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Abstract

Thirteen submarine active mud volcanoes, which named MV1~ MV13, have 

been recognized in the area between Kaoping Canyon and Fangliao Ridge, offshore 

southwest Taiwan. It has been considered that these mud volcanoes are closely related 

to the intrusion of mud diapirs. The predominant composition of those gas seeps is 

methane, which may escape to the atmosphere and become an important natural 

source of greenhouse gas.

To estimate the methane flux emission via those mud volcanoes in this area, we 

have conducted three-cruise surveys during the period of 2011-2012. In this study, we 

traced the location of gas plume for each mud volcano by echo sonar (EK60) survey 

first. And then, we can collect the water column samples right above the venting mud 

volcanoes, and also the sediment samples by gravity corer.

The carbon isotopic data of methane gas from cored sediments range from -30 to 

-50 ‰. It indicates that the methane gas is mostly thermogenic in origin, and may mix 

with different proportions of biogenic gas source. Meanwhile, the dissolved methane 

concentrations of sea water above the seepages are 2-20 times higher than those in the 

background area. Many factors may affect the migration of dissolved methane,

including the distribution of methane gas bubble sizes and upwelling / lateral current 

resulted by initial condition of venting. All the evidences point out the dissolved 

methane which supplied by deep water submarine mud volcanoes can be transferred 

to the shallow depth in study area.

Based on the diffusive exchange equation and Fick’s First Law, the methane flux 

of sediment-to-bottom water and ocean-to-air can be estimated ca. 1.14 ~ 157 and 

0.15 ~ 127 μmol m-2 d-1, respectively. The result shows that the sea water would play

an important role in methane source to atmosphere, at least, in the studied region.
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Furthermore, we can have an approximate estimation of the total methane flux of ca. 

4,100 kg yr-1 in this region.

Key words off SW Taiwan, submarine mud volcano, methane flu , gas origin 
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/

wind stress curl Wu et al., 2005 Hsu et al. 2013

MV1

Kessler et al., 2011

Socolofsky and Adams, 2005

1-2

2006 2009 2012 2009

Kinetic Model

196-317

2011

Remotely Operated Vehicle, ROV

1- 1  Chuang et al. 2006; 2010

1- 2

200

Grant & Whiticar, 2002; McGinnis et al., 
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2006; Valentine et al., 2001  Solomon et al. 2009

Diffusive exchange equation

Wanninkhof, 1992

Flux = kavg Cplume - Ceq 1-1

Cplume μM Ceq μM

kavg cm hr-1

kavg = 0.31 uavg
2 Sc / 660 -0.5 1-2

uavg m s-1 Sc Sc = A - Bt + Ct 2 - Dt 3

t A = 2039.2, B = 120.31, C = 3.4209, D 

= 0.040437

CTD 

rosette system 1- 1 200

13

 MV1~MV13 2011 13

300~800
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1- 1 ROV

2011

1- 2

nL/L Chuang et al., 2010

A
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1- 1 Solomon et al., 2009

μmol m-2 d-1 m

Shallow water < 200 m

Paleo Dnepr Area, Black Sea 200 90 max. diffusive Schmale et al. (2005)

Dnepr Shelf, Black Sea 66 < 200 max. diffusive Schmale et al. (2005)

NW Black Sea 53 < 200 max. diffusive Amouroux et al. (2002)

Coal Oil Point 1296 < 70 diffusive Mau et al. (2007)

Deep Water > 200 m

Pacific Ocean open water 0.9-3.5 > 1000 diffusive Tilbrook & Karl (1995)

Subtropical North Pacific 1.6 > 1000 diffusive Holmes et al. (2000)

Sargasso Sea 4.4 > 1000 diffusive Holmes et al. (2000)

Sea of Okhotsk 1.5-63 100-700 diffusive Yoshida et al. (2004)

Arabian Sea 4.6-13.9 > 1000 diffusive Owens et al. (1991)

Sorokin Trough, Black Sea 49 2080 max. diffusive Schmale et al. (2005)

Black Sea 27 basin average diffusive Reeburgh et al. (1991)

Gulf of Mexico hydrocarbon plumes -0.38-7.0 500-600 diffusive Solomon et al. (2009)
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1-3

1-3-1

1-3-2
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2-1

13 2-

1 OR3-1553A 2011.7.25~28 OR3-1621 2012.6.25~29 OR3-1643

2012.9.18~22 OR5-1209-2 2012.10.1~10 57

water column 30

8

13

2011

2-1-1

-

Liu et al., 1997

-

-

22

2002

2-1-2

2- 2 OR3-1553A 2011.7.25~28

MV1 MV5 MV7 MV8

MV1 MV3 OR3-1621

2012.6.25~29 MV1 MV5 MV12
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MV1 MV12 OR3-1643 2012.9.18~22

MV3 MV4 MV5 MV7 MV8 MV9

MV11

Gas seep shell, GS shell GT39B G96

OR5-1209-2 2012.10.1~10

OR5-1209-2-MV1 OR5-1209-2-MV2

2- 1

2- 2

2- 1 13
2-2
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2- 1

°N °E m cm

OR3-1553A MV1-C 22°9.52' 120°23.237' 380 70 G.C.

MV5-C 22°8.26' 120°18.592' 432 60 G.C.

MV7-C 22°10.766' 120°18.939' 533 75 G.C.

MV8-C 22°9.757' 120°17.956' 600 100 G.C.

OR3-1621 MV1-N 22°9.75' 120°23.603' 410 90 G.C.

MV1-NC 22°9.646' 120°23.44' 435 45 G.C.

MV1-C 22°09.555' 120°23.303' 360 49 G.C.

MV1-SC 22°9.456' 120°23.078' 430 48 G.C.

MV1-S 22°9.298' 120°22.905' 462 65 G.C.

MV5-C 22°8.215' 120°18.564' 437 65 G.C.

MV10-C 22°3.56' 120°15.473' 505 55 G.C.

MV12-NCC 21°49.761' 120°33.361' 363 60 G.C.

MV12-SSE 21°49.170' 120°33.635' 515 59 G.C.

MV12-NE 21°50.15' 120°33.847' 593 55 G.C.

MV12-C 21°49.648' 120°33.41' 360 64 G.C.

OR3-1643 MV3-C 22°9.557' 120°20.255' 475 70 G.C.

MV3-NE 22°9.854' 120°20.58' 552 65 G.C.

MV4-C 22°8.666' 120°19.45' 467 40 G.C.

MV4-NE 22°8.757' 120°19.6' 485 35 G.C.

MV4-SW 22°8.436' 120°19.125' 550 50 G.C.

MV5-C 22°8.205' 120°18.657' 432 50 G.C.

MV7-C 22°10.705' 120°18.948' 536 90 G.C.

MV8-C 22°9.72' 120°17.969' 610 50 G.C.

MV9-C 22°5.128' 120°14.417' 662 60 G.C.
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2- 1

°N °E m cm

OR3-1643 MV11-C 21°59.995' 120°20.448' 752 75 G.C.

GT39B-N 21°59.559' 120°29.968' 266 50 G.C.

G96-C 22°10.996' 120°24.685' 409 85 G.C.

OR5-1209-2

GS shell

OR5MV1

22°4.618'

21°59.467'

120°19.946'

120°15.617'

437

739

40

139

G.C.

G.C.

OR5MV2 21°59.830' 120°15.733' 763 160 G.C.

G.C. = Gravity Core 

2- 2

°N °E m m

OR3-1553A MV1-S 22°9.446' 120°23.222' 400 350 C.R.

MV1-N 22°9.62' 120°23.237' 407 350 C.R.

MV1-E 22°9.52' 120°23.337' 390 350 C.R.

MV1-W 22°9.519' 120°23.146' 408 350 C.R.

MV1-SE 22°9.434' 120°23.327' 397 350 C.R.

MV1-NW 22°9.62' 120°23.127' 417 350 C.R.

MV1-NE 22°9.62' 120°23.337' 390 350 C.R.

MV1-SW 22°9.455' 120°23.136' 414 350 C.R.

MV3-E 22°9.516' 120°20.328' 464 430 C.R.

MV3-NW 22°9.57' 120°20.247' 481 450 C.R.

MV3-W 22°9.542' 120°20.246' 480 450 C.R.

MV3-SW 22°9.48' 120°20.237' 489 450 C.R.

MV3-C 22°9.467' 120°20.232' 477 450 C.R.
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2-2

°N °E m m

OR3-1553A MV3-S 22°09.476' 120°20.281' 482 450 C.R.

MV3-N 22°9.589' 120°20.284' 473 430 C.R.

MV4-1 22°8.657' 120°19.406' 463 430 C.R.

MV4-2 22°8.645' 120°19.498' 460 430 C.R.

MV4-3 22°8.61' 120°19.484' 463 430 C.R.

MV5-C 22°8.252' 120°18.598' 427 400 C.R.

MV6-C 22°7.357' 120°17.378' 513 480 C.R.

MV7-C 22°10.745' 120°18.916' 538 500 C.R.

MV7-N 22°10.795' 120°18.908' 540 500 C.R.

OR3-1621

MV8-C

MV1-N

22°9.8'

22°9.727'

120°17.977'

120°23.635'

600

435

550

380

C.R.

C.R.

MV1-NC 22°9.6' 120°23.426' 402 350 C.R.

MV1-SC 22°9.436' 120°23.106' 427 380 C.R.

MV1-C 22°9.508' 120°23.248' 380 320 C.R.

MV1-S 22°9.302' 120°22.908' 460 400 C.R.

MV5-C 22°08.246' 120°18.596' 430 380 C.R.

MV5-NC 22°8.35' 120°18.821' 485 430 C.R.

MV5-SC 22°8.106' 120°18.422' 490 450 C.R.

MV10-C

MV10-SE

22°3.512'

22°3.359'

120°15.386'

120°15.551'

525

596

480

550

C.R.

C.R.

MV10-NW 22°3.699' 120°15.272' 569 500 C.R.

MV11-C 21°59.9' 120°20.436' 767 700 C.R.

MV12-C 21°49.64' 120°33.392' 362 330 C.R.
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2-2

°N °E m m

OR3-1621 MV12-N 21°50.17' 120°33.395' 548 500 C.R.

