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Abstract

The Zheyaoshan deposit is the most typical volcanogenic massive sulfide (VMS) deposit in Baiyinchang ore-
field, Gansu Province. The deposit mainly occurs in the Ordovician quartz keratophyre tuff, which belongs to the F II -
type rhyolite, and originated from a back-arc tectonic setting. In the process of seafloor convection circulation mine
ralization, the rocks suffered from intense hydrothermal transformation which resulted in many types of alteration. In
this paper, the altered rocks in Zheyaoshan deposit are subdivided into least-altered zone, sericitation-silicification

zone, chloritization zone and mineralization zone. By means of migration trend diagram and mass change calcula-
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tion, the authors quantitatively interpret the migration regularity of elements in the process of hydrothermal altera-
tion. Some conclusions have been reached: (I The alteration intensity gradually increases from least-altered zone to
mineralization zone. Major elements P, Mn show some activity with a variation from -8.8% to 8.8% and from —1.8%
to 9.9% respectively but have irregular migration trend; Si has a diverse migration, which ranges from —16.2% to
83.73% of the mass; Na, Ca, Sr are strongly depleted, Na and Ca have been lost by =3.11% and —2.71%; Mg, Fe move
in gradually and have gain as much as 9.49% and 69.73% in the chloritization zone; K shows a peak value of 1.6% in
sericitization zone, and then gradually moves out by —2.22% in late hydrothermal alteration zone, the migration be-
havior of Rb is consistent with that of K; 2) High field strength elements (e. g., Nb, Ta, Zr and Hf et al.) behave rela-
tively inertly in the process of hydrothermal alteration; Al, Ti and Y are characterized by slight activity; @) Metallo-
genic element Cu has a tendency of increasing enrichment following increasing alteration intensity, Pb, Zn are en-
riched in the mineralization zone but are leached out in other alteration zones; 4) During the hydrothermal alteration,
Si0, experiences a process of activation and precipitation, then forms the silicification alteration; The gain of K forms
sericitization and consumes the H', resulting in the decrease of hydrothermal acidity; And the gain of Mg, Fe forms
chloritization under reductive environment, along with the metal sulfide precipitation in the same time. Therefore,
chloritization in Zheyaoshan deposit is an important alteration type that may give rise to mineral precipitation, and
can hence be used as a significant symbol of VMS orebodies in the exploration.
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Fig. 1 Map showing a schematic map of tectonic position of northern Qilian (a, modified after Song et al., 2009) and geological
sketch map of Baiyinchang orefield in Gansu Province (b, modified after Fu et al., 2016)
1—Siliceous phyllite; 2—Gabbro; 3—Quartz albitophyresi; 4—Quartz keratophyre tuffaceous lava; 5S—Quartz-keratophyre tuff, 6—Keratophyre;
7—Green schist, phyllite; 8—Phyllite, metamorphic sandstone; 9—Keratophyre, acidic tuff rock, green schist; 10—Phyllite, spilite;
11—Acidic tuff, green schist; 12—Apatite tuff, silicalite; 13—Orebody; 14—Fault; 15—Exploration line and drill hole
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Fig. 2 Geological section along No. 10 exploration line (a) and columnar alteration settion of ZK10-2 (b) in Zheyaoshan deposit
( modified after Liao,2014)
1—Quaternary; 2—Quartz keratophyre; 3—Brecciated quartz keratophyre tuff; 4—Quartz keratophyre tuff lava; 5S—Least-altered quartz

keratophyre tuff; 6—Strongly altered quartz keratophyre tuff; 7—(Sandy) phyllite; 8—Least altered zone; 9—Strong sericitization;

10—Chloritization; 11—Strong sericitization+ chloritization; 12—Orebody or mineralized body;

13—Drill hole and its serial number; 14—Sampling point
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Fig. 3 The distribution of alterations in Zheyaoshan deposit
(modified after Liao, 2014)
1—Sericitation-silicification zone; 2—Chloritization zone; 3—Miner-
alization zone; 4—Fault; 5—Exploration line and drill hole;

6—Surfacial projection of sampling point
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Fig. 4 Typical hand specimen and microscopic images of altered rocks in Zheyaoshan deposit
a. Least-altered quartz keratophyre tuff with grayish white-grayish green, or light tan because of the weathered feldspar; porphyritic texture and
massive structure; b. Least-altered rocks with porphyritic texture. Phenocrysts are quartz and albite; Quartz is of 20% content with allogeneic granu-
lar and sharp angular forms; Albite with stout prismatic and wide twin bands is about 1~2 mm in grian size and 10% in content; Matrix is felsic with
weak sericitization (crossed nicols); c. Least-altered rocks with porphyritic structure. Phenocrysts are mainly plagioclase, albite and fine-grain quartz;
Matrix consists of fine crystalline felsic mineral (40%), with weak sericitization; The melanocratic amorphous mineral may be limonite (25%)

