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Abstract

The Mali Krivelj porphyry copper deposit is located in the Bor metallogenic belt in the western segment of
the Tethyan metallogenic domain. Typical samples of fresh andesite and rocks in different alteration zones are col-
lected for the trace element testing and element mass-balance calculation to research the hydrothermal alteration
and elements migration during mineralization. The analytical results show that the phyllic zone and the chlorite-
sericite alteration zone have similar elemental migration laws, Sr, Ba, Zr, Th, U, Ti, Co, Ni and REE elements emi-
grate in a certain degree, while Rb, Cs and other elements migrate in a certain degree, a large number of magnetite
develops in the chlorite-sericite zone, while a large number of quartz + sericite + pyrite occur in the phyllic zone.
All of these show that the fluid reducibility gradually increases with the continuous evolution of the fluid. The al-
teration in propylitic zone is weak, and the overall elemental migration is not high. Cu has a good positive correla-
tion with Cr, Rb, Ti/Sr, Rb/Ba and Cr/Zn, and a certain degree of negative correlation with REE, Ba, Zn, Mn and
Sr, which indicates that the whole rock element migration law of porphyry deposits can also be used as geochemi-
cal exploration indicators to a certain extent, and provides support for finding porphyry mineralization center.
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Fig.1 Brief geological map of the Tethyan tectonic magmatic belt(a, modified after Knaak et al., 2016) and Brief geological map of
the Timok region(b, modified after Pagevski et al., 2016 )
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1—Sava Neotethys suture; 2—Alpine Tethys suture; 3—Eastern Vardar ophiolites; 4—Rhodopes ophiolites; 5—Circum Rhodope and Strandzha

ophiolites; 6—Dinarides ophiolites; 7—Tisza magmatic unit; 8—Dacia magmatic unit; 9—European foreland; 10—Miocene external thrust belt;

11—ABTS metallogenic belt; 12— \Volcanics basin; 13—Major thrust; 14—Major strike-slip fault; 15— City; 16—Quaternary sediments;

17—Sandstone and conglomerate of Bor Formation in Upper Cretaceous; 18—Basaltic andesite of Wae Formation in Upper Cretaceous; 19—Fine

grained clastic rock of Ostrelj formation in upper Cretaceous; 20—Andesite of Metovnica Formation in Upper Cretaceous; 21—Marble and

limestone of Krevilj Formation in Upper Cretaceous; 22—Limestone in Upper Jurassic- Lower Cretaceous; 23—Basement; 24—Granite in

Late Cretaceous; 25—Hydrothermal breccia zone; 26—Fault; 27—Skarn deposit; 28—Epithermal deposit; 29—Porphyry deposit
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Fig.2 Geological map of Mali Krivelj deposit (revised after Mari¢., 1957)

1—Quaternary sediments; 2—Sandstone and conglomerate of Upper Cretaceous Bor Formation; 3—Fine grained clastic rock of Upper Cretaceous

Ostrelj Formation; 4—Coarse grained porphyritic hornblende andesite of First Member of Upper Cretaceous Metovnica Formation; 5—Biotite

hornblende andesite of second member of Upper Cretaceous Metovnica Formation; 6—Marble and limestone of Upper Cretaceous Krevilj

Formation; 7—Limestone of Upper Jurassic-Lower Cretaceous; 8—Geological boundary; 9—Fault; 10—Copper deposit;

11—Copper ore occurrence; 12—Limestone deposit; 13—Orebody and its number; 14—Section and its number
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Fig.3 Brief geological section (A-A’) through the Mali Krivelj deposit(measured)

1—Coarse grained porphyritic hornblende andesite; 2—Biotite hornblende andesite; 3—Limestone; 4—Marble; 5—Diorite porphyry; 6—Propylitic

zone; 7—Phyllic zone; 8—Chlorite-phyllic zone; 9—Potassic zone; 10—Geological boundary; 11—~Fault and its number; 12—Orebody

and its number; 13—Drillholes and its number; 14—Sampling position
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Fig.4 Typical photos of volcanic rock in the Mali Krivelj deposit
a. Fresh biotite hornblende andesite; b. Andesite of prophylitic alteration; c. The quartz+pyrite+chalcopyrite+bornite stockwork developed in andesite

