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Abstract

As the world's largest rare earth elements (REEs) deposit, the Bayan Obo REE-Nb-Fe deposit accounts for
more than two-thirds of the world's REEs resources, and play an important role in REEs resource economy and
strategy. Since its discovery in 1927, the Bayan Obo has been exploited and studied for 92 years. Many discove-
ries and hypothesis involving the genesis of the deposit have been proposed and which improve the understanding
to carbonatite related REEs metallogeny. However, because of the intensive post-ore deformation, metamorphism

and hydrothermal alteration, the geological and geochemical characteristics of the Bayan Obo is very complex,
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leading to the long term controversy about the ore genesis. In addition, the knowledge about the magmatic evolu-
tion of carbonatite and the mechanics of REE transport and enrichment is lacking. Our new petrological and mi-
neralogical results indicate that the H9, H2 and H1 lithological units in the area may have a magmatic intrusive
origin, but they have long been regarded as metamorphic sedimentary rock or volcanic rock by previous research-
ers. Biotitite (previously known as biotite slate) and biotite-rich carbonatite (previously known as dark slate) of
the H9 unit are intrusive magmatic rocks, comprising the outer zone of silicate-carbonatite complex. The petro-
genesis of other lithological units (H3~H?7) in the area is still debate. Our new understanding of above-mentioned
petrogenesis and lithofacies zonation provide innovative insight for magmatic evolution of REE-host carbonatite
and the mechanism controlling REEs enrichment. Comparing with the REEs host carbonatite (H8 unit), the biotitite
and biotite-rich carbonatite of outer zone have lower total REEs content and LREE/HREE ratios, indicating that
the magmatic evolution might have play an important role in enrichment of REEs and fractionation between
LREE and HREE. The possible magmatic origin of H1~H9 also lead to re-understanding of the structure pattern
of the deposit and provide significant guidance for effective mineral exploration.
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®2 AZPETREIEAERBTHEMISE (8 Sun et al., 2012; K FEZE, 2003; TXE%, 1996 15X )
Table 2 Brief summary of the Lower Bayan Obo Group that outcrop in Bayan Obo area
(modified after Sun et al., 2012; Zhang et al., 2003;Li et al., 1996)
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The scale of carbonatite dikes are drawed in greater proportion, than the reality ; corresponding relationship between stratigraphic and

rock unit and lithologic compositions are listed in Table 2
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M 4 B R DT 5 A Na Fil /b & Ca [
2L IR BIESS , H = 5P FE DA A 5 ik sl
YUy 6] — 5 P Fh . A4 7 —Bay(Ce, La, Nd)
(CO,),F (k3535 55, 1981) IRk %2 0 R 4] 7" —Ba,Ce
(CO,);F FITHLAR

A 212 SC T = S W) i i 58 A
T AR R A T AT A E R
Ywk fgk &k B, 9K 1% 3% A1 (Zhangpeishanite) —BaF-
Cl, tH Shimazaki 55(2008) & B T4 A1t , S0 Wy 5
WL i, T 0% ; T 1 57 (Dingdao-
hengite ) —Ce,Fe? Ti, Tiy(Si,0,),05, J= H T AL 5 A 5
T R 42 fi s b 1) Mg 19 R A b, T8 T RE R Bl 520
% (Xu et al.,2008) ; # 3= B #" ( Yangzhumingite ) —
KMg, sSi,0,,F,, 1 Miyawaki 55 (2011) & 3, ;= i T4
Bkl a8 T o bk, BIHAT R IE, A= 5h g
E BHT - AP ECE 3K 130, 2 5 b B ) Fh 8L
M ILGrZ— R E A e it B R

bRk A 24 T — {00 9ok, B = 5P &
Sc Yt s MBS 2 gk, KB T ZFE Sc il
WL SRS a YA B R A
%5 (A% F W45, 2007 ; Shimazaki et al., 2010) , A 71X
BURE IR T R AA P At 1 i SR

3 Hz SR A RIUT I AR 55 Z Ak
FIAFAE [m]

RAE A B EARZE W58 B A&A AR
SAET IR i o0 R B AL S T RS
D5 TEATIAFAEAS 6] UL , 78 S5 Atk b 5y T H) R £
W T 20 42 50 4548 2 90 4540 Ay X 3 s it % K
ZEATT AW R M E 3 i 7R 1 2 SR T XA
KL (Xie et al., 2019a) , EFH IR H AT H = 50K
WF5E FR A7 AE ) 5 a] SR AT 5 R X 589 =2 b 32 A
F&LLUF JLASJ7 1

