1000-0569/2019/035(11) 338597 Acta Petrologica Sinica £ %54k doi: 10. 18654 /10000569 /2019. 11. 08

HZ= & XKL &I T = IR 4 E: X B R AR A
“ZHEEESENHMNBTR

AW RRXE KEH KE£F aEHET
LING KunYue, WEN HanJie, ZHANG ZhengWei, ZHU XiaoQingand TANG HaoShu ™

h E =B R A ST T , 0 PR b BR AL 2 [ SR e 5000 %, 5EFH 550081
State Key Laboratory of Ore Deposit Geochemistry, Institute of Geochemistry, Chinese Academy of Sciences, Guiyang 550081, China
2018021 kA%, 2019-0321 Z e .

Ling KY, Wen HJ, Zhang ZW, Zhu XQ and Tang HS. 2019. Geochemical characteristics of dolomite weathering profiles
and revelations to enrichment mechanism of trace elements in the Jiujialu Formation, central Guizhou Province. Acta
Petrologica Sinica, 35(11) :3385 —3397, doi: 10. 18654 /1000-0569/2019. 11. 08

Abstract The Lower Carboniferous Jiujialu Formation is rich in Ti, Li, Sc, V, Ga, Nb, Ta, Zr, Hf, Th and Rare Earth Elements
( REEs) and has the potential of comprehensive utilization as an independent trace elements deposit or associated resources in the
central Guizhou Province. Most of those share the same parent rocks with the Jiujialu Formation. The element enrichment degree was
controlled by chemical composition and weathering degree of the parent rocks. Therefore, the weathering process of the precursor rock
provides an important object to study the mechanism of trace element enrichment in the Jiujialu Formation. In this study, the Wudang
and Nayong dolomite weathering profiles, which were parent rock of the Jiujialu Formation, were selected to study the elements
migration and distribution characteristics during chemical weathering. Consequently, it is to reveal the enrichment mechanism of some
trace elements, REEs, and dispersed elements in the Jiujialu Formation. This study gained the following understanding: 1)
Characteristic of profile structure and Zr-Hf, Nb-Ta, Y-Ho bivariateplots, combined with the similarity of rare earth elements
distribution curves and Eu/Eu’ ratios reveal that these two profiles were mainly derived from weathering of base/parent rocks; 2)
During the processes of dolomite weathering, Si, Fe, Cr, As, Sb, Ti, Nb, Ta, Zr, Hf, Th, and REEs showed chemical stability and
result in enrichment, whereas Ca, Mg, Na, K, Sr, P, Mo, and Cd showed chemical activity thus lead to depleted; 3) REEs
especially MREEs were leached out and enriched during leaching and accumulation stages, respectively, in the Nayong profile rather
than the Wudang profile. The difference of ionic radius between REEs’* and Ca®* showed good correlation with REEs enrichment
ratios, indicate that Ca-bearing minerals such as apatite was the most important control factors of REEs distribution during carbonate
weathering processes in the Nayong profile; 4) Essential features of some elements were hided by homogenization effects such as
mineral decompositionformation, allochthonous materials addition, groundwater leaching etc. during carbonate rock weathering. The
Nayong profile that located at — 170m underground, was less influenced by homogenization effects, some elements embodied its
essential characteristics such as REEs mentioned above; 5) The parent rocks of the Jiujialu Formation were major materials of Ti, Li,
Se, V, Ga, Nb, Ta, Zr, Hf, and Th. During weathering processes, these elements were preliminary enriched in accessory minerals,
clay minerals, aluminum minerals, and apatite, then sedimentation together with weathering detritus forming the trace elements
enrichment stratum. In addition, surface/groundwater supplies part of P, Be, Zn, Sb, Pb, Y and REEs sources in the Nayong profile,
implies that the water addition effect was another important factor for REEs enriched in Jiujialu Formation. As a consequence, the
sources of trace elements in Jiujialu Formation are complicated. During weathering and sedimentation, immobile elements remained in
weathered detritus and be deposited in depression, whereas mobile elements ( e. g. , REEs) were first dissolved in water and then can
be uptake into sediments by secondary enrichment process to form trace elements enrichment strata.
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Paleogeography and cross-section map of Lower Carboniferous Jiujialu Formation, central Guizhou Province ( after Gao et