of phyllic alteration; d. Dense disseminated sericitization developed in andesite of phyllic alteration; e. Disseminated and veinlet chloritization

developed in andesite of chlorite-weak phyllic alteration; f. Chlorite+quartz+pyrite+chalcopyrite veins developed in andesite of chlorite-phyllic

alteration; g. Quartz+chalcopyrite+pyrite vein developed in andesite of weak potassic alteration; h. Skarn marble;

i. Calcite+pyrite+chalcopyrite stockwork developed in marble

FSP—PIlagioclase; Kfs—Potassium feldspar; Hbl—Hornblende; Ep—Epidote; Chl—Chlorite; Q—Quartz; Grs—Grossularite; Cal—Calcite;

Py—Pyrite; Cpy—Chalcopyrite; Bn—Bornite
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Fig.5 Typical microphotographs of alteration in the Mali Krivelj deposit
a. Plagioclase in andesite is basically metasomatized by sericite, with dense disseminated sericitization and silicification, cross-polarized light;
b. Quartz+sulfide stockwork and dense disseminated silicification and sericitization developed in andesite, plane polarized; c. Chlorite+quartz+sericite+
pyrite+chalcopyrite vein in andesite, plane polarized; d. Dense disseminated chloritization, silicification, sericitization, pyritization, chalcopyrite in
andesite, plane polarized; e. Epidote+chlorite+pyrite vein developed in andesite, plane polarized; f. Hornblende in andesite is metasomatized by
epidote and chlorite, locally separated rutile, cross polarized; g. Network vein pyrite+chalcopyrite+calcite in marble, plane polarized; h. Dense
disseminated grossularite and calcite+pyrite+chalcopyrite vein developed in skarn marble, plane polarized
Ep—Epidote; Chl—Chlorite; Qz—Quartz; Grs—Grossularite; Cal—Calcite; Rt—Rutile; Py—Pyrite; Cpy—Chalcopyrite; Gp—Gypsum;
Ser—Sericite; V1—Quartz vien of the early stage; V2—Chlorite-pyrite-chalcopyrite vien of the late stage
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Fig.6 Typical microphotographs of mineralization in the Mali Krivelj deposit
a. Pyrite is wrapped by chalcopyrite in andesite; b. Pyrite, chalcopyrite and bornite coexist in andesite; c. Pyrite and chalcopyrite are distributed on
both sides of chlorite+quartz veins in andesite; d. Pyrite, chalcopyrite and magnetite coexist in andesite; e. Chalcopyrite and pyrrhotite dissolved
in pyrite; f. Pyrite+chalcopyrite+sphalerite vein in marble; g. Pyrite+chalcopyrite stockwork in marble; h. Pyrite in andesite is
deformed by shear
Py—~Pyrite; Cpy—Chalcopyrite; Bn—Bornite; Sp—Sphalerite; Po—Pyrrhotite; Cal—Calcite; Chl—Chlorite; Mag—Magnetite
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Fig.7 Chondrite-normalized REE patterns of rocks from each
alteration zone in the Mali Krivelj deposit (standardized data
after Sun et al.,1989)
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Table 1 REE and trace elements compositions(w(B)/107) of typical rocks in the Mali Krivelj deposit
g4 B 1L AN HERA TR A slefi~H = b Z IS
(n=5) (n=6) (n=12) (n=13)

Li 2.3~3.8(3.06) 2.7~5.6(3.77) 2.6~9.0(5.02) 2.43~4.50(3.39)

Be 0.80~0.97(0.91) 1.0~1.7(1.32) 0.47~0.61(0.51) 0.33~0.71(0.50)

P 798.7~927.4(850.08) 766.3~1518.1(850.1) 293.7~474.3(395.26) 189.92~402.04(309.78)

Sc 15.1~17.1(16.10) 14.1~18.7(15.63) 13.12~15.94(14.64) 11.28~15.19(13.16)

Ti 3143.7~3780.3(3500.7) 3072.8~3656.7(3258.7) 1899.24~2484.9(2143.3) 1749.61~2458.94(2114.6)

\Y 174.6~200.6(189.56) 154.4~262.0(210.73) 131.49~229.20(173.42) 135.06~198.66(159.87)

