-vacuum
working mode (0.3 Torr), makes it possible to distinguish components which are rich in Zn, Pb,
Cd, Fe and Mn. The identification of Tl-bearing material is not possible with the use of EDS
spectral analysis.

The soils containing the significant concentrations of the metal-bearing minerals constitute
a sort of reservoir for heavy metals. These metals are a potential threat to the natural environ-
ment. Commonly, however, the heavy metals are bound in stable- and difficult-to-dissolve mine-
ral phases. Thus, the possibility for migration of the metal ions into underground waters,
soil-originated solutions and trophic chains of organisms is limited and continues very slowly.



Exu 1labana

TsoKemble MeTalIbl
B mouyBax OJBKYILICKOro paiioHa sKcrutyatanuu Zn-Pb pyn

Pesome

Cunesko-Kpakosckue mectopoxkneHust otHocsitcss Kk turty MVT (Mississippi Valley type),
pYIObl 3THUX MECTOPOXIEHMII HMEIOT IIPOCTON MMHepaldbHbIA cocTaB. Zn-Pb-Fe cynbdumb
comepKaT TsLKesdble MeTauibl: Zn, Pb, Fe, Mn, Cd, T, Ag, a takxxe As u Sb. B paiione OJbKyiia
HeryOoKast skciutyatanus Pb-Ag pyn mnpomsBommiack ¢ XII Beka, B XIX Beke Hauamach
akcryaraiusi Zn-Pb pyn, oborailieHue KOTOPBIX ObLIO OCHOBAaHO Ha TPOMBIBKE OKUCIEHHOM
Zn-Pb pynbl. Bo Bropoit monoBuHe XX Beka B OJBKYILICKOM paiioHe HavyaloCh MHTEHCUBHOE
Pa3BUBUTHE TOPHOIOOBIBAIOIIEH MPOMBILIUIEHHOCTH, TOIOBasl Ho0ObIYa cynbbumHoir Zn-Pb pymsi
npeBbicwia 2 MJIH. TOHH. OKHUCIEHHbIE PyIbl MepepabbIThiBAIM B OOOPOTHBIX Mevax, KOTOpbIe
dynkuronupoBann no 80-x romoB XX Beka. HaumHas ¢ 70-x romoB XX Beka pa3BHMBajlach
MPOIYKIIMS, ONMUpAIOLIasicsl Ha TMOPOMETALTypruYeckux Ipoleccax, Osarogapsi KOTOPBIM
MOJTyYaroT JMEKTPOIUTUYECKUI [IMHK, OTJIMYAIOLIUICS BBICOKOM CTEMEeHbIO YMCTOTHI.

B paifoHax sKcrutyaTaiuy, o0OTalleHWs] W MeTauTyprudeckoil mepepabotku Zn-Pb pyn
TsDKeJTbIe METaJUThl KOHILIEHTPUPYIOTCSI B TIOBEPXHOCTHOM CJIO€ TIOUBE, 3arps3HSIIOT BOIBI W TIPO-
HMKAIOT B TpoUUecKyto Liemnb. MccnenoBaHuss MUHEPATIOB B TIOYBAX UMEIOT OOJIbIIOE 3HAYeHMe
IUIsI TIO3HAHMSI HampaBleHUHd XUMMUYECKUX W3MEHEHUH, BIMSIOIIMX Ha OUOKOHILIEHTPALIMIO
METaJJIOB B PACTeHMSIX, @ TaKKe B MUKPO- U Me3odayHe. MCTOYHUKOM MOHOB TSDKENIbIX METAJLIOB
Zn*, Pb?*, Fe’*, Mn?", Cd*, TI' saBasioTcsl comepKallyde 3TH MeTalbl MUHEpalbHbIEe 3epHa,
Haxonsiuecss B OJIOTAlMOHHBIX XBOCTaX M OTBajlaX MOOBIBAIOLIMX M METALTyprUyecKuX Ipel-
MPUSITUI, a TakKe B TMPOIYKTaX BBICOKOW M HU3KOW 3MUCCUU TIPOMBILIUIEHHBIX MPENTPUSITHIA.
CyllleCTBEHHOE BJIMSIHME Ha POCT KOHIIEHTPAIMA METAUIOB B IIPUIIOBEPXHOCTHOM CJIO€ UMEET
reoJIOTMYeckKoe CTpOoeHue, a 0CO0eHHO Hernmy0oKoe 3ajeraHue pynocomepskaiiux nojaomuTtos (Puc.
1,2, 3).

