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Abstract

Geological processes on thermal patterns are important for understanding the

energy potential for hydrocarbon exploration; however, thermal patterns below the

seafloor are always difficult to derive. So we combined the geophysical in-situ thermal

measurements and the wide spreading bottom-simulating-reflectors (BSR; bottom of the

gas hydrate stability zone identified from the seismic data) collected recent years, to

model the temperature fields beneath the seafloor. Using the advantage of the physical

property of gas hydrates, we proposed two methods for analyzing the regional thermal

patterns offshore SW Taiwan, and successfully derived several geological processes

related to seafloor thermal structures according to our study results.

First, we used BSR-based geothermal gradient patterns to derive vertical fluid flow

models from Péclet Number analyses. We found the regional 1-D fluid flow rates are

ranging from 6 cm/yr to 43 cml/yr, including several prospect sites for gas hydrate

exploration. From passive margin to active margin, the increasing of fluid flow rate

might be related to more active dewatering near the toe of the trench; in the active

margin, there are higher fluid flow rates when the frontal thrust climbs onto the

continental slope of the passive margin in the collision zone. Then, considering about

the topography effect, we used temperature discrepancies between BSR-based and

modeled temperatures, which are derived from the finite element code — Pecube, to

iv



reflect the regional cooling and heating effects. Therefore we could further analyze and

compare the regional geological processes based on our study results.

Finally, we proposed several geological processes that can affect regional thermal

patterns: (1) From studying the 3-D cube in lower Fangliao Canyon of the upper slope

domain, we discovered the regional heating effect from the diapir was reduced 38 % by

recent sedimentation; (2) relatively, we found intermittent upward fluid migrations

along the fault planes brought the heating effects in Yung-An Ridge of the lower slope

domain; (3) as well as in Frontal Ridge, we found possible extensive fluid migration

from the faulting pathways to cause heating effects at the toe of the accretionary wedge.

(4) Related to the MTD (mass-transport deposits) effect occurred in upper reach of the

Penghu Canyon, it caused the heating and cooling effects at the uphill and downbhill

respectively. (5) Beside, in the canyon incision region of Formosa Ridge, we found the

cold seawater had been laterally siphoned into the ridge in the traverse direction, and

diffused along the ridge strike to disturb the temperature fields. In this study, our

contribution is developing the simulation methods for better using our current data to

analyze thermal structures; in the future, we could improve our simulation results to get

more quantifiable flux information for the energy research offshore SW Taiwan.

Keywords: geological process, thermal effects, geothermal gradients, Péclet Numbers,

Pecube, bottom simulating reflector, offshore southwestern Taiwan.

\Y



Table of Contents

BB o e st seesresseesessresstesaee s ot ss SO Do o ke b} i
FER s e G A TVIIE i
ABSTRACT ettt b et e e et e r e b e nnr e e \Y
Table OF CONTENTS ... Vi
TS o) T U USSR viii
LISE OF TADIES ... Xi
Chapter 1 INtrodUCTION .......cooiuiiieiieie e re e 1
Chapter 2 BacKgroUNd ..ot 4
2.1 Background setting and prospect region in this study ............ccceeveveiieeiieereseene. 4
2.1.1 Deformation Front vicinity - Penghu Canyon & Frontal Ridg 8

2.1.2 Active Margin - Fangliao Basin & Yung-An Ridge 11

2.1.3 Passive margin — Formosa Ridge 16

2.2 Thermal measurements 0N Seafloor ...........ccoeiiiiiiiiiii 18

2.3 Implication of BSR for fluid migration .............cccevvviviiiiie e 22
2.3.1 Occurences and natural condition of Gas hydrate 22

2.3.2 BSR and heat flow studies 25
Chapter 3 Dering 1-D Fluid Migration Rates from BSR............cccccccevveveiieiinennenn, 32
3.1 BSR-based temperatures and geothermal gradients ...........ccoocevvevieiiiinnienens 33

3.2 Uncertainty of Geothermal Gradient .............ccooeiriiiiiinniee e 34

3.3 1-D fluid migration rates: Péclet Numbers analyses .........c.cccocvevevveieiiieieennnns 37
3.3.1 Method: Péclet Numbers analyses 37

3.3.2 Results of 1-D fluid migration rates 43

3.3.2.1 Results 1: Evolution of fluid flow rates offshore SW Taiwan 45

3.3.2.2 Results 2: Regional fluid flow rates offshore SW Taiwan 49

Chapter 4 Fluid Flow Migration Pattern Derived from BSR : 2-D and 3-D
Temperature Fields Modeling on Pecube............ccooooiiiiiiiiciiiee, 53

4.1 Temperatures Field Modeling : Differential and Finite-Element Equation....... 53

Vi



4.2 New Finite Element Code - PECUDE .......oovveeeeeeeeeeeeeeeeeeeeeeeeeeei i 57

4.3. Uncertainty in Defining Geothermal Gradient .............c.cccoveiieeiiiie i ciineincne, 59
4.4 Results: Temperature Discrepancies in Diffwewnt Regions..........cccccceeeveeeane. 63
4.4.1 Results 1: Deformation Front Vicinity — Penghu Canyon 63
4.4.2 Results 2: Deformation Front Vicinity — Frontal Ridge 67
4.4.3 Results 3: Active Margin — Lower Fangliao Basin 70
4.4.4 Results 4: Active Margin — Yung-An Ridge 75
4.4.5 Results 5: Passive Margin — Formosa Ridge 82

Chapter 5 Interpretation and Discussion: Regional Geological Process that

Cause Thermal Perturbation.............ccccooiiiiiiiiiiicieceee e 87

5.1 TopographiC EFFEECTES .......ccoiiiiiiiieieeeeee e 87

5.2 Thrust and FIUID FIOW..........cccooiiiiiiiiccce e 90
5.2.1 Thrusts in Yung-An Ridge 90

5.2.2 The Frontal Thrust 95

5.2.3 Thermal Models of Thrusts 100

5.3 Sedimentation and EF0SION ..........cccceieieiiinieiininee s 103
5.3.1 Mud Diapirs 103

5.3.2 Mass Transport Deposits 106

5.3.3 Canyon Incision 109

5.3.4 Thermal Models of Sedimetation and Erosion 114
Chapter 6 CONCIUSION.........oiiiiiiie e 117
RETEIEINCES. ...t 120

vii



2-1
2-2
2-3
2-4
2-5
2-6
2-7
2-8
2-9
2-10
2-11
2-12
2-13
2-14
2-15
2-16
2-17
2-18
2-19
2-20
2-21
3-1
3-2
3-3
3-4
3-5
3-6
3-7

List of Figures

Geotectonic features offshore southwest of Taiwan. ............ccceoviiiiiiiiciiiinnns 6
Tectonic features off southwest Taiwan and our study areas............ccccceociiveiiienian 7
Structure features in the upper reach of the Penghu submarine canyon. ................ 9
Continuous BSR and underlying flat spot in Frontal Ridge. ........c.cccccocevvevvinnee. 10
Strong reflectors below the BSR in Frontal Ridge...........ccocvvvieiiniieniiie 10
The geochemical and geophysical features around the Kaoping Slope................ 12
BSR distribution across the mud diapirs near the Fangliao Canyon.................... 13
Structure interpretations along the profile in Yung-An Ridge.........ccccccevvvevivenenne. 14
Measured and BSR-based heat flows in Yung-An Ridge.......c.ccccevveverivervenene. 15
Chemoauttosynthesis-based community in Formosa Ridge ..........cccceevvveivienene, 17
3-D Seismic interpretations in FOrmosa Ridge. .........ccccuvvvieiiieienc i 17
Two instruments for deriving the marine geothermal data ...............cceceeriennee. 19
Temperature recordings from seven heating probes .........c.cccocvveiveieeieneennnn 20
In-situ geothermal measured heat flow distributions..........c.cccccveveiiiieciciienn 21
BSR feature maps on the seismic data and the P-T condition profile.............. 24
Imaged BSR depth at Hydrate Ridge reveals BSR depth anomalies................... 28
BSR feature maps in seismic profile and gradients................c.cocvevveiiinin e 28
Updated BSR distribution maps until 1ast year ...........cccooveviiineninin i 29
Seismic examples of BSR types along the Nankai Trough...........ccccvvveniinnne. 30
Three major BSR-occurrence models SW offshore Taiwan. ............cccceeeeveiiennnn 30
The distribution of methane hydrate formation depth and flux. ...........c..cccceen. 31
A depth profiles after PSDM velocity analysis in Yung-An Ridge..........cccceenu.... 36
Possible geothermal curves influenced by the vertical fluid migration............. 41
A diagram sketch of typical aquITer. ... 41
A sketch describing how we dominate the temperature data into our chart .......... 42
Our study areas of 1-D fluid fIOW rates..........ccccoevieiieiiiiicce e 44
Fluid flow rates distributions from south to north SW offshore Taiwan. .............. 47
Fluid flow rates distributions from East to west offshore Taiwan......................... 48

viii



3-8
3-9
4-1
4-2
4-3
4-4
4-5
4-6
4-7
4-8
4-9
4-10
4-11
4-12
4-13
4-14
4-15
4-16
4-17
4-18
4-19
4-20
4-21
4-22
4-23
4-24
4-25
4-26
5-1
5-2

Regional fluid flow rates SW offshore Taiwan.............ccooeveniiiniieiiiiin s 51

Nine sub-regional fluid flow rates of Yung-An Ridge........ccccoovvviveniiceciiciiinni, 52
A diagram description of the 3-D thermal model: ..........c.ccoooveiieiiiiiveciiic e, 56
Model views in different aSPECtS..........covveriiieiieeiiee e s 56
Flow chart of input and output parameters of Pecube...........ccccovvvevviieiiviieiiennenn, 58
Tomography profiles in SW TalWan. .........cocoviiiiiiriieeie e 61
Deciding geothermal gradient along the Formosa Ridge. ........cccccovvviiienieninnnns 61
Choosing the geothermal gradient of lower discrepancy as our parameter ........... 62
3-D model temperature field and seismic data in Penghu upper reach slope. ..... 65
BSR distribution and temperature discrepancies along a profile. ...........cccccevene. 65
Mapview temperature field at BSR depth in Penghu upper reach slope.............. 66
3-D model temperature field and seismic data in frontal Ridge. ..........cccceeeenee 68
BSR distribution and temperature discrepancies along a profile.......................... 68
Mapview temperature field at BSR depth in Frontal Ridge............ccccceevveinene. 69
3-D model temperature field and seismic data in lower Fangliao Basin. ............ 72
BSR distribution and temperature discrepancies along a profile. ...................... 72
Temperature discrepancies and the geochemical data along a profile. ................ 73
Mapview temperature field at BSR depth in lower Fangliao Basin................... 74
Heat flow measurement data information in Yung-An Ridge. .........ccccceevvrrennnnne. 77
Mapview temperature field at BSR depth in Tung-An Ridge........ccccoevvevvvrnenee. 78
BSR distribution and temperature discrepancies along the northern profile ....... 79
BSR distribution and temperature discrepancies along the southern profile ....... 80
Mapview temperature field at BSR depth in Yung-An Ridge. ..........cccccvvrennne. 81
Mapview temperature discrepancies at BSR depth in Yung-An Ridge................ 81
3-D model temperature field and seismic data in Formosa Ridge. ...................... 84
BSR distribution and temperature discrepancies along E-W profile. ................ 85
BSR distribution and temperature discrepancies along N-S profile. ................... 85
Mapview temperature field at BSR depth in Formosa Ridge .........ccccccevvevivennnns 86
Topographic effect influence the temperature models..........cccoocviveiiiiiiieieenee, 89
Structure interpretations and the thermal effect in Yung-An Ridge ...................... 92

IX



5-3
5-4
5-5

5-6
5-7
5-8
5-9
5-10
5-11
5-12
5-13
5-14

Localized fluid flow and thrusting effects in the fault zone............cc..ccei s 93

Seafloor measurement and BSR-based heat flow variation in Yung-An Ridge... 94

The Conceptual model of frontal thrust region .........cccccceviveveiieiiecse s 97
Mapview on the temperature discrepancies of the deformation front.................... 98
The thermal effects on the accretionary Wedge. ..........cooovevvieieneneneneneseceeeens 98
Four possible thermal effects near the thrusts. ... 99
Geothermal data between the summit and flank of the diapir..........ccccooerenen. 102
The Sedimentation rate and temperature discrepancies cross a diapir................. 105
The isotherm evolution when MTD 0CCUITEd. .........ccovvviininiiiine e 108
A possible fluid migration profiles in Formosa Ridge........cccccevvviveiviieenieennnnn 112
A possible 3-D fluid migration scenario in Formosa Ridge ..........cccccovevervenene 113
The isotherm evolution during a quick sedimentation...........cc.cceeevvieiieerennnne 116
The isotherm evolution during a qUICK €roSION...........ccervrienieniniie e 116



List of Tables

Table 1 The 32 heat flow data information in Yung-An Ridge.........ccocniiineiiniinennes 78

Table 2 Compare measured and BSR-based thermal data in diapiric structure:........ 105

Xi



Chapter 1: Introduction

Fluid flow affects heat transport processes and perturbs crustal thermal structures.
These thermal perturbations can be used to study fluid migration parameters, which are
important geophysical parameters for regional tectonics, thermal energy research, and
hydrocarbon reservoir simulations. Offshore southwestern (SW) Taiwan, heat flow data
can be obtained by thermal probe measurements (Shyu et al., 2006) in very shallow
sediments (< 6 m), however, it’s difficult to infer temperature fields and fluid flow
patterns at depths greater than hundreds of meters under the seafloor. Drilling
operations can provide ground truth information, but the costs are high. Using in-situ
geothermal measurements and temperature fields derived from a Bottom Simulating
Reflector (BSR), we examined conductive and convective heat transfer models, with
and without the fluid involved, to study regional fluid flow patterns in shallow marine
sediments.

The relationships between pressure and temperature of the gas hydrate phase
change and the depth of BSR have been used to calculate geothermal gradients and heat
flow (Shipley, 1979; Yamano et al., 1982; Davis et al., 1990; Hyndman and Davis, 1992;
Kaul et al., 2000; Hornbach et al., 2012). There are wide-spread BSR in offshore SW

Taiwan (Chi et al., 1998; Liu et al., 2006). The BSR are used to derive heat flows to



investigate crustal thermal structure (Shyu et al., 2006; Chi and Reed, 2008). In many

cases, the general agreement between thermal probe data and BSR-derived heat flow

suggests that it is possible to study thermal structures using BSR (Schnirle and Liu,

2011).Therefore we applied the BSR-derived temperatures to study the difference in

thermal structures between active margin and passive margin in offshore SW Taiwan to

better understand the petroleum system of gas hydrate. Followings are introduces of

each chapter:

Chapter 2: First of all, we introduced the geological background and the regional

structure features offshore SW Taiwan from previous studies. And we mentioned about

how to measure the geothermal data and the properties of gas hydrates, in additional,

there are several classical applications papers studying on thermal models from BSR as

our references. Then we were ready for using the BSR-based temperatures as the

important approaches to study the temperature fields in our target regions.

