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Enregistrement des événements extrémes dans les sédiments marins, a

I’'est de Taiwan

Résumé

La chaine de Taiwan représente I'une des zones les plus actives au monde. Depuis le début du XX¢ siécle,
plus d’une vingtaine de séismes >M,, 7 ont affecté l'ile. Cependant la probabilité d’occurrence de séismes plus
importants (>M,, 8) est toujours matiére a débat. Dans un tel contexte il apparait donc important d’obtenir
des enregistrements plus anciens pour évaluer 'occurrence de tel événements. La paleosismologie marine, basée
sur 'enregistrement des dépdts issus de la sédimentation gravitaire, apparait comme une alternative sérieuse
afin d’illuminer 'histoire de la sismicité sur des périodes anciennes. Ce travail de thése apporte de nouvelles
contraintes sur 'histoire sismique au large a l’est de Talwan au cours des derniers 3000 ans.

La premiére partie de ce travail consiste & caractériser les systémes sédimentaires récents. Cette étape fut
essentielle pour la compréhension des processus, faciés sédimentaires et les facteurs de controle de la sédimentation
qui régissent ’évolution de la pente sous-marine. Ces résultats ont montré que l'est de Taiwan est caractérisé
par une grande variabilité de processus et que les courants de turbidité dominent ’enregistrement sédimentaire.
Les courants de turbidité sont générés par deux facteurs distincts: l'activité tectonique/sismique et activité
climatique.

La deuxiéme partie de ce travail est consacrée a I’approche paleosismique en utilisant les dépots de turbidites
comme marqueurs des paleoseismes. Pour ce faire, nous avons dans un premier temps testé et validé 'approche
a D’échelle du siécle dernier. Ensuite une fois calibré, nous avons pu étendre les séries temporelles a ’échelle de
I’Holocéne. Nous avons daté les trois plus récents événements turbiditiques autour de 2001 + 3 AD, 1950 £+ 5
AD et 1928 + 10 AD. En utilisant des relations empiriques intégrant magnitude, distance et valeur du "peak
ground acceleration", nous avons pu calibrer la source sismique et ainsi corréler ces trois turbidites a trois séismes
instrumentaux: le séisme de Chengkong (12/10,/2003) (M,, 6.8), le séisme de Taitung (11/24/1951) (M,, 7.1) et le
séisme de Lutao (9/4/1935) (M,, 7.0). Au-dela du siécle dernier, les datations et modéles d’ages nous permettent
d’établir une partie de la chronologie des événements extrémes sur une période de 3000 ans et d’estimer un temps
de retour pour des événements de 'ordre >M,, 7. Les résultats ont toutefois montré que ces temps de retour
sont nettement supérieurs a ceux connus sur le siécle dernier, ce qui suggére que tous les séismes ne sont pas
enregistrés par les dépots sédimentaires marins.

Ce travail de thése a donc permis de montrer que les dépots issus de la sédimentation événementielle peuvent
étre considérés comme marqueurs de la sismicité et que cette approche peut constituer un outil complémentaire

pour les études portant sur le risque sismique.
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Abstract

Taiwan is a young mountain belt, known as one of the most active area in the world. Since the beginning of the
20th century more than twenty > M,, 7 earthquakes have struck the island. However, the occurrence of larger
events (>M,, 8) is still a matter of debate. In this framework it is of key importance to obtain longer record
in order to evaluate the occurrence of large past earthquakes. The sub-aqueous paleoseismology, based on the
record of the sedimentary gravity deposits, appears as a serious alternative to approach this thematic and is a
rapidly advancing field that has the potential to illuminate the long-term history of seismicity.

The first part of this work was to investigate the present sedimentary systems off east Taiwan, essential to
understand the morphosedimentary features, sedimentary facies and processes governing the evolution of the
submarine slope, and the controlling factors of the recent sedimentation. Our results showed that the offshore
slope east Taiwan is affected by a variety of sedimentary systems and processes, and that turbidity currents
appear as the main erosional processes covering nearly 60% of the sedimentary record. Turbidity currents are
generated by distinct controlling factors such as tectonic and climatic activity that enabled us to define two
end-members relative to turbidity currents initiation: Turbidity currents preconditioned by tectonic activity and
triggered by earthquakes shaking and likely deposited into intra-slope basin and turbidity currents driven by
climatic activity such as extreme floods or typhoons, generated in basin directly connected with onland rivers.
The second part consisted to apply a paleoseismic approach, based on turbidites record, at two time-scales. First,
we tested and validated the method by correlating turbidites deposits with instrumental earthquakes. Then, once
calibrated we extended the time-series back in time. We dated the three most recent turbidites layers circa 2001
+ 3 AD, 1950 £ 5 AD and 1928 £+ 10 AD. Using empirical relationship that link peakground acceleration,
distance and magnitude to calibrate the seismic sources, we correlate these three turbidites with instrumental
earthquakes: the Chengkong Earthquake 12/10/2003 (M,, 6.8), the 11/24/1951 Taitung Earthquake (M,, 7.1)
and the 9/4/1935 Lutao Earthquake (M,, 7.0) respectively. Applying criteria to discriminating the different
triggering mechanisms for turbidity current generation, we propose that earthquakes are the main triggering
mechanisms. Dating and age modeling provided a part of the chronology of extreme events since the last 3000
years and allowed us to estimate return time for earthquakes M,, > 6.8.

This work represents a good starting-point for future investigations in order to better assess Holocene time series

of extreme events.
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1.1 Research motivations and objectives

1.1.1 Aims

Human society can be severely impacted by several kinds of natural phenomena, such as earth-
quakes, climate changes, catastrophic storms, tsunami, etc. Therefore, understanding the nature
and frequency of such geological processes is now a major and fundamental issue for making bet-
ter natural hazard assessments. Over the 20" century, since the rapid development of technical
methods able to record the seismicity, a great number of large earthquakes have struck the Earth
(Fig.1.1). The largest ever recorded was the 1960 Valdivia earthquake (Chile) with a moment
magnitude M,, 9.5. More recently the 2004 Sumatra and the 2011 Tohoku earthquakes (M,,
9.1 and M,, 9 respectively) have produced large tsunamis with consequent damages and human
casualties. Therefore, for the next decades and centuries, one of the biggest challenge will be,
using a large panel of scientific approaches, to better constrain the occurrence of such natural

disasters.

Magnitude 8.0 and Greater Earthguakes Since 1900

-800 -500 -300 -150 70 O
Depth (km)

Figure 1.1: Magnitude 8 and greater earthquake since the 20" century, (Source USGS).

One possible key is the sub-aqueous paleoseismology based on the record of the sedimentary
gravity deposits. This recent approach (developed since the nineties), appears as a serious

alternative to approach this thematic and is a rapidly advancing field that has the potential to
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illuminate the long-term history of seismicity, patterns of recurrence, the strength of shaking,
rupture area and segmentation of fault systems (Goldfinger et al., 2003; Goldfinger, 2011). Sub-
aqueous investigations offer the advantage of site to site correlation, and longer time spans than
typically possible with onshore paleoseismology investigation.

Active margins such as subduction zones, are the best environment to study sedimentary
gravity processes, especially turbidity currents, that constitute the essential process that fill out
deep oceanic basins. Active margins, with their high bathymetry gradient, the development
of turbiditic systems and high sediment supply from the eroded mountain belts confer a great
record of sedimentary events with high resolution. Since the 1929 Grand Banks earthquake (that
triggered slope failures and turbidity currents that broke several telecommunications cables), it
is known that large earthquakes are the main agents responsible of submarine landslides and
may produce gravity flows transported along the slope towards the deep oceanic basins. The
product of the instabilities, initially mass transport deposits, may rapidly evolve into turbidity
currents. Several authors have used mass transport deposits and turbidites as a marker of the
instrumental, historical and paleo seismicity (Adams, 1990; Beck et al., 2007; Blumberg et al.,
2008; Carrillo et al., 2006; Chapron et al., 1999; Goldfinger et al., 2003; Huh et al., 2004; Gracia
et al., 2010; Polonia et al., 2013; Ratzov et al., 2010).

When the turbidite sequences are well defined among the sedimentary archives, it is possible
to date them and build stratigraphical time-series. It has also been demonstrated by several
authors that, using paleoseismology on turbidites, it is possible to recover about 18,000 years of
seismic cycles (Goldfinger et al., 2003; Ratzov et al., 2010; Pouderoux et al., 2012). However this
approach remains challenging and must be carefully employed. In fact, different triggers may
instigate turbidity currents. Among them, earthquakes but also extreme climatic events such
as typhoons. It is thus crucial to discriminate these two kinds of turbidites. Therefore robust
criteria must be established to discriminate between the different triggering mechanisms.

The Taiwan mountain belt, known as one of the most active area in the world, has suffered,
since the beginning of the instrumental record (on the 20" century) 22 earthquakes with a mag-
nitude of greater than seven. Therefore, the instrumental record shows that great earthquakes
have illustrated the need of longer records to evaluate occurrence of seismic event through longer
span of time, but also what are the possibilities that larger events (an earthquake of magnitude
8 and greater) occur in Taiwan?

Beside abundant geological and geophysical studies found in the literature, dealing with a

large panel of geological problems, it appears that the study of sub-aqueous sedimentary gravity
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processes as marker of paleo-earthquakes, has not been really investigate yet. Indeed, only one
study about the record of instrumental earthquakes based on turbidites records, has been carried
out (Huh et al., 2004) offshore eastern Taiwan. This study could attest for the reliability of the
method and highlight the great potential of a paleoseismological approach in such an active

context.

1.1.2 Objectives

This work is thus articulated around four objectives in order to provide new constrains on seismic

chronology over the Holocene:

e Collect a new sedimentary data set (i.e sedimentary cores) in strategic areas detailed there-

after (Indeed so far few sedimentary data are available or exist offshore eastern Taiwan).

e Understand the recent sedimentary processes offshore eastern Taiwan providing an anal-
ysis of the recent sedimentary systems, sedimentary facies, to characterize deposits (i.e
turbidites) and the controlling factors of recent submarine sedimentation (tectonic forcing

vs climate forcing).

e Test the reliability and the validity of a paleoseismological approach over the instrumental

period.

e Once calibrated over the instrumental-scale, extend the time-series of seismic event over
a larger span of time applying discriminant criteria to eliminate the possible other trigger

mechanisms (i.e large flood induced by typhoons).

1.2 An introduction to the geology of Taiwan

1.2.1 Generalities

Taiwan mountain belt at the cross-road of two subduction zones. The island seats at the
extremity of the south Ryukyu subduction zone (linking Japan to Taiwan) and the Manila
subduction zone (between The Philippines and Taiwan). This area forms the northeastern tip
of the Philipine Sea Plate (PSP) adjacent to the Eurasian Plate (EP) (Fig.1.2). The Taiwan
mountain belt results of the rapid and oblique convergence of the Luzon arc carried by the

PSP with respect to the passive Chinese continental margin (Fig.1.2, 1.3) (Biq, 1972; Suppe,
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40°

30°
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Figure 1.2: Plate tectonics and geodynamic of Eastern Asia. The thick lines represent plate boundaries.

White arrow indicates the relative motion of the PSP

1984). Plate kinematics predicts about 80 mm/yr of convergence between these two plates
(Seno et al., 1993) (Fig.1.3B). The orogen links two subduction systems dipping with opposite
vergence: to the South the Manila subduction zone and to the east the Ryukyu subduction
zone (Fig.1.3). South of Taiwan, the South China Sea is being subducted eastwards beneath
the PSP, building an accretionary wedge progressively uplifted above the sea level. To the

northeast, the PSP slab is retreating southwardly beneath the Eurasian margin, resulting on the
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opening of the Okinawa back-arc domain and the collapse of the northern part of the Taiwan
mountain belt. Thus, the Taiwan orogen is located at the junction of those two opposite-dipping
subduction systems and marks the interactions between them. Consequently, the deformation

is characterized by a very high rate of seismicity onland and offshore eastern Taiwan (Hsu, 1961).

120° 121° 122° 123° 12

Eurasian Plate

25'N

Taiwan Strait

24°N

22° 23°'N

22°N

20° 120°E 121°E  122E

Figure 1.3: A) Geodynamic context of Taiwan. The thick lines represent the main deformation fronts.
Index: MT: Manila Trench; MAW: Manila Accretionary Wedge; SCS: South China Sea;
CCM: Chinese Continental Margin; CP: Coastal Plain; CeR: Central Range; CoR: Coastal
Range; RT: Ryukyu Trench; RAW: Ryukyu Accretionary Wedge; LVF: Longitudinal Valley
Fault. The white arrow represents the ongoing convergence rate from Seno et al. (1993). B)
GPS velocity field relative to Paisha, Penghu for the period between 1993 and 1999, (after
Hsu et al., 2009)

The geologic setting of the Taiwan collision belt can be summarized as follow: the sedimentary
cover of the Chinese continental margin (Fig.1.4) was accreted in the northwest part of the
island, and it is still accreting in the southwest, against a backstop formed by the Pre-Tertiary
rocks of the Central Range (Malavieille et al., 2002). The Central Range includes the Eocene

and Miocene metamorphic Backbone Range. The Lishan Fault (LF on Fig.1.4), west of the
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subduction wedge, is a west dipping reverse fault, which separates the western Backbone Range
from the Eocene-Oligocene units of the Hsliechshan Range forming the slate and sandstone belt.
The Central Range is bounded to the east by the Longitudinal Valley, which separates the
Central Range from the Coastal Range (Fig.1.4) and represents the northernmost segment of

the Luzon volcanic arc (Malavieille et al., 2002).

120°E 121°E ' 122°E

Coastal Plain N Kuanyin

- a A{ High
L 25°N g

Foothills,
Late

Cenozoic EUfa‘Siaﬂ
Sequence p ’ a t e
[ ]
Basement
Highs

™ L 24°N g
Hsuwehshan

Range,
Paleogene SO01R *

slate
Penghu High
g Islands !@%

Backbone B

Range
Miocene- o
Paleogene

slate L 230N

&
] s
T
§
¢

Okinawa
Trough

24°N-
Ryukyu

Arc-Trench
System

Pre-Tertiary

metamaorphic
complex @
QD

Philippine
Sea

@QLanyu P late

e Manila

% Arc-Trench
Caastal

Range System

Neogene I 22°N
island arc

22°NH

A PR

122°E

Figure 1.4: Geological map of Taiwan, showing the main structural units and their boundaries (LF=

Lishan Fault and LVF=Longitudinal Valley Fault) (modified from Huang et al., 2006)

1.2.2 Topography

Topography sculpted by submarine processes is subsequently uplifted above sea level and forms
a template on which subaerial relief develops. In turn, the products of sub-aerial erosion are

transported into the submarine landscape and may drive its topographic evolution by erosion
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and/or deposition. The sub-aerial and submarine landscapes are intrinsically linked (Ramsey
et al., 2006). The plate obliquity has led the collision to propagate southward over the past 5
Myr.
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Figure 1.5: Profiles across Taiwan showing both subaerial and submarine reliefs. DEM 100m gridded,

from courtesy of Stephane Dominguez.

