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ABSTRACT : Korea government has consistently investigated the development of economic mineral
deposits in the Tofua volcanic arc, Tonga since 2008 for the secure of sea floor mineral resources. We
studied the composition and distribution of minerals formed by hydrothermal activity around TA 25
seamounts of the Tofua volcanic arc, Lau Basin, Tonga, using X-ray diffraction analysis, scanning
electron microscopy, X-ray fluorescence spectrometry, and inductively coupled plasma atomic emission
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spectrometry. We used 7 core samples and 9 surface sediment samples. Barite, sphalerite, and
clinoclase are present in the most volcanic vent area. Gypsum, smectite, and kaolin mineral are
distributed in vent A area, chalcopyrite, pyrite, smectite, and kaolin mineral are in vent B and C area,
and gypsum, chalcopyrite, pyrite, and goethite are in vent D area. From the study of clay fraction,
smectite and few kaolinite are detected in the most studied area except inner part of caldera, which
suggest that argillic alteration are dominant in the volcanic vent areas. Various sulfide or arsenide
minerals were found in the hydrothermal vent B, C, and D. The mineralogy and geochemistry suggest
higher hydrothermal activities in volcanic vent B, C, and D compared to vent A and inner caldera area.
Therefore higher probabilities of massive sulfide deposits may occur in hydrothermal vent B, C, and D.

Key words : seafloor hydrothermal deposit, TA 25 seamount, X-ray diffraction anaylsis, hydrothermal

vent, chalcopyrite, sphalerite, smectite
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AT Fe FE T4, A% A
4, 3= FHo 254%, dHEY 52 =
3 5 el fElg o 7R AHE 7R
pomg s |A EE e AEA FE
Aoz BAR T JTHKim et al, 2008). =)
FEA] A2 fEiushs 20089%H AsiA
FEAN R A" ol YA HEY S
EEZ W Tofua arc®] 3i# stdEo)A sjx g
Bl #d 2AE AEHOR FPsta
(MTLM, 2009).

Bty QIE-svo] Hsks ZAl <
A gt 2HEEA|(Lau Basin)= $EEEES 714
3 9tk o] AYL FYfEd vls] EHHEA
Tud B &9 Fo| vtant P4 Fofshr] w
woll BAE =2 siAgTdd B0l £ S
Aggict o] Ao EEET(hydrothermal
vent)E 7HA= A4 840 (active seamounts) B
o] WAENOoH(de Ronde er al, 2003, 2005;
Stofferes et al., 2003, 2006; Arculus, 2005), 314
33 FsE Fd(seafloor massive sulfide
deposits) = FAL 7ol vlg =& ZoE B
2=3 9ltide Ronde et al, 2003, 2005;
Massoth et al, 2007; Hekinian et al., 2008).

YATE olF= FAoly A HAER 3
& A7t A BEshe @49k wkgol o5ty
A= HEAFEE)S €59 24S ¢A @l
Fo, A ETFY FA49 WSS ol &
A= F23F 220]tKGuilbert and Park, 1986;
Goodfellow and Blaise, 1988; Barrett et al,

1988; Massoth ef al, 2007). F3ttf FH1 3|#F
Hzo) Fray ATE IALFPY 4o 2t
A 2xQl wek} 5ol 2YS FAS Bk
Grmaggel ofsle] g4E ApudnE 95
WARe) 919 F2E A7 4 o 3
a3 AAgA  glo|thMeyer and Hemley,
1967; Rose, 1970; Barnes, 1979; Guilbert and
Park, 1986).

oyl Ao F22 2008 ©]F ALHI e
Tofua arc SHHE= ek &4} I (Kim ef al,
2008; Cho et al., 2012a, b; Um et al., 2013)°]4
A Gggadel EA 7hsde] HFAE Qe 8l
A TA 25 F9 SiAEAE 2 Adg ] J=
Z2HE dAFste] deidne Fxof A4S
ekl Tk TA 25 siALE HEoE T
T Y] iAo R AT, 50 W3 JE
9] A4t dEo] Zd e caldera)E 7HAE E
o 2 R AN E FEHAKCho et dl,
2012b). FZ2| A4k A& BEo 2 Zdl}
EAehY, % HEAde #2 sHFE(volcanic
cone)’} Wttt Zug} A= B FE0l
HEEon, g sHgd-5o] dojupe Zo R
AN wEed E5gEel o wds A=
sl7)ol| Aget AAaE At oj A= Z
2} THE FAOE TP o] A AH L
e, 74, AFdd R H QHite s
e, v 2 M S 7R, AR 9y
2 FuiFE7F & JEha IF AP AL &
< 34 EE AEAE e 2R dtt
(KORDI 2009, 2011). o] A7= F& A4k
A& Fio| EAsts dulgts 4= AAs
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Fig. 1. (A) Location map of Tofua Arc (TA) 25 seamounts in Tonga Arc and tectonic setting of the Lau Basin.
(after KORDI, 2011) (B) Sampling locations and regional bathymetry map (m) around TA 25.