( crossed nicols); d. Sericitation-silicification zone, with scaly sericite that shows directional arrangement; e. Sericinization and silicification
with up to 50% of silky, scaly sericite that shows directional arrangement; There are about 30% of granule xenomorphic quartz and some
slight pyritization in it(crossed nicols); f. Intensive sericitation; The albite and plagioclase are replaced by sericite, but primary feldspar
phenocryst morphology is retained so that the dissolution and pseudomorphic structure can be seen; There is also some silicified
secondary quartz(crossed nicols); g. Chlorinated rocks mainly consist of chlorite, sericite and quartz, showing grayish green on
account of the dominated chlorite in it, with some pyritization; h & i. Chlorinated rocks with up to 40% scaly chlorite and
some sericite that show directional arrangement; There are also about 30% feldspar skeleton crystals and quartz particles in it;

Feldspar has been almost entirely replaced by chlorite and sericite (h—plainlight; i—crossed nicols)

Q—~Quartz; Ab—Albite; Pl—Plagioclase; Ser—Sericite; Chl—Chlorite
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P,

4 JURBUEILRS KAS Sk

PR Ik AR R 5 | A A T AR A Y R N
— R ER LA B 5T T Bt e AL B, IR R
2 U7 M HUBR Ak 2 AR 4 5 R 1) 2 ARk (5 P i 46
2002) , K41 4310 5 AR AU AS U T e 8 i
AT TERS AR AL | 1 H 52 HoAh 41 43 AR A A s il 388
WORR R PR R Y R 4L A & i B e R TR
RIS, IS T Erf i o L, W R A 2]
Iy IERS R MR, I RO R LY R ARk SRS
P AR B BB
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=MO+AM , Forp MO MA T AM 43 5] Ry b A5 B S Y
ARER R AR TR T A AR P T
HAy i, H T AR CIMA = (C)+AC)MO, T 535115
PLMA A C = MOIMA(CO+AC), = ¢ R e 433
SRS F S 4143 100 A, AC ALY 1 TR A
BOBAAE , AC>O I, 4153 i TEAE LI R TR g A AC,

<O, 4147 i gt th o ML IR R G Sl B rh R — 0
TR ) MO/MA AR E /Y, TR T4 R I 2h i # v
ARG B 4L 5%, AC=0, A - C'=(MC/M™) C)=k; C,
P A BT C)-C RIRE S A RIS Sh e R AR
fiffe 1 AR B 25 2o S A R By Y LR BV bR AR
2R R E 2R (Tsocon) , FITA Y& TEIX 4% HLZk L4 /4B
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R R BT R AN Sh A A i .
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FAZS TCER AR R ] S AT e [F]— 2Pk [l H 2 5l
HBFF I, H T &R A 3P #5 A ZE (Maclean et al.,
1987) . PRk, A3 sh ot R K H: HAE 22 18] (1) b AE [ i
AT T AR BT 2 B AR ik AR 5 1 A R . R E
LW, ALO, Zr  Ti Nb .Y % & 37 3 o0 % 18 Ui
ol A AR B P 2k AR R e 1 TS PR T R A
FEE A 25 5 | ik e PE T 2 5 e A8 4L, PR T X
B T 4 0 7 S A R AR S g SR B A A
28 1 5¢ & (Grant, 2005; Zheng et al., 2011; it
45,2013),

ARG B AT LA AR S, R Ze 5
Nb.Nb 5 Ta(& 5a.b),Zr 5 Hf . Zr 5 Ta( [ 6a.b) ¥4
HA R HEERR,Y 5 Ta W 7E— & 075 Bl N A
(18 5¢) s Horr zr 5 HE Zr 5 Ta BYAHE R 5000 5901 5
i£0.99 f110.79, X F W Zr \HF , Ta 76 FA0 1l AR i 2
FEAGREFIEYE AT IR B s i R 13 i AN G 3
204y, HR I B R 35 3 4 20 %o B P SRk A7 [X 43
EAME,

