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Present-Day Plate Tectonic Features

Tectonic Features are color-coded: Spreading, Conversion, Transform,
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Arc-Continent

Formation of Taiwan: Collision

SOUTH

WEST : Qs\‘\
PHILIPPINE. L8
- BASING %

Obligue
2, Convergence

Liu et al., 1998



e R -3 Sl 2 g

4 Rk i

AN

A RO TEH
R R R iR

BRI TR

118'E

118°E

120°E

121°E 122°E 123'E
S

124°E

118'E

AR Fa8

o b fF'l R 1k4 ,000,000

122°E

MEPzOO’a )

¥ R

124°E

M 24N

18N

" 18°N
125'E

-6000

~5000

-4000

-2000

1000

4000



119°E 120°E 121k 122°E 123°E

(e E— 26°N

R M

24°N

23°'N

._% . %J[?i# ﬁ;ﬁ’?‘z 23'N

22°N 2\\ ‘, 1 \i 44 B\ 4 A PN

FL .

A, ’ = / N
3 ‘l‘.'.‘" SR
oo B )
: [t

21°N 8§ — 21°N
- 119°E 120°E 121°E 122°E 123°E
’%& (AR)
m T l‘ — 1

TS - BT - B150E (2010) EEHDIARERIEY - M5 > 5296 - 1 > %22-25H © 7000 -6000 -5000 -4000 -3000 -2000 -1000 O 1000 2000 3000 4000






ENE KRR R
REFwsOHLE
L ELE B8 % 18

%giﬁu Ridkit el
%&gﬁﬁﬁ i

5 R AR IR




Trench

Forearc Magmatic a

FNR KRR 0
R OO E
T EXE SES Y
LS PR SRS §
tng Yoy E
e
= 50 -+
[
.
A
100
150

Oceanic crust m—

Asthenosphere
motions ¥ —

Plate motions —>
Partial melt diapir §
Fluid pathways é

Backarc basin

Spreading axis

Convecting
i Asthenosphere

\

A\

(Stern and Dickinson, 2010, Geology)

|
0

I
100

Li*liospheric

Mantle

No vertical
exaggeration

oW
— o

200

Distance from trench (km)

300

400



fais

SiH

- ;’“’B\"
.':(\:

QP‘\

S

Tk
i

Y

SRR

T
A~
%
ki
S

Li_

ol

TWT (sec)

7o Temy o0 omD - Ofear
| 12224 122°020' 122°38' 122742 122'48' 12254 129700
‘ e EER =
25700 - A 25'0C
122 Sos . iz — -1320
2458 S bt 2454
e .
2atas L - — s
12224 1E2'E0° 12235 122742 12248 122°08 123°00°
——— = ]
400 T —_—— - T 1
2000 1800 -1000 -500 O
Dathymaotry (m)

e
A o T I R
s g s —
- \'\ e
> L~ /.M/ — \
oo o P
e i
oo |
. - - - - - b - e - e - e e - -~ e

4000

MCS1146-16




Evolution of hydrothermal fluids / water rock interaction

» Where do they get their chemical sighature?
» What processes take place in the subseafloor?

» Which factors control the geochemistry of the fluids?



Global marine hydrothermal system

Vents
270 - 300°C

:ﬁ\ Discharge

y

After: http://earthguide.ucsd.edu/mar/dec12.html



Global marine hydrothermal system

e all seawater on Earth circulates through the
mid-ocean ridges withirl ~1 million years |

e hydrothermal convection changes the
chemistry of seawater on a global scale

e this process results also in the formation of
hydrothermal systems and massive sulfide
deposits at the seafloor which are A
associated with unique faunal communities EJ Sk




Global marine hydrothermal system

Table 1 | Anaerobic and aerobic microbial metabolic reactions and potential energy yields in hydrothermal vent environments

