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Record of extreme events in marine sediments, offshore eastern

Taiwan

摘摘摘要要要

台灣是現在世界上最活躍的年輕的造山帶之一。從二十世紀初至今已有超過二十幾次的規模

七(Mw7)以上地震發生於此，然而是否有超過規模八（Mw8）以上的大地震仍存有問題和爭

議。本論文利用長其地震記錄來評估發生大地震的情形，同時本論文也藉由近年來發展迅

速的方法，通過研究重力岩芯沉積記錄為基礎，探討歷史長期地震活動情況。本論文首先

探討了台灣東部的沉積體系，瞭解沉積形態特徵，沉積相和研究海底斜坡的演化進程,同時

注意近期內的沉積影響因素。我們的研究結果顯示當地有許多不同的沉積體係正在進行，

而且對台灣東側岸外坡產生影響，同時濁流作為侵蝕作用的主要因素，佔據了當地沉紀錄

的60%。濁流主要受到構造運動和氣候運動這兩個重要控制因素影響，當濁流同時有構造運

動相結合，可能事地震晃動所導致，因而形成內陸斜坡盆地。在氣候因素的影響下，濁流可

能在盆地及內陸河域導致特大洪澇或颱風。其次是應用古地震學中兩個時間軸上以濁流岩紀

錄為根本的方法。我們先通過測試並調整濁流沉積物和地震形成之間的對應關聯，一旦校

正後我們將時間序列前調至最近的三次濁積岩層形成時間，分別是西元2001年、西元1950年

以及西元1928年。我們將地下加速度，震級，震源通過經驗關係相連，分別驗證了沉積岩和

三個地震的關聯性，分別是2013年12月10日的成功地震（Mw6.8），1951年11月24日的台東地

震（Mw 7.1 ）以及1935年9月4日的綠島地震(Mw 7.0）。年代測定以及時間建構模型為過去

的3000年來提供了極端地質事件代表。經過比對不同誘發因素對濁流形成的影響，我們得到

的結論是地震是濁流形成的主要機制。本論文研究為全新世極端事件重新排序做了良好開

端。
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l’est de Taïwan

Résumé

La chaine de Taïwan représente l’une des zones les plus actives au monde. Depuis le début du XXe siècle,

plus d’une vingtaine de séismes ≥Mw 7 ont affecté l’ile. Cependant la probabilité d’occurrence de séismes plus

importants (≥Mw 8) est toujours matière à débat. Dans un tel contexte il apparait donc important d’obtenir

des enregistrements plus anciens pour évaluer l’occurrence de tel évènements. La paleosismologie marine, basée

sur l’enregistrement des dépôts issus de la sédimentation gravitaire, apparait comme une alternative sérieuse

afin d’illuminer l’histoire de la sismicité sur des périodes anciennes. Ce travail de thèse apporte de nouvelles

contraintes sur l’histoire sismique au large à l’est de Taïwan au cours des derniers 3000 ans.

La première partie de ce travail consiste à caractériser les systèmes sédimentaires récents. Cette étape fut

essentielle pour la compréhension des processus, faciès sédimentaires et les facteurs de contrôle de la sédimentation

qui régissent l’évolution de la pente sous-marine. Ces résultats ont montré que l’est de Taïwan est caractérisé

par une grande variabilité de processus et que les courants de turbidité dominent l’enregistrement sédimentaire.

Les courants de turbidité sont générés par deux facteurs distincts: l’activité tectonique/sismique et l’activité

climatique.

La deuxième partie de ce travail est consacrée à l’approche paleosismique en utilisant les dépôts de turbidites

comme marqueurs des paleoseismes. Pour ce faire, nous avons dans un premier temps testé et validé l’approche

à l’échelle du siècle dernier. Ensuite une fois calibré, nous avons pu étendre les séries temporelles à l’échelle de

l’Holocène. Nous avons daté les trois plus récents évènements 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 à trois séismes

instrumentaux: le séisme de Chengkong (12/10/2003) (Mw 6.8), le séisme de Taitung (11/24/1951) (Mw 7.1) et le

séisme de Lutao (9/4/1935) (Mw 7.0). Au-delà du siècle dernier, les datations et modèles d’ages nous permettent

d’établir une partie de la chronologie des évènements extrêmes sur une période de 3000 ans et d’estimer un temps

de retour pour des évènements de l’ordre ≥Mw 7. Les résultats ont toutefois montré que ces temps de retour

sont nettement supérieurs a ceux connus sur le siècle dernier, ce qui suggère que tous les séismes ne sont pas

enregistrés par les dépôts sédimentaires marins.

Ce travail de thèse a donc permis de montrer que les dépôts issus de la sédimentation évènementielle peuvent

être 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 ≥ Mw 7 earthquakes have struck the island. However, the occurrence of larger

events (≥Mw 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 (Mw 6.8), the 11/24/1951 Taitung Earthquake (Mw 7.1)

and the 9/4/1935 Lutao Earthquake (Mw 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 Mw ≥ 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 20th 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 Mw 9.5. More recently the 2004 Sumatra and the 2011 Tohoku earthquakes (Mw

9.1 and Mw 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.

Figure 1.1: Magnitude 8 and greater earthquake since the 20th 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; Gràcia

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 20th 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:

• 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).

• 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).

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

period.

• 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,



6 CHAPTER 1. INTRODUCTION

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).

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 Hsüehshan 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).

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.

Figure 1.5: Profiles across Taiwan showing both subaerial and submarine reliefs. DEM 100m gridded,

from courtesy of Stephane Dominguez.

The ongoing uplift rates on the order of 5-6 mm.yr−1, and locally up to 1 cm.yr−1 (Peng

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

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 Mw>6.8 earthquakes have been recorded (Table 6.1).

Onland, the greatest occurred in 1999 with a magnitude Mw 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 Mw 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.

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 ML > 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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Figure 1.9: Earthquakes magnitude 7 and greater recorded over the instrumental period.
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Eq. number Date (yy/mm/dd) Lon.(◦) Lat. (◦) Depth (km) Mw’(*) Loc. origin references

1 1915/2/28 123.50 23.60 0 7.5 1

2 1919/12/20 122.50 22.50 35 6.9 1

3 1920/6/5 122.22 24.29 35 7.7 2

4 1921/4/2 123.00 23.00 35 7.1 1

5 1922/9/1 122.04 24.50 35 7.3 1

6 1922/9/14 122.64 24.370 35 7 1

7 1935/9/4 121.55 22.50 20 7 3

8 1935/4/20 120.82 24.35 5 6.9 3

9 1947/9/26 123.00 24.75 110 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 23.82 18 6.9 4

14 1957/2/23 121.80 23.80 30 7.1 3

15 1959/4/26 122.79 24.68 126 7.5 1

16 1963/2/13 122.06 24.35 35 7.1 1

17 1966/3/12 122.69 24.30 28 7.5 1

18 1972/1/25 122.32 22.54 10 7.3 1

19 1978/7/23 121.32 22.35 6 7.2 3

20 1986/11/14 121.83 23.99 15 7.3 3

21 1999/9/20 120.80 23.85 6 7.6 5

22 2002/3/31 122.16 24.16 16 7 5

23 2003/12/10 121.38 23.07 21 6.8 5

Table 1.1: Mw ≥6.8 earthquakes recorded over the instrumental period (20th century) in the studied

area. References for the location origin: 1. Engdahl and Villaseñor (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 (210Pb and 137Cs for the last century and 14C 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 210Pb and 137Cs proxies. Furthermore,

we will discuss how to estimate a crucial parameter for 14C 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):

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

(translational and rotational)

• 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).

• 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.

• 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)

Figure 2.2: Global classification of offshore mass movements. Red boxes emphasize the sedimentary
processes approached and described in this work (modified after Mulder and Cochonat,
1996)
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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

100km2). Unlike translational slides, rotational slides display important and het-

erogeneous internal deformation. The deformation occurs when the shear stress reach a

critical limit.

