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Abstract

The Xiangshan orefield in Jiangxi Province is the largest volcanic rock-hosted uranium orefield in China.
This paper reports trace element content and sulfur isotope compositions of pyrites formed during pre-ore period
by hydrothermal fluid in a few representative uranium deposits (Julong’ an, Heyuanbei and Shazhou) analyzed by

electron microprobe analysis (EPMA) and laser abrasion - inductively coupled plasma spectra (LA-MC-ICP-MS).
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Co/Ni ratios of pyrites are between 2.00 and 6.00, suggesting hydrothermal origin of these pyrites. 6**S values of
pyrites in the Xiangshan orefield vary in a large range, from+0.1%0 to +16.2%0, with significant differences
between western and northern uranium deposits. The §*S values of pyrites in western uranium deposits (Ju-
long'an, Heyuanbei) (+0.1%o ~ +8.4%0) vary between 8**S values of pyrites in the Neoproterozoic basement meta-
morphic sedimentary rocks (+7.9%o~ +9.4%0) and those of crustal magmatic rocks (=5.0%o0~+5.0%0). These data
suggest that the sulfur that formed pyrite in these deposits originated from the basement rocks and magmatic wall
rocks (cataclastic lava and rhyodacite). 3**S values of pyrites in the northern uranium deposit (Shazhou) (+7.5%o~
+16.2%o0) indicate that the sulfur of pyrites in this deposit likely originated from sulfate in the red strata. Thermo-
chemical reduction of hydrothermal sulfate by Fe** in the surrounding rock (granite porphyry) produced H,S
which in turn reacted with remaining Fe** to form pyrite. U(VI) in the later uranium-containing hydrothermal fluid
reacted with Fe** or pyrite in the altered rocks by previous hydrothermal fluids, facilitating uranium precipitation.
In conclusion, sulfur of pyrites in the Xiangshan uranium orefield was multi-sourced, and pyrites formed in

previous hydrothermal activities served as the major reductant during the uranium reduction and precipitation in

the ore-forming hydrothermal fluid.

Key words: geochemistry, pre-ore pyrite, LA-MC-ICP-MS, S isotope, uranium precipitation, Xiangshan

uranium orefield
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Fig. 1 Geological sketch map of the Gan-Hang belt, Southeast, China(modified after Yu et al., 2006)
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Fig. 2 Simplified geological map of the Xiangshan orefield (modified after Xie et al.,2014)
I—Cretaceous red sandy conglomerate; 2—Crystal fragment and vitroclastic tuff, porphyroclastic lava; 3—Clinkering tuff, rhyolitic vocanics;
4—Conglomerate, sandstone; 5—Phyllite, schist; 6—Yanshanian porphyritic granite; 7—Indosinian granite; 8—Caledonian granite;

9—Fault; 10—Inferred volcanic plug; 11—Uranium deposits; 12—Uranium, Pb-Zn deposits
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Fig. 3 Geological cross section in the Julong’ an uranium deposit (a, after Qiu et al.,2012); geological cross section in the Heyuanbei

uranium deposit (b, after Peng et al.,2018); simplified geological map of the Shazhou uranium deposit ( ¢, after Wang et al.,2008)

1—Porphyroclastic lava; 2—Crystal fragment and vitroclastic tuff; 3—Rhyolitic vocanics; 4—Clinkering tuff; 5—Phyllite, schist; 6—Metamorphic

rock nappe; 7—Basement metamorphic rock; 8—Granite porphyry; 9—Extension fracture; 10—Fracture zone; 11—Volcanic ring fracture;

