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Fig. 1  Geological sketch map (a, after Wu Taotao et al. ,2014)

and tectonic location (b)® of the Biliyagu Pb-Zn deposit
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1—Quaternary; 2—Baiyinlaogao  Formation in K;; 3—
Manketouebo Formation in J3; 4— Tamulangou Formation in J;
5—Granodiorite in early Yanshanian; 6—Rhyolite porphyry; 7—
Quartz porphyry in early Yanshanian; 8—Granodiorit in Hercynian
period; 9—geological boundary; 10—anticline; 11—location and

serial number of fault; 12-—location and serial number of

exploration lines; 13—ore body; 14—Pb-Zn deposit
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Fig. 2 Geological profile of the prospection line 0 of the

Biliyagu Pb-Zn deposit(modified after reference @)
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1—Quaternary: deluvium, river alluvium; 2—Tamulangou
Formation of Middle Jurassic: tuff breccia and dacite; 3—geological
boundary; 4—drill location and serial number; 5—dacite; 6— tuff
breccia; 7—Pb ore body; 8 —low-grade Pb ore body; 9—low-grade
Pb-Zn ore body;10—Zn ore body;11—low-grade Zn ore body;12—
Pb-Zn ore body;13—number of ore body
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Fig. 3 Photographs of typical ore from the Biliyagu Pb-Zn deposit
) —Tr By - I BT YR 47 5 (b)— N B0 J7 07 A0 BEA R A7 5 Coo— N BE-J7 B 07 -1 S BRCIR ™ A7 5 (D — BB B ™ Bk
A5 (o) — VBT -5 B - B0 R SR YR A7 5 G J5 5 s Sp— IN B s Py — B BRI 3 Qz— A1 98 Chl— B A1 s Ep— 245 41 s Cv— M i
(a)—Galena-shpalerite massive ore; (b)—shpalerite-galena-chlorite taxitic ore; (c¢)—shpalerite-galena-quartz veined ore; (d)—pyrite-galena

massive ore; (e) —sphalerite-galena-pyrite disseminated ore; Gn—galena; Sp—sphalerite; Py—pyrite; Qz—quartz; Chl—chlorite; Ep—

epidote; Cv——covellite
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Fig. 4 Photomicrographs of typical ore from the Biliyagu Pb-Zn deposit (BSE images)
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(a)—Massive ore composed of galena, sphalerite, pyrite and minor quartz; (b)—abundant galena-pyrite-quartz mineral inclusions hosted in
in sphalerite of massive ore; (c)—taxitic ore dominated by sphalerite and galena; (d)—densely disseminated ore composed of galena,
sphalerite, pyrite and quartz; (e)—abundant galena-sphalerite-quartz mineral inclusions hosted in pyrite of densely disseminated ore; (f)—a

small number of pyrite grains of densely disseminated ore without mineral inclusion; Gn—galena; Sp—sphalerite; Py—pyrite; Qz—quartz
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Table 1 Re-Os dating data of pyrite in ore body from the Biliyagu Pb-Zn deposit

