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Environmental Evaluation for Mining Areas Based on the Ground Truth
from Field Surveys and Satellite Image Analysis
— Efforts in the Bor mining area, Republic of Serbia —
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In the study area of eastern Serbia, which includes the Bor and Maidenpek mining areas of the Republic of
Serbia, a research of environmental evaluation of the study area was carried out by means of field survey for
environment and satellite image analysis in order to establish and improve methods for assessing the
environmental impact of mining areas by satellite image analysis. The results of this study showed that it was
possible to efficiently determine the distribution of overburdens and tailings in a wide area based on the
distribution of points having jarosite spectra, and that it was possible to distinguish waste rocks such as
overburdens and tailings with high environmental impact from those waste rocks with relatively low
environmental impact based on the mineral assemblage of the waste rocks estimated from satellite image
analysis. In addition, if topographical data before and after mining development are obtained from the satellite
image analysis, the volume of the waste rocks can be estimated, and the quantitative estimation of the amount
of toxic elements dissolved from the waste rocks could be possible by combining the experimental data on the
extraction of toxic elements from the waste rocks. In addition, the predicted hazardous area (Type I), where
high concentration of Cu may be leached from the waste rocks revealed by the surface survey, corresponds to
the area where waste rocks such as overburdens and tailings is distributed around the mine and the area where
waste rocks such as tailing is distributed along the river downstream of the mine as estimated by the satellite
image analysis. These results indicate that it is possible to predict the environmental impact in advance of the
survey in the mining area, and to predict the environmental impact in the mining area where it is not possible
to go directly to the survey and to consider guidelines for countermeasures.
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Fig. 1 Location map of a research area in eastern Serbia.
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Fig. 2 Map showing distributions of sampling sites, open pits, overburdens, flotation tailing ponds, Timok Magmatic Complex,
and limestone in the study area, including the Bor and Majdanpek mining areasM). The yellow star mark on the lower
reach of Timok River represents the location of the sampling site described by Bird et al. (2010)1
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Fig. 3 Geochemical maps of Fe, As and Cu concentrations in river water in the research area in eastern Serbia.

Table 1 Estimated threshold values of surface water in eastern Serbia including the Bor an Majdanpek mining areas7)
and classification of river water by Serbian regulations for quality of surface water'*.
Class | 1l 1l v v Threshold value
Ecological status Excellent  Good Moderate  Weak Bad
3042' (mg/L) 50 100 200 300 >300 180
Fe (ugl) 200 500 1000 2000 >2000 350
As (uglL) <5 10 50 100 >100 10
Cu (uglL) 40 40 500 1000 >1000 35
Mn (¢ glL) 50 100 300 1000 >1000 100
Zn (uglL) 300 1000 2000 5000 >5000 100
Cd (uglL) - - o - u 0.1
Pb (uglL) - - - - - 2

-, not specified. Surface waters of classes |

and Il correspond to excellent and good

ecological status, respectively. Waters classified in these classes can be used for
drinking purposes with prior treatment by filtration and disinfection. Water classified into
class Il corresponds to moderate ecological status. Surface water in this class can be
used for drinking water supply with prior treatment by coagulation, flocculation, filtration
and disinfection. Water of class IV corresponds to weak ecological status. Water in this
class can be used for drinking water supply after using a combination of the above-
mentioned treatments and advanced treatment methods and is also appropriate for
irrigation and industrial use. Water classified in class V corresponds to bad ecological

status and cannot be used for any purpose
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(a) Cu (River water) (b) Cu (sediments) (c) Cu content extracted from sediments by 0.5 M HCI
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Fig. 4 (a) Geochemical map of Cu concentration in river water in the researche area in eastern Serbia. (b) Geochemical map of Cu concentration in riverbed
sediment in the research area in eastern Serbia. Distribution of Type Il contaminated area is shown in the geochemical map. (c) Geochemical map
showing distribution of sampling points where high copper concentration was extracted from riverbed sediments by 0.5 M HCI solution. Distribution