Chapter 3: Since we relied on the BSR-based temperatures very much, we have to

discuss the uncertainties at the beginning of this chapter. Then we estimated the vertical

fluid flow rate by analyzing the Péclet Number for regional geothermal gradient curves.

For the regions in the deformation front, active and passive margin, we successfully

derived the vertical fluid rates on two directions, and on several prospecting sites with

longer coring sediments information.



Chapter 4: Furthermore, we used the Finite Element Method (FEM) to calculate

the heat-transport equation from the software of Pecube. After simulating the

conductive thermal patterns in steady state, we could derive the model temperature

fields at the depth of BSR. As a result, we regarded the temperature discrepancies as the

BSR-based temperature fields subtract to the model temperatures. Then we obtained

some regional thermal effects from 3-D or 2-D temperature patterns in the deformation

front, active and passive margin, respectively.

Chapter 5: After that, from studying the correlations between the feature structures

with the temperature discrepancies from our study results, we compiled and addressed

several regional geological processes which may cause these temperature perturbations,

including the topographic effect, fluid flow and faulting effects, sedimentation and

erosion and MTD effect, as well as the canyon incision.

Chapter 6: We summarized our contribution in modeling methods and the

discoveries on regional geological processes which are affecting the thermal structures

in shallow sediments offshore SW Taiwan. We then proposed some probable

developments as our possible future works.



Chapter 2: Background

2.1 Background setting and prospect region in this study

Taiwan is situated on the plate boundary separating the Eurasian plate to the west
from the Philippine Sea plate to the east. Offshore SW Taiwan, the Manila subduction
system (20°30' N) transforms into an incipient arc-continent collision (20°30'N ~ 21°15'
N), and transforms into collision system (21°15' N) (Reed et al., 1992; Hirtzel et al.,
2009) (Fig. 2-1). The overriding collision/accretionary complex and the underthrusting
Eurasian lithosphere is separated by the Manila trench and deformation front (Huang et
al., 1997). A series of west-vergent and imbricated folds and emergent thrusts are
predominant tectonic features of the accretionary wedge (Fig. 2-2). Both the convergent
submarine Taiwan accretionary wedge and the passive China continental slope are
dominated by ridges and submarine canyons. However, the ridges are formed by very
different mechanisms. In the accretionary wedge province to the east of the deformation
front, the ridges were densely formed mostly by fold-bend faults and diapirism (Liu et
al., 1997; Lin et al., 2008). On the other hand, many ridges on the China continental
slopes are formed by submarine erosional processes.

Previews study propose that the accretionary wedge off SW Taiwan consists of

upper-slope and lower-slope domains, which are separated by a significant morphologic



break, probably related to the onset of multiple *“out-of-sequence thrusts” (OOSTS) or

“splay faults” (Figs. 2-1 & 2-2, Reed et al., 1992; Liu et al., 1997; Huang et al., 2004;

Lin et al. 2009). In the upper slope domain, a series of mud diapirs with some gas seeps

are found in the upper-slope domain near the coast of SW Taiwan (Fig. 2-1, Sun and Liu,

1993; Chiang et al., 2004; Chuang, 2006; Chen, 2013), and some of them could be

traced to adjacent onshore structures in the fold-and-thrust belts which indicates the

active fluid expulsion in the accretionary wedge (Yang et al., 2004). In the lower-slope

domain, each fold-and-thrust corresponds to a system of an elongated submarine ridge.

Lin et al. (2008) further divided the lower-slope domain into frontal and rear segments,

respectively (Fig. 2-2), with frontal segment dominated by folds cored by blind thrusts,

and rear segment by thrusts breaching the seafloor.

Due to Taiwan’s unique tectonic settings, it provides a unique situation to study the

both tectonic settings over a short distance. This also allows us to compare patterns in

hydrology in several different tectonic settings using a wide spread BSR, which we use

to trace the temperature with fluid involved. So we picked several regions to compare

the different temperature fields in offshore SW Taiwan.



Chinese - sk
PassiveMargin abe
. 25
- _;‘3 s ?;{?goo- <
UBDer S5 r;;.. £
= :' e k. o — e
. C ani;a, *a v . ‘f o
U ~ e, :
O PN ety ¢ o
o South China S8aw "2~ > R ¢
] Ir, H old andy, e
Philippine
- "\ EURASIAN PLATE ea plat
R ENREN
) mw oW N

TRREN | NNW

Figure 2-1 Geotectonic features offshore southwest of Taiwan. The oceanic lithosphere
of the South China Sea is subducting eastward beneath the Philippine Sea plate
along the Manila Trench. To the north, the thicker and more buoyant Chinese
passive margin enters into to convergent boundary. From south to north, the
tectonic evolution develops from subduction to collision. The western flank of the
accretionary wedge contains a lower and an upper slope domain (Reed et al., 1992).
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Figure 2-2 Bathymetric map and tectonic features off southwest Taiwan. Geological
boundaries and structures (diapir, anticlines, and submarine canyons) and
deformation front of compressive structures (barbed red line) are distinguished
from the marine seismic profiles. Red circles show the site locations of the Marine
Dufresne (MD) cruise in 2010, which derive much longer cores to provide lots
geological evidences for studying gas hydrate. On the other hand, the yellow stars
display the possible drilling sites for gas hydrate prospection in the future. Note that
the blue squares are marked our simulation and study zones with more dense
seismic data inside.



2.1.1 Deformation Front vicinity - Penghu Canyon & Frontal Ridge

The deformation front begins from the northern Manila Trench near 21°N and

continues northward along the course of the Penghu Submarine Canyon in a nearly N-S

direction north of 21°N then changes direction sharply to the northeast. And it connects

to the Chungchou thrust fault or the Tainan anticline in the coast of Taiwan (Fig. 2-2,

Yu et al., 2004). It divides the Penghu submarine canyon into two geological domains

based of its structural and topographic characteristics: the South China Sea (SCS)

continental slope domain, and the frontal segments of the accretionary prism.

Owing to the psudo-3D seismic data in the upper reach of the Penghu Submarine

Canyon, there are wide distributed of BSR, paleo-channels and faulting imaged in the

2-D profiles (Fig. 2-3; Liu et al., 2006, Han et al., 2012). Besides, some geochemical

and geological evidences of high methane flux and sedimentation rate are derived here

(Yang, 2011; Horng, 2013). Such unique geological setting attracts us to study the

evolution of the temperature fields just across the deformation front.

The frontal fold locates at the toe of the accretionary wedge and at the end of a

dipping décollement surface, a major fluid conduit in accretionary wedges (Minshull

and White, 1989; Shipley et al., 1994). Naturally, the frontal fold is likely to serve as a

terminal structural trap for deep-seated hydrocarbons/fluids charging especially through

the décollement surface. A widespread occurrence of BSR has been recognized from



seismic images beneath the frontal fold, suggesting a prevalent existence of gas hydrates

in the study area (Lin et al., 2009). A few gas indicators such as enhanced reflectors,

push-down reflectors, and flat-spots shown on seismic sections also indicate a

substantial quantity of free gas is likely to present beneath the gas hydrate stability zone.

The flat spot is a horizontal and enhanced reflector, cutting across a few dipping

reflectors, interpreted as a gas—water contact (GWC) (Lin et al., 2013) (Fig. 2-4), in

addition, the fluctuating range of the temperature above and below BSR is very violent

(Linetal., 2012a) (Fig. 2-5). As a result, we want to know more about the fluid patterns

at the toe of the accretionary wedge.

Deformation front

R3.1 structure

Figure 2-3 In the upper reach of the Penghu submarine canyon, the distribution of BSR
and faulting are discovered from the 2-D seismic profiles (Han et al., 2012).
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Figure 2-4 (a) Uninterpreted seismic profile; (b) interpreted profile, they both show the
continuous BSR (blue line) and underlying flat spot in Frontal Ridge. Three seismic
wavelets at CDPs 4990-4992 are displayed on the left of (a). Notice that the phase
of BSR waveform is reversed to that of the seafloor and GWC. Straight and
wiggled arrows indicate possible gas-charged fluid migration pathways by
advection and diffusion processes, respectively (Lin et al., 2013).

Figure 2-5 Strong reflectors are accumulated below the BSR in upper 3-D seismic
image; and the velocity image (Lin et al., 2012a) depicts the same thing from their large

differences.
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2.1.2 Active Margin - Fangliao Basin & Yung-An Ridge

East of the deformation front, the accretionary wedge off SW Taiwan consists of

upper-slope and lower-slope domains (Figs. 2-1, 2-2) (Reed et al., 1992). In the upper

slope domain, thirteen submarine mud volcanoes were recognized from the multibeam

bathymetry data; and some heat flow anomaly around this region correspond to the gas

seeps and plumes detected by the sub-bottom profiler and EK 500 sonar image (Fig. 2-6)

(Yang, 2012; Chen, 2013). In the lower Fangliao basin, there are several mud diapirs

and anticlines. The rapid changes of depocenter and the course of the paleochannels

have been interpreted as evidence of fluid migration (Fig. 2-7, Chen, 2013a).

In the rear segment of the lower slope domain, Yung-An Ridge is a structural high

located in the offshore tectonic wedge. High concentrations of biogenic methane may

originate at depth and migrate through the homoclinal ridge (Lin et al., 2008) and

contribute to the methane oxidizing archaea (ANME) based ecosystem (Lai et al., 2009).

There are dense strong BSR, high methane fluxes, and other geological evidence which

indicate the presence of gas hydrate (Fig. 2-8, Lin, 2012). Peng (2012) analyzed the

in-situ heat flows in Yung-An Ridge, and she found the highest values are observed

near fault outcrops at east edge of the slope basin, these results lead us to study deeper

fluid migration patterns in this region (Fig. 2-9).

11
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Figure 2-6 According to the geophysical and geochemistry survey off southwest
Taiwan, Chen, 2013 compiled the distribution of the heat flow anomaly, methane
concentration sites, and possible thermogenic sites on the bathymetry with
geological structures around upper Kaoping slope.
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Figure 2-7 Uninterpreted (A) and interpreted (B) seismic reflection profile
(MGLO0908-1A, located in the red line of fig. 2.6) showed the structure features and
BSR (marked in green of B) distributions in the continental slope across the
Kaoping and Fangliao Canyons offshore SW Taiwan. (Chen, 2013a). There are four
mud diapirs along this profile. MD8 has reached to the seafloor and MD3 is
covered by a layer of thin sediments.
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Figure 2-8 Uninterpreted and interpreted seismic reflection profile across the Yung-An
Ridge. The black solid invented triangles on the seafloor represent the sample site
of near surface sediment. The black open triangle indicates the sample site
projected from adjacent areas. The green solid and hollow triangles show MD178
sample sites projected from adjacent areas, respectively. Note that the anomalous
features of sediment sample analysis are marked as blue word. (Lin, 2012)
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Figure 2-9 The base map shows the 3-D seismic data and heat flow values derived from
BSR, which range between 39 and 53 mW/m?; and the squares point out the values of
in-situ heat flow measurements, ranging between 35 ~ 107 mW/m?. Note that several
extremely high values of heat flow (> 100 mW/m?) were detected here. We use red
squares to show them (Peng, 2012). There are not only higher heat flows near the ridge,
but also distributed in the depocenter of the eastern basin.
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2.1.3 Passive margin - Formosa Ridge

The passive margin is situated in the continental slope of South China Sea. There

are many ridges formed by down-slope cutting of submarine canyons, which are mostly

developed in the upper part of near the shelf-slope break (Fig. 2-10 a) (Liu et al., 2013).

The Formosa Ridge lies to the west of the deformation front in the mid-slope region of

the passive China continental slope (Fig. 2-2).

A collaborative Taiwan-Japan ROV diving cruise NT0705 conducted in 2007

offshore southwestern Taiwan has discovered a very densely populated chemosynthetic

community animals at a cold seep site on top of the south peak in Formosa Ridge,

indicating a vent system dominated by both methane and hydrogen sulfide (Fig. 2-10 b

& c) (Lin et al., 2007). Unlike other cold seep environment, the chemosynthetic

community of Formosa Ride is supported by unusually high concentrations of dissolved

sulfide and methane seeping through sea floor.

To better understand the fluid migration pattern of the seafloor environment, we

use a true 3-D seismic data that we collected on R/V Sonne in April, 2013 for the

Taiwan-German Collaboration Project. BSR, canyon incision, sediment waves, and a

fluid pathway have been found from this seismic data (Fig. 2-11).

In addition to the dense seismic data for support regional geological features, but

also heat flow data collected SW offshore Taiwan, as we will discuss in next section.
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Figure 2-10 Left (a) shows the morphology of the Formosa Ridge revealed by the
swath bathymetry data. NP: North peak; SP: Southern Peak; Star: cold seep site
(Liu et al., 2013). (b) and (c) are the underwater photographs of typical seep
carbonates and chemoauttosynthesis-based community at cold seep in Formosa
Ridge. (b) The black arrows point out the bacterial mats; (c) the white and black
arrows indicated the mussels and white crabs (Chen et al., 2011).

1, fonmesa 30-6.25-mig, Amokiudes

& i RO . ‘“‘\- - Al T e -.
Figure 2-11 The 3-D P-Cable seismic cube in Formosa Ridge showing strong BSR and
canyon incision in ridge sides. We have also collected some samples from

chemosynthetic communities at the vent site, as shown in the seismic data.
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2.2 Thermal measurements on seafloor

Offshore SW Taiwan, two major types of instruments are used extensively for

marine geothermal investigations currently (Fig. 2-12): One is Lister-type heat probes,

which is self-contained with multi penetration heat probes to measure both thermal

gradients and conductivities of sediments in-situ (Hyndman et al. 1979; Lister 1979;

Shyu et al. 2005) (Fig. 2-13a). But Lister probes are seldom longer than 6 m due to the

weak mechanical strength of their slim thermistor tubes. Another type is to use

miniature temperature loggers (MTL) attached to a solid-steel lance or a core barrel to

measure temperatures at different depths (Pfender and Villinger, 2002), however,

thermal conductivities have to be measured with additional needle probes (\Von Herzen

and Maxwell 1959; Lister 1979). The resolution of these instruments could be 0.1-1mK

(Shyu and Chang, 2005; Chang and Shyu, 2011). So we generally use MTL attached to

gravity coring device to derive the temperature data for marine sediments (Fig. 2-13b)

(Chang and Shyu, 2011).

According to results from 176 in-situ temperature measurements offshore SW

Taiwan (Shyu, 2013), the conductivities are generally uniform with a mean value of

1.10 W/mK that is higher than that of typical marine sediments (~ 0.9 W/mK). They

may be affected by the grain sizes of the sediments, so the highest one is just off coastal

region with very shallow water (~ 1.94 W/mK); and the lowest one is associated with
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the deep sea sediments which is far away from Taiwan (~ 0.3 W/mK) (Fig. 2-14a).
Regarding the geothermal gradient patterns (Fig. 2-14b), it seems to get higher from the
coast (-0.02 °C /m) to near the trench (0.144 °C /m). The average geothermal gradient is
about 0.05 °C/m. The average heat flow value in this region is about 61.5 mW/m?, after
multiplying the thermal conductivities and geothermal gradients together. The higher
and lower heat flows occurred in deformation front vicinity (~ 100 mW/m?) and the

accretionary wedge (<30 mW/m?), respectively (Fig. 2-14c) (Shyu, 2013).