I3 Zr/TiO,-Nb/Y & A1 73 2 Kl fifk (&) 7a) ( Win-
chester et al., 1977) % RE S B dE AT A, Bos A
I R B8 1 b 72 A 0 ) BRE 05 I LA Y T 8L X
P . Hart %5 (2004 ) ] H (La/Yb),,-Yb,, Bl fif ¥ 5
VMS ' RA KIIRECE S AR A F [ ~FIV
I3 SV AN [R) R B 1) 0 s RIS (] 9 4 B Ak 2 20
Be, PR A 7] 9 R b2 ] DA X435 A 1A
ASCRE AR TR (B 70) 22 B P I L PR ) ™ 6]
M F I AVRSUE K L T8 BTG P4, HA 300k
JRTREE A 10~30 km , J2& M52 34870 425 il (1) 7 9 (Hart et
al., 2004),

WHTSCHTIR AN TG S0 2 1 & i AR L2 th 0%
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Table 1 Analysis results of major, trace and rare earth elements in altered rocks from ZK10-2 of Zheyaoshan deposit

EEIU Az Al [ERlLEaR it WAt
ZK2 ZK3 ZKS5 ZK27 ZK7 ZKI0 ZK22 ZK25 ZK28 ZKI7 ZKI8 ZK20 ZK21 ZK24 ZKI2 ZK13 ZKl14 ZKI5 ZKI19

Eiksy

w(B)/%

Si0, 55.07 63.91 69.4 7178 71.81 68.85 45.14 5264 6743 5033 689 68 6508 6749 7436 7107 6653 555 576
ALO, 1623 1507 1558 13.11 1256 1330 1644 1814 1420 698 1471 1281 1460 13.57 1131 1004 1292 875 12.70
K,0 364 152 277 162 278 269 288 289 250 049 258 177 236 232 222 137 205 008 026
Na,0 416 204 221 277 048 03 093 238 119 008 025 023 046 073 02 017 025 005 008
MgO 101 318 1.1 1.8 253 334 466 426 412 376 432 523 459 373 262 314 399 523 887
Fe,0, 3.7 249 22 26 387 581 1579 732 243 2452 498 599 681 598 421 877 796 1941 1249
CaO 691 327 135 094 003 00l 022 03 008 003 00l 007 007 008 004 008 004 013 0.02
MnO 021 009 001 008 003 003 008 016 016 003 006 008 009 007 003 004 004 007 009
P,0; 0.0 004 004 004 004 004 006 009 005 005 004 006 008 006 004 009 006 005 005
TiO, 034 020 023 020 0.7 023 051 049 023 017 022 032 042 028 023 034 027 031 0.19
LOI 67 665 377 445 499 507 117 1005 72 118 398 463 539 566 342 462 48 898 639

B 98.07 98.46  98.66 9939 9929 99.67 98.41 98.72 99.59 9824 100.05 99.19 99.95 99.97 | 98.68 99.73 98.95 98.56 98.74

w(B)/ (ug/g)

Rb  73.50 40.50 55.60 2680 4620 4270 47.80 49.10 3890 7.40 3820 26.80 36.40 | 3840 3550 2040 3240 130 4.10
Ba 840 220 390 310 630 610 180 500 310 80 900 410 /470 510 610 370 540 30 90
Th  9.07 725 726 609 578 586 633 655 679 336  7.01 583 566 654 543 739 578 491  6.73

227 1.03 226 191 177 200 195 220 203 098 242 | 1.88 214 210 165 166 1.88 122 218
K 29 1.19 210 122 211 202 226 225 191 041 /200 138 177 172 168 105 153 008 021
Ta 050 040 040 030 030 030 030 040 040 020 040 030 030 030 030 030 030 020 030
Nb 530 420 430 360 370 370 370 450 4.00 230 420 310 310 330 290 460 3.60 340 3.00
St 150 261 113 111 30 20 25 82 65 0.5 14 16 24 26 17 33 19 0.5 0.5
Zr 170 151 158 124 120 132 109 153 139 51 140 99 109 117 113 87 111 70 142
Hf 470 410 430 340 330 350 3,10 420 370 130 38 270 300 3.10 300 230 290 180 3.80
Ti 015 007 007 006 007 007 013 014 009 006 007 009 014 007 006 009 008 0.1 005
Y 188 145 164 175 124 144 209 235 182 124 191 17 171 156 106 179 164 118 155
La 1790 1620 1590 1290 1330 990 17.80 13.50 1230 11.40 18.60 12.10 12.80 11.60 13.90 20.70 13.30 1540 9.60
Ce 353 314 302 246 244 189 324 261 251 208 342 228 247 224 258 398 241 276 167
Pr 392 343 327 282 27 217 372 308 297 234 382 258 294 254 283 439 272 311 186
Nd 133 117 115 102 91 78 135 115 106 83 133 94 109 95 98 151 97 112 6.7
Sm 267 232 227 219 18 163 304 266 232 174 275 195 241 21 189 287 2.1 247 146
Eu 076 065 116 058 025 024 052 065 028 017 022 034 032 031 024 043 028 023 0.16
Dy 272 225 229 242 163 191 300 338 260 166 275 230 249 212 161 271 218 193 1.84
Ho 0.6 048 051 054 038 044 065 074 057 037 059 052 053 047 034 057 049 039 044
Yb 215 1.8 1.93 188 157 174 217 25 203 0098 2 163 1.8 1.75 151 159 172 112 1.89
Lu 037 031 035 031 027 031 037 042 036 015 035 028 031 029 025 026 029 017 034

