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ABSTRACT : We analyzed 29 surface sediment samples in five submarine volcanoes (TA12, TA19,
TA22, TA25, and TA26) located in the southern part of the Tonga arc for trace elements and rare
carth elements to investigate characteristics of the hydrothermal alteration of surface sediments. Based
on analytical results of trace element and rare earth element (REE), surface sediments of TA12, TA19,
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and TA22 submarine volcanoes, which are located in the northern part of the study area, were very
little or not influenced by hydrothermal fluids. In contrast, some stations of TA25 and TA26 submarine
volcanoes were strongly affected by hydrothermal fluids. However, these two submarine volcanoes
showed different features in element concentration in the sediments. Some stations of TA25 submarine
volcano showed enrichment of Ni, Cu, Sn, Zn, Pb, Cr, Cd, Sb, W, Ba, Ta, Rb, Sr, and As, however,
those of TA26 submarine volcano showed enrichment of Sn, Zn, Pb, Cd, Sb, Ba, Rb, and Sr. Stations
which enriched trace elements were observed, enriched REEs were also observed. Average upper
continental crust (UCC)-normalized REE patterns of the surface sediments generally showed low light
REE (LREE) abundances and increased heavy REE (HREE) abundances. Eu enrichment was identified
at several stations of TA25 and TA26 submarine volcanoes. In addition, enrichment of Ce was found
at some stations of TA26 submarine volcano and these enrichment patterns were similar with hydro-
thermal fluid of near stations. Furthermore, TA25 and TA26 submarine volcanoes showed different
enrichment characteristics of trace elements and REE. Trace elements were concentrated at TA25
submarine volcano. TA26 submarine volcano, on the other hand, observed highly enrichment of REE
especially, Eu and Ce. As a result of the investigation, the characteristics and concentrations of REEs
and trace elements in the surface sediments of each submarine volcano can be applied to identify
hydrothermal alteration of sediments during exploration for hydrothermal deposits.

Key words : Lau Basin, seafloor hydrothermal deposit, hydrothermal alteration, rare earth elements,
trace elements
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Fig. 1. Location map of Tonga Arc and volcanic calderas. 19 volcanic calderas were discovered during
previous research in study area. We focused on 5 calderas (TA12, TA19, TA22, TA25 and TA26) which
verified the presence of hydrothermal fluid during former explorations.
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Table 1. List of surface sediments collected during SMST cruises (P : Push Corer, D : Drill Corer; G : GTV,
M : Multi Corer, EKG : Ekman Grab, S : Suction)

Depth  gampling

Major minerals

Area  Year  Station o type Sample description (Cho et al., 2012)
TAL 2009  GTV20 190 G Blackish coarse sediment with darkbrown fine mud -
2009 GTV20-2 194 G Blackish coarse sediment with darkbrown fine mud -
2009  GTVI16 462 G Volcanic rocks with small amount of sediment -
TAI9 2009 GTV17 460 G quwmsh surface fine sediment and blackish coarse )
sediment
2009  GTVI8 634 G  Blackish fine sand -
TAD 2009  GTVI2 1,431 G Brownish fine mud and black coarse sediment -
2009 GTVI3 1,172 G Brownish fine sediment -
2009 GTVI10 1,037 G Large pumices with small amount of brownish sediment -
2011 GTI110211 945 G Reddish clay recovered with chimney fragments. -
2011 GT110212 981 G Blacklsh fine sand covered with red clay. Only )
blackish sand was recovered.
TADS 2011 GTI110213 1,087 G Grayish sediment covered with brownish sediment -
2011 GT110206 1,084 G Reddish fine and watery mud -
2011 GT110207 980 G Ma§51ve reddish oxides materials and small amount of )
sediment
2011 GTI110208 962 G Reddish clay with chimney fragments. -
2011 GTI110210 985 G  Chimney fragments with small amount of fine clay -
2000 GTVOI 087 G Blacklsh rock fragments and small amount of brow- Plagioclase, Quartz
nish fine mud
2009  GTV02 983 G Yellowish sediment with large rock fragments Plagioclase, Quartz
2009  GTVO03 994 G Yellowish surface sediment Plagioclase, Quartz
2009  GTVO7 435 G Rock fragments (hot temperature) Barite
oy i
2009 GTVOS 414 G Rock crust (small amount of Fe hydroxide (?) inside )
the crust) and Algal mat (?)
. . Plagioclase,
2010 M-T10104 440 S Chimney, Blackish fine rock fragment Cristobalite, Gypsum
2010 M-T10106 440 S Yellowish sediment Sphaleraite
2011 RT110200-4 543 p Br.owmsh fine sediments upper blackish rock fragments. Bernalite, Clinoclase
TA26 Disturbed.
2011 RT110202-5 543 D  Brownish fine sediments upper blackish rock fragments Bernalite, Clinoclase
Several centimeters crust covers blackish rock fragments. Plagioclase,
2011 GTI0201 529 G Blackish rock fragments sample only. Cristobalite, Bernalite
Several centimeters crust covers blackish rock fragments. Plagioclase,
2011 GTI0202 489 G Blackish rock fragments sample only. Cristobalite, Bernalite
2011 RT110203-1 441 EKG White-colored sticky mud, centimeter-thick mud covered Hallosite, Sphalente,
0 steep slope area Pyrite
2011 RT110203-1 413 EKG chllow1sh-color.ed fine .sedlments with dark-colored Halite
1 thin crust, relative flat ridge-edge area
2011 GT110203 544 G Coarse grained sediment covered with fine grained  Barite, Pyrite,

sediments Sphalerite, Bernalite
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Fig. 3. Sampling location of M-T10104. Sample was collected at top of chimney during high temperature water

sampling using ROV.

