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Cui Y, Wen HJ, Yu WX, Luo CG, Du SJ, Ling KY, Xu F and Yang JH. 2022. Study on the occurrence state and
enrichment mechanism of lithium in lithium-rich clay rock series of the Daoshitou Formation of Lower Permian in Central
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Abstract Lithium is a critical metal and is widely used in new energy indusiry. The newly discovered carbonate-hosted clay-type
lithium deposit has the characteristics of large reserves and low mining cost, which make it to be another potential lithium exploration
direction in our country. However, its occurrence state and enrichment mechanism are still unclear, which hinders the evaluation,
prediction and comprehensive utilization of this type of lithium deposit. In this study, carbonate-hosted clay-type lithium deposit in
Central Yunnan, Southwest China was selected as research object. Samples were analyzed using X-ray diffraction (XRD) and scanning
electron microscopy equipped with energy dispersive X-ray analysis (SEM-EDX) to investigate the composition and morphology of
minerals in Li-rich clay rocks. In addition, focused-ion-beam (FIB) and time-of-flight secondary ion mass spectrometry ( TOF-SIMS)
were employed to characterize elemental distribution at micron-scale. Analysis results show that Li has a strong positive correlation with
Si and Mg, indicating that the carrier of Li is Mg-rich clay mineral. FIB cross sections were analyzed using a transmission electron
microscope (TEM) equipped with EDX to assess the elemental distribution and mineral composition at nano-scale in Li-rich clay rocks.
As a result, smectite and/or cookeite were identified as the carrier of Li. We propose that smectite formed during weathering-
depositional processes could incorporate a large amount of Li and then transformed into cookeite during burial diagenesis. New insights
gained from this study will improve the mineralization model of carbonate-hosted clay-type lithium deposit.

Key words Lithium; Carbonate; Clay minerals; Weathering; Occurrence; Central Yunnan
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(a) ZRIAIERILIE ; (b) FH IR & i A AR T s B

Fig. 1 Distribution of lithium-rich clay rocks of the Lower Permian Daoshitou Formation in Central Yunnan Province ( modified after

Zhang et al. , 2017; Wen et al. , 2020)

(a) simplified tectonic map of the Yunnan Province; (b) paleographic map of Central Yunnan Province during the Early Permian
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Table 1  Contents of Li ( x10~%) and major elements (wi% ) in Li rich clay rocks

K5 Al Ca Fe K Mg Na S Li CIA
NLC03-1 22.6 0.01 4.22 0.53 0.26 0.01 0.01 4740 98.3
ZK05-Hl1 9.63 7.07 8.76 2.42 4.16 0.13 0.02 377 89.7
ZK05-H2 15.65 0. 16 2.48 1.65 0.41 0.38 2.85 2280 9. 1
ZK05-H3 13.95 0.20 6.35 1.33 0.37 0.29 4.84 1700 9.7
ZK05-H4 14.10 0. 10 5.93 0.94 0.26 0. 06 6.97 3220 98.3
7K05-H5 17.90 0. 06 3.03 0.31 0. 16 0. 04 3.33 3130 94.9
ZK05-H6 17.20 0.24 1.97 1.09 0.20 0.07 1.79 1600 90. 4
ZK05-H7 16.70 0.48 2.24 2.26 0.37 0. 09 2.04 830 91. 1
ZK05-H8 16.90 0.33 1.73 2.05 0.24 0. 10 1.48 1100 84.8
ZK05-H9 15.70 0. 30 1.14 3.62 0.28 0.13 0.84 330 79.9

ZK05-H10 14.90 0.31 4.36 4.98 0. 41 0.13 0. 41 93.4 77.0
ZK05-H11 9.28 15.35 1.77 3.71 0. 44 0. 09 0.15 92.2 82.9

B2 BhfL ZK05 JZ R 2 S R

Fig. 2 Lithological sequence and sampling positions of the drilling core ZK05

MDA BRA " 52 A, R ME-MS61r J5 ¥ , Bt FHAY 2%
Agilent 7700x T Hy B G 55 B F 1 & 55 BT 1% (RN Agilent
VISTA #I L JRGHE G 55 8 T R S T4 03 405 SR AH X
7% RD <10% , A% 2% RE <10% , #87 FHtE M Li &
FRASITEERIE 1, AT YRS E T E R B aR 1k