M THFig. 1).

\O0

i PN = s

TA 25 A4 5 A H 9] AMZEo= °F 6.5 km
9] AEE Z= vwE & BITE 2= gt
EAsk=t, Zulete] Z1ARY 42 1,100 m
oo, dPsidls Zulgt XS el 55
Ueol] wete]o] QIti(Fig. 1). o1 Aol AMgH
AEE 2008 12€ 79HEH 129 249744 £
H 2008 A3 BAHKODOS08-H), 20101 1
4 274 FE 29 209714 FE 1A% A
’3531E3(Seafloor Massive Sulfide Deposits,
SMST) BAKSMST2009), 2012} 1€ 16Y%H 1
4 309714 89 32 R A 3 E=8d
HA(SMST2011)E Fat] AFHE o] A5et 53
EAE ASEC|THMTLM, 2009; KORDI, 2009,
2011).

AN =

ol ATollME theEAAEAFH7I(Multi Corer;
MC), %<4 (Remotely Operated Vehicle:
ROV)S o]&3 F450}2|(Push Corer; PC), 1
g TV FhEpt ARE IfA R
(TV-guided Grab Sampler; GTV)E AHE3ste] =
o] N9 FFEHE ANEE AU

MCO8H-05= tEZoAANBAHF71E o83}
TA 25 Ao waet AE Zrges 5

stk 36 em FA9] EAHES AFHsIA=T, E
HELS FAA(10YR3/3)2] #4S Bz FAEH
o] 9tk MT110204 A EE TA 25 AHe] 44
AL 9] ettty AZtEE AHAA tEE
NEANFHA7IE o] g3t ¢F 30 em FA9] HHES
AH s AHY A FEE AN AP §3
Eolt}, 3APAE A s BANA R
HAFZAHE o] &3AY 5719 ol NS A3}
Atk RT110206-2 A5} RT110206-14 AlE+=
7HE APES 93 e A YA EFEol,
RT110206-11 A& A9 HAE ARt
RT110206-17 A &2} RT110206-21 AF5= Hek
gk AP T HETE AR A AHEAE
o], o] A9 AHo| Eulal AP Yol AlFE =
AdolH, & F4 m, ol F me AA(TZ
e/t HEE e Aoz IR AA|tolA
o] GRS HAEHAY RT110206-2,
RT110206-11, RT110206-14, RT110206-17%}
RT110206-21 A& EF 33pd =0l F4Folg
£ o] g3l AHY AREA, 3ld Foj= dF
i 15 cm "FRo|tk o] AlEE tidk 7|EA<
AHE Table 19 AAEHo] Qi

TA 25 A4 A9 siAdos W Ay
o] RHYEE e dHOE JF e Yoz
FAANEE D7) oHE o] Bol THANEAA
71E ol &3t AlEE 53t 1A E sA T
AEs 534 Balo e TV 7t A=E 1
WNEANH7IE 83819 GTV09SF GTVIO & 2
N EFHAE AEE 33T BAIAE

— 171 —



297 Y55 - 78

-Qel - A

Table 1. Some basic information for samples (MC, Multi Corer; P, Push Corer; G, GTV)

Station Depth (m) santl}ll)ll;:g tl?i:lrklr?:s area Year
MCO8H-05 1,475 MC 36 cm center KODOS08-H
GTV09 1,108 G vent A
GTVI10 1,037 G vent C SMST2009
RT110206-02 1063.46 P <10 cm vent C
RT110206-11 1047.829 P 10 cm vent B
RT110206-14 1043.93 P <10 cm vent B
RT110206-17 1121.35 P 15 cm vent A
RT110206-21 1136.12 P 15 cm vent A
GT110206 1084 G vent B
GT110207 980 G vent D SMST2011
GT110208 962 G vent D
GT110210 985 G vent D
GT110211 945 G vent D
GT110212 981 G vent D
GT110213 1087 G vent A
MT110204 1554 MC 22 cm center
GT110206, GT110207, GT110208, GT110210, &7 Y