Fig. 4. Sampling location of M-T10106. Sample was
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Fig. 5. Top view of hydrothermal vent in TA26 (A), RT110202-4 (B) and RT110202-5 (D) were used to take
sediment samples. RT110202-4 sample was mixed cause of dropping (C).

of S WE F AP 1 mE Hol IF A AREE HF Y wjEo] g IF a9
< 4A3 AL F, Abe IR FE Ay ARG fHo= Qs A “l”}"i %
1PES 1% —J*J(HNOQOE &A% HSong and  EHAH. SAHDA vHoez A Aio] i)
Choi, 2009). A A& AZSol et vjFdast  Me «V—iﬂﬂ%% 1Y S FER A

JEF dio AL P%Xléx}%?i?%ﬂ £ god, 19 I/ AR %751?&74] T
A% Zgzvt }EEH7)(PerkinElmer, Optima  AHE-3F T

5300 DV)9 F=23% Fetznt A FEA 7] (Perkin-

Elmer, Elan 6000)5 Abg3te] =439t &4

it

— 251 —



A9 - AFs -

Table 2. Geochemical composition of surface sediments

A
[
I
A
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1>

Arca Station Ni Cu Sn Zn Pb Ct Co Cd Sb 4 Ba Mo Rb Sr As
(ppm)

GTV20 98 127 <40 970 <40 74 348 <40 <40 <40 168 78 104 221 196

TALZ GTV20-2 148 137 <40 149 <40 88 36.6 <40 <40 <40 137 160 9.6 235 192
GTV16 48 107 <40 845 <40 6.8 31.7 <40 <40 <40 172 6.0 106 189 11.0

TA19  GTV17 48 150 <40 834 <40 58 322 <40 <40 <40 202 54 10.0 194 118
GTVI8 64 147 <40 739 <40 76 326 <40 <40 <40 147 4.6 56 245 5.0

GTVI12 58 698 <40 140 681 <4.0 130 <4.0 <40 <40 311 72 184 177 172

Az GTVI13 11.6 805 <4.0 145 767 <40 150 <40 <40 <40 406 84 11.6 389 232
GTVIO 259 765 <20.0 303 128 <20.0 11.8 <20.0 <20.0 <20.0 52,200 934 <20.0 2,730 565
GT110211 N.D. 757 <40 325 1,090 56 94 <40 830 <40 948 148 72 242 7,560
GT110212 150 144 <40 542 13.0 116 378 <40 <40 <40 254 64 90 178 869

TA2S GT110213 <20.0 4,230 <20.0 3,650 690 <20.0 <20.0 29.2 60.1 472 114,000 256 979 6,690 990
GT110206 394 3,040 <20.0 5310 3,210 26.3 32.1 <20.0 91.8 62.0 128,000 <20.0 968 8310 637
GT110207 <4.0 <40 <40 634 1,840 <40 92 <40 136 <40 102 90.8 9.0 402 6,790
GT110208 46.8 55,300 60.5 9,010 1,800 33.0 <20.0 49.8 182 110 108,000 145 1,310 5,000 2,220
GT110210 274 71,600 455 71,200 5,000 21.3 <20.0 725 878 819 15,5500 982 1,320 5,360 14,600
GTV0l <40 700 <40 963 <40 <40 19.1 <40 <40 <40 436 6.0 80 231 130

GTV02 <20.0 <20.0 <20.0 21.9 <20.0 <20.0 <20.0 <20.0 46.5 <20.0 52,500 <20.0 503 2,860 657

GTV03 <40 822 <40 576 <40 60 248 <40 <40 <40 422 334 114 207 124

GTV07 571 654 <40 313 190 88 280 <4.0 <40 <40 647 94 50 543 166

GTV08 <40 <40 <40 159 126 68 62 <40 100 <40 691 415 132 173 382
M-T10104 11.8 119 <40 815 <40 9.6 351 <40 <40 <40 169 48 104 199 240
M-T10106 <4.0 2,730 118 155,000 3,270 <4.0 9.6 850 152 <4.0 328,000 36.0 1,660 6,560 364

TAZ6 RT110202-4 <4.0 7,750 120 52,500 9,960 <4.0 54 235 459 <40 224,000 156 226 12,400 1,030
RT110202-5 <4.0 1,400 188 7,090 3,870 <4.0 142 20.2 308 <4.0 359,000 37.6 246 11,100 393
GT110201 88 160 <40 136 <40 42 456 <40 <40 <40 0642 6.8 50 242 112
GT110202 9.8 225 <40 132 122 64 458 <40 <40 <40 464 214 92 220 512
RT110203-10 7.8 241 8l 286 198 42 642 <40 <40 <40 19,600 178 82 865 95.0
RT110203-11 <40 <4.0 <40 502 <40 106 7.0 <40 21.0 <40 303 60.6 92 193 531
GT110203 <4.0 2960 307 21,200 3,870 <4.0 29.6 62.1 127 <40 239,000 302 245 6,330 477

* Some elements were measured below the detection limit due to the dilution rates.

Z3t Y g9
ERES U 07 2s BESY

2AAY 25 H4w Wl vE 9449 sE
Ni N.D.~57.1 ppm (%3¢ 13.2 ppm), Cu <4.00~
71,600 ppm (H¥ 5,255 ppm), Sn <4.00~307
ppm (%3¢ 37.0 ppm), Zn 21.9~155,000 ppm (&
7 11,320 ppm), Pb <4.00~9,960 ppm (HT

1,219 ppm), Cr <4.00~33.0 ppm (B 9.75 ppm),
Co 5.40~64.2 ppm (B 24.5 ppm), Cd <4.00~
850 ppm (¥ 72.7 ppm), Sb <4.00~878 ppm
(B7 77.1 ppm), W <4.00~819 ppm (B¢ 40.4
ppm), Ba 102 359,000 ppm (¥ 56,773 ppm),
Mo 4.60~148 ppm (¥ 353 ppm), Rb 5.00~
1,660 ppm (3T 249 ppm), Sr 173~12,400 ppm
(B 2,506 ppm), As 5.00~14,600 ppm (B
1,323 ppm) .2 SAHEJTHE 2). hHEEY da
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Fig. 7. Trace metal concentrations of surface sediments taken during SMST cruises 2009-2011.

£ TAIL2, TA19, TA22 djAH3tol A Arjroz
FE7F YA, TA259F TA26 A 8kakel A A3
07 ETHE 2).

