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Geotectonic location map of northeastern China
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Fig. 2 Geological sketch map of the northern segment of the Greater Khingan Mountains
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Fig. 4 Hydrothermal alteration and mineralization characteristics of the Huoluotai Cu (Mo) Deposit

YU | e T :ﬁﬁjﬁuﬂl R W] e 3 HFmRESHHAE
—— 31 HRRE
R —— - - - AR 4 JRBAL Y CREERT R SR ) B
Pﬁﬂljlg Do E—cect BR[040 DR ZK 18-1 F1ZK 18-3 4L , &b
N — F Y+ AR+ B AR IR R 1T B )
i .- HERAEREM 614
m{ﬂ e —— 3.2 BTFERESH |
e WL TR 43 HT TAEAERR DL L3 40 BT R R A B 5
) — B2 R SE R, 8 B 15 48 A5l JXA 8230, HH H A HL
L] —fmm o FOAT (JEOL) A=, SR 44 e 3 1 HE AT
s e TRES IR ) T R A TR HR K
s SEERR AL LR 1SR e 15 KV 20 KV ik
wE | | | e HLHE, 10 nA 120 nA B, 1 pum SEBE, X5 5840 i X
it — AT AT . 5307 B, B 5 B BE HBAIE 20 kv
Lok — L I 20 nA SR ORE SR 0 R Bk
e AL 20 1R R 40T 722 90 P e O R
5 ERAHEE) TR MEREY WERIRRE RS HLI R 2107 A I HL O 15 KV, BREE AR N
Fig. 5 Metallogenic stages and mineral paragenesis sequence 1~3 pm, FICE K H BN 150 ~ 350 pe/e, & AT

of the Huoluotai Cu (Mo) Deposit S SRV 25 /N T3 % , 9290 % S BRI R 25/ T



M i = T = |

" £

1% . >k ¥ B [E] : peak 10s, back 5s. peak 30 s,
back 15 s 4 J& B A6 9 13038 FL 37 Ok 5x107° A, HUEE
BARR 1 pm, A 5% A R Ak R 6 00 2% R AH [
REFRERT W45 T0 R & AL IEARFE S R KRy, 53
&8 MBI TR S AL IEAREE el i, HA R
SR AT AE
3.3 SHER
3.3.1  HE

BERH L IRE AR AR 1. (a1 AT ek
w (Fe) N 42.143 % ~44.227 % , =Y {H N 43.404 % ;

w(S) A 51117 % ~53.095 % , - ¥ {H K 51.890 % ;
w(Zn) >4 0.028 % ~ 0.049 %, F-3I{ 7 0.036 % ;w(As)
7 0.046 % ~0.063 % , “F ¥ {H K 0.054 % ; w (Ni) A
0.002 % ~0.006 % , V- ¥ {24 0.005 % ; w (Co)
0.071 % ~0.092 % , V- ¥ {H 24 0.081 % ; w (Mo) K
0.623 % ~ 0.655 % ,F-¥{E 4 0.639 %.
3.3.2 I

B ML ARET AT A R LR 2, R 2 AT
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29.439 % ; w (S) N 33.738 % ~34.409 % , V- ¥ N
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Table 1 Electron probe analysis results of pyrite %
JLE ZK18-1-EP1-1 7ZK18-1-EP1-2 7ZK18-1-EP1-3 ZK18-1-EP1-4
Fe 42.143 44.227 43.280 43.965

Bi — — — —
Pb — — 0.098 —
Zn — 0.032 0.028 0.049
Ag — — — —

S 51.235 53.095 51.117 52.113
Th 0.023 0.057 0.017 —
Te 0.002 — 0.001 —
Re — — — —
Se — 0.022 0.04 —
As 0.046 0.063 0.049 0.058
Ge — — 0.027 0.030
Ni 0.002 0.005 0.005 0.006
Au — — — 0.025
Hg — — — —
Co 0.092 0.071 0.088 0.072
Sh 0.005 0.003 0.005 —
Cu — 0.001 0.012 0.007
Mo 0.655 0.623 0.641 0.636