MV12-SE 21°49.175' 120°33.824' 551 500 C.R.

MV12-SW 21°49.12 120°32.878' 555 500 C.R.

MV12-NW 21°50.107' 120°32.877' 565 500 C.R.

MV12-NE 21°50.132' 120°33.869' 586 500 C.R.

MV12-E 21°49.7' 120°34.011' 580 500 C.R.

MV12-S 21°49.158' 120°33.377' 496 450 C.R.

MV12-W 21°49.64' 120°32.889' 530 450 C.R.

OR3-1643

MV13-C

MV3-C

21°46.300'

22°9.586'

120°23.806'

120°20.326'

575

462

500

400

C.R.

C.R.

MV4-C 22°8.656' 120°19.46' 460 400 C.R.

MV5-C 22°8.282' 120°18.707' 446 400 C.R.

MV8-C 22°9.678' 120°17.977' 625 550 C.R.

MV shell 22°4.62' 120°20.021' 430 400 C.R.

GT39B-N 21°59.6' 120°29.952' 262 250 C.R.

GT39B-S 21°59.19' 120°30.019' 304 250 C.R.

G96-C 22°10.999' 120°24.710' 410 350 C.R.

G96-E 22°11.036' 120°24.965' 406 350 C.R.

G96-N 22°11.315' 120°24.666' 440 350 C.R.

G96-W 22°10.998' 120°24.388' 425 400 C.R.

G96-S 22°10.766' 120°24.687' 430 400 C.R.

C.R. = CTD + Rosette
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2-2

EK60

Scientific Sounder System

CTD Rosette System

Gas Chromatographs, GC

Methane Carbon Isotopes Analyzer, MCIA

Picarro δ13C-DIC

2-2-2

2- 3

(1) CTD

(2) 200 mL

0.22 μm

(3)

head space method
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5 c.c. 200 mL

3 c.c.

2- 3
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2-2-3

2- 4

(1) 3 c.c. 0 c.c.

15 c.c. 30 mL

pore gas

5 c.c. 

porosity

(2)

pore water 0.45 μm 0.22 

μm

(3)

head space method

5 c.c. 30 mL

(4)

Methane Carbon 

Isotopes Analyzer, MCIA
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2-3

2-3-1

nL/L /

C = A × F × R × 273.15 + Tinj

W
× Vhead

Vinj
× 106 2-1

C nL/L A

F mmol/A R 0.0821 atm L/mole K

Tinj °C W mL Vhead

mL Vinj mL

2-3-2

μL/L /

C = A × F × R × 273.15 + Tinj

Vsed
× Vhead

Vinj
× 106 2-2

C μL/L A:

F mmol/A R 0.0821 atm L/mole K

Tinj °C Vsed mL Vhead

mL Vinj mL

2-3-3

2.5 % Lee et al., 

2005
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3-1

3-1-1

3- 1 3- 2

50 24 ~ 1374 nL/L 3- 1

3- 1 MV1 MV3 MV5 MV12

MV1-N MV1-E MV3-S MV3-W MV5-NC MV5-SC MV12-W MV12-S

MV1-N (1553) MV1-E

(1553) MV1-NW (1553) MV1-SW (1553) MV1-S (1553) MV1-N (1621)

MV1-SC (1621) MV1-S (1621) MV3-C (1553) MV3-NW (1553) MV4-2

(1553) MV5-C (1643) MV7-C (1553) MV8-C (1553) MV8-C (1643)

MV10-SE (1621) MV12-W (1621) MV12-SW (1621) GT39B-N (1643)

GT39B-S (1643) G96-E (1643) G96-N (1643) G96-S (1643) G96-W (1643)

MV6-C (1553) MV13-C (1621) GS shell (1643) 100 150

MV1-N (1621) MV1-SC (1621)

MV1-NC (1621) MV4-C (1643) MV7-C (1553) MV10-NW (1621)

MV12-NW (1621) GT39B-N (1643) GT39B-S (1643) MV6-C (1553) G96-E

(1643)

MV10-C (1621)

200 nL/L
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3-1-2

3- 3

A-C-M 3- 2 20%

50% MV12-W

3- 1

[3He/4He]/Rair

0 1 2 3 4 5 6 7 8

20
N

e/
4 H

e

0

1

2

3

4

MV12-C
MV12-SW
MV12-S
MV12-W
MV10-C
MV5-C
MV5-NC
MV13-C
MV1-C

ASW

C
M

mosit-air saturated sea water at 
T = 29 oC, S = 33 %O

3- 2 A-C-M

ASW C M
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3- 1 unit: nL/L 
x : analysis failure
OR3-1553

(m) MV1-S (m) MV1-N (m) MV1-E (m) MV1-W (m) MV1-SE (m) MV1-NW (m) MV1-NE (m) MV1-SW (m) MV3-E (m) MV3-NW

30 43.7 30 44.9 30 79.2 30 58.5 30 51.3 30 42.9 30 47.7 30 43.4 50 66.5 50 16.5

70 47.2 70 43.9 70 51.3 70 45.2 70 41.6 70 39.4 70 39.0 70 39.2 110 64.5 110 24.9

120 23.8 120 28.7 120 67.3 120 37.9 120 49.1 120 27.2 120 32.3 120 44.9 170 61.6 170 30.3

170 84.1 170 68.3 170 75.0 170 71.5 170 79.3 170 60.3 170 61.4 170 93.4 240 90.7 240 34.8

220 70.3 220 47.6 220 69.0 220 66.4 220 68.1 220 47.2 220 47.3 220 100 300 74.6 300 38.9

270 109 270 80.0 270 126 270 110 270 99.6 270 110 270 52.5 270 104 340 103 340 x

290 176 290 91.5 290 132 290 101 290 112 290 81.9 290 43.1 290 128 370 91.4 370 49.7

310 138 310 140 310 84.1 310 x 310 106 310 104 310 126 310 90.5 400 139 400 74.5

330 99.3 330 246 330 422 330 165 330 101 330 228 330 272 330 109 430 144 430 224

350 178 350 161 350 304 350 235 350 260 350 192 350 260 350 140 450 186 450 188

(m) MV3-W (m) MV3-SW (m) MV3-C (m) MV3-S (m) MV3-N (m) MV4-1 (m) MV4-2 (m) MV4-3 (m) MV5-C (m) MV6-C

50 32.1 50 27.4 50 52.3 50 53.7 50 32.1 50 53.7 50 x 50 62.6 50 x 50 30.0

110 19.2 110 40.2 110 42.3 110 57.0 110 25.8 110 43.0 110 x 110 40.8 120 41.6 120 40.9

170 36.4 170 46.2 170 51.5 170 61.7 170 24.8 160 73.5 160 x 160 76.5 160 40.2 180 25.3

240 42.6 240 67.8 240 73.4 240 83.8 240 40.0 220 57.7 220 x 220 52.0 200 x 240 x

300 64.3 300 80.5 300 105 300 99.2 300 29.8 280 109 280 88.0 280 52.5 240 29.5 300 22.1

340 71.6 340 147 340 150 340 135 340 71.9 310 67.5 310 104 310 93.2 280 28.6 360 30.0

370 101 370 151 370 155 370 145 370 70.2 340 67.2 340 201 340 48.1 320 25.8 400 24.7

400 1467 400 127 400 207 400 161 400 74.1 370 155 370 216 370 142 350 24.1 430 x

430 180 430 152 430 135 430 204 430 155 400 151 400 91.2 400 107 380 28.1 460 178

450 235 450 203 450 127 450 232 450 203 430 222 430 190 430 233 400 x 480 133
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(m) MV7-C (m) MV7-N (m) MV8-C

50 47.6 50 34.1 50 43.0

110 8.21 110 42.4 120 50.0

170 50.5 170 25.3 180 x

240 38.1 240 39.9 240 62.4

300 63.5 300 69.6 300 70.2

360 94.2 360 81.4 360 36.4

400 81.7 400 109 420 99.4

420 198 420 145 480 123

480 278 480 233 530 167

500 166 500 x 550 155

OR3-1621

(m) MV1-N (m) MV1-NC (m) MV1-SC (m) MV1-C (m) MV1-S (m) MV5-C (m) MV5-NC (m) MV5-SC (m) MV10-C (m) MV10-SE

50 52.4 50 43.9 50 43.1 50 30.7 50 49.5 50 20.8 50 9.68 50 35.3 50 237 60 56.8 

100 173 100 58.8 100 123 100 21.5 110 38.8 100 34.4 100 31.3 100 46.8 110 229 120 90.4

150 55.8 150 67.9 150 49.9 140 27.2 170 36.9 150 55.2 150 51.3 150 27.5 160 158 160 66.9

200 81.2 200 258 200 48.3 170 24.1 220 40.8 200 x 200 26.5 200 44.5 210 224 240 63.5

250 163 240 19.3 250 91.3 200 22.3 260 32.0 250 30.2 250 28.6 250 55.5 260 237 300 82.5

300 192 280 49.1 300 110 240 19.9 300 43.9 300 27.7 300 22.9 290 43.7 310 273 350 91.7

320 175 300 40.8 320 110 260 21.0 330 67.3 320 x 330 33.1 330 50.7 360 230 400 58.4

340 130 320 37.3 340 139 280 61.1 360 141 340 31.4 360 15.1 370 37.9 400 273 450 47.0

360 319 340 x 360 166 300 60.6 380 185 360 28.1 390 30.3 410 47.2 440 183 500 99.3

380 480 360 x 380 154 320 90.0 400 169 380 24.1 420 67.8 450 135 480 256 550 67.4
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3-1

(m) MV10-NW (m) MV11-C (m) MV12-C (m) MV12-N (m) MV12-SE (m) MV12-SW (m) MV12-NW (m) MV12-NE (m) MV12-E (m) MV12-S

50 64.6 80 28.1 50 77.9 50 4.32 50 51.0 50 37.8 50 34.3 50 23.2 50 47.8 50 36.6

100 191 160 18.0 100 22.7 100 36.6 100 50.1 100 46.6 100 42.3 100 17.9 100 46.6 100 39.7

150 81.5 240 x 140 x 150 20.0 150 53.2 150 40.3 150 27.2 150 43.4 150 40.3 170 20.5

