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Abstract: This paper is the result of mineral exploration engineering.

[Objective] White mica is widely developed in the hydrothermal deposits, and the shortwave infrared spectrum of white mica
contains rich geological information, recording the hydrothermal environment it formed and its relationship with mineralization.
Analyzing the variation patterns and geological influencing factors to short wave infrared spectra of white mica in hydrothermal
deposits not only provides important theoretical support for the in—depth exploration and application of hyperspectral mineral
mapping technology, but also further improves the identification system for exploration of altered minerals. [Methods| This paper
systematically summarizes the characteristics of the short wave infrared spectral changes of white mica in hydrothermal deposits, and
analyzes the relationship between the chemical composition and content of white mica, and geological factors such as hydrothermal
fluid temperature, acid—base properties, pressure, and their shortwave infrared spectral characteristics. [Results] The absorption
characteristics of shortwave infrared spectra in white mica are closely related to the two main hydrogen containing groups AI-OH
and H,O in its structure, and the two main characteristic absorption peaks are located near 2200 nm (main absorption peak) and
2350 nm (secondary absorption peak), respectively. Since the AI-OH characteristic absorption—peak positions of white mica are
influenced by geological factors such as hydrothermal fluid temperature, pressure, acidity and alkalinity, white mica mainly
undergoes Tschermak substitution"'AP* + VAIP*VYSi* +¥! (Fe?*, Mg®", Mn*"), resulting in changes in the content of Si, Al, Fe, Mg,
K, and Na plasma, which results in a shift in the AI-OH characteristic absorption—peak position varying between 2180 nm and
2230 nm. Geological factors, such as original rock components, other altered minerals, fluid components, rock permeability, and
water/rock ratios, can also affect the changes in the wavelength of the AI-OH characteristic absorption peaks of white mica.
[Conclusions] The relationship between the AI-OH characteristic absorption peak wavelength of white mica and mineralization may
exhibit a positive or negative correlation depending on the geological environment, therefore, when delineating the hydrothermal
mineralization center, it is necessary to comprehensively consider the geological characteristics of the deposits. The illite maturity or
crystallinity (ISM or SWIR-IC) of white mica is consistent in different hydrothermal deposit systems, that is, the maturity values of
illite near the hydrothermal mineralization center are relatively large, while the maturity values of illite far away from the
hydrothermal mineralization center are relatively small. In the future, in order to promote the in—depth geological application of
satellite and airborne hyperspectral remote sensing mineral mapping technology, it should strengthen the fine and quantitative
satellite and airborne hyperspectral remote sensing inversion researches on spectral characteristics of white mica, and establish a
demonstration of hyperspectral remote sensing inversion application for mineralization hydrothermal characteristics of typical

hydrothermal deposits.

Key words: white mica; shortwave infrared spectroscopy; Al-OH characteristic absorption peak; illite maturity; mineral exploration
engineering; hydrothermal deposit

Highlights: The shortwave infrared spectral characteristics and geological influencing factors of white mica in hydrothermal deposits
are systematically summarized. The changes in the wavelength of the AI-OH characteristic absorption peaks of white mica have
limitations in indicating the hydrothermal mineralization center of the deposit, while the maturity or crystallinity (ISM or SWIR-IC)
of illite is reliable in indicating the hydrothermal mineralization center of the deposit.
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PR IR, XFRIZ KA IR (hydrothermal
deposits), J&F8 25 iR S 0 O RO IR, 1E—E
AL 25 T, LA R R A I AL b,
FEIANASACEE AT 7 28 A A7 (8 AR (R ik
T 2k, 2014) o RIRELY RO UL, A pl A
ST RISV Y ) H A R 43, WF9E LA AR g
St M AR, PR ERTRTE (K1, 2020),
]I, H AR LA S A A o 5 U0 Y ) R A
23 [RIOC R, TS W00 |32 o3 A Je RO IR B
HERYRIEZ —, 23K EHI RS AL ™ AL
I 5E A A5 %) 37 5 Dl AR B ) 4% DDA G
(MRAE B4, 2021) o JE LT AMETE R AR 78 PR ik AR
R, JC R X IR XE LA DX 3 1 2= BEGT H (%
BRI 53 | arlle AT Wy (B L 2k AN [ X)
53 VRALH™ Wy A A AL Pl AR ) (T o B )
R LA G5 e E 2 B8 A IR B o A
A C; PRUE SN T W) R ZL A (SWIR) GG Y
2 PP ISR IE Ja8 P (Fb A SRR IE B A L 2
WA 4 5 WA AT RS 85 N 9 B8 45 ) 45y T LA I I fg
FNAIPLHE, AT R I SR A b B B A T AR R 2
AR T 2 R R R AR A R X, I T
BEABIR IR BURIR P IR . L R R
P R (VMS) FIgR AL~ -8 1 R (I0CC)
(Herrmann et al., 2001; Jones et al., 2005; Chang et
al., 2011; A 4E, 2012; ¥/ 4%, 2015; Laakso et
al., 2016; XK %5, 2017; Wang et al., 2017; £ 5
4§, 2018; Guo et al., 2019; Zhang et al., 2019; Wang
etal., 2021),