1 1

The ongoing uplift rates on the order of 5-6 mm.yr~ (Peng

et al., 1977; Chen and Liu, 2000; Hsieh et al., 2004; Liew et al., 1993; Wang and Burnett,

, and locally up to 1 em.yr™

1990), combined with wet and stormy climate induce, for the emerged part reliefs reaching up
to 3950m above sea level. Consequently, this merges to produce erosion rate among the highest
of the world (Dadson et al., 2003; Siame et al., 2011; Derrieux et al., 2014). In the submerged
part, the topography extends down to 6000 m below sea level (Fig.1.5).

1.2.3 Regional climate

Taiwan is positioned within what has been called the "typhoon Alley” (Liu et al., 2008). On
average, three or four typhoons impact the island annually. As such, Taiwan receives not only
abundant precipitations due to its southern Asian monsoon climate, but also periodically heavy

rains during typhoons (Wu et al., 1999; Lin et al., 2002; Galewsky et al., 2006; Liu et al., 2008).
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The Morakot Typhoon in 2009 was the worst event of the last 50 years (Fig.1.6). The storm
produced accumulated rainfall of 2777 mm (Ge et al., 2010) which triggered triggered 12,697
landslides (Wu et al., 2011; Tsou et al., 2011) and exceptional flooding in southern Taiwan. The
Morakot typhoon caused 700 casualties and catastrophic damages (Fig.1.6). With high relief,
steep gradients, important tectonic activity, heavy rainfalls and frequent typhoons, Taiwan is
generally recognized as having the highest sediment production in the world as 7 of the 10 global
rivers with the highest sediment yield are in Taiwan (Li, 1976; Milliman and Syvitski, 1992; Chen
et al., 2004; Dadson et al., 2004; Liu et al., 2008). Taiwanese rivers presently discharge more
than 300Mt of sediments to the surrounding ocean each year and more than 30% of the total
sediment from Taiwanese rivers is discharged at hyperpycnal concentrations (Dadson et al., 2005;

Kao and Milliman, 2008; Liu et al., 2008).

Figure 1.6: Left, satellite image of the Morakot typhoon at its peak (source CWB); Right, Impact of

typhoon Morakot, an example of one of several typhoon-triggered landslides

1.2.4 Seismicity

The seismicity in Taiwan is concentrated in the collision zone, the Ryukyu subduction zone and
the Manila subduction zone (Fig.1.8) According to the geological context, the seismicity rate is

extremely high (Fig.1.8). Destructive earthquakes have significantly struck the island repeatedly.
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During the last century, more than 20 M, >6.8 earthquakes have been recorded (Table 6.1).
Onland, the greatest occurred in 1999 with a magnitude M,, 7.6 leaving catastrophic damages
and casualties (Fig.1.7). Offshore, the greatest event ever recorded in the Ryukyu margin (former
estimated magnitude 8), has been re-estimated with a magnitude M,, 7.7 (Theunissen et al.,
2010, Fig.1.9). Such a high seismic rate will consequently produce slope instabilities and play

an important role the driving mechanisms of the actual offshore sedimentary processes.

OMENICA v (ORRIERE

g

Figure 1.7: Example of disasters that occurred during the last century in Taiwan. Left, broken bridge
after the Chi-Chi earthquake in 1999. Right, copy a newspaper of 1935 showing damages
after the Hsinchu earthquake that occurred the same year (Kuo-Fong Ma, personal commu-

nication).
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Figure 1.8: A: Seismicity of Taiwan My, > 3 for the period 1991-2008. Data from Central Weather Bu-
reau; B: Perspective view showing the two subduction and the collision zone. The seismicity
is concentrated on the subduction zone and the collision zone. The red box shows the study

area for this work (Courtesy from Serge Lallemand and Jacques Malavieille)
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Eq. number Date (yy/mm/dd) Lon.(°) Lat. (°) Depth (km) M,’(*) Loc. origin references

1 1915/2/28 123.50 2360 0 7.5 1
2 1919/12,/20 122.50 2250 35 6.9 1
3 1920/6/5 12222 24.29 35 7.7 2
4 1921/4/2 123.00 23.00 35 7.1 1
5 1922/9/1 122.04 2450 35 7.3 1
6 1922/9/14 122.64 24370 35 7 1
7 1935/9/4 121.55 2250 20 7 3
8 1935,/4/20 12082 2435 5 6.9 3
9 1947/9/26 123.00 2475 110 7.3 1
10 1951,/10/21 121.72  23.87 4 7.1 4
11 1951/11/24 121.35 23.27 36 7.1 4
12 1951/10,/22 121.72  24.07 1 6.9 4
13 1951/10/22 121.95 2382 18 6.9 4
14 1957/2/23 121.80 2380 30 7.1 3
15 1959/4/26 122.79  24.68 126 7.5 1
16 1963/2/13 122.06 2435 35 7.1 1
17 1966,/3/12 122.69 2430 28 7.5 1
18 1972/1/25 12232 2254 10 7.3 1
19 1978,/7/23 12132 2235 6 7.2 3
20 1986,/11,/14 121.83  23.99 15 7.3 3
21 1999/9/20 12080 2385 6 7.6 5
22 2002/3/31 122.16  24.16 16 7 5
23 2003/12/10 12138 23.07 21 6.8 5

Table 1.1: M,, >6.8 earthquakes recorded over the instrumental period (20" century) in the studied
area. References for the location origin: 1. Engdahl and Villasenior (2002); 2; Theunissen
et al. (2010); 3. Cheng and Yeh (1989); 4. Chen and Tsai (2008); Cheng et al. (1996);
5.Wu et al. (2008). (*) M’w: equivalent moment magnitude determined by Theunissen et al.

(2010).
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1.3 Thesis plan

After this first introductive chapter, the manuscript has been organized into two part based
on the previous observations and in order to reach the objectives of this work.

The first part entitled Sedimentary processes offshore eastern Taiwan, will deal with the
two first objectives: 1) To collect new sedimentary data in strategic areas and 2) understand
the recent sedimentary systems offshore east Taiwan. This part has been thus cut into two
chapters: the second chapter presents 1) a global overview of the notions and concepts of
the sedimentary gravity processes and their deposits and 2) the coring strategy as well as the
presentation of the coring sites. The third chapter will concern the deep-sea sedimentation and
sedimentary facies offshore eastern Taiwan. Using several dataset such as geophysical data and
sedimentological data, this work proposes to characterize the sedimentary facies and associated
sedimentary processes. The erosional potential offshore eastern Taiwan and the controlling
factors of recent sedimentation in such active area will be discussed.

The second part entitled Testing a paleoseismological approach offshore eastern Taiwan,
will deal with the two last objectives of this study. The fourth chapter presents 1) the
background relative to turbidites as a marker of paleoseismology and 2) the dating proxies
used in this thesis (?'°Pb and 37Cs for the last century and “C for the late Holocene). Then
chapter five presents the results of a study relative to the dating of turbidites and correlation
with instrumental earthquakes from the last century using 2'°Pb and 3"Cs proxies. Furthermore,
we will discuss how to estimate a crucial parameter for 4C age corrections and why it may be
variable. The chapter six, will cover the paleoseismological study conducted, offshore east
Taiwan, showing the results including all the sedimentary and dating analysis necessary to
build robust age models for each core. We will then demonstrate, using discriminant criteria,
the seismic character of the turbidites deposits. Then the frequency, source and magnitude
of earthquakes for the last 2,700 years will be discussed. Chapter 7, will present the results
of study about an original deposit we found in our core dataset. In this chapter, we intend
to interpret this marine deposit, supported by sedimentological analysis, dating and current
modeling, as a result of a super event that occurred 3,000 years ago. The possible scenario to
explain the origin of this anomalous deposit will be discussed.

Finally, the last chapter of this thesis, chapter 8, will expose a summary of the major results

and conclusions, concluding remarks on several points and the possible perspectives.
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2.1 Submarine sedimentary gravity processes and deposits

Gravity processes occur at any scale and affect all types of continental margin (passive and
active). They are able to transport sediment from the continental shelves to the abyssal plains
under the influence of the gravity (Fig.2.1). Nevertheless these processes have never been ob-
served directly but mainly detected by their impact on human infrastructures such as cable
failures (Hsu et al., 2008; Gennesseaux et al., 1980). The study and analysis of the gravity
sedimentary processes and their associated deposits are essential for the understanding of the
construction and the evolution of continental margins. In the case of active margin context, they
may represent invaluable sedimentary archives to decipher the history of the margin. The liter-
ature provides abundant studies and classifications according to the rheology, motion, duration
or deposits (Middleton and Hampton, 1973; Stow et al., 1996; Hampton et al., 1996; Mulder and
Cochonat, 1996; Mulder and Alexander, 2001). These processes are distinguished into two main

categories relative to the motion mechanisms of the transported materials (Fig.2.2):

e Mass slide (Motion not due to pore fluid): creeping, block gliding/rock avalanche, slide

(translational and rotational)

e Gravity flow (Triggering and motion due to pore fluid): laminar and turbulent regimes

2.1.1 Mass slide

The mass slides are characterized by homogenous sedimentary volumes displaced along a basal
shear surface. They may travel over a limited distance from few hundred meters to several
kilometers. Their resulting deposits are often called Mass-Transport deposits (MTDs)
defined as sedimentary, stratigraphic successions that are remobilized and transported downslope
by gravitational processes as non-Newtonian rheological units (N.B: In the following review, only

the sedimentary processes used in this thesis will be described).

e Translational slide (i.e slide), corresponds to a sedimentary mass displacement follow-
ing a translational shear surface (Fig.2.3A). This process is observable at different scales
of size and displacement (Stow et al., 1996). Slides display very low internal deformation

because of the high cohesion of the sedimentary mass.

e Rotational slide (i.e slump), (Fig.2.3B), corresponds to a sedimentary mass movement

on a basal shear surface limited by rupture plans and by a headwall scarp ranging from
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Figure 2.1: Perspective diagram showing the different types of deep-sea sedimentary processes: From
hemipelagite sedimentation to mass transports processes. (after Shanmugam, 2003)
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several meters to several hundreds meters (Mulder and Cochonat, 1996). This sedimen-
tary process occurs at any scales on a gentle slope (surfaces involve sometimes more than
100km?). Unlike translational slides, rotational slides display important and het-
erogeneous internal deformation. The deformation occurs when the shear stress reach a

critical limit.
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Figure 2.3: Idealistic model of A: Slide and B: Slump (after Stow et al., 1996).
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2.1.2 Gravity flows

The motion of gravity flows results from the difference between the mix of sediment/fluid and
the surrounding fluid (i.e sea water). Authors distinguish two hydraulic mechanisms: laminar
flows and turbulent flows (Mulder and Cochonat, 1996). The distinction between those two
mechanisms depends of by the Reynold number (Re), characteristic of the flow regime (the
Reynolds number is the ratio between inertial and viscous forces): laminar if Re < 500, tran-
sitional if 500 < Re < 2000 and turbulent if Re > 2000. The variation of the Re parameter
may lead to a flow evolution from laminar to turbulent flow regime (for example if the viscosity
decreases). Mulder and Alexander (2001), proposed a classification of gravity flows according to
the dominant grain support mechanisms: 1) matrix strength support, 2) grain-to-grain support,
3) turbulent support (N.B: As previously mentioned, only the processes and deposits used in this

work are described).

2.1.2.1 Laminar flows

Laminar flows are characterized by high sediment concentration and high viscosity that avoid
the development of turbulent flow regime. The sediment concentration is basically >9% so
that the flow has a non-Newtonian fluid behavior. The transport of laminar flows is mainly
supported by a clay matrix, grain-to-grain interaction mechanisms, buoyancy and friction
(Mulder and Alexander, 2001). The distinction between the different styles of laminar flows is
based on sediment concentration, matrix and the presence of fluid (i.e water). Thus, three kind

of flow are distinguished: debris flow, fluidized flows and liquefied flows.

Debris flows: They are made of a plastic matrix of cohesive material and not liquefiable
(generally silt and clay) containing rock fragments and water (Postma, 1986; Mulder and Co-
chonat, 1996; Mulder and Alexander, 2001). Deposition occurs when the shear rate does not
reach the yield strength. When shear rate decreases, the flow "freezes” due do its high cohesion
(Rodine and Johnson, 1976; Mulder and Cochonat, 1996). The cohesive matrix (presence of
clay) avoids the transformation of debris flow into turbulent flow even if the volume of sediment
and the slope are important. The events may be considerably catastrophic and consequently
travel over few hundreds kilometers away from the source.

Debris flow deposits, debrites, are often conglomerates with a possible inverse grading. They

form massive beds with some blocks transported at the top of the flow. The seafloor morphol-
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ogy is a typical hummocky surface. On seismic profile debrites have usually low amplitude to

transparent reflectors displaying a chaotic facies.

2.1.2.2 Turbulent flows

Turbulent flow is defined as a flow where the turbulence is the main particle transport mechanism.
The theoretical sediment concentration is low (<9% of sediment concentration). The flow is
assimilated to a Newtonian fluid (Mulder and Alexander, 2001). Unlike laminar flows, that can
be easily observed onland (e.g landslides, debris flows etc..), turbulent flows are only found in
sub-aqueous environment and consequently difficult to observe and monitor. The first studies
and observations of such processes started at the dawn of the 20th century with Forel (1887)
on the Leman lale at the Rhone river mouth. From the mid 20th century, the experiments of
Kuenen and Migliorini (1950) helped developing the concept of turbiditic sedimentation. They
demonstrated the existence of turbidity currents and their capacity to transport sediment from
shallow water to deep sea environments. Among turbulent flows, it is possible to distinguish:

the turbidity currents (sensu lato), the turbidity surge and hyperpycnal flow:

e Turbulent flows are classified according to the volume of sediment involved in the flow
(Mulder and Alexander, 2001): 1) Turbidity current (sensu lato) are constantly fed
by sediment incorporated during the transport and 2) Turbidity surges that involve a
finite volume of sediment:

1) The turbidity current sensu lato, is continuously maintained by incorporation of eroded
material during the flow. Therefore, turbidity currents (sensu lato) may have a lifetime
from several hours to several weeks.

2) Turbidity surge corresponds to flow with a finite volume of sediment and no sediment
incorporation during flow motion. Consequently, these flows have a relative short life-
time ranging from several hours to several days. However, the deposits from turbidity
surges may be difficult to differentiated from other fine-grained deposits such as pelagite,
hemipelagite or contourites deposits because of their fine-grained composition. These de-
posits may also be eroded by other kind of gravity flows because of their thin thickness or
later homogenized by bioturbation (Mulder and Alexander, 2001).