GT110211, GT110212, GT110213 %5 77} N&8S
539 TE GTV09 AlEE Y FFE Hole
UM} Aol 93] WAE ZoZ HolE o4,
o] e BFEo| Zo] AHHAT GTV09
oA ANHAE =Y HHEL UFE Mol oF
ko] =gy FgAlo) Qiaprt EgkE o] YElyt
ot yHA ZFEHAEAEY EZL Um e dl
(2013)©] Table 1o AAIEHA 2= o] St
ol AFAYelE Wl oM IEFEET
(hydrothermal vent)?} W3H A|¥o] BIL3|=H]
0|2 Ztzt 5RET A-DE BRIk o o
T AHEH AEES ETEET A, B, C, D¢
Zrgt FAF B2l AHE ASEA, E78
=T A, B, C& ZH|Zt] A&, 5=+ De
Zugte] F%e Exgth AFHE AsE 4%
ET ANA 47N, EFEZET B} ColA 570, E5
&7 DA 5N, ZHlEt SAF F2olA 27014

olct.

ZA A5 ol EAlst= FE TF/RE Yoli
7] 93t BT AEE AFstY XAASHENS
AASt I AIE o] gste] FEY FTHE ZA
S =3 AlE Ulo EA)s AEFES] T
oF ARl FAHIE Yolir] Hate], HEYAF Al
BEE &goleadhx 9o AYAPAEE AZSH
Gt o]E Ad2oA & AxsE 39} =
=2 X3AZ &, XA EREA S AAst] 1 A
IE vuste] JEZE THRE 2 A
E33EZ oigk AlE A #HL Cho er al
(2012a)°ll AAIR Bl ofste] 3Tt

XA AEA L AAdsta AT At
B3l 9J= Siemens/Brucker D5005 1&3l%
XA EA7)9F 7dteta FsAETo] B
3t & Siemens/Brucker D8 Advance A25 1L
il XAHAIHEN7IE o] &3IHTE  Siemens/
Brucker D5005 I¥#3lls XA3HEA7]9] 79,
59 AaslE 3CuK a = 1.5406A)S AR
stom, Ha Algd that AAHwEAL 40 kV /
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Fig. 2. X-ray diffraction patterns for center of caldera
area. Top to bottom, sample MT110204 (0-2 cm),
MCO08H-05 (0-2 cm), MCO8H-05 (4-6 cm), MCO8H-05
(8-10 cm), MCO8H-05 (14-16 cm), MCO8H-05 (25-27 cm).
cc, calcite; hl, halite; pl, plagioclase; Q, quartz.

40 mA, 3-60° 2-theta TXrollA FAREA 0.02°,
FANDE 2%, FAF 30 ipmoE AAdl] ~
Bl 2oz 3" gE 7SSkt Ea
ALIA 52| 739 40 kV / 40 mA, 3-30° 2-theta
TRYNA FARZEA 0.020, FAAZE 222 st
of 2.2 WAo® 3 ke 7SS
Siemens/Brucker D8 Advance A25 11835 XA
|- EA7]9] ¢ Rings Eye XE AE7|E AR
3921, 40 kV / 40 mA, 4-50° 2-theta 770l A
FAREA 0.02°, FAATES 0222 ARt o
s oz Al ke 1S s
73t 35 4P #] ISM-7610F AAY=
g FAAAEAN RS o] 8st HA F=o| FE
z221s #FEom, orjd F2E EDS
(Energy Dispersive spectrometer)E ©]-8-5tf A&
48 AN, Fes0 HEs BHL 7}
7k A=A WAL AL 2] Shimadzu MXF-2400 X
A FE47](X-ray Fluorescence Spectrometer)2}
Perkin Elmer Optima 5,300 DV F52% Z2t=
o} EEF7|(ICP-AES)E AHgshe] AAs Tk
FAx0} MFAL BN td AT AR Al
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Fig. 3. X-ray diffraction patterns for volcanic vent A
area. Top to bottom, sample GT110213 (top),
RT110206-21 (18-20 cm), RT110206-17 (0-2 cm),
GTV09. br, barite; cc, calcite; cl; clinoclase; gp,
gypsum; hl, halite; pl, plagioclase; py, pyrite; Q,
quartz; sm, smectite; sp, sphalerite.

HHL Um et al. (2013)°] A=) Stk
A1 3 E9
Zozt S5 XY

AT AYe] MZe EAls= LUl THE A
Ao A= MCOSH-059F MT110204 5 27¢] o]
Aol tiste] At AR ZHE FAE
HZ2oA 53 MCOSH-05 7] A|Z+ 0-2 cm,
4-6 cm, 8-10 cm, 14-16 cm % 25-27 cm % 570
TR o] XA HENS AAS A3 glF
AP geidos RS ¢ AT
(Fig. 2). W34 e A2 gRo] e 74
< 7M.