200 58.9 320 16.9 170 23.7 200 34.5 200 57.5 200 30.7 200 183 200 84.1 200 53.7 230 44.9

250 70.4 400 13.8 200 15.1 250 x 250 57.0 250 47.7 250 85.5 250 113 250 35.5 280 54.0

300 153 460 10.8 220 x 300 x 300 56.3 300 48.3 300 14.6 300 52.8 300 53.2 330 51.4

350 198 520 15.0 240 16.0 350 83.6 350 70.1 350 120 350 124 350 50.9 350 12.1 360 45.5

400 262 580 6.17 260 x 400 65.8 400 88.2 400 661 400 89.3 400 29.6 400 39.7 390 109

450 180 640 x 280 5.01 450 81.1 450 109 450 282 450 226 450 86.4 450 65.0 420 209

500 263 700 48.1 300 x 500 145 500 77.9 500 96.9 500 301 500 12.9 500 77.9 450 173

(m) MV12-W (m) MV13-C

50 45.5 50 38.4

110 43.2 130 32.1

170 102 210 33.2

230 60.7 280 27.5

280 76.7 330 29.3

330 176 380 171

360 181 410 145

390 585 440 150

420 1374 470 128

450 220 500 133
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3-1

OR3-1643
(m) MV3-C (m) MV4 (m) MV5 (m) MV8 (m) MV shell (m) GT39B-N (m) GT39B-S (m) G96-C (m) G96-E (m) G96-N

50 42.7 50 24.5 50 7.82 50 22.0 50 25.7 50 44.7 50 39.3 50 125 50 30.5 50 16.8 

100 44.4 100 84.5 100 13.9 120 29.7 100 34.8 100 56.1 100 48.5 100 32.1 100 99.8 100 3.48 

150 28.7 150 33.2 150 22.1 190 59.1 150 57.3 150 232 150 148 150 66.0 150 66.8 150 27.2 

200 36.0 200 81.0 200 35.1 250 71.6 200 91.4 180 149 180 111 200 119 200 156 200 83.9

250 90.3 250 35.3 250 81.9 300 152 250 102 200 152 200 141 250 90.3 250 143 250 134

280 70.6 280 74.1 280 92.8 350 77.4 280 125 210 166 210 84.1 270 89.2 270 108 270 101

310 57.3 310 50.4 310 79.7 400 112 310 32.1 220 164 220 64.7 290 123 290 156 290 125

340 69.7 340 44.0 340 51.0 450 107 340 52.9 230 195 230 68.6 310 87.0 310 169 310 127

370 38.0 370 67.9 370 30.9 500 151 370 122 240 184 240 66.4 330 155 330 338 330 43.9

400 79.9 400 186 400 69.5 550 20.9 400 116 250 189 250 95.9 350 624 350 308 350 18.9

(m) G96-W (m) G96-S

50 37.5 50 26.5

100 51.7 100 46.2

150 95.6 150 61.8 

200 134 200 119

250 129 250 120

280 114 280 106

310 75.4 310 99.2

340 109 340 140

370 153 370 263

400 12.5 400 222
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3- 2

unit: uL/L x : analysis failure

OR3-1553
(m) MV1-S (m) MV1-N (m) MV1-E (m) MV1-W (m) MV1-SE (m) MV1-NW (m) MV1-NE (m) MV1-SW (m) MV3-E (m) MV3-NW

30 9.30 30 12.5 30 13.1 30 9.79 30 13.8 30 12.5 30 14.8 30 8.6 30 10.5 30 11.6

70 11.0 70 13.4 70 13.7 70 9.51 70 17.4 70 12.6 70 14.8 70 11.4 70 14.4 70 13.6

120 12.3 120 18.3 120 19.3 120 12.9 120 25.1 120 17.7 120 19.5 120 12.3 120 15.7 120 17.9

170 19.3 170 19.9 170 20.4 170 14.8 170 23.3 170 19.3 170 23.1 170 17.5 170 16.5 170 22.6

220 21.0 220 23.2 220 21.3 220 17.9 220 31.1 220 18.4 220 24.3 220 20.8 220 22.9 220 21.8

270 25.6 270 27.1 270 25.9 270 20.0 270 32.6 270 23.3 270 29.8 270 22.1 270 29.3 270 x

290 25.2 290 28.4 290 30.0 290 22.4 290 33.0 290 25.9 290 32.4 290 23.9 290 26.7 290 32.9

310 26.5 310 30.5 310 30.5 310 x 310 32.3 310 25.2 310 29.9 310 23.8 310 29.6 310 34.5

330 31.8 330 32.5 330 31.8 330 30.6 330 23.2 330 34.7 330 30.4 330 31.8 330 33.9 330 25.8

350 40.1 350 35.1 350 31.7 350 28.7 350 23.9 350 31.0 350 32.4 350 29.0 350 35.3 350 24.5

(m) MV3-W (m) MV3-W (m) MV3-C (m) MV3-S (m) MV3-N (m) MV4-1 (m) MV4-2 (m) MV4-3 (m) MV5-C (m) MV6-C

30 12.8 50 9.47 50 10.9 50 11.4 50 12.0 50 17.7 50 x 50 9.56 50 x 50 9.4

70 17.4 110 12.7 110 14.2 110 10.7 110 12.4 110 16.1 110 x 110 15.7 120 12.0 120 10.9 

120 21.5 170 19.6 170 17.1 170 15.5 170 16.9 160 26.7 160 x 160 17.7 160 21.0 180 14.1

170 23.4 240 24.3 240 22.4 240 17.1 240 17.3 220 27.0 220 x 220 19.9 200 x 240 x

220 34.0 300 26.1 300 25.4 300 20.8 300 22.8 280 36.9 280 29.6 280 29.3 240 18.2 300 19.4

270 23.2 340 27.7 340 25.9 340 26.2 340 24.9 310 32.1 310 28.9 310 30.9 280 23.5 360 25.4

290 29.0 370 25.9 370 27.2 370 31.5 370 26.1 340 33.7 340 30.3 340 34.4 320 23.2 400 29.2

310 38.6 400 30.6 400 27.8 400 28.1 400 30.6 370 35.9 370 31.5 370 35.1 350 27.8 430 x

330 41.8 430 22.1 430 26.8 430 31.6 430 30.3 400 31.4 400 27.0 400 25.7 380 53.2 460 41.5

350 33.7 450 41.4 450 35.4 450 30.0 450 29.3 430 39.0 430 30.2 430 40.7 400 x 480 38.7
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(m) MV7-C (m) MV7-N (m) MV8-C

50 14.1 50 10.6 50 10.3

110 0.84 110 9.01 120 11.6 

170 17.0 170 9.88 180 x

240 21.9 240 12.3 240 20.1

300 26.0 300 15.5 300 22.1

360 29.7 360 20.6 360 25.7 

400 32.1 400 23.1 420 29.6 

420 34.2 420 29.8 480 26.1 

480 x 480 35.2 530 39.6

500 44.6 500 x 550 44.1

OR3-1621

(m) MV1-N (m) MV1-NC (m) MV1-SC (m) MV1-C (m) MV1-S (m) MV5-C (m) MV5-NC (m) MV5-SC (m) MV10-C (m) MV10-SE

50 34.7 50 36.5 50 17.4 50 27.1 50 25.9 50 470 50 1647 50 22.4 50 x 60 40.2 

100 33.3 100 17.7 100 17.2 100 25.7 110 21.2 100 46.2 100 2054 100 x 110 x 120 35.6

150 31.7 150 26.9 150 16.0 140 24.3 170 22.3 150 35.7 150 49.0 150 16.7 160 x 160 33.1

200 23.5 200 21.5 200 15.1 170 31.2 220 21.3 200 x 200 39.9 200 17.7 210 x 240 34.8

250 28.2 240 25.2 250 23.5 200 38.0 260 22.8 250 42.6 250 27.1 250 18.6 260 x 300 28.7

300 25.3 280 7.31 300 31.6 240 31.9 300 21.2 300 38.1 300 29.8 290 16.5 310 x 350 27.8

320 23.3 300 18.8 320 21.8 260 28.2 330 17.0 320 0.00 330 34.2 330 17.5 360 x 400 22.4

340 20.2 320 13.2 340 19.3 280 23.2 360 15.5 340 24.1 360 32.9 370 22.0 400 x 450 23.2

360 17.1 340 x 360 10.6 300 20.2 380 13.1 360 25.8 390 18.4 410 19.6 440 x 500 18.5

380 6.61 360 x 380 13.8 320 14.6 400 13.2 380 5.33 420 14.0 450 5.91 480 x 550 13.9
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(m) MV10-NW (m) MV11-C (m) MV12-C (m) MV12-N (m) MV12-SE (m) MV12-SW (m) MV12-NW (m) MV12-NE (m) MV12-E (m) MV12-S

50 x 80 33.0 50 28.6 50 29.5 50 9.33 50 75.2 50 53.3 50 14.2 50 10.7 50 5.95 

100 x 160 32.1 100 8.90 100 70.7 100 16.2 100 92.4 100 62.6 100 19.2 100 15.3 100 x

150 x 240 26.4 140 x 150 33.7 150 12.7 150 90.6 150 63.0 150 23.0 150 16.6 170 25.6

200 x 320 27.2 170 19.4 200 28.9 200 19.5 200 85.2 200 62.4 200 11.9 200 22.5 230 20.1 

250 x 400 30.5 200 0.00 250 x 250 34.8 250 x 250 56.5 250 35.8 250 26.6 280 29.2

300 x 460 21.1 220 53.2 300 x 300 42.9 300 68.8 300 53.3 300 15.8 300 0.05 330 19.0

350 x 520 24.0 240 28.5 350 21.5 350 27.7 350 19.7 350 44.8 350 24.0 350 24.2 360 27.6

400 x 580 6.2 260 x 400 20.4 400 47.7 400 19.2 400 35.0 400 20.0 400 23.1 390 26.5

450 x 640 21.2 280 21.4 450 18.3 450 33.1 450 15.9 450 29.8 450 18.6 450 29.4 420 x