[IpenMeToM wuccnenoBaHUs JaHHOW pabOTHI SIBASIETCS] TOBEPXHOCTHBIA CJIOW  MOYBBI
(0-0,05 m), HaxomsMiicss B pailoHaX, MOABEPTHYTHIX Mpeodpa3oBaHUSIM, CBSI3aHHBIM C UCTOpUE
Pa3BUTHSI TOPHOIOOBIBAIOIIECH M MeTaTypruieckoil orpacieil. PaifoH mccienoBaHWil OXBaThIBaeT
TEPPUTOPHUIO IO 7 KM, pacCIIoararoliyocsi Ha CeBep M CeBepO-BOCTOK OT (bJIOTAIIMOHHBIX XBOCTOB
(Puc. 10) B HeckombkuX KuaoMeTpax Ha 3aman oT OjbKyina. ABTOpP MpPOM3BEN PEHTTEHOBCKUIT
dazoBblii (XRD) n xummyeckuii (ASA) aHanmm3bl, a TakKe MCCIEOOBAHUSI Ha CKAHUPYIOIIEM
3JIEKTPOHHOM MUKPOCKOIIE, MO3BOJISIIOIIMM U3YYUTh MOPDOIOTHIO U COCTaB MUHEPAIbHBIX 3epeH
¢ nomotibio BSE merekropa m EDS mpucraBku. XapakTepHble CyO-MHKpOCKOTMYeCKHe (HOpMbI
muHepanoB Zn, Pb, Fe, Mn, Cd, AS, Sb, Cu, Cu, Sn u apyrux sjJeMeHTOB MpeicTaBieHbl B 11
Tabnumax, comepxxamux 101 BSE mzobpaxkennii (doro 2—13). DieMeHTHBIN cocTaB a3 MmokaszaH
Ha HECKOJIbKMX NecsiTKax crekTtpoB EDS.
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Oco0eHHO MHTEPECHBIMU O0BbEeKTaMU MCCIeNOBaHUSI ObUIM KOPHU PAacTEHUi, PacTyIIMX Ha
3arpsi3HEHHOI TeppuTopuu. Bbuin ucciaenoBaHbl MoOpdosorusi, coctaB U (GHOPMbI MPOSIBICHUS
MEePBUYHBIX M BTOPUYHBIX MUHEPATIOB, OOHAPYKEHHBIX Ha 3MUIEPMUCE KOPHE TaKuUX pacTeHUi
Kak Dianthus carthusianorum, Festuca ovina, Viola tricolour, Cardaminopsis arenosa, Armeria
maritima w apyrux. CyOMHMKPOCKONIMYECKHE MWCCIeNOBaHUSI SMUIepMUca KOpHe u  Mel-
KO3EpHUCTOM (paliiy MOYB yKa3bIBAIOT, YTO METAJUIOCOIEPKAIINEe MUHEPATbl TIOSIBIISIFOTCST YacTo.
B wuccnenyempix pmsocdepax Obutn maeHTHOUIIMPOBaHBI (a3bl, ¢dopMa M COCTaB KOTOPBIX
OTJIMYAINCh OT MUHEPAJIOB, BCTpeUaeMbIX B MIEPBUYHBIX M OKUCIeHHBIX Zn-Pb pymax. Ha kopHsx
pacteHuii M dparMeHTax TpUOOB TMOSIBISIOTCS BTOPUYHBIE HATeUHble IUIEHKU M KOPOUKH,
CJIOKEHHbIe MUHepalaMu, O0pa3oBaHHBIMU B pe3yJabTaTe OMOXMMHUYECKOTO B3aMMOJICICTBUS
OMOTUYECKUX COCTABISIIOLIMX IMOYB M OOOrallleHHBbIX MeTa/llaMUd DPAacTBOPOB WM MHUHepaynoB. Mx
o0pa3oBaHMe MOXe ObIThb CBSI3aHO C 3AlUMTHBIMU PEaKLUSIMU PACTEHUIl B OTBET Ha BbHICOKME
KOHIIEHTPAIIMM TSDKETBIX MeTautoB. bBbumm  mccrmemoBaHbl crmocod m  ¢dopma  HaXOXICHUS
cynbdaToB Ca Ha KOPHSIX PACTeHWIl M JAPYrMX OPraHMYECKUX COCTABJSIOLIMX TMOYBBI, HAIIpUMED,
Ha uriax Pinus silvestris. DT UcCCleNOBaHUSI TOKAa3bIBAIOT BaXKHOCTb CYOMUKPOCKOMMYECKUX
HCCIIeNOBaHUII B YCTaHOBJIEHUHU IIPOLIECCOB KMCIOTHOro ApeHaxa oTxomoB (AWD Acid Waste
Drainage), nMmerolero MecTo B mouBax, oboraiieHHbIX cyibdunamu Zn-Pb u Fe.

