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NMPUMEHA MATHETHE CYCUENTUBUJIHOCTH
Y KAPAKTEPU3ALIAJU ®JIOTALIUJCKE JAJIOBUHE
PYIHUKA PYIHUK

BecHa lIBeTkoB" ®, ®uytun ApHayt!'®, Credpau [lerposuh'®,
Jparana Kuporuh'®, Bragumup Cumuh'

SPynmapcKo-TeosiomKy hakynaTeT, YHUBep3UTET y Beorpany.

(*e-mail: vesna.cvetkov@rgf.bg.ac.rs)

Kn;ytme peuun: FEOXeMI/IjCKa Kopenauﬂja, MarHeTHH MHUHEepaJ/Ih, CTaTUCTHUYKa aHa/Ih3a, TEIIKWU METa/In

AIICTPAKT

MarsHeTHa cycuentuduaHocT (MC) je Mepa MarHeTHOT OAroBOpa MaTepHjajia Ha CIIo/balllkbe Mar-
HETHO I10Jbe M MMPBEHCTBEHO 3aBUCH OJl BpCTe W KOHLIeHTpallkMje IPUCYyTHUX MarHETHUX MHUHepaJa.
BpojHa ucTpaskrMBamwa Cy Hokasaja [a Ce y3 MarHeTHe MUHepaJie YeCTO jaB/bajy TELUKH METaJH, afiCcop-
O0OBaHU Ha BHUXOBOj MOBPIIMHHU WUJIYM UHKOPIOPHUPAHHU Y KPUCTAJIHY CTPYKTYpY. Pe3y/iTaTh IMOYeTHUX
MHWHEPaIOUIKUX U Te0XeEMUjCKUX UCTPasKMBama (JIoTallUjCKe jaIOBUHE PyAHUKA PyIHUK, CHpOBeIeHUX
y okBHUpY IpojekTa REASONING, nmokasasiyi ¢y IIpUCYyCTBO MIUPOTHHA, XeMaTUTa U TeTUTa — MUHepaJsia
KOjH ce o/IuKYyjy hepH- U aHTU(EPOMArHETHHUM CBOjCTBUMaA M KJIACU(UKY]jy Ce KaO MarHETHU MUHe-
panu. [IpucycTBO OBUX MHHepaJia yKa3yje Ha MOryhHocT nmpuMeHe MC Kao HHAUKATOpa pacIiofese
TELWIKUX MeTaja y GI0TallMjCcKoj jaJIOBUHHU PySHHUKA PyoHUK, IITO MpeAcTaB/ba U OCHOBHU LUJb OBOT
HUCTpaKUBama.

JlabopaTopHjcka Mmepema MaceHe MC 1okasajia Cy 3HauajHy BapHjadMIHOCT Kao MOC/IeNUIly pas-
JIMKa y MUHEPAJIOIIKOM M reOXeMHUjCKOM CacTaBy jaJioBHHe. Koz ABa y30pKa Cy U3MepeHe NBOCTPYKO
Behe BpegHOocTM MC y OJHOCY Ha OCTasle, LITO je AUPEKTHA ITOC/JeAulia IPUCYCTBA CBA TP MarHeTHa
MHWHepaJia: MUPOTHUHA, XeMaTUTa U TeTUTa. 300T MPUCYCTBA OBUX EKCTPEMHHUX BPeAHOCTH, ITopen [1up-
COHOBOT Koe(dHIIhjeHTa, IPUMEWEH je U HelmapaMeTpHjcku CIIMpMaHOB KoedHUIIHjeHT KopeJsalHje
paHra Koju je Mame OCET/bMB Ha O[ICTyIIakha U He 3aXTeBa MPETIIOCTaBKY 0 HOPMAJIHOj pacIlofiesiy, IITOo
ra YUHU MMOTOJHUjUM 3a AeTeKLHW]y HeJTMHEAQPHUX 3aBUCHOCTH.