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 Rhône 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:

• 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).

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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• 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−1). 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 (ρf ) and the

surrounding water (ρw). 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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Figure 2.6: Possible evolution of mass transport processes relative to space and time (after Middleton
and Hampton, 1973)

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).

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
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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.

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, (Gràcia 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 0.6g (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−1, 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:

• 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).

• 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
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initiated by earthquake shaking.

• 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 CaCO3 is preserved. The CCD depends on the solubility of CaCO3

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 14C dating. At such a depth, the foraminifera tests (organisms used for 14C) will be affected

by CaCO3 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 KS08 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 KS08 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, KS08 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 KS08 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 KS08 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 KS08 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). KS06 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, KR03 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). KR03 site thus represents a good candidate for the record of background sed-

imentation. Five-hundred meters downslope, KAS03 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 KS06 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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Figure 2.17: A: MCS profile and chirp profile across KS06 site. B: perspective view of KS06 site, showing
the slope instabilities in that area.
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Figure 2.18: A: detailed DEM of the core site, red dots show the core locations and lines location of
seismic profiles shown in Fig.2.19; B: perspective view of the core site to highlight the
isolated topographic high where was collected KR03 and the isolated terrace where was
taken KAS03; C: slope gradient map of the core site. The lines show bathymetric profiles;
D: Bathymetric profiles S-N and W-E respectively of the core site.
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Figure 2.19: A: MCS profile across the topographic high where we selected KR03 site to record the
background sedimentation. Note the 1.5 km sediment pile that layered above the basement
(probably the volcanoclastic series of the Luzon arc). B: chirp profile across KAS03 and
KR03 core sites.
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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. KC03A 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 122o08’ 24o19’ 2800 91

KS09-P 122o11’ 24o08’ 2900 98

KAS03-P 121o42’ 23o15’ 1700 157

KR03-P 121o38’ 23o15’ 1205 398

KS06-G 121o30’ 22o51’ 1947 212

KS06-P 121o30’ 22o51’ 1947 152

KS06-B 121o30’ 22o51’ 1947 36

KC03A-P 121o04’ 22o19’ 1160 212

PC01B-P 121o04’ 22o12’ 1229 212

PC01C-P 121o04’ 22o6’ 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 Mw>7 earth-

quakes have been recorded. Offshore, the greatest event ever recorded in the Ryukyu margin,

has been reestimated with a magnitude Mw 7.7 (Theunissen et al., 2010). Such seismic activity

will have necessarily direct influences on shaping the offshore morphology and consequently on



58 CHAPTER 3. DEEP-SEA SEDIMENTATION OFFSHORE EASTERN TAIWAN

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 0.4µm 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).

-S2, 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 (∼1-2o) 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 (Ch1 and Ch2 on Fig.3.3A) are

identified running parallel to the western slope of the SLT. The channel Ch1 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 Ch1 (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

Ch1 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 (L4) 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).

It 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 Ch5, 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 I (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 (< 10µm). 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 II 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:

• TI : thin silty-clay lithogenic turbidites

• TIIa: thin silty to fine sand lithogenic turbidites

• TIIb: thin silty to fine sand biogenic turbidites

• 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. TI 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). TI 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).

TIIa: 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 Tb 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

I) on coarser beds. In contrast with TIIa, 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 Tb

defined as medium-density turbidity current by Bouma (1962). This facies is characteristic of

cores collected in the Southern Longitudinal Trough: KC03, P01B and P01C. 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 I.
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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.

(ii) 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 Ch1 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, PC01B and PC01C (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 TIIa) 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 (Gràcia et al., 2010). As previously described, the turbidite fa-

cies TIIb, 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 TI and TIIa respectively) and located on

sedimentary levees (channel-levees system and canyon levee respectively). These two facies (TI

and TIIa) 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 TIIb although slight postive anomalies in

Fe and depletion in Ca is observed in facies TI (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 KC03A 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 KC03A 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 KC03A, 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:

• Turbidity currents preconditioned by tectonic activity (oversteepening) and triggered by

earthquakes shaking that initiate slope instabilities and likely deposited into isolated intra

slope basin

• 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.
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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
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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 3.6: 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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Figure 3.8: A: Backscatter imagery of the northern sector; B: Mapping of the northern sector 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.
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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-

responding to the coarser beds of turbidites sequences (fraction >150 µm).
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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. Once 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; Gràcia 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, Mw 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.

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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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 (Gràcia 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: 210Pb and 137Cs proxies

210Pb dating is based on the U/Th series disequilibrium method (Fig.4.4). It uses the fact that

the noble gas 222Rn (T1/2=3.8 days) escapes from sediments to the atmosphere and then decays

to 210Pb (T1/2=22.3 years). The particle-reactive 210Pb attached to the aerosols, is deposited,

and can be used to date sediments during the last century (∼100 years). Atmospheric natural

fallout of 210Pb is not the only source of 210Pb in sediment. Since most sediments contain U and

226Ra (T1/2= 1600 years), 210Pb is also naturally produced in situ ("supported" 210Pb). Using

γ-spectrometry, this part can be determined from 214Pb. The difference between total 210Pb

and 214Pb gives the ”unsupported” 210Pb further called the 210Pb in excess (210Pbex) and used

for dating. Dating range in natural systems can vary from less than 50 years up to 150 years.

Based on the models that predict the distribution of 210Pb with depth, it is possible to date

the different sedimentary layers within a sedimentary core and then estimate the sedimentation

rate. 210Pb activities are determined using a CAMBERRA γ-spectrometry (see chapter 5 for

the description of the method). Several models exist (Appleby and Oldfield, 1992) that allow

to calculate sedimentation rate from the 210Pb profiles. The distribution of 210Pb with depth

depends on the equilibrium between atmospheric and aqueous transfers, the sedimentation

rhythm and bioturbation. The simplest model in the calculation of the sedimentation rate is

the CF:CS (Constant Flux, Constant Sedimentation Rate) that supposes a constant 210Pb and

accumulation rate, meaning that the initial activity is constant (Goldberg, 1963; Krishnaswamy

et al., 1971a). The 210Pb rate P and sedimentation rate W are expressed in mBq.cm−2.yr−1

and g.cm−2.yr−1 respectively. The activity A (mBq.g−1) is expressed by A= P/W. The 210Pb

with depth (z ) is given by:

(210Pbzex) = (210Pb0ex)× e−λtz with (210Pbex) = (210Pbmeas)− (226Rameas) (1)

Where λ is the radioactive decay constant of the 210Pb: λ= ln(2)/22.3 yr.−1, 210Pbzex is the

activity in mBq.g−1 at the depth z and 210Pb0ex is the activity at the surface expressed as P/W.

The time t, is the dry sedimentary mass Mz accumulated by cm2 from the surface to the depth z

divided by W, which is the sedimentation rate. If we suppose that the Pb and Ra are immobile

in the samples, then we can write from (1):
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ln(210Pbzex) = ln(210Pb0ex)− (λ
210

W
)×Mz, with tz =

Mz

W
(2)

Figure 4.4: A: Disintegration chain of the 226Ra after Bourdon (2003); B: Pathways by which 210Pb
reaches aquatic sediments (after Oldfield and Appleby, 1984).

When reporting the measurements in a diagram ln(210Pbzex) vs Mz they define a line where

the slope is given by −λ/W , that allows to calculate the sedimentation rate (Fig.4.5). It is then
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possible once the sedimentation calculated, to estimate the age for each layers of the sedimentary

record.

Figure 4.5: On the left : decay curve of 210Pbex function of the accumulated sedimentary mass. On the
right the CF:CS applied to the whole profile (after Sabatier, 2009).