Cr 49.6~90.7(71.56) 160.3~169.5(182.27) 168.91~283.56(212.05) 112.79~302.31(221.07)

Mn 710.6~966.6(842.58) 482.5~1084.9(706.27) 144.10~546.36(318.80) 182.83~440.96(255.21)

Co 16.1~22.5(19.48) 12.9~31.5(22.17) 9.45~15.17(11.13) 7.96~12.48(10.86)

Ni 12.6~33.6(25.48) 14.4~55.0(30.7) 0.79~6.30(4.70) 4.28~7.61(6.17)

Zn 65.4~110.1(84.32) 45.2~174.5(110.25) 23.45~125.59(43.64) 20.59~51.55(28.50)

Ga 16.1~17.7(16.8) 15.9~17.3(16.68) 13.81~19.36(15.40) 11.65~16.01(13.83)

As 1.7~2.7(2.12) 1.1~5.0(1.6) 2.10~25.40(7.45) 1.57~3.03(2.23)

Rb 15.6~18.9(15.64) 13.6~29.5(20.93) 8.40~52.67(24.73) 14.56~51.87(23.82)

Sr 623.8~818.8(709.9) 560.9~994.3(849.87) 160.0~728.41(416.29) 180.88~494.65(340.44)

Y 14.6~17.1(15.5) 14.8~18.0(16.08) 5.20~12.91(9.43) 6.36~9.67(8.28)

zr 33.8~42.3(38.42) 43.7~55.5(50.07) 4.4~13.3(10.11) 7.00~12.54(9.89)

Nb 2.9~4.1(3.6) 2.0~3.9(2.89) 1.90~3.39(2.51) 1.94~3.37(2.61)

Mo 0.73~1.60(0.81) 1.3~3.1(2.13) 0.81~9.15(3.40) 1.89~8.57(2.92)

Cs 0.23~0.32(0.30) 0.28~0.59(0.37) 0.16~0.79(0.48) 0.26~0.64(0.36)

Ba 185.1~254.2(211.36) 148.6~357.8(245.45) 70.0~318.9(166.52) 78.55~199.27(116.43)

La 13.1~15.7(14.08) 14.2~18.5(16.18) 2.44~9.75(6.50) 4.0~6.31(5.23)

Ce 28.4~34.1(30.46) 28.7~50.5(37.10) 4.80~18.09(13.24) 7.79~14.89(11.19)

Pr 3.6~4.1(3.78) 3.7~4.7(4.23) 0.86~2.25(1.69) 1.04~1.81(1.45)

Nd 14.8~17.2(15.72) 15.3~19.3(17.45) 3.90~9.42(7.24) 4.47~7.74(6.27)

Sm 3.2~3.5(3.34) 3.1~3.9(3.55) 0.98~2.08(1.66) 1.00~1.89(1.45)

Eu 0.98~1.00(0.99) 1.0~1.2(1.12) 0.35~0.71(0.55) 0.34~0.54(0.46)

Gd 2.9~3.1(3.0) 3.1~3.9(3.25) 1.00~2.44(1.80) 0.94~1.67(1.37)

Th 0.45~0.50(0.47) 0.44~0.54(0.49) 0.18~0.37(0.29) 0.16~0.34(0.24)

Dy 2.8~3.1(2.92) 2.8~3.3(3.03) 1.20~2.34(1.77) 1.08~1.84(1.52)

Ho 0.58~0.64(0.60) 0.54~0.70(0.61) 0.29~0.96(0.53) 0.23~0.38(0.31)

Er 1.7~1.9(1.78) 1.70~2.10(1.87) 0.72~1.43(1.10) 0.67~1.20(0.95)

m 0.23~0.26(0.24) 0.23~0.30(0.26) 0.10~0.20(0.15) 0.10~0.17(0.13)

Yb 1.6~1.8(1.68) 1.50~1.90(1.68) 0.68~1.32(1.00) 0.64~1.08(0.87)

Lu 0.24~0.27(0.25) 0.24~0.30(0.26) 0.10~0.20(0.16) 0.09~0.15(0.12)

W 0.65~0.87(0.75) 0.65~2.30(1.39) 0.53~2.05(0.35) 0.55~0.81(0.33)