12—Uranium orebody; 13—Ore intersected by drill hole; 14—Inferred geological boundary
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Fig. 4 Characteristics of mineralization in the Julongan and Heyuanbei uranium deposit(Hand specimen a~b,
back-scattered electron images c~f and reflected light g~h)

a. Reddening (hematitization); b. Chloritization and purple black fluoritization; c¢. Uraninite and brannerite accompanying fluorite; d. Brannerite
accompanying calcite and apatite, quartz included barite; e. Brannerite and uraninite replacing euhedral-subhedral pyrite; f. Vein pyrite
distributed on the biotite surface; g. Porous pyrite; h. Euhedral-subhedral pyrite accompanying chlorite
Q—CQuartz; Kfs—K-feldspar; Bt—Biotite; Chl—Chlorite; Ap—Apatite; Cal—Calcite; FI—Fluorite; Py—Pyrite; Brt—Barite;

Urn—Uraninite; Brn—Brannerite
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Fig. 5 Wall rock alteration and characteristics of mineralization in the Shazhou uranium deposit (Hand specimens a, b;

reflected-light microscope c, e; back-scattered electron images d, f~h)
a. Chloritization; b, c. Purple black fluoritization; d. Albitization of K-feldspar; e. Chloritization of biotite, pyrite and needle of rutile occurring in the fo-
liations; f. Uraninite accompanying fluorite; g. Brannerite replacing euhedral-subhedral pyrite; h. Euhedral-subhedral pyrite accompanying brannerite

Q—CQuartz ; Fl—Fluorite; Kfs—K-feldspar; Ab—Albite; Rt—Rutile; Chl—Chlorite; Py—Pyrite; Ser—Sericite; Urn—Uraninite; Brn—Brannerite
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Table 1 EPMA analyses of pyrite in the Xiangshan uranium orefield
) w(B)/%
W RAFR R 2 B 2 - Co/Ni
Fe S Co Ni As Cu Se pe¥ill
ZK 37-1-9-1 PARRACH LS 4635 5193 0.09 0.03 0.02 — o 98.42  3.00
S —— 7K 37-1-9-2 m%ﬁ@z ZE% 46.69 5291 0.1 0.02 — 0.01 0.06  99.80  5.00
7K 37-1-9-3 DARRACH S 45.65  52.65  0.08 — — 0.02 ** 98.40
ZK 37-1-13-2 iirwe) 4560  53.19  0.07 — 0.32 0.06 ok 99.24
ZK60A-60-15-1 B 4586  53.83  0.08 0.03 — 0.03 ok 99.83  2.66
[ —— ZK60A-60-15-2 iRt 47.83 5265  0.08 0.02 0.02 — ** 100.60  4.00
ZK60A-60-22-1 e 4626 5222 0.12 0.02 — — — 98.62  6.00
ZK60A-60-22-2 B 4628 5377 0.06 — 0.02 0.03 — 100.16
SZ-A-1 B 46.85 5260  0.09 — 0.11 — — 99.65
SZ-A-2 it 4643 5276 0.11 — 0.04 — — 99.34
SZ-E-1 AR A B B 46.12 5248  0.08 0.02 0.16 — 0.08  98.94  4.00
TP IR SZ-E-2 AR A B B 46.40 5216 0.09 — 0.74 — — 99.39
SZ-F-1 b Lt 47.37 5163 0.04 0.02 0.39 nd 0.07  99.52  2.00
SZ-F-2 gLt 4750 5213 0.09 0.02 0.38 — 0.01  100.13  4.50
SZ-H-1 AR B B 46.73 5224 0.02 0.06 0.05 — — 99.10  3.00
T R AR, —" R R TR R
F2 HLY BHHTKRERY SELEARK
Table 2 S isotope compositions of pyrite from the Xiangshan uranium orefield
W IRA TR R g 5 B2 FHEALE 8%4S/%o
ZK37-1-9-1 TR S A 676 m +3.1
ZK37-1-9-2 AR AL 676 m +3.2
ZK37-1-9-3 RS —676 m +4.2
ZK37-1-9-4-A IR RS —676 m +1.1
— ZK37-1-9-4-B IR RS —-676 m +1.0
ZK37-1-9-4-C IR RS 676 m +0.1
ZK37-1-13-1 HhA A -623 m +6.8
ZK37-1-13-2 i) —-623 m +5.2
ZK37-1-13-3 e A —-623 m +4.5
ZK37-1-13-4 B -623 m +4.9
ZK60A-60-15-1 e A 764 m +8.4
ZK60A-60-15-2 Lilitowa) 764 m +5.4
JEBE R IR ZK60A-60-22-1 A 777 m +7.3
ZK60A-60-22-2 A -777 m +6.3
ZK60A-60-22-3 A -777 m +5.5
SZ-A-1 o Wetits +15.9
SZ-A-2 B 35 +132
SZ-A-3 BT 35 +8.0
SZ-E-1 TS T8 5 B Hef15 +1.5
VI EhE R SZ-E-2 TARAE b B 137 +8.1
SZ-F-1 B A et +16.2
SZ-F-2 B et +12.2
SZ-H-1 TARTE R B W13 +11.9
SZ-H-2 TARAE B B W13 +14.4
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— i >1, 3 H >5~10, WA 5~50 2 [8] 5 R A
(IR ) #4em™ FL Heff— <5 (Bralia et al., 1979) . M
TR, JEBERE T BT R S VD I R B
BRI Co/Ni U AH 24 T 2~6 Z ], 75 78 HOM R
A
5.2 SHIKIE

