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Marine evaporative genesis of Wengquangoun ludwigite deposit in eastern
Liaoning Province: Evidences from stable isotopic compositions
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Abstract

The Wengquangou uranium-bearing ludwigite deposit occurs in bedded form in the calcium-magnesium sili-
cate rock strata of Lieryu Formation of Liache Group. Boron isotope measuretnent by in-situ LA-MC-ICP-MS
and aqueous MC-ICP-MS technologies show that 8! B values of ludwigites range from 6.9% to 8.2%o.,
szaibelyites range from 7.4%e to 7.8%0, tourmalines within the leptynite located on the hanging wall range from
4.2%0 to 4.8%0, while the serpentinized marbles range from 7.6%0 t0 9.4%c. The 8**Sy o of gangue mineral
( pyrrhotite) values vary from 12.3%e to 13.2%0. The 8Cy.ppp values of serpentinized marble within the borate
ore deposit range from —4.6%0 to 1.8%0, while the 8*Cy.pg values of relatively fresh marble located outside
the borate ore district range from — 1.2%0 to 0.1%0. Combined with the geological bedded features of the
dolomitic marbles, ludwigite and olivine basalts in the mining area, the authors heold that the source of boron in
the Wenquangou ludwigite deposit might have come from a horon-rich seawater, whose evaporation and later
metamorphism caused the formation of borates and carbonates.
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Fig. 1 Simplified geological map showing the locations of boren deposits Cafter Hu et al. » 2014)
1—Archean basernents 2—Palecproterozoic stresked amphibolite migmaties 3—Porphyritic granitess 4—South Lisohe shallow platforms:
5—North Liache slope: 6—Liache central depression: 7—Mesozcic strike-alip fault; 8—Gealogical boundary: %—National boundaries:
10—Place name; 11—Rorate deposit
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Fig. 2 Diagrammatic geological map of Wengquangon ludwigite deposit ( modified after Xia et al. » 2006
1—Quaternary; 2—Stresky amphibolite migmatite; 3—Bictitic microcline leptynite; 4—Serpentinized clivine baselt end marble;
5—Ludwigite ore bed: & Tourmaline-bearing leptynite; 7— Tourmaline-bearing leptite: 8—Apatite ore bed: 9—Tourmaline:
10—Anticline; 11—Fault
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Fig. 3 Photograph (a? and corresponding sketch (b) showing the field contact relationship of ludwigite orebody
and its wall rocks in Wengquangou ladwigite deposit
1—Ludwigite ote beds, 2—Serpestinized olivine hasslty 3—Serpentinized clivine marbles 4—Tourmaline-hesring leptynite;
5—Biotitic microcline legrtynite
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Fig. 4 Partical pictures of stratimns hand specimen and mineral assemblage in Wengquangou ludwigite deposit
8. Pyrrhotite-bearing ludwigite ore: b. Back reflection photo of ludwigite- magnetite-szaibyite type ore: c»d. Hend specimen and microphoto of
tourmaline-bearing leptynite: eyf. Hand specimen and microphato of serpentinized olivine basalt: g. Scale of carbonate rocks in Wengquangou
ludwigite deposit; h. Hand specimen of silicified matble; i. Hand specimen of rectystal marble
Pyr—Pyrrhatite: Sz—Seaiblyite: Mt—Magnetite: Lud—Ludwigite: Tou—Tourmaline: Ce—Calcite: PI—Plagioclase
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K 6.9% ~ 8.2%: AW 8B HN 7.4% ~
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B fE R 4 HA B R, BAEF & — 12.4%. ¥ Xt
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FRHB - 12.4%~9.4% ), F &N BT A AR
PN B HEEFRFHESAHMNRAKEHEN
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SR AR, 8B Cy ppa BB ZE — 4.6%0 ~ 1.8%0»
H1B8] 1) 2 i B AR S 7 88 Y K B ) 813 Cyppe BN
—1.2%~0.1%- F M, Bk EEF KA RERK
A SCCyprp AL T 1A, BB HILBAE
RIRFAE o
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B EBY Superior T JIBRBET RZEBRT" (Tang
et al., 2013). PEITERRH G THAKBEE
W KA AAREAE KA RS A RER
B R AL WAL TR AR BRI FE BT R
B TEHERIE., TERESTHNDUER K LS
BH(EESF N 1994), FME N AR AR SEHGE
AEFE 198 RTEHRRIAVE KT £R
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Table 1 Borom isotopic data of Ludwlgite: szaibelyite:; tommmaline and marble in Wengquangon ludwiglte deposit
% BRS 1R/ % BT JeH
ey WQG-6 +7.920.4 LA-MC-ICP-MS A3
meEy WQG-7 +7.1£0.6 LA-MC-ICP-MS 3
mey WQG-15 +7.210.3 LA-MC-ICP-MS *3
Hes WQG-15 +7.410.5 LA-MC-ICP-MB ¥
Hea 12WQG-12 +7.810.7 LA-MCICP-MS X
AR 12 WQG-8A +4,8+0.3 LA-MC-ICP-MS &3
SRR 12 WQG-8B +4.240.9 LA-MC-ICP-MS A3
SR KHES 12WQG-3 +7.6+0.5 #H-MC ICP-MS3 .58
BENKEY 13WQG-14 +9.210.5 #FHE-MC ICP-MS A3
REEFKEY 13WQG-15 +8.4£0.5 #FHE-MCICP-MS 3
REERXES 13WQG-16 +9,410.5 B -MCICP-MS *3r
Bhfb REE 12WQG-5 +3,810.5 FEW-MCICP-MS xx
PEASEATHERSE LDOD3 —9,5+0.4 LA-MC-ICP-MS Hu et &l. » 2014
g aSaEny LDo11 -7.1+1.2 LA-MC-ICP-MS Hu et &l » 2014
Wy LN-18 +7.540.3 - TIMS Peng et al.» 2002
Wy MP94-12 +6.9+0.3 HH-TIMS Peng et al.» 2002
Weey MP94-14 +7.8£0.4 HeH-TIMS Peng et al., 2002
ey MP94-15 +8.2£0.5 R -TIMS Peng et al., 2002
wesy MP94-16 +7.410.3 BHE-TIMS Peng et al., 2002
S R LN-15 -12.4£0.3 BHE-TIMS Peng et al. » 2002
R oy 13 LN-21a +2.4+0.3 - TIMS Peng et al, » 2002
BARET - BHSARAEK LN-21b +1.1+0.4 WERE-TIMS Peng et al. » 2002
SRR RXER LN=21c -3,140.3 - TIMS Peng et al. » 2002
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Table 2 Sulpber and carbon isotopic data of pyrrhotite
and marble in Wengquangon lndwigite deposit
MR R MGy ar/%  BPCypp/%