of Type I contaminated area is shown in the geochemical map.
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Fig. 5 Representative spectra from ASTER data of surface soils and tailing samples classified into four types based on mineral
assemblage by X-ray powder diffraction. (a) Group 1: Surface soil sample at a point away from the orebody of the Bor deposit,
(b) Group 2: Tailing samples derived from the periphery of the orebody at the Bor deposit, (c) Group 3: Tailing samples
derived from the orebody at the Bor deposit, (d) Group 4: Tailing samples derived from the orebody at the Bor deposit.
Table 2 Classification of surface soil and tailing samples based on mineral assemblage by X-ray powder diffraction in eastern Serbia.
Group Group 1 Group 2 Group 3 Group 4
Sample No. 1501 1502 1503 1504 1505 1506 | 1508 1608 1601 1602 1603 1604 1605 1507 1703 1704 1706 | 1606 1607 1701 1702 1705
Quartz © © © o © © | © 0O © © © O 0 © © © © © © © © o
Plagioclase AA A O A O O AN o © O © FANRRNVAN AN VANNERVANNVAN
Fayalite AN
Actinolite N FANRNNVAN AN A FANNENVAN
Montmorillonite A
Illite O o A AN O A NN A A NN AN A A
Chlorite AN A FANRRVANRRVAN o o O o A A
Pyrophyllite A N0 A A AN NN A AN AN VAN ANV ANRVAN
Kaolin A O o O © A ® @& O o O
Jarosite HAOA A O A A NN A A NN A A A
Gypsum o O O A O A O O ©
Alunite AN A A A A A A A
Pyrite A
Calcite o O © A A O
Dolomite JANRERVANRVAN FANRRVANRENVAN

©: Large amount, O: Medium amount, /\: Small amount

DRFIPAT O T2, KA MV ORIE T, 5ot
(FieldSpec3, Malvern Panalytical 1) (2 K 2 K&t A7 SV ORIE
BT, K ARZ MLORIERF & XRD IEIZ LA FERN
Fig. 5 & Table 2 [Z/REN T 5, XRDIEIZ X AFERAHIZIN
BOFESWVE, 47 v—TIZoHShlz, =7 11F, %
(quartz), R} A (plagioclase), J7f# A (calcite), A 7 A b (illite),
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FRUEF (chlorite) 72 & HHE 2R VIR CREICAFAE C X D 8LM) TR
SFbhd, I—T720%, FarxkE, A5 BE4, 47
A B, RRIEANZERME O VAR T E 7 8k (jarosite), A&
(gypsum), 5 9 £ (pyrophyllite) Z £ 5, 7 /v—7 3%, £,
LEORES, SHEN, 68, WELD (aluite), b4 Y
(kaolin), HEA 5 i CHMSIFbND, Z—T41F, £, b
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Table 3 Wavelength region, center wavelength and spatial resolution of each

ASTER band.
Band # Wavelength region  Center wavelength  Spatial resolution
B1 VNIR 556 nm 15m
B2 VNIR 661 nm 15m
B3 VNIR 807 nm 15m
B4 SWIR 1,656 nm 30m
B5 SWIR 2,167 nm 30m
B6 SWIR 2,209 nm 30m
B7 SWIR 2,262 nm 30m
B8 SWIR 2,336 nm 30m
B9 SWIR 2,400 nm 30m
B10 TIR 8,291 nm 60 m
B11 TIR 8,634 nm 60 m
B12 TIR 9,075 nm 60 m
B13 TIR 10,657 nm 60 m
B14 TIR 11,318 nm 60 m