MT110204= MCOSH-05 A%, ZHEt FA4)5
A d4o] GEe WA oitia AAEE A -
A AFHA AlZLld], 0-2 em, 6-8 cm ¥ 20-22 cm
T 3 R FESt AT mE
o] AEE APFAF e oR o]FojA glom,
APGAe] gt SRR A4E sk FE
yehdth H40l 0-2 em FREIATE A go] £
Sk QAth(Fig. 2).

Zdg SAF Y9 ANEEL BT AT
Moz AL o]d Ail= ol AlRel tigh
XAGFE(XRF) S 53 FU& 24 Aol A
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Table 2. Major element composition for samples using XRF (wt.%)

Station area depth Si0, ALO; Fe,0; CaO MgO KO Na,O TiO; MnO  P,0Os
GT110213  vent A 3447 1144 475 1.83 184 046 249 0.51 021 0.18
0-2 cm 40.65 11.83 9.50 15.64 3.51 036 287 048 131 0.38
RT110206-17 4-6 cm 40.57 12.08 9.92 1545 371 041 282 052 156 036
13-15 cm 45.35 11.67 8.17 12.68 270 058 320 0.53 2.07 0.29
0-2 cm 3856 11.89 984 1573 390 034 284 050 1.75 044
RT110206-21 10-12 cm 45.56 12.75 9.28 1242 3.15 067 3.11 060 190 0.31
1820 5572 1223 580 745 162 0.87 3.64 045 237 024
GTV10 vent B 50.34 1328 529 3.58 1.84 0.58 365 051 39 024
RT110206-02 0-2cm 848 1.54 11.76 438 024 008 6.01 0.12 0.04 0.04
0-2 cm 43.06 1231 943 1029 330 045 334 050 3.50 042
RT110206-11 4-6 cm 931 191 1399 0.37 035 0.09 6.19 0.18 0.04 0.04
7-9 cm 10.01 220 13.00 036 039 009 544 0.19 0.04 0.05
RT110206-14 0-2 cm 4040 11.74 9.19 1569 3.18 037 3.16 046 1.82 047
GT110206 28.59 849 11.61 535 245 024 270 043 099 056
GT110207  vent D 1648 1.65 59.01 149 168 043 4.18 0.05 044 0.79
GT110208 1273 3.01 4176 042 1.18 0.10 172 022 0.05 0.83
GT110210 15.02 1.65 1556 044 021 0.16 4.01 0.18 040 031
GT110211 1596 259 56.69 1.14 126 041 466 0.12 1.75 175
GT110212 5229 1471 1212 7.82 396 045 360 0.88 023 0.13
center 0-2 cm 42.06 11.74 9.13 1474 329 044 320 051 139 0.36
4-6 cm 3795 11.08 9.19 1575 334 044 3.19 0.50 2.05 047
MCO08H-05 8-10 cm 4556 1228 836 1357 3.04 0.50 3.13 0.51 1.23 029
14-16 cm 39.87 11.71 981 1682 339 042 3.04 050 2.03 047
2527 em 39.81 11.57 9.85 1589 349 041 3.05 049 202 046
0-2 cm 4598 13.02 954 1444 346 045 3.12 054 125 0.36
MT110204 6-8 cm 43.37 1229 890 1527 330 045 3.12 051 159 0.33
20-22 ecm 39.86 11.60 9.87 1601 349 042 3.13 050 196 046

Ca09| 3Fo] MCO8H-05 A=2] 4% A 73] Ea2ET A XY

Al 13.6-16.8%, MT110204 A5 14.4-16.0% %
o7 =4 Uehes Aorx Fgoad 4 At
(Table 2). FEAY S=rt WEE37]
(ICP-AES)E #4138 w4 4] A% Cu, Zn,
Pb, As, Ba 5°] MT110204 A EXt} MCO8H-05
NEANA Bt =A AEEHE ZCE HOoKTable
3), MCOSH-05 A5 E49 9Fe ZFoun}
ke Ao g s AFr)

HFEET A F2AA 12ApdE A dsst
3 FAIA N, 3aPd R 'RAkllA 379 A
S5 AFHs  1adE BAIA ZjFHE
GTV09 A= Weda} S0z 74 3
o, ~HElo|E, Mo} X(sphalerite, ZnS)Z F
A4, 3.57A H3E A FEeFdolx
(clinoclase, CusAsO4(OH))7} E3FetHFig. 3).
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Table 3. Trace element composition for samples using ICP-AES (ppm)

Station area depth Cu Zn Pb Ba Cd As Sb
GT110213  vent A 4230 3650 690 114000 29.2 990 60.1
0-2 cm 200 276 133 3420 <4.0 62.3 <4.0

