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Ghose and Thakur, 1985; Pekov and Nikolaev,
2013;Ivanyuk et al. ,2015; Guarino et al. , 2021),
AR N 2 23 B 2 7 4% (1930 ~ 2022 4F) 72T
W) B D7 T A FRCSIE T iy 44 o KBBR8 A1 Ol 4 Bk
B SO B R BKAUR RN S B iR W
Z—, WRT & B F % K Mont Saint-Hilaire Fl
HE = A H A = WM S & (McDonald and
Chao,2005; Wang Yanjuan et al. ,2023), P Fh 4%
W4 7= B D BTN 20 T ) A3 R
SEILRIA™ W) AT B TRAAR T O R S -4
WARGES M £l OC & . Horb ol IR B A1 ™ T
A W A IE K A ST H (Boggs and Ghose,
1985;Ghose and Thakur,1985) , 5% i F VA & E Wl =
I A ZZACAE I 1 (Ivanyuk et al. ,2015), TiizK
T ER B RS A1 7 T S A A R R R A E A AR
A s 5 OB Bk R R ) 45 3k A2 (McDonald and
Chao,2005) » B7E B A1 7§ 1E A S LA A 8032
VA AR T 9 7= i (Wang Yanjuan et al. ,2023),
SRR I R g N VAR R Sl A R N [ 2 ST
8y E TR A v A B - LR 4R A
WK I LR & 1 38 B RS 55 22 R B A
+#H W ¥ (Yang Zhuming et al. , 2012; TR BU & 55,
2017;Wu Bin et al. , 2022,2023,2024), #j A%t
How Wy 2 5 R AR (BREEFTAE . 19963 Wu Bin et al.
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2015,2016) 5 A7 M3k Ak 27 4 AR 5 B PR ) 38 A 0
W% ,1991; R 1545, 1999; Zhu Yusheng et al. ,
2016,2017 ;41 B 8 45, 2023) | X S 4 1 T Ak 45
B B4R (5 37 B 45, 19955 9 37 42 45, 20085 Wu
Fuyuan et al. ,2010; & 8+, 2016 XU W), 2019) ,
DL KAy PR b 5 R AE 5 8% PR (b 3t il 7 b S5 AT 5% T 2%
R R BF ST 4. 1977 BR 26 19 %5, 19965 Ju Nan et
al. ,2019; Ma Danzhen and Liu Yan, 2023) 45 J7 1A
PEAT T AR5 . 30 AT R 25 2 3 0l v 3 2Rk o
WG TR S ACAE S 1 % R A U R
(Wu Bin et al. , 2015, 2019; Ma Danzhen and Liu
Yan,2023) o fHEF X 32 A% 3 1A of U1 5 32 AR AR
B K ™ o0 230 A1 F- B D0 UE ML 45 ) 8, H AT
IANTERE . B AR SCHLTE o X5 38 5 4 8 & B A
68 TG B A K B R A B 1 R AT R GE 0 A
Yy ARG H) 5 Ak Ay LA B R AR F 5 L 18
TN SRR 5 A O A R T BT NE Y
R o

B R G A R VA BRI AR VAT e 2 S U
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Fig. 1 The distribution of Triassic alkaline rocks in the northern margin of the North China Craton (a, modified after

Zhong Jun et al. , 2020) and geological map of the Saima alkaline complex (b, modified after Chen Zhaobo et al. , 1996)
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Zhu Yusheng et al. ,2016), Z#FLABEME IERK AN
F AR A A v DA Ll R ks R
R 5% PP A P R U DL A IR S E AR
FIBE By A A, i s o P IR B i 5l HL IR L 2 5L 0 ik
PEARATE 23 5 B B 7= . J5L IR A ORI TR
e, 37 A TT0 2 U P 1Y) i e A s R B A B e
R AIE 1) 8 A B3 0 A 5 AR A T e e T e A AR 2 R
AT (Zhu Yusheng et al. ,2016,2017),