MeTtajutoconepkaiie MUHepalbl MpeicTaBleHbl KapboHaTamu Zn u Pb, cymbdumamu
Fe-Zn-Pb, okuciamm Fe m HeyctoitumBeiMu cyibdaramm Fe, Zn, Pb. Yacto atm aspl He mpe-
BpimaroT 20 mm M TpencTaBiIeHbl 3epHAMU M arperaTaMu HemlpaBWIbLHON HopMbI, MOPGDOIOTHs
KOTOPBIX YKa3bIBaeT, YTO OHM ObUTM TMOIBEPTHYTHI BBLIBETPMBAHMIO Ha 3Tale TUIepreHesa.
IMapareHe3uchbl pyqHbBIX MUHEPAJIOB, yCTAHOBIEHHBIE B MOouBaX OJIbKYILCKOTO paiioHa, UISHTUYHbBI
rapareHe3ucaM TepBUYHBIX pyn Zn-Pb mMectopoxkmeHuii. [IpucyTCTBYIOT NpOCTble CYIb(UAbL:
cdanepuT-raleHUT-MapKa3UT-MUPUT, XapakTepHble Wi Zn-Pb pym B MectopoxkneHusx MVT.
B moBepXHOCTHOM cjI0€ TTOYBBI HAMpaBIeHUs TIpeBpallieHnid Cyab(PUIoB MOTO0OHB TOMY, KaK 3TO
MPOUCXOOUT B MepBUYHBbIX Zn-Pb pymax. Cpenu Zn-Pb-Fe MuHepanoB, HaXomsIMxcsl B MOYBaXx,
MpeobJamaloT CMUTCOHUT, LIEPYCCUT, a TakkKe OKHUCIbl M Tuapokucibl Fe. B paitoHe mcropu-
YeCKUX U COBPEMEHHBIX OTBAJIOB MPOLIECCHl OKUCIEHUS CYIbGUIOB OTYETIMBO JOKYMEHTUPYIOTCS
Kpuctaummsanuei cyiabdaroB Ca u Fe Ha KOpHSIX pacTeHUI.

3HauMTeNbHAs YacTh METAIOB OOHapykeHa B COCTaBe MMOJMMUHEPAJIbHBIX arperaroB co
CJIOKHOM CTPYKTYpoil M coctaBoM. Ha TeppuTOpuSIX, HaXOISIIMXCS BOMM3M METAJUTYyprudecKux
KOMOMHATOB, TIOSIBJISIIOTCST XapaKTepHbIe 1mapoBuaHbie arperaTtsl (Poto 9, 10), B cocTaBe KOTOPHIX
Hapsany ¢ Si m Al, umerorcsa Fe, Zn, Pb, Mn, Cd u As. VX npucyTcTBHe yKa3bIBaeT Ha TO, UTO
MeTaJUTyprudeckasi SMUCCHsI UTpajia CyIeCTBEHHYIO POJIb B 3arpsi3HEHUU TOYBBI. [10BEpXHOCTHBIN
CJION TOYBBI, 0OPA30BABILUIACS B TE€YEHUU TMOCIEIHUX HECKOJbKUX JIET Ha PeKyJbTUBUPOBAHHBIX
TEPPUTOPUSIX, HE CONEPKUT IIapoBUIHBIX (opM. McciaenoBaHus aBTOpa MOATBEPXKIAIOT, YTO
HaunHas ¢ KoHHa 90-x romoB XX Beka MeTaJUIOCOAEpXKAllMe arperatbl MeTaLTypruyeckKoro
MIPOMCXOKICHNST He BBIOPACHIBAIOTCS B aTMOCcdhepy.