Metabolism Reaction AG" (k] Examples in vent environments
e all seawater on Earth c per mole)*
. . . « Anaerobic
mid-ocean ridges withi _ _
Methanogenesis 4H,+CO,—»CH,+2H0 -131 Metlwnﬂcﬂcqﬁ Spp. common in magma-hosted vents;
CH,CO; + HJDI_' CH‘_ +H CD; -36 Methanosarcinales at Lost City
. 4HCOO +H*— 3HCO, + CH -106
L] 3 4
h’fd rot h €rma I convecti 5" reduction 5"+H,—»H}S -45 Lithotrophic and heterotrophic; hyperthermophilic
: haea
chemistry of seawater e
y Anaerobic CH, CH, +50," - HS +HCO, +H,0 -1 Methanosarcina spp. and epsilonprotecbacteria at mud
oxidation volcanoes and methane seeps
. Sulfatereduction SO *+H*+4H —sHS +4HO0 -170 Deltaprotecbacteria
e this process results als | ‘ : : _ | B |
] Fe reduction 8 Fe* + CH,CO, +4H,0— 2HCO, + 8 Fe* + Not Epsilonproteobacteria, thermophilic bacteria and
h’fd rotherm= \Em S 9 H calculated®  hyperthermophilic Crenarchaeota
dEpﬂSf“" \NS "fl 00 :Erm::tatlun CH,0,»2CHO+2CO, —300 Many genera of bacteria and archaea
erobic
o Q&/\l k E Su!gdl:: 5 HS +20,5 S0 +H —750 Many genera of bacteria; commaon vent animal symbionts
oxidation
CH, oxidation CH +20 S HCO-+H+HO —750 Common in hydrothermal systems; vent animal
.{(\E 4 4 ] 3 2 bi
O F symbionts
vy HI oxidation H,+0.50,—»H0 -230 Cnn:}rlrmn in hydrothermal systems: vent animal
symbionts
Fe axidation Fe*+0.50,+H" — Fe* +0.5H,0 —65 Common in low-temperature vent fluids; rock-hosted

microbial mats

Mn oxidation Mn*+0.50,+H0—MnO, + 2H* =50 Common in low-temperature vent fluids; rock-hosted
microbial mats; hydrothermal plumes

Respiration C"Hu[} ,+6 D! —3 6 CD! +6 H:D -2.870 Many genera of bacteria




Evolution of hydrothermal fluids / water rock interaction

Vents
270 - 400°C

_-q Discharge

T Start
seawater
ca. 2" '€ (cold)
pH =7.8 (neutral)
oxidizing (O,-rich)
Mg = 1300 ppm
SO, = 2700 ppm
HS = "~0
Fe = 0.0003 ppm
sulfate Mn = 0.0001 ppm
CKa Zn = 0.0018 ppm
f{rég: magnesium  3.7% (Oceanus, WHOI) Cu = 0.0002 ppm



Evolution of hydrothermal fluids / water rock interaction

\ulls
70 - 400°C

‘ Dlscharge T < 1000 c

p

basalt is oxidised = Fe-oxyhydroxide

red-staining of the rocks

seawater basalt

K, Rb, Cs, B = celadonite, nontronite
T >150° C
seawater basalt
Mg = smectite/chlorite
Chloritising:

4(NaSi), 5(CaAl)y sAlSi,0q + 15Mg* + 24H,0 <> 3Mg.Al,Si;0,,(OH)g + SO, + 2Na* + 2Ca* + 24H*
albite/anorthite in basalt chlorite



Evolution of hydrothermal fluids / water rock interaction

Vents
270 - 400°C o
3 \ Discharge T>150 C
L
N / H,0 = H* + OH"
\ \J [ y Ca?* + S0,%* < CasSO, (anhydrite)
Tl b 35, 7}
i Recharge
NS o T>200° C
seawater basalt
<~ Ca
Albitisation of basalt:
CaAl,Si,0, + 2Na* +4Si0,, ., < 2NaAlSi,0, + Ca?*
anorthite albite

T>250" C
reduction of sulfate to H,S
8FeS + 10H* + SO,* <> 4FeS, + H,S + 4H,0 + 4Fe?*




Evolution of hydrothermal fluids / water rock interaction

Vents
270 - 400°C

— Dischar, .
waeT ) iy Ml close to a heat source or magma chamber (so called “reaction zone*)

seawater is heated to temperatures in exess of 400° C. The pressure of
the overlying water and rock column prevents boiling.

The hot, acid and reduced fluids are capable to leach Cu, Fe, Zn, Pb, Au,
Ag, S, etc. out of the rocks.