Another independent time-marker is the artificial radionuclide 137Cs, introduced in the at-

mosphere by nuclear bomb-test or nuclear accidents (Chernobyl, 1986). The onset 137Cs is circa

1950 and it decays following a half-life of 30 years. The most usual dating method based on 137Cs

data (Robbins and Edgington, 1975) assumes that the depth of the maximum 137Cs activity in

the sediment corresponds to the maximum atmospheric production in 1963. On the other hand

the 1986 Chernobyl fallout is also used to date most recent part of cores for the area affected by

the 137Cs atmospheric pollution (i.e, Europe)(Appleby et al., 1991). One of the Cs properties

is its high mobility in marine sediments, with a preferential downward diffusive transport in

pore-water (Radakovitch et al., 1999). Despite the potential Cs mobility by diffusive transport

leading to the spreading of the Cs peak, we can see on the Fig.4.6 that the 137Cs profile shows
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a clear maximum corresponding to 1963.

Figure 4.6: 137Cs deposition density in the northern and southern hemispheres calculated from fission
production amounts with the atmospheric model.

4.2.2 Radiocarbon 14C: Dating, age calibration and reservoir age

Radiocarbon is widely used for dating geological and archaeological materials. It provides wide

possibilities in the studies of present and past environments. The radioactive isotope of the

Carbon, 14C is set on the living organisms (e.g, plants, wood, shells, foraminifera). Due to the

assimilation from the atmosphere, the concentration of this isotope remains constant on the

living organisms (Ro). After the death of the organism, the 14C is no longer counterbalanced

by assimilation due to the radioactive decay. The amount of 14C starts to decrease following a

half-life of 5730 years. Comparison of 14C/12C ratio in a sample of dead organic matter (Rm)

with that in the atmosphere enables determination of radiocarbon age. This age means the time,

which passed between the death of organism and the moment of measure (Fig.4.7). Conventional

radiocarbon age is determined after comparison of 14C/12C in the sample and in the standard of

modern biosphere. The dating is thus based on the activity of the 14C. The analysis is reliable

over 5 half-lives, in other terms < 50,000 years. Radiocarbon age is determined assuming that

the initial concentration of 14C at the time of the death of an organism is the same as the

concentration in the atmosphere. However during the last 50,000 years, the concentration of

14C was usually higher than the actual standard. There is thus a necessity to carefully calibrate

the radiocarbon time-scale (Fig.4.7). High-precision 14C dating of samples of known calendar
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age (mostly tree-rings, annual increments of marine and lacustrine sediments and corals) led to

the building of the 14C calibration curve. This calibration curve enables reading of calendar age

if radiocarbon date is known (calibration curve IntCal13 available from Reimer et al., 2013).

The calendar age is expressed in "cal BP", "cal BC" or "cal AD" (see end of the section for

explanations) (Fig.4.7B).

Figure 4.7: A: Principle of radiobarcon measurement on terrestrial organisms (source
www.http://radiocarbon.pl/); B: Example of calibration of 14C age. Because of un-
certainty of 14C age, calendar age (cal. AD) are expressed only in terms of probability
distribution.

The concept previously described is applicable for the terrestrial realm. Radiocarbon age

is most easily determined for terrestrial organisms since during their life the carbon derived

from the atmosphere. Organisms deriving carbon from aquatic environments usually have lower
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Figure 4.8: Sea surface reservoir 14C ages R(t) for modern sample on core KS06B (see chapter 5 for
details on the results) calculated by subtracting the atmospheric 14C estimated for the 210Pb
from the measured apparent 14C ages of foraminifera. This gives a R(t) value. The deviance
from the global mean reservoir age (∆R) is then obtained by subtracting the marine model
value from the measured apparent 14C age of the foraminifera (see chapter 5 for details on
the results and discussion).

14C/12C ratio than those living in aerial environment. It is induced by the significant lapse

of time required for CO2 exchange between the atmosphere and the ocean (i.e, to the long

residence time of C in the ocean, compared with the 14C half-life) (Stuiver and Reimer, 1986;

Stuiver and Braziunas, 1993). This is the so called "reservoir effect". Radiocarbon age of such

marine organisms is usually older than the terrestrial calibration curve and should be corrected

by subtraction of the "reservoir age" (see for principle Fig.4.8, N.B: this parameter will also be

discussed in the chapter 5 ). The world global reservoir age of surface water of seas and oceans has

been estimated at circa 400 years. Several studies proposed that it is possible, according to the

marine environment and the oceanographic conditions (e.g, upwelling zones, fresh water mixing),

to find significant deviations in the regional marine reservoir signature from this average value

(Kennett et al., 1997; Goodfriend and Flessa, 1997; Siani et al., 2001; Reimer and McCormac,

2002; Southon et al., 2002; Fontugne et al., 2004; Sabatier et al., 2010).

In the western Pacific area (i.e, Japan, northeast Taiwan and the Okinawa islands), Yoneda

et al. (2007) show, based on the 14C dating on molluscan shells that significant deviations of

the reservoir age exist depending on the different oceanographic context (i.e, different currents)

affecting this area (Fig.4.9).
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Figure 4.9: The mean ∆R value in the western Pacific. Arrows represent the current: a) North Equato-
rial current, b) Kuroshio current, c) Kuroshion countercurrent current, d) Oyashio current,
e) East Sakhalin current, f) Liman current, g) North Korea Cold current, h) Tsushima Warm
current, i) Soya Warm current (modified after Yoneda et al., 2007).

To properly calibrate radiocarbon age, the calibration curve for marine samples Marine013

is used and was established by Reimer et al. (2013). Same as for 210Pb proxy, it is possible

once radiocarbon dating calibrated (with the Marine013 curve and reservoir age correction) to

build depositional model to estimate sedimentation rate and also the age of each layers of the

sedimentary cores. To do that, specific software are available like OxCal 4.2 and have been used

in this work in order to build depositional model.

Note:

Before Present (BP) years is a time scale used starting from 1 January 1950 as commencement

date of the age scale, when 14C dating became practicable in the 1950s; Anno Domini (AD

or A.D.) and Before Christ (BC or B.C.) are designations used to label or number years

used with the Julian and Gregorian calendars.There is no year zero in this scheme, so the year

AD 1 immediately follows the year 1 BC.
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Abstract

Taiwan is a young and active mountain belt, where a series of strong earthquakes (Mw>7) have

occurred over the past hundred years. Identifying historic earthquakes around Taiwan is key to

better understanding of plate movements in this geodynamically active region. Sedimentological

and geochemical analyses of surface sediments from one station offshore East Taiwan revealed

the presence of coarse-grained layers corresponding to turbidites. The age of these coarse-

grained layers have been determined by 210Pb, 137Cs and 241Am chronology. Dating of the three

most recent turbidites provides ages of 2001 ± 3 AD, 1950 ± 5 AD and 1928 ± 10 AD. The

results show striking temporal correspondence of turbidite layers to large (Mw>6.8) submarine

earthquakes recorded in the region since the 20th century. Chronologies of the sediment layers

leads us to believe that turbidites respectively result from the 2003 Chengkong (Mw 6.8), the

1951 Taitung Earthquake (Mw 7.1) and the 1935 Lutao Earthquake (Mw 7.0), respectively.

Such a good correlation between turbidites and high-magnitude (Mw>6.8) historical and

instrumental seismic events suggests that turbidite paleoseismology constitutes a valuable tool

for earthquake assessment in the Eastern Taiwan Margin. Moreover, the modern reservoir 14C

age was estimated by comparing AMS 14C ages with ages derived from corrected 210Pb profiles

and historical accounts of identifiable seismic events. The calculated mean modern R(t) value of

517 ± 54 14C yr is about 234 yr higher than the global mean sea surface reservoir age. This high

value can be explained by the presence of local upwelling cells and turbulence in the Kuroshio

Current North of the Green Island. These upwelling cells probably bring more 14C depleted

water to the surface, resulting in an increase of modern R(t) value in the Kuroshio Current.

