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Characteristics of marine sediments affected by hydrothermal activities in TA25
submarine volcano of Tonga Arc, southwestern Pacific

Jong-Hwa Chun* - In-Kwon Um - Hunsoo Choi

Marine Geology & Energy Division, Korea Institute of Geoscience and Mineral Resources,
Daejeon 34132, Republic of Korea
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HAHBEYE F7HEE X5k TA25 jAStitolA E42b89 S 9Wol7] HsiA FARA
(remotely operated vehicle; ROV)¥} H|t] 2 7}H|2}7} A2FE 13 (TV-guided grab sampler; GTV)S AR5}
o ABE A strh TA25 ATl A AFE AHE FFEHE2 HAAE47](EPMA) 9] Fubibgt
ARG HBSED T} o R EAHY B354 7|(EDS)E AHSsto] ElAEQ |, 24, A& 52 &4tk =
HE A5 oo 29 EAR v EEo] §l=t), X-A FBEA7|(XRF)¢ =243 Et=nt £33
£A4]7](ICP-OES)E ARg-5to] £A41 8] Y7 fulaf Raa) o F QFzZbA) HE o] = 40f 44 244E 74
sttt R EHEoA = G479 FAGFEDL F3PEl &t 574 (barite), A X (pyrite), T4t
Sl=(manganese hydroxides), 43013 4](sphalerite), 3-%5-4(chalcopyrite) YA=0] W2E Aot JW (crested)
Fe o 842 G471 8 Badl a8 At o] Aste] AR AL 2 34 =, ¥]%d & (amorphous)
U ANSHE, w8 (colloform) A, ot A, A HHEL YA G480 FAE o)
ol =] EHE AR EAE ) U7 RS EHENA= AAPE] i AHH etdF Y vjdEo] T
FE Y, o)A E4EET IAH Y AXYE 2 DEE AA G 2YE B2 G2 AENFS 2= 1
Ato] EZ ulmrKlow-K dacitic magma) AAE0. 2, FA 0] olTH = H47] 9] Ba, Sr, Pb, Nb, V, Co, Ni, Cu,
Zn, Mo B4 9} AAIsH 23} gk AIshEo] 25}e Q7 AR mEEo] 9}

FR01: 571, TA2S S|AHEHE, A E AR, 54, doabg

ABSTRACT: To investigate influence of hydrothermal activities in TA25 submarine volcano, Tonga Arc, SW
Pacific Ocean, we collected marine sediment samples using TV-guided grab sampler (GTV) and remotely operated
vehicle (ROV). To determine morphological, textural, and chemical characteristics of fine-grained surface
sediments, we employed Backscattered Electron Imaging (BSEI) and Energy Dispersive Spectrometer (EDS)
attached to an Electron Probe Micro Analyzer (EPMA). We then analyzed major and metal elements of outer dark
brown and inner milky white portions of coarse-grained pumice samples using X-ray Fluorescence Spectrometer
(XRF) and Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES). The results showed that the
fine-grained surface sediments were composed mainly of barite and manganese hydroxides with pyrite, sphalerite,
and chalcopyrite, representing hydrothermal sulfide and sulfate minerals. We interpreted that the crested barites
were precipitated from dissolved Ba, indicating a strong influence of hydrothermal fluids and seawater sulfate.
In addition, the presence of amorphous manganese hydroxides, colloform pyrite, sphalerite, and chalcopyrite

i Corresponding author: +82-42-868-3328, E-mail: jhchun@kigam.re.kr
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suggest transportation after the primary precipitation having a hydrothermal origin. The observed elliptical fecal
pellets formed by benthic organisms suggest existence of hydrothermal vent-related chemosynthetic communities
at the sampling site. Finally, our analyses on coarse-grained pumice samples confirm the influence of hydrothermal
fluids as reflected by the low-K dacitic magma origin in the inner parts, and significantly high Fe;O3 and MnO
contents and enrichments of Ba, Sr, Pb, Nb, V, Co, Ni, Cu, Zn, and Mo elements in the outer pars.