Fig.2  Photograph of Wudang dolomite weathering profile and sampling location
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Fig.3  Photographs of Nayong argillaceous dolomite weathering profile and sampling location
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XRD analysis result of dolomite weathering profiles
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Table 2 Major ( wt%) and trace ( x 10°°) elements composition of dolomite weathering profile
s WD-=2 WD3 WDh+4 WD-5 WD-6 WDo WD-8 WD-9 WD-0 NYH NY=2 NY3
Si0, 1.82 2.48 6. 14 67.3 76.9 63.7 93.2 91.6 89.7 32.5 46. 1 66. 6
Al, 05 0.53 0.72 0.85 14.9 10. 4 17.2 2.49 2.29 3.09 4.43 7.1 14.3
Fe,0," 0.24  0.21 0.39  6.03 442  6.98 1.56  3.14  3.39 1.04 1.51 3.6
MgO 20.9 20.7 19.8 1. 49 0.76 1. 11 0.15 0.12 0.16 8.74 8.09 1.97
Ca0 30.1 29.9 28.2 0.55 0.19 0.26 0.09 0. 06 0. 08 22.4 13.3 1.98
Na, O 0.04 0.02 0.03 0. 06 0. 06 0. 08 0.01 0.01 0.02 0 0. 466 0
K,0 0.16 0.19 0.22 1.48 0.93 1.71 0.24 0.18 0.23 1.27 2.04 4.02
MnO 0.01 0.02 0.01 0. 06 0. 06 0.05 0.05 0.03 0.02 0.04 0.05 0.01
P,0s 0.01 0.01 0.01 0. 04 0.03 0.02 0.01 0.02 0.03 2.17 0.42 1.42
TiO, 0.02 0.02 0.04 0.57 0.87 0.94 0.21 0.43 0. 56 0.226 0. 342 0.584
LOI 46.5 45.2 43.6 7.11 4.94 7.18 1.34 1.55 2.44 27.6 21.1 6.03
Total 100. 3 99.5 99.2 99. 6 99.5 99. 24 99.4 99.4 99.7 100. 4 100. 6 100. 5
Li 3.3 2.6 4.4 50. 4 50.3 59.5 6.8 11.9 13.1 28.9 38.6 63.7
Be 0.15 0.12 0.16 2.61 2.4 1.6 0.2 0.39 0.42 1.43 1.74 5.85
Sc 0.9 0.9 1.1 12.6 13.6 13 1.2 2.5 2.9 4.55 6. 48 10. 4
v 5 10 8 113 103 128 12 48 46 228 291 390
Cr 6 4 6 75 61 75 14 54 70 139 172 160
Co 1.0 1.7 1.9 27.7 46.7 24 45.1 8.8 4.8 5.18 8.3 6.53
Ni 2.8 1.9 3.0 52.9 44.8 48.9 5.8 7.1 6.7 37.4 48.1 52.9
Cu 4.1 3.9 4.0 26.6 28.3 48.7 12.2 5.3 7.8 30.8 36.2 58.1
Zn 7 6 15 202 113 151 21 20 25 159 206 641
Ga 1.14 1.5 1.76 19 18.55 23.1 2.42 5.28 5.73 6. 89 9.54 21
Ge 0.37 0.44 0.41 0.19 0.19 0.24 0.17 0.11 0.12 0.65 0. 67 1. 11
As 1.2 0.2 4.2 168 41.7 52.3 4.5 22.2 25.2 10.7 11.8 20.7
Rb 3.3 4.2 5.6 66.5 64.5 74.4 7.2 10.9 12.6 34.3 51.2 89.9
Sr 92.8 93.3 105 42.7 63.5 96.5 304 64.2 78.6 256 151 116
Y 1.4 1.3 1.6 24.1 14.7 8.9 1.1 4.1 4.8 36.5 15.9 56.9
Zr 2.4 3.2 7.2 69.7 103 110 12. 1 62.8 65.1 69.7 90.2 213
Nb 0.3 0.4 0.6 9.1 14.3 16 1.7 9.6 9.6 7.14 10. 1 30.4
Mo 0.85 1.7 0.41 6.25 3.51 4.18 0. 69 1.94 2.17 2.74 3.7 6.63
Ag 0.02 0.02 0.02 0.13 0.15 0.1 0. 05 0.08 0.09 3.35 3.04 3.92
Cd 0.02 0.02 0.02 0.31 0.17 0.04 0.02 0.02 0.02 0.22 0.19 0.43
