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Abstract The Yinachang Fe-Cu-REE ore deposit is hosted in the Paleoproterozoic Yinachang Formation of the Lower Kunyang
Group in the Kangdian iron-copper metallogenic province, SW China. The main minerals in the Yinachang ore bodies consist of
chalcopyrite, magnetite, quartz and calcite. As the host rocks of the deposit had experienced intensively alternation and
metamorphism, the age and origin of the Yinachang deposit are still a matter of hot debate. U-Pb ages of detrital zircons from the
volcanic tuff and breccia in the Yinachang Formation have been used to identify the provenance and evaluate the age of the Yinachang
Formation of the Lower Kunyang Group. Most analyzed zircon grains show oscillatory zoning and have high Th/U ratios ( >0.4),
suggesting that they were mainly derived from igneous rocks. A total amounts of about 200 detrital zircons exhibit U-Pb age populations
at 1.75 ~1.88Ga, 1.90 ~2.00Ga, 2. 02 ~2.20Ga and 2. 30 ~2. 40Ga, with the oldest *” Ph/**Ph age of ~3.0Ga and the youngest
age of ca. 1750Ma. The dating results provide a maximum deposition age of ca. 1. 7Ga for the Yinachang Formation, and suggest the
possible existence of older basement. Rhenium-osmium dating for six chalcopyrite samples from the Yinachang Fe-Cu-REE deposit was
conducted to constrain the timing of sulfide mineralization. Direct Re-Os dating for chalcopyrite of ore minerals yields an isochron age of
1690 +99Ma (MSWD =9.0) and a weighted mean of 1685 +37Ma (MSWD =3.0), respectively, indicating the main ore-forming age
of about 1. 7Ga. In addition, the major ore types exhibit significantly positive Eu anomaly and LREE enrichment, similar to those of
modern submarine hydrothermal fluids. The above dating results reveal that the ore-forming age of the deposit is nearly
contemporaneous with the deposition timing of the Yinachang Formation, and the characteristics of fluid deduced from REE indicate that
the ore formation was related to submarine hydrothermal fluids activity. It is therefore suggested that the Yinachang Fe-Cu-REE deposit
is a volcanic exhalation-hydrothermal sedimentary deposit. Several recent studies showed the occurrence of relatively widespread
magmatism at ca. 1.7Ga and large numbers of synchronous Fe-Cu deposits, suggesting that the magmatism is probably the crucial
factor for the formation of deposits in this region. Furthermore, the Fe-Cu deposits in the Kangdian region may be related to the break-
up of the Columbia supercontinent at about 1. 7Ga.

Key words Fe-Cu-REE ore deposit; Zircon U-Pb dating; Chalcopyrite Re-Os dating; REE geochemistry; Yinachang; Yunnan
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Fig. 1  Simplified tectonic map showing the study area in relation to South China’ s major tectonic units (a, after Li et al. , 1999,

2002) and distribution of the Kunyang Group, Dahongshan Group, Hekou Group, Huili Group and or its equivalents, and Fe-Cu

deposits in the Kangdian region (b, after Wu et al. , 1990)
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Fig.2 Stratigraphic sequences of Kunyang Group in the Kangdian region (after Zhao and Zhou, 2011)
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Fig.3 Simplified geological map of the Yinachang deposit in Wuding County, Yunnan Province (after Wu et al. , 1990)
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"HILEE S Fh A LEM) Fe-Cu-REE 7 k945 % U-Pb Fo k40 % Re-Os SFRF A £ 70 F AL 3 & H 00 I & 3L 1179

®2 EMNHWRPEFET B Re-Os R RERK

Table 2 Re-Os isotope compositions for chalcopyrite from the Yinachang deposit
YNC1006 562. 306 16. 269 16. 881 0.314 898. 253 25.989 0.023 0. 006 1732 23
10YNC40 161. 659 2. 145 4.455 0. 061 258.242 3.426 0.017 0. 001 1638 22
YNC1010 4.615 0.108 0.118 0. 003 7.373 0.172 0. 003 0. 000 1719 20