Pb 1.3~9.0(3.32) 2.3~7.7(4.53) 2.3~15.49(6.02) 2.40~14.28(4.39)

Th 2.7~3.2(2.96) 2.8~3.9(3.33) 0.68~1.74(1.40) 0.95~1.55(1.28)

S 0.69~2.47(1.55) 0.2~3.89(2.49) 0.96~4.98(2.72) 0.74~3.49(2.02)

Cu 0.01~0.031(0.22) 0.007~0.085(0.22) 0.10~1.10(0.47) 0.41~0.99(0.62)

Sn 0.98~1.35(1.23) 0.67~2.00(1.13) 0.58~1.30(0.81) 0.59~2.25(1.19)

U 0.9~1.1(1.02) 1.1~1.4(1.27) 0.12~0.44(0.29) 0.18~0.39(0.28)
Ti/Sr 4.57~5.58(4.96) 3.16~5.81(3.98) 2.87~12.06(6.21) 3.83~11.13(6.69)
Rb/Ba 0.06~0.10(0.08) 0.04~0.20(0.10) 0.11~0.18(0.14) 0.17~0.29(0.20)
Cr/zZn 0.66~1.01(0.85) 1.22~3.55(1.97) 1.88~10.94(5.83) 2.73~14.68(8.31)
XREE 74.92~86.82(79.31) 77.37~109.39(91.09) 17.55~50.23(37.52) 23.15~40.02(31.53)
LREE 64.29~75.58(68.37) 66.00~97.30(79.63) 13.29~41.86(30.89) 19.24~33.57(26.03)
HREE 10.60~11.47(10.94) 10.55~12.09(11.45) 4.26~8.79(6.63) 3.91~6.73(5.51)

LREE/HREE 5.85~6.72(6.25) 5.80~8.29(6.96) 3.12~5.36(4.56) 3.71~5.26(4.74)
Lay/Yby 5.87~6.26(6.01) 5.66~7.98(6.94) 2.53~5.88(4.48) 3.38~5.24(4.33)
SEu 0.91~0.99(0.96) 0.95~1.02(1.01) 0.81~1.12(0.99) 0.87~1.16(1.00)
5Ce 1.00~1.04(1.02) 0.97~1.34(1.09) 0.82~1.06(0.97) 0.81~1.10(0.99)

T n R RO 155 ORI ME, LR 1o
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Fig.8 Primitive mantle normalized trace element spider diagrams of rocks from each alteration zone in the Mali Krivelj deposit

(standardized data after Sun et al.,1989)
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Table 2 Quantitative mass-balance calculation results of the typical rocks in the Mali Krivelj deposit
AR Li Be P Ti \% Cr Mn Co Ni Zn Ga
e iadlibe 26.49% 49.56%  34.32% -4.13% 14.48% 162.28% -13.68% 17.17% 24.07% 34.66%  2.27%
WAL IS 79.82% —38.45% -48.87% -32.68% 0.59% 225.81% -58.40% -37.18% -79.71% -43.09%  0.77%
SRA-B LS 35.07% -32.54% -55.42% -26.11% 3.16% 277.87% -62.95% -31.82% -70.38% -58.65%  0.74%
A As Rb Sr Y zr Nb Mo Cs Ba w Pb
g zeglaaliEes —2154% 37.90% 23.29%  6.63% 34.22% -17.52% 171.80% 29.60% 19.59% 92.18%  40.76%
WY AL 290.05%  73.91% -35.52% -33.26% -71.05% -23.21% 362.40% 78.22% -13.37% -48.70% 99.75%
SRA-HaRMEZ IS 29.76%  86.34% —41.34% -34.80% —68.50% -11.47% 342.35% 48.44% -32.62% -51.23% 61.97%
A Th S Cu Sn U YREE LREE HREE Ti/Sr Rb/Ba  Cr/zZn
g eplaalibes 15.71% 65.91% 463.84% -5.13% 26.44% 18.24% 19.91% 7.80% -17.36% 28.73% 138.68%
BHRBTURL IS —48.20% 93.97% 5031.47% -27.17% -68.91% -48.00% -50.34% -33.38% 37.67% 92.43% 654.20%
BRA-H RIS —47.06% 59.34% 7493.63% 12.84% —66.80% -51.38% -53.45% -38.44% 64.99% 205.82% 1095.92%
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Fig.9 Isocon diagram of andesites from each alteration zone in the Mali Krivelj deposit