Ni9 749 AEdA o2 Z49 AL A9
st TA26 31 AsH4Ee] GTVO7TAIZ 014 57.1 ppm
o2 7B E3, TA25 3|As4Ee] GT110206,
GT110208, GT110210 A=A Z+ZF 39.4 ppm,
46.8 ppm, 123 274 ppmO.E =T} Cus EF
HAE U 5% |7t Aol 17,9008 744 Aol &
HolW, TA25 sjAsHte] GT110210A =904 71,600
ppm O =Z 7 EH1™ 7). Cus FY At
GT110208, GT11021, GT110206A EollA] Ath#
o2 Ei, TA26 3|ASHF M-T10106, RT110

202-4, RT110202-5, GT110203%14 THE A Ao
v iAoz s wde TAL2, TAL9, TA22
A sHtell A= A $57F 150 ppm & /\qu
o2 Yti(ad 7). Sne Y5 AHS A9stH

E9A mgtem %75*54%11:}. Sn< TA26 oHXiﬁ}
Ako] GT110203914 307 ppmo.2 H) F=S B
olm TA26 ) A3H+Ee] M-T10106, RT110202-4,
RT110202-5, RT110203-10 A ¥2] A 7oA AZ
A ooz ZAHEAT TA25 AN MT
GTV10, GT110213, GT110206, GT110208, GT110210
NBAA AZTA oldes ZAHJTHIE 7).
Zn GA Cust FARHAl AHE F=a7 Al
7,000817F FA YERSTE Zn $5E TA26 3lA
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3hakel M-T10106A Z 014 155,000 ppm & 713+
=1, 59 sA34] RT110202-4, RT110202-5,
GT110203A 5% =} TA25 djA st A
o ME GT110213, GT110206, GT110208, GT
110210 A EA A SAHUY. ol A3
ZAF Ao Me 9 ppm 0|3t TEZ AJUIF

o7 U ZAEJTHE 2). Pb FEE TA26 1A
3l4ke]  M-T10106, RT110202-4, RT110202-5,

GT110203 A&oAM =oW, TA25 A3
GTV103} GT1102125 A|&Js Aol =r}. Ht
A TA129F TA29 3iA 3t A= Pb7t HESH
olstH o, TA22 A 5H4ke] 74 100 ppm ©]3t
2 Z2A49J0h ¥ 7). ¢dY A$ gErEY AH
o] <4.00~50 ppm¢! WHH TA26 s|A3Hite] RT
110202-4A1 5004 850 ppmO.E 7H EoH, &
g 299 RT110202-5A M % 235 ppmoZ
=11, TA25 A3 GT110210 AlEA 725
ppm o2 =tk Sb FE+ TA25 d|A-84ke] GT
1102104 204 878 ppmoZ 7H =1, 5Y 3
Agake] GT110211, GT110213, GT110206, GT110
208 AN EoA AR =0} TA26 3 A &4k
A& GTV02, M-T10106, RT110202-4, RT110202-5,
GT110203 AlZolA =t} Wi TAI12, TAI9, 1
i TA22 At e BF A& v
2 ZAHAT WY AS tiFE Aol A&
o ® ZAHHUOH, TA2S s|A 3o Y7 A
Ao Aet AE3A o] SAHEHIJSH GT110210
NEA 819 ppmoZ 7H¢ ¥ =7} %l Badl
745 AA 2 F5 Aozt Ao oF 3,50081 2 EA
ZA5At} Bad ¥57} & AHLE Cu, Zn, Pb
o} FASHAl TA2S 3 A8+ GTV10, GT110213,
GT110206, GT110208 Al Zo1A 10% ©]/d2] uf-$-
=0 2o g JeRtor TA26 a4+ M-T10106,
RT110202-4, RT110202-4, GT110203 A& A+
20% oo g m$ =t Moe A4 1 FE9
Zpol7h Ao < 308 FEE UERSTE TA2S 3|4
34 GT110211A 8ol A 148 ppm & 7H =11,
59 A9 GTV10, GT110211, GT110207, GT110208,
GT110210A1 54 90 ppm ©]’F 2.2 =T} TA26
A AR U T TA2S A4 AR
Hoh g8 58 oy g2 Y449 w571
A2 = dF AAHAA TA26 3ASAH
P FERO £ 9b GTV202A8E A3
TA12, TA19, 81 TA22 ajA3}4e] Ao A
10 ppm ©J3tZ ZHEHJTE Rb HA| T2 YA

AR A8 AT =& w27 A
t}. RbE TA25 a4 8] GT110213, GT110206,
GT 110208, GT110210A S84 Wl-¢- Hom TA26
) A 34ke] M-T10106, RT110202-4, RT110202-5,
GT110203A EAAE 5 A s4te] EF FH- o
H3) =oh Sre AH 7 FEAVE Ao <F 70M)
AT dA 7ed & 45T FAEH TA2S
A 34kl GTV10, GT110213, GT110206, GT
110208, GT110210 A£9} 83 TA26 3|3}
2ke] GTV02, M-T10106, RT110202-4, RT110202-5,
GT110203A 54 FH A Hl& Eoh. As §
Al AT FEAbol7F A oF 2000 A EE, TA25
s Akt GT110210A 54 14,600 ppm o Z 7}
2 =31 Y A4 GT110211, GT110207,
GT110208, 121 TA26 3 #413+4+2] RT110204-4
oA 1,030 ppmlE FUHeZ =29 7).

EHE U sER A4 2EEY

o sy
o -1

ZAAY HHE Y JEF di9 7H
& 3 EF Y4(Light Rare Earth Elements; LREE),
7t JER YAMiddle Rare Earth Elements;
MREE), 18|31 A% JEF Ui (Heavy Rare
Earth Elements; HREE)Z U0} 7|&33t. &
ZE2E W LREEE 2.71~227 ppm (B¢ 33.8
ppm), MREEE= 0.88~14.3 ppm (3¢ 6.79 ppm),
HREEE 0.44~9.67 ppm (3¢ 3.45 ppm) 18]
A AEFYULY P TREEE 4.30~237 ppm
(BT 44.0 ppm) 2 SHEJTHE 3, 1Y ).