The deposits that result from the turbulent flows are termed turbidites, displaying a nor-
mal grading sequence with sometimes sedimentary structures (ripples, cross-laminae ...).

Bouma (1962) proposed an idealistic sequence of a turbidity current and a relative repar-
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tition of sedimentary facies on a deep-sea fan. This sequence, called Bouma sequence
contains a succession of five facies (from Ta to Te) above an erosional base. Unfortunately,
this ideal sequence is rarely fully observed because of the potential erosion at the base of
the sequence or because of the postion on the deep-sea fan (Bouma, 1962). The Bouma
sequence introduced the concept of "energy loss” during the flow of turbidity currents but
does not take into account the dynamic processes responsible for the sedimentary struc-
tures observed in the sequence. Therefore, the Bouma sequence cannot justify the observed
diversity of turbidites deposits. Thus, several studies intented to fill this gap and proposed
new models and classifications. Stow and Shanmugam (1980) proposed a model relative
to low density turbidity currents (high content of fine grained sediments) and Lowe (1982)
proposed a classification that corresponds to high density turbidity currents (higher con-
tent of coarse materials). Together with the Bouma sequence, these models cover a broader

spectrum of turbiditic systems (Fig.2.4).
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Figure 2.4: The Bouma sequence (1962) and its extensions for the low-density turbidity currents (Stow
and Shanmugam, 1980) and high-density currents (after Lowe, 1982)
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e Hyperpycnal flows are produced at the river mouths when the density of the fluid becomes
greater than the surrounding water (e.g, ocean water 1,025 g.ml™!). Rivers are the main
transport agent of sediment from continent to ocean bringing 85% of the total load of the
sediment to the global ocean ( 20 billions of tons per year) (Milliman and Syvitski, 1992).
The rivers loads are supplied as suspended load (64%) or dissolved load (18%). At rivers
mouths, flow evolution depends on the density contrast between the flow (ps) and the
surrounding water (p,,). The hyperpycnal flow is also defined as a turbulent flow. They
occur generally during large climatic events such as flood or storm (e.g. typhoons in the
case of Taiwan). When they reach the head of canyons, they changed into gravity flows and
may transport the sediment load toward deep basin or subduction trenches (Mulder and
Syvitski, 1995). Although the characteristics are similar to the classic turbidity currents,
their duration is longer and the dynamics follows the sediment charge/discharge of the
river which can be observed in the sedimentary records (Fig.2.5). For the charge phase,
the grading is increasing from the base of the turbidites. In contrast, during the discharge
phase the grading is decreasing (Mulder et al., 2003). When the event is strong enough, the
turbulent flow may be considerably erosive and the base of the sequence may be truncated
(Fig.2.5). It becomes then difficult to differentiate the hyperpycnites (deposits resulting

from the hyperpycnal flows) from the Bouma sequences of "classic” turbidites.

2.1.2.3 Evolution and transformation of gravity flows

The mechanisms previously described are idealistic ones. The mechanisms involved may change
between the time of transportation and deposition. The dynamics of a gravity flow (transport,
erosion and deposition) lead to the incorporation of a fluid and sediment but it also involves
the destructuration of the sediment. The first model of spatial evolution for gravity flow was
proposed by the Middleton and Hampton (1973) (Fig.2.6). Mulder and Alexander (2001) high-
lighted the fact that the classification of gravity flows is relatively complex because of their
possible transformation between the source where they are triggered and the place where they
are deposited (up to several hundreds of kilometers). Shanmugam et al. (1994) suggested an
evolution from a mass slide (i.e slide, slump etc.) to a gravity flow (such as laminar flow that
evolve to a turbulent flow (Fig.2.7). Several mechanisms can thus alternate during the same
transport and the deposit will reflect the final and punctual mass movement. This model is

later confirmed by Piper et al. (1999), evidencing transformations from slides to debris flow and
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Figure 2.5: Sequence and facies of an hyperpycnal deposit according to the charge and discharge of the
river during flood (after Mulder et al., 2003)

finally into turbulent flows in the east Canadian margin.

A slide will evolve into a debris flow if 1) the sediment mass has a clay content, 2) if during
the sliding phase the grain agitation is high enough to destruct the sliding mass and 3) if there
is water incorporation during the flow. The progressive destruction of the slide will facilitate
the water incorporation that will reduce the strength and then generate internal displacements.
The debris flow is created. The transition between laminar flow and turbulent flow will need a

dilution of the laminar flow (Hampton, 1972).

2.1.3 Turbiditic systems architecture

Turbiditic systems have been discovered tardily and represent important financial interest for
oil exploration. As such, they have been extensively studied during the last decades. The
improvements of technical methods, highly supported by the oil exploration, have favored the

relatively good knowledge of the deep-sea turbiditic systems. However the actual concepts and
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and Hampton, 1973)
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Figure 2.7: Evolution from a mass slide to gravity flow (i.e turbidity current) (after Shanmugam et al.,
1994)

hypothesis suffer from a lack of direct observations. They are only available on the ancient
systems based on seismic profiles.

Turbiditic systems correspond to systems that transport and accumulate sediments from the
continental shelf to the abyssal plains. Their high sedimentation rate and high sediment accu-
mulation may represent important hydrocarbon reservoirs. Also, the sedimentary flow dynamics
that shape these systems are usually initiated by extreme events (earthquakes, storms) and may
represent natural hazards for offshore infrastructures (e.g, telecommunication cables breaks off

western Taiwan after the 2006 Pingtung earthquake) or coastal hazards (e.g, tsunami). Sev-
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eral morphological units are produced according to two types of turbiditic systems: channelized

system and non-channelized system (Fig.2.8).
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Figure 2.8: Theoretical depositional model for channelized systems and non-channelized systems (after
Shanmugam, 2000).

Non-channelized systems are generally generated by punctual and local slope failures. Thus,
the sediment supply is not high or constant enough to build a well developed turbiditic system.
These systems include three zones: 1) a failure zone with one or several headscarps, 2) a by-
pass zone and 3) a depositional zone that is often assimilated to a depositional lobe. They
are generally known as slope apron (Reading and Richards, 1994). Conversely, if the sediment
supply is constant and high enough (e.g connection to a river mouth), the system evolves into
a channelized system. The sediment flows are channelized from a canyon to channel system to
finally reach a depositional zone (i.e, distal lobe). These systems belong to submarine fan and

ramp defined by Reading and Richards (1994).

2.1.3.1 Canyons and gullies

Many studies have been carried out since the discover of the submarine canyons. These

erosional features, ensure the transfer of sediment toward the abyssal plains. They have a



CHAPTER 2. BACKGROUND 31

characteristic V-shape morphology, usually found between 500 m to 3000 m water depth and are
up to 100 km long (Normark and Carlson, 2003) (Fig.2.9). A submarine canyon usually have
an upstream part called head that constitutes the zone of intense erosion on the continental
slope and able to incise the continental shelf. Submarine canyons may be fed in their upstream
reaches by a gully network or immature erosional features on the continental slope (Fig.2.10).
The main part of a submarine canyon called body constitutes the zone between the head and
the bottom of the slope or the trench in the case of an active margin. The length of the body
is variable and may reach several hundred kilometers. The morphology is characterized by a
decrease of the slope compared to the head with an average of 2° (Gaudin, 2006; Arzola et al.,
2008). The incision is V-shaped and progressively evolve downstream to a U-shape. The relief
of the incision may reach more than 1000 m (e.g, Taitung Canyon, offshore eastern Taiwan).
The slopes of the flanks are usually steep and reach up to 45°, with an average of 25°. The
most upstream part of a submarine canyon corresponds to the outlet (Fig.2.9). The outlet is
characterized by a valley usually wider than the body of the canyon and a progressive decrease
of the slope reaching up to 0.5° (Babonneau et al., 2002). Downstream, the outlet may develop
a channel-levee system and/or distal lobes (Galloway, 1998).

Gullies, are relatively linear with narrow width submarine valleys (from 100 to 200 m)
(Fig.2.10). They are located on the continental shelf or the continental slope. They are usually
not connected to a fluvial system. Where erosion dominates these features, may spatially evolve
with time. Their origin are often attributed to instabilities on the edge of the continental shelf

such as slides or turbidity currents (Izumi, 2004).

2.1.3.2 Channels-levees complexes

Channel-levee system is the area where erosion and deposition processes interact (Fig.2.11). It
is usually developed downstream of the outlet of submarine canyon.

Deep-sea channel morphology is controlled by erosion and deposition by turbidity currents.
Two types of channels may be observed: incising channels (erosive) (e.g. Zaire, Babonneau et al.,
2002) and constructive (aggrading) (e.g. Amazon, Flood et al., 1991). Erosive channels are V-
shaped, with small or no existent levees because the sediment spilling is not important enough
to build them. The morphology of depositional channel is highly influenced by the nature of the
transported sediment (Piper and Normark, 2009). The channels that transport coarse material
(sand or gravel), are wide and straight. In general they do not build levees. In contrast, the

channels that transport fine-grained material are narrow and sinuous (or meandered). They are
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Figure 2.9: Bathymetric 3D map of the Danube canyon (after Popescu et al., 2004)

deeply incised and build well-developed levees.

Sedimentary levees are built by overspilling of the fine fraction of a turbidity current.
Their extension may reach 50 km from the channel axis. The levees are asymmetric on their
flanks. The internal flank (channel side) display a steep slope experiencing erosional processes.
The external flanks of the levee, display gentle slopes and correspond to depositional processes.
Sedimentary levees are often characterized by sedimentary waves (Normark et al., 2002). The
levees constitute a complete record of turbiditic events and are good archives to investigate

turbiditic systems.

2.1.3.3 Lobes

Lobes represent the distal part of the turbiditic systems. They are mainly built by sand ac-
cumulation because of the loss of the fine grain fraction deposited in the complexes described
above. These complexes formations may be also built by accumulation of sub-lobes sometimes

channelized (Bonnel, 2005).
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Figure 2.10: Example of A: subdued gully system showing 3.5kHz profile (left) and shaded relief map
(right); B: Angular gully form showing 3.5kHz profile (left) and shaded relief map (right)
(after Mountjoy et al., 2009)

2.1.4 Controling factors of turbiditic systems

Several factors influenced the development of the turbiditic systems. Stow et al. (1985) consider
four factors: tectonics, nature of sediment supply, climate and sea-level variations. These
parameters interact and may be variable in space and time. They lead to build turbiditic
systems with variable architectures, geometries and sedimentary facies. Although these
parameters are difficult to quantify, they confer a better understanding of the architecture of

these systems (Bouma, 2000).

The tectonic activity will affect the whole turbiditic system from the source to the abyssal
plain. Tectonics is a first order factor that will influence the type and nature of sediment. It will
influences the uplift rate, the denudation and erosion rates, the onland drainage network, and
also the morphology of the drainage basin. A "young” and active mountain belt characterized
by a high surrection rate, will favor important erosion and important volume of sediment
supply from the drainage basin. This supply will be even higher if the reliefs are under the

action of a "humid” climate (i.e tropical climate). A characteristics of the drainage basin is the
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Figure 2.11: Genetic model of channel-levee complexes (after Eschard et al., 2003).

distance between the source (relief) of the river outlet and the slope. A sedimentary source
close to the coastline will reduce the capacity of sediments to accumulate in the continental
domain (i.e, active margins). This configuration is prone to the development of turbiditic
systems that mainly transport coarse material (Bouma, 2000). In contrast, in large continental
domain where the distance source/slope is important, sediments accumulate in the continental
domain (i.e passive margins). In such contexts, the turbiditic systems built are fine-grained

rich (Bouma, 2000). The brutal variations of the drainage basin dynamic are also respon-
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sible of important changes in the nature and volume of sediment supply to the turbiditic system.

At the river mouth, sediments shall transit through the continental shelf before they reach
the deep-sea domain. The width of the continental shelf and also the presence of submarine
canyons are thus determinant factors. The continental shelf is more or less developed according
to the type of the margins. In the case of active margins, the continental shelf is usually
narrow and favor the direct input of sediment supply to the slope. In contrast, in the case of
passive margins, continental shelves are wider and well developed, consequently limiting the
propagation of sediment to the slope. Submarine canyons will also facilitate the supply to the
turbiditic systems. The supply is continuous from the river mouth to the head of the canyon.
Most of the turbiditic systems are developed in confined basins in active margins in opposition
to the large deep-sea fan systems developed in the passive margins. Regional tectonics is often
involved in the genesis of these confined basins. For example, in the fore-arc domain of the
active margins, the tectonics provide a regular and abundant supply in the confined basins

where turbidites sequences are accumulated.

The climate has a significant influence on the erosion of the reliefs, transport and sea-level
variations. Litchfield and Berryman (2005), propose that the nature and the volume of sediment
are directly linked to climatic variations that affect the drainage basins. During glaciation,
the erosion of the relief is favored because of the weak vegetal cover. However, the sediments
are accumulated in the fluvial systems to build aggradational terraces. In contrast, during
interglacial periods and despite a developed vegetal cover, the incision of the rivers and transport
of sediments are favored. Therefore, a significant volume of sediments are transported to the
turbiditic systems. Beside long-scale climatic events, punctual phenomena may also provide a
large amount of sediments (i.e large storms, typhoons..) and generate for example, hyperpycnal

activity that directly supply turbiditc systems (Mulder et al., 2003).

2.1.5 Initiation of turbidity currents

Mass movements may be triggered in response to catastrophic events such as earthquakes,
floods, tsunamis. When analyzing the sedimentary archives, it is possible to extract the
chronology relative to these extreme events. Turbidites appear to be the most interesting

deposits because they are extremely sensitive to the extreme events mentioned above. Pale-
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oseismic and paleoclimatic archives are thus available (Beck, 2009; Goldfinger et al., 2003).
The main triggering mechanism for mass movements are synthesized in the figure Fig.2.12. A
turbidite may be triggered either by a turbidity current sensu lato that evolved from a slope
failure (Middleton and Hampton, 1973; Piper et al., 1999), either by a density current (i.e
hyperpycnal flow) (Mulder and Alexander, 2001). Slope instabilities (slope failure, such as
slides or slumps) are know to evolve to turbidity currents (Piper et al., 1999). They occur in
deep-sea environment below the continental shelf. The stability of the slope will depend in the

first order, on the slope gradient and the nature of the sediments.
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(écoulement -4——— watercascade --f— cooling /
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Figure 2.12: Model of triggering mechanisms of mass movements showing interactions between origin,
cause, flow and deposit. Red boxes emphasizes the processes that will be developed in this
work, from the origin to the deposit (modified after Pouderoux, 2011).