2EWFSET IR b BR b 2% [ 5% 6 52 50 % ( SKLODG-IGCAS)
SERCIR (U4 H AR B 220 W) 77 D/Max-2200 B! X S 26 fif
FHL, TAESAME R Cu Ko 4851 A SR B @3R8 I B K
40kV 45 HLTT 40mA , Be4% . DS/SS1° RS/RSM 0. 3mm , 154l
BE 3°/min, HTEERILE 3,
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Fig. 3 XRD patterns of the analyzed samples

S-smectite ; I-illlite ; C-chlorite ; K-kaolinite ; D-diaspore ; B-boehmite ; H-hematite ; P-pyrite ; A-anatase ; G-goethite ; Cal-calcite
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AL, 20 wm x 20pum 10 wm x 10pm; R B M I 57,
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S TRET B =0. 196nm/s (FHXFT Si0,) .
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(a) BOARFEAR— K B AR A7 B I AT , BDIR— K BE 61 A0/ B0 8] B i e, AT Bk bk 2 2 55 (b)) — /KB 60 £/ A4 Mo 2 i 1 2k
W ARAR, BA TYH LT MBS MR s () SRR AR BLE T 85 41 R IR R AR AT R PN AL (o) YT R FZ 28 PR 40
Jit; (g) FE TP A A A7 BUERE TR SR DEAT ; (h) BLBRAT 20 WA EROR B L8 R BT 5 (o) (1) (D) 283 (a) ((d) | (h) HXRE A

1.2.3 WREIS

Fig. 4 Backscattered electron images and EDS analyzes of clay rocks from the Daoshitou Formation

(a) coexisting of granular and colloidal diaspore/boehmite and chamosite; goethite vein crosscutting the matrix; (b ) diaspore/boehmite vein

crosscutting the goethite; cubic goethite with pseudomorphism of pyrite; ( d) diaspore/boehmite coexisting with illite, anatase, zircon and the FN

excavation site; (e)the FZ excavation site crosscutting illite and the matrix; (g) illite coexisting with anatase and cookeite in the matrix; ( h) random
distribution of anatase; (c) , (f)and(i)are the correspondent EDS spectra of the selective pointsl, 2 and 3 in (a), (d) and (h), respectively

&) 4 KB B (Liv et al. , 2013; #A 3E25, 2018) , 7%
SHETERT B BRI ST T RS (B 4b) , BB RS
(W&) A1 XRD 4347 (1l 3) FEAFE Fy ZKOSH4 Fi1 ZKOSH3 i)
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de)  HEM A 4R A (B, 2017) , — S S50RLE A
Al/Si HEHR = (RERE R A2 U T 41) BILFARE Fe %
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FH B, LT SEM W HER i BRIk SEM FIFR A, i

RSV R 2 SR AN T R o A TR
(El4d,g,h) . IR (KE) BEE & ZKOSHY . ZKOSHI0
(B 2) JLFAE— KBS A /2 WA, S W A1 9 XU AL 7R
BE R ) L AL AR SE L P 0 55 L2, I B2
T YRR RIS A (B 3) , BEA ZHOSHLL Ry K fk
TEAFER R T HFEM Ao, B &/ HEFA (B 3),
RFIEPRRAEY N INY . BEIE I HT 52 2 F0 3 AL TAFE 5
NLCO3 H1 ZKOSH4 1) KL 5T 4 (151 4d, h) , KR 405 58 1% Wi 43 (1
AF, 1) FATHT 85 R B 2 B, AR A 2 I 3 Ah 3 eh A
R BLERT ) — /K BB AR/ s A £