o o F i Re(ng/g) # Os(ng/g) Re'¥ (ng/g) Os'¥ (ng/g) 187 Re/ 188 Os 187()s/ 188 Os
Tt () [ B (A 5 8| 0 L (AN 0 L | A0 0 7 (L | AN | (L A B 0 A 1| AN 2 88
BLYG-3-a | #EkH RIH 4 | 0.70091 |0.0486| 0.0002 {0.0012| 0.0000 |0.0305| 0.0001 |0.0001| 0.0000 | 201.8 | 2.1 [0.7321| 0.0025
BLYG-3-b | #£k# 5 77 | 0.70108 | 1.737 | 0.005 |0.0020| 0.0000 | 1.097 | 0.003 |0.0025| 0.0000 | 4209 43 9.638 | 0.030
BLYG-3-d | #8:0 By 4 | 0.70677 |0.0776{ 0.0002 |0.0013| 0.0000 [0.0488| 0.0002 |0.0002| 0.0000 | 282.6 | 2.9 ]0.9939| 0.0056
BLYG-3-f | #E# I 47 | 0.70031 [0.0790| 0.0002 |0.0013| 0.0000 |0.0498| 0.0002 |0.0002| 0.0000 | 295.7 | 3.0 |0.9442| 0.0025
BLYG-4-b | #RZUASEIG 47 | 0. 70185 |0. 2163| 0. 0006 |0.0021| 0.0000 [0.1359] 0. 0004 |0.0004| 0.0000 | 496.2 | 5.0 | 1.496 | 0.004
BLYG-5-¢ BYSRE A | 0.69992 |0.8941] 0.0026 |0.0021| 0.0000 |0.5620| 0.0016 |0.0014| 0.0000 | 1995 21 4.824 | 0.042
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Fig. 5 Re-Os isochron ages of pyrite from the

Biliyagu Pb-Zn deposit
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Table 2 Helium and argon isotopic composition of ore minerals from the Biliyagu Pb-Zn deposit
SHe ‘He $He/ 0 Ar 0 Ar/ % Ar/ He & Ar 3 0 AL+ 0 AL Fle 0 Ar*
B | o | aR | e | he | | 0| O0 | &R | ER it | R/Ra
(X107H)YCXT0™ )X 107 )|(X1077) (X107 DX L0 DB YD |(X107)| (X10%) [(X1077)

BLYG-2-c | [N4¥£#™ | 12.33 6.56 0.19 2.02 302. 4 5.33 6.56 2.03 2.12 2.02 5. 89 4. 30 0.02

BLYG-2-e | #8H" | 41.03 2.19 1. 87 3. 87 298. 3 5.35 2.19 3. 88 0.76 3. 87 1.02 2.95 0.16

BLYG-4-a | #40" | 60.38 0. 21 28. 62 3.83 298.9 5. 34 0.21 3. 84 0. 96 3. 83 0. 10 3.70 2.37

BLYG-4-b | IN%E#" | 20.51 1. 20 1.71 5.00 | 306.0 | 5.36 1. 20 5.02 3.28 5. 00 0. 44 16. 48 0.14

BLYG-4-d | #4kH" | 9.49 0. 47 2.00 5.02 293.5 5. 37 0. 47 5. 04 - 5.02 0.17 - 0.17

BLYG-4-a | ##:0" | 53.95 0.19 28.05 4. 11 301. 6 5.35 0. 19 4.12 1. 87 4.11 0. 08 7.70 2.32
¥: *He.'He He Ar "0 Ar "0 Ar~ 8 Ar S & B0 2 em® STP/g, WEH AR FERZ L, DY s SOPRAE . FRFEIE : %8 Ar/* Ar=

0.1864,"Ar/3 Ar=308, *He/'He=1. 207 X10"¢;

s
HEZbu

IR AERE SRS IE . R 25 10 IR ZEMH, W

H B9 FE i i s Ra a5 S A0° He/ ' He { ; R="He/ He; F* He= (' He/* Ar) £ it / ( He/? Ar) K< 5 (* He/? Ar) KX, =0. 1655,