#% H4E U LREE: TA26 34 3}4tol| A E}
s A sHikel Hs) =A SHHUATHEE 3). TA26 3f
A3}ske] RT110202-4, RT110202-5, RT110203-10,
GT110203A 5o A& T2 Ao Hls| Sl o]
°] & LREEZ} EA4o|H, 53] Ce7} #3}x o]
AE Aoz 2A4HUY. o] AHE AYshd A
A<l LREES] H5+& TA22 iAo A Ho
30.8 ppm2Z 7H3 o, TA129} TA19 3§43}
2ko] TA259F RT110202-04, RT110203-10, 1
3 GT110203& A 93 TA26 | As4tET Fo}
A Fxobe thE EA4S Hld Ty
TA26 SjAZAAE A A" A BHS
LREE®] F%7} 100 ppm o302 HA ZAA Y
A 74 ETHE 3).

%3 H4E Y MREEY 5+ LREES= &
gl AA BAAA Ao|7t A BTHE 3). A
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Table 3. REE concentration of surface sediments

Area Station

La

Ce

Pr

Nd Sm Eu

Gd Tb Dy

Ho Er

Tm

Lu

LLREEs XMREEs XHREEs

TREEs

(ppm)

GTV20
GTV20-2

TA12

223
2.06

7.86
5.85

0.92
0.86

3.86
3.66

1.31
1.26

0.50
0.48

1.78
1.70

0.42
0.40

2.28
2.18

0.62
0.60

1.55
1.50

0.28
0.27

1.58
1.56

0.30
0.29

14.9
12.4

6.29
6.02

4.33
4.22

25.5
22.7

GTV16
GTV17
GTV18

TAI19

3.24
322
3.34

8.61
8.64
11.3

1.40
1.44
3.10

5.99
6.16
4.93

2.03
2.08
1.70

0.74
0.77
0.64

2.61
2.74
2.36

0.59
0.62
0.50

322
3.35
2.71

0.85
0.89
0.72

2.12
222
1.82

0.38
0.39
0.32

2.14
2.20
1.79

0.40
0.41
0.34

19.2
19.5
22.7

9.19
9.56
791

5.89
6.11
4.99

343
35.1
35.6

GTV12
GTV13

TA22

5.94
5.45

14.7
12.3

244
2.09

10.1
8.57

3.20
2.67

0.95
0.89

4.00
3.41

0.95
0.78

5.17
4.26

1.38
1.15

3.45
291

0.63
0.53

3.55
2.92

0.66
0.55

332
28.4

14.3
12.0

9.67
8.06

57.1
48.5

GTV10
GT110211
GT110212
GT110213
GT110206
GT110207
GT110208
GT110210

TA25

3.18
1.40
242
2.88
2.18
0.67
1.42
1.02

5.86
2.28
7.06
4.29
3.72
1.64
2.07
1.21

0.52
0.42
1.20
0.40
0.44
0.22
0.18
0.08

191
1.76
5.42
1.47
1.67
0.85
0.70
0.41

0.53
0.60
1.89
0.54
0.46
0.22
0.27
0.23

0.60
1.42
0.78
3.09
1.09
0.19
2.50
3.54

0.75
0.65
2.57
0.77
0.58
0.25
0.31
0.34

0.14
0.12
0.60
0.12

0.74
0.63
3.33
0.58

<0.10 0.37
<0.10 0.23

<0.10<0.10 <0.10
<0.10<0.10 <0.10

0.20
0.17
0.90
0.16
<0.10
<0.10

0.50
0.41
222
0.38
0.22
0.14
<0.10
<0.10

0.10
<0.10
0.40
0.08
<0.10
<0.10
<0.10
<0.10

0.53
0.41
227
0.53
0.33
0.14
0.14
0.14

0.11
<0.10
0.42
0.14
<0.10
<0.10
<0.10
<0.10

11.5
5.86
16.1
9.04
8.01
3.38
4.37
2.72

2.76
3.42
9.17
5.10
2.60
0.99
3.28
431

1.44
1.09
6.21
1.29
0.75
0.48
0.44
0.44

15.7
10.4
315
15.4
114
4.85
8.09
7.47

GTVO01
GTV02
GTV03
GTV07
GTV08
M-T10104
M-T10106
TA26
RT110202-4
RT110202-5
GT110201
GT110202

3.02
0.92
1.68
454
0.32
2.59
323
414
173
2.05
2.01

RT110203-10 29.4
RT110203-11 2.49

GT110203

40.9

8.72
1.50
4.14
8.10
1.15
6.42
4.03
154
62.1
5.73
5.49
71.4
7.98
135

1.48
0.12
0.69
1.51
0.20
1.00
0.32
10.2
437
0.96
0.92
5.61
1.45
9.13

6.45
0.44
3.01
6.37
1.04
4.14
1.38
21.2
9.96
4.27
4.09
14.9
5.85
20.0

2.25
0.14
1.00
2.01
0.52
1.36
0.59
1.89
1.20
1.50
1.43
227
1.19
1.93

0.89
0.28
0.42
1.13
0.36
0.52
6.09
4.44
5.65
0.67
0.64
1.06
0.40
421

2.92
0.18
1.37
2.65
0.96
1.82
0.80
2.44
1.59
1.98
1.96
3.15
0.90
3.05

0.69

3.68

<0.10 0.18

0.32
0.59
0.22
0.42

1.76
322
1.19
2.32

<0.10 0.39

0.16
0.15
0.46
0.46
0.56
0.12
0.38

0.31
0.60
2.54
2.47
2.86
0.38
1.61

1.00
<0.10
0.48
0.89
0.32
0.65
<0.10
<0.10
0.16
0.68
0.66
0.77
<0.10 0.12
0.41 0.93