3.2 FIuWHhHTESST
TOF-SIMS F T4 J= 3 25 7 i, B A v 5 480% A IR
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5 K5 ZKOSH4 FIB Y] 5 R # I TOF-SIMS 434 By 1E KB T K14
(a-h) JGE Al.Si Li Fe K. Ti Mg Na [ TOF-SIMS IE WK & F 5 ; o R m 5 B L, Li & 4200 608 E 68 B rZebs th; MC-R MR &R

1B R4 TC-2 A4S T4 1% 880, A% X 8K 15 um x 15 m

Fig. 5 Positive secondary ion images of TOF-SIMS collected from the FIB cross sections of the sample ZKO5H4

(a-h) positive secondary ion images of TOF-SIMS for Al, Si, Li, Fe, K, Ti, Mg and Na; The Li enrichment areas were marked out with white
elliptical broken lines; MC-Maximum counts per pixel; TC-Total counts of the entire image; The view field is 15um x 15um

K16l NLCO3-1 FIB YA B 1935 41 H BE Al TOF-SIMS 434

(a) FIB Y1 R B4 5 5 1 B R M 3R TR I 4 (HAADF) 125 (b-h) FIB R 103 AL Si Li Mg Ti K Fe fj TOF-SIMS iE — ¥ T
G OB BT AR A b Li 5 4 A (02 2 5 A X 10pm x 10pum

Fig. 6 TEM and TOF-SIMS analyses of FIB cross section from sample NLCO3-1

(a) TEM high-angle annular dark-field( HAADF ) image of the FIB cross section ; ( b-h) positive secondary ion images of TOF-SIMS for Al, Si,
Li, Fe, K Ti, Mg and Naj; Li enrichment areas were marked out with white elliptical broken lines; The view field is 10pum x 10pm

A3 AiE B (Liu et al. , 20185 Lai et al. , 2020) . FL, %A
TOF-SIMS %f FIB ] A Bk i L 19 70 40 A 6 BLHEA T 3RAE
Fefil ZHOSHA f FIB Y1 (LA R ICHE FZ) 28 i BRI 4 4.
BRI (B 4e) , V)7 & BT 09 BETS 0 A WL 4i, FZ
HEFR I A9 TOF-SIMS 2347 (&1 5) %W, J0E Si Al 7EAH A
AR ) (B Sa, b)), RO T S R B 4 4 LA

YN E ;T TR R R AR (] 5F)  RRF AR
HRR G S Bl 2 A R R Bk s WA PP R KA X s ]
REMPAIA , Hh LT A& Mg TCE (18 5e,g) . Li TTEMIST
5 K EIGEN:, SR _E Si f Mg JEE 1A X 38 1)
A(H 5a-h)

K NLCO3-1 £ FIB )5 (AT IEAE FN) i 8 J
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7 Ffdh NLCO3-1 FIB DI F i X3 1 9% 55 L Bi i

(a) FIB Y A BT 14035 55 HL 5 HAADE {8 ; (b-f) X A8CH ALLSi K Mg Fe [y X SHICH B ; (g) B K-24 K it K10 HRTEM ff
F 6B FET E1{%

Fig. 7 TEM analysis of area 1 on FIB cross section from sample NLC03-1

(a) HAADF image of the selected area; (b-f) X-ray element mapping results for Al, Si K, Mg and Fe; (g) HRTEM image and corresponding FFT

image of the variation area of K contents

K18 AFfm NLCO3-1 FIB U)X 4 2 .5 i B

(a-e) JLHE Fe Si Mg Al K { X SR MR ; () & Mg-#% Mg 139 X 39 HRTEM B8 5 & XF 2 AY FET %