P22 TF 10005 0 f i /N T 100

R3 BROETHVFEETARERT £
Table 3 The rock-forming and ore-forming ages of the main deposits in the Derbugan metallogenic belt
VNS 30T 52 i Jr A AT AR AR (Ma) EE PN
JNR I R ARENK B S # £ U-Pb 229 PR, 2010
R 4 B WA Re-Os 203 W4, 2010
K14 5 TR N B #i 41 U-Pb 202 Fra 45,2010
13 gk i 1 R AR A TR TE B 4%+ Rb-Sr 183.9 Z A 1999
Ly gk L R EH T RIS Hat K-Ar 183. % w4, 1999
B ok i L AR B TR B #if1 U-Pb 183.3 ZIL A, 1999
3 % i 1Ly AR A A AR Re-Os 177. 6 Chen et al. , 2011
IR FE AYENKE 4% K-Ar 166~143 B 21997
BT PEAR 22 Vg HLBE IR #i41 U-Pb 164 AR CEE, 2011
ST 2 A AR WA K-Ar 161 k642001
LU ]S 25 5 BT R #:4 U-Pb 159 R, 2014
R T 5% bk 3 I 4R TE i BEA Rb-Sr 150~145 KM k4%, 2001
M2 7 ik B RA 42 s K-Ar 150 K €4 2001
R P U TR N2 N WK K-Ar 145 k64,2001
S AR B B Rb-Sr 143 HRNIAE . 2014
L R AR YRR g0 Rb-Sr 142 AHNIAE, 2014
T BT SR A AR A BEAR 22k LA fii 41 U-Pb 141. 6 Wi Bk 4, 2015
A A B AR A B H bk 10 Ar-39 Ar 138 Liet al. , 2016
L % 1 4 40 RN e 4 K-Ar 138 ) — N2 1997
S R REAR R ZRBEs A4 K-Ar 133~110 1 5, 1997
AR B R N Rb-Sr 130 W R 5, 2015
IS ER Rt o2 T WA Rb-Sr 130 W 2020
2 B AR 487 kKA K-Ar 120~112 K K4, 2001
aﬁLF’J%".LtM“ AYEBES Rb-Sr 120 By S 1997
T TR R BB Rb-Sr 111 K Im R EE 2001
H B AR 1) He A [i] 407 5 2H BAS A i A4 95 ~9 Ra Z[8] (Burnard et al. , 1999),

X AH K . i

KeaJZ

A 55 T 25 D3 1) b ST 5 R A OGS PR
WAR He/  He " Ar/*° Ar FUAE AT DL SR 48 7 I 14
R DX K- B o ) A R R L U AR E
T BRI B TR) L KA LA 4 1 2 5 45 (Kendrick et
al. ,2013b; B 5. 2016 ; i AH 1, 2019) , PR i 14
Hii) He Bl Ar S8R5 A3 SR EZAFEAE 3 FoR IR, BRIK
SRR CASW) RV b 088 U0 4% L b 58 U 4%, I o ot
FE R A He/' He A 7E 0. 01~0.05 Ra Z [A]
(Stuart et al. , 1995) , #1& > J5° He/' He HL{H TE 6

Ll

A 58 2 4 )8 07 1° He/' He HEAHAZ

A %)° He/* He %

(Staurt et al. ,
(A AL A DA RS R AR o = (] 6D A7 78 H At 4 i
A AR SR U L A B e 7 T

VL E 3K, 0. 02~2. 37 Ra,*F-1 0. 86 Ra,#&
AT Mg 5 b 5E 22 18] (B 6b) L W% 5 T 5 M 72 S
SAEMH (0. 01~0. 05 Ra) Fl5e s
TR LAY He [ 7 B 4H i CHe/'He<<0.1 Ra
1994), &g