In - - 0.01 0. 06 0. 06 0.08 0.01 0.02 0.02 0.02 0.03 0.04
Sn 0.2 0.3 0.4 3.2 3.1 3.7 0.3 1.1 1.2 1.15 1.8 4.41
Sh 0. 05 0. 05 0. 05 3.14 1. 84 2.87 0.24 0.77 1.03 1.22 1.87 8. 09
Cs 0.25 0.24 0.36 7.54 7.99 9.57 0.76 1. 56 1.87 6.61 9.68 13.2
Ba 10 10 10 150 150 160 40 50 70 444 600 988
La 1.8 2.2 2.0 34.0 26.7 20.9 2.5 11.0 12.2 25 12.1 32
Ce 3.94 4.16 4.16 89.9 130 85.6 19 22.4 23.9 41.7 16.7 54.3
Pr 0. 46 0.47 0.48 7.94 5.53 3.59 0.45 2.16 2.35 6.03 2.09 7.47
Nd 1.6 1.6 1.8 28.6 19.1 11.6 1.4 7.3 7.7 23.3 8.48 30.6
Sm 0.35 0.32 0.34 5.67 3.78 1.97 0.24 1.26 1.33 4.55 1.57 6.77
Eu 0. 06 0. 06 0. 06 1.12 0.71 0.36 0. 05 0.21 0.22 0.87 0.36 1.01
Gd 0.28 0.28 0.31 4.91 3.41 1.75 0.27 0. 88 0.97 4.93 1.59 7.57
Th 0.04 0.04 0.04 0.72 0.48 0.23 0.03 0.14 0.14 0.76 0.27 1.29
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Continued Table 2
s WD-=2 WD3 WDh4 WD-5 WD-6 WDh4 WD-8 WD9 WD-0 NYH NY=2 NY3
Dy 0.26 0.24 0.29 4.27 2.8 1.53 0.2 0. 81 0. 88 4.53 1.75 7.51
Ho 0.05 0.05 0. 06 0.87 0.61 0.33 0.04 0.16 0.17 0.95 0.45 1.71
Er 0.14 0.14 0.17 2.41 1.7 1.05 0.12 0. 47 0. 56 2.53 1.33 4.87
Tm 0.02 0.02 0.02 0.36 0.26 0.18 0.02 0. 08 0.09 0.31 0.25 0.74
Yb 0.12 0.12 0.15 2.22 1.73 1.27 0. 14 0. 56 0.59 1.91 1.6 4.69
Lu 0.02 0.02 0.02 0.32 0.26 0.18 0.02 0.09 0.12 0.28 0.25 0.72
Hf 0.1 0.1 0.2 2.1 2.9 3.2 0.3 1.8 1.8 2.15 2.79 7.15
Ta 0. 05 0.05 0. 05 0.75 1.16 1.25 0.14 0.73 0. 69 0.58 0.76 2.46
W 0.1 0.1 0.4 1.9 2.7 2.9 0.3 1.3 1.5 2.39 2.02 2.61
Tl 0.07 0.03 0.07 0. 85 0.8 0.87 0.17 0.15 0.16 0. 65 0.82 1.94
Pb 11.0 14.4 15.2 297 288 163 110 26.5 37.5 9.25 13.7 63.5
Bi 0.01 0.02 0.02 0.62 0. 64 0.78 0. 06 0.29 0.27 0.03 0. 06 0.16
Th 0.47 0.74 0.77 15.3 17.6 19.7 1.85 5.27 5.46 4.31 5.62 15.8
U 0.5 0.9 0.9 5.5 5.9 6.5 1.4 2.4 2.5 14.7 17.7 37.7
Y. REE 9.14 9.72 9.9 183 197 131 24.5 47.5 51.2 118 48.8 161
Y LREE 8.21 8.81 8. 84 167 185 124 23.6 44.33 47.7 101 41.3 132
> HREE 0.93 0.91 1. 06 16. 1 11.3 6.52 0.84 3.19 3.52 16.2 7.49 29. 1
> LREE/ Y HREE 8. 84 9. 68 8.34 10.5 16.5 19 28.1 13.9 13.6 6.26 5.51 4.54
Ce/Ce” 1. 06 1 1. 04 1.34 2.61 2.42 4.39 1.13 1.09 0.83 0. 81 0. 86
Eu/Eu” 0.59 0. 61 0.57 0. 65 0. 60 0.59 0. 60 0. 61 0.59 0.56 0.7 0.43
T - TR EAE I B (55 0 AR Ce/Ce” = Cey/(Lay x Pry) “: Eu/Eu” =Euy/(Smy x Gdy) **
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Ko A-C I #EBR Mg.Ca Na\Ge.Sr 7 4h, HARTTR WK AE Mg .CaMn P.Sr 5 #iidh, HoR TR ¥R A & 4R, (A H XL
WA ERIERIE N TR G S S YR AR, B, SERE( <6) /NS S (FS) .