AH LI 3Bl R v ) 6 B Ak £ R
B, BLAR T C AU, PR JC T T IR Ay b i
WA 5 At H S5 Ekah o & 07 it A A A
Az W 7R EE A T RE A Al B I s e i DI 45
DUVER =), UL, Bl s w3 B 4k T B B 1Y
PR AT S FE L S HS B R AFAE , Hi g gk
W8S E 1T LA 8L A5 ) T 4 U 1A 19 8%4Sys 1HL
(Ohmoto, 1972 ; Robert et al., 1974) . %4 7% (&
6) , W HI PN 4l 7 PR Th B R 19 534S {43 A Y [l
12 (+0.1%0 ~+16.2%o) , HA™ H U 5 B g ] T T 4
W IR B R 84S AE 5 LTV IN Bl ™ PRAFEAE A d
()22 S50 O rE X PR 42 1 SR TR, 2 B A B 1
Yy H Ak 2EREAE (1, f(O,)  pH 25 ) (AN T[] AT S JEAS [f]
(FEHT 5, 1994)2 )51 . Ohmoto(1972) 42}, 24k
HORAR TR S FE L HS BT A LERT, pH 51 /(0,)
PRS0 X B AR 0 1) S R R A BEAR TE g il . AT
AUK , AH L Rl RS i B IR VP e rh TR
FRERDLVE , & B B Ak LA ko8 3, PR A
) S EZ N S HS . 74, SRR o e IR
U0 N Bl AT R BB T A B PR R AR T AR 38 R A
F PR (:=237~297°C ) I Z5 14 ( EFH 55,2008 ;4%
MRAE,2017) . R AR LA H R R T oT s il
W IRFVD I BT PR b B8k S IR0 28 1 25 AN A& B
B Py BRAL 2 25 AR AN [R) 2 3 1, T Rl BE 2 i S 1
RAFAS [R5 R

AF L il 40 R VT oG T Bl 0 K P i) B R
W 8%*S H (+0.1%0~+8.4%0 ) 43 11 v [l 4% 56 (& 6)
b JE R R Bl IR TP B BR84S MH S +5.4%0~
+8.4%0 , 58 HI P 7o ol AR KR IS AR B IR 6348
{8 (+7.9%0~+9.4%0) (= T, 2013 ) A BL , 155 7 it [ JoE
Bl PR PR S 1R U5 n] B8 5 R AR FRUTRUA
A, T I A LAl A T T AR A
F B R S BTG AR R IR R B
Fhi I H 38 3 oK - A B R AR B iR B
ok B 5 3 PO (BRI = 25, 1993 5 9 i 2%, 2001 5 /™
UKEE,2013) 0 LA, JEBEREENDT IR T # 2k0 S 1ok
U8 AT 8 3 2 Ry KRR 7K T Ak A8 R IS AR T ITE
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Fig. 6 Histogram of ™S values of sulfide minerals from the