{ES

K

Bk E R B B

ab v
HE 5

BT I AR R
SO AR VR R A T B A O, FEC He/' He
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{ECTH v A AT REPEAT PO B . — S22 5 He RO ; 02
W o Li TR MM 5T 5 A 0 W) A7 AR SURE IR
B LI DU s =R R R R AR IR A 5 DU T 1 4
LR f° He RO o FTII X320 PR U AR f, 22 1R 1)
WHIE 8 e F2 0 By BOR AR T i ARIR A& /R AL I L
FIEAS B S T BE N 0. 24 ~ 0. 78 km (B W 3 %5
2014) . 52 F 4 PP LA He 152 ma ] DL 22 0% 5 P U
TR fL 2R He/* He fR % T 1E 5 M 7¢ {5 19 L 0
3R NN SN il N e S I R (S
e R O
FERDE A 3B XN R B NE (6] 45 78 45 1 B ¢
M NNE [a] % 75 4 1 W 28 W1 2% Wt 228 ) H 55 1Y
NW.NNW [i] W7 24 5 DX S0 1A% 22 . R B 11 3R
W 2L DL R R AR W2, AT RE A A W R A G R AR TR Y
WIE ., L, 7E 120 Ma A& A 09 DA A el ER G Jik
WG R A, e T — TR AR B T DL 5
W52 AR LA T AT G R8TV IR AR RT RE 20 /b R i 2 )
WA R WA R, $3° He/ He (57 m . Mg
AR Ar/! He HfEZ 0. 33~0. 56, 352 (19 7 4 {E
> 0.156(Dunai et al. , 1995; Stuart et al. , 1995;
ZEMR I 25, 2004 5 [ L 25, 2006 5 42 il AC 55 . 2006)
1M He R A B 8F 0 2 & /0 AL Ar/' He LUAHE A
0.3~21. 6,1 9. 46, UL B o] REA — & 72 2 1) M 1
WAES ST (B EPS.2015),

B, SHEKARSHE S KCHe/ He=
0.1~2.2 Ra," Ar/* Ar=1462.7~1507. 5; 7 iz 51
45,2012) Tl 4 07 R ¢ He/' He=3~17.2 Ra,
O Ar/* Ar=>573~7744; Mao et al. , 2002) .l 7 Hr
HIEE 25 K C He/' He=4. 08 Ra," Ar/* Ar=
452 $E WG 45, 2008) (A IS — M T8 B 07K € He/
"He=10.0043 ~ 4. 62 Ra,' Ar/* Ar= 330~ 2952;
Zhai et al. , 2012) \ Z 14 K C He/* He=0. 2
~1.42 Ra," Ar/* Ar=328. 83 ~9114. 44 ; ] #ij £
S5, 1999) 250 5 A W IR IRAR 2 5 L 1 FGRT R AR
L o FE S A5 4 B T A TP BT A I R AR 79° He/
' Hefl B ARAL T 10 71 K <7k 19° He/' He fH (1 Ra),
[F B Ar [6) 7 =R AE (" Ar/** Ar =293.5~306) 5
ERHTIRWAFE R R 22 5. B K HE R 43 4
PEZ 4 R U A Hh AT e A 2D i R A 2
AR EEAEM . 5SS A T g
f° He FE = A 72 1.5 m AYTE Bl N (Lal, 1987;
Simmons et al. , 1987; Burnard et al. , 1999) , A< 7K
DR X 2R B R TR G 3 . PO R AR e R PR 1Y
SHeXf i 44" He /" He {E /Y952 W0 7T L) 200

""Ar/* Ar-He/'He Kl fif b (& 6c.d), B EH
DN B A A, B 1 1 5 s R RS 88 hy 0 iR, T AR
rh T ML i G 5 W g OT 2 [ L EL 3 S DA AR R
KR RS RE AW R AT RESZ B 1A K
PR Z 5 X v g2 81T K A S AE
Wi (58 4 5 55 . 2014) . 242 J@ A 1k Ui 14 B 9K 7 Ml g
A 58 AR 22 8] 28 AR, AE TC B A ) 3 -3 e —
Uit TG A5 e R A I 75 LU A I A B R 3R
W2 & )m ot i 322 R i AR SOk R, 2 3] 0
i PRI R