Small temperature probes | »
{length~22 cm  diameter~2.2 cm)

e Iy |

| /fl%ﬂi“’*

Self-contained heat probes : el Heat Probes
{total length~7m) y Wil

Seaﬂoor

Figure 2-12 Two major types of ship-operated underwater instruments are used in
marine geothermal investigations currently (which developed and improved by Prof.
Shyu’s Geothermal Lab, Institute of Oceanography, National Taiwan University):
One is Lister-type heat probes (bottom), which is self-contained with multi
penetration heat probes to measure both thermal gradients and conductivities of
sediments in-situ; another type is small temperature probes which use miniature
temperature loggers (MTL) attached to a solid-steel lance or a core barrel to
measure thermal gradients (middle). If we use MTL, we have to use additional
needle probes (center) to measure the thermal conductivities of the sediments.
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Figure 2-13 Typical examples of temperature vs. time during a heat flow measurement
using Lister and MTL probes. (a) There are three important stages for geothermal
data analysis on a Lister probe: stage 1 means the probes are staying just above the
seafloor to wait for the instrument to be become stable; stage 2 indicates that the
probes are penetrating into the seafloor and waiting for the temperature equilibrium,
and the temperatures in different subbottom depths could be used to calculate the
geothermal gradient; stage 3 shows the self-heating pulse to derived the thermal
conductivities (Shyu, 2005). (b) When MTL probes attached to the seafloor, the
frictional heat raised temperatures abruptly then gradually decayed, and then we
could derive the equilibrium temperatures as the in-situ temperatures. (Lee, 2008)
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Figure 2-14 176 in-situ temperature data offshore SW Taiwan collected by the
geothermal lab (Shyu, 2013), (a) and (b) show the distribution of the geothermal
gradients and thermal conductivities, respectively. And (c) is the product of the
upper two values to derive the heat flow distribution.
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2.3 Implication of BSR for fluid migration

2.3.1 Occurrence and natural condition of Gas Hydrate (BSR)

Methane hydrates form when water and methane combine to generate a crystalline

substance that looks like ice. Most hydrates have been found where there is a sufficient

supply of methane and where pressure and temperature range between 0.2-5 MPa and

0-25 °C respectively (depends on the water depth) (Kvenvolden and McMenaminm,

1980). The increase in temperature with depth below seafloor causes methane hydrate to

become unstable and dissociate, despite increasing pressure. As a result, the base of

methane hydrate stability zone (BGHZ) defines a “phase boundary” separating the

stable gas hydrate above from the instable field below (Hyndman and Davis, 1992).

However, the conditions of BGHZ are more strongly depending on a function of

temperature than of pressure (Fig. 2-15, Hyndman and Davis, 1992), therefore we

usually found them in the sediments at water depth greater than 500 meters, depending

on the water temperature, while the temperature increases along the geothermal gradient

(geotherm). So we could estimate the temperature at the BSR by combining the

information of hydrate phase boundary, pressure, and salinity (Brown et al., 1996).

Regarding the seismic data, BSR are generally inferred from these following

observations:

(1) In seismic profiles, a BSR is a reflection with high amplitude and sub-parallel to the
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seafloor topography but having reversed polarity compared to the seafloor reflection

(Fig. 2-15a & b), it indicates a negative acoustic impedance contrast (high-velocity

hydrate above and low-velocity free gas below) at the BSR boundary (Fig. 2-15b).

(2) The P-T condition of BSR is generally consistent with the maximum temperature

and pressure at which hydrates is stable (Fig. 2-15¢). BSR are commonly observed at

depths of hundreds meters below the seafloor in continental margins sediments that

have undergone recent tectonic consolidation or rapid accumulation (Fig. 2-15a).

And its depth is strongly influenced by the geothermal gradient in local marine

sediments.

Thus, we can use BSR to derive temperatures at the depths of BSR in order to study

the regional geothermal gradient patterns.
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Figure 2-15 BSR feature maps on the seismic data and the P-T condition profile: The

left panel (a) shows an example of a BSR sub-parallel to the seafloor topography in
a stacked multi-seismic profile. A trace shows amplitudes of the seafloor and BSR
in center panel (b), BSR have reversed polarity compared to the seafloor reflection,
it is due to the gas hydrate bearing in sediments above and free gas below. The right
panel (c) is the phase diagram of gas hydrate and its relationship with the marine
environment (modified after Hyndman and Davis, 1992). BSR usually corresponds
to the phase boundary separating the stable gas hydrate above from a field of
instability below. At the base of the gas hydrate stability zone (BGHS), gas hydrate
begins to dissociate due to temperature and pressure conditions no longer meeting
the requirement for methane hydrate to be stable (e.g., too higher temperature).
Thus, hydrate is confined to the uppermost layer (above BGHS) of sediments, while
free gas is stable below the BGHS.
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2.3.2 BSR and heat flow studies

Since BSR is a specific boundary between the gas and hydrate, two models for the

gas hydrate accumulation have been proposed. First, gas hydrates are generated in-situ

from organic carbon contained in the sediments of a gas hydrate zone (Claypool and

Kaplan, 1974), whereas in the second, gas hydrates are derived from upward migrating

fluids containing light hydrocarbons (Hyndman and Davis, 1992). In addition, Paull et

al., (1994) have proposed that the gas hydrates are re-concentrated by “hydrate

recycling” in which gas hydrates form from upflow of dissociation gas derived from

pre-existing gas hydrates when BGHZ moves upward by tectonic uplift or with burial.

In our study, we study the BSR-based temperatures to indicate the thermal models

which may be associated with the fluid migration or the regional tectonic effects.

Actually, P-T conditions at BSR have been used to estimate heat flows in several

accretionary prism settings (Villinger et al., 2010). Shipley et al. (1979) firstly estimated

geotherm from the depth of the BGHZ on continental slopes and rises. Townend (1997)

concluded that BSR data is very useful in determining offshore heat flow around New

Zealand, and suggested that heat flow estimates need to be corrected for thermal effects

of ongoing sediment deposition. Ganguly et al. (2000) have analyzed that the heat flow

variations from data of BSR on the continental slope of the northern Cascadia margin,

and accentuated that carrying out topographic corrections in regions of significant relief,
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such as the continental slope are important to heat flow. Previously, Hormbach et al.

(2012) has directly used the BSR depth anomalies to detect and quantify the amount of

methane hydrate, the analysis shows anomalously shallow BSR near the crests of ridges;

and anomalously deep BSR near the flanks (Fig. 2-16).

Regarding BSR studies in Taiwan region, Reed et al. (1991) first documented the

BSR offshore Taiwan and its relation with gas hydrate; Chi et al. (1998) systematically

studied the BSR offshore Taiwan and discussed the factors controlling its distribution;

Schnurle et al. (2004) used multi-channel seismic reflection and ocean bottom seismic

data to study the BSR in this region; Chi et al. (2006) & Liu et al. (2006) evaluated the

volume of the hydrate stability zone and published the updated BSR distribution for

wider regions. And recently, under the auspices of Central Geological Survey (CGS),

Ministry of Economic Affairs, the upgraded seismic data shows more dense-spreading

BSR, which were compiled by the Seismic Exploration Lab (SEL), Institute of

Oceanography, National Taiwan University (IONTU) (Fig. 2-18, Liu, 2013).

In terms of deriving BSR-based temperatures to study Taiwan thermal structure,

Chi and Reed (2008) had compiled 1107 BSR-based geothermal gradients and

combined with previous published in-situ measurement heat flow data (e.g. Shyu et al.,

1998, 2006; Lee and Cheng, 1986), then discovered the thermal structure varied both in

space and time (Fig 2-17) during the arc-continent collision. Most of the BSR-derived
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heat flows are within 35 ~ 85 mW/m? in the subduction to the south, which have high
values along the trench and decreased toward the arc; on the other hand, the heat flows
are low near the frontal thrust, and increase, instead of decrease, toward the mountains
in the collision zone.

Furthermore, Baba et al., (2004) used BSR as the indicators of gas hydrate and free
gas accumulation to classify the BSR types in Nankai Trough (Fig 2-19). Based on his
concepts, Lin et al., (2009a) also discussed about the geological controls on BSR
occurrences from those classifications (Fig 2-20). They all suggested that the tectonic
control is an important factor for BSR distribution, and the existence of multiple fault
zones in accretionary prism may help tap more deep-seated gas-bearing fluids.

Besides, there are also plenty of the geochemistry studies about the methane
hydrate offshore SW Taiwan, especially after we derived some longer coring samples on
Marine Dufresne (MD) cruise in 2010. Yang, (2012) combined the carbon isotope of
dissolve inorganic Carbon (DIC) to infer the methane flux information (Fig 2-21).

All these studies successfully addressed several geodynamic processes from their
results. But there are still many remaining issues, especially now that we have much
denser and well-coverage thermal dataset derived from BSR offshore SW Taiwan (Fig
2-18), 1 would like to further extend these BSR to study geological processes by

examining regional temperature fields.

27
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Figure 2-16 Subtracting modeled steady-state BSR depths from seismically imaged
BSR depth at Hydrate Ridge reveals clear BSR depth anomalies across the site. (A)
Picked BSR mbsl depths from 3-D seismic volume; (B) Modeled BSR mbsl depths in
3-D steady-state cube; (C) Differences between A and B (Hormbach et al., 2012)
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Figure 2-17 Distribution of BSR-based heat flows (Chi and Reed, 2008). Large stars
Q1 indicate highest confidence in BSR identification. Medium stars Q2 indicate
probable BSR identification. Small stars Q3 indicate possible BSR identification.
The large circles are the heat flow measurement results from Shyu et al., (2006).
Note higher geothermal gradients along the trench in the subduction zone.
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Figure 2-18 Updated BSR distribution maps: Combined the BSR distinguished from
Chi et al. (2006) & Liu et al. (2006) with recently collected and compiled seismic
data by Prof. Liu’s seismic exploration Lab (Liu, 2013).
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Figure 2-19 Seismic examples of BSR types along the Nankai Trough (Baba et al.,
2004): (a) Ridge type BSR from southern flank of the Shima Spur; (b) Buried
anticline type BSR from south- western margin of the Kumano basin; (c) Basin
margin type BSR on southwestern margin of the Kumano basin. Dashed line
indicates the base of the basin; (d) Accretionary prism type BSR off Tosa basin.

H
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Figure 2-20 Three major BSR-occurrence models (Lin et al., 2009a) in (A) accretionary
wedge and (B, C) continental slope, showing existence of all kinds of BSR types
and the migration paths of gas-bearing fluids related to various structural styles.
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Figure 2-21 The distribution of (a) methane hydrate formation depth (mbsf) and (b) the
methane hydrate flux (mmol/m?2year) (Yang, 2012).
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Chapter 3: Deriving 1-D Fluid Migration Rates from BSR

In this chapter we study vertical fluid migration patterns using the BSR-based temperatures
offshore SW Taiwan. Since the gas hydrate forms wherever appropriate physical conditions, as
long as the moderately low temperature and high pressure exist. Owing to the BSR are usually
sub-parallel to the seafloor and increasing the subbottom depth with water depth, after estimated
the depth of BSR from seismic data, the hydrostatic pressure can be derived, and the BSR-based
temperatures are predictable from the phase diagram of the gas hydrate.

First we collected the seafloor information which we may need in following simulations.
For the seafloor depth (HsF) above BSR, we assumed 1450 m/s as the seismic velocity of
water, then multiplying it to one way travel time of the seafloor defined from the
seismic data. For temperature on the seafloor, we used least-squares fitting on the water
temperature as a function of water depth provided by the National Center for Ocean
Research of Taiwan. Such water temperature data were collected using CTD
measurements of water column temperatures at different depths for different regions,

which have a 0.001°C resolution for fitting temperature curves (Fig. 2-15c).

Tse = 0.2597 X (LnH)3-3.802 X (LnH)?+10.67 X (LnH)+26.96 (Eq. 1)
Where Tsr is the temperature of the seawater right above seafloor in °C. LnH
is the natural log of water depth in meters. The water depths in this dataset
range from 600 to 3700 m, so the Tsr ranges from 7.5 to 2.0 °C assuming that
the temperature on the seafloor sediment is similar to that of the seawater.

32



3.1 BSR-based temperatures and geothermal gradients

The temperature at BSR can be inferred from two-component (methane and water)
hydrate phase equilibrium and estimated in situ pressures (Fig. 2-15c¢). Combining the
depth and temperatures data of the seafloor and BSR, the geothermal gradient and heat

flow can be estimated using the following basic equation (Carslaw and Jaeger, 1959):

Q = -kdt/dz (Eq. 2)
Where Q is heat flow in mW/m?; k is thermal conductivity of sediments in
W/m°K; dt/dz is the geothermal gradient in K/km, t is temperature in K, and z is
the subbottom depth in km.

To derive the temperatures of BSR in our study, first we converted the two-way
travel time of the BSR to depth (e.g. Chi et al., 2006) using empirical Hamilton formula
(Hamilton, 1980) which is a velocity model derived from global ocean sedimentary
profile datasets (Eq. 3). Then we combined the BSR subbottom depth (Hgsr) and the
water depth (Hsr) to derive the hydrostatic pressure, which was applied to the methane

hydrate phase diagram to derive the temperatures at the BSR (Tssr) (EQ. 4).

Hesk = Vawext = [1511+ (1041 xt)-(372xt?)]xt (Eq. 3)
Where Hgsr is the BSR subbottom depth in meters; Vave is the average
velocity of sediments above BSR in m/s; and t is the one-way travel time of
BSR subbottom depth in sec.

Tesrk = 2.03 X [log(Hsk+Hgesr)-2] X9.75 — 4 (Eq. 4)
Where Tgsr is the temperature at the BSR in °C; Hgsr and Hsr are the BSR
subbottom depth and water depth in meters; Hsg is the water depth in
meters.
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3.2 Uncertainty of Geothermal Gradient

Geothermal gradients are important parameters for our study. For the study of 1-D

fluid migration rate, we have to include as many temperature data as possible so we can

improve the credibility of the geothermal gradient curve (see 3.3.1); and for the study of

2-D or 3-D temperature fields, based on the in-situ measurement data and BSR-based

temperatures, we have to test a range of geothermal gradients to derive appropriate

background models (see 4.1).

There is a large scattering of the BSR subbottom depths offshore southwestern

Taiwan, mostly ranging from 250 to 600 m (0.2 — 0.7 s in two-way travel time). This

scattering may represent the wide range of thermal gradients derived from BSR (Fig.

2-14). By comparing the discrepancies between the Hamilton’s velocity function and a

velocity model from a nearby drill core (Lin et al., 2003), Chi and Reed (2008) had

proposed that the velocity model discrepancy will cause less than £ 30% variation in

BSR subbottom depth, and translating to 0.5-2.5 °C/km changes on geothermal

gradients.