Xiangshan uranium ore district

BUA TR B B, 307 70 8 8l R b 9 3 R 84S
{H (+0.1%0~+6.8%o0) A5 Ak 3t5 [l 3 K, HAE A Toe i s
WA (—5.0%0~+5.0%0 ) (Ohmoto et al., 1979) FlIFE i AF
TRV (+7.9%0~+9.4%0 ) (., 2013 ) Z 1] , I /R
TZAM R BRI S IR VR T BB A A LS
AR SR UTRUE B TR G, BRI RSB 7K T Ak B I I B
()RS B OB T A s R R PR e 1K
SR A K LS R A e . Herb, R K
PR W B U AR BT AR e o A B R L, S 2
WnF A7k €45,2000) :

6FeS, + 11H,0 — 3Fe,0, + 11H,S + SO,

TG Bl R AR [ 5 (bR = -676 m) W 1 Bk
" 84S {H (+0.1%0~+4.2%0 ) T K T B A1 (Fr 51 —623
m) FP AR 834S (H (+4.5%0~+6.8%0 ) , 712 X Ff 3
S0 R AT BB A - TR0 ST PR SO A S0 A I O A
ok B SL AR TS M BR AR B KL B AEAS [
A7 i o 0 e A BTN TR) A L, AR T A
Hr S DL i oy 3 5 1R JS R & A Al ks ) b
TR S DB AR BT RUA il 32 . BRAR R
(2009 )%} J& B el PR b ik 0 i A L R A4 i
ST BT R AR A AR G B S, i BB
FEAH LL PG EB Al DX AR A b S AT BE 32 R LA R
Wi . SZ M R TR 1Y S SRR BN
[F] T4 A F v It e R s gk 1 S TR, J5 & 1
KA SOk AW B VEIAM T 45 N B B iR &k (LR
). BIRMET RS L ZM RS A L P R
JiE T PR (BE LT 424 2 km) 3T T AL v U 4l
WIR(FELLZE29 5 km) A ANRTFr A, P50 5 BE RS

-25 -20 -15 -10 -5 0 5 10 15 20 25

5%S/%o
7 BRlE R AR (FEIA IR IR 28 R iR A

5| H Ohmoto et al., 1979; FJEAF FrA K5 H 5% %,2013)
Fig. 7 Characteristics of sulfur isotopes in various reservoirs
(crustal magma, mantle magma and evaporation sulfate data
after Ohmoto et al., 1979; basement metamorphic rocks data
after Wu, 2013)

JUES AT PR 3 A UURR 35 J2 AU AR 1) 4R -7 7 24 ]
TETT -/INBE W7 58 R LR A 1 ) s 4 B 4 o (3 g
TR W ok 5 21 2R (5K T B4R, 20055 HE KA,
2008 ; 2 /NF-45,2015) , PR PG 350 4l 40 R b 6 A
Fok A LA R AR AR S 5 0 bl A i G R
oI Al PR 32 2 32 2RV 1) I Sk - U0 Y kO B 4 4
il , 1Z W G 5 AT I, O S Ik AT A
Fig £ 3 M 2 B HR AL Tl (9K 7 R 5F, 20055 HB K
85,2008 ; ZBEAE,2015) , 3 U A4 LE VD Y 4l 1X
HF TS 50mMA T GRS A Ridk, WL
k).