ITpcoHOB KoedHUIIHjeHT KopeJsialidje je ToKa3ao BeoMa jaKy II03UTHBHY Kopeaalujy ca S (r=0,92) u
yMepeHy ca Fe,0, (r= 0,62), mrTo moTBphyje Aa cy HOCHOIIM MarHeTu3alllje NpuMapHo cyiaduaHe gase,
IIOK OKcHAHe ¢dase rBokha AUPEeKTHO AOMPHUHOCE YKYITHOj CyCcLenTuOUIHOCTH. O TelIKUX MeTasia, Co
(r=0,90) u Bi (r=0,87) moKka3yjy BeoMa jake MO3UTHBHE Kopejalikje ca MC, IITo yKa3yje Ha To Ja Cy re-
HETCKH Be3aHH 3a MarHeTHY CyJ1buAHY daly. YMepeHy NO3UTUBHY Kopeaanujy rnmokasyje Cr (r= 0,48),
a cinaby Ag (r=0,28).

CnupMaHOB Koe(dHUIIUjeHT CUCTEMATCKH HMa HeIlITO HHU>Ke BpedHOCTH 3a S (p =0,73), Fe,0, (p=0,35),
Co (p=0,62) u Bi (p=0,48), mok cy 3a Cr (p=0,67) 1 Ag (p=0,35) BpeJHOCTH HEIITO BHUIlle. Pasnuke uaMehy
CriupMaHOBOT U [IMpCcoOHOBOT Koe(dHuIlIujeHTa yKa3yjy Ha Moryhe oACTyname Ofl IMHeapHe 3aBUCHOCTU
U MOTEHLIWja/IHU YTUIaj EKCTPEMHHUX BPEIHOCTH, IIITO je Y CKIaZly Ca XeTepOoreHolurhy MaTepujasia jaio-
BULUTA. Buuile BpegHocTH CiMpMaHOBOT KoedulyjeHTa 3a Cr U Ag yKa3yjy Ha CTaDU/IHUjy MOHOTOHY
3aBHUCHOCT, HMaKO OHa He MOpa OUTH CTporo JinHeapHa. OBo NOTBphyje fa cy HaBeAeHH! eleMeHTH I10-
y3[aHO IIPUCYTHHU Yy MarHeTHMM 30HaMa, YaK ¥ akKo HUCY IJTaBHU HOCHOLIM curHasia. Oda KoeduudjeHTa
noKka3yjy HeraTUBHY Kopejanujy 3a Pb, Zn 1 Mn, WITO cyrepuiie ga Cy OBU MeTa/JId IIPpUMapHO Be3aHU
3a AUjaMarHeTHY CHUJIMKATHO-KapOOHATHY MHHEpAJIHY acolhjalltjy Koja He JOIPHUHOCH MarHETHOM
CUTHaJIy jaJIOBHUHE.

JobujeHH pe3y/TaTH yKa3yjy Ha TO Aa ce Mepema MC MOTY yCIIEIIHO KOPUCTUTH Kao Op3, EKOHOMHU-
YaH U He[JeCTPyKTUBAH MOCTyIMaK 3a UHAUPEKTHY UAEHTHU(UKALIM]y 30HA Ca MOBUILIEHHUM CaapyKajeM
TELWIKUX MeTaia. Takohe, oBa Mepewa Cy JOBOJ/bHO OCET/bMBA 1A C€ MOTYy IPUMEHUTH U MIPU KOHILIEHT-
palnjaMa MarHeTHUX MHAHepaia MakbuM of, 1%.

¥ okBupy npojekta REASONING H3BpIlIeHO je BUCOKOPE30JIyTUBHO Y30pKOBame cefaM je3rapa (pe-
3oiyngje 10 cm), unMe je obe3dbeheH pemnpeseHTaTUBaH cKym o4 1010 y3opaka Ha KojuMa Cy CIIpOBe-
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neHa maboparopHjcka Mepewma MaceHe U 3anpeMuHcke MC. MHTerpamyja oBUx pe3ysrara ca reoxe-
MUjCKUM ¥ MHUHEDPAIOIKHUM IToalliMa Ipy>ka OCHOBY 3a JIeTa/bHO IIPOCTOPHO MOJe/IOBake pacIiofiesne
TEIIKUX MeTaJla U UAeHTU(DHUKALIN]Y KPUTHYHUX 30HA oborahema y jaJIOBUIITY.