Here, we have more accurate velocity models in this region to carefully examine

the errors. Using the large offset seismic data collected and processed from the Seismic

Exploration Lab, NTU, it’s possible for us to compare Hamilton’s velocity model with

the velocity analysis models derived from pre-stack depth migration (PSDM) (Tu and
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Liu, 2009; Tu, 2010; Tsai, 2010). According to their PSDM analysis results in Yuan-An
Ridge and Formosa Ridge (Fig. 3-1), there are about 9% and 4% differences on BSR
subbottom depths with respect to the Hamilton velocity model, respectively.
According to their estimation, these analyses show that we might have less than 2%
discrepancy on geothermal gradient estimation, so our results are still reliable. In
addition, because we are only working on small regions (the areas are less than 310 km?)
where the crustal velocity and gas hydrate composition should be very similar, it is

likely that the errors are systematic for each site.
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Figure 3-1 A depth profiles after PSDM velocity analysis in Yung-An Ridge (b) and
Formosa Ridge (c), their locations are shown in (a) (Tu, 2010). The color level also
clearly displays the velocity image on the profile.
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3.3 1-D fluid migration rates: Péclet Numbers analyses

Basically, in static state, the local geothermal gradient should be constant if there’s

no fluid involved to influence the temperature field. The heat transportation only relies

on a deeper source (e.g. mantle) to spread the heat and cause the temperatures decrease

at shallower depths (Fig. 3-2a). In another word, the changes of geothermal gradients in

temperature fields might give us an important message of the disturbance from fluid

flow (Fig. 3-2b). So combining the hydrological theory of the transport phenomena

study in temperature fields, we successfully applied a new method to calculate regional

1-D (vertical) fluid flow rates by analyzing the Péclet Numbers of the geothermal

gradient curves in steady state (Chen et al., 2011; Chen, et al., 2012).

3.3.1 Method: Péclet Numbers analysis

The Péclet Number is a dimensionless number defined as the ratio of the strengths

of convection and diffusion in a physical quantity for the flow driven by an appropriate

gradient (Patankar, 1980). We found that if the geothermal gradient systematically

decreased with the increasing subbottom depth, it can be used to explain the 1-D static

vertical upward fluid migration. To quantitatively study the effects of fluid flow on

temperature fields, we analyzed the variations of regional geothermal gradients near

BSR subbottom depths (100 - 700 m).

First of all, because Bredehoeft and Papadopulos (1965) considered the vertical
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steady groundwater flow through the semiconfining layer of an aquifer system in which

the temperature along a vertical section of the semiconfining layer has been measured at

multiple points. These temperatures should satisfy the solution to the boundary-value

problem describing following both heat and groundwater flow in the semiconfining

layer (Fig. 3-3a):

o0*T. C,PuwV, +, OT,
Z_ w w "z V4 :0 E.5
Py ( " )(az) (Eq. 5)
Where:

(The boundary conditions Tz = To at z =0; Tz = T, at z = L were applied)

Tz = the temperatures at any depth z (m)

To = uppermost temperature measurement (K)

T = lowermost temperature measurement (K)

z = the origin depth at To temperature measurements (m) (positive downward)
L = length of temperature spreading (vertical distance between Tz & To)

pw = density of the fluid (kg/m3)

Cw = thermal capacity of the fluid (J/kg K)

V; = vertical fluid flow rate of the ground water (m/s)

After solving the equation 5, the ratios of (Tz — To)/(TL — To) could calculated

from measured temperature data, and plotted against the depth factor z / L at the same

scale for fitting the curves. Here, we assume that the regional uniform vertical flow of

both heat and ground water in a permeable layer (semiconfining marine sediments)

would follow the same curve. So, after applying regional BSR-based temperatures in

many different depths, the function f (f) for defining the curve type was derived from

the following equation (Fig. 3-3b):
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Where:

Tz = the temperatures at BSR (K)

To = the temperature at the top of a porous and permeable layer (K)

(We use the average seafloor temperature derived from in-situ measurement.)

T = the temperature at the bottom of the porous and permeable layer (K)
(Using trial-and-error to fit the regional curve, so we put as many BSR as
we can for adding Tz data constrain to improve the reliabilities)

z = the subbottom depth of the BSR (m)

L = thickness of the porous layer (m)
(Using trial-and-error to fit the regional type curve, so we put as many
BSR as we can for adding z data constraints to improve the reliabilities)

Pe = the Péclet number for the porous and permeable layer

*These parameters are also denoted in (Fig. 3-4)

did not consider the effects of depth-dependent porosity and the changes of thermal
conductivity. After combining the regional temperature data from BSR and average of
shallower heat probe measurements (Fig. 3-4a) to plot the normalized temperatures (Tz-
To/ TL- To) at normalized subbottom depths (z / L) (Fig. 3-4b), we could fit a curve for
local geothermal profile, which is used to indicate the fluid-transportation feature:

Péclet Number (Pe). Moreover, Beardsmore and Cull (2001) indicated that Pe is related

So here, we assumed a homogeneous semiconfining (porous sediments) layer, and

to the upward fluid flow rate:

Pe

¢o,C,V,L
= (Eq.7)
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Where:

Pe = the Péclet number for the porous and permeable layer

@ = porosity of the rock

pw = density of the fluid (kg/m®)

Cw = thermal capacity of the fluid (J/kg K)

V; = vertical velocity of the ground water; leakage rate (m/s)

L = thickness of the porous layer (m)

k = thermal conductivity of the porous medium or rock matrix(W/mK)

In other words, once we have derived the Péclet Number (Pe) and the thickness of
the porous layer (L) by fitting the curve with the depth-varying BSR-based temperature

field, we can further estimate the vertical fluid flow rate (V,) like follows:

) ¢pszi L (£6-9)

We use water as the fluid, so the density (pw) is 1000 kg/m?, and the thermal
capacity (Cw) is about 4186 J/kg K (Tao and Lee, 1993). According to Shyu et al.,
(2006), the thermal conductivity (k) of the rock matrix in this region is1.2 W/mK,
and the average porosity of the sediments (@) is about 0.3 (Lin et al., 2003).

z

The curves indicate that, under isotropic and steady-state conditions with no fluid
flow (Pe=0), the geothermal gradient is linear and does not change with depth (Fig.
3-2a). Here we supposed the fluid flow might comprise methane gas and water. The
normalized geothermal profile of f (#) against z / L is bending upon the fluid flow
involved, and it will become convex and concave when the fluid upward and downward
movement in the sediments (Fig. 3-2b). And the curvature of the geothermal profile
increased with increasing fluid flow rate (V), here we defined the f () to stand for

regional 1-D fluid flow rate (Fig. 3-4b).
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Figure 3-2 (a) shows a linear geothermal gradient with regular temperature change in
static state and no fluid flow; (b) when the fluid flow is active and influences the
temperature field in steady state, the geothermal gradient would become convex
and concave when the fluid migrates upward and downward in the sediments,

respectively.
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Figure 3-3 (a) is a diagram sketch of typical aquifer, which To, Tz, T are measured
temperatures, and Vz is the leakage rate. (b) shows the type curves of the function
which derived from equation 6.
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Figure 3-4 (a) is a sketch describing how we dominate the temperature data to our chart.
We used the average of in-situ measured seafloor temperatures (T1~ T4) as To,
then assumed a bottom depth and its temperature of this aquifer as L and T, and
collected the temperature records from BSR (Tz1 ~ Tzio) at their depths z1 ~ z1o.
(b) We could derive a curve of the function from BSR-based temperatures after
mapping normalized data into a diagram, which depicts the regional
fluid-transportation features, Péclet Number (Pe).
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3.3.2 Results of 1-D fluid migration rates

By fitting the geothermal patterns in shallow crust which derived from the regional

temperatures information (in-situ measurements and BSR-based), we obtained some

local characteristics. Such as the Péclet Number (Pe), thickness of the semiconfining

layer in meters (L), and the bottom temperatures of the semiconfining layers in degrees

(TL) offshore SW Taiwan. We then convert the Péclet Number (Pe) to calculate the

vertical fluid flow rates (V). Generally, the semiconfining layer (L) are thicker in the

upper slope domain and in subduction to initial collision zones, but get thinner in the

continental shelf. The temperature differences between the seafloor (To) and the bottom

of the semiconfining layer (T.) controlled the fluid flow rate in most regions.

We first investigated the evolution of geothermal patterns by studying the fluid

flow rate models near the trench from subduction zone to collision zone (white squares

in Fig. 3-5); we also studied a transaction in the collision zone from the incoming

passive margin to the active margin (black squares in Fig. 3-5). And we tried to derived

geothermal patterns on 11 gas hydrate prospecting sites which have more temperature

constrains (measured form long cores) in tens meters beneath the seafloor (squares of A

to K in Fig. 3-5). The squares of Fig. 3-5 show how many temperature data points are

used for our calculation of regional fluid flow rates. Sometimes we have to enlarge the

area to include more data points for improving our fits.
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Figure 3-5 Squares show how many BSR-base temperature data points we could used
as the reference for our 1-D fluid flow rate studies. We derived a sequence of
regional geothermal patterns near the Manila trench from subduction zone to
collision zone (white squares from south to north adjacent to the trench), and a
transaction in the collision zone from the incoming passive margin to the active
margin (black squares from west to east across the deformation front). And we
also studied geothermal patterns on 11 gas hydrate prospecting sites which have
more temperatures constrain in tens meters beneath the seafloor (see red squares A
to J).
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3.3.2.1 Result 1: Evolution of fluid flow rates in offshore SW Taiwan

By fitting the geothermal patterns in shallow crust, we could derive these local

characteristics at the same time. Furthermore, we used a box embracing all of our

calculated values (Pe, L, T., V) to display the local characterizes, and for easier

comparing regional results to each other (left of Fig. 3-6).

Owing to the relatively poor distribution of BSR distinguished from the seismic

data along the trench, so we shift the range squares to eastern side of the trench and

enlarge them to cover more BSR for better understanding the evolution of 1-D

geothermal patterns from subduction zone to collision zone (Fig. 3-6). As a result, we

found an increasing trend of the fluid flow rate from south (subduction zone) to north

(collision zone). The average fluid flow rate is 10.5 cm/yr in the subduction to initial

collision zone (Fig. 3-6, D-G). However, once the thick passive margin enters the

convergent zone, the average fluid flow rate increased to 18 cm/yr (Fig. 3-6, A-C). And

the vertical fluid rates accelerated as the dewatering increased, some may up to 24

cmlyr (Fig. 3-6, A). The results could be updated after more BSR data around the frontal

ridge are collected, but the trend seems to be similar after we check the regional

BSR-based temperatures.

Besides, the fluid flow rates in the collision zone also have dramatically changes

from incoming passive margin to active margin (Fig. 3-6). Our results show relative low
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fluid flow rates in the incoming passive margin (continental slope) (Fig. 3-7, A to C),

ranging from 8 to 13 cm/yr. However, the fluid flow rate increases to 14-18 cm/yr once

the passive margin sediments get incorporated into the fold and thrust belt of the lower

slope domain (Fig. 3-7, D to F), i.e. enters into the east of the deformation front. The

fluid flow rate then increases to 21 cm/yr near the boundary of the lower and upper

slope domain where there are several a submarine canyons (Fig. 3-7, G). The fluid flow

rate then decreases to 8 cm/yr in the upper slope domain (Fig. 3-7, H).

In offshore SW Taiwan, we successfully developed a method to derive BSR-based

temperatures at different subbottom depths to calculate regional 1-D fluid flow rates by

using Péclet Number analysis (Chen et al., 2010; Chen et al., 2011). Though the

absolute values still debatable, but the general trend of the spatial distribution of

geothermal patterns seem reliable.
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Figure 3-6 Derived regional geothermal patterns near the Manila trench from subduction zone to collision zone. We show the fluid flow rate
along the trench in different boxes, and the box description is in left of this figure. The BSR-based temperatures at different depths are
mapped to fit the Péclet Numbers (Pe, f1~p5) for each area. We found an increasing trend of the fluid flow rate from south (subduction
zone) to north (collision zone). The spatial distribution of data used for analyses is shown in Figure 3-4.
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Figure 3-7 Derived a transaction of the fluid flow rates in the collision zone from the incoming passive margin to the active margin. Comparing
the geothermal patterns from west to east, we found a dramatically changes of the fluid flow rates. The spatial distribution of data used for
analyses is shown in the white squares of this map and Figure 3-4.
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3.3.2.2 Result 2: Regional fluid flow rates in offshore SW Taiwan

We have also studied some specific sites (Fig. 3-5, red squares A to J) where

geophysical and geochemical evidence suggest more concentrated gas hydrate.

Seventeen giant piston cores, some up to 35 meters in length, were recovered the

temperature records and from these sites during a cruise of MD 178 by R/V Marion

Dufresne. They provided us more temperature constraints of the shallow sediments

southwestern Taiwan offshore, so we could add more temperatures data at more

different depths to focus our fitting results within a smaller area. It’s advantageous to

apply fluid flow rate models from such vast amount of data for helping geophysical

interpretation on gas hydrate prospecting sites offshore SW Taiwan.

We derived some regional vertical fluid flow rates at the prospecting sites. In the

upper slope domain, we found very slow fluid flow rates (Fig. 3-8, C to E), which are

consistent with the result we mentioned in previous section. On the other hand, there are

several high fluid flow rates at the lower reach of Kaoping Canyon in the lower slope

domain (Fig.3-8, A & B); they are both up to 28 cm/yr.

Adjacent the deformation front, there is a particular high fluid flow rate of 43

cm/yr (Fig. 3-8, J) in the upper reach of the Penghu Submarine Canyon, where a

submarine landslide occurred. And there are two similar fluid flow rates just east and

west of the deformation front (Fig. 3-8, F & G). The values are 16 and 15 cm/yr.

49



North of Yung-An Ridge, the fluid flow rate is about 23 cm/yr at site H; south of

Yung-An Ridge, we combined three MD sites information to derive a regional fluid

flow rate of about 18 cm/yr (Fig. 3-8, | & H). Since regional relief of Yung-An Ridge

might strongly dominated the differences of fluid migration pattern, and it’s also a hot

spot with lots geophysical and geochemical data, so we divided it to night sub-regional

parts to compare the 1-D fluid flow rates in different localities in Yung-An Ridge (Fig.

3-9, Y1 to Y9). The results range from 14 to 25 cm/yr; the highest rate is around the

south center of the ridge near the blind thrust in the basin; and the lowest is close to the

north end of the ridge.
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Figure 3-8 Derived 1-D fluid flow rates around the MD coring sites offshore SW Taiwan. The results are ranging from 6 to 43 cm/yr, which
might induced by local structure but rough regions. We could still learn some general effects from comparing regions to each other.
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Chapter 4: Fluid Flow Migration Pattern Derived from BSR:

2-D and 3-D Temperature Filed Modeling on Pecube

Previously, we found a dramatic increase in vertical fluid flow rate when the
continental slope of the China passive margin enters into the trench, and reduced fluid
flow rates in the hinterland (Chen et al., 2012). Here, we selected several regions, which
have dense seismic data as our simulation targets, to compare the 2-D and 3-D fluid
migration patterns.