Fig. 8 TEM analysis of area 2 on FIB cross section from sample NLC03-1

(a-e) X-ray element mapping results for Fe, Si Mg, Al and K; (f) HRTEM image and corresponding FFT image of the variation area of Mg contents
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(B 7a-e) , /B84 BI0E FH A4 K A Mg, H K 1 Mg 7t
ZWAARKBEAES, E K NF 7R KR A R(E
7d) M E Mg T2 2 AR R BUUER (B Te) , REAPI AT
RNFET Y HICRR /45 RERER 225, Fe THE AR
TR0 Y LR EA 02, LI LIB0RE i 45 9 9 I =X 4
0 (E7E) AT REZARL LB N & Fe TR IE IR 7R AR Y
SR, WO BRI ST HLUBE (HRTEM ) 5 R0 bR {8 B i A% 4
(FFT) BIRE R, & K X 8O0 R A & 8 0 LA (1R 7
FF12), SHRA S B, R it 4@ e ZE o
Yy, FFT EIRERBEH: dy, 299 3. 6A (8l 7g FFTL) , A EIE A,
B Mg AP ARESAE YT B PN B N 55— X 2 A9 Hr
T, BRI R 3L,

YA FN f X35 2 #9 HRTEM £ F1ot Km0 K 8
FiR ., Fe LRI EDL(E 8a) S5 7f th—3, B kIR AL
AN Si(E 8a,b) HENNB A E P A0k, B3 Mg X
AR U001 ] 7 M _EAYJZ 1RIEE A 104 (14 81) , JE
FRFIA B Mg B0 R 9 1 [ 001 ] I 1w L 1) )2 1) B 24
14. SA HEM R ER I A TS 9, (R ILLT R Fe o0& (K
8a) , HYI A B AL RIS BR T 900 Al/Si tefE g, LA
RERRGRRA , TN, WA T RICRIEE N 15A B A
32 B L FHR B I 25— 2 B i K o PR i 144
LA 001 ]2 M (R, 2012) , R I A REHES S22 0
T REME

25 PR B Mg MG H0 YT e A sk e A,
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BRI A 1AL 2 AR Mg, (HE b X B A G
AP RS ER R T RE R B i Mg BYSE RO F ALk , 4niE
i Al REYIREEA S B AZIE S ( Galan and Ferrell
2013) , L EA —E 1 Mg & ik,

4 Wig

41 FEEHTHRE

FEHITHE XRD Fl SEM-EDX 4347 £ 01, & # h + 25
M P TR A S 58 LA AL, R T EA
ARUR o R NLCO3-1 2R A 471 Sk 2 b e 5 Sk, Horp gy
Tt KRB A/ A AR 1B T O A O B
VAW SIE U 33 SE P W FT RE 2 2 b LR ) s ™
TEEAL LM T B R 25 - (Wang et al. , 2011; Liu et al. ,
2013) . FESE ORI A ST AR B IR S BT BT (1] 4b) |
bR P R R A Z Rk A ST S R e
BT AR o R T — KRB A I Ik o e R B
MEF T (K 4b) , AT RESEHLZ 0 THE & 0 dk gk 2 I KAk,
BRI B WS R B R (B L85, 1989), i
ZKO5H3 Fl ZKOSH4 A 8 2 B B AT (18 3) R AEH T K
PLZ N RIS RIS T IR Y, XRD 23 iR s 24 oA
FEG AR AL BB — KW R A/ i, R R
NLCO3-1 h A ehilfa (K 3) . SIFZE ALER—HE, 5l
FhidE P RRLAR — K BB AR 71/ I 7T BE R AL LA R P
KA+ 5 9 AL B /Y = 7K 45 A 3% 46 1M 2k (Horbe and
Anand, 2011; Ahmadnejad et al. , 2017), = /K45 A (Al
(OH) ;) 7 35 ~ 50°C Al B 7 il N 285 TR S g v B9 K A
FHT L #E AL Sl 8 18 47 (y-Al0 (OH) ) ( Temur and Kansun,
2006) , P ITEAL BT BOR ER A SR AF T T R Ak S — K R
54 (a-AlO (OH) ) (Liu et al. , 2010; Ling et al. , 2015;
Ahmadnejad et al. , 2017) , — /K845 A T2 T30 JE M B8
PRI B W TR ) T 340 S P B 05, 7 3 e 8 o vh 3 A (&
4d) FTLL Sz B [ A2 A9 IR (Liu et al. , 2013 ; Ahmadnejad et
al. , 2017) , Ui B & B 3 2 10 I8 B 85 O A D 1
B