Earthquakes are considered as the main trigger mechanisms for slope instabilities. Turbidity
currents have been associated to instrumental and historical earthquakes affecting active mar-

gins, e.g, Taiwan, (Huh et al., 2004); Japan, (Noda et al., 2008); Cascadia margin, (Goldfinger
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et al., 2003); South Portugal, (Gracia et al., 2010); Greece, (Polonia et al., 2013); New-Zealand
(Pouderoux et al., 2012; Barnes et al., 2013). These examples suggested that a large earthquake
(i.e, M>6.8) is necessary to trigger mass failure and turbidity currents. However, more than
the magnitude, the intensity or the Peak Ground Acceleration (PGA) on the continental slope
will control its instability during an earthquake. The PGA depends on the magnitude and the
distance to the epicenter (Lee and Edwards, 1986). The PGA threshold will also depend on the
nature of the substratum (e.g. site effects, sediments vs rocks) and may have a value comprised
between 0.08 and 0.6¢ (g is the gravitational acceleration) (Dan et al., 2009; Lee et al., 1999;
Huh et al., 2004; Noda et al., 2008; Strasser et al., 2007).

2.2 Study area and coring strategy

According to the previous observations and in regard of the possible triggering mechanisms of
mass movements, it appeared crucial to carefully choose the study area and the cores locations

in order to reach up our objectives.

We thus aimed to sample offshore eastern Taiwan because it is prone to study mass
movements relative to seismic activity: a) it is the most active area (most of the magnitude 7
earthquakes occurred in that area), then susceptible to trigger slope instabilities, b) the subma-
rine morphology displays steep slope gradients, essential parameter to generate instabilities, c)

the sediment supply is extremely high (~150 Mt.yr—!, Liu et al., 2008).

Then, using several types of available data (bathymetry, back-scatter imagery, 3.5 kHz, Multi-
Channel Seismics), we first have determined core sites fitting our objectives but also satisfying
logistical criteria (such as maximum depth of surveying). We divided our sampling into three

types of targeted sites:

e Reference cores sites: in order to get well-preserved records of the hemipelagic sedi-
mentation we chose an area without influences from both typhoons and earthquakes (high

bathymetric point, sites distant from canyon system or subject to instabilities).

e Paleoclimatological cores sites: to obtain the record of turbidites triggered by ty-
phoons, we chose areas located on levees systems of canyons or channels where the accu-

mulation of sediment is the greatest and well preserved from the remobilization of sediments



38 CHAPTER 2. BACKGROUND

initiated by earthquake shaking.

e Paleoseismogical cores sites: to obtain the record of paleo-seismicity, we select areas
able to trap sediments originated from instabilities triggered by seismic events. We thus

favor areas such as perched basins adjacent to steep slopes sheltered from terrestrial input.

When selecting the cores locations, we also took into consideration the depth of the sites.
First all sites greater than 4000 m deep were excluded. Indeed, the Carbonate Compensation
Depth (CCD), is the depth in the oceans below which the rate of calcium carbonate is behind
the rate of solvation, thus no CaCQgj is preserved. The CCD depends on the solubility of CaCOj3
which is determined by the temperature, pressure, chemical composition and oceanographic
conditions of the oceanic waters. Nowadays, the in the Pacific Ocean the CCD is about 3500-
4500 m with local variations, except beneath the equatorial upwelling zone where it reaches
about 5000 m. The CCD will thus preclude the possibility for dating the hemipelagic fraction
using 1“C dating. At such a depth, the foraminifera tests (organisms used for 1*C) will be affected
by CaCOs3 dissolution.

We also excluded, in respect to logistical criteria, sites greater than 3000 m below sea-level.
In fact, we initially planned to conduct a survey using a deep-two side-scan sonar, in order to
acquire complementary chirp data to help in the coring site selection process. Equipment such
as deep-tow side-scar sonar may be only used down to 3000 m below sea-level and has to be
maintained 30-50 meters above the seafloor. Unfortunately, for technical reasons this survey

have not been conducted.
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2.3 Coring sites

We will further consider three study zones (Fig.2.13): 1) The Ryukyu forearc zone, 2) the Luzon
volcanic arc zone and 3) the Southern Longitudinal Trough (Fig.2.13).

1. The Ryukyu forearc zone corresponds to the forearc basin of the western termination
of the Ryukyu subduction zone. This area suffers from an intense tectonic and seismic
activity (Malavieille et al., 2002; Theunissen et al., 2010; Lallemand et al., 2013). We thus
focused on sampling to maximize the record of paleo-earthquakes. For that purpose, we
selected isolated sites and enough from major continental sediments supply. Two cores
sites have been selected: KS09 is located on an isolated terrace at the bottom of the slope
of the Ryukyu arc (Fig.2.14), at 2900 m water depth. The slope of the arc uphill of this
site reaches ~6-7°. In KS09 acoustic facies are characterized by deformed and stratified
reflectors on the chirp line, suggesting sediment deposition and accumulation (Fig.2.15A).
Because of the intense tectonic and seismic activity, this area is prone to slope instabilities
as seen on Fig.2.15. Indeed, superficial submarine landslides affect the slope of the Ryukyu
arc. We thus considered that KS09 site is a good candidate fitting the objective of the
record of paleo-earthquakes. Site KSO08 is located at 2800 m below sea-level, northward
KS09, on an isolated terrace adjacent to the slope of Ryukyu arc (Fig.2.14). The slope
of the Ryukyu arc near that site, is dipping about ~11° (Fig.2.14). The acoustic facies
of KSO8 site display stratified reflectors also suggesting sediment deposition and accumu-
lation. Slope failures also affect the slope of the Ryukyu arc in that area as shown in
the Fig.2.15. As such, KS08 has been selected as a candidate for the record of paleo-
earthquakes. Also, KSO08 is located near the site BC18 of Huh et al. (2004) (Fig.2.13).
Their study has shown that in that area it is possible to record paleo-earthquakes using
turbidite records. Therefore, we selected KSO8 site in order to be calibrated our results

with those of Huh et al. (2004).
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Figure 2.13: A: perspective view of eastern Taiwan viewed from the east. The three dashed-lined boxes
show the three zones chosen for this work. B: DEMs showing zooms of the coring site;
colored dots show the sedimentary cores collected during OR1-1013 and OR1-1048. The
yellow dot corresponds to the box-core from the study of Huh et al. (2004).
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Figure 2.14: A: DEM of the Ryukyu arc core site; B: slope gradient map of the core site, lines show

bathymetric profiles shown in D; C: closer view on DEM of the KS09 and KS08 location;
D: bathymetric profiles of the core sites, showing the surrounding slopes adjacent KS09

and KSO8 sites.
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Figure 2.15: A: chirp profiles across KS08 and KS09 sites; B: perspective view of the core site, lines
show the chirp profiles shown in A; C: perspective view showing slope failures on KS09

and KSO8 sites.
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2. The Luzon volcanic arc zone corresponds to the well developed collision zone of the
Luzon arc with the Chinese continental margin. There, we selected sites to obtain the
record of paleo-earthquakes and also to obtain the record of the background sedimentation
(reference core). KSO06 is located northward Lutao Island, in an small isolated basin at
mid-slope of the colliding Luzon arc (Fig.2.16). The seafloor at that site is reaching 1947
meters water-depth. The basin is completely disconnected from any major drainage system
(Fig.2.16). The slopes surrounding the basin range from 8 to 17° (Fig.2.16). Seismic and
chirp profiles acquired across the basin express strong reflector at seabottom and well-
stratified reflectors in depth indicating basin fill sediments (Fig.2.17). Since this area is
very active, we suspect that this site is prone to slope instabilities triggered by earthquakes
as identified northward KS06 site on Fig.2.17 and may constitutes a suitable location for

paleoseismic purposes.

About 50 km northward, KRO3 is located on a bathymetric high between canyons at
1205 m water depth. Therefore, this site should not be affected by the path of turbidity
currents (Fig.2.18). Seismic profile shows stratified reflector suggesting sediment accumu-
lation reaching about 1,5 kilometers thick above the basement of the colliding Luzon arc
(Fig.2.19). KRO3 site thus represents a good candidate for the record of background sed-
imentation. Five-hundred meters downslope, KASO03 is located on a isolated terrace at
1700 m water-depth (Fig.2.18). This site is sheltered from the paths of terrestrial input and
should mainly record slope instabilities of the surrounding slope triggered by earthquakes.
Five cores were retrieved from these 3 coring sites during the OR1-1013 and OR1-1048,

using piston corer, gravity corer and box-corer (Fig.2.13, Table 2.1).
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Figure 2.16: A: Detailed DEM of KSO06 site, red dot show the coring site, lines display seismic profiles

shown in Fig.2.17; B: bathymetric profiles across the core site, showing the surrounding

slopes on KS06 site; C: slope gradient map around KS06 site.
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3. The Southern Longitudinal Trough (SLT hereafter) represents a proximal orogenic

basin (Malavieille et al., 2002). There, we selected sites to mainly obtain the record
of climatic events such as turbidites deposited after storms or typhoons. The SLT is
directly connected and fed by rivers onland from both its northern part and the gullied
slope on the eastern part (Fig.2.20B). The SLT is characterized by a turbiditic system
with well developed channel-levees complexes (Fig.2.20). We selected three sites that
represent good candidates to record past climatic events. These sites are located between
1160 m and 1272 meters water depth. KCO3A site is located on a sedimentary levee
whereas PC03B and C are located on the continuity of the main axial channel (Fig.2.20).

Note:

Following the coring strategy described above, we collected in total ten cores between the two

cruises, OR1-1013 and OR1-1048 (Table 2.1). Other sites were basically selected, but failed

during the cruises (Fig.2.21) either for logistical problems (i.e, breaking of the trigger mechanism

from the piston cores), seafloor conditions (i.e, sea bottom too rough, sand etc..) or were simply

abandoned because of sea conditions (i.e, sea to rough because of an approaching typhoon leading

to the impossibility of deploying coring equipment). During cruise OR1-1013 ~60% of the cored

sites were successful. During OR1-1013 we only cored one site due to the extreme bad sea

conditions consequent to a typhoon (Fig.2.21).

Core Longitude Latitude Depth (mbsl) Length (cm)
KS08-P 122°08’ 24°19’ 2800 91
KS09-P 122°17° 24°08’ 2900 98
KASO03-P 121942 23°1% 1700 157
KRO03-P 121938’ 23°15 1205 398
KS06-G 12130 22951 1947 212
KSo06-P 121°30° 22951’ 1947 152
KS06-B 121°30° 22°51 1947 36
KCO03A-P 121°04° 22019’ 1160 212
PCO01B-P 121°04 22012 1229 212
PC01C-P 121°04° 22°6’ 1272 212

Table 2.1: Cores collected during the OR1-1013 and OR1-1013 surveys
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Figure 2.20: Southern Longitudinal Trough coring site. A: DEM showing the turbiditic system devel-
oped in the trough, with channel-levees complex; B: DEM viewed from the east, showing
the gullied slope from where the sediment transit from the onland rivers. The three core
sites are represented by the red dots; C: chirp profile across the KC03A core site, showing
high energy reflector at sea-bottom and stratified reflectors in depth.
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Figure 2.21: Map showing the objective for coring operations for the two surveys OR1-1013 and OR1-
1048. We show sites that were successful, other that failed during coring and abandoned
sites.
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Abstract

Recent sedimentary facies and processes along the offshore slope of east Taiwan are investigated
using a large set of geophysical and sedimentological data. The Taiwan orogen is often
considered as one of the most tectonically active regions in the world and also experiences from
important climatic activity with an average of four typhoons per year.

We have mapped in details the morphosedimentary features and characterized the sedimentary
facies along offshore eastern Taiwan. There, we show that the slope is driven by a variety of
erosional processes from slump/slide masses to turbidity currents. Mass movements such as
slides or mass transport deposit (MTDs) are ubiquitous and affect the whole east coast off
Taiwan. The trigger mechanisms likely range from slope instabilities due to oversteepening
induce by tectonic uplift, mass wasting related to earthquakes shaking and failure relative to
sediment overloading due to climatic-controlled pulses of sedimeny supply. Cores investigation
indicate that alternating hemipelagite, turbidite and debrite facies are characterisitics of the
sedimentary records. Our results show that along offshore east Taiwan the relative proportion
of these three end-members represent about 20% of hemipelagites, 20% of debrites and about
60% of turbidites. We thus consider that turbidity currents represent an important sedimentary
process that governs the slope morphology off east Taiwan. Detailed core investigations, such
as grain size analysis, chemical and mineralogical composition, revealed that turbidites facies
range from thin fine-grained turbidites to thick massive turbidites facies. The detailed analysis
of turbdites beds allow us discussing the controlling factors of turbidity currents generation.
We propose that at least two end-members are characteristics in our turbidites records in term
of controling factor:

1) Turbidity currents likely generated by tectonic and earthquakes shaking.

2) Turbidity currents likely generated by climatic activity such as typhoon-induced floods.

Keywords: Offshore eastern Taiwan, Morphosedimentary features, Sedimentary processes,

Turbidites
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3.1 Introduction

At active margin scale, gravity flows are ubiquitous and represent the main erosional agent that
control the slope morphology and governs sediment dispersal in the oceanic realm (Masson et al.,
2006). According to the literature, gravity flows range from massive debris avalanche i.e, New
Zealand, (Collot et al., 2001), slide/slumps, cohesive debris flow, fluidized flows, (Mulder and
Cochonat, 1996; Mulder and Alexander, 2001) and turbulent flows such as turbidity currents
(Bouma, 1962; Mulder and Alexander, 2001). The sedimentary processes result in a variety of
deposits (slumps, MTDs, Turbidites) and are triggered or facilitated by a wide range of factors.
These include tectonic forcing (uplift and slope oversteepening, earthquakes) and climatic forc-
ing (catastrophic floods, sea-level variations, wave loading, storms, sediment overloading), or a
combined effect of both forcing (Einsele, 1996; Locat and Lee, 2002; Piper and Normark, 2009).

The Taiwan mountain belt, known as one of the most active place in the world, represents a
key place to investigate such sedimentary processes because it displays a variety of morphological
settings, an intense tectonic and seismic activity, and high sedimentation rates (Huh et al., 2004,
2006). Since the last decades, the Taiwan area has been well studied with abundant tectonic and
geophysical investigations but it appears that only few studies focused on morphosedimentary
processes. Because of a lack of "ground-truth” data it is still uncertain to provide a clear
assessment about the erosional processes that shape the seafloor offshore eastern Taiwan and
their controling factors. Using a compilation of a large preexisting geophysical dataset and a
newly acquired sedimentological data we aim to characterize the variablilty of sedimentary facies
in such an active context. This work at providing new considerations on recent sedimentary
processes and tentatively reply to the following question: what are the controling factors of such

sedimentary processes offshore eastern Taiwan?