4.1 Temperature Field Modeling: Differential and Finite-Element Equation

The finite element method (FEM) is a numerical technique for finding approximate
solutions to boundary value problems for differential equations. In order to study the
influence of the evolving topography on the temperature field in the crust/ lithosphere,
Zienkiewicz (1977) applied the finite-element equation to evaluate the temperature

change using the heat transfer equation:

oy, T, 2o 00T
ot ox ox oy oy a1 o (Eq.9)
Where:

t = time of past years

T = temperature at X, Y, z (locations and depths) of the cube
0T/ot = temperatures change as time

p = the rock density (kg/m?3)

k = thermal conductivity of the porous medium (W/mK)

¢ = thermal capacity of the fluid (J/kg K)
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Usually, for understanding how surface topography affects the thermal structures

of the uppermost crust, the top of the model was assumed as the geometry of the surface

on earth, and the temperature of the surface (To) were determined measurements

(Zeitler et al., 1987). Thus we could derive the temperature field related with the rock

density and heat capacity from Eq. 9.

Here, we assumed a steady-state form for this equation (0T/dt = 0), meaning that

the temperature (T) will not change with time (t), Bathe (1982) addressed that variations

on temperatures are linear in all directions within each element in the model based on

FEM of heat transfer equation (Fig. 4-1). Considering only conductive heat transferring

in the crust, we used this approach on Eg.9 to model our background temperature. And

this solution could be solved for a given the boundary conditions (b1 to b3) (Fig. 4-1):

T,=T(X,y,z=0) (b1)
T, =T (z=-L) (b2)
oT _

%—0 (b3)

Where the original of the coordinate (x, y, z, = 0) is one corner of the top
boundary, and the top boundary of this model (z = 0) is the reference of surface
elevation (eg. Seafloor), L (z = L) is the thickness of our simulation model; To and
T are the temperatures of the top and base boundaries, respectively; 0T/on = 0
indicates no heat exchange on side boundaries, while n is the outward normal to
side boundaries.
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For our conductive temperature models, we use high resolution bathymetry data as

the top boundary of our model (z = 0), and assign a constant seafloor temperature (To),

which is derived from the average measurement data (Shyu, 2013). Then the

temperature of the model base (T.) could be determined by a given “geothermal

gradient” multiplying with the model thickness (L). After assuming there’s no heat

exchange along the side boundaries, we may successfully derive our model temperature

fields. About the selection of geothermal gradient for our 2-D or 3-D modeling, we used

a trial and error method, which we will discuss more in section 4.3.

Then we could analysis the temperature variation in 3-D cube (Fig. 4-2). Braun et

al., (2004) noted that the temperature field beneath the escarpment shows how the

surface topography affects the heat balance in the underlying crust (Fig. 4-2).

Importantly, the isotherm follows the long-wavelength geometry of the escarpment,

being deflected by up to a kilometer. This is because the temperature anomaly caused by

surface topography decreases exponentially with a skin depth equal to the wavelength of

the topographic signal (Carslaw and Jaeger, 1959).
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Figure 4-1 A diagram of our 3-D thermal model: The temperature varies linearly in all
directions within each element in the model after applied the FEM on heat transfer
equation under the steady-state. We assigned constant temperatures of (To) and
(To) on the top (seafloor) and base (< Moho) boundaries of the model, while we
assumed there are no heat transfer in and out of each sides.

(Cc)

Figure 4-2 (a) Landform predicted from Pecube estimates; (b) the seafloor temperature is
constant, then we could compute model temperature fields as the depth change; (c)
and (d) are showing the computed model temperature fields runs draped underlying
temperature along two orthogonal (modified from Braun et al., 2004).
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4.2 A New Finite Element Code - Pecube

A robust finite-element code (Pecube) has been developed to solve the 3-D heat
transport equation in a crustal/lithospheric block characterized by an evolving,
finite-amplitude surface topography (Braun, 2003). The code is available downloaded
from http://www.iamg.org/ CGEditor/index.htm.

Pecube has been developed as a user-friendly ForTran90 program. The user can
easily build the 3-D temperature field through a detailed ASCII input file (Pecube.in) or
by modifying the subroutines to create the input file (Fig. 4-3). It includes basic
information such as the number of nodes, their horizontal coordinates, and some
constant parameters. For ease of use, it is assumed that thermal properties such as rock
conductivity, heat capacity, density and heat production are spatially uniform and
constant through time; other parameters such as crustal thickness, basal temperature,
surface temperature and lapse rate are also defined by the user.

For the digital elevation model used in the 3-D thermo-kinematic modeling, we
used the water depth data (seafloor topography) collected during the cruises in recent
decades. In our models in Pecube, we roughly use these thermal parameters for every
region in offshore SW Taiwan: the average rock density of continental crust (p) is about
2700 kg/m® (Anderson, 1995); we defined the thermal conductivity (k) is about 1.156

W/mK according to the average measurement data (Shyu et al., 2006); the heat capacity
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in lithosphere is about 516 J/kgK which is derived from the diffusion rate of silica (most
of the lithosphere is silica) divided by the rock density (Holman, 2002). However,
because this is a homogeneous model that is in steady-state, the results will not be
dependent on these parameters; in other words, different parameters will not change the

results of the temperature fields.

LPUEREIEIMEIELS

Variable Parameters

Surface geometry
(Surface uplift rates)

Constant Parameters PP = D temperature field

N-time Steps

Heat production
Thermal diffusivity

Temperature on top and
at base of crustal rock

Geometry of the crustal block

Figure 4-3 This flow chart describes various input options of Pecube as well as input
parameters and output fields (modified after Braun, 2003)
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4.3 Uncertainties in Defining Geothermal Gradient

When using Matlab or Pecube to calculate our conductive temperature fields from

FEM, we have to use an applicable geothermal gradient to define the temperature at the

model base. This is among the most challenge part of our 2-D/3-D simulations. In

previous sections, we had defined the thermal parameters and applied the boundary

conditions for our calculation. After that, we have to select a range of geothermal

gradients, then we use the trial and error way to determine the proper geothermal

gradient for a specific region. Usually, | decide the gradient from following sequences:

(1) First, we have to check the regional heat probe measurement results (Fig. 2-14)

in study area. One is for the average seafloor temperature; another is to know the

geothermal gradients in the shallow sediment as reference, though the shallow

geothermal gradients are not necessarily to be consistent with that of the deeper ones.

(2) Moreover, we need to consider the thickness of the model (L) when we choose

a proper geothermal gradient. The bottom of the model should not be deeper than

“Moho”. On the other hand, it is also important to choose a proper L that is large

enough, otherwise it will force the deeper isotherms abruptly become flat at the base of

the model due to the boundary condition. Based on our experience, the isotherms in our

models usually became flat at the depth around 9 km based on different geothermal

gradients; and the basement offshore SW Taiwan is about 15km according to the
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tomography models derived from OBS (Fig. 4-4) (Mcintosh et al., 2005; Yan et al.,

2001).

(3) In addition, if we have horizontal isotherms at shallow depths of the model that

is consistent with the flat topographic region, it is the most helpful clue for us to decide

our geothermal gradient. | considered that since there is no topographic effect in the flat

region, the BSR-based isotherm should be similar to that of the conductive numerical

models (Fig. 4-5).

(4) Furthermore, we will choose a geothermal gradient that will give smaller

temperature discrepancies between the BSR-based temperature and the model

temperature (Fig. 4-6).
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Figure 4-4 According to the velocity structure profile derive from OBS seismic images
in northeastern South China Sea (Blue, Yan et al., 2001) and offshore SW Taiwan
(Mclntosh et al., 2005), we limited our model base to be less than 15 km. (modified
from Wang et al., 2006)

temperature (°C)

; 6000
Distance (m)4000

Figure 4-5 An example of choosing a proper geothermal gradient for the numerical
model in Formosa Ridge. When we found a good match between BSR-based and
model temperatures at west of the ridge, we always chose this gradient as our
simulation parameter to study the discrepancy of the temperature field.

61



Geothermal Gradient = 30 °C/km

temperature discrepancy up to6°Cin average
-1200

15 T T BSR T
18 T -1-1600
21
25
= -2000
32 ) S
temperature (°C) ;'5
=0
Geothermal Gradient =40 °C/km 3
-1200
temperature discrepancy about 2.5°C in average
-1600
-2000

temperature (°C)

" 2000 4000 6000 8000
Distance (m)
Figure 4-6 Geothermal gradients strongly controlled our model temperature fields. Here
we used 30 ‘C/km and 40 BrkRidgehtherawples in east Yung
found the temperature increased 6 and 2.5 e rpepfsttit@lpick a

geothermal gradient that will reduce discrepancy of the temperature fields (bottom).

Om

62



4.4 Results: Temperature Discrepancies in Different Regions

After converting the BSR-based temperature (Tssr), we compared it to our model
temperature field (e.g. Fig. 4-6). We then analyzed the temperature discrepancy in depth
profiles and showed on mapview for every case. In depth profiles, we combined the 2-D
seismic profiles and temperature fields to see which structures are associated with the
temperature discrepancies (e.g. Fig. 4-6), then to discuss the possible processes causing
them. On mapview, we displayed the temperatures at BSR depths, which are derived
from numerical models and BSR respectively. We want to see the regional trend of
temperature anomalies.

4.4.1 Result 1: Deformation Front Vicinity - Penghu Canyon

In the upper reach slope of the Penghu Submarine Canyon (Fig. 2-2), previous heat
probe measurement shows the seafloor temperature is about 4.13°C, in the shallow
sediments, the geothermal gradient and heat flow is about 73 °C/km and 83 mwW/m? (Fig.
2-14); besides, the rate of vertical fluid flow here is up to 43 cm/yr (Fig. 4-8J; star mark
at Fig. 4-7b & 4-9), which is the highest value of our estimate in offshore SW Taiwan.
We defined the seafloor temperature and geothermal gradient as 4.13°C and 40 °C/km
and modeled an area about 304 km? (18.1 x 16.8 km) (Fig. 4-7a).

As the topography change, the model temperature (at BSR depth) show dramatic

increase from northwest to southeast (5 °C - 35 °C) (Fig. 4-7a; 4-9b), but for the
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BSR-base temperatures are stay relatively stable and increase only (Fig. 4-9a).

Temperatures derived from the model and BSR are not very consistent, so we derived

the distribution of their temperature discrepancy to study the local process effecting on

temperature fields (Fig. 4-9c). According to one of the seismic and temperature

discrepancy profiles, we discovered large temperature drop around deformation front

(DF of Fig. 4-8) and location J (Fig. 4-8a), as well as the long coring site with highly

surface gradient change (Fig. 4-8al) and vertical fluid flow (Fig. 4-8a2); Through the

deformation front on mapview, we found that the temperature discrepancy abruptly

change from positive (+10°C of BSR-based temperature with respect to the model

temperature) in northwestern continental slope to negative (-10) in southeastern basin

(Fig. 4-9c).

Except the northernmost of the deformation front of the upper reach of Penghu slope,

the SEL lab has collected dense seismic data at the Frontal Ridge recently, so we could

study the thermal effect in different regions along the deformation front vicinity.
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Figure 4-7 (a) 3-D model temperature field in Penghu upper reach slope; (b) BSR in
3-D seismic data (Liu, 2012); (c) BSR-base temperatures distribution here.
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Figure 4-8 (a) In Penghu upper reach slope, an inline profile shows obvious changes on
temperature discrepancies around deformation front (DF) and J site, with a highly
change of the topographic gradient from chirp sonar images (al) and vertical fluid
flow rate (a2); (b) The background color scale is for our model temperature; arrows
showed the discrepancy of BSR-based and model temperatures. (Han et al., 2012)
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temperatures subtracted (b) the model temperatures to derive (c) the temperature
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4.4.2 Result 2: Deformation Front vicinity — Frontal Ridge

In the accreted sediment on our study region of Frontal Ridge, faults and fractures
provide dipping porous fluid conduits for gas-charged fluid migration (Lin et al., 2013).
Naturally, there are lots of BSR identified from the seismic data (Fig 4-10b; 4-12a), and
it’s undoubtedly an important prospect site for gas hydrate reservoir research (Liu,
2012). The heat flow measurements here is up to 70 m W/m? at about 4.3 mbsf (meters
below seafloor), and we derived relative high 1-D fluid flow rate (up to 24 cml/yr)
around this region in previous study (Fig. 3-6A).

Consulting the average result of the heat probe measurements, we used 2.61 °C and
60 °C/km as the seafloor temperature and geothermal gradient, respectively, to model
the region of 250 km? in Frontal Ridge (18.1 x 13.9 km, Fig. 4-10a). The BSR-based
temperatures are ranging between 23.5 and 25.6 °C, which are increasing trench-ward
(Fig. 4-10c; 4-12a). But the model temperatures are decreasing from 37 to 15 °C (Fig.
4-12Db). After superimposing the temperature discrepancy with the seismic depth profile,
there is an increasing of temperature at the toe of the wedge up to 8 °C (Fig. 4-11). Also,
the deformation front is like a boundary separating the temperature discrepancies from
negative to positive (Fig. 4-12 c). Next we will study the regional thermal structures

from active to passive margin.
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Figure 4-10 (a) 3-D model temperature field and (b) BSR distribution in 3-D seismic
image in Frontal Ridge (Liu, 2013); (c) shows the distribution of BSR-base
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Ridge, (b) we found the temperature increase at the toe of the wedge.
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Figure 4-12 At the depth of BSR in Frontal Ridge, use (a) BSR temperatures subtracted
(b) the model temperatures to derive the (c) temperature discrepancy field. The
dashed red circles marked the paleochannels in this region (Lin, 2012a).
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4.4.3 Result 3: Active Margin — Lower Fangliao Basin

In the upper slope domain of the accretionary wedge, there are several mud diapirs
(Fig. 2-2; 4-13Db; 4-14a) and anticlines (Fig. 4-15) in the lower Fangliao basin, and the
BSR sometimes occurred continually (Fig. 4-13b.c). According to the heat probe data,
the average seafloor temperature is about 3.48°C, and the geothermal gradient and heat
flow is up to 85 °C/km and 99 mW/m? in the shallow sediments (Fig. 2-14). Moreover,
Lin, (2011) found high concentration of methane (> 10* uL/L) and ethane (20 ~ 30 pL/L)
by analyzing the pore water from a long (25 m) sediment core, then Yang, (2012)
combined the carbon isotope of dissolve inorganic Carbon (DIC) to infer the methane
flux here is 3.7 ~ 4.5 mmol/m?yr (Fig. 4-15a). As well as, we had estimated the 1-D
fluid flow rates here to be about 8-12 cm/yr (Fig. 3-8 D & E).

The area of our simulation model in Lower Fangliao Basin is about 102 km? (7.4 x
13.8 km) which covered the same area with the 3-D seismic data (Fig. 4-13a), and we
chose the 32 °C/km and 3.48 °C as the geothermal gradient and seafloor temperature,
respectively.