Keywords: Off east Taiwan, Turbidites, 210Pb, 137Cs and 241Am chronology, Instrumen-

tal earthquakes, reservoir age fluctuation, Kuroshio current.



CHAPTER 5. TURBIDITE CHRONOLOGY AND RESERVOIR AGE 107

5.1 Introduction

The Taiwan mountain belt is known as young and active mountain belt resulting of the rapid

collision of the Luzon arc, carried by the Philippine Sea Plate, and the Chinese Continental

margin (Fig.5.1) (Biq, 1972; Suppe, 1984). In this region, the convergence is extremely high,

about 80 mm/yr (Seno et al., 1993). There, the seismicity rate is significant with more than

20 earthquakes M>7 recorded for the last 100 years, the biggest never recorded in 1920 with

revisited magnitude of Mw’ 7.7 (Theunissen et al., 2010). Submarine landslides and resulting

mass transport deposits or turbidites deposits have been recognized in seismic and coring data

(Lehu et al., 2014a, submitted to Marine Geology). Interpretation of sedimentary deposits on

the eastern Taiwan submarine slope suggests a direct link between submarine gravity processes

(submarine landslides and turbidity currents) and occurrence or large earthquakes. In order

to investigate modern sedimentation (<150 years) associated with recent seismic events in the

Eastern Taiwan Margin, one sediment core was collected by boxcorer for radiometric (14C, 210Pb,

137Cs and 241Am) and sedimentological analyses. 210Pb (T1/2 = 22.3 yr) is a widely used ra-

diotracer in the study of sedimentary environments on a temporal scale of 100-150 years (e.g.

Robbins and Edgington, 1975; Nittrouer et al., 1979). This naturally occurring radionuclide is

present in sediments after formation by decay of 222Rn (T1/2 = 3.8 d) in the atmosphere and

the water column (210Pb excess) and in situ decay of 226Ra (T1/2 = 1600 yr). Age models based

on 210Pb activity profiles in sediment cores can be confirmed by independent time-stratigraphic

markers, such as artificial radionuclides (e.g., 137Cs, 241Am), which allows us to discriminate the

influence of postdepositional processes such as mixing. The onset of 137Cs presence in sediments

corresponds to the beginning of the atmospheric nuclear tests in the 1950s, and the highest

concentrations correspond to maximum atmospheric activities due to nuclear tests (1963). A

non-disturbed sediment profile is characterized by an exponential decrease in 210Pb activity with

depth. However, the presence of rapid/instantaneous sedimentation deposits in slow sedimen-

tation deposits induces irregularities in 210Pb profiles. As this kind of deposit is of potential

interest in paleoseismic studies, where turbidity flows can transport sediment from the margin

slope, solving the problem of dating sediment records with nonlinear 210Pb profiles is of wide

interest (Arnaud et al., 2002; Huh et al., 2004, 2006; Garcia-Orellana et al., 2006). The first aims

of this paper are to date surface sediments from one station offshore East Taiwan which revealed

the presence of coarse-grained layers corresponding to turbidites by using the 210Pb CFCS model

(Constant Flux, Constant Sedimentation) constrained by 137Cs and 241Am chronologies; and to
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determine whether these turbidite intervals correspond to instrumental and historical earth-

quakes generated in the eastern Taiwan Margin. To determine the Holocene timescale, absolute

chronology is usually based on radiocarbon measurements of carbonaceous samples, allowing

accurate paleoenvironmental interpretations. However, when the 14C method is applied to date

samples equilibrated in marine water, it requires a correction, called the reservoir age correction.

The pre-industrial global reservoir age is estimated as 405 ± 22 14C yr and a time dependent

correction is available by using the Marine04 calibration curve (Hughen et al., 2004). Several

studies have suggested the possibility of significant deviations in regional marine reservoir sig-

nature from this average value (Goodfriend and Flessa, 1997; Ingram and Southon, 1997; Siani

et al., 2001; Reimer and McCormac, 2002; Southon et al., 2002; Fontugne et al., 2004). The

second aims of this paper will be to estimate the modern reservoir 14C age by comparing AMS

14C ages with ages derived from corrected 210Pb profiles and historical accounts of identifiable

seismic events.

5.2 Setting and analytical methods

To study the recent sedimentary record, we sampled targeted box-core during the OR1-1013

survey (Fig.5.1). Box-core KS06-B (37cm long) was collected in 1947 m of water depth in a

small-perched basin on the slope of Luzon Arc, north of Green Island off Taiwan (Lehu et al.,

2014a, submitted to Marine Geology). Multidisciplinary analyses were performed, with a par-

ticular attention to grain size distribution variation and turbidite/hemipelagite differentiation.

Sediment core were sampled at 1 cm interval for grain size analyses using a Coulter laser micro-

granulometer LS13 320 (size range from 0.4µm to 2 mm). Chemical composition and X-ray

images were acquired using ITRAX –core scanner at 2mm interval. 14C datings were per-

formed on 10 mg of handpicked planktonic foraminifera (Globigerinae species). 14C analyses

were conducted at the Laboratoire de Mesure 14C (LMC14) on the ARTEMIS accelerator mass

spectrometer in the CEA Institute at Saclay (Atomic Energy Commission). These radiocarbon

analyses were done with the standard procedures described by Tisnérat-Laborde et al. (2001).

14C ages were converted to calendar years using the CALIB 5.0.2 calibration program (Stu-

iver and Braziunas, 1993; Reimer and Reimer, 2001). Dating of sedimentary layers was carried

out using 210Pb, 137Cs and 241Am methods on a centennial timescale. Both nuclides together

with U, Th, and 226Ra were determined by gamma spectrometry at the Géosciences Montpellier

Laboratory. The 1 cm-thick sediment layers were finely crushed after drying, and transferred
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into small gas-tight PETP (polyethylene terephtalate) tubes (internal height and diameter of 38

and 14 mm, respectively), and stored for more than three weeks to ensure equilibrium between

226Ra and 222Rn. The activities of the nuclides of interest were determined using a Canberra

Ge well detector and compared with the known activities of an in-house standard. Activities of

210Pb were determined by integrating the area of the 46.5-keV photo-peak. The 226Ra activities

were determined from the average of values derived from the 186.2-keV peak of 226Ra and the

peaks of its progeny in secular equilibrium with 214Pb (295 and 352 keV) and 214Bi (609 keV).

In each sample, the 210Pb excess activities (210Pbex) were calculated by subtracting the (226Ra

supported) activity from the total (210Pb) activity.

5.3 Results and discussion

5.3.1 Identifying and dating turbidite layers in core

Turbidites layers identification

As described above core KS06-B is located in an intra-slope basin northward from the Lu-

tao volcanic island (Fig.5.1). The whole core is composed by an alternation of hemipelagic

sedimentation and fine-grained turbidites facies. The Hemipelagite facies (HP hereafter) is char-

acterized by homogeneous clay with low content of lithic fragment (<20%). HP contains diluted

foraminifera and slight traces of bioturbations. In core KS06-B, this facies also is usually rep-

resented by grain size typically < 10 µm (Fig.5.2). Turbiditic facies is recognizable by their

coarser grain size and a typical fining upward sequence (Fig.5.2) as defined by the Bouma se-

quence (Bouma, 1962). The coarser grain size usually indicates an “energetic” event in the

sequence, relative to the background sedimentation (i.e Hemipelagite facies). Turbidites facies

also are characterized by geochemical anomalies relative to the background signal. Figure 5.2

shows two proxies, Fe and Ca respectively, that are the most representative of both terrestrial

and biogenic calcareous environment. In KS06-B, we identified three events named hereafter:

T1, T2 and T3 (from top to bottom). Event T1 corresponds to a fine-grained turbidite composed

of 8.5 cm thick of silty-clay sediment on the top of a coarser silty basal layer (grain size ∼35 µm).