ab WV Mg.Ca P.Sr.Y.Ag.Cd. W HI REEs %/ 54, LY 3IH AB Fl C =AN2 A0 1 O0E B ( X REE)
HATENHEENE b WA R A EKEITRNESE  SEENEKFEME AN 9.59 x 107170 x 10 *F141. 1
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x 107 i2F# + H.( S LREE/ Y HREE) 7 e 8k 229, F
A4 8.95.15.3.13. 7( 3 2; AEFE WD, # ILiTie
W) FHH B A F R B B e AR EET
WD T, W H AR — 2 R . B e R R
ARG R LA, BV A 7] B A C Akl B R L B T
HHBSETHESRAL, BB Ce TTE4h, WD-8 B H AW +
TR BRI LR M T AR SN HE(E 6) . %k
I a 2 b # ¢ EAL R, 3 70K St ( X REE) SER
IRETE (B 6) L, 435k 118 x 107°.48.8 x 10 ~° fi1 161 x
107°, % F#i + H( X LREE/ X HREE) WJ3% #7 s/, 4331
6.26.5.51.4. 54 , W IR /MERAE( K 2) ,ab M LITR
RARETH HER T ITREFHE Tm Yb Al Lu ZIT0R T
B D, bo B T E WK EEE(E S5 FIE6) .