BORERA, SRAEA, P, 24D 2, BEA D A TR
HiL, IN—T 3R THEEZ R RS 5, TEPDEZE
DAFV v, DEBEOEAIFHENED T NV—T3 LT NV—T 4 DFE
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F, T—T1 L T—T21%, ENENIALIER DR
5 OFEFCHALERA BTN E O ERORESVEREch D &
Ezohb,
INBDOTN—=TDRENRASLT ML TH D RE 1502,
1602, 1704, 1607 3 Fig. 5 IZ/RENT W5, §_XTHIL—F
T 1400 nm & 1900 nm fH3T1Z, FEHFWITEH E45 OH ORI
= NRO NG, F—TF 1 OB 1502 DAY LTI
2200 nm FATIZARHIRZR S & b A T A hOhklea OWIR v — 7#
P Hi, XRD DI ETORBRLFMHTH L, FL—72
OFEF1602 121%, SKAEANGENTEY, ZORK AT K
LIZBWWT Y, SRR IR 2RI R TH 5 910 nm {3
IR E— 27 3§D HND, Z—7 3 Ok 1704 D AT |
VICIE, SRR OAEAE A7 430 nm, 910 nm {7 IT ORI &' —
Wz, AEOFELE%ZRT 1450 nm, 1750 nm, 1930 nm O
=7 BRSO HID, Fiz, 1410 nm & 2200 nm O E— 27
1%, WAV CDOFEES, ﬂmnm@%ﬂf—7i%%50ﬁﬁé
IR AREMEN B D, AAZ hLlE, XRDIZ &0 R Sk
WA b LRI AT b Th D, Vv —T 4 Ok
1607 DA MV T, SR OFFEE 77T 910 nm T D%
W — 27 0%, B 1602 R0 1704 12 b4 5 &%Wfi@wﬁ
430 nm ([ZERIAZEA O B — 7 NRD B D, F 2, AREHZ
B AV v OFFAEE 7T 1410 nm, 1910 nm, nmmnwwwt~
TR OHIND, AR NIV D HHEE S L2 SR A R
L XRD (2 X D7 G o2 LR OIS ER RO 5 b,
DX ﬁQXA7bw®%W £ DB S VBt O A
DL, XRDIZ L DB S WREI O A A D & K LT
5&%1@%5 %éwi WIRMIZIZ BB T, ZO0Mh LEE
THDHEICEoNDN, AT SN X DI A ot
DFERMG, BES WML, BRENLEIZ X0 2 OFmi G-y &
AR, $%ilk 5 K OIS W AT D8 O A 1T Ik
TENCEICE T Z E R SN,
6 -2 ASTER E&IZ& BB S LMD
BESWNCE SN DM O % IS CHEE 3 D720, BARDOHER
B > ASTER 72 {4 4 A\ - Bi{g /34 %4 1T > 7=, ASTER
I, FIBLEARAME, I RARIME, BURIME D e A B RT
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Fig. 6 (a) False color image of overburdens and tailings of the Bor mine and
Veliki Kurivelj mine. (b) Image showing distribution of diffrent types
of overburdens and tailings determined by satellite image analysis
using ASTER data. The groups | and 2 are overburdens and tailings
derived from peripheral part of orebodies. The groups 3 and 4 are
overburdens and tailings derived from central part of orebodies.
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Table 4 Wavelength region, center wavelength and spatial resolution of each
Sentinel-2 band.

Band # Wavelength region  Center wavelength  Spatial resolution
B1 VNIR 443 nm 60 m
B2 VNIR 493 nm 10m
B3 VNIR 560 nm 10m
B4 VNIR 665 nm 10m
B5 VNIR 704 nm 20m
B6 VNIR 740 nm 20m
B7 VNIR 783 nm 20m
B8 VNIR 833 nm 10m
B8A VNIR 865 nm 20m
B9 VNIR 945 nm 60 m
B10 SWIR 1,374 nm 60 m
B11 SWIR 1,610 nm 20m
B12 SWIR 1,610 nm 20m

23A®®>ﬁ ZNHOEWEAE D, SMHEGE RO
BN - SURFHER A BET H &, Group 3 & 413, BHEA,
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Fig. 7 (a) Distribution of tailigs in the research area based on the presence of jarosite determined by satellite image. (b) Distribution
of tailigs in the area from the Bor mine to Danube River. Distribution of tailings along rivers due to the collapse accident of
tailing from the Bor mine in 1950s is also identified in this figure. (c) Map showing relationship between pH values and Cu
concentration of river water in the area from the Bor mine to Danube River.