RT110206-17 4-6 cm 205 301 141 3240 <4.0 60.8 <4.0
13-15 cm 261 535 239 5570 <4.0 69.7 <4.0

0-2 cm 216 286 154 3300 <4.0 75.3 <4.0

RT110206-21 10-12 em 274 512 195 3860 <4.0 57.5 <4.0
18-20 233 746 213 3780 <4.0 82.2 <4.0
GTV10 vent B 76.5 303 128 52200 <20.0 565 <20.0
RT110206-02 0-2 cm 21900 200000 13100 121000 1070 458 751
0-2 cm 468 957 662 23600 <4.0 222 14.2

RT110206-11 4-6 cm 24300 195000 11200 160000 954 542 534
7-9 em 21400 167000 10200 187000 837 416 472

RT110206-14 0-2 cm 254 502 402 10700 <4.0 90.9 5.8
GT110206 3040 5310 3210 128000  <20.0 637 91.8
GT110207  vent D <4.0 63.4 1840 102 <4.0 6790 13.6
GT110208 55300 9010 1800 108000 49.8 2220 182
GT110210 71600 71200 5000 15500 725 14600 878
GT110211 757 325 1090 948 <4.0 7560 83
GT110212 144 542 13 254 <4.0 86.9 <4.0
center 0-2 cm 137 221 56.4 583 <4.0 59.8 <4.0

4-6 cm 162 189 83.7 612 <4.0 76.9 <4.0

MCO08H-05 8-10 cm 125 229 51.3 817 <4.0 54.7 <4.0
14-16 cm 155 184 81.4 592 <4.0 74.8 <4.0

2527 em 157 239 90.5 741 <4.0 71.8 <4.0

0-2 cm 99.5 113 352 548 <4.0 48.3 <4.0

MT110204 6-8 cm 106 111 40.7 463 <4.0 49.5 <4.0
20-22 ecm 135 127 69.7 500 <4.0 66.9 <4.0

RT110206-17 A8 0-2 cm, 4-6 cm 2 13-15 oA 2~HElo]EQ} Awke] 7180 EV} A3
cm & 37 FRHOE FESI ZARIAE, FE o HFAAE B4 23 RT110206-17 AlEll=
A WA o g AW, FAHXo] A% Z Cu, Zn, Pb, Ba 5°] ZFZ} 200-261 ppm, 276-535
SHETE 0-2 em FHOIA AdoldXd FeElxeFe ppm, 133-535 ppm, 3,240-5,570 ppm E3FH= 0] 9l
0]y, 13-15 cm FIA Aol EFE o] Qty th olF wW|FHA FFE UAR AT TVl o
(Fig. 3). g¥H o2 s} ko g Zs e g F7leke 43e UehdtKTable 3).

o] FeFe Tashet], oA FAHAE F Ca0Y RT110206-21 A& %A 0-2 cm, 10-12 cm @
shaF Zhaol o)sle] AAHTHTable 2). HERE  18-20 cm 5 37] 7XEo.2 TRl XA3dEA
o] AN E XASAHEA AF 13-15 em 7XF & AASE A g RE AP s W, Yo
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Fig. 4. X-ray diffraction patterns for RT110206-21 sample. (A) bulk sample, (B) preferred oriented sample for
clay fraction. AD: air-dried, EG: ethylenglycolated. cc, calcite; kao, kaolin mineral; pl, plagioclase; Q, quartz;

sm, smectite.

2 FAEH, dolddd SFPgEolrt A%
Z3heTh gukxo g i 7o 7 A= vl
Aof e Tasta, MY e IS
FA wE el A e e AR F CaO
o] 3F 7haof ofste, A ¥ I T4
T T Si0e FF STl oste] sHEEn
(Table 2). =R APAANE XA HLY 2
7} 18-20 cm THHE Al&Jetal A FItol| A 2~HE}
o|E9} 7}EEUo|EV} EAISHE Z 02 Ho} o]
ARAZgo st dHdgeS AES A
°F HAAHTKGuilbert and Park, 1986; Cole,
1988; Seyfried et al, 1988; Giorgetti et al,
2009). s+ FRIOE ZA4E ~HElo|EQ ke
Z2e8h= 43S 7H7ItHFig. 4). nIEAE 24 2
I RT110206-21 AlE SA] RT110206-17 Al59}
Zo| Cu, Zn, Pb, Ba 5°] Z+Z 216-274 ppm,
286-746 ppm, 154-213 ppm, 3,300-3,860 ppm 3%
slxlo} otk o] E v|FYA ke dukzlog A
57t oA F7Vshs S UERATHTable 3)