2.41
0.10
1.20
2.24
0.75
1.59
0.24
0.10
0.38
1.70
1.63
1.92

0.43
<0.10
0.21
0.40
0.12
0.30
<0.10
<0.10
<0.10
0.30
0.29
0.34
<0.10
0.16

2.41
0.14
1.19
2.24
0.62
1.65
0.79
0.44
0.68
1.64
1.60
1.94
0.12
0.90

0.45
<0.10
0.22
0.43
0.12
0.31
0.29
0.19
0.21
0.30
0.30
0.38
0.02
0.21

19.7
2.98
9.52
20.5
2.71
14.2
8.96
227
93.7
13.0
12.5
121

17.8
205

10.4
0.88
4.87
9.60
3.25
6.44
797
9.24
9.19
7.15
6.96
9.90
2.99
11.2

6.70
0.44
330
6.20
1.93
4.50
1.52
0.93
1.53
462
448
535
0.46
2.61

36.8
4.30
17.7
36.3
7.89
25.1
18.5
237
105
24.8
24.0
137
21.2
219

ucc

30.0

64.0

7.10

26.0

4.50

0.88

3.80

0.64

3.50

0.80 2.30

0.33

2.20

0.32

127

13.3

5.95

146

rrc =

9l 5+ LREES} A TA12, TA19, 18|
TA22 Ao A =9ko ™, TA259F TA26 3
Ashike] dE AH A FHAHERT MREEZ
Fou, LREEYA YEH 2 Afol& HolA] ¢
Eth1g 8). 138y EuE TA259 TA26 A3
A AR A-A A EF A HlE) oM, o]g A
e mF A4 w& FE7F et AH(GT110213,
GT110208, GT110210, M-T110206, RT110202-4,

RT110202-5, GT110203)3}
AA A MREEY 5= TA26 Attt
TA25 | Astatoll A Eet) o]= TA25 3|A 34k
o] X HHA Tbet Dy F=7t HEdA ©
slo] 7] wjZo|Th(E 3).

TA12, TA19, 18|31 TA22 3 A 5}4tkel| A<
j2og £ JEF 94 F5+ HREEA
S BHsiA Ao]E Kol TAI2, TA19, TA22 3

ALY 7~8).

L oox

o
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Fig. 8. LREE, MREE, HREE and Total REE concentrations of surface sediments taken during SMST cruises

2009-2011.

AglatollA =om, UE TA259F TA26 3|A g4t
(GT 110213, GTVO01, GTV07, RT110203-10)°] A
% HREE¥ %57} %UKE 3). 9% HREE 94 9
Al MREES$} l7EA| 2 TA259F TA26 3 A 8kt
of B A BA HEAA oJ3tE SA O TAL2,
TA19, 712]1 TA22 sjA 4R B3 ).

TA259 TA26 3l A 3}H4kel A

T BAeET dF dad v

AT 7). olHg FH-e TA2S s|ASte] GTVIO,
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GT110211, GT110212, GT110213, GT110206,
GT110208, GT1102103} TA26 siA3H:+e] GTVO2,
GTV07, M-T10106, RT110202-4, RT110202-5,
RT110203-10, GT110203¢]t}. ©] 5 53] TA2S
A 3H4ke] GT110206, GT110208, GT110210=

grEe wF At Eh ofF AHE R
AUzt wAE A AHHY0H, R )

o1l ¢l T Ao HEAR o|Folx
HE 1). BehA o] E Y49 52 v5& FY9
g Gl AY EF7t et whgstEA A
e AAES] HFozZ AIZHTH(Mooby et al.,
1984; Daessle et al., 2000; Paropkari et al., 2010;
Cho et al., 2011).

TA25¢F TA26 sjA 32 Fold 249 Aol
£ Hol=d TA26 s|AS,IA= Cu, Sn, Zn,
Pb, Cd, Sb, Ba, Rb, Sro| #3817} UERH, TA2S
3| A g4kl A= TA26 3 A 3H4bel|] F3tE 4 o
9] %= Ni, Cr, W, 18|31 As7} §-3}5 o] T &
3). 71& dAFd ostd ZAAY EF HAE|
B3lE ol Y429 F2 7]9A 9] sy} dgol
D2, TA259 TA26 A3}t o5 dart &2
ARLE 59 s B S MeAel W A
TH(Moorby et al., 1984; Hodkinson and Cronan,
1991; Daessle et al., 2000; Vitali et al., 2000).
YT 9 FIS e T ALY 49
H3le E4o] & o fFEE At A8 7
Ale] mtamte] EA, sjA S A Gl FAHE 3
A Ao Bt HAEY A ad Alg A
HAAGY d EETEFHY A, EFEFE
AR FslgE/4ts 3w 8% 52 € & A
(Hodkinson and Cronan, 1991; Fouquet ef al.,
1993; Daessle et al., 2000).

H, T3 Aot E Ao wWE Aol
ol Uehdth TA25 s #A13Hite] 749 GT110208
7} GT110210914 Cust ZnE EF A oA
=2 o] SAFHUL 71EA T s AL
9] slo]E 2~ X7 (white smoker) 7|92 2t
Y FHe| HAHERT 300°C o 129 &Y
E7(black smoker) 7199 AUt F=H HAHE
A FHE Cu-Fert 2 HotdMo] FHaHA
A EHKoski ef al., 1994). GT1102083} GT110210
AR AAY HAELS PR Y 24E=2
TAH glom, AY 274 Yo 2 Cu FFS
2B o] AFe AA 19 EFdl FFE T
e 58 4 AUtk ¥HA GT110213% GT110206

[y o

e

=2
=1

2 oot
oft
o

2 ok

Yo

i
¥9. rlo

£

rE ox g
r ool X
p

t}. TA25 A E4Y GTV10, GT110211, 18
GT110212 94 45 949 H37} Hol} H3}

H Y49 FRY Fg A= Yol g &7}
o Ao IS WAY, i A HolA BE
H Ao AR ool 93 HAoly A=
Foll 93 I HAE & JY 270 o)
o] HAH Aoz ATGHTE TA25 3|A3}4ko) A
AAY HAE 2 GT1102079 A I8 A4S
ALt R v o w7t v, o]

A& GT110207014 AF ¥ EAEo] TFe Mn/Fe
S e TAE ANEE BUET, Mn/Fe 54
FEU Cust Zno FEE YubzQl d4¢ JHE
o Hl3)] v E4S 71A 1 Jth(Usai and Someya,
1997).