500 x 700 9.88 300 x 500 52.1 500 34.2 500 9.84 500 12.8 500 15.3 500 18.8 450 x

(m) MV12-W (m) MV13-C

50 49.1 50 32.0

110 42.0 130 20.1

170 42.4 210 30.2

230 44.7 280 25.5

280 78.9 330 25.6

330 30.4 380 27.3

360 28.5 410 31.7

390 20.4 440 24.4

420 28.9 470 14.1

450 25.5 500 11.2
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OR3-1643
(m) MV3-C (m) MV4 (m) MV5 (m) MV8 (m) MV shell (m) GT39B-N (m) GT39B-S (m) G96-C (m) G96-E (m) G96-N

50 7.25 50 8.16 50 18.2 50 76.1 50 8.68 50 95.5 50 96.2 50 407 50 73.5 50 81.3

100 11.3 100 12.9 100 37.8 120 169 100 11.1 100 154 100 114 100 295 100 90.3 100 121

150 18.7 150 14.8 150 65.0 190 186 150 22.7 150 202 150 176 150 470 150 155 150 178

200 26.8 200 15.2 200 127 250 185 200 23.9 180 265 180 207 200 299 200 155 200 194

250 31.5 250 18.8 250 165 300 239 250 23.7 200 238 200 231 250 371 250 201 250 187

280 27.7 280 19.8 280 271 350 277 280 22.3 210 255 210 203 270 340 270 207 270 205

310 26.2 310 27.5 310 280 400 363 310 22.0 220 230 220 270 290 325 290 220 290 204

340 27.8 340 25.7 340 299 450 247 340 27.7 230 257 230 265 310 275 310 239 310 212

370 40.6 370 27.2 370 303 500 349 370 29.6 240 200 240 344 330 104 330 209 330 213

400 36.9 400 28.4 400 375 550 330 400 32.4 250 223 250 264 350 94.2 350 254 350 175

(m) G96-W (m) G96-S

50 86.0 50 87.2

100 93.7 100 125

150 167 150 169

200 176 200 146

250 203 250 183

280 185 280 190

310 217 310 199

340 245 340 206

370 232 370 241

400 0.00 400 263
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Site [4He]

(nL/L) 

4He/20Ne 3He/4He

(x10-6)

Error (%) [R/RA]

MV1-C-300 (1621) 2.8 0.484 1.22 1.65 0.88

MV1-C-320 (1621) 4.6 0.454 1.22 1.58 0.88

MV5-C-380 (1621) 2.5 0.478 9.86 1.66 0.71

MV5-C-360 (1621) 276 0.386 1.39 1.53 1.00

MV5-NC-390 (1621) 2.8 0.378 1.35 1.51 0.97

MV5-NC-420 (1621) 3.7 0.396 1.24 1.57 0.89

MV10-C-480 (1621) 2.6 0.363 2.19 1.54 1.57

MV10-C-440 (1621) 2.5 0.482 1.14 1.70 0.82

MV12-C-300 (1621) 271 0.428 1.04 1.64 0.75

MV12-C-280 (1621) 3.9 0.393 1.23 1.69 0.89

MV12-SW-450 (1621) 3.6 1.060 1.28 1.66 0.92

MV12-SW-500 (1621) 1.6 0.493 1.30 1.60 0.94

MV12-S-420 (1621) 2.9 0.431 1.38 1.57 0.99

MV12-S-450 (1621) 3.3 0.357 1.34 1.53 0.97

MV12-W-450 (1621) 369 0.798 0.96 1.64 0.69

MV12-W-420 (1621) 2.6 0.702 1.22 1.56 0.88

MV13-C-500 (1621) 5.0 0.364 1.31 1.57 0.94

MV13-C-470 (1621) 3.3 0.374 0.00 1.64 0.90
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3-2-1

30 Gas 

Chromatographs, GC

3- 4 ~ 3- 7 0

3- 3

MV1-C(1553) MV4-C(1643) MV5-C(1621) MV8-C(1553)

MV11-C(1643) MV12-C(1621) MV12-NCC(1621)

3- 4 MV1-C(1553)

MV3-C(1643) MV4-C(1643) MV5-C(1553) MV5(1621) MV10-C(1621)

MV11-C(1643) M12-C(1621) M12-NCC(1621) M12-SSE(1621)

Methane Carbon Isotopes Analyzer, MCIA

MV4-C MV11-C -50.0

~ -47.8‰ -32.0 ~ -29.8‰
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MV1-C (OR3-1553)
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3-2-2

Ion Chromatography, IC

3- 4 ~

3- 7

3- 5

MV1-C (1553) MV5-C (1553) MV7-C (1553) MV1-C (1621) MV1-S

(1621) MV5-C (1621) MV12-C (1621) MV12-NCC (1621) MV12-SSE (1621)

MV4-C (1643)

MV8-C (1553) MV10-C (1621) MV12-NE (1621) MV5-C (1643) MV9-C

(1643) MV11-C (1643) MV1-N (1621) MV1-NC 

(1621) MV3-C (1621) MV3-NE (1621) MV4-NE (1643) MV4-SW (1643)

MV7-C (1643) MV8-C (1643) GS shell (1643) GT39B-N (1643) G96-C (1643)

background site

hydrocarbon bearing region

MV8-C(1553) MV5-C(1621) MV10-C(1621) MV12-C

(1621) MV9-C(1643) MV11-C(1643) OR5-1209-2-MV1 OR5-1209-2-MV2

venting site EK60

MV4-C (1643)
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MV8-C (OR3-1553)
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3-2-3

Picarro δ13C-DIC

3- 6 6.85 ~ 50.7 ppm

-23.0 ~ -9.1‰ MV1-S (1621) MV12-C (1621)

MV12-C (OR3-1621)
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3- 4 OR3-1553
x : analysis failure
b.d.l: below detection limit

Core 
Name

Depth 
(cmbsf)

Sulfate 
(mM)

Chloride 
(mM)

Bromide 
(mM)

Methane 
(uL/L)

Ethane 
(uL/L)

Carbon 
dioxide 
(uL/L)

MV1-C 0.0 25.58
5.0 28.40 553 0.91 149 11.7 1252
15.0 23.64 x x 302 13.8 1263
25.0 24.50 554 0.91 653 20.9 1503
35.0 23.83 553 0.91 450 19.4 1557
45.0 23.37 x x 172 3.58 1373
55.0 26.74 565 0.93 308 3.50 1254
65.0 26.03 556 0.92 129 3.79 1280

MV5-C 0.0 25.82
5.0 28.79 545 0.92 62.0 9.20 756
15.0 28.78 554 0.92 105 10.3 959
25.0 28.54 551 0.87 117 9.75 861
35.0 31.23 590 0.97 128 10.4 710
45.0 31.55 598 0.96 136 9.50 818
55.0 32.48 607 0.98 x x x

MV7-C 0.0 25.63
5.0 28.30 539 0.92 18.5 b.d.l. 1638
15.0 x x x 11.4 b.d.l. 850
25.0 28.68 544 0.90 13.3 b.d.l. 933
35.0 28.10 541 0.79 11.1 b.d.l. 832
45.0 28.52 553 0.91 9.17 b.d.l. 507
55.0 28.53 553 0.91 55.8 b.d.l. 1197
65.0 28.54 554 0.92 18.5 b.d.l. 886
72.5 31.64 649 1.02 18.2 b.d.l. 1006

MV8-C 5.0 24.13 539 b.d.l. 31.1 b.d.l. 1088
15.0 23.95 586 b.d.l. 26.7 b.d.l. 1188
25.0 24.04 595 b.d.l. 54.4 b.d.l. 873
35.0 22.00 547 b.d.l. 69.2 b.d.l. 1392
45.0 19.49 529 b.d.l. 85.5 b.d.l. 1523
55.0 19.15 542 b.d.l. 69.9 b.d.l. 1379
65.0 17.40 542 b.d.l. 199 b.d.l. 958
75.0 14.01 532 b.d.l. 398 b.d.l. 764
85.0 10.74 531 b.d.l. 974 b.d.l. 1433
95.0 7.97 544 b.d.l. 1211 b.d.l. 1655
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3- 5 OR3-1621
x : analysis failure
b.d.l: below detection limit

Core Name Depth 
(cmbsf)

Sulfate 
(mM)

Chloride 
(mM)

Bromide 
(mM)

Methane 
(uL/L)

Ethane 
(uL/L)

Carbon 
dioxide 
(uL/L)

DIC (ppm) δ13C
(‰)-DIC error Porosity 

(%)

MV1-N 0.00 26.01 506 0.40
2.50 25.44 501 0.61 34.2 -10.2 1.3
7.50 25.76 506 0.63 0.64 b.d.l. 604 32.7 -10.6 1.6 58.67
12.50 26.26 512 0.38 29.8 -15.8 1.4
17.50 26.02 507 0.42 0.86 b.d.l. 607 30.9 -12.4 1.5 57.52
22.50 25.49 501 0.59 30.0 -13.6 1.6
27.50 26.03 507 0.37 2.14 b.d.l. 508 29.0 -13.2 1.0 54.47
32.50 25.83 508 0.65 32.5 -13.9 1.1
37.50 25.48 505 0.36 2.43 b.d.l. 701 32.0 -16.2 1.3 52.82
42.50 25.37 505 0.39 32.2 -14.4 1.1
47.50 26.07 511 0.42 0.89 b.d.l. x 33.8 -14.4 0.7 57.67
52.50 25.17 506 0.63 33.2 -12.1 0.9
57.50 24.92 504 0.64 0.81 b.d.l. 811 30.6 -13.7 1.4 57.30
62.50 24.68 502 0.41 33.4 -13.5 0.9
67.50 24.94 506 0.41 2.75 b.d.l. 863 33.6 -13.6 1.5 47.45
72.50 24.77 507 0.40 34.9 -14.2 1.3
77.50 25.05 510 0.40 2.13 b.d.l. 894 34.5 -18.2 0.7 60.80
82.50 24.85 505 0.38 32.9 -15.3 1.0 55.60
87.50 24.90 503 0.37 33.1 -14.1 1.0