(1) FEA b S SE AT i, 7 X T FE Al A A
BT 1 R A A

F1 2 SRR 5 R & 7 S0 AR, X DX b T
BRAGART AT TR TAE (B o8 B fE e R 2
P TERRE BRI S AR B X X HAt A G

B HI~HT BB G AR 0, 20T R X 8
J R A G R

HI~H7 # A 30— S —E TR A,
TR BRA A BOA K. XTHY
A HITRIR T H~H7 R RGN, H R A0 N 22
OB B Tk LA (TR SR TS 55,2003 32 /R 4
1995) , X0 X HO A g i SiAR o B2 4R T 2
FRAS TR 9 B PR AR, A AR TR Al PR sl A 52 AR
45 (H 2R 1855 ,2003b; P02 ,2007) , fH S AT & Hh
JZWFIEIENE . B E Ak IR, 0 X H R I BT
W ks Mos IR BTBUA AR LA
Horp DR A E R AR AR (FEILE S0, H i,
W IX B A A AT B R AR R AT 5 i — 2 TR A

(2) BRIR A T REE M I R A AT 55

JRUEHROR 2 1 2 SR = IR A s
#7 (H8) Bk R A WA, (A 5 T LR 246 + i
5 R M RE R A A AN, s SRR
SR TR R B 1R A A RE | 2 A5 A7 B
RERR 5 SR R A I R I AN TR R B> B IR . Ho
SRR IR 2 BT R AR BRI 1 & AR
TTfRARIR A T A - = A IR ER 7 (Yang et al.,
2011a) , B L H A &R T A F BB 2
i 12 7+ (Xie et al., 2019a) 4% . Rif AR X AR R 7+ .
HO A HEAT T PRI A HuBk Ak 2E1F 5, (0 i T I ik
PR 7 (R 5 A AR 2 25 R A A R, 55 A, 2 kiR
TG Z WA K- R, 0 X AR R ik
AT WA IR A%, SR IR 1) D 1 B U DX R
WFFE 1 Sk — 2 B RIME . 2838 Saln iFoe & 80, 17 X H9
FARTTT IR A BEA (HTAFR B A RACA SR 2B
F2A) VB R A TR IR A (AT AR A ) M IRIR A
PRI LR 53, FLo A TR R 5 W ), 5 ki JC B
WA T RE SRR R A AR — 4 AR TRk IR A Y
FHAYHE (Xie et al., 2019a) o HRT, XFH X BRIR A )
RS A AL AU ST HO MR R A [l
AL TR Y A — R R R

(3) Fi £ICE R AERE A R UUEHL A Y
A RRA

XA XA - IC R BRIR GRS E AL, BT
AT T — 5 W TAE B FEAE IR B ol . BEF
BRI 7 A AN To) J DRI DA TR DR B PR AR, AT G 1
TALFE U XA = (R DRI, 1982) (i VAU iR 5 2%
(2% e 55,1994 1 45 % 5% ,2010; Fan et al., 2014;
2016) AR AR TR R AR AT G (SRR, 1989) ff
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s S A (Ling et al., 2013) 2 2 MR {HAS LI
BRI A WL AT, 7 32 R A0

KT o L B BT EARIAR A&
A A H 0T DL B p 0 A LG R B R 0 s Rl AR
(Dawson, 1964; Woolley et al., 2008a) , 175 2= & 1A
R AR IR N Z SR i TR A R A, . R 3 b
F6H TR K AR R A K S M RE R A B R IR
(Wendlandt et al., 1979) , 5{ Z I ASJR% (Zhang et al.,
2017) JE B, FE ARV 1o R v s 1= e A0 ) T 0E ARk
R 3, IR I s B iR 7 7 £ 0 R & 4E (D'Orazio et
al., 1998; Zhang et al., 2017) ., A 22&IN K, kR
BRI RERR IR AN I N, 4 R A
BRI IR A AR 1 o0 2R 10 & 1 B ML (Twyman
et al., 1987; Doroshkevich et al., 2017) ,