Key words: Tonga, TA25 submarine volcano, marine sediments, pumice, hydrothermal activities
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A B4~E-E(submarine hydrothermal vents)=
8% = A B3| (convergent or divergent
plate boundaries)ol| T2H AT A T2 B
aEom ARz RE FHE F4(hydrothermal
fluids)ol] ©JahA] sjAIwol] L (chimney) T o}
+E(mound) FE|Z FgAdo] FAHAY, E4
EET 0l SR s eiAl= EEEIT)(Paropkari
et al., 2010; Park et al., 2015; Wilckens et al., 2018;
Dong et al., 2019; Menini and Dover, 2019; Watanabe
et al., 2019; Eom et al., 2020; Fang and Wang, 2021;
Georgieva et al., 2021; Keith et al., 2021). @4+=
5= SRS B9} e wEbA At
+=14|(Omosanya et al., 2018; Keith et al., 2021), &
£ Ao B4 AR Feedo o] Asleks Fo
728l AL 42 FAE o] At Cronan and
Hodkinson, 1997; Chavagnac et al., 2018; Hung et
al., 2018; Gartman et al., 2019; Stensland et al., 2019;
Eom et al., 2020; Wan et al., 2021). ‘FA = o
YAsh= E7F-A2utd|=2 sfl4(Tonga-Kermadec
Trench)of| A 2] A G&H-8of a4 B9 F7HE:E
(Tonga Arc)olli= th=9] 3MbEo] 223, 47
siASH A= Yot vhe FEH Y s
7} th ARt 2 1; Cronan and Hodkinson,
1997). $-2vehs 57195 SiAGEde B2
9 o tigt A9 Ygke g 2009 e =
AFL Y oo R FAE S| AAEe
o, AL, G4, S EA 59 ot
Hof J37) AP THCho ef al., 2012; KORDI,
2012; Kim et al., 2013; Um et al., 2013; Lee, S. et al.,
2015; Kim et al., 2016; Choi et al., 2018; Lee,
W.K. et al., 2021b). E7}E = TA25(FE+= Volcano
18S, Kim et al., 2016)2} TA26(%F+ Volcano 19,
Kim et al., 2016) 3jA A= A= SE=9

G227} SlE|9T(Kim ef al., 2016), |3
oA AFE MAEAES F5UL, JEFH,
HNEZEY = Apolof| sijA Eid SAE B
g 4 Q2™ 1; Cho et al., 2012; Um et al.,
2013). @A S532 GFEETEHE 200 m 9]
Ulol] Ax)¥ E&HE EY(sediment trap)e] HAAE
& BB, AR Az B2 B4TEn
170w
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Fig. 1. Location map showing TA25 submarine volcano
on the Tonga Arc. Other arc volcanoes TA12, TA1S,
TA16, TA19, TA22, TA26, Hunga, and Volcano F (red
circles) are located at the eastern margin of the Lau
Back-arc Basin as a result of subduction at the Tonga
Trench (Um et al., 2013; Choi et al., 2018; Brandl et al.,
2020; Myeong et al., 2020; Brenna et al., 2022). Also
shown are Macauley and Raoul islands (green circles)
formed at the southwestern margin due to subduction
at the Kermadec Trench (Worthington et al., 1999;
Smith et al., 2003).
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T} =& Fe, Mn, Cu, Zn S437F0] @42H8< 9
3t Ao 2 YA EJTHKim et al., 2016). 7]
T2(Hg) T2 A=A E ot oet G083
T FHof| AAlsks A EE(mollusks) oA = =
A UERdTtHLee ef al., 2015). E7FA= oA 22
A HHEEY FLHUL, HERUL, HEFE
wHo R Arhgol ojgt darel WalHAT, 9
7199 3}31-E(sulfide minerals)a} 3RAFELE
(sulfate mineral)®] Feje} B EXL dER]X]
LUTE EIF BrEET7F A5k A o HEE
S A A B & Z(volcaniclastic deposits)e] tjgt
A4t GFE ATE) A o AT
B7HEE TA25 SR SAtol|l A Hozhgof 2t A
Y1 maEhEs 297 24 AR Hus,