WEEy WQG-03 12.3 -

WEEy WQG-04 12.4 -

RO WQG-05 13.2 -

oyt WQG-08 12.8 -

ryg wWQG-11 12.7 -
N oIS 12WQG-3 - 1.8
A HSEE 12WQG-5 -4.6
SEREMLE 12WQG-6

(I
1
oo
L=

FESBSAE{EAESE L1007
XA REE LD016

. 4 - RN

BT VAR AR e .
4.1 FHEEELEERT PER
BRPHNEEEIECREXBRBIHE,
HBRERENEHRES (Peng et al. » 1995). &
BN 2 MBRAWT K 420 ELERAZLE
WHX IR RS SR PR AN 3% B IR 78 B T ak X AR AR
BHH R, BB T AR RS 8 K (Alonso et al.
1988; Helvaci> 1995). %3 KR H kA R4 B
PRI R, A F BRI T 5 KL s A R B R
YR (Alonso et al. » 1988). >R IS ST ATHE A
BRI MR LS R B T AHE R B (Kistler et al.
1994), Bk B T ¥ K K & E R (Swihart et al. »
1986; Kloppmann et al.» 2001; Tan et al.» 2010).
B RO VTR 20 1) VB {8 5K
B AN B EAFHEBNER, HEK S'B HS
B C— 7 £ 10 2% F1 (25 £ 4)%0 (Swihart et al.,
1986)C( B 5). HELWAKRFAHBRBRE S K 3B E
MR E KB 5% Z 4 (Lemarchand et al.,
2002), B AEACHE K R G RBR 2L A I o'B {H W] RR
& 10%EF (S B%,2011). HTREBHZERA
Hiik A, T AN RB I NI ERLRHRR
RAEMMALERENESHBEGUB HEY
—6.2%0~ 4.4%) (Barth, 1993; Kasemann et al.,
20053, B AT R FGTE RS HH A U0 B AT S R 40 M K BB
FlfrEH . Chaussidon (1992 8 5 H KGR
K EI8" Basr sraaos1 1B 0 (27 + 11 )%, B B AL T AR
PR MIE (39.5%). Bk, Bl HREEKREN
ARG KRR 2R 28 M 1) 31'B Rt W B HL BLAR MG AH