- Cu, Fe, Zn, S, Au from primary sulfides
- Zn also from Ti-Oxides

- Au also from silicates

- Pb from feldspar

At these high temperatures the metals are largely transported as chloride-complexes.



Evolution of hydrothermal fluids / water rock interaction

Vents
270 - 400°C

m Discharge

The hot fluids ascend along
permeable zones because of their
low density.

At the contact with cold oxidized
seawater all metals are
precipitated as sulfides.

The result are ,,black smokers”.



Seafloor Massive Sulphides

Vents
influx of cold seawater (recharge) 270 - 400°C
Discharge

H,O = H* + OH-
Mg?*+ OH- = Mg(OH), precipitation
excess H* = pH drop to ~ 4-5

precipitation of seawater SO,% as
anhydrite, reduction of SO4# = H,S

heating of seawater to > 400°C
leaching of Cu, Zn, Fe, Au, S etc. from
the surrounding rock

formation of hydrothermal precipitates

due to mixing of hot fluid with cold Reaction Zone
seawater 378.880°C
(x magmatic volatiles and metals) o e ras Gabbro

After: http://earthguide.ucsd.edu/mar/dec12.html



Seafloor Massive Sulphides

2°C 0.1 cv/s

Oxyanions, (HPO:#*, HVO:#", CrO+", HAsO+*"), REE, Trace Metals

/

CH4, Fe*', FeS,, ?Rn, H:, H:S

[\ /\' Precipitation
HOT 79 L€

Chimney
43 (focussed) A~ @llack Smoker)
asalt

Sub Seafloor WARM
Microbial Biosphere 1\(dlffuse)

@
S
3
%,

HT

o >? AN X
O Metalliferous Sediments : By R%actnon

; ot one
@ Iron-Manganese Crusts A o

H*, ClI°, Fe**, Mn*’,
HaSiOa, 3He, H)S, CHA, CO'/, H'/,
Ca**, K*, Li*, Cu®*, Zn**, Pb?*

https://education.nationalgeographic.org/resource/ocean-vent/
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Geolin: &4k (rock grove) in Taiwanese

121w

122°48°

121°48° 122°00' 122°12' 122°24° 122°36

SN
<2000
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oo
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25744

<0
500
J

East China Sea Shelf

2636

; dopth ()

* Geolin: rock grove morphological
characteristics in Taiwanese
» Several meters high above seafloor




A ~500 m wide and ~900 m high flare is above sea floor.
Blanking zone (fluid migration feature) is observed.
Normal faults developed along rifting center of the
Southern Okinawa Trough (SOT).
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Petroleum and natural gas

Relative output of generated
hydrocarbons

>

Biochemical CH,

immature zone
Diagenesis

E N

Geochemical fossils

£ o
— S (2]
¥ = N o=
= o w
§ 2 = 8
Petroleum 2
8
©
8| O
] (o))
3 ®
Natural gas 3
CH.« 2] R
S|& 8
=l R
4 | B

Fig. 4.1. Evolution of organic matter: Diagenetic, catagenetic and metagenetic
processes describe the generation of oil and gas and coalification. The picture is
from Bahlburg and Breitkreuz (2004). The processes are compared with the relative
intensities of light reflected from the coal maceral vitrinite

At higher temperature
above 80 or 90 degrees, we
have thermogenic methane
formation.

Thicker sediments cover 2 to
3 km depths=>» We are able
to enter this thermogenic
production.

Hantschel & Kutterauf (2009)



% R

‘\\\

200

2

(ALD) @i

1000
1200

1400

1600

400
600 |-

800 |

S

ZKERE

KEBELD 1N

]
-

—20 —10 0

10 20 30

&E(C)

AB 2 BRKEMEMBEXKERBHEREIGRIE NEEUFRENIRIER - BRIR
- BEMHRAPFRKESYWELAITE @ ACERALESLIBE  SaeEiARIR
IKEVIBEEE

FokeF/P ke /7

L4

' ’R
A /

§RT 9 kb
BB~ MR Z wﬂg"

0

200 |

400
600
800
1000
1200

(ALD) KB4 m e

1400

1600

-~ (B) -
|
| N migE
! N EKE
i i _ AANRE
— |
I
i i .
Bk | =S = 1=
ﬁﬁmﬁri 5 T BRIk EY
-
—20 —10 0 10 20 30
SBEE(°C)

(%] 73z, 2002)



What is Gas Hydrate (GH) ?