A

10YNC-32 12. 859 0. 300 0. 366 0. 004 20. 541 0. 480 0. 004 0. 000 1690 20
10YNC41 246. 010 30. 390 6. 836 0.079 392.988 48. 547 0. 005 0. 001 1651 19
YNC1112 4.388 0. 149 0.073 0. 005 7.010 0.239 0. 002 0. 000 1687 19

5 orbrai

5.1 $£\ U-Pb K

BEKEFK LA BR A ) LA-ICP-MS 45/ U-Pb E4F (14
Fraf Rz 1. 18 6 St i QR MR8 I 85 A 1 CL B
B 7 R T WA EE BB A4S BT U-Ph i A il £ 1 7 Pb/
20 Ph AR AR A3 A B L & Th/ U= Ph/** Ph 4F i &1 fi .

KA (DFHLI01 ) gkt 45 A 2000 247, I T 3L
84 AR AT UK, X S 4 A 1) A R R BE T TE 95% LA b
FAERR 97 Ph/*™ Pb 4R 2l 1746 + 22Ma, £ % 19° Pb/** Pb
AEHE O 2694 + 16Ma, BR 5 A5 A UKL I 4R 85 K T 2500Ma
PIA , A AR RECRT I =4, 5054 1. 75 ~ 1. 85Ga,
1.90 ~2.00Ga F12.20 ~2.35Ga, HH 45— f4E =4 5N
B3, HPh/ 2 Ph AE WA YIS 53514 1796 + 15Ma(n
=16,MSWD =1.5) 12262 + 12Ma(n =34,MSWD =3.5) ,iX
AT W 43 B R 2 1800Ma . £ 1960Ma FI % 2270Ma
(B 7b) o MEEKAESE A CL EUG W] LUE Hk e gt A HAT #Y
WHEG A (8 6), Th/U FAEAE 0. 1 B F, KRB TE
0.4~1.0 Z[F(ETc),

LRSS (DFHI102) sk 33 1 45 A 0 2500 ki ZE 4y,
TR T Ho v 93 A5 47 JBURE, 3 S0 85 7 1) 4F 5 185 70 B AT 7F
95% LA |o Herpige/ NI Ph/ 2% Ph A%y 1767 +27Ma, Fr K
157 Ph/*® Pb AF% S 2989 + 19Ma,, [k T 7 ANk 47 JHORL I 4F
#E R F 2500Ma LLAM AR L4 AL, 4350k 1. 75
~1.88Ga.1.90 ~2.00Ga.2. 02 ~2.20Ga Fl 2. 30 ~2.40Ga,
P s — 4180 o A fe B v, H Ph/2 Ph AR I 9 A - 3
4} 1796 £9Ma (n =19, MSWD =0.71) , 3% UL 4E i 1 Py
ANEAE 4351 25 1800Ma . 2 1950Ma . %) 2080Ma Fl1Z 2280Ma
(E 7e) . ME:AIY CL EIME E AT LIE 210 B0 5% 5 3R (18
6) ,Th/U FLABERRISMEFE 0.2 DL b, 48 R Z 505 i 7E 0. 4
~1.0 ZM(E 7).