A5y BLTR P YR 25 S A B R A A T B R Y
AT AR G DB E R L0716 Woolley
25(2008b) Ay T B R B 527 A RIR T b
() O e, T 3 AF A v I A G M DXt I B A
2009; AR5, 2010) PN 52l o 04 b [X (XGie et al.,
2019b) N 5 1l B0 IX (PP 55, 2019) PO 1| 224
A6 1 DX (JE 9 25, 2019) T[4 2 i IX (IR B 45
2019) , UL M # g (Orris et al., 2002; Thi et al., 2014)
SRR 4K e IR — R G iR A 7, B AT R
(B 7 7 b DR STl 11 I 7E 550 DA E (B HES |
O Rk R AR 07 RS2 1004~ o 2 Bk
FA A TR R IR S TR Y
T — T A (Xie et al., 2019b) , Z4E nx 104 AP,
A B R A B e R A ] LIRS & RR R
B o0, ol LR B R s iy LT A% (1 4)  (H%
TS B R 5 e A - e R AR A AR I LR E R
AN

HI ST 20, 6 i 70 210 b 5 X 2 B
T 0 TR e P S T RF wvb A A AR B A A2 AR R
M IR BRI TR PG B2 3 g b e i X
fis o0 R B9 FEE I (Hou et al., 2015) , FAE IS
A LSRR RV L o2 S s o
KRN LUK S nx 1073 (Kato et al., 2011) , 45 5] 2 it
DU R R PR R 45 4% Th s 1 o0 2% #2705 (Hein
etal., 2014; 2015) , HAF b sg (AT UE iU s # TR
MR IR X KAEDIRY T AMUE B3R TR,
HEMR TR EORS B ER L TE s 5 A
FU(Kato etal., 2011) , PRI, RPEDTRRYI ARG R A3 1l
DRI 02 & H B R (BN RE X A T iR A %

m— Montain Pass
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(i Verplanck et al., 2016)

Fig.4 Chondrite-normalized rare earth elements patterns of
carbonatite from key REE deposits in the world
(after Verplanck et al., 2016)

i 2GR AN SEAIRFIE . SCEG L BRAL 2425 R
b TR 5 A4 Al R R LUE B A, HL
W] SRR A A TR R R R TR E A,
TR T H s 5, HoW HOe R B REUFA KR
(n~nx10), H% HH# + 08 & 4 25022518/ (Fol-
ey etal., 2009) , 5 B BRI 55 T oC R iR R Y
FRIEART . 2EF IR, BRIE XA LR B I, ki
FR AR S KA AL B R D e
FE HH TR 505 T RE R U R A
RIEROEVRivE=s Al K RN il RN LN N kY i
TR I E RSB D RGBT o

(4) WA AR 58 A B0 55 , SRR Eh 7E FH =%
TR LT R AR S AR T R IR B L 65 A

R 5 T A2 1 2= 5P A £ i 1 5C 8 (Smith
et al., 2000; Fan et al., 2006; 2016; Qin et al., 2007;
Lai et al., 2016) o HiAXS 1= 5P L0 R &6
TR A L R ) 0 i i 25 Wk b 32 22 40 ™
(a7 ff A VoA A A ) F R T A R I A
A BARIEAT T — 2 19 TAE (Smith et al., 2000; 5 3%
4% ,2003; Fan et al., 2004; 2006; Qin et al., 2007) ,{H
W T X&) T 282 AR5, 245 i i A 2 (AR B
FEHT AR IR , o 30T X fA s i AIL I L I
VR A L oe R B ML iE LA A o
Smith Z£(2000)I\ A, 2= SR IEH - B i 4 i fL 7
ki R CO, TS, W T3 Ak R (IR IR
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JFE )& AR, B Ak & A A I AR T e ) 8 11 A TR
JE R . Fan%§(2004; 2006) Xt #f + 07 41 s 41 A 2
R AR Y e B, A AR S R A8 A
SAHIE CO, AR BRI | —AH 1 5 kB U R 2
AR R P K T A A R A 3 — T AR
B35 BBl 5K (100~450°C ) , I8 H 5 13 = 5B 1A 1 -
P LA 5 1K N H,0-CO,-NaCl-(F-REE) Hi {4
&% (Fan et al., 2006) , Horfr, & 789 i) fi A4 22 4
R A B A CE A AR LR IRER T ) (Fan
et al., 2004; 2006) . [z SPIERG 07 4 & K2 B
R 601 (AR df A ) DA A rp & A i
T ¥ (Fan et al., 2004; 2006) , % W 14 = 2P 18 5
B S SO, 1. B 4h, Qin %E(2007) 1 H =
SRR BRI A P E BT B 2T S e TR
AR, A 2 PR RURI A M 24 R AE 5 4 4 BRAG £
W IR E B 1Y & iR SR I AR 224 (Xie et al., 2009;

a
987

2015) oAl . SEH BOIRTESHRER-F LA
A R A PR B 0 Y AR I 4 A 1 AR
T 12 5 -t PR 45 VR A A (1] 5a. o) R Z AR IR A6
TR BR8] 5¢.d; Xie et al., 2019a) , 2% W U™ Bk
R R B s v B % SO s