Next, we document the temperature and seismic profiles to the south (Fig 4-14):
BSR in this region are hard to recognize inside of the diapirs (Fig. 4-13b.c), but they are
more coherent around the diapir and show some local temperatures increasing (~ 2.6 °C)

when the BSR extended into the diapir structure (Fig. 4-14b). Another temperature
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increasing zone (increased ~ 2 °C) is in the eastern rim of the basin that has high

amplitude reflections reflection just beneath BSR (Fig. 4-14c). From a northern seismic

profile with temperatures information (Fig. 4-15), we found the BSR could even

cross-cut the anticlines to be parallel to the seafloor as a result of the P-T condition (Fig.

4-15b).

Figure 4-16 showed the temperature distribution at the BSR depths, the BSR-based

temperatures are generally around 17 ~ 21 °C, and the model’s are about 14 ~ 22 °C, the

temperature discrepancies ranges between -5 to +1.5 °C. In Fig. 4-16c, we derived more

than one degree increase in anticlines and diapirs, for sediment waves around the east

rim of the basin, the temperature discrepancies showed oscillating between increasing

and decreasing temperatures from different inline profiles.

In opposition to the upper slope domain, the distribution of BSR is more focus and

dense in the lower slope, especially in the fault bend folding ridges. As an example of

Yung-An Ridge, it is a prospecting site with lots compressional structures and possible

fluid pathways.
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Figure 4-13 (a) 3-D model temperature field and (b) BSR distribution in 3-D seismic
data in lower Fangliao Basin(Liu, 2012); (c) BSR-base temperatures field.
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Figure 4-14 (a) An inline seismic profile with the model temperature field in lower
Fangliao Basin; we found the raising temperature (b) around the diapir and (c) the
basin edge, also note the high amplitude reflection in the time slice.
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from two long cores (25m) (Yang, 2012) (b) combining our model and BSR-based
temperatures in the seismic profile to show the correlation of feature structures and
the locations of temperature discrepancies.
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4.4.4 Result 4: Active Margin — Yung-An Ridge

Yung-An Ridge is a particular research hot spot with large amount of geophysical
and geochemical evidence to show that it’s a good structure high to trap methane (Lin et
al., 2008; Lai et al., 2009). According to 32 heat flow measurement results, the average
heat flow is about 67 mW/m? (ranging from 35 ~ 107 mW/m?), and four of them are
over 100 mw/m? (Peng, 2012) (Fig. 2-9). Besides, the geothermal gradients and
seafloor temperatures are ranging between 28 ~ 98 °C/km and 2.78 ~ 3.96 °C
respectively (Fig. 4-17), so we used 3.89 °C and 40 °C/km as the model parameters for
temperature simulating in Yung-An Ridge (Fig. 4-17).

There are three locations showing shallower BSR sub-bottom depths along the
profiles, which show some temperature increasing in the sediments (Figs. 4-19 & 4-20):
(1) under the west flank of the ridge near the west-vergent thrust that forms the folded
ridge (at the distance less than 4000 m); (2) the higher amplitude BSR under the eastern
flank (at the distance about 5500 m), where Yang et al., (2006) detected strong
geochemical signals from methane concentrations and the shallow sulfate — methane
interface (SMI); (3) near the fissures on the eastern side.

In northern transect of Yung-An Ridge (Chen et al., 2012), BSR-based
temperatures are generally 2.1 °C higher than the model temperature field which

translated to local geothermal gradient is up to 47.8 °C /km. There are higher

75



amplitudes of BSR occurred in the eastern ridge, so we calculated the vertical fluid flow

rate for this small region. We also use the BSR temperatures from different sub-bottom

depth to estimate the Péclet Number to examine the 1-D vertical upward fluid flow rates

around the R1 site of the profile. We derived a high 1-D fluid flow rate up to 27 cm/yr

here (Fig. 4-19a). And the highest temperature increase is in the eastern part of the basin

with fissure structures. Note that there is a possible chimney in the east basin, which

seems like a BSR gap along with a blanking zone below and velocity push down

reflections above (Liu, 2009) (Fig. 4-19Db).

In southern transect of Yung-An Ridge, the temperature profile (Chen et al., 2012)

sowed BSR-based temperatures are on average 1.2 °C higher than the model

temperature. Note that the temperature fields in east basin are very consistent between

model and BSR-based values, but it is quite different in the northern profile in previous

paragraph. The highest warming effect occurs in eastern flank of the ridge, where the

regional temperature increased up to 3.1 °C (Fig. 4-20b). 1-D fluid flow rate here is

about 34 cm/yr, which is higher than the northern profile. West of this anticlinal ridge

under the slope basin, the topography is gentle but the BSR sub-bottom depth becomes

much shallower. The temperatures increase about 2.2 °C (Fig. 4-20b).

The BSR-based temperature field in mapview ranges from 17 to 23 °C; the model

temperature field is between 12 ~ 35 °C. The temperature discrepancies range between
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-12 and +6 °C (Fig. 4-21. 4-22). Most shows increasing temperature except the
northwestern region (Fig. 4-22a). The model temperatures in the northwestern region
are higher (red in Fig. 4-21b) and it seems like a low topography region with steep slope
away from the ridge (Fig. 4-22b).

We have studied some thermal structures of thrusts and folds region in the vicinity
of the deformation front and the active margin regions, but we also studied the passive
margin even though we have fewer datasets there. During the 2013 R/V Sonne cruise of
TAIGER project, we have collected a P-Cable 3-D seismic data at Formosa Ridge on
the passive margin. It provides us an opportunity to study the shallow crustal thermal

structures in marine sediments of the passive margin, which will be documented next.

119°45' 119°50 119°55' 120700

Fig 4-17 The 32 heat flow measurement data locations in Yung-An Ridge (Peng, 2012).
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Table 1 The 32 heat flow data information in Yung-An Ridge (Peng, 2012)

(d:é';’“' {d::;" (;rco] |K (WmK) | G (*C/m)
119.8813] 22.2533] 3.36 0,95 0,038
119837 222967 3.59 NaN 0.028
119.8435] 222177 3.49 33 0.054
119.8272] 222348 2.88 1.17 0.059
119.8335] 222563 3.18 1.17 0.057
11986521 222478 3.77 1.21 0.059
119.8717 22275 3.96 1.09 0.0067
119.8408] 222873 3.15 1.2 0.029
1198793 2220024 3.28 1.27 0.065
119829 22235 278 112 0.07
119.8337] 222562 2.86 1.07 0.063
119.8665 22248 3.01 1.09 0.047
119.8718] 22.2755| 3.65 1.19 0.052
119.8713] 222747 3.63 1.09 0.067
119.8755] 22243 3.48 1.1 0.032
119.9148] 222142 3.43 1.03 0.037
119.9343] 222823 3.82 1.29 0.028
119.9385 22.296{ 3.65 1.33 0.047
119.8753] 22,2427 3.49 1.1 0.035
119.9038] 222408 3.46 1.13 0,059
119.893] 222405 3.89 0,98 0,034
119.8648 22.244] 3.89 1.23 0.049
119.8208] 222468 3.28 1.22 0.047
119.871] 2228320 4.24 1.22 0.052
119.9035 22242 3.08 1.25 0.077
119.8028] 222412 3.15 1.1 0.066
119.8645] 222442] 352 118 0.075
119.8298 22.247] 296 1.09 0,064
1oso02] 222487 201 1.22 0.043
1199182 222568 3.13 1.13 0.095
119.9065 222572 3.18 101 0.098
119.8882] 222582 3.36 1.21 0.063

Temperature (°C)
60

3.48
_ Slope Basin

PenghuCanyon —_,

17/
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Figure 4-18 (a) 3-D model temperature field and (b) BSR distribution in 3-D seismic
data in Yung-An Ridge (Liu, 2011); (c) BSR-base temperatures distribution.
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Figure 4-19 (a) A northern seismic profiles with BSR and 1-D fluid flow rate estimation
results; (b) it showed the model and BSR-based temperatures along the profile.
(The profile location is in Fig. 4-22a). Note that there is a possible chimney in the
east basin, which seems like a BSR gap along with a blanking zone below and
velocity push down reflections above (Liu, 2009; Chen et al., 2012)
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Southern line of Yung-An Ridge
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Figure 4-20 (a) A southern seismic profiles with BSR and 1-D fluid flow rate estimation
results; (b) it showed the model and BSR-based temperatures along the profiles.
(The profile location is in Fig. 4-22a) (Liu, 2009; Chen et al., 2012)
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Figure 4-21 (a) Smoothed temperature fields derived from BSR and (b) model at the
depth of BSR in Yung-An Ridge.
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Figure 4-22 (a) Smoothed temperature discrepancies; and (b) the exact temperature

discrepancies combined with the topography at the depth of BSR in Yung-An
Ridge. There’s a small region in northwestern part with decreased temperature.
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4.4.5 Result 5: Passive Margin — Formosa Ridge

In South China Sea margin west of the deformation front, we simulated the
temperature field to understand the possible mechanism driving the chemosynthetic
community of this cold seep environment (Lin, et al., 2007; Chen et al., 2011). Most
heat probe measurement results are assembled around the south peak, and the average
geothermal gradients and heat flow are about 30.8 °C/km and 21 mW/m?, respectively.
Here, we constructed the temperature profile by using 3.48 °C and 45°C /km as the
seafloor temperature and geothermal gradient (Fig. 4-23a), and analyzed two profiles to
depict the structures that are perpendicular and parallel to the ridge (Figs. 4-24 & 4-25).

The subbottom depths of BSR in this region are ranging from 286 to 460 m, so that
the BSR-base temperatures are fluctuating between 18 to 21 °C (Figs. 4-25& 4-27a).
And these two profiles intersect to each other at a point close to the southern peak of the
Formosa Ridge (22°7' N, 119°17' E) (Figs. 4-24, 4-25 & 4-26, the black cross mark).
Note that BSR are very continuous for all Formosa Ridge, so we could study the 2-D
and 3-D temperature fields in details.

In E-W profile at Formosa Ridge, the BSR-based temperatures overall are slightly
similar to the model temperature fields (Fig. 4-24a). There is a strong temperature
decrease (~ 3 °C) under the top of the ridge (center of Fig. 4-24b), and we found the

BSR-based temperatures are little cooler than the model temperatures (1.5 ~ 2.6 °C) on
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the flanks of the ridge. Sometimes we could even see perfect match on BSR-based and

model temperatures; they have little discrepancies in the western foothill of the ridge in

E-W profile (Fig. 4-24b). Such feature shows that the assumption on the chosen

geothermal gradient as we mention in section 4.3 is valid (Fig. 4-25). And the average

temperature decrease in the west and east sides are about 2.6 and 1.5 °C (Fig. 4-24b).

Regarding temperature discrepancies under the eastern side of the profile, it is much less

than that in the western side and the average temperature decrease is about 1.5°C (right

of Fig. 4-25b). However, there is a strong temperature decrease (~ 3 °C) under the top of

the ridge (center of Fig. 4-25b). It is clear that the overall BSR-based temperatures are

generally cooler, compared with our model temperature fields.

The N-S transect is approximately parallel to the long axis of the Formosa Ridge

on the continental margin and crosses the southern peak of the ridge (Fig. 4-26a), and

the topography of the north flank is gentler and shallower than of south. We constructed

a temperature profile using 3.48 °C and 45 °C /km as the seafloor temperature and

geothermal gradient respectively. These boundary conditions are same as the E-W

transect. Our results showed a distinct decrease in temperature under Formosa Ridge.

The largest temperature discrepancy occurs under the southern peak (~ 4.5 °C) and the

temperature reducing are more obvious than topography change, thus this ridge

structure is associated with a cooler temperature anomaly.
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Furthermore, we found the distribution of temperature discrepancies on mapview is

ranging from -8.5 to 9 °C (Fig. 4-26). Most of the results are close to zero differences

from BSR-based and model temperature fields around the ridge (-3 ~ +3 °C). We could

discovered a clear trend with large temperature decrease along the ridge axis (~ -3 °C)

(Fig. 4-26). Most parts of this region are with minor temperature decrease.

Next, we will compile the results from the different sites, and interpret the

mechanisms to cause the temperature discrepancies to better understand the correlation

between the thermal effects and structure process.

Temperature (°C) SN

Figure 4-23 (a) 3-D model temperature field and (b) BSR distribution in 3-D seismic
data in Formosa Ridge; (c) BSR-base temperatures distribution.
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Figure 4-24 (a) E-W seismic profile with BSR; (b) is showing the model and
BSR-based temperatures along the profiles. Blue cross marks the intersect point.
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Figure 4-25 (a) N-S seismic profile with BSR; (b) shows the temperature discrepancies
along the profiles. Blue cross marks the intersect point.
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Figure 4-26 At the depth of BSR in Formosa Ridge, we use (a) BSR-based

temperatures subtracted the model temperatures to derive the (b) temperature
discrepancy field to see the regional changes.
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Chapter 5: Interpretation and Discussion: Regional

Geological Processes that Cause Thermal Perturbation

From this work we have documented temperature discrepancy between the
BSR-based temperature field and the results from thermal conductive models. We found
there are some positive and negative temperature differences to indicate the regional
heating or cooling effects, they might caused by several geological processes. Next we
will propose some possible geological processes to interpret the causes of such
discrepancies.

5.1 Topographic Effects

Heat flow that escaped from the crust will take the shortest path to reach the low
temperature regions, such as the seafloor in our case. The irregular bathymetry will
cause non-vertical heat transfer, and the geothermal gradient naturally increases under
the valleys while it decreases under the bathymetric highs (Fig. 5-1a). Using Yung-An
Ridge as an example, we found that the geothermal gradients can vary 3.5 times (Q
values changed from 0.028 to 0.098 °C /m) within a small region (Table 1).

Ganguly et al. (2000) have quantitatively studied the topographic effects on 1-2
km scale based on BSR data from the Cascadia margin, and they found ~50% variation

in heat flow due to topographic effect in that region. Chi et al., (2008) had used a
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transect in the subduction zone at the latitude of 20.5 °N, the preliminary results give

more than 20 °C/km of perturbation from topography alone, which is consistent with the

results from the analytical solution using a sinusoidal topography (cf. equation 4-66 of

Turcotte and Schubert, 1982).