3.2 Regional settings

3.2.1 Geological context

The Taiwan mountain belt results from the rapid and oblique convergence of the Luzon arc
carried, by the Philippine Sea Plate, and the passive Chinese continental margin (CCM,
Fig.3.1)(Biq, 1972; Suppe, 1984). Plate kinematics predicts about 80 mm/yr of convergence
between these two plates (Seno et al., 1993). The orogen links two subduction systems dipping
with opposite vergence: to the South the Manila subduction zone and to the east the Ryukyu
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subduction zone (Fig.3.1A). South of Taiwan, the South China Sea is being subducted eastwards
beneath the Philippine Sea plate, building an accretionary wedge progressively uplifted above
the sea level. To the northeast, the Philippine Sea Plate slab is retreating southwards beneath
the Eurasian margin resulting on the opening of the Okinawa back-arc domain and the collapse
of the northern part of the Taiwan mountain belt. Thus, the Taiwan orogen is located at the
junction of those two opposite-dipping subduction systems and marks the interactions between
them. Consequently, the deformation is characterized by a very high rate of seismicity onland

and offshore eastern Taiwan (Hsu, 1961).

3.2.2 Regional climate, drainage systems and sediment discharge

Taiwan is positioned within what has been called the "Typhoon Alley" (Liu et al., 2008). On
average, three or four typhoons impact the island annually. As such, Taiwan receives not only
abundant precipitation due to its southern Asian monsoon climate, but periodically heavy rains
during typhoons (Wu et al., 1999; Lin et al., 2002; Galewsky et al., 2006; Liu et al., 2008). The
Morakot Typhoon (2009) resulted in the worst event of the last 50 years. The storm produced
accumulated rainfall of 2777mm during the event (Ge et al., 2010). This historic amount of
rain within short period of time triggered 12,697 landslides (Wu et al., 2011; Tsou et al., 2011)
and exceptional flooding in Southern Taiwan. The Typhoon Morakot left 700 casualties and
catastrophic damages.

The east flank of the Central Range is drained by rivers, incising the geological units. The
Coastal Range, elongating along the east coast of Taiwan, plays a role of dam for the rivers
so that the rivers are captured. The runoff collected along the Longitudinal Valley (Fig.3.1B)
is diverted around the northern and southern edges of the Coastal Range in the Hualien and
Beinan rivers respectively. The Hsiukuluan river is the only drainage cutting through the Coastal
Range. Northeast of Taiwan, the Hoping and the Liwu rivers (Fig.3.1B) are the major rivers
collecting the runoff from the Central Range. In Southeastern of Taiwan, the Taimali River
and smaller rivers (e.g Jinlun river, Nongxi river, Dawu river and Daren river, see Fig.3.1B for
location) convey most of the runoff from the Hengchun Peninsula (Fig.3.1B).

With high relief, steep gradients, important tectonic activity, heavy rainfall and frequent
typhoons, Taiwan is generally recognized as having the highest sediment production in the
world as 7 of the 10 global rivers with the highest sediment yield are in Taiwan (Li, 1976;
Milliman and Syvitski, 1992; Chen et al., 2004; Dadson et al., 2004; Liu et al., 2008). Taiwanese
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rivers presently discharge more than 300Mt of sediments to the surrounding ocean each year
and more than 30% of the total sediment from Taiwanese rivers is discharged at hyperpycnal

concentrations (Dadson et al., 2005; Kao and Milliman, 2008; Liu et al., 2008).

3.2.3 Submarine morphology

The morphology off eastern Taiwan displays a complex interaction between onshore and offshore
processes in a context of high tectonic activity and extreme tropical rainfalls. The shelf is typ-
ically less than 10km wide, with a slope break around 100m water-depth. The slope displays
steep slope gradients varying (15 to 20°) and is deeply incised by systems of gullies and canyons
(Fig.3.1B). Downslope, they merge to form a dendritic channel pattern transferring sediments
to deep oceanic basins (Ramsey et al., 2006). The submarine slope also exhibits seafloor escarp-
ments associated to tectonic structures such as thrusts and folds (Malavieille et al., 2002). The
drainage systems involve three major submarine canyons offshore eastern Taiwan collecting the
sedimentary discharge from the Central Ranges and the Coastal Range; from the north to the
south, the Hualien Canyon, the Chimei Canyon and the Taitung Canyon respectively (Fig.3.1B).
The Hualien and Taitung canyons exhibits a similar V-shape valley in the upstream part, deep
incision with relief neighboring 500 m and are known to receive significant amounts of river sed-
iment at hyperpycnal flow (Dadson et al., 2005). In contrast, the Chimei submarine valley does
not cut the slope into a narrow and steep valley floor but undergoes considerable sediment-filled
depression with a 5° slope (Ramsey et al., 2006). Beside large canyons and gullies systems, there
are numerous channels sculpting the slope across the eastern coast. These systems eventually
merge with the three larger canyons mentioned above and seem not to be connected with sub-
aerial drainage systems. Their morphological characteristics, extensively described by Ramsey
et al. (2006), suggest that marine erosional processes such as submarine landslides, debris flows

or turbidity currents might be responsible in the development of such channels systems.

3.2.4 Seismic activity

The seismicity rate is extremely high on both onland and offshore Taiwan. Destructive earth-
quakes have significantly struck the island repeatedly. During the last century, 22 M,,>7 earth-
quakes have been recorded. Offshore, the greatest event ever recorded in the Ryukyu margin,
has been reestimated with a magnitude M,, 7.7 (Theunissen et al., 2010). Such seismic activity

will have necessarily direct influences on shaping the offshore morphology and consequently on
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the driving mechanisms of the actual offshore sedimentary processes discussed in this paper.

3.3 Materials ans methods

3.3.1 Bathymetry, acoustic and seismic data

Multibeam bathymetry and side-scan backscatter imagery were obtained during the ACT (Active
Collision Taiwan) survey in 1996 on board of the R/V L’Atalante (Lallemand and Tsien, 1997)
(Fig.3.2) using a SIMRAD EM12-Dual and EM950 (for depths shallower than 300 m) multibeam
systems that enable swath mapping and backscatter imagery. Bathymetry and backscatter
imagery provide respectively information on seafloor morphology and its variation of acoustic
properties and nature. Chirp seismic reflection data have been recorded during the OR1-1013
survey in September 2012 allowing us characterizing the seismic facies of the first meters below
the seafloor. Moreover a set of multi-channel seismic reflection lines acquired during several

cruises between 1993 and 2021 is used in this study (Fig.3.1, 3.2).

3.3.2 Cores material

A total of ten cores were collected and analyzed off eastern Taiwan during the OR1-1013 and
the OR1-1048 surveys (Fig.3.2, 3.2). Sedimentary descriptions were done for all the cores, with
a particular attention to grain size distribution variation and turbidite/hemipelagite differen-
tiation. Sediment cores were sampled from 2 to 0.5 cm interval for grain size analyses using
a Coulter laser micro-granulometer LS13 320 (size range from 0.4pum to 2 mm). In addition,
in order to enhance the core coverage of the study area, complementary cores collected from
several surveys have been used (Fig.3.2): 7 box-cores collected on board R/V Ocean Researcher
I (1989) (Huang et al., 1992); 5 cores collected during the OR1-960 survey and 1 box-core from
OR1-687 (Huh et al., 2004).

3.4 Description of sedimentary features revealed by geo-
physical data

Detailed mapping based on Digital Elevation Model (DEM hereafter), backscatter imagery
and seismic data (MCS and chirp data) allows identifying three sectors with distinct morpho-

sedimentary features: The southern, central and northern sectors (Fig.3.2). This mapping
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enables to assess the relative distribution of sedimentary structures that might be related to

processes controlling erosion and deposition in such an active context.

3.4.1 The southern sector

The Taitung canyon is the most prominent sedimentary feature offshore eastern Taiwan. The
canyon indents the upper slope, bends along the Luzon Arc, crosses it and incises the Huatung
Basin to finally ends in the Ryukyu Trench (Fig.3.1B). The shape of the Taitung canyon allows
a division into three distinct segments S1, S2 and S3 respectively (Fig.3.3B):

-S1 oriented E-W, corresponds to the head of the canyon (Fig.3.4). It is 4 km wide, runs from
500 m water depth down to 1000 m and is directly fed by the major Beinan River onland and a
small river from the Coastal Range (Fig.3.1B, River 9 on Fig.3.3B and River 10 Fig.3.5B). The
canyon bed exhibits a high reflectivity (Fig.3.3A).

-52, oriented N-S, runs from 1500 m water depth down to 3000 m in its southern extremity. It
has a rough, sinuous and narrow (~2km wide) bed with a V-shape incision and is characterized
by a highly reflective seafloor (Fig.3.3B, 3.4B). Well-developed canyon levees are observable on
both banks of S2 (Fig.3.4B). One tributary canyon (C1) oriented E-W, meanders and incises
the sedimentary Huatung ridge (Fig.3.3B). The canyon C1 also exhibits a strong reflectivity
(Fig.3.3A).

- The pathway of S3 changes to E-W, cutting through the Luzon Arc between the volcanic
islands of Lutao and Lanyu before incising the Huatung Basin (Fig.3.1, 3.3). Where crossing
the Luzon Arc, the canyon shows a narrow (~4km wide) V-shape incision, up 1500m-deep. In
the Huatung Basin, the upper part of S3 is fan shaped and its channel width decreases from 14
km down to 7,2 km downstream (Schnurle et al., 1998). The floor of the canyon appears to be
very rough as shown by the strong to moderate reflectivity of the acoustic imagery (Fig.3.3A).
In the Huatung Basin, levees are built on both side of the canyon (Fig.3.3B).

The Southern Longitudinal Trough (hereafter called SLT) is a proximal orogenic basin de-
veloped in a forearc position (Malavieille et al., 2002). This basin is elongated following a N-S
direction (Fig.3.1,3.3). It is about 90km long and 15km wide. The SLT is bounded to the west
by the structural slope of the Hengchun peninsula and to the east by the sedimentary Huatung
ridge (Fig.3.1B). A narrow shelf (less than 5km) fringes the SLT (Fig.3.1B). Below the 100m
isobath, the slope dip changes abruptly from a gently dipping shelf (~1-2°) to a steep slope
(~20°). A network of E-W trending gullies erode the western slope of the SLT and feed the
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basin with sediment (Fig.3.1B). Gullies form a badland topography and show a high reflectivity
(Fig.3.3A). They are observed at different scales from tens of meters to several hundreds meters.
Gullies coalesce and extend into the SLT floor.

We identify channel-levees complexes on the SLT seafloor. Narrow channels from the western
and northern slopes of the SLT fed by the Taimali and smaller rivers from the Hengchun peninsula
respectively develop in this area (Fig.3.1B, 3.3B). They form a complex braided channels system
flanked by sedimentary levees (Fig.3.3A,). Two main channels (Chl and Ch2 on Fig.3.3A) are
identified running parallel to the western slope of the SLT. The channel Chl is 20 km long and
linear and characterized by a low relfectivity (Fig.3.3A). It is mainly fed by the Jinlun (river 5
on 3.3B). Other tributary channels fed by smaller onland rivers (e.g. River 1, 2, 3, and 4 on
Fig.3.3B) merge to the main channel Chl (Fig.3.3B). Channel Ch2 is 30 km long sinuous and
meandering in its upper part, becoming linear downstream (Fig.3.3A, Fig.3.3D). It is mainly fed
from north to south by the Taiping, the Zhiben and Taimali rivers (Rivers 8, 7 and 6 respectively,
3.3B). Ch2 is also characterized by a low reflectivity (Fig.3.3A). Downstream, the two channels
Chl and Ch2 finally merge and end 15 km afterward, into a sedimentary lobe identified by a
low (to moderate) reflectivity (Fig.3.3A). Well-developed sedimentary levees (< 100m-high) flank
the channels and exhibit a moderate reflectivity (Fig.3.3A). On echo-sounder profile sedimentary
levees are characterized by a continous and high amplitude sea-bottom reflector evolving into a
stratified echo-facies with depth (Fig.3.3C) The slope is affected by a variety of mass movement,
including slide/slumps, mass transport deposits (MTDs hereafter) or turbidites as defined by
(Hampton et al., 1996); Mass movements in the form of slumps or MTDs are observable in
shallow sediment on (i) the northernmost part of the Huatung ridge (L1 on Fig.3.3B, 3.4A, and
B), (ii) the slope of the Luzon Arc (L3 and L2, on FIg.3.3B, 3.4A) and (iii) the southern wall of
the segment 3 of the Taitung canyon (L4 on Fig.3.3B, 3.4A).

(i) The northernmost edge of the Huatung ridge exhibits a submarine landslide as shown by
the seismic profile on 3.4B. The slide L1 is characterized by a steep scarp marked by an arcuate
shape, and by chaotic reflectors packages interpreted as slumped materials (Fig.3.4B).

(ii)~25km-wide arcuate scars displaying a steep slope (~20-30°) affect the western and the
eastern slope (Slide L2 and L3) of the Luzon Arc (Fig.3.4A, B). The chaotic reflector packages
at the base of the scars supports slope failures (Fig.3.4B).

(iii) Slides on canyons flanks are common (Mountjoy et al., 2009). The southern flank of the

Taitung canyon in the segment 3 shows a ~30 km-large scar and a gullied slope (1.4) supporting
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a collapse of the canyon levee (Fig.3.4A).

3.4.2 The central sector

The central sector corresponds to the well developed collision zone of the Luzon Arc with the
Chinese continental margin (Malavieille et al., 2002). It includes the Coastal Range and its
submerged eastern flank, the western edge of the Ryukyu accretionary wedge and the abyssal
Huatung Basin (Fig.3.1). A prominent canyon, the Hualien canyon (C8 on Fig.3.5B) flows
mainly N-S, through the Ryukyu accretionary wedge and then eastward to join the Ryukyu
Trench (Fig.3.1B, 3.5). We divided this canyon into three segments, S1 to S3: -S1 trends NW-
SE and then sharply turns southwards (Fig.3.5B). It corresponds to the major canyon head, fed
by the Liwu river (River 16 in Fig.3.5B). S1 is V-shaped, wide (~4-5km) and displays a high
reflectivity (Fig.3.5A). - S2 located at river mouth south of Hualien, corresponds to a tributary
that trends E-W and sharply turns southward where it merges with S3 (Fig.3.5B). It is fed
by the Hualien river (River 15 Fig.3.5B) and all its tributary rivers draining the northernmost
tip of the Longitudinal Valley. S2 is V-shaped, narrow (~1-2 km) and is highly reflective
(Fig.3.5A). - S3 is oriented N-S and flows through the Ryukyu accretionary wedge. It has a
V-shape morphology. The northern part of S3 is wide (~6km) and becomes meandering and
more narrow in its central and southern parts (between 1 km and 3 km respectively) (Fig.3.5B).
[t expresses a strong reflectivity on backscatter imagery (Fig.3.5B). Sedimentary levee developed

on the western flank of S3 are characterized by a low to moderate reflectivity (Fig.3.5A).