w(S)/w(Fe) 1.216 1.201 1.181 1.185

34.050 % 3w (Cu) SN 29.842 % ~ 30.282 % , ‘F- ¥ {A Jy
30.026 % ; w (Pb) }g 0.017 % ~0.176 % , ¥ ¥ {H K
0.117 % ; w (Zn) N 0.016 % ~0.039 % , ¥ ¥J {5 H
0.027 % 5 w (Th) 4 0.019 % ~0.032 % , F ¥ {f K
0.027 % ; w (Se) }g 0.016 % ~0.054 % , ¥ ¥ {5 K
0.032% ; w (As)  0.012% ~0.075% , F ¥ K
0.047 % ; w (Co) N 0.006 % ~0.079 % , ¥ ¥ {H K
0.047 % ; w (Mo) N 0.441 % ~0.498 % , ¥ ¥ {5 N
0.471 %.
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Table 2 Electron probe analysis results of chalcopyrite %
JLE 7ZK18-3-EP1-1 ZK18-3-EP1-2 ZK18-3-EP2-1 ZK18-1-EP1-1 ZK18-1-EP1-2 ZK18-2-EP2-1

Fe 29.699 29.225 29.164 29.378 29.556 29.612
Bi — — — — —

Pb 0.176 0.134 0.017 0.126 0.151 0.097
Zn 0.016 0.020 0.039 0.021 0.034 0.029
Ag — 0.006 — 0.001 0.003 —

S 33.738 33.861 34.409 33911 34.231 34.148
Th 0.032 0.032 0.027 0.019 0.029 0.025
Te — — — — — —
Re — — 0.018 — — 0.009
Se 0.016 0.030 0.054 0.048 0.021 0.020
As 0.051 0.075 0.012 0.061 0.034 0.046
Ge — — 0.018 0.014 — 0.010
Ni — — — — — —
Au — 0.010 — — — 0.010
Hg — — — — — —
Co 0.006 0.079 0.069 0.068 0.051 0.011
Sh — — 0.022 0.020 — —
Cu 30.017 29.842 30.282 29.885 29.983 30.145
Mo 0.498 0.441 0.487 0.459 0.455 0.483

Bt 94.249 93.755 94.618 94.011 94.548 94.645
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Fig. 6 Relationship diagrams of major and trace elements in pyrite
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Fig. 7 Relationship diagrams of major and trace elements in chalcopyrite

4.2 X HREMIETR

A w(S)—w(Fe) EF WK 8, K 8 Al HI: ¥
B w (S) Al w (Fe) B8 {H 4 B 4 53.45 % I
46.55 %" RN, B SEPR I S 15 Fe & i fH TR AL
MR MEICRNBA, B E IR THIRE, Hw(S)
fIX T 53.45 %B , X FlIE DL FRAEZL B 5 2 w(Fe) KT
46.55 Dl , BEFR TR . PREUMRE O BEIRAE AL, Bk
W w (S)/w (Fe) {H BB I WLH™ KIE 13k 72 o 19 B 3%
JE 25w (S)w(Fe) (H/NT 1,148, Ut B H AT B W T4
i E AR IR, 22, AT R AE 4 3 B 5 s 1) PR 58
TR AW DB R BB w (S) P 7E
51.117 % ~53.095 % , w (Fe) % " 7F 42.143 % ~
44.227 %,S .Fe HAT —E IEAHCHME . B G (GH) ™
IR B w0 (SR TFHISE , w(Fe) AL FHISAH,
w (S)/w (Fe) 8 J9 1.181 ~ 1.216, F ¥ {4y 1.196 ( >
1.148) , B BR A B AR R BN BT Fe 38 SHHIE , HLA % FE
B

AR AN TR R BE % Se FI A, 47 I 5 B
[ Ge (FR AP HOK T 2x107°) , KIIH K5 kil -0k
L A TR ARG IS G4 () R w(Ge)
9 100X107° ~ 180x107°, JIL K T 2x107°, 3 B B ¥ 5 4
CHD W IR 5 JOli =0 R E T S A O

47 T
b = L ————
1
46 + 3 !
A
A !
ESE !
= 45 “\‘3\_\ |
= 1
L':-—_' 1
= ] 1
= 44 ] :
1
= i
43+ 1
1
|
42 [ | 1 1 :
50 51 52 53 54

w{S)/ %

B8 EHH w(S)-w(ke) EfF
Fig. 8 w(S)-w(Fe) diagram of pyrite

M T B T 200 °C B 8 67 1 2H R S B
AL F XA, B [0 (Cu)+n(Fe) I/n(S)=1; Y45 B
HAT 200 °CHIZ LR T 14, B G G0 IR
B [n(Cu)+n(Fe) [/n(S)FXIE N 0.941, FZ B H
U B BE 4230 200 °Co B A [n(Cu)+n(Fe) /n(S)
g W 9, HIEI 9. BH 4 [n(Cu)+n(Fe) 1/
n(S)E IO TGRS P, 7R B0 45 4 i
R aT fig 2 AE TR BOAEE NI R
4.3 X ERBERIER