GT110213 AlE& A9 32 Uro] 43t
Ao, BF Aae} 44o] e s x| o
ATHFig. 3). ©o] AEE GFEET A AY9 &
€ AEEC] 7K e Waldo] x3tE o Q1A
ol g2 Age} T Ayt FAHNL FR

BT} M Alge] o Wol Z3kE o] Utk shH Al
Foll& Aotddd Sl Zg ol v &Rt
o, 2HE|ER o Z3Eo] Qlth nFAEE
B4 A3 o] Asdde EFEET A AYA 7}
A B2 Cu (4,230 ppm), Zn (3,650 ppm), Pb
(690 ppm), Ba (114,000 ppm)°] E3t= o] glom,
As 3 A 990 ppm o2 7P Et} o]9} e
E2 ML T o] AR Yo ge SE=F
glo]29] EA) o]f7} He ZoE AT
TFEET A AYY AEe tiFE AP, W
34, Y o8 FAHM d-ERE A4E A
o7 AAEE FEEZE TN, A, Hojd4,
FYwFdolx Fo EAG. FEE Eehs
FEQ FEeddel2rt gol FHrEol e Al
S GT110213 3k ¥oll gl A= Hol o]
A TS el ok FEFE HlwE ofaA
e Zlo 7 AZHET o]2jdt Adke o] AR
g mFds B4 AFME e,
GT110213 A& A% w9~ &2 Cu (4,230 ppm),
Zn (3,650 ppm), Pb (690 ppm), Ba (114,000
ppm) FFe YERI YA AEELS o] AR
Hste] B 1/5 o]slel el oA e dEHTt
(Table 3). HE F&o thdt XRD 4] Aol A
7hEEUol EZL ul9- AFF Z3Eo] 1 oiRE

T
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Fig. 5. X-ray diffraction patterns for volcanic vent B
and C area. Top to bottom, sample GTVI10,
RT110206-02 (02 cm), RT110206-14(0-2 cm), RT110206-11
(79 cm), GT110206. br, barite; cc, calcite; cl;
clinoclase; hl, halite; pl, plagioclase; py, pyrite; sp,
sphalerite.

2Hglo] EQl A& o] A o] ol o] AWM A=
= e S s Ao® AZEthMeyer
and Hemley, 1967; Barnes, 1979; Guilbert and
Park, 1986).

=7 B2 C XY

HFEET B9 Cv wig- AT AYQld), o
714 12hd = S A 2 5t= 3 EAIA 10,
3R BAA 47le] AlERE AFHASHATL
GTV10 A5 APFA 3 Wefjdos PR A&
Fo] FAA, HdotdN FE=Falo| 27t EAI%
thFig. 5). AE F&9 AN E XAH3)H R4
A} 2Hglo] EQl 47| FheEUo|Er}t 23}y
o St} FARAER £4E F3le] Cu, As,
02 T4E ZEx=Fdolx=y EAE AT +
ATHFig. 6). YL 24 A3} v)$ =& Ba
(52,200 ppm) FFH T E=ES Zn FEH303
ppm)ell HI& Cu®t Pbe= 22t 76.5 ppm¥} 128
ppmOE ThA r2 kS UEPATKTable 3).
GT110206 NEE F2 AT FHxog
Atk 849 EAle FY4 F Ul w2
SiO, 28.59%) FlEFdA F vl$ %2 Ba
(128,000 ppm)°ll oJste] YFHTh o] AlFe|
© AokdM, &5, FHA4 T oe FIEE

()
Fig. 6. (A) SEM microphotograph of clinoclase, (B)
EDS pattern of clinoclase.

o] EA|sk=d, PlEgFda A4 52 Zn (5,310
ppm), Cu (3,040 ppm), Pb (3,210 ppm) ol
93t} X Eh(Table 3).

RT110206-02 A& F 7MY AlRE FEEHE
o, F2 Walld, A 2 FFH0s FHHE
o] AlRoe Hdotddd} A T kst TRe
galgEo] ZA5Y, 1324 JIAE JRE FE
o] EAIgtt. o] AsE wWi¢ @2 Si0, ¥F
(8.48%), Ul$- =& Zn (200,000 ppm), Cu
(21,900 ppm), Pb (13,100 ppm), Cd (1,070 ppm),
Ba (121,000 ppm) ¥FS YERl= A0 Ho}
SslE FAo] ulg- Bol] x¥E Zo= oA
E3] Zn¥ Pbe| ¥ ATH ZE ANE F /M
=2 =2 Jehdoh

RT110206-11- 0-2 cm, 4-6 cm 2 7-9 cm 5
30 FRECE FHESte] AFSHTh HA el A
s do] EA8+9aL, 0-2 em 7 4-6 em TIE
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Fig. 7. X-ray diffraction patterns for volcanic vent D
area. Top to bottom, sample GT110210, GT110208,
GT110211, GT110207. br, barite; cl; clinoclase; cp,
chalcopyrite; gp, gypsum; gt, goethite; hl, halite; pl,
plagioclase; py, pyrite; sp, sphalerite.