The X-axis represents the scaled values of element content in fresh andesite, while the Y-axis represents the standardized and scaled values of

element content in andesites of different alteration
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2002; Jiang et al., 2005) . £ #RAE F S Se ff o
TCR MR AL 2517 Ry 32 AT R M4, infdcat oo
Zor ERUEBMR CaEA A TR AT (ERA
45,2012 RABIGAE,2019) , B IR 4 0 7 oty B 2%
e tr-28 = Bk h ¥ s — i B B AT 35 R

SR 35 Bl L SE B R 43k 33.52% % 41.43%, 1] fik
HERART Y RABK A, MTEF B A
RN IR N 23.29%, A e SR E
SrA K. Rb.Cs5 KALZEME BT, AT LL3E i 28 5
A 4 % i 2B = B 8 K A B9 K(Fourcade et al.,
1981; Noyes et al., 1983), 7£ 45/ il 2% 747 Hh 34 i /s —
E R AL IR 29.60%~86.34%, 1% 5 75 H i AE
AR i R A R B B E KET Y AR
TOREIRRBE W2 = B A A A A gk die A A G,
R BB RAE D G A BT K AL 53 A B e
Ol gk, Bat R FEMA TH KA MBS Bk
(Fourcade et al., 1981; Noyes et al., 1983), 7 45 9% 7+
il S sglle A7 -8 = B A h ) s — E AR R T
Al g 5K A KM MR s ske At O, MAE T
A TP RS IEA L W RE S AN A B A B
A . Zroo &R FE 250 A T 85 A (Jiang et al.,
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2005), 11 ThFI U JC &R F 25040 T A B 8 A
Hi(Gromet et al., 1983), SZEGZE R IR, Zr TR LR
% R el A A v A A A v B I A7 JEE (Brendebach
etal.,2007). 7&H iAW A2 s # v, Th U JT
R HA — 2% LT 1% A8 71 (Blackburn et al.,
1994 ; Valsami-Jones et al., 1997), 283 &5 by S &
Ve F1-28 = Ak o Zr  Th LU s 2500 5 L 4
i, iT 7% % 47.06%~71.05% , 7] fit 5 & & K pH
BN B A B A G IS 3 A A bl R —
E B IE ARRAE 3% FE R R T AT s Zr Th
MU, Co.Nin] it R BEZEmRMANA R
BE BT TR Fe, FE YA kAT MR A -0 =
BEARAE o R — R AT, AT RE 3 S SOk
A R A IN A B AR R O T B Al
W) 8 7% — 5 Y IE AGRAE , AT g5 ih A 5 A b B k™
AITTVEA G o Ti 6 Tt A v (%) 5 ffe 132 I A T 2 ok ik
J& () 38 D i 384 K (Jiang et al., 2003) . B3 A BT K
SRlefr-28 = BALAE R  D WAL A T Tin R B
78— IE HVRHIE , I F8 %6 R 26.11%~32.68%, Ui ]
FESRFR TR T, & TI WASER 2 040, Ti g iAc

42 FHURTEIBREENERRTENX

] A e 8 2R v ) R ARG, I AR
- 2RI AT -4 Ve AT - 28 = BRI AR Z i T
W, i AR IR K 463.84% . 5031.47% F 7493.63%,
R TR FERE TEKMIE . STURTEARM
AR L DU S s A ) T SR (L, T B A - 2R
AT SIEA B T, 5 H & F A Ik
A MR VAT -28 2 BEARHE ) 5 7R AE O A i
A #859.34%, b, TE 7 B A bl i kK H A H
oK UESE T s AR T S A AR S A S, Hh ST R AT
RERR oK H THL T pi/K . W5 3R W], CuTefii s 2=
AP 2 5 Cut-S -5 WIE 0T, il Cu(HS), #1
Cu(HS)(H,S)% (Mountain et al., 2003 ; Heinrich et al.,
2004) , 1 75 & 28 FE i A 0 5 Cut-Cl 48 & 2T
# (Crerar et al., 1976; Mountain et al., 2003; Seo et
al.,2012), WALPPIETTE R ENIL RS SITR, £
BA [ A AL S 1Y S $OE R B E AAME RS STTR
(R A WIZEHLHI (Zhong et al., 2015). [A] PR A AL A6
PR i AT RERIL TR EL A5 Lk 1Y 25 S B S FL
I JEAE ) I R (Sun et al., 2015) , 1 44 8 4 -48 = 1
AT H % AT A W 1) 4 T B0 AR I A 3 i 1
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5, AR (B AL ) AN T DT o % 38R b R
5] WA 2 YR R A IR G e A+ e+
BB+ ER W A . FER AR B, A
Pe+28 o BE+HEERE T AL A B R B, R B R
(1) pH (B AT TH AERERAR AT, T BE 13 T R A1 R
ORI S04 8 B AL P 10 R DUSE , 7207 4
PARBEE R B & R B SRR R M
ik & B X,