The Chimei "Canyon" (C7) (Fig.3.1B, 3.5, 3.7A) incises the offshore eastern slope of the
Coastal Range. This flat sea-floored "valley" has a wide (~10 km) and U-shape morphology.
It is fed by the only river cutting through the Coastal Range, the Hsiukuluan river and by a
tributary from the Coastal Range (Rivers 14 and 13 respectively, Fig.3.5B). The canyon C6
(Fig.3.5) meanders and joins the Chimei valley on its southern flank. It has a V-shape incision
and is characterized by high reflectivity. It does not seem connected to any particular rivers
from the Coastal Range. The Chimei valley seafloor expresses a high reflectivity on backscatter
imagery (Fig.3.5A). On the eastern edge of the Chimei valley, two meandering channels: Ch3
connected to C6 and Ch4 connected to C7, develop with their associated sedimentary levees
(Fig.3.5B and 3.6A). Bathymetric highs with moderate relfectivity are visible on the southern
and northern flanks of the Chimei Valley (Fig.3.5A and 3.7A). On chirp profile, these relieves
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display stratified reflectors (Fig.3.7B). Other canyons C3, C4 and C5 also incise the Huatung
basin. They are characterized by a wide (between 2 and 5km), V-shape morphology and expresse
high reflectivity on backscatter imagery. These canyons, except C4 that is connected to two
small rivers onland from the Coastal Range (Rivers 11 and 12, Fig.3.5B), are not fed by onland
rivers. Associated canyon levees develop on the northern and southern flank of these canyons.
They are characterized by a moderate to low reflectivity (Fig.3.5B). Erosive features such as
submarine valleys incising the offshore slope of the Coastal Range (Fig.3.6A and 3.7B) have
been extensively described by (Ramsey et al., 2006). These features are characterized by high
reflectivity on backscatter imagery suggesting intense erosion and steep slopes (Fig.3.5A). Mass-
movements also affect the seafloor of the Coastal Range (L5, L6 and L7, Fig.3.5B, 3.6 and 3.7A).
Landslides L5 and L6 are characterized by head scarps on seismic lines 5 and 7 (Fig.3.6B) as well
as transparent and chaotic reflectors packages suggesting slumped or slid masses, or buried mass
transport deposits (Fig.3.6B). A small-perched basin is observable on the Luzon Arc (Fig.3.6A).
Chirp profile across the basin expresses strong reflector at seabottom and well-stratified reflectors
in depth, showing basin fill sediments (Fig.3.6B) not affected by the large scale slumped deposit
observed immediately northward. Finally, downslope the Chimei Valley a slope failure with a
well defined slope scarp is observed southward the channels-levees system described above ( L7

on Fig.3.5 and 3.6A).

3.4.3 The northern sector

The northern sector corresponds to an area of well developed collision including the western
termination of the Ryukyu accretionary wedge, forearc basins and the Ryukyu arc. From west
to east, we distinguish the Hoping Basin (HB) and the Nanao Basin (NB) respectively (Fig.3.1,
3.8). This area experiences from both intense tectonic and seismic activity (Lallemand et al.,
2013; Malavieille et al., 2002; Theunissen et al., 2010; Wu et al., 2009; Hetland and Wu, 2001).

The Hoping Canyon (HC hereafter) incises the northern sector (Fig.3.8, 3.9). This Canyon
(C9). It crosses the forearc domain ensuring the sediment transit between the two forearc basins
HB and NB. The HC runs mainly NW-SE, exhibits a U-shaped morphology and is ~3-4 km
wide. The HC canyon starts from the southeastern edge of the HB, runs almost parallel to
the Ryukyu arc and finally reaches the NB that is characterized by a moderate reflectivity on
acoustic imagery. The HC canyon is structurally controlled by faults cutting through the entire

margin (Font and Lallemand, 2009). In contrast with the other canyons previously described,
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the HC displays a low reflectivity on backscatter imagery (Fig.3.8A). Canyon levees are iden-
tified on chirp profile on its northern and southern flanks (Fig.3.8B, 3.9) and are characterized
by moderate reflectivity. The western slope of the HB is strongly eroded and affected by gul-
lies. They ensure the sediment transit from two rivers onland (rivers 17 and 18) to the offshore
basins. They are characterized by a very strong reflectivity on the acoustic imagery (Fig.3.8A).
Downstream, and connected to the head of the HC, a channel-levees system develops in the HB.
Three main channels Chb, 6 and 7 respectively incise the steep (~18-20°) and eroded western
slope of the HB. Ch5 and Ch6 are connected with major rivers (Rivers 17 and 18 respectively
on Fig.3.8B) whereas Ch7 seems not being connected to any river. All the channels have built
sedimentary levees characterized by moderate reflectivity on acoustic imagery and by stratified
reflectors on chirp profile (Fig.3.8B, 3.9). The HB is bordered on its southern edge by an uplift-
ing sedimentary ridge (Malavieille et al., 2002) that is characterized by moderate reflectivity on
backscatter imagery (Fig.3.8A). The northeastern part of this sector is characterized by the west-
ern termination of the Ryukyu arc that expresses a moderate reflectivity on backscatter imagery
(Fig.3.8A). The slope of the Ryukyu arc is affected by several mass-movements mapped L8, L9
and L10 respectively (Fig.3.8B, 3.9). Arcuate scarp shapes are recognizable above landslides L8,
L9 and L10 but not well defined, as shown on DEM on Fig.3.9. Other landslide (L11) affects
the western slope of the Hoping Basin and is characterized by a high reflectivity on backscatter

imagery (Fig.3.8A, 3.8B)

3.5 Characterization and classification of lithofacies

In this section, we describe the variability of sedimentary facies along the offshore eastern Taiwan.
We intend to address and characterize the lithofacies based on both sedimentological data studies
such as visual description, grain size variation, chemical composition and sand fraction content

(Fig.3.10 and 3.11), and preexisting cores analysis found in the literature.

3.5.1 End-members lithofacies
We propose three end-member lithofacies distinguished and qualified as following:
Facies I: Hemipelagic sedimentation.

Facies T (Fig.3.11) is composed of homogeneous clay with low content of silty sediment (<20%)

and contains diluted foraminifera and sometimes bioturbations. Inconspicuous laminations are
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present but do not correspond to grain-size changes. Hemipelagites in core are usually character-
ized by the finest grain size (< 10um). This facies is interpreted as the background sedimentation
of deep offshore environment.

Hemipelagite facies may be present either with alternating resedimented units such as turbidites
sequences (Fig.3.11), or in isolated places that are prone to sediment accumulation. As a good
example, the core KR03 located on a top of a bathymetric high (Fig.3.5B, 3.7) is mainly com-
posed by homogeneous clay and thus dominated by hemipelagic deposits (Fig.3.10). In the low
reflective Taitung Trough mapped on Fig.3.3B, pelagic mud seems to dominate as described by
(Huang et al., 1992). No sedimentary records are available to characterize the low reflective
Huatung Basin mapped on 3.3B. Nevertheless, its acoustic and seismic signatures suggest that
it is mainly characterized by Facies I. We thus consider that Facies I cover about 20% of the

study area.

Facies II: Turbidites.

Facies II together with Facies I, dominate the sedimentary record. Turbidites are recognized
by their coarser grain size and a typical fining upward trend (Fig.3.11), defined by the Bouma
sequence (Bouma, 1962) and the classification of (Stow and Shanmugam, 1980). In our cores,
turbidite thickness ranges from 1 to about 30 cm (described in previous section). Turbidites are
usually interbedded with hemipelagites (Facies I) or stacked. The basal boundaries are easily
identified from a change to coarser-grain size and darker color of the sediment. All the cores are
characterized by Facies II and found in different sedimentary settings. We consider according to

our results, that Facies IT represents 60% of the sedimentary coverage off east Taiwan.

Facies III: Debrites.

Following the description of Huang et al. (1992), debrites consist of chaotic material, angular rock
detritus, pebbles and blocks. The Huatung ridge and the head of the Taitung Canyon (Segment1
on Fig.3.3B) are characterized by the Facies III. Sampled core on the Huatung ridge revealed
the presence of sandstone and mudstone blocks within a mudstone matrix (Huang et al., 1992),
that could explain the high reflectivity of the Huatung ridge (Fig.3.3A). As described by Huang
et al. (1992), sediment samples cored at the head of the Taitung Canyon contained angular
metamorphic detritus that could also explain its high reflectivity on backscatter imagery. This
chaotic composition within a matrix supported texture also suggests a mass transport deposit or

slump/slid masses (Mulder and Alexander, 2001). We suppose, that the slided masses mapped
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on Fig.3.3 and Fig.3.5, are associated to debrite deposits. According to our observations and

data analysis, Facies III covers about 20% of the study area.

3.5.2 Turbidites facies

According to visual description, grain size analysis, chemical and mineralogical composition, four

main turbidites facies can be defined:
e T'[: thin silty-clay lithogenic turbidites
e Tlla: thin silty to fine sand lithogenic turbidites
e TIIb: thin silty to fine sand biogenic turbidites

e TIII: thick to massive, fine sand to coarse sand lithogenic turbidites

TI: Thin silty-clay lithogenic turbidites.

TI corresponds to re-sedimented deposits. It is consists of 0.5-10 cm fining upward silty-clay
sequences interbedded with Facies I. T1 differs from Facies I (hemipelagite) by being darker
in color and coarser in grain size compared to the hemipelagic sedimentation. The contact
with hemipelagite is sharp and there is no evidence of basal erosion. The progressive grain-size
evolution of the top of the silty-clay laminae indicates that they could correspond to thin and
fine-grained turbidites. Chemical signature (evidenced by XRF) data, shows both slight positive
anomalies in Fe and negative in Ca, on the coarser beds. The lithogenic fraction dominates
the composition of the sand fraction (65%) (Fig.3.11). The lithogenic fraction is composed by
metamorphic rock fragments (40%), quartz grains (30%), slate (25%) and micas (5%). The other
35% of the coarser fraction are constituted by biogenic material with benthic foraminifera (1%),
vegetal remnants (5%), sponge spiculae (45%) and planktonic foraminifera (49%). Silty-clay
turbidite may be interpreted as the subdivision T4 or T7 corresponding to low-density turbidity
current defined by Stow and Shanmugam (1980). 77 has been observed on cores KAS03, KS08
and KS09 (Fig.3.10, 3.7 and 3.9 for cores location).

TII: Thin silty to fine sand turbidites.
TII also corresponds to resedimented deposits. It is composed of 1 to 15 cm thick fining upward
silty to fine sand sequences (Fig.3.10, 3.11). The basal contact is usually sharp but in some cases

there are evidences of erosional contact. TII is composed of a succession of silty to fine sand
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turbidites alternating with thin hemipelagic intervals (Facies I) (Fig.3.10).

Tlla: Thin silty to fine sand lithogenic turbidites. Chemical analysis reveals positive Ca anoma-
lies and negative Fe anomalies in coarser beds. The composition of the coarser fraction is mainly
of lithogenic material (75%). The lithogenic fraction is composed by metamorphic rock fragments
(20%), quartz (30%), slate (45%) and micas (5%). The other 25% of the coarser fraction are
constituted by biogenic material with benthic foraminifera (1%), vegetal remnants (5%), sponge
spiculae (45%) and planktonic foraminifera (49%). This turbidite facies may be assimilated to
the subdivision Th or Tc defined by Bouma (1962) and characteristic of low-density turbidity
current. This facies is present in the cores KS09, KAS03 and KC03A (Fig.3.10, Fig3, 3.7 and
3.9 for cores location), ORI-960-C5-G, ORI-969-3-P (Fig.3.4A) as well as VM33-95 collected on
the southern levee of the Taitung Canyon (Segment 3 on Fig.3.3B).

TIIb: Thin silty to fine sand biogenic turbidites. Chemical analysis reveals very clear positive
Ca anomalies anticorrelated with negative Fe anomalies (relative to background signal, i.e Facies
[) on coarser beds. In contrast with 71la, the coarser fraction is composed by relatively high
concentration of biogenic material (70%). This fraction contains mainly planktonic foraminifera
(60%), sponge spicules (25%), benthic foraminifera (5%), plant remnants (5%) and other rem-
nant organisms (5%). The lithogenic material is mainly constituted by feldspars plagioclase
(60%), biotite (30%) and quartz (10%). This particular turbidite facies could also correspond to
the subdivision Tb and Tc of the Bouma sequence (Bouma, 1962) that indicates a low-density

turbidity flow. Facies TIIb has been observed only to core KS06 (Fig.3.6 for core location).

TIII: Thick to massive, fine sand to coarse sand lithogenic turbidites.

TIII is characterized by a clear graded sand layer at the turbidite base, fining upward to silty
sequences, usually > 15 cm thick (Fig.3.10). Chemical analysis show negative Ca and postivie
Fe anomalies (relative to the hemipelagic signal) on coarser beds. The coarser fraction is only
composed of lithogenic material. We relate this turbidite facies to the subdivision Ta or Th
defined as medium-density turbidity current by Bouma (1962). This facies is characteristic of
cores collected in the Southern Longitudinal Trough: KC03, PO1B and P0O1C. The sedimentary
cores described by (Huang et al., 1992) (Fig.3.3 for cores location) in the same area suggest that
they are also characterized by facies TIII sometimes interbedded with very thin sequences of

Facies 1.
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3.6 Discussion and conclusion

3.6.1 Erosional sedimentary processes

The analysis of morphosedimentary features and sedimentary facies show that off east Taiwan
is characterized by three end-members facies, hemipelagite, turbidite and debrite, showing a
relative proportion of the study area of about 20%, 60% and 20% respectively. As discussed by
Ramsey et al. (2006), erosional processes are the major sedimentary processes that shape the
continental slope offshore of eastern Taiwan.

As such, submarine mass movements are the leading processes in sediment mass transfer,
sediment distribution and consequently in shaping the slope morphology. Mass movements are
ubiquitous in both active and passive margins (Hampton et al., 1996; Locat and Lee, 2002; Lee
and Pradhan, 2007; Chiu and Liu, 2008; Hsu et al., 2008). In term of triggering mechanisms,
many studies indicate that earthquake shaking is the greatest trigger for slope failure initiation
in active margin context (Hampton et al., 1996). Beside that, long-term factor such as tectonic
oversteepening, overloading, oceanic conditions and climatic conditions play a key role in pre-
conditioning submarine slopes to collapse (Hampton et al., 1996; Locat and Lee, 2002; Masson
et al., 2006; Strasser et al., 2011).