FEAE A B AR AL A/ AcfE 380 293. 5
~306,°F1 300, M Ar [Al i 3R 4 BUCRHE 7T LAF i
R — D AE A AR SN BT A AR i A/ Ar (B AR i
TR OK A R (295. 5) 5 R K84 3L 40
TE7E 52 e o v B Ar (™ Ar* ) (Andrews et al. ,
1979) . DL ERRAE U6 B 0 Ui ik B & A — 8 A
B Ar B R ARE K B TC o T A A A A 2 A i
SR Ar B e ATARSE DL AR A =
[("Ar/* Ar)-296 /(" Ar/** Ar) (Kendrick et al. ,
2001) o FHEEAER WOR M AR R At B T
0.76%~3. 280 Z[a], K" Ar STEk A T 96. 722
~99. 230 Z ], R RO A b Ar 2Rk
B EH R R KRS S TR, 4485
Bk o HRIE A 45 B J0 It 4 24 B A 40 F R K
h DA KRS H ST AR TR A AR . (H R K
B R RS R XS RO T R kR
1 A T A R DR B A T O AR R AR T B 5
AR — By (BT 45, 2014)

4.3 HUMEL=

T 2R A T 0T B A AU A R T T
7 YA A 3 R 55 - R R e A 3 e S RS A A
WL W& LGS (Wu et al. , 2005), Z2 -9
BRI A XA RN S
AR 2 L AR 18] PG 38 W ] A (Zorin,
1999; Kravchinsky et al. , 2002; Donskaya et al. ,
2013; Jiang et al. , 2020) . AH W #1558 -SF 28 J% %
VA AT O 1 85 B L BT 8 AH L ) DA PG ]
AIBW A B T 2% ,2010) . 81 & T — R 4& R
SRR (BG4, 20085 1) 46, 2014) . 1E £ )
P FE A IR R A 25 A0 T i R E R T HE X
e 1 09 R IR KLU AR AT S AT O Y LB VAR
B B AR i BT B AORI B R L AT R
3 AR B B (45 ,2014) ¢

(1) 5 B[S — e Ll 300 rp IR M4 A A R Y
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Fig. 6 He-Ar diagrams of fluid inclusions from the Pb-Zn polymetallic mineralization in the Biliyagu Pb-Zn deposit

(a)—*He-R/Ra Bl f# (i Zhai et al. , 2012); (b)—*He-*He [6 {3 2 20 W3 AL B (¢ Mamyrin et al. , 1984); (¢)— *He-R/Ra & fi#
(## Burnard et al. , 1999); (d)—*Ar/* Ar-* He/*He K f# (# Hu et al. , 1999)

(a)—Diagram of * He-R/Ra(after Zhai et al. , 2012); (b)—diagram for composition and evolution of * He-®* He(after Mamyrin et al. ,

1984); (o)

BB AR . T B B AR BUR A
Wi Y HP B D B TR A A R R R R PO
FK T 4 4 PR 5 ST B R AT 5 400K i 1 B R A A
/IS B S 90 AR Sl AR R

(2) 5t 1l v — B 300 v A P AL AR AT Bl A 6
A VBE VB B R AR I T R B A
IR T I I AL DX R 3 A7 PR ) AR AR JR A1 T I R AR
PR 2 T A - MR AT 31X T 5 D A i AR 3l AR T A
BRI R AR e IR A D RS R A B A
BEARAT PR o ML PRAT 7 R A T oA i R
T PRARAT B P 4 i 9K 0 A P B A iR 9 R AR
A DU TP v P AR L A TR R G R T
M Foa RATRRAR . % B B £ BN O B A
R

(3) 3 L H— B 300 v A P AL 4R AT Bl A 6
9 8 VB BT 1 . T A T T 2 T
b R VR R A 3 B AP ARk R

diagram of *He-R/Ra(after Burnard et al. , 1999); (d)

diagram of ' Ar/*% Ar-* He/* He(after Hu et al. , 1999)

PRFNBE S BUAR (B 07 IR » S /b 5 B AU 40 1 A
B AL 1 AR PR A 4 ™ B PR AT D 5 B vh
TR BRI KT 4 . — - — W B TR () 045, 2
IR RN S ]