Geochemical proxies show a clear Ca positive anomaly that anticorrelate Fe anomaly (Fig.5.2).

Analysis of the coarser sand fraction revealed a high content of biogenic content mainly com-

posed by planktonic foraminifera, sponges spicules and benthic foraminifera (Lehu et al., 2014a,

submitted to Marine Geology). T2 is also interpreted as fine-grained turbidite composed of 4
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cm thick of silty-clay sediment with a fine-silty basal layer (grain size ∼ 20 µm). Geochemical

composition indicates positive Ca anomalies that anticorrelate Fe anomalies. The sand fraction

composition is characterized by high biogenic material content that reaches nearly 80% (Lehu

et al., 2014a, submitted to Marine Geology). T3 also is probably a fine-grained turbidite. It

is composed of 5 cm thick fining upward silty-clay sequence (grain size ∼15 µm) with a sharp

basal contact (Fig.5.2). Geochemical analysis reveals very slight positive Ca anomaly that anti-

correlate Fe anomaly (Fig2). Same as T1 and T2, the coarser fraction of T3 is composed by a

high biogenic content.

Radiochemical measurements and 210Pb data processing age-depth relation

210Pbex,
137Cs and 241Am activity profiles of core KS06 are shown in Fig.5.3. The maximum

210Pbex activity is observed at the top of the core (51,9 dpm/g) and decreases down to 35

cm depth (3,3 dpm/g). The 210Pb activity vs. depth curve is nonlinear (Fig.5.3A) and thus

cannot be interpreted to have resulted from radioactive decay alone. The activity of turbidite

layers is particularly low compared with hemipelagic layers and seems to be linked to grain-size

variations (Arnaud et al., 2002; Huh et al., 2004, 2006; Garcia-Orellana et al., 2006). This pattern

is particularly evident in the sequences located between 2 – 10, 20 – 26 and 29 – 33 cm depth

(Fig.5.3A). 137Cs and 241Am activity profiles present sharp peaks at 19.5 cm (5,8 mBq/g and

3.6 mBq/g) and are near to zero below 23 cm (Fig.5.3A). In order to understand and establish

an age-depth relationship in the core KS06-B, we used the same approach than Arnaud et al.

(2002) and, assumed that hemipelagic sediments have been deposited by constant accumulation

rate and that turbidite layers represent instantaneous events. A synthetic sedimentary record

is then built composed only of the hemipelagic levels by removing the 3 turbidite events (T1,

T2 and T3) from the original sedimentary record (Fig.5.3B). This corrected 210Pbex profile can

be considered as a nearly exponential curve (determination coefficients is 0.97) with the slope

of the activity vs. depth equal to 0.18 cm.yr−1. In such a case, the CFCS model (Goldberg,

1963; Krishnaswamy et al., 1971b) can be used and provides an accumulation rate (A.R.) of

1.8 ± 0.2 mm.yr−1 to all of the hemipelagic levels (Fig.5.3B). In order to determine the age

of event T1 (2-9 cm), an A.R. of 1.8 ± 0.2 mm.yr−1 was used for the corrected depth 2-3 cm

(without T1). Therefore, the T1 event would have occurred in 2001 ± 3 AD. Using the same

approach, event T2 (20-24 cm) corresponds to 1950 ± 5 AD. Event T3 (28-33 cm) is near the

limit of the 210Pb method (1928 ± 10 AD). The most common dating method based on 137Cs

and 241Am data (Robbins and Edgington, 1975) assumes that the depth of maximum 137Cs and
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241Am activities in the sediment corresponds to the maximum atmospheric production by nuclear

bomb testing in 1962-1964. A property of Cs is its high mobility in marine sediments, with a

preferential downward diffusive transport in porewater (Radakovitch et al., 1999). Despite the

potential Cs mobility by diffusive transport, leading to the spreading of the Cs peak, we can see

in Fig.5.3 that the 137Cs profile shows a clear maximum (21 cm which is equivalent to 10 cm in

the corrected profile) corresponding to 1963. The 137Cs and 241Am activity depth profiles thus

give accumulation rates of 1.84 mm.yr−1. These accumulation rates are in good agreement with

210Pb data (1.8 ± 0.2 mm.yr−1) and confirm the age-depth relationship.

5.3.2 Linking turbidites and earthquakes events

At site KS06 (Fig.5.1 and Fig.5.4), earthquakes are the most likely explanation for triggering tur-

bidity currents, as discussed by Lehu et al. (2014b, in prep.). The coring site is an isolated basin,

without any sediment feeding from the continent. Hyperpycnal flows generated by typhoons can

not have an impact on this basin. Turbidites deposits are only the results of local submarine

instabilities of hemipelagic deposits and must be generated by earthquakes (Lehu et al., 2014b,

in prep.). Moreover, in a previous study offshore northeastern Taiwan, Huh et al. (2004) have

shown that turbidite can be used as a paleoseismicity marker. As regards the turbidite layers

identified in core KS06-B, the 210Pb age of the near-surface event T1 corresponds to 2001 ± 3

yr. An examination of the catalog of large earthquakes east Taiwan Margin shows that there is a

good temporal correlation with the 2003 Chengkong earthquake of Mw 6.8. The epicenter of this

earthquake was located offshore, on the slope of the Coastal Range (Fig.5.4), about 22 km north

of the location where core KS06-B was collected. Although the effect of the earthquakes that

occurred in the western foothills in 1999 (Chi-Chi earthquake, Mw 7.6) and 2002 (Mw 7) (see

Fig.5.1 for locations) could be found in T1, the epicenters were too far away from the sampling

site to alter the sediment record. Indeed, if we use empirical relationships established by (Chung,

2013) we found that the ground motion caused by a Mw 7 earthquake is insufficient to trigger

slope failures at distance greater than 50 km (Lehu et al., 2014b, in prep.). The age of event T2

corresponds to 1950 ± 5 yr, which fits reasonably well with the 1951 Taitung earthquake of Mw

7.1. The epicenter of this earthquake was located on the emerged part of the Coastal Range,

about 45 km north of the KS06 site. Finally, T3 corresponds to 1928 ± 10 yr and indicates a

temporal correlation with the 1935 earthquake of Mw 7. The epicenter is located on the slope

of the Luzon arc southward Lutao island and about 45 km from the coring site (Fig.5.4). Note
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that it is remarkable that the only three Mw ≥6.8 earthquakes that occurred within less than

50 km from the core site all coincide with three turbidites identified in KS06-B.

5.3.3 Modern reservoir age estimation

Species living in ocean surface waters show depleted radiocarbon ages with respect to those living

contemporaneously under atmospheric conditions. This difference, or marine 14C apparent age,

is due to 1/ oceanic circulation processes that tend to advect intermediate and deep 14C depleted

water masses to the surface, 2/ atmospheric 14C changes, 3/ air-sea CO2 exchanges processes,

and 4/ hardwater effect due to the discharge of coastal rivers. Here we present measurements of

the reservoir ages of surficial waters in the Kuroshio current (KC), which is still poorly known.