TA26 3| A3HEe] 749 M-T10106, RT110202-4,
RT110202-5, GT110203 Al ZolA FH HHHT
=2 v F57F 2AHA ol ZHY Cu F
TE TA25 A9 GT1102083 GT1102108d 2ok
@O} Zn, Pb, Cd, 183 Bad H5& Atz o
2 EHE 2). o5 AHL 25 AY FHAA A
A" N8R o]y3 5L TA2S sfAs4tr
Ao R e exo] Ao o Ygoz #
G th(Koski ef al., 1994). TA26 A 3}4ke] o)
2 A-AME dF da9 v 3yt FEEHY

TA2S3I43h 43} o] AAHel 4ol Fepoleh
B0 FEA HYE e LY 95 9T

02 AHFE 2).

Continental Crust; UCC) W &4t I EF 94
o] FE2 X331 tHTaylor and Mclennen, 1995).
EF3E NEF Y40 £X YH T LREEY H
TEEE 3.8 ppmSZ 127 ppm& UCCY ¥l 23
o dE 2499l MREES} HREEZ} UCCY &
o} FARIH ™ 9). AAA<Q EXJE= LREE
7} Wl$- @1 MREES|A HREEE Z+% Z7)8}
< YHlolH, TA25 A3 KGT110211, GT110213,
GT110206, GT110208, GT110210)3% TA26314
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Fig. 9. UCC-normalized REE distribution patterns of surface sediments.

32KGTV07, M-T10106, RT110202-4, RT110202-5,
GT110203)2] ¥ AHNAM Eug F37} g<l=
th1d 9). YHE 0% EuE AU ¥ 5
T2 EAEke ZoE ¢EA o, ol A
o] FHG Aoy Fatdd o] dojd X
oA = T EATH(Piper, 1974; Murray
et al., 1991; MacRae et al., 1992; Chavagnac et
al., 2005). & A2 HHEY] TS 4k

A AU, HE719 By, F3E ue 7199
488, 393 95 Fa8ol) wed o9 Eu
o B Hu wrngel 9uE e Aoz

E 4 Utk Eue B3yl #EAHE A YL TA2S

S| A 3ake]  GT110213, GT110206, GT110208,
GT1102103%} TA26 3ASHEe] M-T10106, RT
110202-4, RT110202-5, GT110203 0.2 A 7]&
g AR mF A4 Fat $EE A3 dAg
THE 3, 2% 9). o9 = TA2531 A3t GTV10
9} GT1102113 TA263 #1314 GTV02, GTV07,
GT110203 10914 Ewl ¥ 9). o5 AA
< " dhe) Bl - A, mEia A
e %# Te FHAY 959 THAA 9
= 2102 Eolﬂ-(—L 3).

< 345 W JERF 94 F Ce 94 TA26
7% (RT110202-4, RT110202-5, GT

23] r1r r

45
=]
23 A4

N
182
lo
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Fig. 10. UCC-normalized REE distribution patterns of hydrothermal fluid collected from TA26 (unpublished

data).

110203-10, GT110203)llA F-3}=lo] it} Uyt
Hog d47]d A=A Cer a9 340
ot W g9 oS R EEA Ut
(Elderfield and Greaves, 1982; Chavagnac et al,
2005). =3, HAE o 43l Fgs
Hhol B A& U] Cedl F37F dojubr| = SHk(Piper,
1974; Pattan et al., 1995). E& %7 0] 4334
739 AA Fe k] Ce o]o]l YEhE=H, 4
9 A FRES A, E7F BEHE A
Aol A a5 F9 Ce¥'e FAA WAFAEE
of Fz=o] EHHTHElderfield et al, 1981;
Kerrich and Said, 2011). TA25%} TA26 3] 34+
o] 23¥ ELSC (East Lau Spreading Center) A
oo A gl FEI F2AALTE EX8H, F )
Ashab el A9 Wyt 34 Yol Al AA
ko] EEAAS] WSl FIFE 7AA BE AL
2 Adth(Podowski er al., 2009). WA o]
g Ceolde EFol g gFgFo= AmHTh
20103 EA71ZE F9F TA26 A 3Fakoll A |32
5o JEF 94 2AL A¥RA Cest Eul
FE 49 ool YEhUH, o]+ #A| TA26 4]
sk AHo M EEHI e €49 EAS U=
g & 5 ATHIE 10).

W A 7 sjAshE RotE v

i

2 YER Ase] TRY ¥
€9 A5FY GAA A
AARA 8501 982 A0 JgE,

T

NENEEENES

AE B4 TA259
TA26 &As}itke] 5 A=

=
A HHEA mF o
& AYrt
A AdoM AHE AEEZ TA25 A
& FZ Ni, Cu, Sn, Zn, Pb, Cr, Cd, Sb, W, Ba,
Ta, Rb, Sr, As7} #3150 glom, TA26 3| A 3}
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Holso] ot E=gk wFF it FlE A YA
= ZAAY o] EAS uYe Cedt Eud F
ST FAFY, 0|7 v Yo By} 4
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2) TAI2, TA19, TA22 d|AsHitol| A= G4
ofgt BAEe] HAZEo] A vlg HE nid
o, TA259 TA26 s As}4te] P 2 H-2 dA
4o gekg wa Qe Aoz dndEg. =
g TA25% TA26 s AsH4be F3ld dae 54
o] 24 JedEH, TA25 dA A= Cu
2 %33 v 47t TA26 A B4 AE Ce

B>
—z
)
N
)
i)
i
paed
&
o
it
o
ox
flo
=

s

ki



=
=

ok

PP NEF A2 SAS s et
3) ARSI R e Aol RSl
A A} Ao g Ao Bae] Aol B
B, olglo= AR Ao FYHE B
gaZol} iy HARBY 34 EA, AE A
Aqe] 95 BEPENEY AY, IF2HE 3
A FoYBARYR] $%, 193 BEHE
Q59 L5 5 olg 714 aglel B g0
2 N9

of

Ab AL

£ AFE SAGFFAMEAETEY AU E 2009
~20139 G B AE5FFY AAHAE L s]uiet
o] IFHAY AF(NP2009-012)79 &) APEJC
], AFHE At & HADFFANEAY T 3T

A=Y}
REFERENCES

Bender, M., Boecker, W., Gornitz, V., Middel, U., Kay,
R., Sun, S., and Biscaye, P. (1971) Geochemistry of
three cores from the East Pacific Rise. Earth and
Planetary Science Letters, 12, 425-43.