5 Whig

5.1 EREREE EBLOLRIR

BRIR E e DAL AT AL ] 2 45 4 e SR B A
(FEiESE, 1992; AL, 1999; i 2 A%, 2001; ZE42i%
FEMEAS, 2011) HPAHAEE HERUL A (540 B FI BT, 2003)
I i AR A (5 I K A A AR R ) (2% 50 BRI
L7, 2004) o FEIRSRAURIA [N 20 Z2 UL, SRR RS HERUR
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B AR R U 5 T IR R £h A SR B LR IER R,
P kg W S R b A T KT RS R R R AR T T R 11
J ot T R S e R e XA T ok 4 e S8 4 o 3 B
Pz A (5 BRIEE, 2007) o BARBRIR R # XAL B+ Fr
I I BTN ) 7 & A (B LG IR AR SRR 8
PRI 30 7 B R R R 0 5 AR 1) e o R AR A L -
S AL PRI, B R 2 A 1 WAL T SR R R AR 1
{4 b ( Liu et al. , 2018) .

1 BT AVB FI C = AR AYH e i 4 i 2R AR AR
L, $8/R IRl B5 ( Wang et al. , 2010) , Hort B J2 Ce IE 55
RAAE TS, WD-8 H 1 5 &1 KAk i 2o i 19 SR A
FasE e Zr-Hf Nb-Ta 1 Y-Ho —JCE B7R = AN E S EE S 5
TR -G 1, R AB.C =200 BRI K
HIRR AL EW BRI S IMA(E 7; MacLean, 1990) .
AN IA R EEfL = KA S b, Bu 5% S dkR B BA
( Mongelli, 1997) , &% 24 K4k 5 11 = B BE Eu/Eu (B 3E % 2%
34351 0.57 ~0. 61( 37 0. 59) 0. 59 ~0. 65( F-17 0. 61)
H10.59 ~0.61( F-3 0. 60) , 757 J5 b WALER UL - 25 1+,
B 235 = A2 REE [ 43 i 26 A1 Eu/Ea” {8 44 {811 K%
Zr-Hf \Nb-Ta.Y-Ho —JCIRI4FHAE 5 7~ Z WAL 72 B £ B IR R



HIWKEF: R BRI B AT BN FHIE: L PR AR R R T 3393

TREDGHAS A

5.2 BEHRUHETES ST

TRIRER A WA 2ok 72 ol “J B s AN 9 7 7 AR
T AR AR HE RO BaR AN A R AR AR A e Ak A B B A AR AR AR
AR B IS S T A A B KA AR R R E R
&5, 1999) o ARIEHIHESE M B AT R EALRE( K 2) . 5
el TR N o = VA o a5 w1 = D 7/ IO e o = o =YL
BRI B . Y HI AB IR, &R
CaMg.Sr 45( [51 4) HA B 0GBl T /K ERE X,
HApRTT R EA T RFEIRBE R e, X5 Al X R IR LA
RALLT + A FR AR A — B0 EHEARSE, 1999) o 1 B-C i #2BR
Si il Sr Ah, HARTTHE B LA T, X A T IR E TR
WO IS A LB AL b (] 4 EHARAE,
2001; FXFESE, 2014) o XATRESHIME L&+ 2y
HRZE A A MUBT AL 53 A% 77 AR R R PR 1 R KR G, KB4t &
TEX GO T S & A M IERE L T /KBRS H 25, 7= Fe A1 Al
PRI AEREE Si AT & 5, R Si TR ST
TG sh M m( sk S, 2017) o A-C 3 #2,Si.Fe.Cr.As.Sb }
BT 2 ( HFSE) Ti.Nb. Ta.Zr. Hf . Th %5 ¥y ER {4k F
10, HoAb 2P PR BT — AR L AN B 3278 ot < e AR AR A 46
FISENN , & FEFR B 451 ; CaMg<Na K\ P.Sr Mo~ Cd Z5{k. 2 1
Fi ik o0 F A A B R 5k Ak, OR BUIR B ER {H
(<2) (K 4; skRNESE, 2014) o B L ICR B — & 1%
e, AR A PR R s R, B2 I R T &R
2 W L F] A RE( L 4) .

WD-8 1 A WAL T 25 A7 &, Hi T 7K FE e Ak 4K B3 4% 4, pH
1 Eh (5SS B S BOREL TR G A T KRR K,
1 LB Pb CosSr Ce Z AR Mt C 2 R 5 (32 25
FRAISE, 2015) VHPAMIE A B ORI B R B EA kAR TR
AF( 1 2) o Ce MHBH BHE( Ce/Ce” =4.39) FIIH A LA
BE; Pb Fl Co MR & (5 5T WD9) F/R it 3 5%, A
Pb il Co JCRAEMM AN 5 T8 , Wi AE 08 1 0 855 P I e
(F2; BRAGESE, 2014) ; Sr i H 4R (4 15T WD9) tifs
NG PEIARSE , RO XA #E L Bk 0 & Sr 5 i Tk Bk
B BREMEA S TR TITE R AR ( 3R 2; R4, 2017) o
g5 b R ARG T 2% S ¢, TF 38 12 2 S v it i i S
EE, LB AR AL IR R

5.3 HHERALEIE TR S BUAFAE

ANGET T A 25 B AT B AR ( P 3) s i
TS 1 4t 2 A AR ) R AR B B TR )2 ( b) SO AR
BB B e 0 B, AR S T2 KU R (B Z) | A% B
Berh AT B oy T OB R A AR EE A0 A 1 R T H =
AR (R 2 A 3) o HHE MG LT 4 5 i Al
LU, G g 9] 1T T 2R I Sl VA AR — 2 B9 2200, ab i R AL
Mg Ca.NaPSr S0 22 PTG R 028 HH B AR 1 L Y Ags