e, A skebs 542 ¥l Aol
2. Q1T U iy

2.1 HFX|A

SARBE F7HAZRE A sl A BE g
o o Adslel BrhAZrE dwt 3
A=)t (Worthington ef al., 1999; Clift et al., 2001;
Smith and Price, 2006). Z7-A2uld|3 =+ E)
HoJuo]| g ol &AM (Louisville Seamount
Chain) 7|20 2 BE22 %7} 5o et g
ML Azutea s 4 gl gt Fare
W=t 1; Myeong et al., 2020). Z7}4%= 3
AsAite] nfml Ao AR e wiE(depleted mantle
wedge), YN EHES L5t FEEE, HE
SHFAZO A T HAgol o AAE &
N Fo= 29tE Aoz s|A =t Myeong e al.,
2020). A=t 2LE sHASHAEE] niank &2
E71dE A SHKTALS, TAL6, TA19)o] H|3}
ol s A Aol 221 ok ElFE A& #
LERAT(Myeong et al., 2020). 571E= TAI2 (Volcano
#1, Kim et al., 2013) S| #A3Hito| A= XS =
of o3t Zd|ete] Wy} Zd|et oA 9] 34k
A4 HAST A dESol Hd FA 2 km
A #ro] Qti(Hekinian et al., 2008, Kim et al.,
2013). £/ = oA1E 2019 84 224 F 35 mo]|
IABH= Volcano F & 2Hitol Al Tl HjAfo|E
A = 2HYA K X(dacitic or rhyolitic pumice)

o] £EEo], sl E AHE o]FE= Ao| ¢l
TYA FAro 2 FQIEQIthBrandl et al., 2020).
57FE%= Hunga SHtollA= 20229 1o itk
SRS dojum 2uw|(tsunami) 7} THYE 3L
g, o] RS0 QJ5h4] 2014 12€EE 2015
d 1€ Abo]9] oFAFeHA ul1mK(andesitic magma)
SHAHES)e|| 9J5}1ed Hunga Ha’apai 493} Hunga Tonga
A Abelof] FAEUE -3-3]FH(tuff cone)®] ThFE
o] Z MUK 1H 1; Brenna et al., 2022). o|H
ARl E/MEE TA25 A 3tite] np1ul A
2 HUEXR] dgto), &g E=HEsAd E
SFEZTFE0] the HuE|QItiDaesslé et al., 2000;
Kim et al., 2016). TA25 3| ASXHE~= Volcano
188)2 A7 oF 6.5 kmo| Ad2i7} Wdst=d, &
g2t A &o] F5ol Hlste] 4lo] oF 300 m o)
AA Jepdt 29 2; Kim et al., 2016). Th4=2] &
FEESEERIE A Fo 2AEHEEC] HXsk=
o, Zdzt A5 E548 geEETolA S8E 2
I E= 9F 231°C Aol A2t 559 &5
d GRS =R U5E £ 20 (black smok-
er)9] i &%= oF 263°C AE=o|thKim et al.,
2016).

22 AT

F7FEE TA2S AT A ERE A RES
20093} 20120 R/V Sonneolx] F21-=A (remotely
operated vehicle; ROV)¥} H|t] 2 7w 2k7} A2
54(TV-guided grab sampler; GTV)S ARE-51
22 =] S THKORDI, 2012). TA25 jA]3Ht0] A=
o] YR]5}H= RT110204, RT110206, GT110213 %
AR 2HE FASS AFSHATHTE 2;
I 1). TA25 S|ABHEY] AlZo]| 2)x]8H= GT110206,
GT110213, GTV10 ZARAT EZ0]| 2x|3k= GT
110210, GT110211, GT110212 ZAF A A= Al
HE RZEHES AFSHATHIE 2; F 1). TA2S
| A 34 A S =4 1,000~1,100 mef| §J2]s= D1
3} DI ZAPGHIAE UG A2 8}
2 vle) 2 sk Mg stel SR GArE 5t
REHLH 3).