MV1-NC 0.00 26.61 511 0.40
2.50 25.99 505 0.37 31.6 b.d.l.
7.50 26.71 509 0.45 5.87 b.d.l. 505 29.6 b.d.l. 44.08
12.50 26.32 500 0.34 26.7 -16.4 0.7
17.50 26.05 498 0.29 4.85 b.d.l. 536 -13.4 51.02
22.50 25.82 497 0.36 24.5 b.d.l.
27.50 26.05 500 0.42 6.13 b.d.l. 506 26.1 b.d.l. 40.53
32.50 25.52 502 0.40 28.1 -14.7 1.5
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3-5 OR3-1621 

Core Name Depth 
(cmbsf)

Sulfate 
(mM)

Chloride 
(mM)

Bromide 
(mM)

Methane 
(uL/L)

Ethane 
(uL/L)

Carbon 
dioxide 
(uL/L)

DIC (ppm) δ13C
(‰)-DIC error Porosity 

(%)

MV1-NC 37.50 26.18 502 0.39 8.34 b.d.l. 365.87 13.1 b.d.l. 42.69
42.50 25.99 502 0.38 26.5 -13.0 1.7

MV1-C 0.00 26.02 509 0.84
2.50 28.35 514 0.77 13.8 b.d.l.
7.50 28.18 512 0.77 21.4 0.45 437 14.2 b.d.l. 56.93
12.50 27.46 511 0.77 15.0 b.d.l.
17.50 28.90 512 0.77 36.2 0.39 411 17.8 b.d.l. 60.97
22.50 30.03 508 0.74 19.6 b.d.l.
27.50 28.83 510 0.77 41.6 0.13 291 14.6 b.d.l. 47.02
32.50 27.71 509 0.77 16.2 b.d.l.
37.50 28.31 514 0.78 51.2 0.31 345 16.8 b.d.l. 51.67
42.50 26.32 508 0.76 17.8 b.d.l.
47.00 27.03 512 0.77 45.4 0.61 113 40.20

MV1-SC 0.00 511 0.41
2.50 26.93 508 0.39 22.4 b.d.l.
7.50 27.46 512 0.67 6.09 0.08 560 x x 49.98
12.50 26.20 505 0.56 13.3 b.d.l.
17.50 25.84 502 0.62 10.2 0.11 678 12.9 b.d.l. 47.89
22.50 25.76 500 0.36 13.3 b.d.l.
27.50 26.71 508 0.62 4.23 0.09 445 12.3 b.d.l. 33.79
32.50 26.17 508 0.65 13.0 b.d.l.
37.50 26.23 504 0.64 3.95 0.22 384 11.7 b.d.l. 43.65
42.50 25.49 501 0.61 11.5
46.50 25.58 505 0.64 x x x 11.0

MV1-S 0.00 26.05 508 0.40
2.50 27.34 516 0.78 26.9 b.d.l.
7.50
12.50

28.35
27.94

512
508

0.78
0.76

13.1 0.74 700 24.9
32.7

b.d.l.
-10.7

53.22
25.331.0
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3-5 OR3-1621 

Core Name Depth 
(cmbsf)

Sulfate 
(mM)

Chloride 
(mM)

Bromide 
(mM)

Methane 
(uL/L)

Ethane 
(uL/L)

Carbon 
dioxide 
(uL/L)

DIC (ppm) δ13C
(‰)-DIC error Porosity 

(%)

MV1-S 17.50 28.38 512 0.77 37.9 2.60 612 34.8 -11.5 1.4
22.50 25.86 512 0.77 34.3 -16.1 1.5
27.50 27.17 510 0.80 14.9 1.01 907 33.4 -15.0 1.2 32.80
32.50 25.96 512 0.78 39.8 -16.0 1.0
37.50 25.56 509 0.77 30.9 1.42 860 38.6 -15.1 0.9 56.82
42.50 26.18 512 0.78 36.8 -15.4 1.3
47.50 25.77 507 0.78 68.9 0.21 681 34.2 -15.5 1.3 54.98
52.50 26.25 509 0.77 33.1 -14.8 1.2
57.50 26.75 512 0.78 55.1 0.31 547 32.1 -15.1 1.1 51.20
62.50 26.64 510 0.77 30.7 -14.5 1.1

MV5-C 0.00 26.36 510 0.40
2.50 27.46 511 0.76 21.4 -20.7 1.0
7.50 29.38 512 0.88 10.7 b.d.l. 47.43
12.50 29.87 516 0.63 6.85 b.d.l.
17.50 28.84 508 0.76 48.1 1.65 215 9.33 b.d.l. 47.98
22.50 28.44 510 0.75 11.6 b.d.l.
27.50 28.89 511 0.76 190 3.51 174 28.9 b.d.l. 42.04
32.50 28.83 513 0.77 8.44 b.d.l.
37.50 29.35 510 0.73 323 4.17 292 8.29 b.d.l. 46.35
42.50 28.77 517 0.80 9.45 b.d.l.
47.50 26.49 507 0.76 407 5.96 279 x x 42.49
52.50 26.68 509 0.77 6.39 b.d.l.
57.00 25.91 512 0.77 535 3.30 239 x 40.20
63.00 24.53 510 0.77 11.3 b.d.l.

MV10-C 2.50 29.32 515 0.89 26.6 -15.9 1.2
7.50 28.88 511 0.77 7.51 0.22 1064 30.8 b.d.l. 54.56
12.50 28.49 509 0.76 33.9 -19.4 1.1
17.50 27.41 509 0.75 14.4 0.31 803 38.8 -21.6 1.5 51.37
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3-5 OR3-1621 

Core Name Depth 
(cmbsf)

Sulfate 
(mM)

Chloride 
(mM)

Bromide 
(mM)

Methane 
(uL/L)

Ethane 
(uL/L)

Carbon 
dioxide 
(uL/L)

DIC (ppm) δ13C
(‰)-DIC error Porosity 

(%)

MV10-C 22.50 26.23 509 0.76 44.5 -23.0 1.3
27.50 26.29 506 0.76 10.3 0.22 821 30.3 -13.9 1.3 50.67
32.50 24.95 507 0.71 29.6 b.d.l.
37.50 24.81 509 0.76 18.5 0.18 1168 33.9 -18.0 1.2 49.45
42.50 23.77 507 0.75 25.6 -21.8 1.3
47.50 24.41 508 0.76 18.8 0.28 1329 15.0 b.d.l. 50.05
52.00 23.18 502 0.75 15.7 b.d.l.

MV12-NCC 0.00 26.07 512 0.42
2.50 x x x 47.8 -10.4 1.2
7.50 29.53 514 0.72 45.4 0.65 406 50.7 -12.6 0.7 51.69
12.50 32.84 522 0.79 40.6 -6.7 1.5
17.50 33.61 514 0.78 202 1.03 1100 29.6 -5.7 1.0 49.52
22.50 31.70 514 0.78 39.2 -5.0 1.3
27.50 32.02 513 0.77 262 1.02 1026 37.2 -4.3 1.2
32.50 31.28 519 0.79 36.5 -4.7 1.9
37.50 33.55 514 0.78 184 0.14 1133 28.3 b.d.l. 44.92
42.50 31.33 510 0.76 29.7 b.d.l.
47.50 31.65 515 0.78 271 0.16 1012 31.7 b.d.l. 41.52
52.50 29.28 506 0.68 29.4 -18.1 0.9
57.50 29.68 514 0.77 239 0.92 1156 42.4 -9.1 1.2 42.88

MV12-SSE 0.00 26.30 510 0.42 0.22 25.6
2.50 26.62 505 0.88 x x
7.50 27.26 507 0.89 2.94 b.d.l. 601 x x 42.59
12.50 29.12 503 0.87 12.9 b.d.l.
17.50 28.12 507 0.86 5.28 b.d.l. 713 11.6 b.d.l. 44.72
22.50 27.16 503 0.82 12.9 b.d.l.
27.50 27.60 508 0.83 8.13 0.07 842 10.4 b.d.l. 42.50
32.50 25.80 508 0.82 12.2 b.d.l.



42

3-5 OR3-1621 

Core Name Depth 
(cmbsf)

Sulfate 
(mM)

Chloride 
(mM)

Bromide 
(mM)

Methane 
(uL/L)

Ethane 
(uL/L)

Carbon 
dioxide 
(uL/L)

DIC (ppm) δ13C
(‰)-DIC error Porosity 

(%)

M V12-SSE 37.50 26.07 504 0.81 5.31 b.d.l. 724 8.22 b.d.l. 42.40
42.50
47.50

25.17
25.61

504
509

0.82
0.94 5.38 b.d.l. 782 10.9

11.3
b.d.l.
b.d.l. 42.49

52.50 24.71 503 0.82 10.4 b.d.l.
57.00 25.11 504 0.82 10.2 0.47 683 11.5 b.d.l. 41.50

MV12-NE 2.50 22.9 b.d.l.
7.50 28.14 516 0.80 2.82 b.d.l. 232 19.9 b.d.l. 40.45
12.50 28.06 513 0.77 x x
17.50 28.64 515 0.77 2.70 b.d.l. 550 18.7 b.d.l. 41.29
22.50 27.81 512 0.76 21.1 b.d.l.
27.50 27.93 515 0.80 3.09 b.d.l. 557 18.4 b.d.l. 41.58
32.50 26.82 513 0.76 20.6 b.d.l.
37.50 27.38 515 0.77 2.75 b.d.l. 659 x x 40.48
42.50 26.41 516 0.78 20.7 b.d.l.
47.50 x x x 5.33 b.d.l. 860 25.7 -11.9 1.5 43.54
52.50 25.18 511 0.76 29.4 b.d.l.