Cd W .REEs %45 T + 1 i Al X B2 e o R & A4 =5 5
%, WaABALK ER {0, KA e R WA AR M EE(RS) . Y
1l REEs Fik R 2 BERRES 09 70 S 800 (LT 5.4) L
LY R Ag Cd W B AHXT & AT BESZ 40 R W B A
( KRR KRS 2 A A i 3ha5) A3, RO AT (i 3
B A IS AT B R AL 5¢ 90 038 o #0 BE LL Ak R &k 2
KA B B & i AgCd FI W 55 & R T £, T4 ZEH
LT - 170m, R 32 B sk 52 5/ . NY 2 BE S B As £
FLIN LSRR B BCA T P 00 3 A TC R R B R TR
R ENERE 3 MES) AR IMA . ab
1 FE REEs YRRk ol B 5 B IR 56 ( R 2R WEIRES) MK
WA R LR a A sa— B E &
BAR, MRS (WK A1) W aE &M 1o R, BIRIGHRIE. &
REEs #3e A REEs (19 3 B 48 A5 ¥ ( Takaya et al. , 2018;
SRR 2019) 4

b-c i3#2 P.Be.Zn.Y.Pb.Sb, 4% J& REEs [ & £ B RF 4
E(ER>2) ,HEETREITE Ti Th.Zr HE, #5775 H F 7K1
FAMEH(E 5) o REEs (195 4 7l B8 5 B IR E5 UL TE A %,
K4 be 337 P,0; SREERI( K 2) o ae TEITHIE
FRAES 2 2 01 AN R, 5 e e F A L, 99 %5 1 Sh. Pb.
Be ZnBi Fil REEs & 4R 8 b 5 > F1] 1 B 55 , 107 3 >4 1) v )
SRR R AR AT S I B T AR A — 2 5 X R
B ET L NS E IR R, SRR e THTEM
S D RN ZER IR - 170m 4b MR K pH (E( HBZ EE
FUABRERER A HUZ) 5 T 5 Y 3R 1, 18 4 FIRR 0T
RS TS UIE & 4R

R, 2B 18 5 2 2 AR T 3 bR AL 2 1 22 Rk
AT RE T b2 B0 FNRUAR S5 14 1 2 5010 ( M3 5 T 119 22
) T, GhFRE T PRI R R R A AL AR 4 R T
FIESN AT RE 25, 10 5 2300 1w T XUk S 1 58 &2 2,
ZH W R R SRR BN R KR8 2 0 A1 AV
RS T L MR 1 S A A

5.4 BITFRENFHEREX

ARG L 2 T A R 0B BCRRIE A S AR R . 5R
TR MR AAL I TSR, B 2450 i T ( A-B i #2) M 10K
SRR A AR AU R AR 2R A K B L T R
TR R E &L AT E XA R T HREE [ LREE {5 3 1
SO S P R R IR, 1989) | F TR B-C g
) WK AR 5 (1 4 FI 6) o NI T 20 LR BR L ab
PR AT be R BUR G o0 B A (R AR
Bl A3 T I A B (S AE 6) o XRS5
LREE It HREE # a5 ( Ma et al. , 2007) (WL S AR S 5K FT
ZE(2015) AR AE 5 PH Vi L b DX 5 21 - 5 1T & B T
b LREE [ HREE g fe R, god o8 A A &7
TLERA MBI OAAL g 22 5 Ve S 2L -