A= AP, 4-6 cm T 7-9 cmollAE 3
A3} A, HofdMo] EASAT) R A
5 AotdAe] gheFo] ZetATh & 4-6 cm T
s 12949 3ALAE 7= FEo] E3H
HAth AN E XAS)EEA Ay} 2dE|E
7} EABIAT Azl wet TS Al AlE B
2o o] 71E F4 Y (base metal)S L3Sl
gt} E3] 46 em Z 79 cm 7] W9 =& Zn
(167,000-195,000 ppm), Cu (21,400-24,300 ppm), Pb
(10,200-11,200 ppm), Cd (837-954 ppm), Ba
(160,000-187,000 ppm) =S YERY=dl, °ly
& =2 e 3= FAo] wig- gol X3
Q7] o2 FAETKTable 3). ©]9f & ARl
2 ol ARAJA FIHE ulg @ Sio, TF
(9.31-10.01%)°l 2J3jA = A A K Table 2).
RT110206-14 AS5& F 702 FEEEH,
T T EF AP e o R AR A4
o] ZFH| AUthFig. 5). FE F2o| ALHA
T XAIEEA A 427 2HE|EVE EXj+
Ao F Hol o]dMAZLe s|Fsl= EFHAZ
go] JA=S & F Utk o] AEE EFEET
A A & Ao Hlste] tha Y2 Zn (502
ppm), Cu (254 ppm), Pb (402 ppm), Ba (10,700
ppm) FFE 7HAIL = FOE Kol FAFE]

shego] w9 e A} Rt

BT BY C AYY Alme APFA T gaiA
o2 FAHEY, FAHA, FelFeols, Hdopdd,
AEA, FHY 5 Ot 33 9 FAEEE
z3kEo] 9t mEdA BA Az A4 o] A%
H AZoAE 25 Bad o] 52,200-187,00
ppm AEE E& @S YR UtkTable 3).
HoldMol HEH  AEEQ  GT110206,
RT110206-02, RT110206-1191/4= % & 7n
Fo] Yeha, 5ol AEH GT11020694
£ Cu’} 21,900 ppm o2 GA] =4 Yepds &
T Aok o] FsFEY EAE B EET B
o} C A9 g}t AYoyf BE7 A Ao »
slo] B =2 deHA s AAY A e F
dE o 4 QU

BLEET D XY

GT110207-GT110212 & 5/) AlE= 284 3
Y A7 o9 SIS Al AHE Aol
o] Ao e Y =2 I crustd] EH
of $HAl FZA ] HHEC] HHHAYE AHo]
ot ey EHl| 324 EHEL GTVE o8
sto] ASE AFHshs HolA AFFE i
B AAENL AFE Ass AU H249 F
AskEo] fAISHA UEbsith o]f 4kskES] Al
+ XAIAEF A WA gkl =4 e A3
o9 WA Afo] = Ao AFATKFig. 7).

GT110207¢} GT110211A1FE A8} Apga] o
Z F2 TAEAY, FAE F Fe0; ol 247t
59.01%%} 56.69%= W% ¥ Z10= Ho} v
2 WA u)g AAETE @ d()islEe] EX)
& Ao AGHTE GTI10211AZE 1.75%9]
MnO BEE Z3sl7] wiel H()AskE o9
PHPAEEE 24T Hoz A F Al
BE 25T u]EAE F Pb (1,840, 1,090 ppm)2} As
(6,790, 7,560 ppm)Rt =A YERATE GT110212
NEE AP ORE FE FAEY, vFHE F Zn
o] (542 ppm)TF =A UERATHTable 3).