FE it b B AR R w0 0 T RESR AT AR BRI Eh A Ve A
BRI T4 AL R AT B R AN T 1 = B el
LA K (Meunier and Velde, 2004) o il A7 55045 F
BRIRER A AR Y KA 5E T S R B XA e 7 ) (X2
&5, 2012) , #8530t P R B A S A B B AR Ak < &R
AL MERE R R, 1989) o S5 1 2 10 Tl A A
X E Mg PREE R FE A T AR, Bk FRER D ) (0 DLk Vs e 23
TEXA7E B - F T T8 B 73 5 22 H i 3R A 2 ol e e
(FhEX4EE | 2002) 4 #E XA 76 H 52 5 A7 1 TE 1 ( Bardossy,
1982) . 4 £ 7E L 3R 55 1F F J2 AN A2 E 1 ( Beaufort et al.
2015) ARAE AT AYRIFST , DB LR 9 =/ THT A4S 114 i 4 78 A1 7]
A SRR SIS A 58 Mg, Fe MO W 42 i ( Zhao et
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Ko BT BT3B/ & 12112 MR Ir 3%, WoR iR IEK R 45 88 AR TR (i Leeder, 1999)

Fig. 9 Simplified scheme on the basis of ionic potential (ionic charge/ionic radius) showing the relative mobility of selected ions in

aqueous solutions in the earth surface environment ( after Leeder, 1999)

F 10 Li & CIA {H(a) & ALO, & (b) B8

Fig. 10  Correlation analysis of Li against CIA (a) and Al,O,(b)

al. , 2018) , —-= J\ i A A 4 23 8 ] Fly o aod 7 v 7 08
A PRAE A 5 E L 3OS 8 AE B ( Viublevskaja et
al. , 1975; JAREESS , 1986; Zhao et al. , 2018) .

4.2 ERTIEFHAALAEEFTAHRAERE
BlA LA E A RN WALE | CIA B At 5 55
FRME ST M (R, 2018; EINEESE, 2020; B

AR, 2021) , H A5 DX E w0 R AR T B 7 2R AL — B
(Wang et al. , 2013 ; JEBEESE, 2020) , K B HEMN — & I RE,
ARREA —EANME, KIL TR, A LA P
PR AT P8 2% A AL 38 BRI T 5 19 7 (Yu e
al. , 2019) , BUE I FRALAEREE 1 KL W Bz L e m] A= 3T
FREFZAN W B W) B AL i e
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4.2.1 RAEHBHE

TiFF 5% 2% B BE IR AS Sl R 3k 7 1 AUk 7 49 2 i v 481 %
ZH 2 LY FORIR (B4R 5248, 20185 IRINEESE, 2020) ,
RIRACZHT, Li 7] BeRAE T 6k R 6 A M R AN A P sl ] T 28
W, ARER, = FEHE NI Tl Bl B s2 48 385 52 33 e 3
T R DARRIR ER 5 hy 32 1 2R Sk Ly 5 R R oy i 3 3
Tl AR RN ) 7 Do b S SRt S R R B R KA A %
B, FALTE NS UEAE HER, RO A B HEK RE W hE
S BRI IE PR RS, B DX T AL 1 A R s P A
Z5 N EA KM ETBEE TARESHIGERE S
293° ~10°NRY A, UL )e , B &, i X — E b
Tl BRI EEAR IR B (Yu et al. , 2019) , MR R TS
FI SRS, B AR A ORI AR S R i T
T 5 B B I B oy AR A E S ( Bardossy, 1982; Bogatyrev
and Zhukov, 2009) . b iR44 3 F ik SR IR BE R BEE AL X
ABAN Li TR BRI T R4