Cu 69 1.00 5 34.00 617 50 2400 106 7 >10000 29 50 15.00 92 6 104 201 5260 5710
Pb 11 10 61 272 13 22 29 23 69 87 16 19 21 34 12 161 529 36 66
Zn 56 54 120 598 45 78 5990 3340 107 175 105 81 114 185 91 1200 1440 598 519

Al 43.00 57.52 63.03 61.87 9474 97.45 9530 8437 87.69 99.62 97.86 97.74 9629 93.69 97.42 98.15 9797 99.28 99.54
CCPI 37.65 6143 39.86 5006 6625 7537 8430 68.72 6396 98.02 76.67 8487 80.17 76.10 73.84 88.55 83.86 9948 98.43
Sr 150 261 113 111 30 20 25 82 65 0.5 14 16 24 26 17 33 19 0.5 0.5

1 : AI=100% (w(MgO)+w(K,0))/(w(MgO)+uw(K,0)+w(Na,0)+w(Ca0)) (# Haeussinger et al., 1993; Ishikawa et al., 1976), CCPI=100x(w(MgO)+
w(Fe0))/(w(MgO)+w(FeO)+w(Na,0)+w(K,0)) (#i Large, 2001a),
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Fig. 5 Plots of high field strength elements for altered rocks
in Zheyaoshan deposit (after Maclean et al., 1987)

PR3 19 T RS S LA 1Y, RIS 3 o0 2 (i A BT
AT R R B W s RN H RS ST R A
A ATy R B B A £8P & &R (Campbell et al.,
1984) . X FH5] A AR TE B — ZRFNAE L, 2l

HOEALSE  HR AR T VMS 87 R AR o R B8 e & A 89
0.6
$=0.0022x+0.0666
0.5} R>=0.7905 L4

w(Ta)/10°*

50 100 w(Zr)/10° 150 200

b $=0.0281x-0.1277
R?=0.9943
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Ww(Zr)/10°

Kl AL PRAZ ¢ ik oo R — oo IR i
(H AL )11 45 ,2010; TR = %,2012)
Fig. 6 Binary linear diagrams of high field strength elements
for altered rocks in Zheyaoshan deposit

(after Zheng et al., 2010; Wang et al., 2012)

AR SRR I T R AN BT R R
N (CRIBE R RE”) B ALEARTE Bt R ook kR
fiff b, B S B AR bR IR SO T, I Z IR AR . T
U, 5 DR TE 870 FAE 0 W LA (B Ak B ) (Maclean
etal., 1987) , LAIE Bl 70 Z ARG\ A R 1) (ol A48 e 3 (51 i
fERE W R IG M C R T B AN G shn & &
AV R )+ LA 3% 42 D2 A o aS0RIT AL A T A 1Y TR
VERANTEG SN IC R (1 i AR 2R (5K T i 45, 2002) , #4715 3
T ZAE PR o A v A DU AR R i B A
B SRS SR AT, FLAE T ARZR A 22 0, v i A F) J5
2, Hofi B D AR 2 A il sSUBRE | IR =2 IR

R A DX PN JIT R 25 A i ) D Mk A2 5 S, ol
FE S AR 5 5 BT . #F ALOs-Zr M1 TiO,-Zr
Pl (T 8 ) v, ot 25 g 355 110 25 0 0 A R A A D
B — 45U A AR £k o 45 SRR, 78 PR ik AR )
rf, S Pl AR B At SR B AT Y R
B BV T AT AR, H H Ze 5 ALO, 4kt ¢



90 R M R 2019 4
10 1000
a 55 1 A% Ay
b * Least-altered zone
Wikms | ME A BRI
1E 100 E Chloritization zone
3 m B R
Sericitation-silicification zone
p g A
@] =~ W M
= > M lizat
; 0.1k & 10 E ineralization zone
N =)
0.01 1 E
0.001 Al L s 0.1 L
0.01 0.1 1 10 0 40 80 120 160 200
Nb/Y Yb,
B 7 LR RS 5 Nb/Y-Zr/TiO, 5325 Kl fif (a, Winchester et al., 1977)H1ii 804 (F I —FIV ) f¥(La/Yb),-Yb,,