Based on the finite element thermal modeling, we have found obvious topographic

effects on the thermal structures for the shallow crust after combining the BSR-based

temperature fields (Figs. 5-1b & c). The curvature of BSR-based temperature is usually

slightly less than that of the seafloor topography (Fig. 5-1a). Such large topographic

effects mean that the heat flow data acquired at shallow depths in a high topographic

relief region will need to be corrected for topographic effects before the heat flows can

be used for geological interpretation, that’s the reasons why we always used the good

match of the BSR-based temperature field with the model temperature filed (Fig. 4.5) to

decide our geothermal gradient.
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Figure 5-1 Conception models showed how topographic effects influence the
temperature fields: (a) Topographic effect caused the temperature fields become
focusing beneath the topographic high (ridge) in a non-vertical heat transfer way to
keep similar geothermal gradients near the surface ; (b) If there are some heat flow
beneath the ridge, BSR-based temperatures will increase temperature field in
shallow sediments and raise the regional geothermal gradients; (c) If there are some
cold flow (e.g. seawater) penetrated into the ridge, BSR-based temperatures will
decrease temperature field in shallow sediments and lower the regional geothermal
gradients.
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5.2 Thrusting and Fluid Flow

According to our regional studies, the most noticeable heating effect is around the
Yung-An Ridge. There are major thrusts just beneath the ridge imaged by the long
offset seismic data (Fig. 2-8) (Lin, 2012). Another example is in upper part of the
Penghu Canyon (Han, 2012) which is nearby the northwestern tip of deformation front.
Here, we combined the results of regional temperature fields and structure interpretation
to study the thermal effects.

5.2.1 Thrusts in Yung-An Ridge

Refer to the proximity of the Yung-An Ridge; two thrusts (T1 & T2 of Fig. 5-2)
can bring temperature increase in hanging wall (Fig. 2-8) (Lin, 2012). The T1 thrust
might provide a pathway for the upward fluid flow, and the T2 thrust can be another
conduit allowing the fluid migration as well, these are consistent with our simulating
results (red zone of Fig. 5-2). But the gap of BSR signals between T1 & T2 might owe
to the intermitted fluid migration disturb the temperature filed then dissociate the gas
hydrate. The positive temperature differences could extend from the ridge (Fig. 4-22b)
to the western basin according to our study result (Fig. 4-22a), moreover, there are some
high methane fluxes (65 to 118 mmole/m?yr) were detected to indicate it has very active
venting with methane here (Lin, 2011). So we considered there is generally warm fluid

upward migration along the fault planes leads heating effects in this region (Fig. 5-2).
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However, regarding the heat flow measurement data in very shallow sediments (<
30 m) of Yung-An Ridge (Peng, 2012) (Fig. 2-9), the heat flow values are increasing as
the distance from the thrust, which might indicate that thrust faulting brought the cold
sediments (the sediments near seafloor are colder than the deeper ones) to deeper depth
to cause cooling effect (Fig.5-3b), it even stronger than the warm fluids upward along
the fault conduits (Ganguly et al., 2000) (Fig.5-3a).

Here | presumed a possible model for these converse results in Yung-An Ridge:
The fluid upward migration along the T1 fault plane caused the heating effect here,
which is consistent with our results of simulating temperature fields (red big arrow on
the thrust of Fig. 5-4). Then the active thrusts or a splay fault (eg. T2 of Fig. 5.2) might
deform and bring cold sediments down to the deep thus cool the temperature field,
which is consistent with the measured results of heat flow data (blue big arrow on the
thrust of Fig. 5-4). Note that the heat flow measured data here is still higher than the
average value offshore SW Taiwan (~ 58 mW/m?yr). So, even though the in-situ
measurements showed a few relative cooling effect (deformed sediments ) near the top
of ridge, | considered that the major thermal effect in Yung-An Ridge is due to the
upward fluid migration along the fault planes, and the splay fault may reducing some

heating effect to cause the heat flow pattern as the measurement results.
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Figure 5-2 Interpreted profiles (follow Lin, 2012°s interpretation) of temperature fields
and structure features derived from Figs. 4-19 & 4-20, red upward and blue
downward arrows meant heating and cooling effect respectively. Major thrust
(green dashed lines of T1 and T2) propagated from south to north to influence the
structures, and increased the temperature field because of the fluid migration along
the fault planes. (a) North line marked a possible cooling effect from an erosional
unconformity and a chimney structure. (b) The obvious growth strata might deform
by a newer splay fault (T2) then brought more heating effect in the eastern than the
western side.
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Figure 5-3 Localized fluid flow and thrusting may contribute to the correlation between
seafloor topography and heat flow. (a) Migration of warm fluids upward along a
channel leads to anomalously high heat flow. (b) Thrust faulting, which brings
cold sediments to greater depths, lowers the heat flow. A topographic high is
produced as an anticline in the hanging-wall block. (c) When both phenomena
occur, a pattern is formed with low heat flow over the topographic high and high
heat flow at the base of the high (Ganguly et al., 2000).
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Figure 5-4 Sketches showed two different heat flow profiles derived from the
measurement data and model temperature field in Yung-An Ridge: (a) Projected
the in-situ measured heat flow (< 30 mbsf) in an east-west profile; (b) Our
simulated results indicated the heating effect beneath the ridge (~ 400 mbsf). Big
arrows along the thrust indicated the heating effect induced by the fluid flow
upward migration; and the big blue arrows meant the cooling effect caused from
the cold sediments slipped down to greater depth.
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5.2.2 The Frontal Thrust

For the frontal thrust in upper reach of Penghu Canyon, Han (2012) defined the

location of frontal thrust from the long offset seismic data (Fig. 4-8a). From our study,

we found some cooling and heating effect on the hanging and foot walls, respectively

(Fig. 4-10b). Base on the third model addressed from Ganguly et al., (2000) (Fig. 5-3c),

warm fluids could migrate upward along the fault plane leading to anomalous high heat

flow, and if the thrust faulting simultaneously bring cold sediments into a greater depth

then lower the heat flow at the same time, the temperature fields will display both

phenomena as our simulation result in upper reach of Penghu Canyon (Fig. 4-8), there

are negative (blue; cooling effect) and positive (red; heating effect) temperature

differences over the handing and downing wall respectively (Fig. 5-5a). What we

discovered might be part of the thermal evolution history in this north tip of the frontal

thrust region, maybe someday the temperature field will change its pattern.

Furthermore, we derived similar patterns on temperature discrepancies of the

frontal thrust in upper reach of Penghu Canyon and Frontal Ridge (Fig. 5-6), which are

respectively located in the northernmost and southernmost boundary of the

arc—continent collision zone while China passive margin is entering into the trench.

Both of them show temperature increase at the toe of the accretionary prism. And this

heating effect might be owing to the sediment dewatering and the extensive fluid
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migration there (Bray and Karig, 1985; Suess et al., 1998). The increasing temperatures

of our simulating results are similar with the temperature anomalies in Barbados

accretionary wedge (\Vrolijk et al., 1991; Moore and Vrolijk, 2010) (Fig. 5-7). On the

other hand, the arcward-decreasing temperature may be explained by the slab cooling

effect (Chi et al., 2008), so the heating effect is gradually reduce.

The 1-D fluid flow rate is higher and the heating effects are spreading broader in

Penghu (23 cm/yr) than Frontal (16 cm/yr) region. That’s because the dehydration

reactions, which is forcing the fluid migrating upward within the sediments (Moore and

Vrolijk, 2010), are getting intense in more compressive collision region to the north. On

the other hand, more focus heating effect in Frontal ridge to the south also consistent

with the fluid accumulated which was identified from a low velocity anomaly below the

BSR (Fig. 2-5). They both supported that there are huge amount of fluid migration from

the deeper part (such as the décollement), to cause such temperature anomalies in

shallow sediments.

96



(9, Jeunjesadway

Depth (km) ™

ol Heat Flow Value

Depth (km) N

Figure 5-5 The Conceptual model of frontal thrust region: (a) We found a drop of the
temperature discrepancies around the deformation front, which is almost correlated
with the outcrop of the frontal thrust on the seafloor (DF: deformation front). (b)
Our modeled result showed heating and cooling effect simultaneously along the
profile.
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Figure 5-6 Compare the temperature discrepancies in mapview of (a) the upper reach of
Penghu Canyon and (b) Frontal Ridge. Using the deformation front (DF) to be a
nearby index on the location of the frontal thrust, we found not only obvious
heating effects at the toe of the accretionary prism, but also the arcward cooling
effects in the accretionary wedge in the vicinity of the deformation front.
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Figure 5-7 Our simulation region is relative close to the trench in the accretionary
wedge; we found similar temperature increasing results as the temperature anomaly
in Barbados accretionary wedge. (a) There are more temperature increases (+ 5 ~
10 °C) in the toe of the accretionary wedge than in frontal ridge (0 ~ + 2 C). (b)
The permeability of the faults allowed the fluid upward migration along the faults
from the décollement in the accretionary wedge, and increased the fracture
permeability, so the in-situ measured temperature anomalies along the profile in
Barbados accretionary wedge also showed the obvious heating effect, especially at
the toe. (After Moore et al., 1991 and Vrolijk et al., 1991)
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5.2.3 Thermal Models of Thrusts Region

For our study results in shallow sediments, | suggested the thermal effects of the

thrusts region could include: (1) the thrust faulting brought shallow sediments to the

deeper then caused cooling effects; (2) the fault plane allowed the fluid upward

migration to cause heating effects; (3) the geometry (eg. the fault dip control the fluid

upward migration easily or not) and slip rate (eg. slip faster could induce more friction

heat) of the fault planes could dominate the temperature spreading and equilibrium rate

since the fluid migration is mainly propagate along the fault plane.

Here | proposed several possible models to describe the thermal effect after

studying our simulated temperature fields and Ganguly et al (2000):

(@) If the cooling effect is stronger than the heating effect, or the permeability

along the fault is too low to offer complete pathway for the fluid migration, thus the

heat flow in faulting region will be lower than adjacent areas (Fig. 5-8a).

(b) If the fluid migration upward is heating the ridge intensely, but the downward

thrusting is getting weaker to bring cold sediments down to the deeThe relative higher

heat flow will be easily detected in shallow sediments (Fig. 5-8b).

(c) When the thrust deformation is eased off, as well as the fluid migration is in an

constant rate, the thermal effect could achieve a harmonious situation (Fig. 5-8c), so that

both the heating and cooling effects could be detected. As the phenomena we
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discovered in Penghu (Fig. 4-8). In front and behind the thrust, the sediments are heated

and cooled, respectively. Note that if the dip angle of the fault is too steep, it may be

difficult to clearly demonstrate the thermal effects in hanging and foot wall blocks,

respectively. But we could still detect a general trend along the temperature field.

(d) When the heating effect brought from the upward fluid migration influences

the whole ridge for a long time, then the thrust deformation from a reactived fault or a

splay fault to carry the cold sediments down to the deep and cause the cooling effect,

thus reduce the heat flow beneath the core of the ridge (Fig. 5-8d).

Maybe all these thermal models on thrusts could achieve a regional dynamic

equilibrium after a long time. Therefore, the proposed thermal effects can only partially

explain the heat flow patterns. We need more detail and precise information of the faults,

such as the slip rate and the geometry, to better understand the heat flow patterns.

Besides thrust faults, there are some other geological process that can increase the

temperature at shallow crust. Next, we will discuss the heating effect nearby the

anticlines or diapirs.
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Figure 5-8 Several possible thermal effects near the thrusts: (a) Stronger cooling effect
caused by cold sediments carried down to the greater depth in the footwall block (b)
Stronger heating effect owing to the fluid migration along the fault plane; (c) Cold
sediments and heat flow effect occurred in a lower angle thrust, the cooling and
heating effect happened in the handing and foot walls, respectively. (d) The heating
effects already spread all over the ridge, and the second thrust is activated to lower
the heat flow around the thrust.
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5.3 Sedimentation and Erosion

5.3.1 Mud Diapirs

Our thermal modeling results showed the heating effect in the anticline and diapir

(Fig. 4-14. 4-15.4-186). Mud diapirs occur in numbers of modern accretionary wedges

(Brown and Westbrook, 1988) and provide significant contributions to structural

development, sedimentary bed distortions, mass motion and heat transportation, fluid

pressure development, and hydrocarbon generation, migration, and accumulation

(Bagirove and Lerche, 1999). Therefore, we focused on the diapir structure and tried to

reconstruct the thermal model by studying temperature discrepancies and previous

geochemical investigations. However, we have just one example of the mud diapir from

our study regions, maybe we could study additional diapirs in the future to see if our

interpretation can also be applied to the other regions.

The mud diapir has clear vertical structure imaged by the seismic data, and the

diapiric crest even reach the seafloor and its root could extend to more than 1260 mbsf

(Figs. 4-14; 5-9). Here we used the simulated and measured results along this profile to

compare and analyze the thermal data in the flank and summit of the diapir respectively

(Tab. 2; Fig. 5-9), as a result, I found that this diapir has previously brought some warm

fluid flow from deeper depth based on the increasing heat flow as followings:

(1) The vertical fluid flow was increased from 8 to 15 cm/yr in outside and inside

103



of the diapir, it meant the diapir structure increased ~ 88 % upward fluid flow rate.

(2) We could derive the geothermal gradients (G) changed from 32 to 40 °C/km at
the depth of BSR (~ 440 mbsf), and from 62 °C/km to 80 °C/km at the seafloor
respectively, it meant the diapir structure increased 25 ~ 29 % of geothermal gradient in
this region.

(3) After multiplying the measured thermal conductivities (K), we found the heat
flow increased from 28 to 38 mW/m? at the depth of BSR, and 55 to 76 mW/m? at the
seafloor. There is 36 ~ 38% increase of the heat flows from the flank to the summit of
the diapir.

Oppositely, we used the relation derived by Von Herzen et al., (1989) to study the

possible reduction rate of the heat flow due to the sedimentation in this region:

“_4_ _ 2X _x? 2
i 1—-erf(X) = + 2X“erfc (X) (Eq. 10)
Where X =0.5 XU X \E ; (Eg. 11)

And Q is the initial surface heat flow, « is the diffusivity, Q* is the modified
heat flow due to the sedimentation; erf( ) and erfc () are the error function and its
complement. U is the sedimentation rate. The time (t) is in seconds. We use the
thermal diffusivity of 8.3 x 1077 m?/s as a here (Holman, 2002).

Here, we used the sedimentation rate about 0.4 mm/yr nearby this region (Horng,

2013), then we derived ~ 38 % reduction of the heat flow base on the relation equation

10; it’s quite consistent with our simulation results. On the sum, this percentage also

meant the heating effect from the diapir was reduced 38 % by recent sedimentation.
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Table 2 Comparison of measurement and BSR-based thermal data in diapiric structure:

Latitude | Longitude K G KXG=Q Diapir location
N E (W/mK) | (K/km) | (mW/m?) | Relevant

22.080 | 120.344 80 76 | Seafloor
21863 | 120354 | 0%°% [ 40 33| UMMt T RaRs
22.038 | 119.891 62 55 Seafloor
21863 | 120300 | 0% [ 22 28 flank —5qRs
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Figure 5-9 Combined the measurement and simulated results; we draw a conception

sketch to compare the differences between the geothermal gradients (G) and
vertical fluid flow rates (VR) in flanks and summit of the diapir.
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5.3.2 Mass Transport Deposits

We found a possible slump structure in Penghu upper reach slope using the seismic

profile (Han et al., 2012), which shows a bulge surface and transparent reflections (no

clear strata) in the sediments, as well as the chirp sonar image indicating that the

topographic slope is decreased from 12 to 6 degrees from uphill to downhill (Fig. 4-8al).