BHE A o — K AR S A T R B
YIRAT T —EFBENL Si Fl Fe 55 Al 1948 T A6 #2 . HL3R
BT 2 pH =5 ~ 8 B, Si0, A ARHERIE Fe B 10 ~ 20 1%,
H. Al ZAEXI AR E B ( Zhang et al. , 2013) , BUAJE A R AN
Y SERERRER T Si MYV BE B, O LARERR Si(OH), W
WHIERITR (B 1645, 1989) , 5 Al Fe Ti 4RG3 E
538 (Robb, 2005) , %L L 10 id B T B A B Y I KT
4y Fe Fl ALFRRR 2 1 1 BB+ 0 YRR Bl R 08 A, M6 A
MRBIE AL R = KA A, TE LSS LI L E A e A
=KERATERE W AR . RSS2 KA A 5%
Wi SZR TR B UG FH R AR, S BB Si FH |, AT Si
HE— v RIS FEE I E RE £ )20, Li &
BT <3(E9)  ERESFN TR BOKEG BT, W
PEZMT ZU0TE , B45 5 8 56 -8 B B (Robb, 2005) , K]
BB BN 238 R R K

B R, —EWBN L5 Al S REIEHEER
(Wang et al. , 2013 EIEESE ) 2020) , AR SCH RS AT Li &
5 ALO, TEMEEMICH:(# 10a) , XATREREKAEE
Al R ZUAb 2 A AL AT B 23 A1 Bl K & 19 BEA VW i IR IR & L
W o LA R Li BRI, X SeBR2A T B 1) Li 242
T W SR B RS A R IR TR L SR AR
HJ2 W A AL SRR TS, O A S
I, - U T B AR, IR g b Pt P AR B i P 286 - 72
2 RIVEESE, 2020) , fL2EMARFEEL(CIA) ABIE I
Wes A AR B, H 3 20 50 : CIA = [ A1,0,/ (AL, 0,
+Ca0 * + Na,0 +K,0) ] x 100, 21 Al N EE/R LE , CaO =
HFTRERREE Y CaO B i, HHE MacLean (1987) A9 7 54
PREAL S E AR IR W T, B CTA B Li i
SR IEAEE(F 10b) , [FIRER 2= KL X Li &4
MEZM, ¥R S FEE AR RNy kA <R
167, WP R A R 52 A B R (PR AL —IE A -5
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1) A FRAERE T K FHA O E AR % ( Galan and Ferrell
2013) L FE CIA [ FRAL = B h 52 2 3 s T, R
FER I FRAE T R 0 B thE 20 - 0 1 vt DL ), 2k A
TR AR AR T AL A T 5 & s e A S
AT T AE BT R AR T B 2 R A Y
(Hong et al. , 2010)
4.2.2 WIEATAREE

AR b DX R S Sl AR R AN 2 A TR
PR Il BT AR 38 (8228 4 12 s i I 1o B P AR X (AR AR
LA, 2018) o BEAKCHNERAE T B9 Bk Rl i 8 S 46 UL
52, W 5T T LAE 2 70 g0 AR R U LR S B0 Si AL 1 RO
O JE il Y 5 M T Rz 22 0 I A b (R RAE, 20125
Yang et al. , 2018) . #izid R, JF g RAb5E 20 Fe (AL,
Ti B Y& T H8F L0 P B (Retallack, 20105 Yang et
al. , 2018) . VEEARAEFARIHH , L b DX Ay i 2% -V 1 AH DB 3A
i, TR vh B2 08 Ly Bl 1 KA 52 B, TR AR o Sk 21
AR R R A BEE RS R AL, DXt R K L
T T DR 1 R TG AR 14 T ¥ VR B DL AR IX., 52 M D AR 3R
Biry Eh pH AHEK (Yu et al. , 2019) , T8 UM 0 J51E R 1
B CE PREE, DURR T EA Skl B ARk BG4 55 )2 (R 5
%5, 2018) , UURRAE FIIMIE], T° 40 TR v T8 100 Xof ¥ B8 1 HE
KRG DRI T4 R /KA 22 F AR F T D0 P 1 4k 22
Si & AL ZE L WA A Li FEHOBOR S RLRAE
4.2.3 BE%mRE LS REEENK