Compared to the average modern 14C marine reservoir age (R(t)=405± 22 14C yr), the Kuroshio

Current (KC) 14C reservoir age close to Taiwan displays higher R(t) values, with a deviance

from the global mean sea surface reservoir age (∆R) of 86± 40 14C yr (Yoneda et al., 2007; Yu

et al., 2010). The 14C depletion of KC has been explained by the water from Pacific Equatorial

Divergence with lower 14C contents (Yoneda et al., 2007; Yu et al., 2010). Here, we estimate

the modern sea surface reservoir 14C age in KS06-B by comparing 14C values of planktonic

foraminifera (Globigerinae species) with 210Pb chronology. As a reminder, KS06-B was extracted

in the east of Taiwan and surface hydrographic conditions in that area are controlled largely by

the KC. The first age on KS06-B at 25 cm depth is 690 ± 30 14C yr. This age corresponds to

a date of 1950 ± 5 yr AD, derived from the 210Pb CFCS model (average sedimentation rate of

1.8 ± 0.2 mm/yr). The second age on KS06-B at 33 cm depth is 695 ± 30 14C yr. This age

corresponds to a date of 1928 ± 10 yr AD, also derived from the 210Pb chronology. Sea surface

reservoir 14C age R(t) at 25 cm in KS06-B was calculated by subtracting the atmospheric 14C

value estimated for the date of 1950 AD (199 ± 9 14C yr Reimer et al., 2004) from the measured

apparent 14C ages of the depth at 25 cm (690 ± 30 14C yr, Table 6.1). This gives a R(t) value of

491 yr. The deviance from the global mean reservoir age (∆R) is then obtained by subtracting

the marine model age value estimated for 1950 AD (464 ± 23 14C yr, (Hughen et al., 2004)

from the measured apparent 14C age at depth of 25 cm (690 ± 30 14C yr, Table 6.1). The ∆R

value is thus estimated as 226 ± 53 yr (Table 6.1). By adopting a similar approach for the

depth at 33 cm on core KS06-B dated to 1928 AD by 210Pb chronology, we obtain R(t) = 543

14C yr (∆R = 241 yr ± 53, Fig.5.5). These 2 dated depths suggest that in the study area,

the average reservoir age R(t) is 517 ± 54 14C yr and ∆R = 234 ± 75 yr. This study gives
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a mean ∆R around 234 ± 75 14C yr (n=2), which is substantially different from the previous

estimation by using collections of pre-bomb shells, 86± 40 14C yr (n=9) (Yoneda et al., 2007;

Yu et al., 2010). Our high ∆R value cannot be considered as a typical ∆R values for water

belonging to KC off Taiwan. On local scale, different processes may increase ∆R values, such

as hardwater effect or local upwellings. On regional scale, hardwater effect due to the discharge

of coastal rivers was found to increase 14C ages by 600 years in the Pierre Blanche lagoon in

France (Sabatier et al., 2010). However, we consider that high ∆R value in our study area could

not be due to hardwater effect for the following reasons: (1) There are no limestone outcrops

in the the Taitung watershed, the most proximal watershed in the study area; (2) hardwater

effect due to the discharge of coastal rivers is impossible because of the great distance of the

KS06 from the nearest land of Taiwan (40 Km away), in fact, hard water effect was usually

found in terrestrial lakes, lagoons or coastal area and has never been reported for open marine

environment, as mixing with open seawater will quickly dilute any such effect. Particularly here

where KC is very strong and deviate strongly the discharge of coastal rivers along the Taiwan

coast. Variations in regional oceanic activities, such as local upwelling is the most probably the

cause of our high ∆R values. In our study area, an upwelling area in the KC has been identified

north of Green Island off Taiwan, exactly in our study area. Vertical profiling with shipboard

lowered acoustic Doppler current profiler and conductivity temperature depth profiler revealed

sizable anomalies in flow and water characteristics in the lee of Green Island (Chang et al.,

2013). The presence of the Green Island induces upwelling and turbulence in the KC (Fig.5.6B).

In these zones, the water is colder and higher in chlorophyll-a concentration (Chang et al., 2013).

These upwelling cells probably bring more 14C depleted water to the surface, resulting in a more

positive ∆R value in our zone.

In summary, the high ∆R value in our study area may mainly be controlled by upwelling activities

than by hardwater effect. Moreover, as these upwelling cells are local, our high ∆R value (around

233 ± 30 14C yr) cannot be considered as a typical ∆R values for water belonging to the KC

off Taiwan. We suggest to considered 86± 40 14C yr as a typical ∆R value for the KC (Yoneda

et al., 2007).

5.4 Conclusion

Based on 210Pbex,
137Cs and 241Am activity profiles in one box core collected East of Taiwan, three

turbidite events dated circa 2001 ± 3 AD, 1950 ± 5 AD and 1928 ± 10 AD have been identified.
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These ages correspond to the three Mw ≥6.8 earthquakes that occurred in the region (d<50

km from core site): the 2003 Chengkong Earthquake (Mw 6.8), the 1951 Taitung Earthquake

(Mw 7.1) and the 1935 Lutao Earthquake (Mw 7.0). The good agreement between our estimated

deposition time of the turbidites and the history of major local earthquakes suggests that the

record of mass transport deposits can be used as a paleoseismic indicator in this high-convergence

area. The modern reservoir 14C age was estimated by comparing AMS 14C ages with ages derived

from a corrected 210Pb profile. The calculated mean modern R(t) value of 517 ± 54 14C yr is

about 234 yr higher than the global mean sea surface reservoir age and 148 yr higher than the

Kuroshio Current 14C reservoir age close to Taiwan as proposed by Yoneda et al. (2007). This

high value may rather be controlled by upwelling activities than by hardwater effect. Local

upwelling cells in the KC North of the Green Island probably bring more 14C depleted water to

the surface, resulting in a more positive ∆R value in that area.
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Sample 210Pb age (AD) 14C age (BP)

Tree-ring

14C BP

IntCal04

R(t) (yr)
Model age

Marine04
∆R (yr)

KS06-B-25 1950 ± 5 690 ± 30 199 ± 9 491 ± 39 464 ± 23 226 ± 53

KS06-B-33 1928 ± 10 695 ± 30 152 ± 7 543 ± 37 454 ± 23 241 ± 53

Table 5.1: 14C dates of modern prep-bomb foraminifera samples in KS06-B and their reservoir ages.
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Figure 5.1: General map of Taiwan showing geodynamical setting and strong magnitude earthquakes
(Mw> 6.8) over the 100 years. Major onland faults are represented, DF= Deformation
Front, LVF= Longitudinal Valley Fault.
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Figure 5.2: Sedimentological analysis of KS06-B and turbidites events identification, using grain size
distribution, photo, X-rays, median grain size and geochemical elements (Ca and Fe).
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Figure 5.3: A: 210Pb, 137Cs and 241Am activity profiles. Blue dots represent sample from continuous
sedimentation (hemipelagite) whereas red crosses represent samples from instantaneous sed-
imentation (i.e turbidite event). B: Methodology used to reconstruct depositional model to
estimate sedimentation rate and turbidites layers age.
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Figure 5.4: Distance from earthquakes correlated with turbidites events to site KS06.
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Figure 5.5: Sea surface reservoir 14C ages R(t) for modern sample on core KS06-B calculated by sub-
tracting the atmospheric 14C estimated for the 210Pb from the measured apparent 14C ages
of foraminifera. This gives a R(t) value. The deviance from the global mean reservoir age
(∆R) is then obtained by subtracting the marine model value from the measured apparent
14C age of the foraminifera.
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Figure 5.6: A: General map of Taiwan showing the ∆R values around the Taiwan area (this study and
Yoneda et al., 2007). In light grey: the mean path of the Kuroshio current (after Hsin et al.,
2008). The red star shows the core location; B: Upwelling zone norhward Lutao island
evidenced by satellite image and sea-water temperature (after Chang et al., 2013)
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Abstract

The Taiwan area, where the Philippine Sea Plate collides with the Eurasian, is one of the

most seismically active areas in the world and has been consequently struck repeatedly by

destructive earthquakes. To better constrain the occurrence of large earthquakes, we have

conducted two cruises in 2012 and 2013 from which piston cores and box-cores were retrieved

in strategic areas. Turbidites beds in the cores have been interpreted with facies varying from

silty clay to coarse sand. We modeled each turbidite layer using the sedimentation rate deduced

from radiocarbon age measurements performed on planktonic foraminifera. Precise dating

based on 210Pb -137Cs chronology provided ages for the most recent turbidites beds. A test of

synchroneity reveals that sixteen events are synchronous along the entire margin between ∼