221 A¥A ESHAE) 27 9 2 24
671 ZAF ARolA AR 6] AU w2E



£l
oM
l'ol

26

ZE-2(110206, 110213, 10, 110210, 110211, 110212)
AN AR 4 ¢ o] YAE £,
THebg QoA 60°C 2O % e AZs
FATHE 1). A2E A= H2& AMg-ste] Ant
HE AFstg o, g7zt dd+d dE
AlE] A& n]EA7](electron probe micro analyzer;
EPMA) 2] SHFAREARIEAR(back-scattered electron
image; BSEDZAIS ALs1ol 7 Fejol 248
BASIT, oA R energy dispersive
spectrometer; EDS)E ARE5te] A2 A5

222 2 $49) FUL0 TEHAL HB B

370 24 ) AN 670} 2L 2A
(04-06, 04-08, 04-11, 06-04, 13-1, 13-2)= A5}
A 2 & 1), AL AN Sz
EELEDEE ERS N EEE EEEEEATES
o] A BES st 2us} sty 19 4
AL 47 9] A HA(04-8, 04-11, 06-04, 13-2)
of thet A& AFF-Eo] A St} 24 9
ol fula gno] Hek A 2E SRR AL
F-o] g3 X-A FH3FEA7|(X-ray fluorescence

Table 1. Characteristics of sampling stations from TA25 submarine volcano, Tonga Arc.

Location Station Number Sample Number Water Depth (m) Equipment Sample
04-06 R , q
RT110204 04-08 1,093 v (‘;{’g\e}t)e Pumice
04-11
RT110206 06-04 1,084 ROV Pumice
Western caldera GT110206 110206 1,084 TV-guided grab (GTV)  sediment
13-1 .
GT110213 1322 1,087 GTV Pumice
110213 sediment
GTV10 10 1,037 GTV sediment
GT110210 110210 985 GTV sediment
Eastern caldera GT110211 110211 945 GTV sediment
GT110212 110212 981 GTV sediment

24°33°8

24° 34" S+

24° 35" S+

24°36° S

Station

m RT110204
B RT110206
® GT110206

@ GT110210
® GT110211

T T
176° 57" W 176° 56" W

T
176° 55" W

T
176° 54" W

Fig. 2. Bathymetric map of TA25 submarine volcano showing the location of ROV (RT stations) and TV-guided
grab sample (GT & GTV stations) sites. D1 and D2 mark the stations of ROV seafloor observations.
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spectrometer; XRF)E ARE3}S SiO,, TiO,, ALO;,
Fe,03, MnO, MgO, Ca0, Na,O, K,0, P,0s2] ¢
& 242 B8 B3 o] AlZE2 =R EA
HAFHo] Bt =AY Set=nt 23247
(inductively coupled plasma-optical emission spec-
troscopy; ICP-OES)E AR5}, Ba, Rb, Sr, Pb, Zr,
Nb, Sc, V, Co, Ni, Cu, Zn, Mo 24945 B39t

3.8 1}

3.1 ZEE 20| 700} ¥ I2 83 24
TA2S S}42HE Zellek A" 2; DI, D2 4

A, 4 1,000~1,100 m)of| A= 3742 st d4
E] & Z(volcaniclastic deposits; VD)o] Hai,
A5H A H(rock debris deposits; RD)E0] A]

iy

fMs

R

Fig. 3. Photographs showing volcaniclastic deposits (VD) and rock debris deposits (RD) on the seafloor from the
western caldera of TA25 submarine volcano. (a) D1 station, (b) D2 station. fMs: fine-grained marine sediments.