W FIE 1k 22 5CH FeS,, £ IC K S Al
Feo Fi G5 Mr 2 FpAS [R] B R 28 R Bk v i) 32
LR 2 TIBH 8Fe FI8S K Hr ik TRt R
b BB AE (4 7 1512, SFe 1 8S & FH Ol fiif 1 B 2k



2025 5 7 H/F 46 % BN
120 2) WA B TE Fe 23 S HRFIE , 1878 B PREE 1Y)
::; I Wi 3% B2 4 i 5 B [n (Cu) +n(Fe) 1/n(S)F- 24 {H 2.
2 ] % 248 BRAR AT o YRS
ool I A 3)$E BB SFe .55 Ml 0 (S )/io (Se) 467 76 ¥4 2
Dossh w . L . g O B CHRD B PR AR A
= 090 F (& % 3 W]
0.85F [1] MEINERT L D.Mineral deposits of Canada: A synthesis of major
0.80 L L L L L L deposit-types, district metallogeny, the evolution of geological pro-
0 1 2 3 4 5 6 7

*YH[[ I 3
B9 FEEH [n(Cu)+n(Fe) I/n(S) EfR
Fig. 9 [n(Cu)+n(Fe) ]/n(S) diagram of chalcopyrite

FEA T Fe S 5 BB AE A I 25 B BE (SFe .8S) , 1T A
mr:
Fe = [(w(Fe) - 46.55)/46.55]x 100 % (1)
=[(w(S) - 53.45)/53.45]x 100 % (2)
B OFe—8S [ i UL 10, HH IR 10 A 1 : 8Fe
8S 735124 -0.095 ~ —0.050 F1-0.044 ~ —0.007 , *£ 515>
ATEA IR BB X 3k, Ah , W9 e BR, DA AR
B w(S)/w (Se ) {ELIE 2 25%10° ~ 50%10°, 111
WAL H IR B w0 (S)/w (Se) {4 1.00x10* ~ 2.67%
RS G (DB IR B w0 (S)/w (Se ) fH K
0.128x10* ~ 0.241x10*, *F-¥4J{H 4y 0.185%10*, iX . 7
A E IR A

103~ 44]

1.0 [5S
1 05F I
L | : dFe
-1.0 -0.5 4& 0.5 1.0
I =05F 1\
—10k

I —UUBURA T —3URRBOE A I—E S A IV —Hai i R
10 BEH SFe-5S EfR
Fig. 10 8Fe—-6S diagram of pyrite

5 & i

1

DB G G0 R A B ™ ) L 45
EFopprat R, Bk As R NiJC R Al BELLE )
£ B ARIE 2AFTE L Co FI Mo TC 25 Al BELAZE I M 42 =X
TEAE ; A Zn A Mo JC 2 A BE LA™ 1) B2 (A X
TEAE, As Tl Co TCE M BELIZR IR [R5 98 A7 1

vinces, and exploration methods [J]. Economic Geology, 2007, 102
(7):1355.

[2] CHENY J,CHEN H Y,ZAW K, etal. Geodynamic settings and tectonic
model of skarn gold deposits in China: An overview[J]. Ore Geology
Reviews,2007,31(1/2/3/4) : 139-169.

(3] R BT IVE A RIS AL e ok 2 tHEAE i 5 2 ek
P Lo M AN He ™ 5SCLT ] 21, 2008, 24(4) :899-910.

[4] ZENGQD,LIUJM,CHU S X, et al. Re—Os and U-Pb geochronology
of the Duobaoshan porphyry Cu—Mo—(Au) deposit, northeast China,
and its geological significance[]].Journal of Asian Earth Sciences,
2014,79(2) :895-909.

[5] Zef0di. 225100 MR LR 9 B ) S by A 4B (). i 52
A {0428 ,2019(4) £ 125,127,

(6] BT . IR VL7, #% 1 R A BEA SH IR
PLIIWFELD | AL - b B B R 27, 2021,

(7] XK HBFARBRE, S5 IR LBl sh A BRI IR
S S BRI [T]. i P45, 2017, 36(2) : 507-519.

[8] MR FhEH  ZERIY, 5 RIS LIE L BUE S ST R XA
BRI 1 AR« BRI IS A7 U-Ph SRR R 20 [0 ] i
FHLITT,2017,36(2) :474-485.