[TosepxHocTHBIH cnoit (0-0.05 M) mouBkl, 06pa30BaHHOI Ha LIAXTHBIX OTBalaX, HAXOISIIUXCS
BO/IM3M (DIOTALIMOHHBIX XBOCTOB WJIM B MECTaX MCTOpUYecKoi mepepabotku Zn-Pb pyn, gacto
XapaKTepU3YIOTCsSl BLICOKMMU COIEPXKAHUSIMU METAJUIOB.

Ha Teppuropusix, pacnojioKeHHbIX BOIM3UM daoTalmMoHHBIX XBocToB (0—1,2 KM),
KOHIIEHTpalll¥ MeTaUIOB BO MHOTMX Ipobax odeHb BeIcokue: Zn (5 000—10 000 mg kg'), Pb
(1 000-5 000 mg kg'), Fe (10 000—40 000 mg kg'), Cd (10-100 mg kg!), Tl (5—50 mg kg™).
YpoBeHb KOHIIEHTPAIIMM METAUIOB B TTOBEPXHOCTHOM CJIO€ ITOYBBI M BEIWYMHA MHWHEPATHHBIX
3epeH, cojepxkammx B coctaBe Zn, Pb, Cd, Fe, Mn, UMeOT KOppelsiLiMiO C PacCTOSSHUEM OT
ucTouHuka 3arpsisHeHust (Puc. 21). B pabore mokazaHo pacmnpeneieHue meTtauioB (Zn, Pb, Fe,
Mn, Cd, Tl) B mpobax mous, pa3aeieHHbIX Ha (paKIU.

MeTton ckaHUpYyIIeil 51eKTpoHHOK Mukpockormmu (SEM) mo3BoisgeT OBICTPO M IPOCTO
UIeHTUGUUMPOBaTh MeTauIocoJepKalllue MUHepaibl, Haxoasiuecss B rmouBe. OcobOeHHO
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XOpOIIe pe3ylbTaThl MOJIydeHbl IIs1 (a3, BCTPEYAIOIINXCSl Ha SMUIEPMUCe KOPHEH WM APYroM
opraHuuyeckoM Mmatepuane (¢dparMeHThl rpuboB, Bomopociau). HccnemoBanusi  SEM,
npousBeneHHble B pexkuMe Hu3koro Bakyyma (0,3 Torr), mo3BosioT uaeHTUMULIUPOBATh dasbl,
oboramennsie Zn, Pb, Cd, Fe i Mn, Ha ocHoBanmu EDS aHamm3a He BO3MOXHO OJHO3HAYHO
omnpenenuth Tl.

BoJbIIMHCTBO MeTa/uIocoAepKalluX MHUHEpaIoB, BCTPEYAIOIIMXCS B IOYBAX, SIBJISIFOTCS
CBOeOOpa3HbIM pe3epByapoM TSDKEJIbIX METAIOB, MOTEHIUANbHO TPEACTABISIIONINE YIrpo3y
OKpyXatoleil cpeme. Yacto OHM CBsI3aHBI B CTaOWIbHBIX M TPYIHOPACTBOPMMBIX MHHepasax,
MO3TOMY BO3MOXHOCTb TPOHMKHOBEHMSI MOHOB META/UIOB B TOI3€MHbIE BOIbI, IOYBEHHBIE
pacTBOpHI U TpodUUecKre e OrpaHuYeHa U MpoTeKaeT MeIJIEHHO.
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