F 0 = BRI R UL )2 K & Rk
AW, HAE LT AN SWIR) YT 1) 2 Rl SRR 1iE
PRI R B0, B QR T O AU ) D R R g
XPFR WA TE WA Re | WS LL | UG AE SR,
XS IE SR F A TR B, ek T HIE
BRI EE B 5010 G & (i = KA, 2005; &
HidE 2005; X A4, 2006; HHELE 2008; Yang et
al., 2011; Tappert et al., 2011, 2013; i B4, 2012;

=0 WF Z% . 2012, 2018; Travers and Wilson, 2015;
Mauger et al., 2016; Guo et al., 2019; Wang et al.,
2017; Xu et al., 2017; % I & 4, 2018; Uribe-
Mogollon and Maher, 2018, 2020; Wang et al.,
2021) . AR, HETERAR DA 18 SO A = BRI
21 A0 1 K HHb S5 5% ) PR 2R AF AR R AT A 2R A R
g, RSO AR SR AR R R 8 = BE R D 40 Ah
ST AR B 1[5 5% W) PR 25 7 TRIAT DG A AE 9 i R i
TG FPEIR, DAIXT 0 = B P £ AN G R
ARG
2 HBaEARE

Heab(Batl Aotk BRA %) EEE
T Pl AR 47 ) S ] v Ay e Y — 2L IR ), S —
P E 7K IZAREERRER W), SCIEWOSCRRAE 5 254 v
F A Fh A S B AI-OH FI H,0 A % Y ¢
F, FEPAFEN A 730 07T 2200 nm( 3
B WU ) A 2350 nm BT (UCEE MR 04 ) (USGS,
1999) (B 1), HARBEA REHIAw T
HEMWABT Y, N W2 fEV, Aot R R A 2
ECEER AR A = BE, BT SE BRGS0
Pyt AT R AR D, DR ™ A o S kAT AR
M A =B S8 a8 T H B BGETY), E294
=T Atk 28 2B (AI-OH F#1E TR
WA g 8 2 AR K, — e A 2180 nm A2 L 3] 2230
nm) (FRWEEE, 2012, 2018; Wang et al., 2017) . FI A
WHE = BE AI-OH F#AE R ICFE 2200 nm BT 9%
KAFE H A AR R 2., GnE 48 = CE 3 A
= BE)(2190~2203 nm) . PR H =B (P H = BF)
(2204~2212 nm) . A (KEHA = /)
(2213~2225 nm), EARM R0 bR 1 BE S DT 55 X b 5T
S A LI 2 A 4 1Y 22 931 ( Yang et al., 2001,
Carsten, 2011; #7BH4%, 2012; Xu et al., 2017; 5KJ1]
4%, 2017; Guo et al., 2019) . R A 2—FF)ZE] BHES
T PR RA AR SR 1) & K E R EERR R 8™
Y, B ALA RS AI-OH FRAE g I K 5 1 = bR
YA, 5 E = B L, RARLA FE 1400 nm Ak K
W SR X425, THHZE 1900 nm Ab Y 7K 4 W AT AH Xof
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Fig.1 Short wave infrared spectroscopy curves of white mica minerals (USGS, 1999)

58 (USGS, 1999) (B 1), (HARGENE A X 73 —# 1Y
PR o FE S BRIV o R A £ A T AR MRS
RSP X G, — e R A R s R
YR AL BE (CH %5, 2003; /A3, 2018) . BRI, A%
SCHTHE B “ B B AR R4S — 41 HAA W Y
AI-OH i WOSCRRAE B 2R BERR SR, B2 A =
B Wtk AR, Batk ARG SR
ZET ST YA — G

3 HOB RN

[0 R T BT Ak 2 (RIS [], HCARR Il R AT 0 7
UAERER R | XA, v WS | VSR L RO
GSFANAIZAHR] . FRAE 06 1Y £ S 80 i L an
T+ AR W SO0 () W DR I — R b S T AE R
TS AN S W RO, DUk AR 4 A
=£ £ K (van Ruitenbeek et al., 2005; Tappert et al.,
2011, 2013), {l A8 649 R AR = BE X T8l 430 R felt

ARyt BT EE, — B nT IR R I 0 114 W i
R Ak (Clark et al., 1990); WX FR—EFLHE -
T B SO AR R SR 0 X B A, A 3 b B A
FHBR G 5 2 55 T8 W0 S e e J i, 2 s v B
R, ARERAZA W I 1l I B AIG 5 AR 0 1) D 57 8 J
W T M BV FH R v, A ) R B S 1 28
e, U1 2 BE B 4328 4 Tschermak (327K 5 58
%éﬁVIA13+ + IVA13+<_)IVSi4+ +VI(F62+’ Mg2+’ Mn2+); Ji
SR BT A A BRI, RO HREE K,
P BRI, A A IR R VR R AR 0 R E
Vg 5 3 5 LW K D i 3 2 HUAEL (1B 34 7745, 2009;
Dufréchou et al., 2014) .

