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Wall Rock Alteration of the Haenam Pyrophyllite Deposit Related
to Felsic Volcanism, Southern Korea

Hi-Soo Moon,* Seung Woo Jeong,* Yungoo Song* and Young Surk Park™*

ABSTRACT : Haenam pyrophyllite deposit occurred in the rhyolitic tuff of late Cretaceous age is located
in the northern part of Haenam-gun, Jeonranam-do. The ore of the Haenam deposit is predominantly
composed of pyrophyllite and illite accompanying such clay minerals as kaolinite, chlorite, and smectite.

Pyrophyllite ore at the center of altered mass is often associated with kaolin minerals and high
temperature minerals such as corundum, andalusite, and diaspore. On the basis of mineral assemblage the
Haenam deposit can be devided into three alteration zones from the center to the margin of the deposit; the
pyrophyllite zone, kaolinite zone, and illite zone. All alteration zones are associated with appreciable
amounts of chalcedonic quartz. Those mineral assemblages indicate that hydrothermal solution which
produced the Haenam deposit is strongly acidic solution with high silica and hydrogen activity and low
SO~ activity. Discriminant analysis shows that Na,O, K,0, and Al O, of major elements are discriminant
elements which classify alteration zones, while in case of trace elements Cr, Ni, and Sr turned out to be
discriminant elements in this deposit.

According to the mineral assemblage and illite geothermometry, pyrophyllite ore is considered to have
been formed at about 240-290°C. K-Ar isotopic age for illite from this deposit indicates that it was formed at
much the same age of later stage volcanics in the area, suggesting that the hydrothermal alteration of these
deposits is associated with later volcanism of the area.
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Fig. 1. Geological map of the Gyeogog area, showing study area marked as a square.
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Fig, 2. Map of study area marked as a square in Fig.1.
showing sample locations and quarry facies in the
Haenam deposit.
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Table 1. Electron microprobe analyses and structural
formulae for pyrophyllites.

Sample S1-10 S1-11  S1-13  HN-6 HN-7
Sio, 6758 6331 6560 64.42  66.28
Tio, 0.00 0.00 0.07 0.00 0.00
ALO, 2773 2841 2873 3021 2813
FeO* 0.09 0.25 0.21 0.06 0.23
MnO 0.00 0.00 0.07 0.00 0.00
MgO 0.01 0.00 0.00 0.00 0.00
BaO 0.00 0.00 0.00 0.00 0.00
Ca0 0.03 0.06 0.06 0.08 0.00
Na,0 0.03 0.35 0.16 0.22 0.18
K0 0.00 0.19 0.53 0.00 0.24
Total 9547 9457 9543 9499 9506
Number of cations on the basis O (11)
Si 4003 3956 3946 3.881 3.988
Al(IV)  0.000 0.044 0054 0.119 0.012
AI(V[) 1950 1985 1982 2026 1.983
Ti 0.000  0.000 0.003 0000 0.000
Fe 0.004 0.013 0011 0.003 0.012
Mn 0.000 0.000 0.004 0000 0.000
Mg 0.001 0000 0000 0.000 0.000
Toct*™ 1956 1.998 1.999 2029 1.995

+All iron reported as FeO.
+» Total number of cations in octahedral site.
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Fig. 4. Photomicrographs of samples from the Haenam deposit. A; illite replacing the pre-existing feldspar,
B; radial illite developed within fine grained pyrophyllites, C; muscovite growing along the fracture
developed within a quartz grain, D; diaspore (at center of photograph) coexisting with fine grained