(Bay) http://doi.org/10.2473/journalofmmij.139.10

© 2023 The Mining and Materials Processing Institute of Japan



AR = - AVIZRIE « IREAn: - sCHAIC - AR - A0k =2 - AT A Y s A=V - A7V ey T VT

Vol.139, No.2,3, 2023

22.10 2212 22.14 22.16

4414

S
22.10 2212 2214 2216

Contour lines by SRTM: == 100 m, —
Topographic map: 1970

Tailing damof
the VEIII}I Krivelj

> 5
2210 2212 2214

Contour lines by SRTM: =— 100 m, —
[ Areas with higher elevations
I Area with lower elevation

Fig. 8 (a) Map showing a topographic map in 1970 around the Veliki Krivelj open pit and contour lines determiend by analysis
of the digital elevation data in Shuttle Radar Topography Mission (SRTM data) in 2000 (red color). (b) Map showing
distribution of area with lower elevations and areas with higher elevations estimated on the basis of the difference of the
contour data of the 1970 topographic map and the 2000 SRTM data.
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Table 5 Volumes of Field 1 and Field 2 of tailing dams of the Veliki
Krivelj mine determined by on-site survey.

Field 1 Field 2
1982 — 1989 63,900,900 m?®
1990 - 2007 89,400,000 m3
2008 - 2019 64,100,000 m?®

Mt & 7e o7, [AEE R SLL B Y S =B a0 —Hix
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BE S U4 A (Fig. 8b O 248) DFE S VORI OV TIE, WFEY
RVl bOB Ty H == b Th DR EIESTIERT N D
et S e iR TORPREIC L A IR T —Z IS X g s iz,
Table 5 @ Field 1 & Field 2 DR A N2 7o (KRGS, BES WA A
(No. 248) DIRFEIZ /2 D, 1982 4EM 5 2000 4EF TORES WL LD
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Table 6 Estimated quantity of metals from overburedens, tailings of tailing dams and tailing distributed along the Krivelj River, Bor River and Bela River.

Sample ID 18090402 17083101 16081010 16081002 16080214 16080206 16080915 16080303
Location Overburden Overburden QOld Bor Veliki Krivelj Krivelj Bor River® Bela River” Bela River
near Saraka near Robule  Field 173 Field 2™ River™ downstream of
stream™ lake™ Vrazogranac
Sample type Rocks of Rocks of Tailing from Tailing from Tailing along Tailing along  Tailing along  Tailing along
overburden overburden tailing dam tailing dam river river river river
Total volume (m%) 90558000 140981000 2212000 89400000 1070 108800 84800 802800
Mass (Mt) 163 253 3.0 116 0.001 0.1 0.1 1.0
Concentration (mg/kg)
Mn 1.7 38 27.9 6.2 59 0.4 1.8 0.6
Fe <3.0 233 234 29.3 119 <3.0 309 1230
Co 0.1 0.2 5.4 1.5 0.4 0.0 0.2 0.2
Ni 0.1 0.2 1.4 0.6 0.5 0.2 0.2 0.1
Cu 4.1 27.5 503 29.3 21.7 1.8 17.5 11.4
Zn 0.2 4.0 271 1.2 26 0.8 2.7 0.7
As 0.02 04 0.2 0.1 0.2 0.2 0.3 0.2
Cd 0.001 0.08 0.2 0.002 0.013 0.002 0.006 0.001
Pb 0.001 0.07 0.03 0.01 0.01 0.004 6.2 0.7
Quantity of metals (ton)
Mn 280 964 80.2 716 0.01 0.06 0.20 0.58
Fe <490 5910 673 3400 0.16 <0.40 34.1 1280
Co 18.3 50.8 15.5 179 0.00 0.00 0.02 0.21
Ni 11.0 50.8 3.89 745 0.00 0.03 0.02 0.1
Cu 675 6980 1460 3400 0.03 0.25 1.93 11.9
Zn 34.1 1020 778 140 0.00 0.1 0.30 0.77
As 3.62 102 0.64 9.55 0.00 0.02 0.03 0.19
Cd 0.14 20 0.46 0.26 0.00 0.00 0.00 0.00
Pb 0.13 19 0.08 0.59 0.00 0.00 0.69 0.77