AR, SO, AE M - JL 2T b (0 1 FH A5 21 4
Kk Z 2= ) AL (Xie et al., 2016; 2019a; Migdisov
etal., 2016) , WAL ZE AR (Xie et al., 2009; 2016; 2019a)
FIHL BRI A AT 07 HHESE T R AR M s ot &
TR FE A (Migdisov et al., 2016) , H. 7 SiO, iy
T 2 6 - /K A 2R et Rk EL A AR v 0V A B2 R
JLEILFERE JI (Cui et al., FF ), (HLIER A = 7818
SR G ARBESE 6 SO, ER UL R IR ST Y
VEFISRTEAE A FRIRADFI

(5) BT Hb TS R AG 1 S8
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Fig5 Laser Raman Microanalysis (LRM) results of sulfate- and carbonate-bearing melt inclusions in fluorite from
banded REE-iron ore in Bayan Obo(after Xie et al., 2019a)

a. Sulfate phase in the melt inclusion; b. Carbonate phase in the melt inclusion; ¢, d. Sulfate in the multi-phases sulfate melt inclusion
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R A5 #a) s SRR 2 B . B AT = SR
PRI AT T K& ) TAE, 3L F HI~H7 (H9 b4 it
HUZ AR A B T 2 SR A A Ml SR AR (Xie
etal., 2016) fHIHAGARER AP R I 2SO A
MBI BRI 22 RRAE , QDA A SRR S e 1 2
IR o3 e A e I A PN /R T A e e A T o
AL TR, XPBRIR I R T A B AR OT R
&S S TR v D RGN T AR

HET, 28 FH VAT X[ 5 7 AR IR
L M XA A 506 (H1~H7 \H9) 2 #0AH
BT, 5T, BH G T R
B, B H8 A1, HO A A Bt H I B A 5 s B b

@ e |
oy

»;

s 20001 pu

-, 4

Kip, “3

B TR L S R R 1A B8 — B 20, SR R IR 5 AH o3
MR, FHFAERT N N IR B = o 53 b, X X
H1~H7 & A7 BT HY AL A5 R HE , AR AT REL A A
KA (PGS0, R, EA I EE TR U=
ORI B RS ELAT) F 2E— 2D MOt R 58 3%

4 MBS A BT A O
WA R
41 H1.H2ERETHEE

B A IREE A B, TE H1 A7 BT Hh T i 28 g
FTH2 5 A7 Boo v il 28 B e v il W B R B
1, FHAFERKA TR, 5 —Ribs Bk g
JBRATH A —E R AR A2 g R T
A AT G AL T B ) I 2540 (5] 6a) FITBL AR
JER A AL B 4R (T 6b ) 2 T8], 3 B 5 A B i
21 TSI ARG M sh S E LS . RSB 1Y

1000 un

El6 MzSBE XALES “BRa” 1 B AMEE T B A GE3S L)
a. ST AL K S5 K , A DEURLA T & B Sl T4 s b. BER A LAE A, P A7 % N IS 1) S JBORE T2 el it , 5T g AR Ak A7 B R
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Q— ¥ ; Kfp— i K Ay

Fig 6 Photomicrographs of “conglomerate” in North of Bayan Obo mining area (crossed nicols)

a. Granitic texture of weakly deformed domain, and with dynamic recrystallization of edge of quartz; b. Mylonized granite showing rotating recrystal-

lization of sub-particle of quartz with fine-grained matrix of quartz and K-feldspar;c. Mylonized granite with fine-grained matrix of quartz and

K-feldspar; d. Weakly deformed granite with euhedral K-feldspar and dynamic recrystallized quartz
Q—Quartz; Kfp—K-feldspar
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B4, Hoh o 2 AR b (1 6d) |, 1A & 12 350 11 P 8
RE WAURL I AURL e % 1 45 i 55 Atk Ak 298 42 (1]
6a.d).