10 2Rk AI-OH 7E 2200 nm [T H 30T A4
WL, 12U BB PR A P 825 B) 2200 nm W0 Ié
15 (WwAI-OH),, AH o7 W WAL P TR B Bk A BRI 41 2200
nm W2V BE (Depth2200) , AF 7 I 05T 06 F 152 1A 1%
JE— 25 1 98 BE FR R 2 0 4 58 (FWHM2200) ,
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22 100 9 BE FR A 2 e 22 9 (LWHD2200) , 45 3 /Y
o FEFR R 2 06 A5 58 (RWHD2200) , FWHM2200 =
LWHD2200+ RWHD2200( [&] 2), 2144 % (LWHD
2200)52F1645 55 (RWHD2200) 1 H B (As = LWHD
2200/ RWHD2200) A 3k & fEAH Ly 4 A1 15 Wi e iy 114
AKFFRYE (fRIFR As2200), As2200 = 1 M 7R X FR,
As2200 > 1 7w [0 ZE AR XTFR, As2200 < 1 W ZR7R
[6] 45 A X FR (Dufréchou et al., 2014), 244Kkt SCH#k
v Ze A5 O T AR B A 2R 3R s AR X FR PE (van der
Meer, 2004) ; [A] 3, 11 8 2= &1 1) & & 5 4 H,0 76
1900 nm 3T H3 BURFE A9 IR AL, 200 B 9k R Ry B
A1 1900 nm W ISCIEEAT (WH,O ), AR IR SCER BE Bk A B
FI 1900 nm W IR (Depth1900) , AH L WG i ig:
AW SCIR BE — 7 B SEFR R 1900 nm {20542 i
(FWHM1900) (X1 2) . F A=t 2200 nm WIS EE
(Depth2200) 5 H: 1900 nm W Y4 % % (Depth1900)
1Y FEAE, 7T LA IR 2 1B = B 1) 1Y B
BRI 6T B A (THlite Spectral Maturity, ISM=
Depth2200/Depth1900) , -t 4 F A S % 21 ZMFF1) A4
2t B2 (Short Wavelength Infrared Illite Crystallinity,
fAFK SWIR-IC ) (Yang et al., 2001; Chang et al., 2011;
¥ BH%E, 2012; Doublier et al., 2015) (€ 2) ., F {4
= BER BRI A7 45 5 S R Kiibler(1967) £ H I3k
FE/8 OB B BGR B — D RIE, AT X AT
FH(XRD) AR, Fr K XRD-IC, R AHF A Y
im L 2 0 10-AREAE 0 1) > 5 9E (Kiibler Z410) ,

XRD-IC FE 50 B A7 ¢, By, BHR A 4h
s (AR R ), XRID-IC {8 /) (I Wi i FF i 4
Bt) (Frey, 1987), T 6 2= B A4 45 I L0 AMP R 47 45
i B (SWIR-IC) 5 XRD-IC A7 dF & I 4 7 A0 56
X, HIRLBE B, XRD-IC {8 8 /)N, %65 0% 21 4t
F) 1 2 & BEAE (SWIR-IC) i# K (Chang et al., 2011;
Doublier et al., 2015) . H & = & i B FI) A B E
(ISM 5 SWIR-IC) 5 Al-OH FRHEMZ I K (wAl-
OH) & = BHEH Y M EZDLE S (K 2), 5
P18 B AR B2 25 DI AR 5C, X8 7R Sl 4k
L BA T ZAY/E A (Chang et al., 2011; 47 35 BH 45,
2012; Doublier et al., 2015; FRAEH %, 2021) . I,
I B3 0 25 B £ A T R S BOR
AR R LB 2 LT R AT RE AR Ak P, B
S LTI G AR A A AT IS,

4 HOBBERAISEEZ AR

41 BEZBLZASNEE

FA €6 25 B (14 AR 25 440 Fl 9 A4 DU T 4 f— 4> /X
AL, 92 1 BL(TOT &, T MV HIA R, O N
IR ) JZARBERR L84, 24 /i AR o —#r FH
BT S, RO = R =B (4 = B
(Velde, 1985), fH 24 )\ A =4 BH &5+ i P 3= &
N RN TR e A & e S N = R bae i iU E e
i 2R XY,Z,0,(0H, F),, Horr X ALK K FHE 1
(4n K™, Na*, Li"), Y A3 /T AR Be A7 FH 25+ (40
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Fig.2 Spectra of white mica
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AP, Ti*", Fe*", Fe¥", Mg®"), Z 13 U i fA i £ FH
B F (I AP, Si*Y) (Wang et al., 2017) , HA =+
AT /AR BC AL T /Y 4R 2h (4n AP, Fe™ | Fe™',
Ca’'. Mg*'. Cr''\ Ti" 5 23 ) 78 J I 21 4F (SWIR)
X3 44 1400 nm, 2200 nm, 2350 nm A1 2450 nm 4b
7= A2 W P I AR A (Clark et al., 1990; Beran,
2002) (&l 1)