25 L TR BEK 5 RO A BRA R RS B 40 U-Pb 4R %
FEE R 1750 ~2300 Ma 22 Ja] , 5 /NMER Y N2 1750Ma,
NS ) CL G BH S 5% 3% 2045 LA Rt = Y Th/'U B AELER

B X LT G B5 41 12 0  HEA

5.2 EEAH Re-Os AMIRERZFE

H44) " Fe-Cu-REE & R 6 4~ E 4§ FE i (1) Re-Os [7]
PERM AR L 2. FES T Re & HE(7.01 x 1077 ~
898.25 x 10 ~°) Asfb i A, I H A %3 0s(0.002 x 10 % ~
0.023 x 107°) @& HcAH 1™ Os (15 3 Os 1 97% L) 1) . &
"TRe/"™ Os LA ( > 11000) W4EAE, H T #5358 Os
5 S ARG, 72 S5 56 AR ME VAR I 2 , O T kS 5E Os I i
TR 2T BB K 4 T RS B M R GE 3R 25, TR R
87 Re-"¥"0s ST 2% 1’%%187 Re/"™ 0s-"* 0s/"™ Os ZE ) 26 (Stein
et al. , 2000) , iy . F Fl ISOPLOT %% {4 ( Ludwig, 2001 ) 5 H}
HERAD 1™ Re-"" Os [ZEMT LR AE I S 1690 = 99Ma( MSWD =
9.0) (& 8a) , INALF- Y 4E 3 Hy 1685 + 37Ma( MSWD =3.0)
(E8b),

5.3 WA BA FEE

T O 50 a R R AW &5 RHE e (EnEkkL
BiA bR e S B o A U0 5l e 3 gl 9,

BRYCRE PR 4 8 AR e R, BR YNC1004 H
£ 116 x 107 4, Hiz Y976 665 x 107° ~ 2460 x 10 ~° 2 [,
(La/Yb) ((11.1 ~74.1) . (La/Sm) (3.1 ~8.5) .(Gd/Yb),
(1.8 ~5.0) Ff1(LREE/HREE) (6.9 ~26.6) ZH:{FE S8
G TE . BT A B SR A 5 B BB B A A v AL A
HEC B AR, A O AR, B I AR I
#(SEu=1.95 ~4.06) , 4l 5 % NH i (5Ce =0.87 ~ 1.01)
(%3 Kl9a),

Zom R A R LR AR B K (X REE =581 x
107° ~ 10736 x 107°) , 512 YL AR 67 47 M1 bb HL 30 5 (9 s £
LRIk 11000 x 10~ Z2 47 580 + & 5 ((La/Yb) y =5.51
~31.9,LREE/HREE =4.3 ~13.5) , A% L 4t 5
R AR AL ((La/Sm) g = (1.7 ~4.1) [ (Gd/
Yb)y =(2.0~4.5)) , #j 57 % AW 555 /Y 1E 5 % (6Fu =
0.99 ~1.49) , 4li 52 % A HA & (8Ce =0.93 ~1.29) (F 3 K
9b) .
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AT BB R R £ SR A X 424K (X REE =207
x107° ~270 x 10 ~°) , HIRobL f5 41 b AL L 20 4 3K 5 182 otk
WA 3AR—5, H (La/Yb)  (14.1 ~23.9)  (La/Sm) (4.8
~7.1)FMI(LREE/HREE) (11.2 ~16.9) Z454F S5 0745 1k
JEFER S I YR A AR —8, HA IR A IE 5% (6Eu
=2.31~2.50) 4l 5 H ARG (8Ce =1. 1) (F2 3 & 9¢) o

6 Wit

6.1 EHM AR RINEE

YN 22 1954 AR VG 76 2% X AT 2k 3 75 B
ABe S RHBEEATY Eemiar 4% . A M X A& 52 2%, AR o
AT RN S B8O ) A UIAREHC I 8 — BAA AR R
Filo BUAARE b 312 e oAk Rl JoT 23X — M 30 % 41
FIRFA AR L B R P26 50 4 (=A% 4E, 1990) , T
AHEFINHEN IR —E SRR, B 4302
R FETH RS T 40 28 58 A i (G 55 s AN A T
1993) . pg Tolk R 2= h B BAFE 1995 4R B 48 ) 4l
A FRLCINBE S DR A0, 844 41 U AR AR R e
Ja& ) — HCR 18 BRI B D