FE LG M A AL T 2% DM 2 s X PR, R
A2 20 km®, EE AW H B S  E A ER S
MBS E IR K A, o B A B K a2 A R &
W 250 70%, WA d 2040, REIERA A&
5%, Hfth i PEEUA DK 2 5 500, S B IE K B A bR
FKEUZ R A B A IE KA (BREE A, 19965 4
BIE.2016), FlE A AL ER V8 AR AR AR A T
FEALVHE 2= B R B A, DA K Do pg 30 09 3 V0T 3 T 4K
o AR R A S MIER R KA A R AR &R
POk F 00 BR A RBE R M 2 T AL R R AR
1996) . FE L kA 7 Bl - 1R -PR L B MR
Hrhm Ao k. © " TFRrEERSAS
e ZREAH R AL b R L R B K © 7
T KA g sk - ek g B © T
SR ZUFA P AR R B S T R D s B A,
7/ RORATE IS 3K 7 TN ot A R TR/ S € R W]
AT 5 R A (AL Bt BT AT Y BT 3R R
I, 1977 s R4, 1996) . & A M4 U-
Ph 4£ 1% 1 7R F& I Tl 1 25 1R A9 I8 U AR 29 2 230~
220 Ma(Wu Fuyuan et al. ,2010; Zhu Yusheng et
al. ,2016) . WAL, FE AR RUCA 55 M 4 1 5
TARAEAR, 5 W b 52 B O A A ek T i A Bk o 4
BRSO E R A K AR v A
AR DR AN W A L O A A R 2 R S R ) 52
f(Wu Bin et al. , 2015; & 5L F+, 20165 5B xk 4%,
2018) o A SCE R TR B A ALK B R AN B A 0 S R
TR G oR A B8 S R M A R AR, Ak AR E124°20
01.1",N40°58"54. 6" (&l 1b) .

2 SrMT Tk

X EC B A1 A S A RK I BB A A 0 DR
DL G 53 B 76 AR AR B TR 2 A% B U 5 A 5%
X% & S S K % 58 8, R Thermo Fisher DXR
2xi ORI E 6 AL, i 50 X 185,532 nm %
P 20 mW OGH 23 O REER 1 pm,
JEIE PR A 1 em L OETE ST IE L 50~4000

em ', MR 2 I B AT P A AT A U L AL
1E J5 19 B R BT B A B =2 4 B A 520.7 em

X TC IS A1 R K B S 40 4 A 0 B IX X kAT
S M E R B N b BRI 22 S T 22 5
B2 A S2 0 % Micro-XRD (Y 2% b 58 i, A% 25 7
5} Rigaku D/max RAPID-V, £ 53t & 1F .
TAERER 40 kV, B R 30 mA,HF 2 Cu-Ka(r
=0. 15418 nm) , WKL TAF X B 204 100 pm, #E H
OB R] 2 100 s,

W) R ICE S HTE AR LI TR E IR S B
B 1 K S R A (EPMA) |58 i, (U3
RIS H AR F &1k JEOL JXA-8230, TfE4
PR s B TR R 15 KV, LN 20 nA, SPEA
X EC B A R K B0 B B S A 0 SRBE ELAR 400 R 10
pm,20 pm Fl 5 pm. FRAEE B KA (Ca) (B 20 A
(TD . K A (K) . # M A (Feo Mg) | # 8 A1
(Mn) 8859 (Pb) i £ (Na) .8 A (Zr) . E A
(Ba) B M A (AD VEEB M A (CO L K& A
(St) A& @R (Nb HD . & Y AR FA YY)
JE A (La,Ce . ProNd) . A T & Wi L8R (Sm) .
JUE WA AT S (E DU AR (8] 20 51 8 10 s A5 s,
A R R FAARTE ZAF BOE R AT A E, 8
TCEMPTiIRE<2%.