MV12-C 2.50 31.07 511 0.77 23.7 b.d.l.
7.50 31.03 509 0.77 746 17.5 397 30.1 -1.0 1.8 55.66
12.50 31.20 508 0.76 33.6 -14.7 1.0
17.50 31.22 505 0.75 233 1.84 411 34.6 -12.2 1.0 55.56
22.50 29.28 505 0.75 34.6 -12.7 1.2
27.50 28.49 506 0.75 283 22.0 547 34.5 -12.8 1.4 44.16
32.50 27.91 509 0.75 33.9 -11.9 1.4
37.50 28.12 510 0.55 392 188 346 16.3 b.d.l. 47.52
42.50 25.72 504 0.74 34.4 -14.9 1.3
47.50 26.25 516 0.78 434 278 350 50.4 -21.6 1.1 45.35
52.50 24.42 506 0.75 40.6 -18.1 1.0
57.50 23.57 503 0.75 1721 489 577 44.5 -18.1 1.1 47.92
62.00 24.64 505 0.62 19.2 b.d.l.
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3- 6 OR3-1643
x : analysis failure
b.d.l.: below detection limit

Core 
Name

Depth 
(cmbsf)

Sulfate 
(mM)

Chloride 
(mM)

Bromide 
(mM)

Methane 
(uL/L)

Ethane 
(uL/L)

Propane 
(uL/L)

Carbon 
dioxide 
(uL/L)

Porosity 
(%)

MV3-C 2.5 26.56 515 0.85
5.0 9.80 b.d.l b.d.l 286 57.55
7.5 26.94 516 0.86
12.5 27.15 523 0.87
15.0 11.4 0.29 0.02 367 52.33
17.5 27.36 527 0.89
22.5 26.63 518 0.86
25.0 23.0 0.43 0.05 531 53.95
27.5 26.05 512 0.84
32.5 26.42 518 0.86
35.0 32.3 0.45 0.03 485 49.27
37.5 26.40 520 0.86
42.5 26.40 518 0.86
45.0 50.3 0.57 0.02 295 48.51
47.5 26.18 520 0.86
52.5 26.00 518 0.85
55.0 40.3 0.31 0.02 290 48.04
57.5 25.60 514 0.84
62.5 25.71 518 0.86
65.0 67.2 b.d.l b.d.l 325 57.72
67.5 25.42 516 0.84

MV3-NE 2.5 26.33 512 0.79
5.0 3.37 b.d.l b.d.l 8581 54.75
7.5 26.45 514 0.79
12.5 26.23 514 0.78
15.0 2.35 b.d.l b.d.l 5268 55.44
17.5 26.36 518 0.68
22.5 26.56 522 0.89
25.0 1.50 b.d.l b.d.l 6431 53.98
27.5 26.18 517 0.80
32.5 25.94 518 0.80
35.0 1.77 b.d.l b.d.l 4596 49.19
37.5 26.09 518 0.83
42.5 25.76 513 0.84
45.0 1.55 b.d.l b.d.l 2721 51.22
47.5 24.91 515 0.82
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3-6 OR3-1643 

Core 
Name

Depth 
(cmbsf)

Sulfate 
(mM)

Chloride 
(mM)

Bromide 
(mM)

Methane 
(uL/L)

Ethane 
(uL/L)

Propane 
(uL/L)

Carbon 
dioxide 
(uL/L)

Porosity 
(%)

MV3-NE 52.5 25.12 517 0.77
55.0 3.54 b.d.l b.d.l 2417 49.86
57.5 24.89 516 0.78
62.5 25.05 521 0.79 1.48 b.d.l b.d.l 3276
65.0 50.12

MV4-C 2.5 24.38 511 0.79
5.0 1449 6.99 b.d.l 166 50.99
7.5 16.65 510 0.79
12.5 16.82 514 0.80
15.0 3027 8.59 b.d.l 539 50.93
17.5 14.60 509 0.78
22.5 18.03 510 0.79
25.0 4767 15.6 b.d.l 724 47.56
27.5 12.49 511 0.80
32.5 16.07 512 0.79
35.0 4298 21.5 b.d.l 516 47.23
37.5 18.49 510 0.79

MV4-NE 2.5 26.20 512 0.85
5.0 10.69 0.07 b.d.l 2662 53.79
7.5 25.81 508 0.82
12.5 25.92 509 0.83
15.0 29.63 0.17 b.d.l x 52.95
17.5 25.91 520 0.83
22.5 25.98 511 0.84
25.0 57.50 0.33 b.d.l 1061 49.76
27.5 25.73 507 0.81
32.5 26.13 511 0.84 94.98 0.69 0.15 1682 48.37

MV4-SW 2.5 26.95 521 0.86
5.0 1.22 b.d.l b.d.l 1742 49.39
7.5 26.25 513 0.83
12.5 26.34 515 0.85
15.0 1.30 b.d.l b.d.l 2193 48.86
17.5 26.30 516 0.86
22.5 26.21 514 0.85
25.0 1.45 b.d.l b.d.l 3088 49.00
27.5 26.27 513 0.85
32.5 26.81 515 0.78
35.0 3.97 b.d.l b.d.l 7277 59.74
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3-6 OR3-1643 

Core 
Name

Depth 
(cmbsf)

Sulfate 
(mM)

Chloride 
(mM)

Bromide 
(mM)

Methane 
(uL/L)

Ethane 
(uL/L)

Propane 
(uL/L)

Carbon 
dioxide 
(uL/L)

Porosity 
(%)

MV4-SW 37.5 26.47 515 0.85
42.5 26.86 516 0.78
45.0 1.31 b.d.l b.d.l 3551 50.45
47.5 25.97 510 0.84

MV5-C 2.5 25.05 509 0.79
5.0 1.16E-02 2.59E-04 b.d.l 3.85 50.61
7.5 24.46 513 0.81
12.5 23.66 511 0.80
15.0 3.19E-02 4.95E-04 9.82E-05 5.05 49.79
17.5 23.06 514 0.81
22.5 22.30 512 0.81
25.0 4.84E-02 4.33E-04 7.25E-05 6.12 48.97
27.5 21.28 503 0.79
32.5 21.52 514 0.82
35.0 6.00E-02 6.94E-04 3.00E-04 6.16 46.51
37.5 20.67 509 0.81
42.5 20.39 510 0.80
45.0 3.94E-02 1.86E-04 b.d.l 6.29 47.15
47.5 20.73 507 0.80

MV7-C 2.5 25.53 504 0.80
5.0 0.99 b.d.l b.d.l 772 68.87
7.5 26.01 511 0.81
12.5 26.37 517 0.83
15.0 1.19 b.d.l b.d.l 683 61.12
17.5 25.78 510 0.82
22.5 25.70 510 0.80
25.0 1.77 b.d.l b.d.l 875 60.59
27.5 25.53 510 0.81
32.5 25.59 511 0.81
35.0 2.08 b.d.l b.d.l 912 62.97
37.5 25.66 512 0.81
42.5 25.65 512 0.81
45.0 3.24 b.d.l b.d.l 894 65.61
47.5 25.95 513 0.82
52.5 25.64 512 0.81
55.0 3.41 b.d.l b.d.l 904 57.89
57.5 25.83 514 0.82
62.5 25.76 518 0.83
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3-6 OR3-1643 

Core 
Name

Depth 
(cmbsf)

Sulfate 
(mM)

Chloride 
(mM)

Bromide 
(mM)

Methane 
(uL/L)

Ethane 
(uL/L)

Propane 
(uL/L)

Carbon 
dioxide 
(uL/L)

Porosity 
(%)

MV7-C 65.0 3.51 b.d.l b.d.l 807 61.13
67.5 25.51 515 0.83
72.5 24.96 507 0.80
75.0 3.38 b.d.l b.d.l 685 58.34
77.5 25.30 512 0.81
82.5 25.12 511 0.80
85.0 3.04 b.d.l b.d.l 600 55.42
87.5 25.39 513 0.81

MV8-C 2.5 25.32 507 0.79
5.0 23.0 b.d.l b.d.l 2037 58.63
7.5 24.82 501 0.77
12.5 25.11 505 0.79
15.0 25.0 b.d.l b.d.l 1735 58.06
17.5 25.20 509 0.81
22.5 24.95 507 0.79
25.0 33.8 b.d.l b.d.l 5259 58.31
27.5 24.56 505 0.79
32.5 24.53 507 0.80
35.0 21.6 b.d.l b.d.l 3985 58.40
37.5 24.69 506 0.79
42.5 24.93 506 0.79
45.0 27.3 b.d.l b.d.l 2877 60.52
47.5 25.19 509 0.80

MV9-C 2.5 25.73 514 0.79
5.0 8.88 0.29 b.d.l 7902 50.13
7.5 24.88 520 0.81
12.5 22.86 506 0.79
15.0 13.3 0.36 b.d.l 8095 47.83
17.5 22.05 510 0.79
22.5 21.06 507 0.78
25.0 24.4 0.51 b.d.l 12118 53.21
27.5 19.81 508 0.80
32.5 18.97 508 0.79
35.0 21.3 0.64 b.d.l 11400 48.67
37.5 17.21 503 0.78
42.5 16.04 505 0.78
45.0 27.3 0.50 0.03 11742 49.58
47.5 14.63 505 0.78
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3-6 OR3-1643 

Core 
Name

Depth 
(cmbsf)

Sulfate 
(mM)

Chloride 
(mM)

Bromide 
(mM)

Methane 
(uL/L)

Ethane 
(uL/L)

Propane 
(uL/L)

Carbon 
dioxide 
(uL/L)

Porosity 
(%)

MV9-C 52.5 13.85 504 0.79
55.0 34.2 0.42 0.02 11226 48.81
57.5 13.72 505 0.80

MV11-C 2.5 22.93 497 0.79
5.0 x x x x
7.5 21.14 501 0.83
12.5 20.34 500 0.82
15.0 x x x x 49.96
17.5 20.29 499 0.81
22.5 20.50 504 0.83
25.0 1225 32.5 0.99 816
27.5 20.13 503 0.83
32.5 19.65 504 0.82
35.0 1844 47.3 1.25 1084
37.5 19.47 503 0.82
42.5 19.14 504 0.83 48.07
45.0 1684 42.6 0.94 994
47.5 19.20 506 0.82
52.5 18.64 502 0.82 46.03
55.0 19.17 507 0.83 1711 49.6 1.84 1390
57.5 18.55 503 0.82
62.5 18.23 499 0.83 46.04
65.0 18.41 507 0.83 2294 73.2 1.06 1444
67.5 18.14 502 0.78 45.26
72.5 18.42 506 0.84