G2l fiff (b, Hart et al., 2004; BROKLIUAT R EES] F Sun et al., 1989)
Fig. 7 Classification of samples according to the Nb/Y-Zr/TiO, diagram (a, after Winchester et al., 1977)
and the (La/Yb),,-Yb,, diagram for rhyolites(F I —FIV )(b, after Hart et al., 2004;

cn=Chondrite-normalized, normalization values after Sun et al., 1989)
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BRI E

ZEA A RRIE AT 0 A T 55 i AR Dl AR J R
mn 1) Fe Mg 5 51 5t B W 38 il s Na . Ca L 58 & 2K
K 1628 = BEREALAS HRaE A T 5 B 81T s Mn 19 1
Bt A, 55K Si Pt A AR Ak, (H AR B oM AT
UNGOEEE

20 0.6
a = b
|
|
15}
A
0.4
o X
5 10} e
2” = %ﬁj\ x4
< ) &% x
0.2
st 4 "
0 L L L 0 —.“.‘. ...... g L PR BT O N A A1
50 10 150 200 50 10 150 200
w(Zr)/10 w(Zr)/10™
55 A SR AT 25 7 BEREAL A AL

Least-altered zone Chloritization zone

Sericitation-silicification zone

Mineralization zone

8  PTIE LI R AR 5 w(ALO,)-w(Zr) (a)Fl w(TiO,)-w(Zr) (b) I fif (AL )11 %5, 2010)
Fig. 8 w(ALO;)-w(Zr) (a) and w(TiO,)-w(Zr)(b) plots for the altered rocks in Zheyaoshan deposit (after Zheng et al., 2010)
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44 FREEIBITE
Grant J5 2 0] FF & 5 o F 5 4 1L R ok 2% ]
ATEPIR AR TS A TR W BT ARk . R AN
B R § A R R B B IR bR A
C=(MOIM™) €
BT TR € = MOIMA(CI+AC)
FFIE AR A AC cﬁ(g;)-c?

J
c? g s s
MacLean%(1993)‘4%0—;%%7N£zjm%%J )&
i

P RB AR LR D AC O A, MR RIZ TR
AR R T A T IR AC O U, RFRICE

UNHTSCRTIA , Zr HE N 25 78 PR A2 rh R 54
P A SCHE B Ze VR AN B4y, I LA AR i 254
it (0 3R 5 P BB R AR JRUA 0 R 5 i
K 55 A TT R A R A IR SRAG 58 kAR A e

M AS T TR I &, T RAS R W 2 FE 10,

SRR, R ZH E R R AR AR o F
TR T AR EE IR, AR B AR 5 3 3 3
o P SN e SN IR S5 = D SN Vi & S AN (B2
162.0%. #F & 9 1 i A8 1k F 2 i Si0,.K,0.Ca0
Na,0.MgO Fe,0, %5 5k,

o w(Si0,) 1Y A28 1k i Ry ik ZU, AR Ak 3 [
H—16.2%~83.73%. Wl A5 [l AR IS B A5 Ak, ol A% 53
FERBEIN, Si0, i A3 3 1 %, 1T MgO (Fe, 0,
WA KRR T, TRkl Fw fe s vt
A3 5 7] 3K 9.49% Fi1 69.73%, Fe,05 F 1T A 1= %
Ko ¥F K0, 754 =B A e KW AR, 1]
ik 1.6%, 2 &gle £ Ay W 55T A 6 s b 1Y i e,
M A6 o B 5 Y, G ) i Al 3k -2.22%; CaO |
Na,O 78 T A AR 5 v S5 e 8B i B H
B8], I DL gk A Akl A Ak s b i A i
K, A A ik =3011% F1-2.71%; ALO, L £ I —E

x2 MBUTAEEETEREBIBHELR

Table 2 Results of mass-change calculations of altered rocks from Zheyaoshan deposit