pyrophyllite, E; corundums (black materials) occur with pyrophyllite, and F; authigenic chlorites growing as
a radial form.
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Table 2. Chemical analyses of bulk samples collected from the Haenam deposit.
Sample No. Si0; AlLO; FepO3 MgO CaO Na,O K0 TiOp P,0s MnO H;0+ Total
S1-1 7530 1509 115 0.03 039 298 510 012 002 0.03 026 10047
S1-3 7531 1512 1.84 031 039 3.13 398 011 0.02 0.04 043 100.68
S1-5 7469 1554 198 047 035 144 506 021 003 0.03 071 10051
S1-7 7737 1564 074 0.10 0.06 049 453 007 002 002 173 100.77
S1-8 7927 1262 126 0.09 0.08 042 363 007 003 0.01 289 100.37
S1-9 9209 533 019 001 006 031 145 018 001 0.00 102 100.65
$1-10 8141 1503 006 007 007 124 022 015 004 000 224 10053
S1-11 62.16 3011 016 002 0.05 063 158 006 011 0.00 544 100.32
S1-13 6045 2792 076 013 0.10 071 609 008 002 0.00 452 100.78
$3-1 7549 1532 162 0.02 013 289 343 004 001 006 130 10031
S3-2 7868 1278 191 0.15 0.08 000 349 005 003 0.02 340 10059
$3-3 7698 1313 3.13 0.08 0.04 015 393 007 002 001 251 100.05
§3-7 7691 1571 113 0.00 0.07 000 294 005 002 0.00 318 99.99
§3-10 6832 2288 055 000 007 000 333 009 003 0.00 549 100.76
§3-12 69.20 1759 389 011 011 000 468 010 002 000 512 100.69
$3-16 7506 2036 0.10 0.00 005 000 028 010 0.03 0.00 4.67 100.65
HA-1 81.36 1208 095 009 002 000 352 001 002 002 244 10051
HA-2 7995 1160 092 029 0.03 000 353 021 003 0.01 3.87 10044
HA-3 7283 1529 241 028 036 387 434 024 007 002 062 100.33
HA-4 7471 1559 134 010 015 505 242 008 002 0.03 078 100.27
HA-5 7495 1467 122 011 006 216 516 006 002 001 1.66 100.08
HV-1 7468 14.19 129 000 023 348 4.66 006 002 0.03 049 100.13
HV-2 7452 1481 148 024 043 287 536 004 002 002 0.60 100.39
HV-3 7404 1506 198 023 008 241 533 005 003 004 079 100.04
HV-4 7427 1548 189 029 0.11 379 428 012 004 0.04 037 100.68
Keys: S1-1 ~ $3-16; columnar section samples, HA-1 ~ HA-5; samples from the alteration region, and
HV-1 ~ HV-4; acidic volcanics.
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Fig, 5. Variation diagrams for major elements with increasing S1 and S3 sites shown in Fig. 2. IL; illite
zone, KA; kaolinite zone, and PY; pyrophyllite zone.
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Table 3. Trace elements data of bulk samples.

Sample No. Ba Co C CGu Li Nb Ni Sc Sr v Y Zn ZIr
S1-1 517 2 4 4 7 19 5 4 73 4 29 39 91
S1-3 409 3 6 2 23 15 6 4 7 70 19 47 74
S1-5 319 4 9 4 37 27 9 7 89 17 21 65 107
S1-7 109 2 9 3 19 22 6 7 13 1 15 39 75
S1-8 69 2 9 4 7 20 6 5 16 13 14 50 73
S1-9 64 1 9 2 3 26 3 5 8 12 25 7 91
S$1-10 98 2 34 3 9 22 31 4 86 5 13 7 81
S1-11 41 2 3 2 1 12 3 7 113 10 6 16 43
S1-13 64 2 9 2 5 23 9 12 24 7 14 57 92
S$3-1 1052 6 s 2 12 14 4 2 157 3 23 55 76
S3-2 247 7 4 3 3 18 4 4 1 3 63 77 72
$3-3 94 12 5 2 6 25 6 5 12 9 18 61 71
S3-7 34 5 4 2 7 17 3 7 17 6 12 9 73
$3-10 37 3 0 2 19 28 2 1 11 6 18 18 116
S3-12 148 11 5 2 3 23 6 9 14 8 27 68 108
S3-16 18 1 25 3 6 17 20 6 28 4 7 7 76
HA-1 151 1 35 2 16 11 19 2 9 2 14 20 61
HA-2 413 3 26 2 13 9 16 2 62 10 12 34 53
HA-3 1162 5 50 3 7 14 30 3 2714 17 4 62 62
HA-4 427 3 71 4 10 16 39 3 94 6 24 43 72
HA-5 443 2 40 3 10 15 24 3 67 7 15 46 74
HV-1 100 2 3 2 7 18 5 4 44 3 17 60 69
HV-2 1033 2 2 2 10 14 4 3 106 4 32 76 72
HV-3 418 2 2 2 19 15 4 3 96 5 22 68 88
HV-4 452 3 12 4 18 14 8 4 112 12 19 48 70
Keys: S1-1 ~ §1-13; columnar section samples, HA-1 ~ HA-5; samples from the alteration region,
and HV-1 ~ HV-4; acidic volcanics.
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Fig, 6. Variation diagrams for trace elements with increasing depth at S1 and S3 sites shown in Fig. 2. IL;
illite zone, KA, kaolinite zone, and PY; pyrophyllite zone.
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Fig. 7. Chondrite normallized REE abundance for
altered (A) and unaltered volcanic rocks (B).

Table 4. Rare earth elements analyses of samples collected from the Haenam deposit.