WY R TC R A AT AR AR B TR IR 5 B
5 [ 5% B S 00 A OG0 1l A B A 45 B AT S
X CLA-ICP-MS) | 58 f, #0% # il 3 & S ESI
NWR 257 nm KFPEOC 2, 4087 % ] Perkin Elmer
Nex ION 1000 PY#% 1 ICP-MS, #5631 ith fig & %
JE R 5.0 J/em” Bkih ol 5 Hz, # 4 542K 32 pm,
WOt Pl A v R A AUE R RSN AME R
P REUE . R TR O i A B PR B AR HE Y
it NIST612 fEAMr i 17 i i e RALIE . A3 5
MrsAuds 30 s WHAS S M 45 s FEAA RIS, &
BB 11 B 2% Ak 3R Tolite K4 58 )i (Paton et
al. ,2011),

SRR TR AR 5 41 1Y U-Pb 58 4F 78 75 1R
TR 2 A% U5 P (] 5K i et S 1 2 O ¢ o e
A 258 T %A (LA-ICP-MS) | 58 i, 30 31 ot
RGN T AT A P2 i) Geo Las HD 193 nm #i4)
THOCES B A 5 B IR S o LA T
A 7R 7900 ICP-MS, i 3 A8 2R FH 203 3
AR AME AR, O R Dl R RN R BE Sy Al 5
Hz 132 pm, BOGRE R 2B R 3.5 1/ cm”, LA PRk
LAFRFE 91500 (Wiedenbeck et al. ,2004) b 4hF5, LA
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[ PR A bR FE Plesovice(Sldma et al. ,2008) W% 41
B i LA B AR P BT NIST610 1S8R 5 1E 3
TR . BB AL R Y 20 s W RE S
45 s FE R oA S, B s ab B RO B
ICPMSDataCal 11. 0(Liu Yongsheng et al. , 2008,
2010) 58 1. Al 19 U-Pb 4F i 18 1P 22 ) A1 4E i
A48 1155 % F Tsoplot(Ludwig,2012) 5E A% ,

3 bk

3.1 FHHEFHMT
SEIERK ARG Tk 2 hoHDRL, PR

(K 200, FEIFYEFEEA RO ~250) KA
(30% ~40%) 35 1 (25% ~30%) . A (5% ~
10V MR BECE20) . FF U B T &6 20 # A Al
B 5 B2 A Bk A 3SR BRI OGN SR A R TR &
o —E gk, Z2 SRR AR B R A R
(F 2b~d), AR F B 58, FArA
SR O FEBR OGO T B B, Bk F R R
LRI 2 W A, R 58 A 5% Sk A i pl A [
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Table 1 Mineralogical information of rock-forming and accessory minerals in the Saima lujavrite

LIS YA R EA S ] AL 25K gid
Ea Nepheline Nph Na, K(AL Si, 0, 20% ~25%
KA K-feldspar Kfs KAISi, O 30% ~40%
a1 Aegirine Aeg NaFeSi, O 25% ~30%
SR Eudialyte Eud Na,;CagFe, Zr, Si(Siy; 0,,) (0, OH, H,0), (Cl,OH), 5%~10%
N Biotite Bt K(Mg,Fe), AlSi,0,,(F,OH), <5%
e Titanite Ttn CaTiSiO4 <1%
NI ey Lamprophyllite Lam (Na,Mn,K), (Sr,Ba), Ti, O, (Si,0,),(0,0H, ), <1%
REIT NS A1 Gaidonnayite Gdn Na, ZrSi, O, + 2H,0 <1%
LA Georgechaoite Geh KNaZrSi, O, + 2H,0 <1%
BT B Plumbogaidonnayite Pgdn PbZrSi, O, + 2H,0 <1%
IR T BB Bobtraillite Bta (Na, [, ([CJ.Na) 1, Sry, Zry, (Si; Og) 1, [Si, BO, (OH), 1 « 12H,0 <1%
e Zircon Zrn ZrSi0, <1%
LSRR NN Rinkite-(Ce) Rin-Ce (Cay »REE)Na(Na,Ca) Ti(Si, 0,), (OP)F, <1%
il 8 65 Sk Loparite-(Ce) Lop-Ce (Na,Ca,Ce)(Ti,Nb) O, <1%
o 1 55 4™ Hezuolinite Hez (Sr,REE), Zr(Ti, Fe' " ,Fe’ ), Ti, 04 (Si, O,), <1%
e B3 AR A Britholite-(Ce) Bri-Ce (Ce.Ca);(Si0,.PO,), (OH.F) <1%
ZE Strontianite Str SrCO, <1%
GRS BE K A Fluorsigaiite Fsig Ca, Sr, (PO, F <1%