IEAESRVE 2 0T AR Tz 2 b 8 8 5 A R I
2 B PTFRAHAC AN UT AR ) P ( Zhang et al. , 2006; Greentree
and Li, 2008 ; Zhao et al. , 2010) . ZABFFT X a4 2H 2k
BEIE D KL Af Bk s B B8 S 5 A i 47 LA-ICP-MS U-Pb 43
Br, o B8 K & ( DFH1101 ) 5 45 55 14 5 0 4R I8 Dy 1746 =
22Ma, i $ % H A b i s Ak, B U (120 x 107°) [ Th
(68.7 x 10 %) F5 B SRR 9 Th/U (0. 57) EufE. K 1liff
T (DFH1102 ) mf 35 4F 42 45 4 Pb/* Pb 4E %l 1767 =
27Ma, H: U(91 x107%) . Th(62 x 10 %) & &% &, i H. Th/U
(0.68) LL{A AR B o AT L, BE B s AUk LA Bk 8 A
(AR R 1™ Ph/2% Ph AE IS ¥4y 1750Ma 7647, R AT LAkt
245 1750Ma B 40 | 41 DTAR Y L BRAF 12 .

Isochrone age diagram (a) and weighted average of model age (b) of Re-Os isotope for chalcopyrite of the

FEDCHEE T B BHAE CRNAE) DY R 2H Hh B A e S i A
HIAFRY 24 1780Ma, B JK i A il B 4 1 U-Pb 4R8Oy 1742 =
13Ma(Zhao et al. , 2010) , Tiiif=2 A A B 20 R < 38 A ot ) S
£1 U-Pb ZE %4 1690 +32Ma( Zhao et al. , 2010) , B A
ARIEIRIABRETE 1. 7Ga Zifq o [RlINE, /i A SRAT R ZL IR
2] R KA BB A U-Pb AR 1711 £ 4Ma (1
£I4F, 2012) 2 T A KA g A U-Ph 5203k 1. 7CGa /2
A (RAFLIC, 2008; Greentree and Li, 2008; Zhao and Zhou,
2011) , X SEBFFY s REL I YT U AR R 7E 1. 7Ga /2
Ao WAL, TUINRLRLE ™ XA BEE 45 41 U-Pb 4248y 1695
+20Ma (] fE 4, 2009 ) , 1M = A I RE HpofE 4 5 R 3R A% T
1710 +8Ma 5541 U-Pb 4l (OCRH4E, 2011) . L, T
ELPEBE CZRIEE ) R LI o) FV A TR U fi] by ] i
B

X E T EEBARE CRIEE) R4 R IR h AR A
FEL )4 IG5 B B A I RAE R I T s A A
HH S A | I A2 WY 70 ) B ~ 1800Ma ., ~ 1950Ma, ~ 2080Ma
il ~2280Ma, H KT 2. 5Ga [ #5 1 BURLERAR b, 3 R W B4
ATREAR YT AR AR IX. , ELIX 2653 < 4 B DR ik A 1 0 —
WS, BOERIIEE B A IR W, 7E R DXV 08 A
HIFENCAAAE . BN H PR B B A BAR R AR R S R R
B, IF HIHE S 85 1 AR I8 43 A 5 IR R 2 5 S AR
oL, WG 7R T B4 ) 2H AN PR R EH AR TR U AR, b 07 1202 ] i kg 3
FEATRIN, HU i TS R LA AR R TR E AN ) 4 HE LA R
O R TC T 5 AR DX A L2 SR AL AT X o £ G AR SCRITT A
FIFTE R ) ERE R ZL LR AT B BHAE (R )1TRE) S5 AR W]
2 [F] I SR ) 3t X TR B 3t J2 BT, (BB AT TR B 2 5 2
B (4 56 R ATIA 15 BE— 2B DR ORI