(9] XU R4 U ] R g 4y DXL 1 A 4K 14
AES 5 [D L ARE MR, 2018,

[10] Zefefl, ik, B3R 45 RCEIGILBUR G & 1 X i #10~
PRI AR S R IA LT ). 2542, 2019, 40(5) :3-10.

[11] W LI R 2 M R A, &5 . R 222 04 L B v A= A BE 24 41
W IR 5 B = B R AL 2 R B S LT ) 0
M BRI ,2012,40(4) :914-924.

[12] oot ABE M ARk, 55 RS RPE LA KR A E AR
fRAF A A IRAG 2 R AR B A R [T ], 35 AR A2 ik (B3R
FL2AR),2012,51(4) : 1 064-1 081.

[13] PRI R4 220 L Bl bk 2 tH B2 A CBHD ™ PR ™ 76 &
A ITIEBETID ] AR  F AR, 2021.

[14] WK% AN, B4 8L A5 R IG JL BE R A 3 X BE & R 4H
A ML BOREAE 5 BT B[ ] e 5 S B, 2022, 31(6) : 748-753.

[15]  VRRGE . R XN AE S R0 R R fEHIFR (D] K&
AR, 2022,

[16] SRICJE, SKILLL AR ARG S0 IR (J].
2005,26(10): 14-18.

(171 FE3E0, T IR0, B L 5 BB LA A A R 2 )
W AR R 58 —— DA JURY - 35 BU - R ] [0 ). B4, 2024,
45(10):1-8.

L18]  BRIG , 2 AF- G Wy i 08 ) e R A r itk Je [ .
Y24k ,2013,33(3) :351-362.

[19]  BXHE, JARKAN , eI . 45 422 M P2 (M) AL st s EE
th ik, 2018.

[20] TRz, XIEHE, 2254 . B TR ETE B m P [0 ],
BHES A%, 2021(21):101-104.

[21] ZEERAR . s 7~ T 70 4 BTS2 30 0 b g 1o LT ] h 530 6 4

Ho IR AL~ 55

LT R AL AR

‘E-#

T




Bp it ® T i | " &

J& ,2024(4) : 78-80. [31] SUNY G,LI B L,DING Q F,et al.Mineralization age and hydro-
(22]  WRAEIE. &)@ 0 %8 i L FERE P BOR i B IR 72 [ ]. A thermal evolution of the Fukeshan Cu(Mo) Deposit in the northern
4R E R, 2024,29(5) : 207-209. Great Xing” an Range, northeast China: Evidence from fluid inclu-
[23] LIUYJ,LIW M,FENG Z Q,et al. A review of the Paleozoic tectonics sions, H-=0-S=Pb isotopes, and Re=0s geochronology [J]. Minerals,
in the eastern part of Central Asian Orogenic Belt [J]. Gondwana 2020,10(7):591.
Research,2017,43(3):123-148. [32] XU Q,ZENG L S,ZHAO L H, et al. Geochemical characteristics
[24] WUF Y,SUND Y,GE W C,et al.Geochronology of the Phanero- and petrogenesis of Miocene high S/Y rocks in Xigatze fore-arc basin,
zoic granitoids in northeastern China [J]. Journal of Asian Earth southern Tibet[ J].Lithos,2020,366/367(8) : 105543.
Sciences,2010,41(1) : 1-30. [33] Zedesd s, PN, 45 42206 AL Boe i 5 Hb DO 2 By
[25] XU W L,PELF P, WANG F, et al.Spatial-temporal relationships I B AT U-Ph AE W8 5 A DR R 1 7 5 (0. 35 R 5
of Mesozoic volcanic rocks in NE China: Constraints on tectonic 2024,43(2):1-9.
overprinting and transformations between multiple tectonic [34] 2 4R/INE, M, 5 RIS H 2 & )8 N RO FEBRES -
regimes|J]. Journal of Asian Earth Sciences,2013,74(25) : 167-193. iy RV BT R G BR  IR 2SR B e R B LT 4
[26] FENG Z Q,JIA J,LIU Y J, et al.Geochronology and geochemistry 2024,45(11) :34-44,136.
of the Carboniferous magmatism in the northern Great Xing’ an [35] iR, =, Ih a5 H A T2 &My IR 2 B i
Range, NE China: Constraints on the timing of amalgamation of JECANE R B b i [T 54,2024, 45(6) : 65-76.
Xing”an and Songnen Blocks [J]. Journal of Asian Earth Sciences, [36] HfEE. NIHE 2 & m Y KSRy AR BRI IF5E () ). Ho i 5
2015,113(1):411-426. IR, 1988,24(12) :22-27.
[27] WUF Y,YANG J H,LO C H, et al.The Heilongjiang Group : A [37] CEWN, BOG . EERTBY BA PR B AR E K AR 4 B R TP s R
Jurassic accretionary complex in the Jiamusi Massif at the western BT T, 2011,26(2) - 162-166.
Pacific margin of northeastern Chinal[J].Island Arc,2017,16(1) : [38] Z=ipt, Befra, #OH £, %  Frs B AT A b SO BE T IR i o
156-172. FHHERAG AT ] A A0 Y7247, 2014, 33(3) : 540-550.
(28] JRIpVTAA MR 77 )5 . R VLA KB BT A5 [ M ] U5« b [39] PN, ¥ 5, oK, 55 RS ZISIL BEBE A R 4H () 07 IR
Jekt:, 1993. SEBGRAR) 2 MR AR S B X ——LL 770§ CH) 7R
[29] DENG C Z,SUN D Y, HAN J S, et al.Late-stage southwards JI[)]). 4 ,2024,45(11) :27-33,136.
subduction of the Mongol-Okhotsk oceanic slab and implications [40]  ZEMESR VP0L, ARG 25 i S 2 M) ALt bR Rk, 2008.
for porphyry Cu=Mo mineralization : Constraints from igneous rocks [41]  XSCTT . AR EEEE 4 Ll BES — TR PR ™ R GE R A ) 2= 0T
associated with the Fukeshan deposit, NE China [J].Lithos, 2019, [ D] ALE P E R BE L 2015.
326/327(2):341-357. [42] 73, A MESR , BB, AF . b AN [ PR 2 20 ™ PRIV BB
[30] FENG Y Z,CHEN H Y, XIAO B, et al.Late Mesozoic magmatism W ISR AR IE S GE /0T L) ] M2 T2, 2012, 19(4) :214-226.
at Xiaokelehe Cu—Mo deposit in Great Xing’ an Range, NE China: [43] R B AL, FB T U . 0Bk AT B AR B ARAE B2 FL S Br 2 SCLT ). b i
Geodynamic and metallogenic implications [J]. Lithos,2020,374/375 T, 1980,26(6) : 541-546.
(12):105713. [44]  BREHE . SO HR O™ 0Py [ M AL AT b B BOR A H A 1988,