Sample No. La Ce Pr Nd Sm

Eu

Gi Dy Ho Er Yb Lu

S1-10 856 455 281 213 231

S1-13 66.5 536 374 216

$3-10 826 526 327 208 121
HV-1 60.0 521 390 308 20.1
HV-2 2108 741 1196 859 472
HV-3 59.6 473 400 333 234
HV-4 840 636 512 394 245

117 84 68 64 66 54
83 85 75 58 81 73
91 95 82 83 107 104

123 95 77 77 82 82

266 182 136 104 114 104

160 117 93 83 83 65

163 125 104 101 105 100

Keys: §1-10, §1-13, and S3-10; outcrop samples and HV-1~HV-4; acidic volcanics.
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9] REE patterne Y¥rE o2 calc-alkaline® 3 tholeiitic
Foz2 FEHEUY, & F9 3¢S calc-alkaline
patternS BRI Fig. 7). FAXEY A5 Zge] AR
o Eu ARHES 2717t $7kte A2 REE #%°] %
3 LREE/HREE ratio7} &2 3HH feld & 93
o, HE 4 27 53 2 ¥AEJE HAd) 7|
Ql8tAY (Alderton et al., 1980), Eu %o]ite] AA&
Ze €890l 2gd wed g o2 AAEY
(Graf, 1977). ¥ 99 3HI4F GA] FAo] AH&E))
£ 3A|% REE pattern©| Eu §o]4-& Hole A& 3}
A Aol F43E9] d¥o] Ao oF IF
2t o 3A FE37] WEo2 ALtk Noble ¥
(1967) = 3htd frelde] g4 ¥AdE ¥ B¢ g4
g3}d4-& wowy E2AC, F)S WEdda &
Sk BAA 89 REE patternS BH g5 E2=2
RBZEe d3dA AFH3 S1-10A 89 LREE/HREEM|
7} S1-139%F S3-109] A¢ET EA veed, o W
o] ol wet drfdo= MM FEfdo] &
#els 28-S oA wEd (Y =7t 37159
Hrp QHEE 3HEE o|F& HREEZN @549
enrichmentd W22 A€oy FAA 89 RPN E

- F

74y

9 REE pattern©] oFF &AM A& dAREA] o&
H429 o)Fo] uff AFHIUEE AN}E FAVL
€.

Table 5t F929 vFILE BEde BIRS
o Agst a9 BASE A o|dAE 293}
H s 2o (Fig. 8). FHid T €A
WYL 2% 2N dEolEE X§F 2oy WAy
79 i]‘°]7]' Q"Es}ﬂ] Ho|n, NazO, KzO L Alegi
A BAALEE BE3] TR, ol FU2 A%
oM #FF A3t & dX P v|Fdre] AL, @
HAS7 2 94, 5 BAUTEY 7180 2 + d
v 942E C (BG40, Ni (339 2 & Loz
yehdd, dddist RgE FRAFE vFbLEE O
3 Niel#|, dZdiddlA gX3} Jeo|EQE &3
Fe AL Solnt. FW olg Az FAALA, 9
Adjg 2eo] A TRHA SRS ZPAR
T EE7F e WAL T YELE AREL. Y]
Fedd oA A WEFL %% ¥A Jg
Wk

Table 5. Discriminant function coefficients and related statistics for major and trace elements in

the Haenam area.

major elements trace elements
discriminant  discriminant discriminant discriminant
function [ function [ function | function [
Eigenvalue 25.8792 1.9153 9.2493 1.3002
Percentage 92.98 6.88 81.91 11.51
of variation
Canonical 0.9812 0.8105 0.9500 0.7518
of correlation .
Coefficients
Aly)O3 —0.99009 1.02047 Co —0.72841 0.05310
MgO 0.69768 0.05338 Cr 3.47489 —0.56145
Ca0 0.18232 0.47702 Ni —3.38241 0.70610
Nay,O 1.21909 0.40043 So —1.43776 —0.09997
) G10) 1.14615 —1.16853 Sr 0.39386 0.99718
\% 0.39567 0.32112
Y —0.68485 —0.11038
Zn 1.74411 —0.57152
u 1.27048 0.68408
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Fig. 8. Plot of scores of first and second discriminant
group. A; major elements and B; trace elements. Solid
rectangulars; pyrophyllite zone, open triangles; illite
zone, solid circles; less altered zone, and solid
triangles; unaltered volcanic rocks.