See Figure 2 for location.

[oocco: N

Fig. 4. Photographs showing the selected pumice samples from the western caldera of TA25 submarine volcano.
(a) 06-04 sample from the RT110206 station, (b) 13-2 sample from the GT110213 station, (c) 04-8, and (d) 04-11
samples from the RT110204 station. The red circles (outer) and yellow squares (inner) represent the portions of

pumice samples for XRF and ICP-OES analyses.
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Table 2. Major element contents (wt%) of the selected pumice from the TA25 submarine volcano measured by XRF.
LOI=loss on ignition. Inner milky white (P) and outer dark brown (O) portions of the selected pumice for XRF
analysis.

Sample Number SiO, TiO, ALOs Fe;O3 MnO MgO CaO Na,O K, O P,Os LOI

04-06 (P) 68.42 0.46 13.28 3.85 0.17 081 379 470 0.51 0.11 3.66

04-06 (O) 55.40 043 9.10 740 7.62 240 397 258 058 028 8.03

04-08 (P) 68.64 0.46 1345 394 0.14 076 3.81 4.66 051 0.11 3.07

04-08 (O) 5.53 0.14 0.77 793 4394 247 239 243 1.05 030 19.21

04-11 (P) 6948 047 13.66 390 0.14 072 391 423 050 0.11 233

04-11 (O) 40.04 0.35 8.27 392 2275 380 352 312 085 0.19 1224

06-04 (P) 67.08 047 1324 396 0.19 085 376 505 051 0.12 3.59

06-04 (O) 8.05 048 3.11 10.95 33.06 2.18 262 407 076 0.70 18.67

13-1 (P) 63.76 048 1346 428 043 096 354 494 057 014 573

13-1 (O) 4785 046 11.17 14.65 126 124 256 3.78 0.63 041 8.66

13-2 (P) 6548 047 1342 342 048 092 3.69 519 052 0.12 493

13-2 (O) 11.66 0.29 5.31 993 31.11 148 198 268 0.62 0.67 16.71

Hof| leEE o] JTHTH 3). D1 A olA = siAH 16 (a) e
of| hitA A B - Fo| eEE o] UL AIFHE A h Phonoite '%t}%é?)
12 °132 (P)

A zo] Al 2o Jo, Aoz #4o] 2
< D2 AAoNAE AsE GHHSTH vk F8A
o Q= A E| A Eo] IHETHIE 3). )JIZ RT
110204, RT11020, GT110213 A4 AHE =
Y BAHH7 7-18 em) S 9J%Ee] £ 1 om
olu] QA o] 3B eka SIeHTY 4). HA

H 0wl HHol §i0, FHES 63.76~69.48 Wi%
0]31 Na,O2} K,O §Hg2 7171 4.23~5.19 wt%2}0.50
~0.57 wt% O|tH(&E 2). o] A5 Yzt 4
27} gek(total alkali/silica; TAS) =3 o)A H|Alo]
E 2l ulau(dacitic magma) G 9ol A EH, F2
5 G0l FAEHH 5). A F29] Fe05,
MnO, MgO 315k 717} 3.85~4.28 wt%, 0.14~0.48 wt%s,
0.72~0.96 wt%O|TH3E 2). FA4] QT kb HE _
©] MnO k2 1.26~43.94 wt% H| 2 gy = I R
B3l v|wsle] P} =om, Hd 300 vl o)A =4 Fig. 5. (a) Total alkali versus silica and (b) Potassium
UERItH 23 6b; X 2). ¢FzHA HH0| Fe,0,9} versus silica diagrams showing magma compositions

- of samples from the RT110204 station (samples 04-06,

MgO A= 242} 3.92~14.65 wt%2} 1.24~3.80 wt%  04-08, and 04-11), the RT110206 station (sample
Holg Sul Bugl v|wale] zkzk ) 3.8u)9k 06-04), and the GT110214 station (samples 13-1 and
_ 13-2) from the western caldera of TA25 submarine