6.2 M Fe-Cu-REE # REH FERFRE
R H DX R B PR L 28 B2 A9 B A7 A2 a1,
H T 25 7 B R B, A R e — il G, Y
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VA ZAN T 1 PR X 26 RITE B A 53— 7 1, iX 26~
PRAA 2 T He A A 5 A0 5 309 30 e/ ) (g oo AR A8 A
FHRIASAE FHZE) 520 (Li et al. , 2002; Zhao and Zhou,
2011) , B AE SR A BT 8 B AR IS i AS B EL 4R
HL R A

R 4E (2004a) 3153845 Fe-Cu-REE & PR & 87 7 3
WK Ar-" Ar FEAE 5 S 784.25 + 0.95Ma, 25 i} 2 4E 14 Ny
783.93 +8.59Ma, i RAF (2005) AT T %0 K LA 1]
A RIS R A 19 Sm-Nd [F] 037 28 55 Bf R AF % 43591 Oy 1539
+40Ma 11617 £ 100Ma, W%, BN H IR EH BTG
S

SR X fe K -4 R PR 07— B LR IR
EFEANFEIA . TTATFSEIRIE T A h 888" H) i Rb-Sr
EMPLRAFIR N 845 £2Ma( BRITHE, 1994) B R P e gk 3
M4 Ph-Pb SFIF 2R 4F W4 0y 888Ma ( PhHESE, 2006) , LL M i
FHW 1Y Re-Os [RIf 2R AF Ay 928 ~ 1005Ma (427545, 2003)
11086 = 8Ma( Chen and Zhou, 2012) . Btk §if AT HETE b
I TR R0 B A A2 IS — 28 R, R4 7
Z5(2002) Xt ZR N 35 T 0T v 2 AR 1 B AN A AR R AT
O A" Ar W AF 45 5 BT ALAE I, 43 3 Ol 1470Ma 1 810 ~
770Ma, Qiu et al. (2002) X7 PHiE 54200 P KRR B 3 5
IR LLURE S5 B R A 0 T 5 £ R E 470 Ar-" Ar 5 4E 3
3 780 ~ 700Ma [ B8 W 4F o AT B9 B SR LR N &Y
1470Ma St — HARIBIG B A s ), T 7 - T8 VLI A2 R )14
T EE A W], W, MR A (2004b ) XT 75 )1 Bk el 4
SHE 6 A7 9 AT Ar- Ar [ 0 2 AR I R, 3R
768.43 +0. 58Ma AP FI 770 +5Ma AYZEIFZRAEIA

LA E B SE R R, FEEL I X Fe-Cu 57 R 1 LA Hif
RKRZAETF 800Ma A7, T ik & Jil B 4F i K H o #1028
13 Ar-" Ar F1 Rb-Sr 5E24F (1 57 L3R5 00, SR, K 28054
B Ar-> Ar [l 2 1A R (1% 3 P21 3R 3 7 350°C LT (Jenkin et
al. , 2001) ,7fi Rb-Sr & & " i + Rb Y36 s M 53 1 S 30
Rb-Sr & & (1] P 14 22 (BROSCSE, 2011) , R E A4 7T AE 2%
Z 3 fE EAH BT R R . AH R, Re-Os [ Z R R 19
PIVESELY, 3 05 W2 W /0N, o] DL LY A o R 0 A8 AR A AR
(Stein et al. , 1998) o A U BT B 6 4 B4 B H: 5 1Y
Re-0s [F]i7 ZSEBTZRARE IRy 1690 + 99Ma , AR W4 A T34
By 1685 +37Ma, 33 P A4 % 5 1A~ B i 1 B 241 8 e A
—H(F2), RPMEKL R BN F. B, AR R E
AT R B 1% R 29 1690Ma, T i A 3K 15 1) 784Ma
A4 Ar=" Ar AFEIAR 1T il S IR A S22 I 0 A 28 SR = R A