NFERE ER T34 R R a-b i P REEs B R B
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&, Bl kAR S aR o, ) 9 3 2 SR AI L 22 MR T be 3
IR A EE(Eu BRAN) T HARE T w5 R e, )
WAL, SR (B 5) o 1 F Eu JGE AR RRIE, Hb
T - 170m FHXF A 5544 T, Eu L M B B K BT R8
WREIIL B 10 R —FEUUIE TR (B 6) o XIS B
5 Lt R B TR, M Lo R TR S
BT (99pm) R, 2455 L& Fh 28 it 7] 22 0% B, Ca
HEABEET i ( BRIE NS, 2009) . AR LOCE B Tk
M oLa® " #) Lo’ B T2 42 1 106. 1pm %3 45 /N & 84. 8pm,
5 Ca’" BT IR R R PR > B b > R (£ 3) .
REEs** il Ca®" 242725 REEs & 458 oK R JE % 4
BIAR M, ab I BRAHIC R B 437914 0. 86,111 b ISR Z 5
R AP iR T B R A DGR B4 5o - 0.70
1 —0. 98, 43R Ji X AT BE A 2 ) F R BEE RN B AL
LREIEFMEE B S MREASE, 2009) o 34 BN &
FIBAE R AR A 2545 h e o0 R 3 B WA TR S
(SEE A A T, H AR Ca®r g 7 e
o ab i #E P05 MR EWRI AN be 5T P,05 Y 5334 i
RIS E T REEs TR EHENFBERE(EK2) - &4
HWIEVER(ab I R)  BREIRAS A AR KIEIR( R 2) . FtoT
K2 W, B T2 42 22 /NG e EZ R Bk 25
HERL £ BB ( be i R2) |, F A KA T 5 £ 00 K R R
FUIE M A AR E S, HEFEREBNIR LIRS
EREE M (&5 FE 8) .

N AR TR MR R R T R A TR
PRI, 3SR 7 b 2% XA 30 1T DU AR MW 3 — 22 RUfk
R R I R RS R 2%, 40+ KAk 5 Th i R
FICEPSI RS, 2015) o L ICEAE KAL) I P
AL 2 ) R W SR A A B T K
VEFI 520 ( Parekh et al. , 1977; #K#]45, 2015) o {HLERRHR
A AT B R 5 1] 582 REEs 43 it £ 85 22 (19 45 41
G TR S, EST W L7 P ek |
%Az

£3 REES"BFHERFE.5C $Z£R REEs EEEH
Table 3
REEs’* and Ca’* and REEs ER

34 . . . . .
REEs’* ironic radius, radius differences between

g OESRER Gt ab M be

(pm) Nefps HERE CEFN
La 106. 1 7.1 -0.52 1.64
Ce 103. 4 4.4 -0.6 2.25
Pr 101.3 2.3 -0.65 2.57
Nd 99.5 0.5 ~0. 64 2.61
Sm 96. 4 2.6 -0.66 3.31
Eu 95 4 -0.59 1.79
Gd 93.8 5.2 -0.68 3.76
Th 92.3 6.7 ~0. 64 3.74
Dy 90. 8 8.2 -0.61 3.29
Ho 89.4 9.6 -0.53 2.84
Er 88. 1 10.9 -0.47 2. 66
Tm 86.9 12. 1 -0.19 1.92
Yb 85.8 13.2 -0.16 1.93
Lu 84.8 14.2 -0.09 1.82

T Ca?* B 7242 99pm

5.5 MARFARETEZEENNHFHNET

FULEIR 2H A 2 5 XK 53 B2 o7, Tis Lis Ses Vi Cr Gas Nb.
Ta.Zr Hf.Th. REEs % Z F fi £ 70 2 ¥4 A [ F2 14 1) & 46
(F£2) : 5435010 A-B i F2 HFSE () ER {H35#13 20, J7 A 7E
FHEERATEBERE 4200 MEs A P 254 b, A
WA X R R B4 L LivSe V. CroGa REEs 25702 ER {H 1y
KT 10; 5528 51 H 2R, ARGV ZE I i XL R A 5, (1
Ti.Li+Sc+Ga+Zr.Nb Hf Ta.Th 2570 Z T4k 1775 BH 55 11 5 42,
EHERBKT 1. RIREE B2 KL 8 R 34 o oo
P2 E LR, LR E e R VR A 0 R
TR

VIS, TiaNb<TasZr Hf \Th.Sc Z:fa € 0 & FE IR 1F
TERA & A B SE R4 - ( Mordberg et al. , 2001;
Ling et al. , 2018) , MiX L& @ 47 Y75 B4 KL iz  TTE A