50 BC and ∼ 2003 AD. Also seven events are synchronous at a local scale, emplaced between

∼ 700 AD and ∼ 1850 AD. Coring sites locations, biotic association within turbidites beds

and seismic calibration based on the instrumental period, suggest that earthquakes are the

most likely triggering mechanisms over the last 2,700 years. We used empirical relationships

that combine peak ground acceleration, magnitude and distance, to estimate the earthquake

magnitude-distance threshold able to destabilize the submarine slopes and thus calibrate the

seismic sources. Based on our results, we could identified candidates instrumental earthquakes

of Mw that fit ages of the most recent turbidites events. We also could argued that turbidites

correlations former interpreted as margin-wide were not plausible according to the seismic

calibration. We extended this approach over the Holocene turbidites. Results show that

the fourteen wide-margin events would correspond to earthquake Mw ≥8 having occurred

between circa 50 BC and 1750 AD which is unlikely. Instead we focused on local correlations

and estimated return times for earthquakes Mw ≥6.8 off east Taiwan. Despite the fact that

turbidites correlations should be cautiously applied, our results suggest that turbidite record

may be considered as a valuable proxy for paleoseismicity investigation offshore east Taiwan.

Keywords: Active margin, Offshore eastern Taiwan, turbidites deposits, submarine paleo-

seismology, synchronous turbidites, earthquakes, peak ground acceleration.
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6.1 Introduction

Since the last decade, the Earth has been the theater of unexpected natural disasters such as

the December 2004 Sumatra-Andaman earthquake (Mw 9.1), the March 2011 Tohoku-Oki earth-

quake (Mw 9.0) and their associated destructive tsunamis. This fact dramatically highlighted

the gaps that still exist in the understanding of large earthquakes and associated hazards that

occur along the subduction zones. Several questions still remain about the seismic potential of

subduction zones and the frequency of such large events. A possible alternative to better assess

the occurrence of destructive earthquakes is based on the record of paleo-earthquakes. Subma-

rine paleoseismology based on sediment archives provides reliable constraints on the recurrence

intervals and spatial distribution of large coastal and submarine earthquakes. Strong seismic

ground shaking is one of the triggers for submarine slope failures (Locat and lee 2002) that can

evolve downslope into turbidity currents (Mulder and Cochonat, 1996). Other processes than

earthquakes could also be responsible of turbidity current generation and the discrimination be-

tween different triggering mechanisms still remain ambiguous despite detailed sedimentological

characterization (Gorsline et al., 2000; Nakajima and Kanai, 2000; Shiki et al., 2000). However,

synchroneous turbidites deposited in independent sedimentary systems over a large area require

a regional trigger, most likely a large earthquake (Goldfinger et al., 2003, 2007; Gràcia et al.,

2010; Pouderoux et al., 2012, 2014). When available, the correlations with historical and instru-

mental records of seismic events likely corroborate the interpretation of the coseismic trigger of

turbidity currents. Numerous settings have shown their suitability for the turbidite paleoseis-

mology approach. This method has been successfully tested in active margins (Adams, 1990;

Goldfinger et al., 2003, 2007; Goldfinger, 2011; Goldfinger et al., 2012; Huh et al., 2004; Noda

et al., 2008; Gràcia et al., 2010; McHugh et al., 2011; Pouderoux et al., 2012, 2014; Polonia

et al., 2013; Barnes et al., 2013), in lakes (Strasser et al., 2006; Beck, 2009; Moernaut et al.,

2014), and in intraplate domains (St-Onge et al., 2004b). The offshore eastern part of the Tai-

wan mountain belt is characterized by a high sediment supply (Liu et al., 2008), and intense

tectonic and seismic activity (Malavieille et al., 2002; Wu et al., 2010; Lallemand et al., 2013)

that makes it a suitable location for marine turbidite paleoseismology investigations. This area

concentrates gravity flow sedimentary processes and records successions of turbidites in different

sedimentary systems (Lehu et al., 2014a, submitted to Marine Geology). In the northern part

offshore eastern Taiwan, Huh et al. (2004) demonstrated that some major instrumental earth-

quakes may be correlated with turbidites events. This unique local submarine, paleoseismology
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study, based on correlation with known events, shows the suitability of the approach, but lacks a

margin-scale investigation essential to infer regional triggers and earthquakes beyond historical

seismicity. In fact, the assessment of seismic hazard in the offshore east Taiwan is largely based

on the relatively short period of instrumental earthquakes catalog (∼100 years). Therefore, a

submarine paleoseismic approach may allow us to determine past seismic activity and investigate

the occurrence for great magnitude earthquakes over the Holocene.

In the present paper, we aim (1) to establish the first 2,700-years-long earthquake record of

eastern Taiwan, and (2) to estimate the recurrence and magnitude of earthquakes responsible

for turbidites deposition. To reach these objectives, we use morphological and sedimentological

observations, chronological correlation and hypothesis on peak ground acceleration threshold

able to destabilize the submarine slopes.
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6.2 Regional settings

6.2.1 Geological and seismic context

Taiwan is located at the transfer zone between two opposite verging subductions (Tsai et al.,

1977; Wu, 1978). South of the island, the Eurasian Plate (EP) is subducting eastwards under

the Philippine Sea Plate (PSP), whereas east of Taiwan, the PSP is subducting northwards

under the EP along the Ryukyu Trench (Fig.6.1). Considering the EP fixed, the PSP converges

northwestwards at a rate of 8.1 cm yr−1 (Yu et al., 1997). Taiwan results from the collision

between the passive continental margin of the South China Sea and the Luzon Volcanic Arc

associated with the Manila Subduction (Biq, 1972; Chai, 1972; Malavieille et al., 2002) (Fig.6.1).

The subsequent deformation is characterized by a very high rate of seismicity onland, but also

offshore east Taiwan (Kao et al., 1998). More than 20 Mw ≥7 earthquakes struck this island

during the last 100 years but no historical Mw8 earthquakes was recorded by the local seismic

network (Theunissen et al., 2010). Seismicity concentrates in some very active areas such as the

Foothills in the western part of the orogen delimited by the western deformation font (DF on

Fig.6.1) (e.g., 1999 Mw7.6 Chichi Earthquake), the Coastal Range which is an extinct segment

of the LVA colliding with the orogen (e.g., 1951 Mw7 earthquakes triplet, see Fig.6.1B and Table

6.1), the coastal region north of the Coastal Range is also extremely seismic as well as the

E-W-trending South Okinawa Trough (Fig.6.1B).

6.2.2 Sedimentology

The offshore east Taiwan is characterized by a complex morphology. The slope displays steep

slope gradients (15 to 20◦). It is deeply incised by systems of gullies and canyons (Fig.6.1B).

The submarine slope also exhibits seafloor escarpments associated to tectonic structures such

as thrusts and folds (Malavieille et al., 2002). The drainage systems involve three major sub-

marine canyons offshore eastern Taiwan collecting the sedimentary discharge from the Central

Range and the Coastal Range (Fig.6.1B). This area is characterized by a variety of sedimen-

tary facies and erosional sedimentary processes from submarine landslides to turbidity currents

(Lehu et al., 2014a, submitted to Marine Geology). The sedimentation is characterised by in-

terlayering of turbidites and hemipelagites infilling slope and deep-sea basins. The ubiquitous

turbidite depositions of the offshore east Taiwan range from fine turbidites deposited on mid-

slope basins to massive turbidites deposited in turbiditic systems. As such, according to the
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morpho-sedimentary systems and the sedimentological signatures of the turbidite sequences, the

controlling factors of recent sedimentation are both related to tectonic and climatic forcing (Lehu

et al., 2014a, submitted to Marine Geology).