AU AH AT SEM/EDS 45 SR 3R B, 3 46 i 1) Bk
FURLRLED A h - W 2 2% 46 A e K A 4
A B A R A S, B (B 7a b) R KA 2
A= T A% KAk TR a Ak,
WA LUE F B I A . B A R B ROt Bos
B B A = I (B 7o d) , A HOR 5 38 A i)
B AR AR S £ A (Xie et al., 2019a) .

H2 5 BT Y il A 9 A R T Bk 5
VI A A B RHE (18] 8a) , Hor Wy 4l ) LA A ey 3, JF
TR K A A KA LA BRI AR A
AL DL BRI ' (] 8b) RN i) 8l 25 JE 45 b B Ak £k
MG (E 8b~d) , A W] WA AW AIE M, H S5 A5 R
IV BRI 5 (K 8e) , 5 R ARG h E 25 i E
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() s R0 (B s FE #iics . 2
FXF R H AT B HO Bos R T T R A A
2% F1 SEM/EDS 73t 453 %M, HO s M il 2
B HEHA AT 73 528,508 — R FE B A
B, AR L A (] 9a) BT AFRZ A PR = HEAR
F B TR EFER B A SN MR T Y
R (E 9b ), BT AFRZ WG Al h s 55 =2 2 H
fie TR £ 0 M AL 1 (11 9d) | JRi 8 & 7 JBE e A (]
9d) , Hif AR A 85 A 5 20 VU 28 2l 0 KA
B, AR Z I E B, 28 S E 2 KA A
B, BVET AT U B R

SEM/EDS 45 JL 30, FIril 22 = B A i 0 241
AR N AR B BRI KA (K 10a.b) , I

10 pm

K7 Bz sBEH2 A o i 4 BT U i T R (BSE) (a b) FIBII AOEER (CL) (c.d)
Q— A Kfp— KA Zr—55 A
Fig. 7 Back-scattered electron (BSE)(a, b) and cathodeluminescence (CL)(c, d) images of zircon in H2 unit of
Bayan Obo
Q—CQuartz; Kfp—K-feldspar; Zr—Zircon
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Fig. 8 Photomicrographs of “sandstone” from H2 unit in North of Bayan Obo mining area (cross ed nicols)

(a, b are from same slice but with different scale; c, d are from the same sample with a and b, but from different domain)
Q—CQuartz; Kfp—K-feldspar; Bt—Biotite
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LR BRI AR K o R e DK PN 2 2 gl A
JEFN R B A, AT REAUER T SRk A R A 1L |
Bt . PRI RN, Ra i e s
T BE R R A SRR TR o - REE TR 7 A% o R B —
oy FA Wy A S AR A, R JC W oy B, AR

TR WA AR A o TR HO AR B AR AR 4
SR, H 5 8RR A B A AL BUA RS, 2
Re-Os 4E{#% 4 (1447+42)Ma(Liu et al., 2016) , 55 41 1
U-Pb B0 AE#8 47 (1505+412)Ma(Lai et al., 2016) , 5
H8 F BT Y 55 A1 U-Pb 4E#% (1418+29)Ma~(1417+19)
Ma;Fan et al., 2014) RS U-Pb4E#2 (1.4 Ga; 1
AT, R PIBER) AH Y i — 2D R HO h i 2 = B
MR R BERR IR A U BRI ) IR )
43 ERBRTHREFNIEHRBRESRBELAR
MIRT HHEX

A R B BT S L X S T AR TR
B A PR RY B ST R TS AR A, BT T8 IX 3
BUA A AT R TR ARG T s 1) AR
OV RN, IFEE T 1) RHZ R ) LB (7
I, 2012) AHT AR A A 25 RAUESE, (1 2 ) AT
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AT HLIT ] BB IR AE AT A 19248 b 2 |, T 5 K AR
AR B4 X P HAL 5 HT H2 (HO A A LAY
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Fig. 9 Micrography of varied lithologies from H9 unit in Bayan Obo (cross-polarized light)

a. Biotitite; b,c. Biotite rich carbonatite; d.Mylonitized calcite carbonatite

Bt—Biotite; Kfp—K-feldspar; Ap—Apatite; Cc—Calcite; Carb—Carbonatite; M-Carb—Mylonitized carbonatite
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Fig.10 Back-scattered electron (BSE) images of varied lithologies from H9 unit in Bayan Obo

a,b. Biotitite type with high apatite content; c,d. Phologopite rich carbonatite

Bt—Biotite; Phl—Phlogopite; Apt—Apatite; Cc—Calcite; Mt—Magnetite; Imt—Iimenite; Mo—Molybdenite
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