5.3 A YERTH L™ 6a; 3 2). o] Whsf o volcano. Geochemical data from TA15, TA16, and TA19
A BELO] Si0,, Al,Os, Na,O TS Sl X Hoj submarine volcanoes (Myeong et al., 2020), volcano F
— - _ (Brandl et al., 2020), and Macauley (M) island (Smith
HJste] SA GBI THEE 2). K09 P.Os B et al., 2003) were also plotted (enZlosed dashed lines

A 9] obZtA HEo| GuiA) HEL H|wdle] tha with gray shading). (P): inner milky white part of pumice.

Alkaline
— = Bopalkalin®
Rhyolite

Na,0+K,0 wt%
(=)

65 70 75
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(170~7,950 ppm), Nb (33.0~93.2 ppm), V (242~692
ppm,), Ni (29.5~576 ppm), Cu (79.2~29,300 ppm),
Mo (78.8~1,990 ppm) $FFe GHiAl KB o] By
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Fig. 6. Comparison of major elements between inner
milky white (P) and outer dark brown (O) portions of
the selected pumice samples from the western caldera
of TA25 submarine volcano. (a) Fe,O; versus SiO; plot,
(b) MnO versus SiO; plot. Geochemical data from
TA15, TA16, and TA 19 submarine volcanoes (Myeong
et al., 2020) and Macauley (M) island (Smith et al.,
2003) are shown as well.
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ol 338) o]AF =4 UePdTtH Y 7). Cugl Ni g
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Fig. 7. Comparison of metal elements between inner
milky white (P) and outer dark brown (O) portions of
the selected pumice samples from the western caldera
of TA25 submarine volcano. (a) Ba versus Zr plot, (b)
Sr versus Zr plot. Plots also show geochemical data
from TA15, TA16, and TA19 submarine volcanoes
(Myeong et al., 2020) and Macauley (M) island (Smith
et al., 2003).
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ganese hydroxide) 2}, ¥4 ol JHHE F74 9 & Hellut A gen, Fg40] JHd
A(barite), 200~500 ym 79| FEER FAEo] WO YR F4 7]F(vesicle) WA= FHA o]

Table 3. Metal element contents (ppm) of the selected pumice from TA25 submarine volcano measured by ICP-OES.
The P (inner milky white) and O (outer dark brown) represent the portions of the selected pumice for ICP-OES
analysis.

Sample Number Ba Rb Sr Pb Zr Nb Sc V. Co Ni Cu Zn Mo
04-06 (P) 270 6.48 183 185 103 527 122 163 832 <40 824 788 <40
04-06 (O) 7660 6.27 905 1360 59.4 53.1 7.84 364 17.1 382 1245 1320 1510
04-08 (P) 344 6.12 185 173 116 932 122 150 727 <40 <40 71.0 <4.0
04-08 (O) 7640 431 6180 170 67.5 445 <4.0 310 6.89 156 79.2 557 1990
04-11 (P) 262 7.65 181 18.6 118 451 124 151 7.75 <40 <40 724 <40
04-11 (O) 5800 6.29 789 564 63.7 38.0 <4.0 276 11.5 76.0 2290 3050 1370
06-04 (P) 531 6.10 201 359 107 282 128 179 794 <40 18,6 144 <40
06-04 (O) 1350 430 2330 7950 118 932 4.86 692 192 576 5890 <4.0 1060