REVHMBRMENEE. RKTABIALTRBXS
REATENWREF AAES RESN MBEN
6.9%0 ~9. 4%, FEIMELAN 8% (K 1D, 2L FIAHEH
REEMEEHEREZMN,. BERTHWERER
AT R I 4 M A VTR L 2 Y 3 (7] A 3 41 Bk (Barth,
1993; Kasemann et al. » 2005)(E 5). LRFB/E
B, BEFETT WG & 530 A BAEH&
A AR 2 (] ) A3 1B IE Bl 20%0 ~ 30%0{ Vengosh et al.
1992, T j& $1ZE A0 B K fE F 3 — 20 S B3Ol R Ar #
H R R CGBK 6 5, 20000, B, AXBUERS
SRITHRR ARG DR (¥ 5 SR WA o 52 2% i 4 A B W Y 6
RRABMHERS, XL S5HT EEREER~H,
L TFHEZHEEH KR KNBERAHEEA MBI b
S SRS .

REAL KEE A (BUB {50 3.8% ) A AW R M-S
PREKERBEREREL R ESA(Xu e al.,
2004)(3UB (5K —12.4% ~ — 3. 1%) M F AL E 4L
BREAH TR, REWRREZE T 3B HER KM RHE
W, ESRAT RIEMESHER P RE
MEHAAENEUABEETHERE THFRKE
AR A (BB N — 9.5%0~ — 7.1%0 s
W, P ESINERES AR TREAEERET
KR IRAE LB REA, FREHEMHE
R, BB T R A R AL

AHETABRASRUNWEET KNETE
HRGAMBEZRS RAECHEMBRRASEH, ¥
RZH20082) A T RESK B TEME X LB A
MR, BTERNMEFAEESEKLERE
Ry, HIRWEI T oUB {E A T 5 Al ag i
VR E- AT KNELH MR EWy
I 8UB {H(8.7% ~ 13.5%) (Peng et al., 2002)
BK—&,

4.2 BHELZIENRIREACRIES

THASELALRESNRELZRARE
AR (BB Cy el —4.6%~1.8%), B XAFERE
AR SUR 16 K ELE MR AL R AP Cypr F
—1.2%~0.1% ) MR A BE(F 1). WEEH
(1998)1E B M S AFFH B I i) B B 0 R R B
RIB R R G R (S5 Cyprp ¥ —2.6%~ +2.6% ), 5
EHEZANBRECRAR 3. Hik, B354
(3BCyppp ¥ —2.6%0 ~ — 10.4%) (B E TS, 1998)
EHEAG K ®EAWHKER (S Cyms
7E—4.6%~1.8% ) FEERMERIBRA A R AN 7TRE
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SETE AR SR [T A #(Tan et al,, 2010)
S22 (Tan et al., 2010)
AHR GRS F AT X (Peng ct al., 2002)
B s X am s G Ak
B oo e RS AR A
JE I Mg Chaussidon et al., 1995)
v 2.2 GaFHRIFE(Chaussidon et al., 1992)
AN B A E (Swihart et al., 1986)
oo A AT R S (Chaussion et al.,
roossnnn M 1997, Kasemann ct al., 2005; 5 285 2011)
#37%.(Chaussidon ct al., 1992)
| 1 1 | | |
-40 220 0 +20 +40 +60 +80

1B/ %o

A5 ARMEET SRR FRBERERET X5, HEBHRK A Swihart et al. 1986; Chaussidon et al. » 1992;
1995: Peng et al. » 2002: Kasemann et al.> 2005: Tean et al. » 2010: Zz=EE%%,2011)
Fig. 5 Range of 8''B values from different boron sources (except for data from Wengquangou Fe-borate district of eastern
Lisoning provinces all other data fram Swihart et al. » 1986: Chavssidon et al. » 1992;1995; Peng et al. » 2002; Tan et al. »
2010; Ma et al. » 2011)