7t 1 = ¥ ( KALAISI,0,(OH),) . £ & i
( KMgAISi,O,(OH),) #l &k &k % 1 ( KFeAlSi,0,,
(OH),) —fi# Kl f# i, Tschermak (32K 5 7 ) kil 5 B
P T = Merimon Z B R . AR5
B B A 3.0 2 3.0 MEHEFGET 11 4H~F
R, ZEEA S EERIINE A 3.1 2 3.5 16
PHES 7, Zrif 0 RIS A 3.5 2 4.0 DaEFHE T
(Tappert et al., 2013; Wang et al., 2017) (K] 3) , #f
HREW, EARIIT (A, AstE 8
=t ZEHA S a8 a8 (e sk
WK B, PRBE R BB aEE), I
2 B ) U A I RRAE, B AR — A T
2180~2230 nm (M & RESE, 2018) . = BERIfb2A4H
SR EEERE T KAWL, Os bR
A1-OH %1k M W g I < 3 % 437 T 2195~2215 nm,
M 27 19 = B 2R 51 AI-OH 435 0F W Az 066 38k 1< I 78
2215~2225 nm 284k ( Duke, 1994; Clark, 1990) . [fij
TEABBRERY] ZREA SRR, Sk fa R0, &%

K("AL)VAISi;0,,(OH),
3 8i, 2 VAl

3.1Si, 1.9 VAl

EPRSFY]
- o
5 LRAERRIN

/ 3.5Si, 1.0 VAl
BARSE  ae

BEA Sl T O REE, ANs TR
OIS RERSSY 277/

10, 2 B 853 28 A 32 A0 465 DU Rh A [R] 1 ¢
it #2: (1)Na'5 K'iY B42Z2 B (2) \mikg;
HViFe VAP B B (3) PR B4 K+
VAP ONSI A+ [pppppis (4) Tschermak (3275 5
j'_E“ ) E&jﬁVIA13+ + lVA13+(_)lVSi4+ +VI(F62+’ Mg2+’ Mn2+)
(Duke, 1994; Jones et al., 2005; Tappert et al., 2013;
Wang et al., 2017; Uribe—Mogollon and Maher, 2018,
2020) (&l 4), Hr, (8 =58 Tschermak( 327K 5
FE ) jséa jﬁ VIA13+ + IVA13+(_)IVSi4++VI(FeZ+’ Mg2+, Mn2+)
M Na™ 5 KBy B3 2 [R] 246 T 5 o 0 U 21 A0l
HORWEI R, 1 =B ARJE (2190~2204 nm),,
H =tk Na &l 2, I = BER L S0 RHAE, 1T
MK U Ty 0185 B (2200~2208 nm), R
FEXTE K ARRIE RIS, 2018) o FESA A BEXS I =
BE AR, Na/(Na + K) 19 55 K AE 7] 35 38 mol%
(Lee et al., 1987); 1l H =& =+, H K/(Na +
K) HAEAY 33T 15 mol%(Karabinos, 1981), —# HY
FHE RS BLARA R o R & i Hihfa TRk &
i, pH (E. IR EJ) . 28R BE SRR A O AR (SR
%,2018).

WF5E F B 1 8 2B A1-OH 7£ 2200 nm Fff i 11
R IE IR W 1 A8 A 25 52 HAR A 43 S I B0 5%
H ARSI . Clark et al.(1990) BF 5% & B A (4 = BE-

K(V'AL)VAISi,0,,(OH),
3 Si, 2 VIAL

&
LA R EFREFY]]
stk Sk A
ERERBA 4'8i,0 VAl BRARE 3.1 8i, 1.9 VAL
0% Mg, 0 Mg Mg-Number 100% Mg, 2 Mg

KFe,Si,0,,(OH),

3.1Si, 1.9 VAl
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F 3 A =h:, B a fiksr i a — i K (3% Tappert et al., 2013)
Fig.3 Ternary diagram of muscovite, Mg-celadonite and Fe-celadonite (after Tappert et al., 2013)
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Y)E 2200 nm AR A4 IR SO BE R AL 5 S8 T 1) S O
J7 a1 # 5. Post and Noble(1993) X} (4 {6 2= £ 4y
FERE LT AN A BE S ALO, & B SE MU T
WFoE, M s BEEIETE N 55 ALO, A
—EKXFR . Duke (1994) AN A TE AI-OH A%
TEW IS I 25 (o =B AR g F R i ALY B i
I, BEERN AVSSH A6 R KA
(Herrmann et al., 2001; Jones et al., 2005) . Xl &4
Z5(2006)TA R 8 2 B FR IO YR BCAS RIS R BECA )4
AR BE Fe™ | Fe™'. Mg S8 B X, £33 mUAE R
Y Al-OH FFAFE WIS e i (7 (1) A8 Fk . A BES