GT110208 A&+ Aotdd, A, A4 ¢
- X (goethite) 0.2 FE TAFHH, FEj=F o]
25 EAT o] A wl$ =2 Cu (55,300
ppm)= 7FAH, Zn (9,010 ppm), Pb (1,800 ppm),
Ba (108,000 ppm), As (2,220 ppm)= Zo| ¥t
gl GT110210 A5 Hald $44, ot
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A3 FeHoz P, FEeFd ol 33
&% T3} o] AEe EHE AR S 7t
=2 Cu &8K71,600 ppm)= 7FA=t], o]AS
s FEleFg o) EAol sl Rl
o] AIBE Cu ©]9ol% % Zn (71,200 ppm),
Pb (5,000 ppm), As (14,600 ppm), Sb (878 ppm),
Ba (15,500 ppm) &S 7FA3L QITHTable 3).
BET D AYolME BEF B2} ¢ AHoA e}
2o Mo, g, FAA, FEleFHolx ¢
AN T ot TR E5EES] EAgL
GT110207, GT110208 2 GT110211 A 52 XRD
oA wlAgte] wl$- =A Jeh=d, 48
B4 A3} o5 AlRoll= de| gkl 42-59% A
T2 e E7] gEd Aoz ARG Tl
FAFEQ FEeFYolAE T3 YE AR
£9l GT110208% GT11021004+= Ase] o]
Y7}y 2,220 ppm3 14,600 ppm o= w9 =2 Zt
< YeEPATTable 3). Aotdd S sl Als
NME =2 Zn #, F5HE FHske AlRONA
E =2 Cu & Yehia o] XAHsEEA 2
Ao} YXE AAE Yepith. EE7 D XY 9
A BET B9 C A9 o] d4o] IS st
A B IS & F Utk
Cw} F53 AYE 300C o 1.2 G542 RE
P = wkel, zZnol FHe AUe Th v
25261 )2 G5 Al 2Jsld, Cu o] v
Pb o] =& HYE 250C olste] vl e
o] Gl ot AAHHTHKoski et al,
1994). 23 22 7(black smoker)ol 2Jled YA
A AAETRE A I F3tE FAe AR
oA HERE Zhol| Wk #EA-3E A )/ (A ok A
SFAN(FEA- A e EEE UelE
Zo2 HoKLydon, 1988), Cu-Fe #42 Zn-Pb
FAol| Hlsle] B Lo FAHE o7 o
7%t Hannington and Scott, 1988; Scott, 1997).
d5EET D AYY AS$, GT110208%%
GT110210 A E¥E Cu®} Zn e =A% pb 3
go] e Ao Hol 9] dfol JEFS Wk
S 58 5 ok ¥ GT110212 AlEE 4
&9 ZnvWt X3t A0 Hol &7t At
o g o xeo] g Yke wigltiy wdk
HTHHannington and Scott, 1988; Scott, 1997).
GT1102079} GT1102112] 73%- Pbe} AsE A<
Sl tjFEo] wEF Uae] FTUb YR2H|(Table
3), O|AL °]E AFREC] T Mn/Fe F4t8HE

_L;_LL;

tlo {4

S

o |

X rlo gl

2 FAAE ANEZ FEK(Table 2). Mn/Fe 54F
& Ul Cugt Zn9] 5= Izl I JAAE
of wg] & EAS 73 QthUsai and
Someya, 1997; Um et al, 2013).

HFEET BY C A9 79, RT110206-02
9} RT110206-11 A& wl$- =& Cu, Zn, Pb &
Fe 7HAE 2R Hol Hjnld 319 ol ¢
slod @S Wl AHE Foz AL
RT110206-149} GT110206 A= Cu e 3
A5t ZnF} Pb FHFo] A3 =2 HOF Hol A
29 dF G st AAE FoE FHh

Z =

ol A AFE Qokeld TS} Zth

(1) @FEET A AYdl= T34, Y, 29
ElolE, 71&¥ FE, AHoldd, FExZFol,
I&RET B C AYolls 44, 2HEo]E,
7 FE, Ao, 54, dEN, FEeF
go]x, J8l1 EFEET D AYoll= T84, 4
I, 354, Hdoldd, BEN, AN, FelFE
o] Fo] EAgt). o]& Fdlo] dFEET AY
ol &g d585o] AASS & F Uth

Q) HEFE U 4 43 Zdet 4%
AHE ALY BE AHo|A ~HE}O|ES} A
o] 71 UolEVE 28 e AS AT 5
A, ol AP EL] EAle dFEE
A Aol A oA go| sdsl= Aol 9
RS A A

(3) FEXY, FHES PR B4 292
Hos o) 4RSS B, C, D XYo] HlwA 7
g 1o A4 dAg-e dol 9} niAv) H
Eon, AFREET A9l ZHE FA4E A
S A9 Y FHA DAY A2 I 2
< o} ofdo] YR HslE Ao FHEHL 1
Hog 483 453 HAE EFEET B, G,
D A Hof|A Fefs]ofop & A o= ofAZITE

-

A A

E ATE 201232013 A AALATH9]
HA (A Bt FH SAEHHES] FEZRA
o o3 WP om, AFHE AUste = =
A AT AEF YL 53 9
Al AAkste] F4 239 9ARd, MAE wAE
o AARUAE AANE =YL

2 4
dum

&

il

4o

&

=
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