Offshore Taiwan, the particular seismic, tectonic and climatic active context is prone to
initiate mass movements. For example offshore southwestern Taiwan, Chiu and Liu (2008) and
Hsu et al. (2008) have shown that both the talus of the passive Chinese continental margin (CCM
on 3.1A) and accretionary wedge (Fig.3.1A) undergo slope failures. Moreover, Hsu et al. (2008)
reported that several communication cables deployed on the seafloor of the Manila accretionary
wedge broke right after several slumps and turbidity currents initiated during the Pingtung
earthquake in 2006. Our morphosedimentary analysis revealed that slope failure impacts also
the offshore east coast of Taiwan. The size and style of failure vary from submarine landslides

to turbidity currents (Fig.3.3, 3.4, 3.5, 3.6, 3.8, 3.9, 3.10).

Mass wasting Eastern Taiwan
Mass wasting mainly affect (i) the flanks of the Taitung canyon, (ii) the slope of the deforming
Luzon Arc, (iii) the deforming Huatung ridge, (iv) the flank the ancient Chimei deep sea fan
deposit and (v) the Ryukyu margin, including the Ryukyu arc and the Hoping Basin.

(i) The failure style affecting the wall of the Taitung canyon (L4 on segment 3, Fig.3.3B and

Fig.3.4A) suggests slided masses. These slides have moved from the walls down to the canyon
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floor and may have probably evolved into gravity flow such as debris flow or turbidity currents
On tectonically active context, mass wasting often triggered by earthquake shaking or tectonic
activity can be significant processes in controlling the evolution of a submarine canyon (Hampton
et al., 1996; McAdoo and Watts, 2004). In fact, Schnurle et al. (1998) and Sibuet et al. (2004)
have shown that the Taitung Canyon is tectonically controlled by active strike-slip fault in the
oceanic basement. However, the presence of well developed sedimentary levees on both flanks
of the canyon shows that climatic-controlled pulses of sediment supply is also a non-negligible
parameter controlling the evolution of the Taitung Canyon. We thus suggest that mass wasting
in the Taitung Canyon results from the combined effect of tectonic and climatic forcings.

(i) On the slope of the Luzon Arc the failure style includes slumps, slides and mass transport
deposits (Fig.3.4, 3.6). The failure style shows relatively short displacements from where they
originate (Fig.3.4, 3.6). Slope failures (L2, L3 and L6 on Fig.3.3, 3.6) were identified on the
vicinity of the transition between two tectonic domains: a southern tectonic domain where the
Luzon Arc is being deformed and a northern tectonic domain that is characterized by the well-
developed accretion of the Luzon Arc onto the Taiwan orogen (Malavieille et al., 2002). We
thus propose that slope failures in that highly active area is likely controlled by tectonic trigger
mechanisms including earthquakes.

(iii) In the same area as described above, the sedimentary Huatung Ridge also faces slope
instabilities, characterized by similar failure style previously discussed such as slided masses
(L1, Fig.3.3,3.4). Here, we suggest that the triggering mechanisms are mainly tectonic including
seismic activity, but a climatic forcing cannot be ruled out from massive terrestrial sediment
discharge in the Taitung Canyon. A plausible scenario would be first related to overloading
sediment due to the proximal sediment supply and then tectonic activity that initiate the mass
wasting.

(iv) On the Chimei deep sea fan, we observed that its southern flank had collapsed displaying
a well defined scar (L7 on Fig.3.5 and 3.7). Based on previous morphology studies (Malavieille
et al., 2002) we speculate that there, a preexisting fan accumulated sediment discharges from
both the Hualien Canyon and the Chimei Valley (or a former canyon) outlets. Then because of
the both effect of important sediment discharges down the canyons and tectonic uplift, the deep
sea fan reached the critical angle of instabilities to finally collapse.

(v) The Ryukyu margin offshore NE Taiwan is the place where the deformation is paroxysmal
(Lallemand et al., 2013). Our analysis shows that the Ryukyu forearc domain is also affected by

slope instabilities. There, sliding morphology differs from those previously described. In fact as
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identified on high resolution DEM, the failure scarps are not well expressed on the Ryukyu Arc
slope suggesting superficial slope failures. The trigger mechanisms proposed are tectonic activity
and seismic shaking since the area displays a very high seismicity rate. Similarly, according to
the steep slope morphology, and high reflective acoustic facies, the whole offshore slope of the
Central Range is affected by important mass wasting processes such as debris flow or slided
masses (Fig.3.8). Here the trigger mechanism is also due to geological processes. In fact, we
consider that the main triggering mechanism is an earthquake after a long-term process such as
slope oversteepening (preconditioning factor) in the wake of the Luzon arc subducting beneath

the Central Range (Lallemand et al., 2013).

Turbidity currents

The mapping of recent morphosedimentary features using acoustic, seismic data ans sedimento-
logical data shows that turbidity currents are ubiquitous in different sedimentary systems such
as (i) large turbiditic systems, (ii) confined intra-slope basins and (iii) canyon levees that have
been built by turbidites deposits.

(i) Large turbiditic systems: Acoustic imagery and sedimentological data of mass-movements
deposits in the SLT suggest that, here, the major gravitational process is likely turbidity currents
rather than other processes (i.e debris flow). Thus, the SLT is recognized and interpreted as a
turbiditic system, where turbiditic channels, sedimentary levees and lobe deposits develop. The
high reflective gullied slopes of the SLT, the short shelf-break and the direct connection of major
rivers with the SLT show that this area can be considered as a by-pass region for gravity flows.
The two sinuous and meandered turbiditic channels Ch1l and Ch2 that develop in the continuity
of rivers 1 to 9 (Fig.3.3B) have the capacity of overflow and consequently contribute to the
upbuilding of sedimentary levees (Fig.3.3C and D). The different types of turbidites deposits
found in cores KC03A, PCO1B and PCO1C (Fig.3.10) indicate that the type and energy of the
passing flows were variable with consequently different capacity to erode and/or deposit.

Likewise, the Hoping Basin (HB) expresses similar features and is also interpreted as a
turbiditic system. The extremely short shelf and the intensively eroded gullied slope of the
western slope of the HB also indicate that this area represents a by-pass zone for gravity flows.
Downslope the Chimei Valley, a similar turbiditic system also develops including two meandered
channels (Ch3 and Ch4 Fig.3.5,3.7) and associated sedimentary levees (Fig3.5,3.7).

(ii) Confined intra-slope basins: Turbidity currents also affect the slope of small confined basin

for example at site KS06 (Fig.3.5B, 3.6). Both seismic and sedimentological data have shown
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that this basin, located southward of a slope failure area, is able to records turbidites deposits
interbedded with hemipelagic sediments (Fig.3.10). This intra-slope basin does not indicate any
trace of recent or buried turbidite channels nor sedimentary levees (Fig.3.6). Moreover, this
basin is not connected to onland input suggesting that, here, the slope may not play the role of
by-pass sediment but that turbidity currents should be triggered on the slope itself.

(iii) Canyon levees: Finally, it is suggested that channels and canyons are often incised by
the course of turbidity currents whereas spillover deposition of fine-grained sediments led to the
formation of sedimentary levees (Shepard and Dill, 1966). The flanks of the Taitung Canyon
and the Hoping Canyon show well-developed sheet-like turbidites that build sedimentary levees
(Fig.3.4B and 3.9B).

3.6.2 Control factor and sediment provenance of turbidity currents

An important question remaining to be addressed is, "which factor control the generation of
turbidity currents?" It is known that turbidity currents usually involve great floods (Mulder
et al., 2003; St-Onge et al., 2004a; Beck, 2009), tsunamis (Shanmugam, 2006), storm waves
(Mulder and Alexander, 2001; Puig et al., 2004), volcanism (Schneider et al., 2001) and
large earthquakes (Goldfinger et al., 2003; St-Onge et al., 2004a; Pouderoux et al., 2012).
Moreover, mechanisms recognized as “long-term” preconditioning or facilitating factors, have
been proposed such as sediment overloading and gas hydrate destabilization, that correspond
to the indirect effects of regional changes such as sediment delivery or sea-level variations or
tectonic uplift or subsidence. Below, we tentatively discuss the possible factors that control
turbidity currents offshore eastern Taiwan: tectonic and/or seismic control, and climatic control

(i.e turbidity currents generated by floods).

Tectonic and seismic control

In active margin context, earthquakes have been identified as the major factor in turbidites
generation (Adams, 1990; Goldfinger et al., 2003; Pouderoux et al., 2012). Our analysis suggests
that several geological and sedimentological arguments are in good agreement with a tectonic
or seismic control of turbidity currents generation. The best example that illustrates this as-
sumption is the site where core KS06 was collected. First of all, from a morphological point of
view, this site corresponds to a small isolated intra-slope basin apart from any onland drainage

system such as canyon head or turbiditic channels. As previously described, the seismic facies
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of this basin shows a gentle surface with stratified reflectors that suggest basin-fill sediment.
The core analysis of KS06 concluded that the dominant sedimentary facies is a fine-grained
turbidite (turbidite facies T1la) interbedded with hemipelagite (Facies I) (Fig.3.10, 3.11). The
detailed analysis of the coarse fraction contents of turbidite layers shows that these layers are
essentially biogenic (Fig.3.12). This biogenic fraction contains mostly planktonic formaminifers,
sponge spicules and relatively scarce benthic foraminifera. We suspect that the material was
stored on the adjacent slope before it was destabilized, transported and deposited downslope
after slope failure event. Moreover, among the element showing sequence changes, Ca and Fe
are the most common. Fe and Ca are often used in marine core analysis as detrital and biogenic
calcareous proxies respectively (Gracia et al., 2010). As previously described, the turbidite fa-
cies TTIb, that mainly characterizes core KS06, shows strong positive anomalies in Ca (relative
to the background signal, see Fig.3.12) and a relative depletion in Fe. These two signals are
perfectly anticorrelated (Fig.3.12). This geochemical signature corroborates the biogenic cal-
careous content observed in the turbidite and thus suggests a negligible input from terrigenous
material. Finally, we have shown that in the vicinity of site KS06 intense mass wasting occurred
(Fig.3.3, 3.4, 3.5, 3.6). This suggests important slope instabilities due to tectonic oversteepen-
ing and earthquake shaking since this area is extremely active and dissected by reverse faults
(Malavieille et al., 2002). We assume that turbidites recorded in core KS06 are likely under
tectonic and/or seismic control.

Following the same approach, we can consider that the intense seismic activity in the Ryukyu
margin may generate mass wasting evolving into turbidity currents. Our morphology analysis
showed that the slope of the Ryukyu Arc is affected by slope failures. Cores KS08 and KS09
are characterized by fine-grained turbidites (Facies T1 and TIla respectively) and located on
sedimentary levees (channel-levees system and canyon levee respectively). These two facies (71
and T1la) are characterized by a similar lithogenic composition but express a relative difference
in term of grain size signature that suggests different flow dynamics. The chemical signature of
these two facies is not as clear as the signature of facies T11b although slight postive anomalies in
Fe and depletion in Ca is observed in facies 71 (Fig.3.11) suggesting that there, the terrigenous
input might be significant. We thus conclude that both tectonic and climatic effects might be

responsible of turbidity currents generation and deposition in the vicinity of the Ryukyu Arc.

Climatic control

Flood-induced turbidity currents is often recognized to result from hyperpycnal flow generation
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in which the density of the river charge is more important than the surrounding seawater (Mulder
et al., 2003). In Taiwan, the rivers draining the orogen commonly discharge suspended sediment
to the ocean at hyperpycnal conditions (Dadson et al., 2005) especially during typhoon-induced
floods. In eastern Taiwan, the Taitung Canyon and the Hualien canyon are the only two canyons
that have received important river sediment fluxes at hyperpycnal concentrations (Dadson et al.,
2005). As previously described, the SLT is a proximal basin where major rivers deliver sediment
discharges during extreme floods and typhoon events (Fig.3.3A). Moreover, we previously showed
that the seafloor of the SLT is characterized by a well-developed turbiditic system suggesting
a major impact of climat activity. However, in the SLT no deposits indicate any hyperpycnal
conditions. Indeed, hyperpycnite are characterized by a coarsening upward at their base (Mulder
et al., 2003), whereas turbidites described in core KC0O3A are not. Facies TIII, representative
of most turbidites of SLT, shows classical turbidite deposition (i.e fining-upward sequence) with
sandy basal unit. Facies TIII is generally interbedded with very thin Facies I (Fig.3.10) and
shows that KCO3A is characterized by stacked turbidites. Stacked turbidites may suggest high
events frequency that could correspond to flood that occur during the Asian moonsoon season
and typhoon activity that struck the east coast of Taiwan periodically. To conclude, according to,
the climatic context with intense flooding, the morphology with major rivers directly connected
to the oceanic basin and Facies III characteristics associated to core KCO3A, we deduce that the
SLT is mainly control by flood-induced turbidites.

In summary, the combined geophysical and sedimentological approaches used in this study
have allowed us to observe that the offshore eastern Taiwan is characterized by a variety of
sedimentary facies and erosional sedimentary processes from slided masses to turbidity currents.
We have shown that turbidity current is the dominating sedimentary facies (covering nearly 60%
of the study area) in such active margin. In addition, according to the submarine morphological
context, turbidity currents are generated by distinct controling factors such tectonic and cli-
matic activity. This enable us to define at least two end-members relative to turbidity currents

initiation:

e Turbidity currents preconditioned by tectonic activity (oversteepening) and triggered by
earthquakes shaking that initiate slope instabilities and likely deposited into isolated intra

slope basin

e Turbidity currents likely driven by climatic activity such as extreme flood during typhoon,

generated in close basin context directly connected with onland rivers
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Finally, we highlight the fact that our results indicate, that offshore eastern Taiwan offers a

great potential in investigating the records of (paleo)extreme events at margin-scale.

3.7 Acknowledgments

We would like to thank Ching-Hui Tsai (NCU, Taiwan) Tei-Qei Lee (IES, Taiwan), Yinson Huang
(IES, Taiwan), Shun-Wen Yu (NCU, Taiwan), Mo-Tsi Tsai (NCU, Taiwan), Don Su (NTU,
Taiwan), Kuo-Yen Wei and his students (NTU, Taiwan), TORI workers, Stephane Dominguez
(Montpellier Univ., France), Lucas Messales (UPMC, France), Slawek Giletycz (NCU, Taiwan),
Irene Castro and many others who offered their help, advices, technical and expertise support.
We are also greateful to the Captain and crew of the R/V Ocean Researcher I for their efficiency
during the ORI-1013 and OR1-1048 surveys.