w(B)/% w(B)/10°

Iy G5
ASiO, AK,0 ANa,O ACaO AMgO AFe,0, “AALO, |AMnO AP,0, ATiO, AMM  ACu  APb AZn
ZK2  -1621 084 089 301  -088 053  -061" 008 0033 006 -12.08 3394 -7875 ~-157.34
ZK3  -124  -087 =076 0.5 140  -026 . 005  -0.008 -0.018 -0.04 -144 -2625 -78.52 ~153.09
zz ZK5 118 026 -0.69 -1.83  -0.72 =065 -0.I3 -0.088 -0.016 -0.02 -2.56 -2248 -30.30 -92.51
ZK27 2222 -042 057  -197 042 041 094  -0.001 -0.004 000 2233 1408 24218  520.00
T 149 -0.05 001 -0.16 005 001 006 -0.002 -0.001 000 156  -0.18 1365 2927
ZK7 2517 L10 -2.19  -3.08 14l 211 078 -0.060 -0.013 —0.03 2528  747.86 -72.17 -150.47
ZK10 1359 068  -245 =311 | 204 389 019 -0.064 -0.016 002 1486 2985 -6338 -117.92
Ak ZK22 =261 160 -L51 o281 467 1909 774 0013 0032 046 2663 3292.02 -48.39 8077.33
BT zK25  -13.17 046 . -045° ~282 242 446 288 0060 0029 024  -598 7719  —65.84 3083.88
7K28 809 032 -150 =303 270  -0.11 040 0076 -0.001 001 687  -19.66 ~-13.67 -90.96
FHE 621 083 -162  -297 265 589 240 0005 0006 0.4 1353 82545 -52.69 216037
ZK17 8373 -094  -2.56  -3.03 934 6973 563  -0.009 0091 026 16217 29531.57 168.66  310.28
ZKI8 9.5 039  -2.53 =311 288 261 084 -0.033 -0011 -001 1024 398  -7127 -93.94
Ger ZK20 3851 031 —244 =301 619 637 451 0024 0037 024  50.68 4889  —59.57  -83.66
e zkar 2497 088 -2.16  -3.02 458 667 519 0026 0047 034 3744  -6.50 5046 -49.33
ZK24 2192 060  -1.85  -3.01 303 496 249  -0.008 0016 012 2825 9129  —44.69 3137
T 3565 025 -231  -3.04 520 1807 373 0000 003 019 5776 5933.84 ~-1327  22.94
ZK12 3416 057  -253 =306 172 287 009  -0.058 -0.004 006  33.89 -1925 -72.49 -85.60
ZK13 5811 -001  -250  -298  3.67 1245 240  -0.029 0099 035 7148 15296 19047 187231
.. ZKI4 2531 040 246 =306 365 806 255 0044 0020 012 3458 24573 62994 1748.68
e ZKI5 5448 -222  -269  -2.84 949 3905 385 0053 0059 043  99.56 11300.54 -10.97 1080.84
ZK19 =389 -2.01 =271 =310 764 1051 -151  -0.002 -0.009 -0.04 479 603460 -18.43  343.98
FIE 3364 -0.67  -258 -3.01 523 1459 147 -0.016 0033 0.8 4886 354292 14370  992.04
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FOGALE  HR AR 3L VMS B PR 2845 0 2T 8 M st 93

IR (B AE A AR AT AU BN Y AR
Ao T MnO 78 $A 9 Tl A2 3 72 v 9 3 B 0 R A
POl T 7ESR e A A 4 Ao bl SR A — 1
T A (G -0.01%~0.099% , F-141H 0.035%) 2
Hb  TE A A A P R RS L R AR E AR 1R
fEE

5 9w

5.1 HETIEE

TEVMS B PR H, 1l A% 45 %4 Al(alteration index) A
PIR R E f R AR A T A A G Y AR
EYNEWIE

AI=100 % (w(MgO) +w(K,0))/(w(MgO) +w(K,0) +
w(Na,0)+w(Ca0))

JEPAR ) #8 th Mg (K & 4 Na |, Ca 75 i 9 &
i %% A (Haeussinger et al., 1993; Ishikawa et al.,
1976) , HAB R A, 2 BH A0 B R i . 5 0 1 R
BT PR h AR o R RS A 2R s B R R
e A AR R BE L A B, B A A Rk R R Ak
{2 fif K. Ca A X} = $i , fifi AL {H ¥ /> (Paulick,
2001), 1 ik R & - &% U 7 - Bk 0 1k 48 %X CCPI
( CCPI=100 % (w(MgO)+ w(Fe0))/(w(MgO)+ w(FeQ)+
w(Na,0)+w(K,0)), W J& Na 9 =7 5t #1 X F Mg (Fe
& A A2 5 42 3k (Large, 2001a), Sz Bt T HAGR il AR 1o
bR A b kiR a i R LR R