13-1 (P) 3370 6.48 367 121 106 290 119 18.1 7.18 <4.0 492 146 245
13-1 (O) 6140 426 1690 3270 94.7 33.0 7.84 242 581 295 1890 806 78.8
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Fig. 8. Backscattered electron image (BSEI) and energy dispersive spectrometer (EDS) results of a fine-grained
sediment sample from GTV 10 station in the western part of caldera at TA25 submarine volcano. (a) Barite (Ba)
and manganese hydroxides (Mh) fragments. (b) Enlarged view of (a) showing crested barite aggregates. EDS results
showing (c) manganese hydroxides and (d) barite. P: pumice fragments.
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(23 11b). TA25 A Zd=r S5 GT110212
B 981 meld AHE BHE LB B
= Fejo] 5754 FEAI2 254 (chalcopyrite) ¢
A7k RGN 100). o EFHAEL 247
BREATeE ARk} oF 500 pm =719) R FHE)
784, 100~400 pm =7]2] F4 JR}e} m| Y F
(biogenic components) 0| EE3ITHIH llc).
B 224 1,084 me] A2 Zeetol A AT
GT110206 ZH 9 FZEFELS tHE 50~400 um
279 54 QAEE FHE] glom, Fawel
HdZo] Z3HE o] Ith(1H 11d).
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4.1 SHMEFZMMS L+EE A

TA25 S|ABHE 5241 1,000~1,100 me] A1 Z+
diztelM= sH A 5245, Aed dHEs
HH3L g 723 Yoy B ESe] Rugtt
(2H 3). ol Aol A 24HE FHS2 siAE
A5 PPN HHE A0, W AFIF
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Fig. 9. Backscattered electron image (BSEI) and energy dispersive spectrometer (EDS) results of a fine-grained
sediment sample from GT110210 station in the eastern part of caldera at TA25 submarine volcano. (a) Barite (Ba)
aggregates, manganese hydroxide (Mh) fragments, and sphalerite (Sp) fragments. (b) Enlarged view of (a) showing
crested barite and sphalerite fragments. EDS results showing sphalerite (c) and barite (d).
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Fig. 10. Backscattered electron image (BSEI) and energy dispersive spectrometer (EDS) results of fine-grained
sediment samples from GT110211 and GT110213 stations in the eastern part of caldera at TA25 submarine volcano.
(a) Colloform pyrite (Py) aggregates with framboidal pyrite (fPy) aggregates (green circles) at GT110211 station
sediments. (b) Chalcopyrite (Cp) fragments and barite aggregates at GT110213 station sediments. EDS results show-
ing (c) pyrite and (d) chalcopyrite.

Fig. 11. Backscattered electron image (BSEI) of fine-grained sediment samples from GT110206, GT110211, and
GT110212 stations in TA25 submarine volcano. (a) Fecal pellet (Fp) from GT110211 station sediments in the eastern
caldera. (b) Enlarged view of (a) showing fine-grained aggregates with outer rim. (c) Barite (Ba), manganese hydrox-
ides (Mh) fragments, and biogenic components (Bio) from GT110212 station sediments in the western caldera,
(d) Pumice fragments (P) and fecal pellet from GT110206 station sediments in the western caldera.
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= 2= dAle| EE miant A Zolth 2 5). 57
AZntd| 2 = AT At S4F
(lava flows), SHHAEAE E|HS, Asd dAHS
So| tjopslA| BESR=g|(Hekinian ef al., 2008; Kim
et al., 2013), o] AA|H o2 2 AEAFS
2 WP Al ol S Zhe
19 5; Smith ef al., 2003; Brandl et al., 2020;
Myeong et al., 2020). 549] JZH = T/ | cm
ol 9] A mE Edo] 9 (| 4), ©]
S YHERE, F4ekE, ntavleielE e
Uhie] Uil 2o ulste] Z2k A eF 3000
(1.26~43.94 wt%), 2F 3.84]1(3.92~14.65 wt%), 2F
5.38}(1.24~3.80 wt%) =A UeEldth(2d 6). &2
A} m|& HB0] Ba, Rb, Sr, Pb, Nb, V, Co, Ni, Cu,
Zn, Mo #5494 FFE HAo|EA nfant &
Hep o o Wi #A Yehdti(E 3). 3 7
AEE 7130l & IEH IS, 73S Bt
A YHE 5949 o5 AlAodS ¢
T Utk o] A2 R o] M EAY EHF o= RY
AsE o] A =EH o] Fof| HFEEE olF
= YA Mn, Fe, Ba, Sr, Pb, Cu, Ni, Mo &894
ol 25 272 s AE ) TA2S AT d
TEEST 2 AAE BEE EollA= sl
23 E7199 AR Uk A, e, ofd =
£Y4HEo| FlEo(Kim ef al., 2016), B
7199 AR e AAE olFE HAESH
(Lee et al., 2021a).