*1: Overburden from the Veliki Krivelj open pit; *2: Overburden from the Bor open pit; *3: Old tailing of the Bor mine; *4: Tailing of the Veliki Krivelj
open pit; *5: Krivelj River near the confluence between Krivelj River and Bor River; *6: Bor River near the confluence between Krivelj River and
Bor River; *7: Bela River between Rgotina Settlement and Vrazogranac Settlement
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5L CT6EL) % VT 3000 rpm O3 T 20 43 [ D3 45 B &
T, B L BRIRE A B LTz, E 0%, 202 um Ok
na—A7 7 — MEAKMET 4V —% AT E Ail Lz,
ZOFRHE DO —EHAEE D, pH A —Z —Z VTR HIED pH %
WE LTz, F72, SERESNZREHIREEY, EE TR
ST ENT, Y OREEIE, S0 mL OR Y 7L R R v
RIFESN, 1% REOMBE TR L%, HEBET7 X~Y
Hoy ATk (ICP-MS) % W CHil7e K O B4R & b ROBRE ST
ENT-, F70, BHEOLERA A, Al SO2 ML, #5iY
AT T A= Ik (ICP-AES) THMT Sz, &5/
FE 2N Table 6 (/R STV 5,

Al S ih g, FAERE (XY %7 U XU KR Y §k
i+ (Saraka JI|UTfH ), R— VBERIEY SLLOF+ (m—T7 1
WAL ), LRSS (Old Bor Field 1, Veliki Krivelj Field 2), R—
L 7 UYL, RZNNZH > THMAT 2BESVEECHh 5,
NRZNITH > THA T % B S Vit kB, Reotina ££ % &
Vrazogranac £ 75 O F1{E] 0O~ Z JINZTF(ET 5 BE S & Vrazogranac
EETIRMOBESNTH D, FROFE, BEIWOH L, LEFELT
BHITHEDOREL, BlZ1E, Fe TIHHI 230 ~ 3 mg/kg 720> LZ LA
T, CuTIX500~ 4 mgkg, As TIL04 mgkg LT ThHhoTz, —
05, A O e SICHERS T 2 HERR 2 DR S LD TR OBRE
T, Fe TIEH 1200 ~ 3 mg/kg, Cu TIL20 ~ 2 mgkg, As T
1303 ~ 0.2 mg/kg Td - 7= (Table 6), A —/LHL LITEEDFE S U
RO L2 BVEI T D JCFR IR © 1 O [ I HERE 3~ 2 B8 S WO HERG
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MO INDFERED, HEHZ LV RECEL S EBR
biLd, LT, A= VILLEFEORE S W Lo sh s
JCHRIRED, W > THMT DI WHEREY ORI ENS
TERBELY LE, HDWIZOWR Y, JEEEMOY AT
WZRDREDENLHED ol