Rifi o VAR PR 4 0F (B Sk A M2 2 1 O GR DT RR k7R 46
L HEE LR T, S BT =K A K ) — K R
A/, A E S, RS A S 0ROk 55 [
S5 PR LA AR AN BB, A TS R S R THE T 2
A2 e BGE , KA BE— B Si R AL R, — 2t
m Az R ORAR BRI B2 5 T IS A ( Temur and
Kansun, 2006; Bogatyrev and Zhukov, 2009) , 52 # ) , i
FE X N5 IR THE IR . J5 82080R 200 W S ) KR A
BRI LUELA Sk 4 2 T RS L R R A [
FERY Li 15 RIS ORAE . 00 52 3 3 A SR A kit 19 s
R EFEM AN NLCO3, £k 2 S M A (k  sR A e ) )
BN 5 (& 4a,b) | BHAS Li 5506 21 70 3 1 PRt ik
UE(Li et al. , 2020) , Fr LAHCAHR 5 B0 504 B W8 /0

4.3 LiHIE&ENH

Bt PR — KR RERR IR W, B AR 254
RARIEH/NT 2um, i1 AL-O NEHAZ N Si-0 PUTH K2 4L,
SEA R eI SR e A R TR E e R O L AL
JEO R DR 0 % E B, 1989 X452 K4E, 2012;
PRREE, 2012), Li &£ GEEZ @, O+ WXt Li
B B4 FH ( Bauer and Velde, 2014) ; @AM E Li filk 5
FHATE BN ZES 20 (OB, T AR Li B2 ) (ANl 2t e A )
(Zhao et al. , 2018) , WFFE X 1l S AW, 28 K AE HBCR
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ik, HAMELUR WS Li A5 At B 42 8 1 108 A, IRt
DA s Li WA S AT W) & AR IOV R & R Lie 38k, R
AR P AR A A AR R A R Y BR R, TR R S AR A
K N SRR (Eberl et al. , 1998) , /NG R4 26 %
R A, T RE B WA 46 A 19 4L 22 143 (Williams and
Hervig, 2005) . /=3 a A B b IR T s 0 &k
AR TS, DB R 0 iR AR T S B i Bl i
AR ESF- 7 ( Williams and Hervig, 2005) , A7 F B & 41
Fidah Li FEEHE TR e Li (%W B [ 2 7E
FER AN TESEAE 2wy MAL-DL ARG 72, 458 B
LW Li (AT BE R Li S A B EAE,

Fi-u Wy ae g W s B s Y 3 2R 2 0 1 A2
AP * 3 Si** AR Ao Mg % AP (AR 58 2 B = 4
T FAA)Z W ff (Williams and Hervig, 2005) . &R ITZE W
KEMEFESIZHEMNZHES5F LT WEREEM
(Bauer and Velde, 2014) , /NZ&EEYIRE T — 158 HIK
BBk, I8 A P R 5 | A A I B 3 8 T i T SR T
WIRZEE NS 43 Ak, A5 4 8 5 4% 5 R i al ik
SRR AL-O B Si-O B AT 5l B 1 00RL 0 2 001 8 25 &
(Borst et al. , 2020) , Zh L2549 1 (% B g 1k DL S ™ A= HL faf 1Y
7 s A L Aaf A A4, 6 2 0 1 B A, AR &
HEAE AL-O NI , BT 7 A2 7 U S TOT BT R 3R
A FEES W A 5 A TE 5 Z AR Y 4 A DY A Y
10 A0S b SR B R 23BN 28 5 TE i iR R TP
WANZ 454 (Bauer and Velde, 2014) , 1Y pH {HA KB AT
AR AT AT FTH Si-O DO T 4 2 25 AR B (an DL ) 7= 2R
BB AT, BT AR TR R E L B, 25 5 T N JZ 456 ( Bauer
and Velde, 2014)