(2012) WAk 0 2= BE W 2 Wi SRR 0 4 A7
ERET Y AR T R B K )
M, WA AR A6 =+ AI-OH
WA B D B 1 B LR RO B B ALY B
i, BE ALY S S, Al-OH WU ) %6 3% 1]
(2190 nm) IR, B % AV K, Al-OH WL
W 5] K 35 77 16] (2220 nm) i # ( Swayze et al., 1999;

SE % R H = B
V|A13++[VA13+(_) VIFeZ++|VSi4+
1.00 — Oow
7 oo % 7
g |9 0o % -
= 090 ° oS0 G o8 Z
¥ © OOooo t
% 0.85 1 0980 %0 7
z o ©osd ¥
0.80 1 © vV=
0.75
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VIA
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Mg/apfu
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A A

Herrmann et al., 2001; Carsten, 2011), FidfifFsE
W, Bl A5 7S B BR & 3G L 6 s BEFE 2200
nm PFUT A WSCE A 28 8 ) S i B8 B, e 2 )
MBI . A, S AR A A s Bk
Al-OH ¢ AiE W g e 7 B 45 32 11 {0 = BE P Fe/(Fet
Mg) HLAE A2, 8 = B Al-OH FRAE N I K
5 Fe/(Fe+Mg) LU AE 52 30 1EAH 5C 5l 7 AH DG 1 ¢ &
(Wang et al., 2017; Wang et al., 2021) ,

H AT L, 8 =B AI-OH 7E 2200 nm ff i
AR AR 2 MAT g i A 12 ol 2 A2 28 43 TN 1Y
AL A TR LG, K TS I G 2 H 7S IR
HigE (A1) | fE(Si) | 2k (Fe) FIEE(Mg) 55T R &
AR BT g, B Tschermak (32 /8 5 g ) 4l & &
oo BEE7SURBCALE & 5 (ALY B3 n, #k (Si) & &
B D, H B AI-OH RRIF I 6 357 K 1a) 8 35
D7 A%, G H A 2180~2200 nm, 5k &
SRR SRARE A BE, MRS 7SI
(A YD, 1 (Si) & i BRI, Al-OH $FEL

S (S v Mz B
- Co
% 0.97 02 0 %
£ 0.95 1 QJO%@
< o =
9 0931 o D60 gs w
M O o Q)O @) O)O !
Tz“ 0.91 § ° z
S 0.89 1 o °©
0.87 1
0.85 T T T T T T T T T
20 2.1 22 23 24 25 26 27 28 29 3.0
Total Al/apfu B
= B
0.8
0'7 . O ]
£ 061 @2
g
i 0.4 1 OO OO % IVA 3+ IVEe3*
s 00 Y=-x
< 0.3 1 o O
o
£ 02 S
0.1 {VABVAPR o ViFe2VS 880
0.0 Y=-0.5x

20 21 22 23 24 25 26 27 28 29 3.0
Total Al/apfu

Kl 4 A& =2 LR PO R 72 (4 Uribe-Mogollon and Maher, 2018)
1—R I OHRE T 2RI RS A il
Fig.4 Four replacement processes of white mica composition changes (after Uribe—Mogollon and Maher, 2018)
1—Early green phyllic alteration; 2—Late white phyllic alteration
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AT e g A D) o e T 1 RS, K — iR A T
2200~2230 nm, RIFFIEAYFLER/ & ik B A b,
4.2 PRIRARE | E BT 1R