BRI DHEE SNTBES W, H L, WO W R A
T ORI ORI L TN D AR T 2MBEOEE (FESW 13 g/
em’, #1118 gem®) 75, THLOEEEM OB ENHE TE D,
ZOEE IR CHE LN DT R EAMEAY S 2 & T,
BESU, It WOW AR SIS B HER ) B A% IR
LR ENHEE SN D, WO FEICAFIET D HEREmIZ
THEIDOBES W & FEOEEIIRE WD, JLIETHFORES
WEH LN B ABRIEHT 5 L PRENGEBRIZRKE W, WO
TS0 T 2 BE S WHEREY Ci, SRIERFOFE S W & Lok
RS L ZORBEN NS Wew, SHRIENT248EEIE,
KN NE W, L LR B, NI > Tofi§ 2 BE S WHERE
Wi, FILEEEOMR O FKICEEE 5 2 2R[EERH Y, Z
NHDEINNEOFETCHOERITITEELLETH D, JLL
JELDOPES WSR2 DLW H S 415 Fe, Cu, As D&, FellD
T 6000 ~ 490 F >, Cu T 7000 ~ 680 k>, As 2oV T
1£100 ~1 N OIEENEHTHEEZX LD, —T7, WIOHE
T, FelZ oW TIL 1300 ~ 0.4 h > LLF, CuTid 12 kv
UF, AsiZoWNWTIH02 P FOEHERENELTLEE 26
% (Table 6), 25 HTIC & 5 3 7 O Cu 2 O /3 Hr ik 1
S, A= gL OB S WP I, 21 ~54757 b
D Cu BIFEIET D Z &N BN - T b (Stevanovic, FAE ).
P& D FEBRIZ L il S 7o o R & EBEOIRILEEK D TR
e, BRI H 7 VIR T AmRRIE L LTk 5 &, 5
BROSRILIFEK E L O SN D nRIBEL, IRE 5 ERICK D8
ELDBEWEEDbNLD, 202 LaEETLLE, BRBEETT
DK EPESWRH 1 & OFUE T, BN RIS 0 ks
THZERTREND,

8. F & &

7 ERER — VL LU X O~ A T Sy 7 85 L
gtk L BT EE O IC IV T,  FR mE AT IS X A5
(L sk D BRBE BB AL O & AL DT 01T, BRBRICED D
TR & AT AT IS X 2 8 Lk o0 B SRR B IATF 72 23 T
b, SLLHIER 2 & e itk 2 %F 58U U TR R TG 24T D 2
LT, BRI DAY RVOIFIEIC IS &, IR sk oo Hr s
DRGICHFES WO AR T 2 Z E RN ARETHH Z L, MR
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BIRHT 2 HHEE ST BE S W OFIMAAE ) SEBRETAM A K E WV
BE S RSB BE AR NS WS WA RBITE D Z & A
LRtz LT, BRAIOMET — & LB %OME T —
A WEEEGENT HIF O UL, BSWORBAHEETTETH
D, 61T, EIWNLOFELEOMLERT — & HG b
52 LT, EIVWDOEITHTEE CHEROE RN RHEE D AHE
W72 %, F£i0, HERAENSHOLNICEINTZ Cu BFES WD E
TR CRHT 5 ATREMEDS & 2 a1 1T, T2 G RET O 4
T S AT SR JE D D BE S WA AT B HUsk Rk (L T HiE 3R 11
Ho THEISWASAT ZHIBIZXIE L TS, ThbDZ &,
P SETE B itk A kP G2 & 9 2 BREE AN O SRl LS C O BT A T
R0, M grCRRYYE D 72 D ICBUHIER A 23 C X 2 W R TR B I 0 B
AW TH & RREHZBS XD FENAETH DL 2R LT
Do Fiz, SLEEIEENC K ABREEAMH Koo X 5 7 EHE)|
N L CEZEMICHEZ2HAICIE, b OFHRE MRECTHA
THZ L THUARBREMRNERTE S b0 L Ebhb,

BE ZDORERIE, JICA-IST IC L D E T HREICBIT S
SATREPS Hit ER B RE & IS E R R A5l i ) 7 e 77 F & TRk
THE 72 IR B EBL D 72 8 D Z2 MIBR BEARAT & 80 FE 4R [N D il
VAT A WLV BNt OTH D, B L CEGH L B
F5,
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