ANTRI PRI ZR XS i * W B o Pt 18y 32 i e 2 (A 26 AR >
Li* BIAGVRIE > B F5m I > B L > pH) R -0 ) 25 Al
FEE AR Li BN R ORRAE,2022) o il —Fh 1 o1
R RE A1, /\TE AR DY A b AT R Si* I R 4
/b H R — 20 OH - 3EH 55— 21 0 R ZS A7 —
B, R R I E 1Y, BH B TR 5 it NS5 A8 BT Z 1] (Liu et
al. , 2018) , Ry f 3 BEAR AT T Sk (14 W 5 R0 95 14 -OHL % B KH
BT T R A I Li R R A B AL R T
AENZRK T ZE 0, B [ 09 )2 R1EE, 47 =5 450 i )= 8] 58
U K" A (Williams et al. , 2005) , AF T W FATRE E Li
& Mg FH 8 Y58 B A RS Ue £ 1) DU T AR\ T 1A P R e &
A AR BOAG, 77 A2 AR 2 A0 4% & VE FH ( Greathouse and
Sposito, 1998) , %] Li Y i BR 1k 76 PR B A 8 %2 22 X ( Vigier
et al. , 2008) . fRUEMLIT RGBSR A K Z R TR T
R E B R W AR B A, BRSOk A KRR P
WY ELHEDIVE (Beaufort et al. , 2015) o SERATE LT RAFR
i, BA GRLRT/IN (B525 | L3R ET R K 19 4F 5 ( Bauer and
Velde, 2014) , HA7 5 a5 ) W B 28 B, ) 3 02 B 0 [ SE Li
JTLE,

B SHRB TR TR TOF-SIMS 43 Hrth e IH 52 B 74 5
PERe AR EE A Li 0, (AR R LA TR A s E
SHE A RERE R PIRA R AR E, SR EA TE AR
1 Li 5 Mg FMREART (R 1), MEAEZBA/ZRAH
TIX BT 2 Li 5 Mg BRI DCHERSF (B 5 & 6) , Xt
HHANIPIFEAY & (Ling et al. 2020) , Li 5 Mg BIARSCE
W ITE R A AL TR Be 52 B IR G AR b, 242 T L
Mg R B 4, BCHEN A Mg B4 AP K DU T 44
AP B Sitt A o7 i far b 2 (Rl 2 R A 2 4% AR H
BER Li A (LiT + Mg — AP Lit + AP —Si* ),
FEARIE RV B A IR T B RE S R4 it + Fe??
—AP R, BAN L 5 Mg 8 TR R AR, AR
4y Li BERE AR Mg, HE A RERR IR W A0 M ds o . BLARIRIR 3R
Y Li WS EBAL, B XA A -+ R b 00 = R m kPR B
Hrdy WAL S R F 52 R A TR, O Li 0 IR B R 3 42 2 fik
TEEHE,

25 LR Li RE s LTINS « BRER 2L G 19 ¥ i LA
BB AT FA AL, B T BES T Al S RIR AT Y o
P4 L, Tk P 5 78 A ol T2 S P AR P AR 55 A 50 58 1) 2 XL
AERUR T W b R B A e, B aERE
W Nl ANRE A RNZE G EE T Li, BEE,
TE B 20 0 AR RN LA TR S F ( Zhang et al. , 2017) 42
BEEY P-T R 200 TR WA DT 4 E Li SR A ]
REFG L NI A

5 &5

ZE PR A SCIE LU 8

(1) SEHEE 45 TEM 1 TOF-SIMS 43722 1 28 1 % 4
TR EER T YE B ARSI A,

(2) P i S A R T 508 14 vy A 2 IRVE P P A B e
TR o XA i R B A o 30 M P R 55 A R T AL 7= g vh 52
YA TR B B Ko L g R 8 8

(3) BUA RIS R 4052 B A e R Btk S T
FIREFG AR AR A

B PSR SCEAR N T E SR BRI TR
PR BB
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