Gases

1 1 gas hydrate (L) = 1 water (L) + 168 CH, (L) (STP)

¢ It contains a great volume of methane



Hydrate structure

Cavity types Hydrate structure
Structure I
Structure II I 6 46 H,O
LH—
Structure H 5122 Structure |

512 51264

Structure H

‘Guest molecules’

Methane, ethane,
carbon dioxide
and so on

Propane,
iso-butane
and so on

Methane + neohexane,
methane + cycloheptane,
and so on

(Sloan, 2003)
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Thick Onshore Shallow Feather Edge of Deepwater Gas  Seafloor mound/

Permafrost Arctic Shelf Gas Hydrate Stability Hydrate methane seep
Ice Sheet high-latitude :, ATMOSPHERE:
lake % o ° methane breakdown )
g o °: to carbon dioxide w
sk K shallow methane production

S e — e — —————————— -

OCEAN: microbes break
methane down to
carbon dioxide

gas hydrate
breaking down

SANEAR
®ISEAFLOOR

P SEDIMENTS:
.Microbes consume

. ethan
o ‘? m e

Ruppel and Kessler (2017)




How do scientists investigate gas hydrates?

K - RS DL

Bl— BERXARAKGYHEZREN A TZE (%% 8 Hyndman et al., 2001 ) -

Fig. 1 Investigation methods of marine gas hvdrate.




How do scientists
investigate gas hydrat

3\ satelh{:ﬁ

B T
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Gas hydrate production monitoring Methane seepage system monitoring

‘|| production vessel R/V vessel

’
A igmr /-

production well

l‘ m—
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AUV

=5~ ROV
monitoringyyelll - 4' £ o
lander Jlander, Faad

R E ;ﬁbmarine landslide
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/X h hydrate zone
[ o f’ |
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L
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S\
mobilised sediments “‘°“

Liu et al. (2019)(https://doi.org/10.1016/j.jngse.2019.02.007)
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BSR: Bottom Simulation Reflector
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Liu et al., 2006
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Figure 6. Simple synthetic seismogram that reproduces the main
features of the BSRs. The seafloor reflection results mainly from
the density contrast and the BSR mainly from the velocity contrast.

Figure 5. Example of strong BSR near ODP Site 889 showing the
simple negative reflection waveform, opposite to that of the
seafloor.

(Dallimore and Hyndman, 2001)
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Dissolved methane concentration in core-top sediments

119700

Surface water

Water column

119°15' 119°30' 119°45' 120700 12015’ 120°30"

[
22°45'

g
[*}
o
et
c
]
£
5
@
(7]

Dissolved methane concentration in bottom water

119°00' 119°15' 119°30" 119°45' 120°00' 120°15' 120°30'
22°00"!
119°00' 119°15' 119°30' 119°45' 120°00" 12015 120°30'
Y >10000 Y% 1000~10 000 @ 700~1000 @ 500~700 O 300~500
M 100~300 A <100 CH, (ut1™)

(Chuang et al., 2010)

vl
119°15 119°30' 119°45' 120°00' 120°15' 120°30'

11é°00'
& >100000 ®10000~100 000 O 1000 ~ 10 000 LI 100 ~ 1000 A <100 CH, (nl 1)



Tracing methane sources

s T
105 M =100 |=
'
Microbial : Bac;eria: A
carbonate
104 ) -80 reduction -
'
o o '
' AA’
— 3 ‘ | o o .
t;" 103 PerercccccosccaSeccnncnss o Bacterial
e s 0 Mathyl-type JSEeet == — — — —
o~ . s fermentation s e e
U @ Onshore mud volcanoes MIxed s \\*
= 102 in SW Taiwan h. -1 &
G Aorinsne | 000000000 eeecce= s B Q _
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© ORI-792 GS5 I A MD10-3287
] -20 |- A MD10-3290
100 A MD10-3292
-100 -90 -80 -70 -60 -50 -40 -30 ! i L L :
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8D-CH, (%0 SMOW)
(Chuang et al., 2010)

(Yang et al., 2010)