P ME LW REZB A2 T AR
JE R AR (B 2d~1) il 28 7 B2 AR A 7 0 2 5 i A%
R ORI B FR S A1 -+ R T R 4+ ko
A5 SR R RS A 2 AP kAR
<50 pm, HATVF Z 30N LR L AL 32 3 T7 BB A il
TR I A1 25 67 0 JRD BT DL 7k A S 4 A 3R T SR B0
2 BRI G B 41 S A 55 T R O A A ) 4
FRERB M (K 2d o). BT NS A1 2 2 AR
B = A /N UKL A 5 A B T2 30 B B R <20 pm,
5O TE A B I A W R PR A BORL Y 3 2
fii o WAESE A AR T 3 A 5 A B IR
KL — AN R AR <720 pm, B AHERIR B KOk kil
TE B G AA A (&L 200 5 B A7 52 8 JL U A T B8 & 1K
55 PR A B8 L A L W] DL AR TP Bk A ik
PN LRUZG By 1 s 2 B2 AR (] 2e. D) 5 B
it BT A PR R T 3 A T A R/

— <730 pm, Z AT, f 2 R T B A B
JRATEEW W) (P 20 5 T Al A W I A1 O Al P 2 28 10
W 0 WORLAH /N, — <710 pems 52 F0 J0DRLIR
ol 0 iR R0 B R (BT 2d~D)

Wit 2 ok 72 R RE o B A S A B ER B A
FIAR 7 G A0 A5 LI o A ) ik — 2 A2 SR AR
FO T2 M08 20 % I AR | TR T A G e A
BRAR M A (0B K B BN B A7+ 85+ T
2 ET Ak A R DT B B A S AR R LR A
SRS A (B 2g~1) o KBBR8 85 40 D9 1%
W B ZAS ) AT B R L 22 12 A TR LR
PR RLAR<T200 o, 5 5 PR A 435 floh 5% £ 175 WA
R A DL A /N 7 ) A0 2 1A K B R i s () 2k, AR
RS PEAT RPHIRAS [R] T A AR A R R R
JEW D OB A /N — <5 pm, 2 2 fTE 540 ik
IR e A 2 5 7K B A0 5 D L BROR 22
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Fig. 2 Hand specimen (a) ., optical microscope (b). and backscattered electron images (c~1)
of the lujavrite from the Saima complex
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PEA B ERBRES A1 R IT BB A B A AE 5 (D — S A B P B K BT 5 (g~ D — S (R RS kA T W A A 4 K T R A
TR A RS Aeg— %A Bri-Ce— i iR K A1 Be— B = B ; Bta— KB $8 44 #5 41 5 Cal— 7 i A1 s Eud— % ¥ 1 ; Eud PM— R A
B s Fsig— AR EG B JK A1 s Geh— B IR BBS A Gdn—R F 8885 A Kfs— 41 K A1 s Nph—& A Ntr— 40 /1 ; Pdgn—5} 7 85 45 A1 5 Ser— 32 48
W Tin—H8 41 ; Zen— 5 47