GT39B-N 2.5 26.10 511 0.81
5.0 3.26 b.d.l b.d.l 3644 50.13
7.5 26.21 512 0.81
12.5 26.59 515 0.82
15.0 5.43 b.d.l b.d.l 3274 42.59
17.5 26.12 512 0.81
22.5 26.37 512 0.82
25.0 6.55 b.d.l b.d.l 2601 45.96
27.5 25.99 509 0.85
32.5 26.30 513 0.82
35.0 7.67 b.d.l b.d.l 2544 46.86
37.5 25.97 510 0.84
42.5 26.29 512 0.84
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3-6 OR3-1643 

Core 
Name

Depth 
(cmbsf)

Sulfate 
(mM)

Chloride 
(mM)

Bromide 
(mM)

Methane 
(uL/L)

Ethane 
(uL/L)

Propane 
(uL/L)

Carbon 
dioxide 
(uL/L)

Porosity 
(%)

GT39B-N 45.0 7.90 b.d.l b.d.l 2212 45.28
47.5 26.18 512 0.83

G96-C 2.5 26.58 519 0.52
5.0 1.96 b.d.l b.d.l 794 59.51
7.5 25.68 508 0.51
12.5 26.15 512 0.51
15.0 3.60 b.d.l b.d.l 787 59.21
17.5 25.58 510 0.51
22.5 25.59 511 0.51
25.0 6.05 b.d.l b.d.l 662 61.97
27.5 25.39 509 0.50
32.5 25.84 517 0.52
35.0 9.12 b.d.l b.d.l 589 59.52
37.5 25.14 508 0.51
42.5 25.55 512 0.51
45.0 7.47 b.d.l b.d.l 597 58.62
47.5 25.43 512 0.51
52.5 25.18 510 0.51
55.0 7.74 b.d.l b.d.l 564 57.44
57.5 25.01 509 0.50
62.5 25.42 515 0.52
65.0 7.79 b.d.l b.d.l 548 57.32
67.5 25.77 519 0.52
72.5 24.96 510 0.51
75.0 5.91 b.d.l b.d.l 483 56.29
77.5 25.05 511 0.51
82.5 25.31 514 0.52

GS shell 2.5 25.94 507 0.83 0.84 b.d.l b.d.l 2587
5.0
7.5 26.16 511 0.91 47.58
12.5 26.18 510 0.84 1.19 b.d.l b.d.l 2957
15.0
17.5 25.64 505 0.82 46.19
22.5 26.55 516 0.85 1.76 b.d.l b.d.l 2495
25.0
27.5 26.06 512 0.97 46.09
32.5 26.14 508 0.83
35.0
37.5 25.91 507 0.84
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3- 7 OR5-1209-2

x : analysis failure

b.d.l.: below detection limit

Core 

Name

Depth 

(cmbsf)

Sulfate 

(mM)

Chloride 

(mM)

Bromide 

(mM)

Methane 

(uL/L)

Ethane 

(uL/L)

Propane 

(uL/L)

Carbon 

dioxide 

(uL/L)

Porosity 

(%)

OR5-1209 0 26.39 510 0.83

-2-MV1 17.5 25.81 505 0.83 1.82 b.d.l. b.d.l. 278 x

34 24.82 501 0.82 2.54 b.d.l. b.d.l. 340 46.30

57.5 24.05 501 0.82 3.37 b.d.l. b.d.l. 368 51.36

77.5 22.86 497 0.81 3.30 b.d.l. b.d.l. 415 52.92

97.5 22.35 502 0.83 4.00 b.d.l. b.d.l. 436 48.44

117.5 21.29 498 0.81 6.30 b.d.l. b.d.l. 443 48.64

137.5 19.07 493 0.81 12.9 b.d.l. b.d.l. 697. 44.94

OR5-1209 0 25.5719 503 0.82

-2-MV2 17.5 23.5615 499 0.81 5.77 b.d.l. b.d.l. 2938 51.95

37.5 22.0167 500 0.82 6.98 b.d.l. b.d.l. 3324 51.75

57.5 20.6865 499 0.81 8.11 b.d.l. b.d.l. 3927 52.92

77.5 19.7052 495 0.84 13.74 b.d.l. b.d.l. 4614 50.00

97.5 17.974 498 0.81 12.08 b.d.l. b.d.l. 4492 50.78

117.5 14.5927 490 0.80 17.43 b.d.l. b.d.l. 5096 48.05

137.5 11.9667 487 0.82 26.17 b.d.l. b.d.l. 4984 47.67

157.5 9.7083 481 0.78 34.85 b.d.l. b.d.l. 5567 49.22
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4-1

3- 1

MV1-N

(1621) MV1-SC (1621) MV-NC (1621) MV8-C (1643) MV10-NW (1621)

2011

4- 1

Solomon et al., 2009; MacDonald et al., 

2002; Leifer and Patro, 2002

Vup 0 4000 μm

mixed layer

100 ~ 200

4- 2 MV1 OR3-1553 EK500 Scientific 

Sounder System Acoustic 
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Doppler Current Profilers, ADCP EK60

ADCP 4- 2 a, b, c

a EK60 400

1000 mm/s

OR3-1621

MV1

4- 3 MV1-C MV1-N

MV1-S

ADCP

4- 4

Socolofsky et al. 2005

4- 5

Trap Hight Peel Hight

Type 1* < Type 2 < Type 3

Socolofsky et al. 2005

Type 1*

Type 2 MV10-C (1621) Type 3

MV10
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4- 1

Solomon et al., 2009; MacDonald et al., 2002; Leifer & Patro, 2002
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4- 2 MV1 OR3-1553 EK60 Scientific Sounder System Acoustic 

Doppler Current Profilers, ADCP
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4- 3 MV1 OR3-1621 EK60

4- 4 22.1626, 120.3001
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4- 5 Socolofsky et al., 2005

4-2

4-2-1

1 1

CH4 + SO4
2- → HCO3

- + HS- + H2O 4-1

Borowski, 1996 Niewöhner et 

al. 1998

Fick’s fist 

law Berner, 1980

J = -φ Ds dc/dx 4-2

J mmol m-2 y-1 dc/dx

mM m-1 Ds m2 y-1

Ds = D0 /[1 + n (1- )] 4-3
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D0 4 C Tracer diffusion 

coefficients Iversen and Jørgensen, 1993 D0 0.56 10-5 cm2s-1

D0 0.87 10-5cm2 s-1 n = 3

3- 4 ~ 3- 5

Background site

Hydrocarbon bearing region

Venting site

EK60

30 Sulfate-Methane interface, 

SMI SMI

Hydrocarbon bearing region

4- 1

4- 1 Ds

Site Ds of sulfate (m2 yr-1) φ
Sulfate flux

(Proxy methane flux)
(μmol m-2 d-1)

MV8-C (1553) 7.93E-03 0.59 405
MV5-C (1621) 6.95E-03 0.49 98.6
MV10-C (1621) 7.17E-03 0.51 127
MV12-C (1621) 6.79E-03 0.47 232
MV9-C (1643) 7.04E-03 0.50 222

OR5-1209-2-MV1 6.96E-03 0.49 45.8
OR5-1209-2-MV2 7.09E-03 0.50 95.1

Avg. = 175
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4-2-2

Fick’s First Law 4-2 4-3

0

4- 2

1.14 ~ 157 μmol m-2 d-1

4- 2 Ds

Site CBW

(nM)
Csediment

(nM)
φ Ds of

Methane 
(m2 yr-1)

Methane flux 
(μmol m-2 d-1)

MV1-C (1621) 8.35 869 0.57 1.20E-02 85.6
MV1-S (1621) 8.08 532 0.54 1.16E-02 48.1

MV1-SC (1621) 5.23 247 0.50 1.10E-02 19.4
MV1-N (1621) 15.1 25.9 0.59 1.22E-02 1.14

MV1-NC (1621) 9.66 238 0.44 1.02E-02 15.1
MV10-C (1621) 8.98 305 0.59 1.24E-02 31.7

MV12-NCC (1621) 23.1 1841 0.52 1.13E-02 157
MV12 SSE (1621) 8.91 119 0.47 1.06E-02 8.02

MV3-C (1643) 22.8 398 0.59 1.23E-02 39.8
MV3-NE (1643) 4.16 137 0.55 1.16E-02 12.3
MV4-NE (1643) 22.6 434 0.55 1.16E-02 38.2
MV4-SW (1643) 3.95 50 0.50 1.09E-02 3.61
MV5-C (1643) 13.4 469 0.51 1.11E-02 37.2
MV7-C (1643) 5.04 40.0 0.69 1.42E-02 4.99
MV8-C (1643) 9.67 936 0.61 1.27E-02 106
MV9-C (1643) 1.75 361 0.51 1.10E-02 29.3
GS shell (1643) 3.16 33.9 0.48 1.07E-02 2.29

GT39B-N (1643) 5.64 133 0.47 1.07E-02 9.37
G96-C (1643) 15.0 79.6 0.60 1.25E-02 7.15
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4-2-3

1-1 1-2 Wanninkhof, 1992 Cplume

Ceq

Sc CTD Rosette 

System 4- 3

0.15 ~ 127 μmol m-2 d-1



59

4- 3

site
uavg

m s-1 T °C Sc
kavg

cm hr-1 S ‰ Cplume μM Ceq μM
Flux

μmol m-2 d-1

MV1-SE (1553) 8.8 28.41 455.05 37.33 33.74 2.08E-03 5.84E-06 14.4
MV1-NW (1553) 9.5 28.36 456.35 13.42 33.74 1.74E-03 5.86E-06 14.0

MV1-E (1553) 7.8 27.71 471.82 9.17 33.92 3.22E-03 5.82E-06 17.2
MV1-NE (1553) 10.6 28.23 459.45 9.29 33.77 1.94E-03 5.90E-06 19.4
MV1-W (1553) 11.7 28.39 455.52 13.43 33.78 2.38E-03 5.71E-06 29.1

MV1-SW (1553) 11.7 28.40 455.35 13.44 33.76 1.76E-03 5.78E-06 21.5
MV1-S (1553) 7.8 28.39 455.57 13.43 33.73 1.77E-03 5.88E-06 9.63
MV1-N (1553) 10.6 28.33 456.86 9.31 33.74 1.82E-03 5.89E-06 18.3
MV3-E (1553) 1.9 26.49 501.03 8.89 34.02 2.70E-03 6.57E-06 0.83