SRS A EEERRUER XTI TR S
IR Z 5 {0 4R B A ¢ (R Bk A, 19845 Sun et
al.» 1993; W mE, 1998; TRI L, 2008b). HfE
R&EQ996)RBNHET Ky S AEANEEN
Syl A 20. 7% ~23.2%. ZHABMIEFE
BHAATHRTRRERRABSE, FERE
YR [ 38 40 R 3% — 4. ( Andrese, 1974, T 7ETR I
AL RAER TRBR A RISMSy o B, A i 2
HMSy o R RIE R AT AR K. Bk, BA KH
FERARP 84Sy oorfiT B B E (23. 2% FT BEABAR
RTHAFEATREARAMCERAR. KHNA
ek b ER BBk A KW, B EL B A R A
FH B (Ono et al.» 2009), HIGHLEH(2.4~2.0
GaX* KRR "E R =P KB AR AL HE
ANBFE, JBRE T o 70 o AU ¥E K50 B8 25 4% P2 (Canfield,
2005; Schroder et al.» 2008), ¥E7K 8 Sy o EF
(Reuschel et al. » 2012). $RAWT XRATIREE
TR S Sy o E H T F H AR & o E AR

MM 0% Sy corfE (Bottomley et al. s 1992),
B XS R RR AL B KA W RETE R T3 1 B K
REHFTRRE, X5RENANERIINSGR—
.
Ao HRAMWEREYT K BERT MR A
FUREH, Sy orHETE 12.3%~13.2%: B
R HEAHBRER A (27 20%., #Kk K%, 20000 HE R
ROBR A FE HLBR {0 S HFE. BRI, BHERERT W AR
EEFERASED, AEATRESERE SRR
KERERNBEN. AP S EABBEXRED
¥ Fe?* T Ak ek ARl SR k™, S BiE JEjk &
5 Fe* F*t G ATRRAGT AR .
4.3 BHEBREHXBEEHWR
MBS (1996 ) B H 5 I 7] B RS 0 PR X B R
B ZRE FRE RKAREMERRANRE
BENERAEHB R RANE B—EHTAHNR
“WigX"kLARHANEREREREN=Y
(Sun et al.» 1993). HAFEWOETHEF K
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BN R GR " A LE, R RBX R
T RMAA R H AR S ES RN
#, SECK AR - BRI EHEE - REERM
MR, T RE A P o A%k - AR 2 M, 3
WIEW R R AT SRS mRIES, Rk EEMN S
oAk, D REBNM AT RN R e 4. Filk,
5+ H VG 29% 8 WA £ B A 1R B Wik X 3 A
AWM ET KAFHACE, TREX HHBRET K
B8 BT BB 5 K WL iE S DI AR, B TRZHHK
FAR K DT R 2 S TR AR T PR I K S (R AR 3R £t
TEENRTE. H, T T 550 m = Ak
BEBET K, IARBME FRET KARRB A
FpERR A0 R AR m B R A R LLE(E 5, 3
F¥E AR RUTHUL BT R R M0 KR B — A
EEHR. WURKRETAURR(BERYE,
1998 FH 2 5 KILF ARV FEHAF EWEK, £
RRVRERUNREST 2, FHRA N EHER
TERTE A T MRS LG %.

BB RWH TRERIBAZ 5 dmiE
RIBRBERAEATRAERRAANBES(F
%%, 1987: Sun et al.,» 1993: FMEEE, 1996) KB
BEREOET TEKE TIMS 1 LA-MC-ICP-MS
U-Pb EEETAE(Sun et al. » 1993, Wan et al. » 2006;
Lu et al.» 2006), Br3KER N 2.14~2.23 Ga, T
SHRIMP E# IR € 7E 2.17 GalLi et al.» 2007).
B 0L, P ST AT L AR WL K L) - ER B 2 A T R AR
f£2.2GakAh. FRATEAREHEERLE(E
B F 45,2008 IR B ML B R4S PO 3R R BT T
AR At proyciil = 8

5 &4 #

(1) TERFRBW ST KOWH A R &
EH BN 6.9%~9.4%, RFE H L HABAE
RANSIE; 23 EREM W, St EESAEM
REALKCHE ) SUB N — 12.4% ~4.8%0: KEER
BN FIBRFIER [ AL F BB BRI E
R HERAL AP 1E o

(2) R PR LT KRBk 8 FEH
AR RBAKES, ER—FRRNBHERZ P REW
RILNBRRITBEAER T VISR R RS,
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