HIWKEF: R BRI B AT BN FHIE: L PR AR R R T 3395

PR, P R A TURA P (L et al.
2013; Zamanian et al. , 2016) . Li il REEs 3 E Mt 77 F 5+
WY FIBERR S v ( £ B L1465, 2013; Sun et al. , 2012, 2016) .
LA TSR A GEE V 19 2T £ 9 ( Mongelli et al. |
2014) o FRIRILZERFRRY] Ga 55 Al BT840, nT 280
) G RR AR — /K B B A RN ™ v 1) AL SRR AR 85 B 3
PR ERE Ga & £ (17 R 4%, 2001; Mongelli et al. ,
2014) o P, BRIRER A FL R KAkt & Hr, TiL LisSe V. Ga.
Nb.Ta.Zr Hf \Th.REEs Z:{% 50 204 5 e Rl 4 3 1+
U580 W) Bl A0 S50 A v 2205 B K s BT BUE
BUEP AR B B ELE. H . Moo fEas
RUAR S Z B8 A T4 1 T S0 I ol R S ) bk 2R % T
B s AL S . AN, BEE KA
H AP MR K 3 KA T A i sh
A5) B AR , 4NZEHI IR b-c 7372 P Be Zn.Sb.Pb.Y.REEs
M BRI TTRAMEIT A MERA T 2 5) o FrHl2
M 70K, HAE be iR B ERER K S5)  HUFKEA
VEFISE M A &8 o 75 2245 A /2, R 7K Hh REEs 20k [
T A BT R I AR L IR E REEs /s 48 5 b Rk
MEANE B IR . 35 F A A AR + o0 2 78 WL T
FRR TG B AY S PR R A A SR — B8 ( Ma
et al. , 2007; Zamanian et al. , 2016) .

L5 TR, B v X i 2 (R IR R ) AR
AR B et LB A T B 42 9 TiLivSe V. Ga.Nb.
TaZr Hf Th 600 3R 2L T 2 224 R IR, SR 4 5 1)
TR G K AR T AR F 58436 sh PR B i oo 2 (il
REEs) B4R, 28 n] DLk 5 2R U

6 &k

(1) B4 KAk FIE = A 2 A0 0T F i 4 i 28 Eu/
Eu” 8 (4 #BU1: & ZeHf. Nb-Ta. Y-Ho — T BI454F 3¢ B 2 i
KINEBE A = A N BB A . I R AR B S5
KR+ n B B AR LU 28, g g i = AN R 2
E)IS) P

(2) Wi A A 53 i R SivFelCriAsSb K& HFSE
M o — AR L AN 5 52 28 I~ ik AR A XUA A FH 5 1 5%
), ECAE XUAR AT P 8 0 A LU B AR, & AR R R o T Ca
Mg Na-K.Sr P Mo.Cd.Y 5o R b2 B id U, 26 KL +
ARG . REEs T EGESRRRR , WAL & K itk ok
Je B2 PR AE T T 3B 4

(3) G4%hEdI w7 WA B Br REEs kR 4, H b
TR R, [ T RIS, 2 R T2 HEAR B B 0
A A N HARR R AU, 0 P B A,
Mk REEs™ Hil Ca®* 24222 5 REEs & 42 R 50 R 4F O H6
PERIIBERR S #5)K ) & REEs i 28R T 1) -

(4) GhgE “ba 7 5 1T 5 b 2 0 T RUAR AR E A7 7 — o 22

W, AN T s e R MR A b R T BRSO R R
JERFAE ORI o T 128 KUAE B0 T Fh 1202 KU 2 B Bk T B
KA AL S Z 0 O f B B A SR W A L R
TKIWRIE S5 1 SRV E RS TS 26 1 o0 3% A B«

(5) By juany 4l iR & A2 A9 TivLizSe V. GasNb. Ta\ Zr.
HITh S5 IR MK A FRERLWMRE A HZ, 41
SR AN (R BIR K AT AE ) /& REEs iy 224

Bugt D BB B st BR AL S 0 5 I s Vi TS B A T
VPR Sur Lt iV R T AR R SRS €
HR A B A R LA
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