MV3-NW (1553) 3.4 26.25 506.85 3.18 34.06 6.69E-04 6.67E-06 0.65
MV3-W (1553) 8.2 25.40 527.64 3.12 34.18 1.30E-03 7.06E-06 7.25

MV3-SW (1553) 10.5 26.38 503.77 3.19 34.04 1.11E-03 6.60E-06 10.4
MV3-C (1553) 10.5 26.21 507.73 3.18 34.06 2.12E-03 6.71E-06 19.8
MV3-S (1553) 1.9 27.45 477.93 5.83 34.03 2.18E-03 5.70E-06 0.69
MV3-N (1553) 2.2 26.43 502.38 8.88 34.03 1.30E-03 6.59E-06 0.54
MV4-1 (1553) 4.0 26.66 497.05 17.50 34.05 2.18E-03 6.33E-06 2.98
MV4-3 (1553) 4.9 26.49 501.11 17.43 34.08 2.54E-03 6.37E-06 5.19
MV6-C (1553) 9.5 27.59 474.69 9.14 34.12 1.22E-03 5.29E-06 9.61
MV7-N (1553) 2.3 26.65 497.18 60.36 33.99 1.38E-03 6.55E-06 0.63
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4-2

site
uavg

m s-1 T °C Sc
kavg

cm hr-1 S ‰ Cplume μM Ceq μM
Flux

μmol m-2 d-1

MV7-C (1553) 1.9 26.60 498.32 5.71 33.99 1.93E-03 6.59E-06 0.60
MV8-C (1553) 2.6 25.99 513.10 59.42 34.14 1.74E-03 6.62E-06 0.99
MV1-C (1621) 5 24.23 557.27 0.34 34.17 1.25E-03 8.41E-06 0.10
MV1-N (1621) 2.8 26.92 490.77 0.36 33.69 2.13E-03 7.43E-06 2.51

MV1-NC (1621) 3.9 26.97 489.49 5.76 33.68 1.78E-03 7.42E-06 1.43
MV1-S (1621) 5 26.57 499.16 1.43 33.82 2.01E-03 7.28E-06 2.33

MV1-SC (1621) 5.8 26.57 499.02 0.36 33.78 1.75E-03 7.46E-06 4.28
MV5-C (1621) 4.7 25.86 516.41 1.40 33.89 8.43E-04 7.73E-06 1.55

MV5-NC (1621) 6.6 27.68 472.46 17.95 33.54 3.93E-04 7.26E-06 1.48
MV5-SC (1621) 6.6 27.98 465.36 9.23 33.50 1.43E-03 7.10E-06 5.50
MV10-C (1621) 12.4 26.60 498.46 35.67 33.80 9.62E-03 7.32E-06 127

MV10-NW (1621) 12.4 26.51 500.54 35.60 33.85 2.62E-03 7.20E-06 34.3
MV10-SE (1621) 14.1 26.57 499.14 28.87 33.80 2.31E-03 7.37E-06 39.1
MV11-C (1621) 3.0 22.75 596.65 5.22 34.27 1.95E-03 9.90E-06 1.37
MV12-C (1621) 2.9 26.12 510.07 8.82 34.01 3.16E-03 7.00E-06 2.25
MV12-S (1621) 1.1 26.80 493.48 1.43 33.74 1.49E-03 7.38E-06 0.15
MV12-E (1621) 4.3 27.42 478.75 5.82 33.62 1.94E-03 7.21E-06 3.12

MV12-SE (1621) 1.8 26.60 498.35 3.21 33.78 2.07E-03 7.42E-06 0.57
MV12-SW (1621) 1.6 26.63 497.55 0.36 33.76 1.67E-03 7.45E-06 0.36
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4-2

site
uavg

m s-1 T °C Sc
kavg

cm hr-1 S ‰ Cplume μM Ceq μM
Flux

μmol m-2 d-1

MV12-W (1621) 2.5 23.29 581.88 0.33 34.25 1.85E-03 9.25E-06 0.91
MV12-NW (1621) 3.7 23.41 578.80 1.32 34.25 1.39E-03 9.07E-06 1.50
MV12-NE (1621) 8.5 25.65 521.63 3.14 34.05 9.41E-04 7.32E-06 5.65
MV12-N (1621) 4.3 26.76 494.62 3.22 33.78 2.00E-04 7.26E-06 0.31
MV13-C (1621) 3.0 23.37 579.83 5.29 34.39 1.56E-03 8.47E-06 1.11
MV3-C (1643) 2.5 27.80 469.56 3.31 33.47 1.73E-03 7.43E-06 0.95
MV4-C (1643) 7.6 27.43 478.47 17.84 33.57 9.94E-04 7.38E-06 4.98
MV5-C (1643) 3.8 28.67 448.76 18.42 32.98 3.17E-04 8.64E-06 0.40
MV8-C (1643) 7.0 28.42 454.81 5.98 33.13 8.92E-04 8.22E-06 3.88
GS shell (1643) 2.2 28.61 450.35 18.39 32.93 1.04E-03 8.96E-06 0.45
G96-C (1643) 1.1 28.30 457.68 3.35 33.28 5.10E-03 7.69E-06 0.55
G96-E (1643) 1.3 28.65 449.31 3.38 33.07 1.24E-03 8.23E-06 0.19
G96-N (1643) 2.8 27.81 469.31 1.47 33.33 6.82E-04 8.04E-06 0.47
G96-S (1643) 2.5 27.84 468.75 1.47 33.36 1.07E-03 7.86E-06 0.59
G96-W (1643) 2.5 28.12 462.05 1.48 33.24 1.52E-03 8.08E-06 0.84

GT39B-N (1643) 2.2 27.34 480.49 29.43 33.73 1.81E-03 6.85E-06 0.76
GT39B-S (1643) 2.4 27.90 467.14 29.85 33.43 1.60E-03 7.48E-06 0.81
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4-2-4

Ad

Z X 4-6

Total Output = Z Ad + X (At - Ad) 4-6

At At

Ad Sinclair 1974

Lan et al., 2007 2010

4-2 4- 6

X 0.17 μmol m-2 d-1 Z

40.0 μmol m-2 d-1 Y

Ad 4- 7 OR3-1643 GS shell

Ad domain area

Ad 4- 4

At

13 300 800 800
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2500

4-6 4.1

Ad

Probability (%)
5 10 20 30 50 70 80 90 95 98 99

Fl
ux

 (u
m

ol
 m

-2
 d

-1
)

0.1

1

10

100

PM = 0.47 X + 0.40 Y + 0.13 Z

X avg = 0.17 umol m-2 d-1

Y avg = 4.02 umol m-2 d-1

Z avg = 40.0 umol m-2 d-1

Z

X

4- 6
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4- 7 OR3-1643 GS shell

4- 4

Site Domain area Ad km2 Site Domain area Ad km2

G96 0.35 MV5 0.11

MV1 1.74 MV12 2.69

MV3 0.13 MV13 0.90

MV4 0.72 GS shell 0.45

4-3

4-3-1

MV4-C MV11-C C1/C2+ 

4- 8

C1/C2+ SMI

C1/C2+ 

thermogenic

vitrinite reflectance
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Ting, 1978 0.5%

0.5% immature

0.5% mature

Tissot and Welte, 1984 2010

2010 0.5%

2,800 ~ 2,900 2,800

< 1 m

MV11-C 3- 6

2006 2010 4- 9 MV4 MV11 MD3

MD5 2013 4,000

2,800

13C-CH4 (%o)

-100 -90 -80 -70 -60 -50 -40 -30 -20

C
1/

C
2+

100

101

102

103

104

105

MV4 (30-40)
MV4 (20-30)
MV11 (60-70)
MV11 (50-60)

Thermogenic

Mixed

Microbial

4- 8 C1/C2+ 

ermog
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4- 9 2013

4-3-2

A-C-M 3- 2

4- 10 Yang et al.

2006

4- 10
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Dissolved [4He] (nL/L)
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2 (CH2O) + SO4
2- 2HCO3
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2CH4 + SO4
2- 2HCO3- + H2S + 2H2O 4-9

dissolved inorganic 
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AOM SMI

3- 6

CH4 leak

4He leak
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AOM

MV10-C MV12-C
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20
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MV10 ~13.6

~345 4- 12

MV10

MV10-C 20
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MV12-C

40

40 40

MV12-C 40

OR3-1621 EK60 4- 13 ROV 1- 1 C

MV12 MV12

20



69

MV12-C DIC (ppm)
10 20 30 40 50 60

D
ep

th
 (c

m
bs

f)

0

20

40

60

80

100

MV10-C DIC (ppm)
10 20 30 40 50 60

D
ep

th
 (c

m
bs

f)

0

20

40

60

80

100

Sulfate (mM)

16 20 24 28 32

D
ep

th
 (c

m
bs

f)

0

20

40

60

80

100

C (%o)-DIC
-25 -20 -15 -10 -5

sulfate (mM)

16 20 24 28 32

D
ep

th
 (c

m
bs

f)

0

20

40

60

80

100

C (%o)-DIC
-25 -20 -15 -10 -5

Methane (uL/L)

0 100 200 300 400 500

D
ep

th
 (c

m
bs

f)

0

20

40

60

80

100

Methane (uL/L)

0 500 1000 1500 2000

D
ep

th
 (c

m
bs

f)

0

20

40

60

80

100

4- 11 MV10-C MV12-C

0

20

0

40

60

40



70

4- 12 MV1 MV3 MV5 MV6 MV9 MV10

4- 13 OR3-1621 MV12
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4-5

4- 14

A. B. 

45.8 ~ 403 μmol m-2 d-1

2009 C.

D. 1.14 ~ 157 μmol m-2 d-1

E. F.

G. 0.15 ~127 μmol m-2 d-1

4- 14
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1. OR3-1553A 2011.7.25~28 OR3-1621 2012.6.25~29 OR3-1643

2012.9.18~22 OR5-1209-2 2012.10.1~10

57 30

2. MV4 MV11 < 1m

-30 ~ -50 ‰

3.

4. - Sulfate 

Methane interface, SMI Fick’s First Law

45.8 ~ 403 μmol m-2 d-1

1.14 ~ 157 μmol m-2 d-1

0.15 ~ 127 μmol m-2 d-1

5.

4.1

6.
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