Geochemical characteristics and geological significance of pyrite and chalcopyrite from the
Huoluotai Cu (Mo) Deposit in the northern Greater Khingan Mountains

Tao Shanfu', Xiao Qiliang®, Sun Zhiyuan', Sun Yonggang', Li Huanji', Li Xiaolin!, Chen Xusheng’
(1. School of Resources and Civil Engineering, Suzhou University; 2. The 8th Geological Brigade of Sichuan;
3. Qigihar Institute of Geological Exploration of Heilongjiang Province )

Abstract: The Huoluotai Cu (Mo) Deposit, a newly discovered porphyry-type copper deposit in the northern
Greater Khingan Mountains, remains understudied with respect to its main metal sulfides (pyrite and chalcopyrite )
which restricts understanding of its ore-forming environment and genesis. This study focuses on the geochemical
characteristics of pyrite and chalcopyrite within the deposit, based on electron probe analysis. The results show that
arsenic (As) and nickel (Ni) in pyrite likely occur as mineral inclusions, while cobalt (Co) and molybdenum (Mo)
may be present in isomorphic substitution. In chalcopyrite, zinc (Zn) and Mo may also occur as mineral inclusions,
while As and Co are possibly present in isomorphic substitution. Both pyrite and chalcopyrite generally show Fe- and
S-deficient characteristics compared with their theoretical compositions. The w (S)/w (Fe) ratio of pyrite ranges from
1.181 to 1.216, exceeding 1.148, indicating formation under relatively high sulfur fugacity conditions. The average value of
[n(Cu)+n(Fe)Yn(S) in chalcopyrite is 0.941, suggesting a formation temperature close to 200 °C, which implies that
chalcopyrite and associated metal sulfides were likely precipitated from a medium-temperature hydrothermal system. The
SFe and &S values of pyrite range from —0.095 to —0.050 and —0.044 to —0.007, respectively, and the w(S)/w(Se) ratio
ranges from 0.128 X 10* t0 0.241 X 10, indicating a magmatic hydrothermal origin.

Keywords: northern Greater Khingan Mountains; Huoluotai; pyrite; chalcopyrite; electron probe; magmatic hydro-
thermal origin; Cu (Mo) deposit