3AXBAJTHULIA

OBo ucTpakuBamwe puHaHCHUPao je DoHA 32 HayKky Pemybnuke Cpduje, [PAHT 7522 - REASONING u
MuUHHCTApCTBO Hayke, TEXHOJIOUIKOT pa3Boja ¥ MHoBanuja Pemybnuke Cpduje (6p. 451-03-34/2026-
03/200126). AyTopH ce 3aXBaJbyjy Ha (hHMHAHCHPaby Koje UM je 06e3benro MHCTUTYT 3a GU3uKy y beo-
rpamy, Kpo3 yroBop ca MUHHCTAapCTBOM HayKe, TEXHOJIOIIKOT pa3Boja U MHOBallxja Pemnybirke Cpduje
(®.A)).
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ABSTRACT

Magnetic susceptibility (MS) is a measure of the magnetic response of a material to an external mag-
netic field and primarily depends on the type and concentration of the magnetic minerals present.
Numerous studies have shown that heavy metals frequently occur alongside magnetic minerals, ad-
sorbed onto their surfaces or incorporated into the crystal structure. The results of initial mineralogical
and geochemical investigations of the flotation tailings from the Rudnik mine, conducted within the
REASONING project, have shown the presence of pyrrhotite, hematite, and goethite — minerals char-
acterized by ferri- and antiferromagnetic properties and classified as magnetic minerals. The presence
of these minerals indicates the possibility of applying MS as an indicator of heavy metal distribution in
the flotation tailings of the Rudnik mine, which also represents the primary objective of this research.

Laboratory measurements of mass MS showed significant variability as a consequence of differences
in the mineralogical and geochemical composition of the tailings. In two samples, MS values twice as
high as the others were measured, which is a direct consequence of the presence of all three magnetic
minerals: pyrrhotite, hematite, and goethite. Due to the presence of these extreme values, in addition to
Pearson’s coefficient, the non-parametric Spearman’s rank correlation coefficient was applied, which is
less sensitive to outliers and does not require the assumption of a normal distribution, making it more
suitable for detecting non-linear dependencies.

Pearson'’s correlation coefficient showed a very strong positive correlation with S (r=0.92) and a mod-
erate one with Fe,0, (r=0.62), confirming that the primary carriers of magnetization are sulfide phases,
while iron oxide phases directly contribute to the total susceptibility. Among heavy metals, Co (r=0.90)
and Bi (r=0.87) show very strong positive correlations with MS, indicating that they are genetically linked
to the magnetic sulfide phase. A moderate positive correlation is shown by Cr (r=0.48), while Ag (r=0.28)
shows a weak one.

Spearman’s coefficient systematically yielded somewhat lower values for S (p=0.73), Fe,0, (p=0.35),
Co (p=0.62), and Bi (p=0.48), while for Cr (p=0.67) and Ag (p=0.35), the values were slightly higher The
differences between Spearmans and Pearsons coefficients indicate potential deviations from linear de-
pendency and the influence of outliers, which is consistent with the heterogeneity of the tailings mate-
rial. Higher Spearmans coefficient values for Cr and Ag suggest a more stable monotonic relationship,
even if it is not strictly linear This confirms that these elements are reliably present in magnetic zones,
even if they are not the primary carriers of the signal. Both coefficients show a negative correlation for
Pb, Zn, and Mn, suggesting that these metals are primarily associated with the diamagnetic silicate-car-
bonate mineral association, which does not contribute to the magnetic signal of the tailings.

The obtained results indicate that MS measurements can be successfully used as a rapid, cost-effec-
tive, and non-destructive method for the indirect identification of zones with elevated heavy metal con-
tent. Furthermore, these measurements are sensitive enough to be applied even at magnetic mineral
concentrations lower than 1%.

Within the REASONING project, high-resolution sampling of seven cores was performed (10 cm res-
olution), providing a representative set of 1010 samples on which laboratory measurements of mass
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and volume MS were conducted. The integration of these results with geochemical and mineralogical
data provides a basis for detailed spatial modeling of heavy metal distribution and the identification of
critical enrichment zones within the tailings.
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