Bertine, K.K. (1974) Origin of Lau Basin Rise sedi-
ment. Geochimica et Cosmochimica Acta, 38, 629-
640.

Bertine, K.K. and Keene, J.B. (1975) Submarine bar-
ite-opal rocks of hydrothermal origin. Science, 188,
150-152.

Bryan, S.E., Cook, A., Evans, J.P., Colls, P.W., Wells,
M.G., Lawrence, M.G., Jell, J.S., Greig, A., and
Leslie, R. (2004) Pumice rafting and faunal disper-
sion during 20012002 in the Southwest Pacific: re-
cord of a dacitic submarine explosive eruption from
Tonga. Earth and Planetary Science Letters, 227,
135-154.

Chavagnac, V., German, C.R., Milton, J.A., and Pal-
mer, M.R. (2005) Sources of REE in sediment cores
from the Rainbow vent site (36°14 "N, MAR).
Chemical Geology, 216, 329-352.

Cho, B.C., Choi, H.S., and Koh, S. (2011) Element Dis-
persion and Wallrock Alteration of TA26 Seamount,
Tonga Arc. Economic and Environmental Geology,
44, 359-372 (in Korean with English abstract).

Cho, H.G.,, Kim, Y.H., Um, LK., and Choi, H.S.
(2012) Hydrothermal Alteration Around the TA 26
Seamounts of the Tofua Volcanic Arc in Lau Basin,

ELERE RS

Tonga. Journal of Mineral Society of Korea, 25,
233-247 (in Korean with English abstract).

Cronan, D.S., Hodkinson, R.A., Harkness, D.D., Moorby,
S.A., and Glasby, G.P., (1986) Accumulation rates
of hydrothermal metalliferous sediments in the Lau
basin, S.W. Pacific. Geo-Marine Letters, 6, 51-56.

Daessle, L.W., Cronan, D.S., Marchig, V., and Wiedi-
cke, M. (2000) Hydrothermal sedimentation adjacent
to the propagating Valu Fa Ridge, Lau Basin, SW
Pacific. Marine Geology, 162, 479-500.

Elderfield, H., and Greaves, M.J. (1982). The rare earth
elements in seawater. Nature, 296, 214-219.

Edmond, J., von Damm, K.L., McDuff, R.E., and Mea-
sures, C.I. (1982) Chemistry of hot springs on the
East Pacific Rise and their effluent dispersal. Nature,
297, 187-191.

Fouquet, Y., von Stackerlberg, U., Charlou, J.L., Erzin-
ger, J., Herzig, P.M., Muhe, R., and Wiedicke, M.
(1993) Metallogenesis in Back-Arc Environments:
The Lau Basin Example. Economic Geology, 88,
2154-2181.

German, C.R., Edmond, J M., Palmer, MR., and Ed-
mond, J.M. (1999) Geochemistry of a hydrothermal
sediment core from the OBS vent-field, 21°N East
Pacific Rise. Chemical Geology, 155, 65-75.

German, C.R., Klinkhammer, G.P., Edmond, J.M., Mitra,
A., and Elderfield, H. (1990) Hydrothrmal scaveng-
ing of rare-earth elements in the ocean. Nature, 345,
516-518.

Guilbert, J.M. and Park, C.F. Jr. (1986) The Geology
of Ore Deposits (2nd ed.). W.H. Freeman and Co.,
985p.

Hawkins, J.W. and Helu, S. (1986) Polymetallic su-
phide deposit from “black smoker” chimney: Lau
Basin. EOS, 67: 378.

Hekinian, Rr., Muhe, R., Worthington, T.J., and Stoffers,
P. (2008) Geology of a submarine volcanic caldera
in the Tonga Arc: Dive results. Journal of Volcano-
logy and Geothermal Research, 176, 571-582.

Hodkinson, R.A. and Cronan, D.S. (1991) Geochemi-
stry of recent hydrothermal sediments in relation to
tectonic environment in the Lau Basin, southwest
Pacific. Marine Geology, 98, 353-366.

Hunkins, K. and Kuo, T. (1965) Surface wave dis-
persion in the Tonga-Fiji region. Bulletin of the
Seismological Society of America, 55, 135-145.

Karig, D.E. (1971) Origin and development of margin-
al basins in the western Pacific. Journal of Geo-
physical Research, 76, 2542-2561.

Kerrich, R. and Said, N. (2011) Extreme positive Ce-

— 260 —



SR A 2S5 A

anomalies in a 3.0 Ga submarine volcanic sequence,
Murchison Province: Oxygenated marine bottom
waters. Chemical Geology, 280, 232-241.

Kim, C.H. and Park, C.H. (2011). Deep Sea Three Com-
ponents Magnetometer Survey using ROV. Jigu-
Mulli-wa-Mulli-Tamsa, 14, 298-304 (in Korean with
English abstract).

Kim, H.S., Jung, M., Kim, C.H., Kim, J., and Lee, K.
(2008). The Exploration Methodology of Seafloor
Massive Sulfide Deposit by Use of Marine Geophy-
sical Investigation. Mulli-Tamsa, 11, 167-176 (in
Korean with English abstract).

Klinkhammer, G.P., Elderfield, H., Edmond, J.M., and
Mitra, A. (1994) Geochemical implications of rare
earth element patterns in hydrothermal fluids from
mid-ocean ridges. Geochimica et Cosmochimica
Acta, 58, 5105-5113.

Klinkhammer, G.P., Elderfield, H., and Hudson, A.
(1983) Rare earth elements in seawater near hydro-
thermal vents. Nature, 305, 185-188.