(a)—hand specimen of the lujavrite; (b)—optical microscope photo of the lujavrite (in plane-polarized light); (c)—early fresh eudialyte
grain; (d, e)—early alteration mineral assemblage after eudialyte, including residual eudialyte, georgechaoite, gaidonnayite, natrolite, and
ete. 5 (f)—natrolite veins crosscut pseudomorph after eudialyte; (g~ i)—late alteration mineral assemblage after eudialyte, including
bobtraillite, natrolite, zircon, calcite, and etc. ; Aeg—aegirine; Bri-Ce—britholite-(Ce) ; Bt—biotite; Bta—bobtraillite; Cal—calcite; Eud—
eudialyte; Eud PM—pseudomorph after eudialyte; Fsig—fluorsigaiite; Gch—georgechaoite; Gdn—gaidonnayite; Kfs—K-feldspar; Nph—

nepheline; Ntr—natrolite; Pdgn—plumbogaidonnayite; Str—strontianite; Ttn—titanite; Zrn—zircon

007 A SE BRI ER ) rh —ER 0 J7 i A R R B ™ SN R T L R 3R T A 4
AFPRLAR R AR <730 pm, SR E NS A TG — KR O B SR B 0 2 S AR bk
SEAR R L 5 — W0 7 A LUBTR RS R A RER D R S BDRL IR B 5 R (<220 ) 23 A T
T QB T /K B B8 B B TORE N TR R L G KB N B TR 30 5 e A s L5 R DT R A
A 5 T 28 B8 WORLEL /I B4R <720 pm, DUIE ROIR A AHUUAIE  B0A42 <50 pom, 23 A T 7K B4R 4 B
577 M A7 IE A S0 A T KRR B A JE L B R L A L (BGR JA FRLA AL SRR A K A L R AR
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<150 pm, HFR M 2 WAL (K 2D,
3.2 RUEAHSSE U-PhERE

T REIERK AR A R TR
Si (49.96% ~ 51.93% SiO, ), Zr (12.42% ~
13.69% Zr0,) Na(12.52% ~13.39% Na,0).Ca
(8.15% ~ 9.35% CaO), Fe (2.69% ~ 5.55%
FeO),Sr(2.70% ~3.46% SrO),Mn (1.03% ~
1.92% MnO).Nb (0.59% ~1.05% Nb,0O;) . Cl
(1.06% ~1.21% CI) 1 REE (% Y, 0.94% ~
2.18% REE, O (Kt 1), Mt o &N 9174
X10 °~16695X 10 ° (B 1), (La/Yb)y.(La/
Sm) . (Gd/Yb)y 7354 T 4.66 ~7.97,2.50 ~
4.87.0.97~1. 97 ZI[a] , 52 H #i - 4318 W] & ; SEu AN
5Ce 43 AT 0. 87~0.98.0.81~0. 94 Z[d], o #]
W) Eu Fl Ce 54, AR 4 o0 R BORL B A Ar fE AL T
g2 W A A R (I8 3D B AR R

ARSCFIH LA-ICP-MS XF 30 91 4 5 ff 1 S 7k
A1 BEAT I 4 A CRfE 26 20, HE U-Pb [] 437 2% 41 i 7
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Fig. 3 Chondrite-normalized REEs distribution patterns

for eudialyte, georgechaoite, bobtraillite and gaidonnayite
in the Saima lujavrite (normalized values from

Sun Shensu and McDonough., 1989)
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Tera-Wasserburg concordia diagrams and the corresponding *" Pb-corrected *°Pbh/** U ages

for eudialyte (a, b) and bobtraillite (¢, d) from the Saima lujavrite
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TR Y488 8 219+ 2 Ma(MSWD =0.86,n =
30, Ab) AR IS 5 AT N R4S 1 58 B R A AR IR
224+5 Ma R A 4EHY 225 +4 Ma(Wu Fuyuan et
al. ,2010;Zhu Yusheng et al. ,2016) 7E = 2= 70 FHl N
B, UL B A 1E R St A SRR R A ] L AR
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Fig. 6 Crystal structure of georgechaoite (modified from
the American Mineralogist Crystal Structure Database,

http://www. minsocam. org/msa/Crystal_Database. html)
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concentrations between eudialyte and its alteration products
FIUER X AE A 7 R S B e 22 R, R A KR
X e I = [ X g D /L X a1} 1009 5 Xy, AR A ™ g 9 TR 2R X
T X100 X REBREAWIILE X FHROCT0 )
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in alteration products, and X, represents the concentration of an