A5 7R T e ok 2t — B R Y A
8 Sl O 5 R 222 08 b g BOR AL S K OF
TP B R Bt — TR S g g i AR b ) 25 2R
(EXCHL,2007; B4 %,2009,2012), {HiExE
NI (2008) B 5 3045 (2013) $2 5 /R A T w7
55 R DLAE VW 1 ) R 2 T — L SRR A
T B AR AR T EL P 5 0 S BB B AN [R) /i
B 5 KUK L B D) A G A e A TR PO
WK JG#H FEIR SR TR A GG KB E KR
W, AR TR 2R RP i, S-S E R
TRV G 5 51 Bt 48, K Ty 32 1004 3 Ak 22 ) il 48
By B s 07 ) 45 A B 5 T 2 78 Ay A JRe A i B (3 18 e
45,2010) , HL P A I ) L A XA T A B b S Y
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A 3 B85 . T2 L NE () 3 f) — £8 5K BN
ey 3 RO R LA R 5 A e B e A 5 R DA OG99
J- R R PR AR . i R R M K o S AL
TE 8BRS Y A M A R b T AR IR K
LR JZ 9 Pb, Zn, Ag S5 R LR . 47
A" BT TR 2R B T B 3 e R . 5 TR B R
AR A IR S AT 51E & 3 OR &R G2 IR
SR BN T A B A 221 DT i K 1Y
Pb,Zn, Ag 55 JSE Y BT ULHE B . 8U/R Ty 44 M B p
FrIREREE e R FE AN R R I DR s 12
A H AR RBR ST R R e . XA R L AL
DB BESR AT PR BRI AQH Jp A 7E 143 ~124 Ma Z
() o OB #5155t — B0, B AR I, A O A Y
FU A A5 5 8 07 BT AR 133, 4 £ 4.4 Ma 5[
NBIFFE AR — 2 s Hsir i AR R 2 At i
He  Ar [A] i 2 418 2 7 a8 O 5 2 1
SRR R H A HSCA TR AR L Sk
T AR AT A R AR AR A BT R O R — T 2k
T & T 5 BRI AR AR A 2% 9 i 4 <
BB RIS R 51
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PR 2 T B B AR IR T 58— SRR K
SO [0 T ARF o 4 il % IR 85 T WG R 2 T — R g
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Abstract

The Biliyagu Pb-Zn deposit of the Derbugan metallogenic belt is located in the northwest of the
Hailar-Genhe Mesozoic volcanic basin. This deposit is hosted in the felsic volcanic rocks of the Upper
Jurassic Manketouebo Formation, with mainly veined type ore bodies controlled by the NW-trending
faults. Due to lack of suitable minerals for traditional isotopic dating, the ore-forming age remains
unknown, which has limited the understanding of the Pb-Zn mineralization. In this study, Re-Os isotopic
dating of pyrite associated with galena and sphalerite has been performed to constrain the ore-forming age
of the Biliyagu Pb-Zn deposit. Re-Os isotopic dating of hydrothermal pyrite yields an age of 133.4+4. 4
Ma, consistent with Pb-Zn mineralization age of the belt, suggesting that the Mesozoic Pb-Zn
mineralization in the Derbugan metallogenic belt were generally simultaneous. He-Ar isotopic analyses of
fluid inclusions in the sulfides show that the *He/' He and " Ar/*® Ar rations are in the range of 0. 02~2. 37
Ra and 293. 5~ 306, respectively, indicating that the ore-forming fluid in the main metallogenic stage
represents a mixture of crustal-derived fluid and saturated atmospheric water, as well as a small amount of
mantle-derived components. The Biliyagu deposit was formed in a post-collisional extensional environment
after the closure of the Mongolia-Okhotsk ocean indicating that the Derbugan metallogenic belt is a part of

the Mongolia-Okhotsk metallogenic province.

Key words: Biliyagu Pb-Zn deposit; pyrite Re-Os dating; He-Ar isotope; ore-forming age; metallogenic

sources