F 8 2B Al-OH R ik MR ST KA B A A%
W B b2 A AR Y, S R
PR EE AR ) R EE R R R . PR A A6
Bl AI-OH FFAE MR WA 52 R it B8 1 s ) 52
M, 32 %2 % A Tschermak( /R 5 50 ) B ffe, Si, Al
Fe, Mg 55 85 1 & it AL 28 1k, o fdi H Al-OH ¢k
W e W7 % A AR Ak, EL AN < B AI-OH FRAIE IR i
WA B SR UT R B 1), AL B A, Si
WUAE X ARG, T 22 ik 1 2 B AI-OH FRAE I I <
B FE AP T W), AL SRR AUIR, Si B A
X o R Y A 23 B A TR X e T R
AR, TR A Y 1 €8 = B DU Ak T AR X
1R AR R 1Y #4024 55 ( Duke et al., 1994; Jones et al.,
2005; Scott and Richard, 2015; Wang et al., 2017; Xu
et al., 2017; 5K 4F %% , 2018; Uribe-Mogollon and
Maher, 2018, 2020; Guo et al., 2019) . i .47 B 5%
NPT 1 68 = BETE BT R X IR 5 R Y
BT, WA A Y 8 22 BT BT AR e i AT 3
5 (X 26 M5 4%, 2006; F 9@ 4= 55, 2010; Yang et al.,
2011) o BEAMFIATHFFEAR A = B AI-OH Ak
W57 1) AR AR AL 3 A2 R B | JEUE 2R 4 | T ARE )
KA A8 R (Wang et al., 2021) . & RE
£5(2018 ) 3k BIFFE T i 25 K L b DX f A8 ) i B
R A s ] B S A T SR
BT RIS T R0 W DI R SR, AR =
BEFEZS[A] B SR A . BRBRERSEIE WL Tk 45
PETR 0 Wy Ok R, b HERT S SR 20 = B O
PEAR 2B ) I BT ARG D 12 P 1) AR U AR B 58, i
TR AR = B (K28 =B ) W 18T AR (i i P 1 4
WS . LA R R R B B 8 = BEFTIE
BRI . I ATI AR, i AR A

FI 8 25 B Al-OH R ik IR ST R A B 1Y 722 A B
T 32 B HWIRLE R 1 B R B, BRI A P R
JE(pH{E) LA K& Fe®', K\ Fl Mg™ 45 FH &) + & st
REEXREENPWHER, QOB Y FEH
KAK AR RS, R B W) ) /K e vl AR
NRRIE B AR, B, B H =B
SN AT BT (Halley et al., 2015; Wang et al., 2017):

1.5KAISi; Os (81K 47) + H = 0.5KAl(AlSi;)0,,(OH),
(FZ1E) + K +3Si0, (1)

1.5NaAlSi; Os (B K £7) + H +0.5K =

0.5KAL(AISi;)0,,(OH),(I1 1) + 1.5Na"+38i0,
(2)

1.5CaAL SO (85K A1) + 2H +K* =
KAL(AISi;)0,,(OH),(J1ZHE) + 1.5Ca™ (3)

2KAL(AISi;)0,,(OH), (1 =) + K +
1.5(Fe* HIMg"™") +4.55i0,+3H,0 =
3KFeys(Aly5Si35)0,(OH),(ZHEA b +4H™ (4)

3NaALSi;0,0(0H), (1 1) + 2K +6Si0,=
3NaAlSi; Os (4K 1) + 2K AL Si;0,0(OH), (11 Z£)) J(r 21){*
5

RO (2)F(3) RUIFI A A TS
KA FMT, RN AR A B, Bl
Na', K', fl Ca" ¥ [+, fE—ERE N, Htast
FEFR M (K log(K'/H")) & H P (5 log(K'/HY)) ¥
R e . R (DM X AE, As
B ZHA SRS, b RN A R 2
i =B R, [H] W 2 IR 3, T [KC]
e ) 52 B 48 K #a # (Halley et al., 2015; Wang et
al., 2017)

H T is R AR B . 5T DX Sl i A %
SR, BT S B AN [R5 1 68 25 B BT TR B A
WA R R A 255, AR ph sy
WA A — o R ] g P b S B RO A B A 7R
Btk Ak, (AR il AR B ) %) PR Bk A A A A X LA
FAE . OB A AR 24 RN T B2 %
JEINIE Si0, 5 FLAAR O BH B 1R B A5 . andef
BEOR A b R A € 2 B TR A T A R RO
BRI BRAL 22 55, AR AR A B ] B & —
ARNERE . mREERENET Y hAE A
YT IR, 3 A A IR A L, AT DI A
TR Y BRA S 551, IR L R T B L AR
O3 HARREESE o XFEANTIAISE T LUE PR 4y
PrmiE S5 TS EIER . b T R A
0 BETE U T R ) P AL 2 S, T B
[ A AR 10 €0 25 Bl AR 25 v () S AR B B
YCaSE, JrffA . w5 A ) T AR AR A 4
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PR AR AL RIS, 2 R HOHB o AR A ) B A o
SR UG A I AR R L TR L
(R ARG E R R A0, pH (EAF o BR T ol
JE T PRBEE 520, AR S 5 PR 2 (i
HE Y HAWARE Y WKLY E OB ERA
KL LA ) S R 2 R (B 5 B Al-OH 43R
WA AN B B TRAS IMELAHRT