B, AR B 5T TIE S 7 B TR M X AEFE 29 1. 7Ga 1 R 25
4,3 AT X S PR IR b2 AR DA S R A, B
ATy 3 A B AR v BESZ Me T 3 A R TEL Ml IX 424 1 IR
HISE VER , BT BN K I 1) Fe-Cu-REE §” K1) —
E= 31
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6.3 EM R LTEFERK BN INR

RAWEFER 163 T4 1 5 (U9 kv
HRA TR IR J Ll B il A 24 55 ) B BT G TR AR A 1 4R
FIES 14 1F 4 5 % by 2 % R AE (Michard and Albarede, 1986
Michard, 1989; Klinkhammer et al. , 1994; Craddock et al. ,
2010) , EARAEAS [ A A8 3t RS b 1 1) 0 A AR AL, 12
FLR B A 22 HIR K (Klinkhammer et al. , 1994) , 53T
PORAELE BB R A B RS A IS A
WA AR, 107 B S A ) T8 K (P 9d) o i AR ot AR Y B
R RIS, LU 1w S TN 1E 578 R AR 1K)
i LA A A o L T ax 6 R 0™ A1 B W i 5 o ( Graf
1977; Lottermoser, 1989, 1992) , 5@ %344 4 K72 5 [l
EMWEEWR R, HEE A2 e ML T 42 1L & (Yang e al.
2004 ) , M2 5 il 'E 500 BA AR BN AR 120 A A =X (8] 9a,
o) XU BB A )RR R R A T B ST RS KL i Bh
AKX

BN R T E G0 B AR H B W IE SR L AR
WA B SRR A KT Y, Graf (1977) 45 H LR
YEFIXS G LT R W o R A AR /N sl rh S AR B 1 5 5
TTHVBRA B & 8RB 2> AT T AR vh 0 46 1) B e i 484 528 1T 68 5
N EPCR B AL IR IR S R K R AR
B K AR A 2R B AT DS AR VA M SR B . A
MR BUR YU A7 o B 0 IE AR 5 R B R 0 R AR
SE SRTTHE A R A TR S S, BAGR T  BOR B
I%, 22U KT B 25 R0 A W IEE S5 AU 8. 1
JUAR E B AR RE 7 s 4R, SRS [R) 7 8 A A 6 B 22
TR, 3K T RE -5 3 e U M B8 1 2 [ 8 R N )
bRl S LRSS

ABESEAFRNE DY) B RO B #) B  Re-Os S5 If 28
WL B IR E T RIE T2 1. 7Ga, T B A" X K s
TR T 5 A0 R AR R TR 2 (T A AR A 1. 7Ga A2 A
TR GHZ A ERFMNERN, HFHX 57 K2R
ARFBUZIR T 1, 5 42 7 R B A — By ST 4 Ak W)
o MW A7 AR L0 R IR A R AE R W28 ) 5 IR L™
TR NI, BT LLE SR )0 RAR 7T BB 2 B Vi IS JC 1 g
R-TUBIE K.

AR A B F B MR R T KRR 5 (kR
BUkILEE) I IS HEE Y Fe-Cu-REE §° JRIK R EE A K
LR PR 5 KRR IR & A VIR G & (kK AL 4E, 1996,
2008 ) o AR LEH R A (A Y bR 5 b J2 1) PRI EAS S
X, AT 2R i BAER XA I R R A R A
KR R 5 . I3 AN — S H N R HEY ] Fe-Cu-
REE " KA 10CG & IR, I H Ay B H X & — 4> 10CG %,
B 44 (Zhao, 2010; Zhao and Zhou, 2011; Chen and Zhou,
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Fig.9 Chondrite-normalized REE patterns for disseminated ores (a), banded ores (b) and garnet biotite schist (c¢) of the

Yinachang deposit

REE patterns for submarine hydrothermal fluids after Craddock et al. , 2010, REE pattern for seawater after Elderfield and Greaves, 1982 ; chondrite-

normalizing values after Boynton, 1984
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