FIRF B XA HAEAO) e Wdo] ok
PAFRAAE B 24¢ 448a glonk, v
o] 4% FAHTANE merel o] Aa Holx] %
1 A28 Ee B0 Bt Bedl g 9%
o §22 449E w3dold 9308 ge A4
BVEY WA T 49, 54 2 dololaz
oh $o YFREs, FATN BARFE A4
o2 Aegdeq AR YeolE ¥ 783 F2o|
REIT. Ao)AsAAE defolEg] A ola] 7}

AT Hole BNE 44 QAT 4 glew, #A

Adn| B BFA olE o] dFLdd o $d
A BT, EF, oA d4ude FAEN ¢
T et Adste A 594 2, 7129
@A dddte E3S w i AFRY dajol
EZF ] At AW, AlHe gdaiHo] gl
Fexgoz B, AdFLYd A$E Utada
(1980) ol o3 WAD EFE wad BIERT slicate
serieso] &3], ol F40|LY FEET} &1 A
#49] EAC] doju= #7380 AHALE 9n)
gt F, Fiole L HY7le] 5} Bu ne8
738 @eHd FARA Falo] 41, o9 FA
o dejste] 23}, Exslo]| wa} FFA, gojojry
of 3 FhEEuolEZt dAn 2&3A It (Hemley
et al, 1980). EFWA] FARAM HojHd mg}
BAY B fhol2e] SFEL Be 8444 4
o|E7} FAHETh Mo AEE dPolE (AL
AP 2 HAHE AoR Hol ojuje] Ffo 24 K
oj29 BFE/t AR ¥ FPoJALE F28
Atk AR oM degAe Hfe)da w
o 2HEl|ES P45 Hed, B B4 AL
ZE TR A 2 A £4% dajolEW
2 z7)o] F4E 2HEo|ES) ¢8ste
ol

dr8d e FATAN HoxuA FFeU A qpe

B 94 9 7Y BB A2 2 4 B9
ATAAEE BT RYE 5 190 BAS, AF
8, 1990; AL §, 1991). 39, FA Avte] HA
FAEFEC] A9 AAHA e Ao Hol
A AT A 2 ok v SOt 8%
=7h 4 w2 e F4HUL Aol dojE
ol HYe A& et JHo| AxHow Wi
HASZ AN, $He 2P F2RAL (Table 1)
WA gl A9 dojux] e ARE HAZY, o
Az @59 83 - ey ol WalE HE gy
AAY FEEe] vA e Ggo] Ao gL AAte
= Ao, A dae] A9 YRS} e
A= = @349]- (Newman and Brown, 1987) & %]



94

o

g 22y, SudReA dEE e Bide] 39
B AU Az wel, F2 A 9
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1990 & HEAHQ Z#HE HAth ol AL w4
o FEHH Age ol B4 AY7TE F¥de
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Cathelineau (1988) & 1A <] APAAW] Alo] &3
3} dolEY Fixed-Ke ol kol whzt Frtdche
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Fig, 9. Fixed-K vs. temperature diagram of illite after
Cathelineau (1988).

PRESSURE Kb H,0
f=3
[

845454 $87 %9

371 8 YdEjolEd diF AAAnEHE AN 2
3}, Fixed-K9 o] 0,73~0.922A] ©|E Cathelineau’}
AN E AALE diagramd =X E¥ (Fig.9),
A40~2085ce £z HFEh LT W) vlud ¥
< AL F3to ol 239 Cadt Nao) FF Wz}
o 719% Aeg A"l Hemley 5 (1980)2 €9
A AR E AR 19 ALOs-SIO-H0AlA BE
tel HyAdelo wa 22-943 #AE AA L,
2A1,Si505 (OH) 4 + 2H,0 = ALSi,010 (OH) , + 2410 (OH) &)
¥, 1Kbe &HetlN FHLEE 30£10CE B
sttt (Fig. 10). #d33e] ¢ 947 dolojrx
of 12|1, YFO|EZL F FAFE A HES @
M BYE AL nEete] 1 4FE 300 bar2
Hydokd, siddide d4eEe 20+10CE 33

5

200

300
TEMPERATURE °C

400

Fig, 10. Calculated pressure-temperature curves in the
system Al,0;-Si0,-H,0O at lower water pressures
based on 1Kb stability relationships after Hemley
(1980). A; andalusite, K; kaolinite, P; pyrophyllite, D;
diaspore, C; corundum, Q; quartz, and W; water.

Table 6. K-Ar ages for whole rocks, illites and alunites from the Haenam area.

Sample = Name of Locality Rock & g Ave. YCAr Age
No* Sheet** (nat'1grid)  Mineral  (ppm) (ppm) (Ma)
HN-3 Haenam 1647/1295 Illite 8.194 0.0370  76.0+2.1
OM-1  Hwawon 1418/1198 Illite 6.423 0.0286  74.9+2.1
GS-4 Wando 1604/1110 Illite 8.070 0.0395 82.3+2.2
SS-4 Hwawon 1432/1162 Illite 7.685 0.3374  74.0+2.0

Note: *O"Ar refers to radiogenic “’Ar,

+ The names of sheets are from the new edition of topographic map (1:50,000).
++ Samples are collected from the Haenam (HN), Ogmae (OM), Gusi (GS), and
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