5 HOERHREERLLINERE S TR

5.1 BEEEIRAINEE RN A

H 8 = BRI AT PR fe Ry 3 il 1) — 2 il AR
T, 5 BRI O R B, A I AMGE
ZLEEFE TG B, W A s B A Y
W LT MG K IR PR EE, X 58 38 IR L TR A%
PRI FITRS 55 A0 B PR LA SR SE PR o 7ESE
b T 1 FH v, 3 AR R 280 5T R BAR TR ARk 2e A
G375 URBC A 58 A2 AL e] 52 e 8 < Bk A1-OH 4§
TE SOV (57 Y525 T T, T 7E 168, 2 B A2 40 53
FE B AN 5200 Al-OH HFAE MRS A7 I8 < AR AL AF
S MR ST . BRI R B B =k
22414y it Fe?' | KAl Mg 45 BHES & % AI-OH
FROEMSCE KBS = A s, (BT AR B I . B
= BEY AI-OH FFAE IS i < | B A it B2
(ISM B, SWIR-IC) HIf I 4> 5 (FWHM2200) 55 5
BOLIE S, H5IREXREY . Hh AI-OH F# ik
W WA A7 39 4 BE RS AR Ab R B R B 0 R 34
W ARIR R | T BRmsi: SE AL A 1, DR
JE(ISM) B2 FH T4 7 A, TR & o7 a] RE 1Y 4
WA L, — B TSM R I %5 1 9 vl HRORIR
BE o SR 2 BRI A2 21 43 F0 5 Q0] 5 X
S ZADEIE S8, BRTE AR RGN 1
A, 18 25 BERRAE I SO0 £ W iR i — e PR b e ik
1A X L b A A 4 R R R e g R K, ) ok
S H M) A % 3 B K K (van Ruitenbeek et al., 2005
Tappert et al., 2011, 2013), { A8 797 () A X 3= BE X
TR0 RAE Sl 2 OCE 2, — ] H AR 64
AR UG () W ISR E R Ak (Clark et al., 1990) o X
Gl Ve L — B P S B ), R I AT 0 D R X R R
TR, WA 32 B A, 1% IR A A 4, dn SR
HArw ) 5 HoA ) Jo S W SCRRAE, DU IR SRR AT
FIFEXT R B R BB T AL 9103 =F J (Buschette

and Piercey, 2016; Cloutier and Piercey, 2020) . X}
= BRI, nTRE RIS T4V A . IkERER
ST YR A, I8 A —FEiE S E e
Sk W 1l B AE LA X S B, R DG B 5 R AR SR T
o UL, A S EX A GBI LIS S 5
A TIR ARIIESY, L Bk 2R 4 FN B
Wl 26 S S BN AR IR TR 2 R G IFE
5.2 WAI-OH 18R#AEH L h LRI BR

M 4 2= BF AI-OH FFAE W I 18 i1 4 (wAT-OH)
A S PG oe BoR H— 2 1 R G AR L
© M1 wAI-OH S5 #GET fb e 2 IEAHSEE
R, MAB ST E YA C, ML A = BN
Z T AE R A X, B Es kA s
Al-OH FRAE W W I K [ 45 38 7 m) A A%, T 32 29
WA H: AI-OH H5# 1 W e < ) g 4 9% 7 1w it #%
(Yang et al., 2005; Laakso et al., 2015, 2016; ¥ it
4, 2016; Xu et al., 2017); @ 6 = +H: wAI-OH 5
PR oo 2SR, Bk e 2140
Fil, {02 BF Al-OH 5 AF MR e e i 1 B MK %
P P ARk (T, 2017; F4R2RE4E, 2017; 4
A, 2017); @ F =t wAI-OH 58 R R
AL H T A 2R (Leng et al., 2024) . FiARHE
FEFRIA A 0 =B AI-OH FRAEM IS P K 501k
1) 5 22 2 PR b 50 P05 1) S [] T 22 0 AS [) 7 8 4k
U, B (8 25 BF AI-OH 9 HE WS I 33 K 59 TR
WALB 256 K RIS BRI, fE— 07 X IE A
AR ARALAE 5 — A X I A — b, R ESe
BBl v felt T 1 (0, 25 B AI-OH HRAE I g s 8 1 72
LRSS ™ 0 PR Ak P i 75 2225 5 25 A
IR ML ST R 2R 52, AT R I SR 3 i . IR IR
IRIBERAL 25 KA P ZS ) AR Ak LA 455 .
5.3 ISM ( SWIR-IC ) $ER#RET L HLHI AT E

XTI = BRI A R (ISMD) B 41
HMPF A7 45 i BE (SWIR-IC) i 5, TEAS[RIAUA™ K 2
i ISM ARfE AL S — ok, VSR A1k
UM A R (AR X A K, T 2 B b
ORI A BRI AF G 55 /N, X EL AR 2 3™
IRAPAFFEIEIIE, Qg W55 (2012) (F5E PO AT
DX, BT HR PR A T2 Sk A v 1) AN R AL Sy
WAL 05 Cassady et al.(2013) & B 6 = £EY
S I £ AIMP R 245 B (SWIR-IC) 5 Hijl K 2 7
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FHOCIC R, &h A 2 B s , 000 Sl 8 By, o) 7 1Y)
5 )8 TO R e T s X ZE UL AT 48 (2016 BIF ST N 52
TRRIREEARA R IR, K IR A 25 i 51k
VE R BAT AR B TEAH O OC 28, BV R PR A 45 i
R, AR AR FH AR . Xu et al.(2017) BFFEHT iR
FI AT IR e B R AL S sl Ak s 4 ik 21 A M
GREEST Y N R SRR 7 Nl vk 3 - P
FIA 45 it B2 S A /N a3, ST b 2% T ey
PR 0 ; Wang et al.(2021) ifF 58 4 ' i 7Y
P BUIRIR Au—Zn & PRIA R4 AR A Flis ISML (.
X ECR 4G Au-—Zn 57 XA o S AR IR
Lo BIRE G R TR] A SERVE (ISM) s AL
AN A 45 R (SWIR-IC) X5 R B R PO 3 1k
rhC AT B 1Y TR, (G 52 o PR 3R R dn ]
AR N LSl SRR ISM(EA3 56T S5F5E