118°36'E 118748'E 119°00'E 119°12°E 119°24'E 119°36°E 119°48'E 120°00'E 120°12'E 120°24'E 120°36'E

.’ 23°00'N q11111111-;1“1111]1111111111111114111111111111111nllluuul1111I1111111111111111111111111‘1.1111111;1 23°00'N
‘[[:3: F"I , OG 9\ *i 4 thrust © 202 Piston core km
7 J Lt normal fault © 181 Gravity core e o
@» diapirs O 44 CTD Rossete Sampler 4
22°48'N — . delformation [ront *21 Gisint Piston Core 22°48'N
Surface water : O 4 CASQ Core
Water column .y ] Gl@Nt piston cores collected I
by MD in 2010
Bottom water ]
22°24'N - —
0 E L Ay ot
L : , Y of
8 E A.. ""‘:‘Q'*; \
- 22°12'N i | , ¥ :_- s 22°12'N
- o O /3070 e % o4 R Be. lfer "\
o O e R AN T TR TN
E P R ) () N - q W \OSENT
T
O
(7))

e MD178-10-3277-710-750cm |

21°48' 48'N

21.36. 'SG'N
£ ) £ 3%
24 FhENEr 1
#}t =8 21°24'| S PR B 24N

118°36'E 118°48'E 119°00'E 119"12°E 119°24'E 119°36°E 119°48'E 120°00°E 120M12'E 120 24'E 120°36'E



!
T
7

2
|

-

o AT
>

B

#

N

-BERE - TREEEBEEEMER - MEHE-PRE) Z2H

= bl et g
-RARFHEAEBIRIBERM T AR

|

-t

s

oA TR

KF13504R

s
o

B
= P9
EREAENRYFRE

——
=]
=




2019/02/20 23:22:03

A——\’d\\—”- W

2 Ak )
Al

BT

2019/02/23 20:00:00

] "

-

BER-#100 1020



1&22 45 o

o‘o f"‘
-

EEREH PRIEFPT
PRSI TRR 7J<T?§l!

.EHBJE1§/$¢ ’L.\EEEE EJEI% )
Y’f\:fﬁ)lL1bq'% }SFT'FE',’EK H’J

=)

HEEE

- ""

Metabolism

Anaerobic

Methanogenesis

S°® reduction

Anaerobic CH R

oxidation

Sulfate reduction

Fe reduction

Fermentation

Aerobic

Sulfide
oxidation®

CH, oxidation
]

H: oxidation

Fe oxidation

Mn oxidation

Respiration

Reaction

4H,+CO,—»CH +2H0O
CH,CO,+HO-CH,+HCO
4HCOO" + H* - 3HCO,-+ CH,

S°+H,>HS
CH, +50," > HS +HCO,+H,0
SO “fH’+4H,—>HS‘+4H‘O

8 Fe* +CH,CO, +4H,0— 2HCO, +8Fe* +
9 H*

CH,0,-»2CHO+2CO,
HS+20,-5 S50 +H
CH,+20,-5 HCO-+H +HO
H,+0.50,-5H0O
Fe*+050,+H' > Fe*+0.5H,0
Mn*+0.50,+H,O0—> MnO, +2 H*

C,H,0,+60,-6CO,+6H,0

AG” (k)

per mole)*

-131
-36
-106

-45
21

-170

Not
calculated®

-300

750
750
230
65
-50

-2,870
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overlying strata

BRI
BRI

(Chen et al., 2014)
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5. 8k B B R R P 5 §L(Thermogenic methane) -
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84 & B A B/ 88 ) 2 T R ) - hen et al., 2014)
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https://www.google.com/search?q=%E5%8F%B0%E7%81%A3%E6%B5%B7%ES5%BA%95%E5%IC%BO%ES%BD%A2&sca_esv=575810318&rlz=1C10ONGR_zh-

TW&tbm=vid&sxsrf=AM9HkKkkvovbcoaQlY7Cay_Fcgl806Zd0A:1698074260121&source=Inms&sa=X&ved=2ahUKEwj6emM7ludyCAxVObt4KHSbNCC8Q_AUo
BHOECAEQBg&biw=12808&bih=601&dpr=1.5#fpstate=ive&vld=cid:85f5e057,vid:cQZ4bxnUM9Q, st:0 (Chen et al., 2014)
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