PR e AR A FH 1 S T A 5 BB R AR KA R
N, FERBONT W S U0, Had B rh oo R
AT AL B —E I N E R 255 R R
TLE & BRI, 0T LA BT PR Bk fb 27 8 25 it
A RERE R . I 2040k BE A 0 W AL G IX A B
FARIEBE T AR A 932 B, AT ATE 24047
SR B A B BRI A AR R R ) A
FTHMRE T Rk, I8 TiE 2 & in
(Wilkinson et al., 2015) . 4K B4 v J0 2 43 A
YBRAL A A A AL A, BERC AP W FE An IR o
S BRSBTS AR SR T oT R AR AL AL
e S & 9 SR BT JGE Cu 55 Cr (Rb .\ Ti/Sr LLAE
Rb/Ba L AE . Cr/zn LAl 55 BB AF M IEAH G, 5
REE.Ba.Zn.Mn.Sra o HA —@E M A, H
Mali Krivelj & IR TR 20 A5 A Ao, JLR B 48 Ak
W D RS B R S W PR AL 25 S R — e S A
L BRHIE , WA ST R E R bl 2 HA 2R iy
A, KRB A K m t R TR M —
B L AR AR A M3k Ak 2 i A i dR s Ak o TR
AR R R

5 %5 &

(1) Mali Krivelj & R HA BEF A4 57 ML A g ol
AR F AR, B N ) Ah B R i A -8 = Bk
WRBCAERE E B AT . S -H B A
KB KRG, Jo 0 mT L8 e - i 8 k[ A A
FEURZ B BEUAR Z2 A AR 2 ) A A JRUIR 2 5
A5 B TR R RFEEE AL AR R R G O 28
P Al A S S B R A A KRR, 3R
AR 9 pH (B AERF AR KT, Z B Bo gk 2 40 F A X
WA i h R S SHE iR R S,
LR BV . B A A -
Bk @R L e R E A, REE . Sr.Ba. Zr,
Th.U.Ti.Co.Nil/x— & #FERYIL i, 11 Rb . Cs 5

TLE DR —ERERNITA . HEEH BRI AR AL
55, KA UAEAAG , HOT SRR AR B R AR, REE
Rb.Cs.Zr . Th.U.Ti.Co . Ni &t K /R —E LT
Ao B BT RBA BRI ER Lo R EHEMN
ARy, Jo B W Eu S .

(2) 7 A i A8 1l 2 rf 7 Sl BN, B4
AR 38 R B v AR ARRAE , R R T R
Bk H T AR, BT RAEAMARZ 1A SR
B SE, S A MR T KB WAE
ik, R CR W REES 4k A TR KiK. Cu 'y
Cr.Rb . Ti/Sr Ft{4 .Rb/Ba L {E . Cr/zn Ho (8 25 BAs if
Y IEAH &%, 5 REE \Ba.Zn \Mn \Sr&5 0 % B4 —
FE AR, Hon R B — S i FF
it , RZH IR EH TR TE WA —E R L
REAE oy MR Ak 25 0 2 i FE n i , O TR BEA TR
HO SRR

BB AU TR L RS R R A
FI I 2 5% S ZE IR A 58 4 AT BR A B B KT)
SCREANR B, A 2 G0 A SCHR Y i 22 52 53 1 DU
FE, P ARSI, 7R I — IR
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