FIH CCPI-AL P32 &I fige AT L3 531 PR 1ok 4% o)
H (18 32 AR S AR A (ol A 55 ol AR R i v 7 D
oy, At (R 1), 5904847 v ATl 43.0~
61.87, CCPI{H N 37.65~61.43; 48 = R REAL AT AT K
84.37~97.45, CCPL{H 4 63.96~84.29; 4 I £1 1L Al
{4 93.69~99.62, CCPI{H A 76.1~98.02; 71 4k Al
{41 97.42~99.54, CCPI{H Jy 73.84~99.43 ; M\ 55 11h 45
i Akl AL AE 53 5] 8+ 53.88.91.98.,97.53
98.73; CCPI¥MH 434 4 : 46.59 .74.0 .86.12.91.93; [&]
112 e 7 5553 b 8 2 AR G458 2 7 N Ca FHER AR Y Mg
Feff, MM ZH = BEREAR A B SR8 41tk A kA, il
ARTFRE IR o 3o, R Se A L R AE A o Bk
B JE iy b — 25 i AR T B 1 CCPTAE A A8 AR )
ML T s R abE B AR E AR L, o akle A
A FIR AR A T CCPI-ALE (B 1) 194 o, 3%
W B Ty 5 SR8 A Al il AR ik, HAT 28 R
B X e a i s T AR s vl SRR

(R BT NS BRAR AT A, RESRVE A1 4 T RE 28 TR T B
brikio
52 TEIBFHLE

Priz i VMS & R [l A 3 22 02 A 05 AR B
A 52 BT R AR - PR s VR L TR T A
FIRRI AR . SEF A ST R I (B Z A 1Y)
PIRAE 5ot B A I B B e R W, BT AT BBl R S 2
R F BB, & T — 55 R 50, A Bk
S A Tty S AR o3y 102 PR R E S AR v i B
JLE MR AL Y, B 1 i R 5 A bk
WA E BRI E R T AS S nT A, 37
Ll PR BB 93 Bhoe ANk A T 5 B
%, It H o R Wi B 2 AR [R) ) il AR 0 rpoAg A i
FYARFAE -

(1)Si Al F A M Bk Ak 2= B 3R W, S10, 7545 Tl
Py R JoR A S S AR A A L, TR R A
b AR5 S A B 1B s HL B ok A 5 B 1) 1 o 2 AT
P B Gk W 2 DR A i A A e B o A% o)
RO B Ok A —E A REAR FRDTUE , 1 A% Si0,
TE PR A 1 B h R RS R R (E R a4,
2012), 33X 7 BH FAIR b AR o A v me AV B 1
i P B AE — o R b RO T AR R AR R B ST Y TR
PR . AR, A DA = i R 31 340°C Y ok 72
SR R 23 2R B DT BOA L DL TE
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BT 300°C A2 A7 H IR BE A5 1 o R AL R 1
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Fo R IS pH A S AR e B 0 i 5 A A 56
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(2)Na.Ca,Sr: Fifi ith 25 58 B (1 34 fin , Na . Ca 435
P — i R . BT e e Na . Ca JL
PRI IE R A AT IR -2.71% F1-3.11%. 1M
PR 75 Sr 5 Ca Na H A B 2 1A %, B Na . Ca
(R T R R 5 B (1 12) o i F Ca?* \Na® .St
BRI , B, F AR R R 2 e 4
TR A RHE AN, AR AR S R v B R PR
K 1 5mEN o3 fff T |, R0 AR AL 3 sl (Rl
5, 1984) . X 5E AR A & A R A
BEAR, JTB A B AR SR FE (3G, =01k gk e 11k
5 PR A BRE gt PR A T 2 iR R R SR AT o

(3)K.Rb: 45 = BEAL pl AR 38 5 &k A= F O &
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3NaAlSi,O4(4H K A1) +2H+K —KALSi,0,,(OH),
(48 = 1) +6Si0,(f1 J%)+3Na*

FR 4 S50 %K), 248 < BEJE 1Y pH { 2~4 (Mon-
toya et al., 1975; [ )11, 1996) . %26 W45 = £14k it
G T B KR PR AR, 3% — o 72 5 1F: Bl 1Y) Bk
WAL FREAL , (E8 R B vT LB B A 328 =B o
I A Cu-Zn BRI PR{AE 5 15 1Y 40 Al Pb-Zn-Cu 4
PR AR PR AR 2 FR 1 32 Bl A o R
2013) . HERW LAY LR a] A R Ak 2E Rk
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(4)Mg . Fe: M\ 585 Pl 22 47 — 0o 464, MgO
Fe,0, 14 T W1 s 46 1T A i 58 si i 52 0F
FE, H Fe,O3 I A B WL, , X 5 & At IE
BCE VIR G o YR AR 2R 458 18 B TR 31 300°C B, #H
k28 < BT R AR sk VA AL, AT d Fe . Mg RO F 3R
15 PR3 (Schardt et al., 2001) . 1fij Fe Mg & S {E4ETR
A AR R el AR R R B T e TR SR T A
WP AH B e L A B 5T (Inoue, 1995; B2 7%
45, 2010) TN, ZE 07 IR 09 $AOE 1ol A% o, 76 (IR 40
FE AR pH B S5 1N, A R T IE BUE Bk 4% U A 5 18
WIFIRET A M TIE RS Rkl . RN
LRe A FEE N E B AN E G sk e (ke A )
() RAE, 1998) , I, HE Wiz o IR B 2r e A &
ZOE AT A R R RN YT LR SR
A oA e 2 R — R B KR 43 KT 250°C , WAk
WE T 3X — i (R 845 2004) 53— 7 imn, FE & 28
= BARAR B HE AT HORE IS A, T AR R AR A T
2 ¥ A 3 ep 1 B B L Fe RIS 1Y B ok A A
WY 8 & 0 BCIR B  DLE , Fe? IF IR 22028
=Bk B skl A