All of these features support the possibility of a mass-transport deposits (MTD) event

occurred in this region (Fig. 4-8a).

Along the profile of Fig. 4-8, the temperature fields at the depth of BSR also show

some dramatic changes allowing us to further analyzing it. Near the site J nearby the

MTD location, we found the highest vertical fluid flow rate (~ 43 cmly) (Figs. 3-8J;

4-8a2) of SW offshore Taiwan. The temperature discrepancies are averagely higher 2 ~

5 degrees in downhill and uphill. So that we proposed some processes in sequence to

interpret our study results:

(1) Before the MTD happened in Fig. 5-10a, we supposed that it is in a steady state

for all sediments that had a consistent geothermal gradient (Go), so the previous

temperatures in BSR were consistent with the model temperature field in equilibrium.

(2) As the MTD happened for a while in Fig. 5-10b, the model temperature field

(which is a topography-dependent temperature field) would be modified as the surface

changed, but it still need more time for the thermal pulse to propagate to the depths of
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BSR. So that the geothermal gradient increased to Gi to respond to the shallower

BSR-subbottom depth due to the losing materials from the seafloor; at a mean time, the

geothermal gradient decreased to G2 to respond to the increased BSR-subbottom depth

from the newly deposited materials on the seafloor. And the delayed heat transfer has

not reached below BSRs (deeper part) to modify its geothermal gradient (Go) yet. So we

interpret that at this time the thermal equilibrium has not been reached yet.

(3) After a while (maybe thousands years) in Fig. 5-10c, the model temperature

field could restore a new isotherm (G3) to be consistent with the topography, but the gas

hydrate system needs more time to response the new P-T condition, so we could find

distinct increases in Penghu upper reach slope (c1) to indicate that it is still in a transient

stage. This time period could be derived from an average thermal diffusivity, as that we

will further discuss about this in this section later.

(4) After a much longer time in Fig. 5-10d, the P-T condition of BSR will lead the

BSR-based temperature field approaching to the model temperatures with consistent

geothermal gradient (G4). It might restore to an equilibrium state in this region and the

BSR-based temperatures will consistent with the model temperatures then.

We could see a future map that if we got the dating result of this MTD structure

from a local coring samples, we may have the chance to derive more information about

the thermal diffusion rate caused by this MTD structure. Moreover, the transient process
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might have occurred in other places with different geological processes. For example
the cooling effects at the regions with rapid erosions in northwestern of the Yung-An

Ridge (Fig. 5-1a) or Formosa, we will also discuss about them in next section.

(a) Before MTD (b) MTD occurs

£a3
o

(Previous Equilibrium) (Partial Equilibrium)

Temperature discrepancy
heating t

--’I‘"z\-.j‘e S ==

.
3

(c) After some tmaeﬁ — (d) After a long ti
(Transition Period ) (Restore Equilibrium)

Figure 5-10 We modeled the isotherms and geothermal gradients during the MTD event
to describe the isotherm evolution. (a) The isotherm before the MTD happened. It is
in a steady state with consistent geothermal gradient (Go) (b) The near surface
geothermal gradients started to modify to new geothermal gradients (G1, G2) as a
result of the MTD occurred, but it has not influenced the deeper part yet. (¢c) The
BSR-based temperature field might need more time to adjust to the new
temperature field (Gs), so the geothermal gradient in Penghu upper reach slope (c1)
indicates that it is in a transitional stage. (d) Temperature field here might restore to
an equilibrium state after a long time (G4), and the BSR-based temperatures will be
consistent with the model temperatures then.
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5.3.3 Canyon Incision

We have a classical erosion example for study regional thermal effect. In South

China Sea, the magnitude and distribution of heat flow may affected by the tectonic

development and sedimentation (Cloetingh et al., 2010). Around the Formosa Ridge, the

ridge slopes down from north to south, and the strata within the ridge are generally flat

but exhibit sediment waves features (Fig. 2-11). The submarine canyons cut into the

strata and form the valleys surrounding the ridge, and the local eroded strata (Figs.

4-24a & 4-25a) are also probably due to the submarine mass wasting processes. A

stronger erosion effect can be found in the E-W profile that crosses the canyon (Figs.

4-24a). However, the cooling effects are more obvious in the N-S profile (Figs. 4-25b),

which may suggest a strong N-S horizontal fluid migration. In short, these cooling

effects around the ridge supported that there is a relatively cold and diffusive fluid flow

under the ridge.

The fluid related temperature perturbation made the BSR-base temperature field is

not parallel to the bathymetry as the model temperature field (Fig. 4-26b & 4-27D).

Instead, it becomes more parallel to the sub-horizontal strata (Fig. 5-11). In another

word, the isotherms of BSR-based temperature field are relatively flat but not

“simulating” the sea bottom as usual.

Here we proposed that the diffusive fluid migration has facilitated mixing and
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smoothing the temperature field in Formosa Ridge, especially in the southern peak (Figs.

5-11a & 5-11b). We brought up a possible scenario here from our observation that:

(1) The sub-horizontal strata in the E-W profile of the south peak allowed the

seawater laterally migrated into the ridge (Figs. 4-24 & 5-11a), and cool down the

temperature beneath the south peak directly.

(2) And also, there is a clear conduit under the southern peak acting as a pathway

for upward fluid migration (Figs. 5-12), so if the seawater flows into the ridge from

each side, it could migrate upward along the conduit to become a fluid cycle activity.

(3) There is another possible scenario to cause the same fluid cycle activity, if the

conduit is a fluid release pathway to reduce the pressure inside of ridge; the cold

seawater might be siphoned into the ridge automatically for preserving the hydraulic

equilibrium.

(4) Furthermore, from the seismic image, the fluid flow here may not only focused

within the vertical conduit (Figs. 4-25; 5-11), but also has a diffusive pattern along the

ridge (Fig. 5-12). The temperature discrepancies are larger along the N-S profile

compared with the E-W’s, which we interpreted that there is more active horizontal

fluid flows diffused in N-S direction along the long axis inside of the ridge. Under this

scenario, the near horizontal ripple strata with plenty of the negative temperature

discrepancies could support the cooling effect diffused along the N-S direction as well.
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(5) Beside, in our steady-state model, we assumed the seafloor temperature is

maintained at 3.48 °C not only at the ridge top but also on the flank, and the model

temperatures eventually are higher at the core of the ridge, so and the fluid might be

more buoyant to migrate upward. As a result, the cold seawater can flow

sub-horizontally into the ridge from different depths of the strata to replenish the fluid

flow under the ridge, and supply the vertical fluid flow successively.

These viewpoints are supporting the possibility of the cyclic cooling effect existing

in the ridge, then influence the temperature filed of the ridge and produce a unique cold

seep here. Therefore we could acquire such special chemoauttosynthesis-based

community at cold seep in Formosa Ridge (Fig. 2-10). This is a specific example of

canyon incision region with successive seawater cooling effect, but there might have

some examples just related about the sedimentation or erosion to deposit or carry away

the sediments then disturbed the temperature field directly, they are more common cases

in small regions, that’s why we can’t slip our discussion in next section.
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Figure 5-11 Combined with the interpreted structures and fluid migration patterns of

the cold seep model in Formosa Ridge to support our possible scenario. (a) The

conception model of the thermal pattern with the feature structures in W-E profile

(b) The conception model of the thermal pattern with the feature structures in N-S
profile.
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Figure 5-12 (a) The P-Cable 3-D seismic cube showed the conduit in the south peak of
the Formosa Ridge; (b) We interpreted the conduit as a fluid migration pathway to
allow the fluid upward migration, combined with the cool seawater supply in each
side to become a cooling cycle, then horizontally diffuse the cooling effect in
another direction to produce cold seep here.

113



5.3.4 Thermal Models of Sedimentation and Erosion

From previous analysis on the temperature discrepancies, we mentioned about the

transient time on the temperature field of the MTD or thrust faulting processes. Actually,

there are generally occurred in other places, such as the regional rapid sedimentation

(Fig. 4-15b2), or rapid erosion in northwestern of the Yung-An Ridge (Fig. 5-2a) and

Formosa Ridge (Figs. 4-24 & 4-25). Here we proposed two possible procedures to

interpret their transition models.

Quick sedimentation events (Fig. 5-13) could destroy previous temperature

equilibrium and justify the isotherms as the topography changed. After the sediments

rapid deposited and created some sediment waves above the seafloor, BSR-based

temperatures may need more time to catch up the changes of temperature filed, so we

might discover the positive temperature discrepancies in the transient stage (Fig. 5-13b)

from BSR-based to the model temperatures.

For quick erosion events (Fig. 5-14), such as the turbidity event could effectively

take the surface sediments away, then the temperature would be modify to another new

balancing isotherm to reflect the topography effect. As the P-T condition changed, the

BSR-based temperatures start to catch up the modification of the temperature filed, so

that we could find out some negative temperature discrepancies to indicate the cooling

effect during the transient time (Fig. 5-14b).
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Eventually, we could also apply the average thermal diffusivity on our regional

model results to derive a rough time-scale for BSR-based temperatures restoring to

equilibrium. The time period could be used in sedimentation and erosion cases, just aim

to propagate and balance the heat after topography changed.

In heat transfer analysis, the thermal diffusivity is the thermal conductivity divided

by density and specific heat capacity at constant pressure (Kadylak, et al., 2009). Here

we used the diffusion rate of SiO2 to indicate the rough diffusion rate of lithosphere

(Holman, 2002) to derive the time period from following formula:

D = k/ipc = L?|T (Eq. 12)

Where D is the thermal diffusivity rate = 8.3x107 (m?/s); K is the thermal
conductivity of rocks = 1.156 (W/m? - k) (Shyu, 2006); p is the average density of
lithosphere ~2700 (kg/m®); c is the heat capacity = 516 (J/kgK). L is the diffusion
depth in meters. Here we use the 300 mbsf (at the depth of BSR) as the sediment
thickness to derive the transient period T in seconds:

T = (300 )%/ (8.3x107) = 1.084 x 10 (s) = 3437 (yrs) (Eq. 13)

Then we found it need ~ 3400 years more to for restoring the temperature field at

300mbsf (the average subbottom depth of BSR offshore SW Taiwan). Such as that we

need thirty more hundred years to balance the temperature field after the wave sediment

waves occurred in lower Fangliao basin (Fig. 5-14b). But if there are some fluid contain

in the sediments, the transient time might be longer than 3400 years because of the

smaller thermal diffusivity rate.
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Figure 5-13 We used the isotherms evolution to show the influence of the temperature
field during a quick sedimentation event (e.g. sedimentation wave; SW): (a)
BSR-based temperatures are equilibrium to consistent with the model ones. (b) The
rapid SW leaded the model temperatures change as the topography changed, but
BSR-based temperatures are in transition period to show the heating effect at BSR
depth. (c) The temperature field is restored to the equilibrium again.
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Figure 5-14 We used the isotherms evolution to show the influence of the temperature
field during a quick erosion event (e.g. turbidity). (a) BSR-based temperatures are
equilibrium to consistent with the model ones. (b) Quick erosion event leaded the
model temperatures change as the topography changed, but BSR-based
temperatures are in transition period to show cooling effect at BSR depth. (c) The
temperature field is restored to the equilibrium again.
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Chapter 6: Conclusion

In this study, we took advantages on BSR-based temperatures from the seismic
data, to propose two special methods for analyzing the regional thermal patterns. This is
the first time that applying the Péclet Number on BSR-based temperatures to derive
regional 1-D fluid flow rates on different regions; and it’s also the unprecedented
examination that comparing BSR-based temperature fields with conductive temperature
fields from Pecube to discuss the thermal structures in 2-D profiles and 3-D cubes.

After analyzing our study results, we derived several geological processes which
are relating to the seafloor thermal structures offshore SW Taiwan, to interpret our
observations on temperature fields:

(1) Regarding the regional topography effect, which is the most important effect of
studying the thermal structures, in our study, we have successfully corrected them from
considering the temperature discrepancies as the regional cooling and heating effects,
instead of using the model or BSR-based temperature fields only.

(2) Along and near Manila Trench, there are higher fluid flow rates (24 cm/y) when
the frontal thrust climbs onto the continental slope of the passive margin in the collision
zone (Fig. 3-6). It might because the porosity changes dramatically after the incoming
sediments incorporated into the active margin, then the fluid in the pore space

physically upward migrate to the seafloor.

117



We then studied two 3-D temperature cubes for detail analysis: One is related to

the MTD effect occurred in upper reach of the Penghu Canyon with the highest vertical

fluid flow rate (~ 43 cm/y at J site), it cause the heating and cooling effects at the uphill

and downhill respectively (Figs. 4-8 & 5-10); another one is in Frontal Ridge, which is

discovered the possible extensive fluid migration from the thrust faulting pathways to

cause the heating effect at the toe of the accretionary wedge (Figs. 4-11 & 5-7).

(3) From passive to active margin, the increasing of fluid flow rate (13 to 21 cm/y)

might be related to active dewatering near the toe of the trench (Fig. 3-7). In the lower

slope domain, such dewatering process is active, thus the slightly higher fluid flow rates

(A, B, H, I sites of Fig. 3-8). However, in the upper slope domain, where the compactly

dewatering process may decrease the porosity in sediments, as the reasons of the

difficult imaged and penetrated sediments by seismic waves and samples in this region.

Moreover, from studying the 3-D cube in Yung-An Ridge of the lower slope

domain, we found intermittent upward fluid migrations along the fault planes brought

about the heating effects (Figs. 5-2 & 5-8); relatively, from studying the 3-D cube in

lower Fangliao Canyon of the upper slope domain, we discovered the regional heating

effect from the diapir was reduced 38 % by recent sedimentation (Fig. 5-9).

(4) Besides, from studying the 3-D cube in Formosa Ridge of the passive margin,

we particularly proposed a 3-D thermal structure (Fig. 5-12b) to interpret the seismic
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and geochemical discoveries recently. Our model supported that the cold seawater had

been laterally siphoned into the ridge in the traverse direction (Figs. 4-24 & 5-11a), and

diffused along the ridge strike to disturb the temperature fields (Fig. 4-25 & 5-11b).

However, the results from our simulation are still need to improved for better

parameters control, we understand that our qualitative results will be updated to

quantitative ones after obtaining more accurate physical parameters from drilling data,

then we could modify our boundary conditions as well, that’s also the reason why we

tried to keep conservative on our temperature discrepancies. Therefore our contributions

were more close to develop a preliminary simulation for better using our current data to

analyze the approximate results on thermal structures offshore SW Taiwan.

In the future, we could improve our simulations for better modeling controls at

smaller scales, such as deriving the thermal diffusion rate after acquiring the dating

results of the MTD region, or estimating the fluid flux produced from the thrust faulting

or diapir, then carry out the possible methane flux come along the regional structures,

which is an important information for gas hydrate research. On the contrary, we could

apply the technique on potential thermal structures in a large scale as well, then consider

about the heat capacities or entropy to infer the possible stress accumulations, it might

be help for predicting some possible natural disasters in specific regions. But anyhow,

it’s definitely necessary to have the preliminary studies as we’ve done in this study.
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