F7HEE A GRS I NA A
H AFE A E A=A = BV 25 TFY
2o}l FAlo] B E| @]t Daesslé et al., 2000; Cho
etal.,2012; Um et al., 2013; Kim et al., 2016). ©]
H Aol = TA2S siASHAE EEE7 Aol
A AR E AEE 2SERE 2 G719 %
ArdET F3EEY FHeH 7 E40] B
ok G719 AHFEY $842 §& Ba
I 39 Fpitg o] Ajtshe] 206~257°C 2% 1
QoA AAEE= Aoz B uEtHOkubo ef al.,
2020). 2R4L TA25 S|ABHE E2(GT110210, GT
110212 &) I} A=(GTV10, GT110213 AH) &
SEA =M T (crested) FEH O] UAF E= o
A2 UeERtom(ad 8, 9, 10, 1), GTV10 A-|
A T4 0] A AR 3 Ho A TE XX = o]

pow, o] A Hof - 7]FolAnt
£ QA7H UeRETh LR a, 8b). OIS
Ho A R4 YA B2 o] shre] w25
of %o 4 Ba BHE 2= Aool YL we
Ao AT} TA2S SRSl S5 A%
EETolA SFE 5 25+=231°C~263°C ¢
2 234 YA 24 HEHKim ef al., 2016).
7199 §& Mn, Zn, Ba, Fe52 95EE57=2
8 3 km o] HojXl oA HalE o] Qle
o] RE ¢t Daesslé et al., 2000). o]H A}
A7 2o A GT1102067} GT110211 AAA=
FAA o] WEEA] AT, 012 T8A Bl
a3 FET E471Y &E Bad] F0] golvt
A ASkE o= sjAE). vAdE YA
PRS2 7PEAE 7 EAA Ut o FEi = et
U=Hl(Z¥ 8a, 9a, 1lc), B57]¥9 §& Mnoj
oA WrtrAtehEo] FAE o]Fo EA= R
EAA Y7t olsHo| EAE Aog sjAHrt n
A4 A JdA= GT110211 FRof|Awt 2z
o=, wE4 FEA yiele 224 4R
2 o] HoIUtH2H 10a). E4=7]L9] &F Feoll
O3] FHE o] dxpH o= HAHE w= 7 2
Ao s FAEY, I oj% EEE W tiEE AH
ol A &/d2Hgol ofste] wAA) B v o= ¥
SHEtH(Liu ef al., 2022). GT110211 Ao A &A
H A} AL 4l A o] o w1
= A% F o|RH o2 olF FAE Ao A
o} g giE e R 2 JA] 471 8E Fe
O] A= ErEET A -2 F3E o] Yt
Uth(Stensland ef al., 2019; Fang and Wang, 2021).
FeREQ B YA GT110213 oA A
HE 2ZEHENAT HEE (T 10b),
5 A= AL(9F 300°C)9 NN FA
e AoR BuEQItiFan ef al., 2021). 33155
=4 Aot H U= GT110210 HH 9| EFE 4]
ol AT T E=H (™ 9b), HotaA e 7PgAt
27t EAA Ut ohH FEE A Eglon, Aot
A W Hl F7bol S AATE A Atk
& 9b). TA26 AT A A E HHEY X-A
AEA dujoA= FA, dotdA, FHEA o]
S & AT Cho et al., 2012). TA25 & SFAko]| A
R 2FEAENAE S, HotdA, &4
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