Koski, R.A., Jonasson, I.R., Kadko, D.C., Smith, V.K.,
and Wong, F.L. (1994) Compositions, growth mech-
anisms, and temporal relations of hydrothermal sul-
fidesulfatesilica chimneys at the northern Cleft seg-
ment, Juan de Fuca Ridge. Journal of Geophysical
Research, 99, 48134832.

Krasnov, s.g., Cherkashev, G.A., Stepanova, T.V., Batu-
yev, B.N., Krotov, A.G., Malin, B.V., Maslov, M.
N., Markov, V.F., Poroshina, I.M., Samovarov, M.S.,
Ashadze, AM., Lazareva, L.I,, and Ermolayev, 1.K.
(1995) Detailed geological studies of hydrothermal
fields in the North Atlantic. In: Parson, L.M., Wal-
ker, C.L., and Dixon, D.R. (ED), Hydrothermal Vents
and Processes. The Geological Society, London,
56p.

Lee, S. and Lee, S.K. (2010) The Prototype Study of
Resistivity and Porosity Measurement for the Samples
Collected Near Marine Hydrothermal Deposit. Jigu-
Mulli-wa-Mulli-Tamsa, 13, 378-387 (in Korean with
English abstract).

Martinez, F., Taylor, B., Baker, E.T., Resing, J.A., and
Walker, S.L. (2006) Opposing trends in crustal
thickness and spreading rate along the back-arc
Eastern Lau Spreading Center: Implications for con-
trols on ridge morphology, faulting, and hydro-
thermal activity. Earth and Planetary Science Letters,
245, 655-672.

MacRae, N.D., Nesbitt, H.W., and Kronberg, B.L
(1992) Development of a positive Eu anomaly dur-
ing diagenesis. Earth and Planetary Science Letters,

109, 585-591.

Moorby, S.A., Cronan, D.S.,. and Glasby, G.P. (1984)
Geochemistry of hydrothermal Mn-oxide deposits from
the S.W. Pacific island arc. Geochimica et Cosmo-
chimica Acta, 48, 433-441.

Murray, R.-W., Brink, M.R.B., Brumsack, H.J., Gerlach,
D.C.,, and Russ, G.P. (1991) Rare earth elements in
Japan Sea sediments and diagenetic behavior of
Ce/Ce*: Results from ODP Leg 127. Geochimica et
Cosmochimica Acta, 55, 2453-2466.

Paropkari, A.L., Ray, D., Balaram, V., Prakash, L.S,,
Mirza, L.H., Satyanarayana, M., Rao, T.G., and
Kaisary, S. (2010) Formation of hydrothermal de-
posits at Kings Triple Juction, northern Lau back-
arc basin, SW Pacific: The geochemical perspec-
tives. Journal of Asian Earth Sciences, 38, 121-130.

Parsapoor, A., Khalili, M., and Mackizadeh, M.A.
(2009) The behaviour of trace and rare earth elements
(REE) during hydrothermal alteration in the Rangan
area (Central Iran). Journal of Asian Earth Sciences,
34, 123-134.

Parson, L.M., Pearce, J.A., Murton, B.J., and Hodkin-
son, R.A. (1990) Role of ridge jumps and ridge
propagation in the tectonic evolution of the Lau
back-arc Basin, SW Pacific. Geology, 18, 470-473.

Pattan, J.N., Rao, Ch.M., Higgs, N.C., Colley, S., and
Parthiban, G. (1995) Distribution of major, trace
and rare-carth elements in surface sediments of the
Wharton Basin, Indian Ocean. Chemical Geology,
121, 201215.

Piper, D.Z. (1974) Rare earth elements in the sedi-
mentary cycle: A summary, Chemical Geology, 14,
285-304.

Podowski, E.L., Moor, T.S., Zelnio, K.A>, Luther III,
G.W., and Fisher, C.R. (2009) Distribution of dif-
fuse flow megafauna in two sites on the Eastern
Lau Spreading Center, Tonga. Deep-Sea Research I,
56, 2041-2056.

Smith, M.P., Henderson, P., and Campbell, L.S. (2000)
Fractionation of the REE during hydrothermal proc-
esses: Constraints from the Bayan Obo Fe-REE-Nb
deposit, Inner Mongolia, China. Geochimica et
Cosmochimica Acta, 64, 3141-3160.

Song Y.H., and Choi, M.S. (2009) REE geochemistry
of fine-grained sediments from major rivers around
the Yellow Sea. Chemical Geology, 266, 328-342.

Stoffers, P., Worthinton, T.J., Schwarz-Schampera, U.,
Hannington, M., Hekinian, R., Schmidt, M., Lund-
sten, L.J., Evans, L.J.,, Vaiomo’unga, R., and Kerby,
T. (2006) Submarine volcanoes and high-temper-

— 261 —



QI - AFH - AU - A

ature hydrothermal venting on the Tonga arc, south-
west Pacific. Geology, 34, 453-456.

Taylor, S.R., and McLennan, SM. (1995) The geo-
chemical evolution of the continental crust. Reviews
of Geophysics, 33, 241-265.

Usai, A., and Someya, M. (1997) Distribution and com-
position of marine hydrogenetic and hydrothermal
manganese deposits in the north-west Pacific. In:
Nicholson, K., Hein, J.R., Buhn, B., and Dasgupta,
S. (Eds.), Manganese Mineralization: Geochemistry
and Mineralogy of Terrestrial and Marine Deposits,
Geological Society of London, vol. 119. Special
Publication, pp. 177-198.

Vitali, F., Blanc, G., Toulkeridis, T., and Stille, P. (2000)
Silicate diagenesis in deep-sea sediments from Tonga
forearc (SW Pacific): a strontium and Rare Earth
Elements signature. Oceanogaphy Acta, 23, 281-396.

Zellmer, K.E. and Taylor, B. (2001) A three-plate kin-
ematic model for Lau Basin opening, Geochemistry,
Geophysics, Geosystems, Paper number 2000GC000
106.

Ardeo13d 10¢ 79), ALY : 201349 12€ 119),
AAEAL20139 12€ 249), AYAAAY . &7

- 262 —