54 HEREARIEHENBHE.TEXLTIEER

&

H 8 = BRI LD AT 26 5 8 F 5 I BT {5
B30k T HIE AR R B RO S5 R SC &, T
BN BIF Y 22 5% 1T 4t T R AR L A 5 2Ok 35 X
(PIMA. ASD. Hylogger, SVC HR1024 5 ) X} 4" JK
LA AT GG &, AR 6 = BEUE )0 Ry
ik, 23 B HAE R IR, TR 5 i 19 56 &
(FEHEE, 2005; 3% =~ K 4E, 2005; X265, 2006, &
JEZE | 2008; Yang et al., 2011; Tappert et al., 2011,
2013; #735 W48, 2012; SFHB4F, 2012, 2018; Travers
and Wilson, 2015; Mauger et al., 2016; Wang et al.,
2017; Xu et al., 2017; Uribe—Mogollon and Maher,
2018, 2020; Guo et al., 2019; Wang et al., 2021) ., I
IR 2T AP AR T b BT B i) i AR AT
Kt 1B AL A O AR S, (HSEBR I A b, anFl i vy
J AT e S5 S o PR R e X, AR A ke = Al L
b, ARG BT Ay 2 52 IR T BT ER B, A
AR H AR 1R G 18 R R 2 21 T JEox)
R0 55 ) AT L A AR o A8y ) TR B 5
T HAT PR A DL, SR R B BIF R AR A v Tk
YR | ARSI A kAR A3 A T T, M
PR TR LA TR 1 1 DG 7 128 Jak o T A o
FEMRER WSS o PRI, A 2T e (8 = BT AR
) E INDER S C A= D W S Y YR L0 e VAL BT b
VAT PR AT R R AIE 114 125 16 3% 328 J% B e 1o FH 7R 9

XA AT DL — 25 S8 R i W A AR RR R if
A oA R [ N A TR R G i ST ) S P R Y
AT R L e 2% .

6 4t i

X AT SCHERZR B T 2 B 0 = B A
WA R v e oA Y — 2SR A, R 21 A
HeIE S A NG R, 05 T HIE B
B RSB R R, Nk A s B E L g
AR AL HR AL R R HLAR 52 A R T ERA T ff AL 2
RN E i T IR AR D 2 55 1 QR L TR
77 pH 55 ) % b 5T PR 26 Gn fal il 24 0k 21 161
SRR AL, DUTLE ST B R ot = BRI 21 A1k
TS0 10 0 G 2R T BN B b I A R, B R
iy b S L S AR AR R

(D) ah: Al-OH FHIERISIEN A AE 2200 nm
b SRS AR A B A7 FLAR 24 4 A 7S U BV A0 4 1
REF R SRS BRI A R R, [R] R 37 £ Fe/
(Fe + Mg) HAERIRM & 21 Al-OH FRIET I
WA AT B TR () 32 PR T AR B L R ) RN Rk
PERI RS M, 3238 & A= Tschermak (32 /R 573 ) B fie,
Si. Al. Fe, Mg 55857 it~ A A8 Ak, B Al-OH
RRIE IS 0 K e A A A . A, IRA 4y . H
ARG Y | AR SY . A B ERRUKAA A
J P R 2 B0 {8 5B Al-OH 45 AF I Wi e 67 3%
KAk,

(2) At = BE AI-OH F#IE M+ (wAI-OH)
R A B (ISM) & = HH T Y B AOEISE S
B, 58 R IR B B YA G, BT DL SRR AR 0 IR 1Y)
PR AL, (H )& wAI-OH #8/R PV fh e B
AR RR M, Al-OH FRAE ISR I S8 C R
2[R b R PR IS A AN [ 1 2 PR LR R TR A AR A A,
BLEER 5 SRR TR [ (525 T ISML T &, AN
[] B PIRR™ R 22 48 P ISML 7R A 1 e 52 0 i — B,
B I R Ak b R s B (AR X AR, i
TG B AR Ak b D R A 28 A DU A X B/

BUs: R L F A & R R 4R 8 T X A SO
B AE N,
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