List of figures

e Figurel: A: Geodynamic context of Taiwan and plate boundaries, the box represents a
zoom on the study area shown in B. CCM= Chinese Continental Margin, HR= Hsuechan
Range, DF= Deformation Front, LF= Lishan Fault, LVF= Longitudinal Valley Fault,
CP= Coastal Plain, CR= Central Range, HP= Hengchun Peninsula, SCS= South China
Sea, MT= Manila Trench, CoR= Coastal Range; B: Recent sedimentary systems offshore
esastern Taiwan showing the main active canyons and the actual drainage system. In yellow
boxes are represented the river discharge in Mt/yr after (Liu et al., 2008). HB=Hoping
Basin, NB=Nanao Basin, SLT= Southern Longitudinal Trough.

e Figure2:Location of seismic, CHIRP profiles and sedimentary cores.

e Figure3:A. Backscatter imagery of the southern sector. The circles represent the sedimen-
tary cores. Boxes indicate zoom on high resolution DEM; B: Morphosedimentary mapping
based on backscatter imagery, seismic and CHIRP data and high resolution DEM. The
annoted circles represent the east coast rivers: 1. Xuhai river, 2. Daren river, 3.Dawu
river, 4. Nangxi river, 5. Jinlun river, 6.Taimali river, 7.Zhiben river, 8.Taiping river,
9.Beinan river, 10.Donghe river; C: CHIRP profile across the SLT, showing acoustic facies
of sedimentary levee; D: high resolution DEM across the SLT showing the well-developed

channel-levee system.



74

CHAPTER 3. DEEP-SEA SEDIMENTATION OFFSHORE EASTERN TAIWAN

Figure4:A: Zoom on high resolution DEM showing submarine landslides affecting the
Taitung Canyon (L4), the slope of the Luzon Arc (L3, L2) and the Huatung Ridge (L1),;
B: Seismic reflection profil across the Taitung Canyon (S2), showing the slope affected
landsldide on the Luzon Arc and the Huatung ridge. The levees of the Taitung Canyon

are also well observable.

Figureb:A: Backscatter imagery of the central sector; B: Mapping of the central sector,
using backscatter imagery, seismic data and bathymetry data. Annoted circles represent
all the rivers identified in that sector. 9. Beinan river, 10.Donghe river, 11. Sanxiantan
river, 12.Wushibi river, 13.Baxiandong river, 14.Xiukuluan river, 15. Hualien river, 16.

Liwu river.

Figure6:A:High resolution DEM showing area affected by landslides on the deforming Lu-
zon arc; B: Seismic reflection profiles and CHIRP profile displaying seismic facies of land-

slide and stratified units of the basin-fill sediment respectively.

Figure7:A: High resolution DEM showing the Chimei turbiditic system with landslide
affecting the northern flank of the deep sea fan and bathymetric highs; B: CHIRP profiles
imaging the bathymetric high.

Figure8:A: Backscatter imagery of the northern sector; B: Mapping of the northern sec-
tor using backscatter imagery, seismic profiles and high resolution DEM. Annoted circles

represent east coast rivers identified. 16.Liwu river, 17. Hoping river, 18. Nanao river.

Figure9:High resolution DEM on the Ryukyu arc area showing landslides affecting the
slope of the arc. B: CHIRP profiles displaying sedimentary levees.

Figurel0:Sedimentological description of cores.

Figurell:Characterization of sedimentary facies using grain size distribution, X-Rays and

chemical analysis.

Figurel2:Photography and relative compostion (%) of the different turbidites facies iden-

tified corresponding to the coarser beds of turbidites sequences (fraction >150um).



CHAPTER 3. DEEP-SEA SEDIMENTATION OFFSHORE EASTERN TAIWAN 75

List of tables

e Tablel: List of available seismic lines in the study area. 1:(Schniirle et al., 998b); 2:(Mcin-
tosh and Nakamura, 1998); 3:(Wang and Chiang, 1998); 4:(Font et al., 2001); 5:(Hetland
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2:(Huang et al., 1992), 3: (Huh et al., 2004)
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Table 3.1: List of available seismic lines in the study area. 1:(Schniirle et al., 998b); 2:(Mcintosh
and Nakamura, 1998); 3:(Wang and Chiang, 1998); 4:(Font et al., 2001); 5:(Hetland and
Wu, 2001); 6:(Wang et al., 2004); 7:(McIntosh et al., 2005); 8:(Font and Lallemand, 2009);
9:(Lallemand et al., 997b); 10:(Lallemand et al., 1999); 11:(Malavieille et al., 2002); 12:(Ram-
sey et al., 2006); 13:(Lallemand et al., 2013).

Vessel Year Survey References

Ocean Researcherl 1993  OR1-376 9
Ocean Researcherl 1996  OR1-446 4,8
L’Atalante 1996 ACT96 10, 11, 12

Maurice Ewing 1995  EW-9509 1,2,3,4,5,6,7,8
Ocean Researcherl 2009  ORI1-886  This study
Ocean Researcherl 2009  ORI1-914  Unpublished
Ocean Researcherl 2010  ORI1-960  This study
Marcus Langseth 2009 MGL-0905 13
Ocean Researcherl 2012  ORI1-1013  This study

Table 3.2: List of the sedimentary cores used in this study; 1:(Bentahila et al., 2008), 2:(Huang et al.,
1992), 3: (Huh et al., 2004)

Vessel Year Survey References
Vema 1976 VM-33 1
Ocean Researcherl 1989 OR1-231/232 2
Ocean Researcherl 1996 OR1-687 3
Ocean Researcherl 2009 OR1-960 Unpublished
Ocean Researcherl 2012 OR1-1013 This study
Ocean Researcherl 2013 OR1-1048 This study
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Figure 3.1: A: Geodynamic context of Taiwan and plate boundaries, the box represents a zoom on the
study area shown in B. CCM= Chinese Continental Margin, HR= Hsuechan Range, DF=
Deformation Front, LF= Lishan Fault, LVF= Longitudinal Valley Fault, CP= Coastal
Plain, CR= Central Range, HP= Hengchun Peninsula, SCS= South China Sea, MT=
Manila Trench, CoR= Coastal Range; B: Recent sedimentary systems offshore esastern
Taiwan showing the main active canyons and the actual drainage system. In yellow
boxes are represented the river discharge in Mt/yr (after Liu et al., 2008).HB=Hoping
Basin, HR=Hoping Rise, NB=Nanao Basin, NR= Nanao Rise, ENB=East Nanao Basin,
HpC=Hoping Canyon, HC=Hualien Canyon, CC=Chimei Canyon, SLT= Southern Longi-
tudinal Trough, TC=Taitung Canyon.
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Figure 3.2: Location of seismic, CHIRP profiles and cores materials.
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Figure 3.3: A. Backscatter imagery of the southern sector. The circles represent the sedimentary cores.
Boxes indicate zoom on high resolution DEM; B: Morphosedimentary mapping based on
backscatter imagery, seismic and CHIRP data and high resolution DEM. The annoted circles
represent the east coast rivers: 1. Xuhai river, 2. Daren river, 3.Dawu river, 4. Nangxi river,
5. Jinlun river, 6.Taimali river, 7.Zhiben river, 8.Taiping river, 9.Beinan river, 10.Donghe
river; C: CHIRP profile across the SLT, showing acoustic facies of sedimentary levee; D:

high resolution DEM across the SLT showing the well-developed channel-levee system.
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Figure 3.4: A: Zoom on high resolution DEM showing submarine landslides affecting the Taitung
Canyon (L4), the slope of the Luzon Arc (L3, L2) and the Huatung Ridge (L1),; B: Seis-
mic reflection profil across the Taitung Canyon (S2), showing the slope affected landsldide
on the Luzon Arc and the Huatung ridge. The levee of the Taitung Canyon are also well

observable.
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Figure 3.5: A: Backscatter imagery of the central sector; B: Mapping of the central sector, using
backscatter imagery, seismic data and bathymetry data. Annoted circles represent all the
rivers identified in that sector. 9. Beinan river, 10.Donghe river, 11. Sanxiantan river,
12.Wushibi river, 13.Baxiandong river, 14.Xiukuluan river, 15. Hualien river, 16. Liwu

river.
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Figure 3.6: A:High resolution DEM showing area affected by landslides on the deforming Luzon arc;
B: Seismic reflection profiles and CHIRP profile displaying seismic facies of landslide and

stratified units of the basin-fill sediment respectively.
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Figure 3.7: A: High resolution DEM showing the Chimei turbiditic system with landslide affecting the
northern flank of the deep sea fan and bathymetric highs; B: CHIRP profiles imaging the
bathymetric high.
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A: Backscatter imagery of the northern sector; B: Mapping of the northern sector using

Figure 3.8:

backscatter imagery, seismic profiles and high resolution DEM. Annoted circles represent

east coast rivers identified. 16.Liwu river, 17. Hoping river, 18. Nanao river.
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Figure 3.9: High resolution DEM on the Ryukyu arc area showing landslides affecting the slope of thr
arc. B: CHIRP profiles displaying sedimentary levees.
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Figure 3.10: Sedimentological description of cores.
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Figure 3.11: Characterization of sedimentary facies using grain size distribution, X-Rays and chemical

analysis.
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Figure 3.12: Photography and relative composition (%) of the different turbidites facies identified cor-
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responding to the coarser beds of turbidites sequences (fraction >150 pm).
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4.1 Turbidites deposits as a marker of paleoseismicity

As described previously in the Part I of this thesis, mass movements are often triggered
by earthquakes. Omnce the deposits are preserved, they may constitute excellent markers of
paleoseismicity. Among them, the coseismic turbidites provide the best paleoseismic proxy. This
method consists on the identification and dating of the turbidites triggered by an earthquake
(Goldfinger et al., 2003, 2007; Gracia et al., 2010; Polonia et al., 2013). This method is relatively
recent since it has been developed on turbidites deposits of the Cascadia margin, western USA
during the nineties (Adams, 1990). However, to link the triggering mechanism of turbidity
currents to an earthquake and find good discriminant criteria still remains problematic. Since
the last decades, several studies have proposed criteria in order to distinguish "seismoturbidites”

from "normal” turbidites.

Nakajima and Kanai (2000) and Shiki et al. (2000) established sedimentological criteria.
Once they could correlate their turbidites record with instrumental earthquakes (e.g, eastern
margin of the Japan Sea in 1983, M,, 7.9), they noticed that the organization of these turbidites
differed from the Bouma sequence (Fig.4.1). These seismoturbidites are characterized by amal-
gamated beds, irregular structure sequences, grain-size breaks or fluctuation, abrupt changes in
composition within bed, and variable composition among beds. From these features, these au-
thors inferred that deposition resulted from a series of turbidity currents associated with multiple

sources, for example multiple slides that were regionally initiated by the same earthquake.

“Normal” turbidites “Seismoturbidites™

Sedimentary structures Single bed, Bourna sequence Amalgamated beds, irregular or incomplete sequence

Grain size variation Normal grading Normal grading, inverse grading, grain size break,

fluctuation

Compositional variation Uniform composition between beds, Variable composition between beds * abrupt change
continuous change within bed within bed

Source Single source Multiple or line sources

Inferred depositional process Deposition from single waning Deposition from a series of surge-type or sustained
turbidity current turbidity currents from the same or different sources

Figure 4.1: Characteristic features of seismoturbidites and comparison with "normal turbidites” (after
Nakajima and Kanai, 2000).

Gorsline et al. (2000), proposed that seismoturbidites characterized in Santa Monica
Basin, California and in Alfonso Basin, western Gulf of California may involve a higher
volume of sediment than those from other triggering mechanisms. The flood-generated tur-

bidites are typically a fifth or less of the volume of the earthquake-generated turbidites (Fig.4.2).
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Identification Apge Area (km?) Thickness (cm)* Volume (km?)® Type
A 1969 460 2.0 0.010 Flood
B1 1880s 350 4.0 0.015 Flood
B2 1860s 350 4.0 0.015 Flood
€ 1812 1200 5.0 0.055 Seismic
D 1700 1170 53 0.058 Seismic
E 1500s 1400+ 5.0 0.075 Seismic
F 1400s 1400+ 6.5 0.105 Seismic

* Thickness is average of basin-wide range of thicknesses.
® Here 1 m? is approximately 1 ton of sediment at typical bulk density of uncompacted sediment.

Figure 4.2: Data for turbidites in Santa Monica basin cores, showing the difference of volume between
earthquake-generated turbidites and "normal turbidites” (after Gorsline et al., 2000).

Goldfinger et al. (2003), proposed a new concept to distinguish the seismically-triggered
tubidites in the Cascadia margin. They showed that for a large portion of the margin, the
synchronicity of turbidites deposits in independant sedimentary systems, is a relevant marker
of a seismic trigger (Fig.4.3). Since that, several authors used this argument to confirm that
synchronous turbidites correspond to an earthquake signature (Gracia et al., 2010; Pouderoux

et al., 2012; Polonia et al., 2013).

Other criteria exist as defined by Noda et al. (2008) and Beck (2009), suggesting a typical
composition of seismoturbidites (typical fauna assemblage for example). This argument allow
to determine the source area of turbidites and to link them to an unique mechanism triggering

(i.e earthquake).

These observations described above show the relative complexity to find robust criteria for the
recognition between flood-generated turbidites and earthquake-generated turbidites. It seems
that existing criteria reflect the intrinsic character of the studied environment and that con-
sequently a "universal criteria” applicable in all systems does not exist. The actual criterion
that appear to be the most robust and widely used is the synchronicity criterion developed by
Goldfinger et al. (2003). Moreover it also shows that the coring strategy (i.e, turbiditic system
vs confined or perched basin) in that approach is a crucial parameter and that the choice of
sampling sites may exclude the non-seismic trigger.

In the following chapters, we will show that the criterion of synchronicity may be applied offshore

eastern Taiwan, while the other existing criteria are not fulfilled.
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Figure 4.3: Example the synchronicity of turbidite deposits (modified after Goldfinger et al., 2007).
The map show the location of cores in different turbiditic systems. In the bottom is showed
the correlation (on the latitudinal axis on the map) of turbidites on 5 different turbiditic
systems, one color represents one correlated event, a paleo-earthquake.
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4.2 Datings proxies

4.2.1 The last century sedimentation: ?'Pb and '*"Cs proxies

210Ph dating is based on the U/Th series disequilibrium method (Fig.4.4). It uses the fact that
the noble gas ***Rn (T;/2=3.8 days) escapes from sediments to the atmosphere and then decays
to 2'%Pb (T;/2—22.3 years). The particle-reactive 2!°Pb attached to the aerosols, is deposited,
and can be used to date sediments during the last century (~100 years). Atmospheric natural
fallout of 21°Pb is not the only source of 2!°Pb in sediment. Since most sediments contain U and
?2Ra (T1/2= 1600 years), *!°Pb is also naturally produced in situ ("supported" *°Pb). Using
v-spectrometry, this part can be determined from 2'*Pb. The difference between total 2!°Pb
and 2Pb gives the "unsupported” 2'°Pb further called the *'°Pb in excess (*'°Pb,,) and used
for datin