VRN BT TR A 834S (N +7.5%0~+16.2%0
B T H N SRR AR U B A S A A R AE
(+7.9%0~+9.4%0, 5 ,2013) , s i 5 A B 5% K
BRIRER S A 2 4 A fE AR 23T (18 7) o ALl il
H PN % B e 2 2T 3 ar b S A R
B AN SR LA A P A LR IAEZE K-
Ar AN 105~98 Ma( 4345 ,2005) , SV ah
PRI AT U-Pb g 4F45 5 (115~98 Ma) (FE 4
2003) 45T . HZs B L4025 5 V0Nl R AT, Lk
H R L S km, 40, WNET AT BT R KR Y
EW [n] BL 5 W 244 38 R PR AR B4R 448 T 38 E , DA
AR KGR BT LRI B AR S 15K PR T BE A
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Sk BT HVEIC 20 AN R B R AR . BB R A
(2008 )& FH kA 1™ 4y i A4 4 2 AR X 40 FEL G 370 U
B RBRRAR AN HEAT T 4047, 3R A% A P SO
B AR . XL RORHI SRR AR R
PR AR B A B R IR R AT

LT 43 T R R R A e 7K B RS R AR T R AT
HH T TE 14 B R Fh 11 5 RS BT 2402 % 2 A L ok Ll 2
PIMPIE BT SOL L, PR TR , Bl J5 7F — 2 551
KRR JFEAE A, S EOE A M BRI SR A T
M BB, 1 T E S 5 RS AL VD I Bl B PR P 2 kT I
TE R EEEHLH

BB ER AR A A IR A F TR B R
A 2 FFET BEAYAL « 20 TR B R AR A I (BSROAE 55 #4
b 25 B R £ 38 )5 (TSR) /E H (Machel et al., 1995) .
BSRYEFHZ B AEAERA LT, A H X 5 #E %k 0-
I WA S HGRAE I 2 )8 T AIRIR R A, I
ARG R RS R A DU HIEC R,
AL, BSRAEFH LA AT LIHERR . WF5E %HH , TSRAEH
T R AR AR IR (> 140°C) B S5 1E T L B Ak
H 1Y 1R 5 B (Machel et al., 1995; Worden et al.,
1995) . 1l C iR K, Vh Ao PRAH A miy BA S h A
VERDE B e R A IR A S5 1 T A 2B Y, R B
=T TSRAEH AR AE I 2R MBI . [RIE, AH Ik
Ly 235 b VD i B DR B T S0 1 b A 3 2 Ay
b SRe A (18 5d.e) 55, o BEBRAT 5 4k ilé A 3 )
P A 7= SRR I 7 2R s B R SRl A Dl AR o R T
Fo T T IR A v B R 19 3 SRR R R I U E
K h B = BEAESRe A A i A 1 B P R Y Fe? ml 782
TSR 1 J A4 16 5 77 (Ohmoto; 1996; Wilson et al.,
2007; Haller et al., 2009; Mms et al., 2014 ; Brueckner
etal.,2015;Sun etal.,2015) , Hofb2g XN F

12Fe?* + S0, + 12H,0 — 4Fe;0,( | ) +
H,S,,, + 22H (1)

2H S, +Fe?* —FeS, + 2H" + H, (1) (2)

Fe Hixt T SO, HE 1M 75 78 2 5 00 T, i
72 (1) 77222 19 H,S o) 1T VAFE LI 5 Fe2* 45 & TF 1k
WA (FeS,, W 2) 5 [ 2, 78 Fe M Xt T SO,
HER T F AR B AE LT, HyS ) 7T LB — B iE
BLIEA F AN T 524568 R B ko
(FeS,, hii2).