element X (X107 %) in eudialyte
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Na,K,Ca,Pb 45 4 J& FH & 7 F1 H,O iﬁ}Eﬂ:ﬁ"ﬁ”*
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from Guarino et al. , 2021
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Fig. 13 Evolutionary diagram of eudialyte crystallization and multi-stage hydrothermal alteration in the Saima lujavrite
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S AR B BT AR AR (a0 = R BB AR,
SRR T 117~131 Ma, A8 IG5 ,2005) , 1 5
8 2 VI W B4 PR RS T Rk 5 F b AR 5 K
RV AT B A B JE B A 4RI (100~122 Ma; Liu
Junlan et al. , 2011; Chang Suchin et al. , 2014; 5k
I, 2019) 5 BL R JBE AR -1 fif 2 B 958 03 4B B A UK L A
AEES (~110 Ma; 6 % 5 55, 2016) H23 . 25 J& 5 38
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Abstract

Georgechaoite and bobtraillite, rare zirconosilicates, were discovered as secondary alteration products
of eudialyte within the Saima alkaline complex in Liaoning Province, China. An integrated study
encompassing petrography, mineralogy, geochemistry, and isotopic geochronology was conducted to reveal
their occurrence, crystal structure, and chemical composition. This investigation aimed to constrain the
ages of magmatic enrichment and hydrothermal alteration of Zr-REE-bearing minerals, ultimately exploring the
relationship between post-magmatic fluid events and the mobilization-precipitation of ore-forming
elements. Georgechaoite, an early alteration mineral, commonly occurs as anhedral crystals associated
with secondary gaidonnayite, natrolite, britholite-(Ce), and other alteration minerals. It crystallizes in the
orthorhombic system with unit cell parameters; a =1.18325(5) nm, 6 =1.29141(3) nm, ¢ =0.67292
(1> nm, V = 1.02825 (4) nm’, and an empirical formula of ( Na, 4,K, 15Cao. 05 Pbo o1 Sro o1 Vsi. s
(Zry 95 Tig ot HE 01 ) 510051502, Oy 2H, O. Bobtraillite,a later alteration mineral, posterior to georgechaoite,
exhibits anhedral crystals or aggregates in close association with secondary natrolite, zircon, strontianite,
calcite, britholite-(Ce), and other alteration minerals in the pseudomorph after eudialyte, with few
remnants of eudialyte, gaidonnayite, or georgechaoite. It crystallizes in the trigonal system with unit cell
parameters: a =1. 96634(3) nm, ¢=0.99581(3) nm, V=23.33445(1) nm®’, and an empirical formula of
(Nay, 10 Cay. 49 Ko, oy I:\% 90 ) s12.00 (Sry0.42 Cay 56 Bay, o1 Pby, o, siz.00 (Zrys55 Tho g Hifo, 15 Al os Nby o5 Do.sg ) s 1400 Sy, 01
By O3, (OH), « 12H, 0. Geochronological data indicate that the primary eudialyte alteration occurred
around 218 +5 Ma. Georgechaoite formation is attributed to alkali-rich metasomatic fluids derived from
the Saima alkaline magmas. In contrast, the age of bobtraillite formation is 10745 Ma, probably related
to external carbonate fluids mobilized by the subduction of the ancient Pacific plate. Hydrothermal
alteration led to the release of a significant portion of REEs from the precursor eudialyte into the fluid
system, with only the minority being preserved in secondary minerals (e. g., georgechaoite and
bobtraillite). The discovery and characterization of georgechaoite and bobtraillite provide valuable insights
into the nature and ages of post-magmatic fluid eventsin the Saima alkaline complex. These findings have
significant implications for understanding the remobilization-precipitation mechanisms of critical metals

(e. g. » Zr and REEs) in hydrothermal environments.

Key words: georgechaoite; bobtraillite; magmatic-hydrothermal system; crystal chemistry; Saima

alkaline complex