4K AL,S1;0,4(OH),(45 = 1)+8H,0+18Fe'—
3Fe,(SiAl),0,(OH)y (4t A7) +4K*

X2 SR U A A FL Al 20 K ORI Na i
MY o AL 22 A P R AR A AR T e A A R Bk
VA T8 B S A rh 4 @ a1 0 DO UE W] B i A (2
WilR%F, 2013) , X 54 N A0 E 2N B
WA DR R A R 5 ) ) b B S S — B
USRI AL FT E” T S gim n i 5, Hagle i
T R AR

(5)HFSE i sh451F - 3 F HFSE 76 37 6 5 41
AR 5 R A I 2 OE R, BB N Nb Ta Zr (Hf
FICRAE PR AR S AR AR R 1Y TR
BRER/N, ZEAY ERMEAE T IHETER, 5
BRSO P AR, B Y 5 Nat  Ca i B T 2 A
oL, AR, BH A TR AR S B b B o i e — e R |
S 1Y BUTE S (X DE4R, 1984) 511 Ti A SR 860
R, A TEEARIREE T LIS R 42 i 4 ik S A it
TR —E 6 S (VLW 745, 2015) , 6 oAt ih AR
b AR 1 DA S Sl 20 7 A7 A, il A8 3o 6 v e o i 11
KAm ik Al Ti R 7 BB G , thal T e s " ok
TR o
53 MTE5TUHXR

(1) W ITRMWITH  HR VMK 2778, CutE
55 1A s A b B o M B A IR (5 R 4 40,1 %
1076~61.2x107°, 7155 B AH X 1EF8 £ -26.3x1076~33.9%
1070) , 7E45 TR 47t B S B AR i B /h iR th i 2
Gh L HARBINARBENTEA. NE = Bk
i — &P A — 8 A 1Y Cu ~F 31T A= 4 il
47 825.45%x107°,5933.84x107¢,3542.92x10°0, ¢ ¢ £1
AT HAZ A R S e R, AT A T R A
PIRER, R I, CufE 4 = B RE Al 0 kAt 1Y i
A B W, Pb. Zn 9B R AE HLES A, 7E
e A A T AU BIRE S AR A, ER B 55 ik
gy — R e A Akl BB i (Zn #2248 = B4Rl P
2R A B REARRSN, X ATHES Cutr fLAH
X)), AE B b (P, Zn F 3 A & 43 5] 38
143.7x107°,992.04x1076) & 4 .

Cu 7EJ5 A B & wE R WY, L 05 A9 AT BB
K FEM 4R A 53, H A 5 | A A A Y HOR
T R NI 5 G R TR N N (TS R E Pae i Y
irh Cu I AR, VA XN i 16 5 20 == Bk
&R B, AR 5 5 1] LLFS 7R AR A1k i i R
B A b G A R 48 s REREART (SRR A Tk P
BIPEpE R 55 ) B A 1k

Xt Pb.Zn, §if ABF5T (Baker et al., 2004; Helge-
son, 1964; Ruaya et al., 1986) AN , TE 5 1 (400°C £
A7) e SR B R R M S5 T L, Pb Zn &y LA BB
KA 2%, M AL 2% & P A2 A6 T 1 Al s
BisRid 5 25 F F (Barnes, 1979) . b JFEIREE T, FE
AR ZR 1 pH B, Jr B0 DN 1 37 i 38 U] 2 D
I pHAB T & — B0, 58T D RERT 3 ik EE
SRR, T A MU R T,
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HE S FEAR R Y JTi 4B TS HTE. Y
FRIG Bh 1 T BE 52 Pl AR a8 v K A A ik AR T TG
U3 R P B I A A Ti B 36
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