53 $hITTENLE
TR AR LA™ FH N B PR B A 118 8P B

(AR A AT 5285 A i N B &R 2 TR Ak
(N, 28 A UL TE ML T TR, w7 P
7N RO RN ORI S N 5 O S E R
BREABKBIBRMBERGHERS S, UHEEY
AL . 3 S8 30 (AR VR A L K -2 A A% ik 1 17 284
TSR T35, 52 FIAH L1300 5 2305 Bl A A R0 b 30 s
JEE 158 TR A8 I R Ry ARG, 33X B 55 A AR AR R VTR 5
ek IR A SR E W FEA &AM EAER, 58008
Frib— 25 s | R LA U R A o ue it
AP . BEFEFEW, UV 8 HO8 h EEL
UO,F, UO,(CO,), M4 F 8 TIE iz ks, i
LI UO,(PO,) I JE X 32 #% (Langmuir, 1978; Chen et
al.,1992), A" A 1) 5 f A5 S He - HREH T I 1
WR A N R R KB AT B T A R S
AAAEEA (& de, I8 5, 584 kAl BT 5 7 i A1 B K
AARPEAE DRI, 2R E Al B R r %) b 70 PG v 32 2
PLUO,F; B R #1718 % , AF#E LL UO,(PO,) FiI
UO,(CO,), BB R I 1 I, Le Ak , B F AL 79
S R IT B UOL(SO,), F77E.
245l B I U A SR AR TR AR T e S BT
THASTE B0 B KA, MR 0 US S S kA R
FEAR T, 7S O g e R S5, DLl 4 1 7 =X
UUBE T oK. I LG 59 UOLF, A ], 510 s 4l ot
KA BT 50 HTHIE s SR A N R Rk
B A A AR B Ca M B AR FIJE BBk Bh A 0 5
N T AR A& e AR RN AW LI
2U0,F;,, + FeS, + 2H,0 + 4FeTiO, + 3Ca*"
— U(Ti,Fe) 0,( L)+ U0,(1)+250,,, +
TiO, + Fe,0, + 4H;  + 3CaF,( | ) (3)
ol 5 WA KA A AR BRI Ca2 A T I
kL RITR R
16UO,F; ,, + 3FeS, + 16H,0 + 24Ca”* —
16U0,( | ) + 680,,,, + Fe,0, + 32H; , +
24CaF,( | ) (4)
TR TR, HE L AT A 3R 7 N Al PR PR R
A b AT BEAETE TR 4350 DL UOL(SO,)s B 17 1T
B fria Bl B 55 A BBk 2 R B B AR
P Fe> VEFITE MUK B ARk i «
U0,(S0,) 2" + 21Fe** + 3FeTiO, + 22H,0 —
U(Ti,Fe) O4( )+ 11Fe,0,( | ) + TiO, +

40H" + 2H,S (5)
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tion of uranium complexes in hydrothermal solutions related to
6 Q':I:l: i/E\; granite-type uranium deposits[J]. Chinese Journal of Geochemis-

(1) 874 2 B P AR AR IF 72 2 7, A4 1 il
A TR PR P B ™ 32 B Tl i /T, H. Co/
Ni FO{E s 2 2B

(2) SR R BFFEAE R R, AR LA R R
HBCERET Y S TRUEA W] % DX A 22 PR R
A H LR ™ PR o B SR AT B S F2 ZOR IR T vE AL
ZL 45 P I B R R a0 I, e AL ) O Ak S I
(TSR), [l i R = Bk £ b ad B vP R AY Fe? 42
BT JFGR 8 S (H,S ) 5 i Y Fe? 25 5 JE 1
BCERAT 7 TH Y T R T A BT AT RER A
AR J B R DLAUE W B 5 FL oR A BR AR P A B Y

Ra.

(3) A LU gk FH Al 4, DA UOLF, o YR
PR PRIROAAR B US55 07 AT SR A A B kA
KBl H R BRBR AT SN, A BT 7 AT R il B
DLvE.

BB AN TSR] TR T 270 AR SR A
TLPHA A% Tl 261 R BA B IR 3 35 Bl B ) 437 2% 52 46
I AT 3 1 R R S (R0 R A3 B 5 —
VEEARIR SCE A R P AR 2 T A3 s A ST A AR
T By, oS L GO AR SCHR D T R DAY R A —
RO
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