6.3 Materials and methods

6.3.1 Core site location

This study is based on four piston and gravity cores, and one box-core acquired during the OR1-

1013 (September 2012) and the OR1-1048 (August 2013) surveys onboard the Taiwanese research

vessel R/V Ocean Researcher I (see Table 6.2). The cores have been strategically selected to

characterize the sedimentary depositional areas, where the seismic activity is generated. To

record earthquake-triggered deposits and avoid climatically-driven signal (storms, floods. . . ),

we favored sites such as isolated terraces and perched basins sheltered from the continental

sedimentary paths (Fig.6.1B, 6.2 and 6.3). We defined two zones off east Taiwan where the

cores were retrieved: the Ryukyu forearc basin (hereafter RF) and the Luzon volcanic arc zone

(hereafter LA) (Fig.6.2 and 6.3). The cores are termed from north to south: KS09-P and KS08-P

(P for piston core) (refer to table 2 for cores characteristics), KAS03-P, KS06-B and KS06-G (B

for box-core and G for gravity core respectively). In the RF zone, KS08-P and KS09-P have been

collected respectively at 2800 and 2900 m below the sea level. They are both located on isolated

terraces in the Hoping basin (HB in Fig.6.1B) at the bottom of the northern slope (∼11◦) of

the Ryukyu arc (Fig.6.2). About 100 km southward, in the LA zone, KAS03-P was collected at

1700 m below the sea-level on an isolated terrace at mid-slope of a topographic high (Fig.6.3).

KS06-B and G have been collected at the same site located at 50 km southward site KAS03,

at 1947 m below the sea-level. KS06 site is located in an isolated perched basin in the eastern

slope (∼15◦) of the Luzon arc northward from the Lutao volcanic island (Fig.6.3).

6.3.2 Cores analysis

The methodology used to study the cores includes visual description, X-ray imaging and geo-

chemical measurements on half core sections. Sediment composition, grain-size analyses and

radiocarbon dating were carried out on selected samples. After core splitting, pictures were

taken for all the cores and detailed core description has been performed based on changes in

color, lithology, texture and structure of the sediments. X-ray radiography and geochemical
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composition was measured on archive sections using the non-destructive X-Ray Fluorescence

(XRF) ITRAX scanner from the National Taiwan University (Taipei). Major chemical elements

were measured, at 2 mm interval for all the cores. The data obtained correspond to the values

of element intensity in counts per second (cps), providing information on the relative element

concentration. In the present study we selected elements Sr, Ca and Fe that better characterize

the relationship between detrital and biogenic sedimentation. These data help us to characterize

different types of turbidites as well as to define the hemipelagic intervals that are essential to

compute the age models. Grain-size analyses were systematically carried out every 0.5 cm to 2

cm. We adapted the sampling interval according to the visual facies changes. We used the Coul-

ter LS13-320 from the laboratory of sedimentology at the National Central University (Taiwan),

which provides the grain-size data as a volume percentage for all the textural distribution (<4

µm to 2 mm). Sand fraction (>63 µm) was identified using a binocular microscope. Relative

mineral abundance was estimated by counting a minimum of 200 grains per sample.

6.3.3 Criteria for turbidites events identification and delimitation

A fundamental step in the core analysis was to establish criteria to correctly identify the tur-

bidites sequences as well as to accurately bound them, in order to build the most robust age

model. We systematically used grain size variation and geochemical signatures (i.e, Sr, Ca and

Fe). As the background sedimentation shows a median grain-size of value of 10 µm (fine silt

facies), we consider values higher than 12 µm as outlining ”high energy” events. Positive or

negative anomalies of major chemical elements relative to hemipelagites help discriminating the

base and top of turbidites (Fig.6.4 and 6.5). For the last century, anomalies in the 210Pbex decay

were also good proxies for the precise identification of turbiditic deposits (Fig.6.6).

6.3.4 Radiometric datings and age model

Radiocarbon dating was performed on 25 samples of hemipelagic sediment bracketing turbidites

sequences. For AMS 14C dating, we handpicked between 5 and 11 mg of foraminifera which

diameter was larger than 250 µm. Orbulina universa was used because it was the most com-

mon species. We also selected Globigerinoides ruber, Globigerinoides bulloides, Globigerinoides

sacculifer, and Globigerinoides conglobatus. Foraminifera were prepared and dated at the Lab-

oratoire de Mesure 14C (LMC14) on the ARTEMIS accelerator mass spectrometer at the CEA

(Atomic Energy Commission) Institute in Saclay (Table 6.3). To obtain an accurate turbidite
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event chronology, the first step was to calibrate the radiocarbon ages using the Marine13 curve

(Reimer et al., 2013) used in the OxCal 4.2 software. To this end, it is necessary to know the

value of ∆R: the site-specific offset from the global ocean reservoir. Offshore eastern Taiwan,

based on marine shells, a wide range of reservoir ages have been estimated by Yoneda et al.

(2007) et Yu et al. (2010), suggesting fluctuations in the intensity of coastal upwelling and of the

oceanographic context (Dezileau et al., 2014, submitted to Radiocarbon). We thus considered

in our study the weighted mean value of the ∆R available offshore eastern Taiwan, i.e, 86± 40

years. The next step constited to determine accurately the age of each single turbidite. Since

the collected samples of hemipelagic sediment are located a few cm below or above turbidites,

it was necessary to interpolate or extrapolate the ages from sample’s depth to turbidite’s depth.

For this purpose we used the P_Sequence, a Bayesian model of deposition implemented in the

computer program OxCal 4.2 (Ramsey, 2008) (Fig.6.7). Given that the hemipelagic sedimen-

tation rate cannot be regarded as perfectly constant, the P_Sequence depositional model takes

into account the uncertainties in the variation of the hemipelagic sedimentation rate by con-

sidering sedimentation as an inherently random process. The resulting age model, referring to

the calibrated age scale, reflects the increasing uncertainties with distance from the calibrated

sample ages (Fig.6.7). To compute the P_Sequence model, beside the ∆R value, several in-

put parameters are needed and follow the procedure described in Fig.6.7. First, we virtually

removed all turbidites (instantaneous deposits) and consider a continuous hemipelagic section.

The uncalibrated 14C ages and their corresponding hemipelagic depths are provided as the main

dataset. Second, the uncalibrated ages of the top and bottom boundaries of each core are esti-

mated. These are determined with ample margins, only constrained by the age of the seafloor at

the time of sampling and by the age of the shallowest and deepest samples for top and bottom

boundaries. Finally, the regularity of the sedimentation process is determined by a factor k, with

the higher values of k reflecting smaller variations in sedimentation rate (Ramsey, 2008). For

each core, we chose the highest possible values of k, on condition that the modelled age fitted

each individual calibrated age with all agreements ≥68.2% in P_Sequence model output. The

parameter k have been also chosen assuming the fact that we cannot take into account the basal

erosion at the base of each turbidites sequences. Applying these criteria we used k=1 for all

cores, satisfying the most our models. For each core, we obtained the 68% and 95% probability

ranges which are plotted in the calibrated age vs hemipelagic depth model (Fig.6.7, 6.8). Based

on the hemipelagic depth of every single turbidite, the age models yield the calibrated ages of

each events which are reported as maximum probability values at 1σ range in Table 6.4. In the
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following sections, turbidite calibrated ages are reported with 1σ ranges based on the most likely

turbidite correlations that characterize the occurrence of events.

Dating of the most recent sedimentary layers were performed using 210Pb, 137Cs and 241Am

methods on the centennial timescale (Fig.6.6 and Table 6.3). Both nuclides together with U,

Th, and 226Ra were determined by gamma spectrometry at the Geosciences Montpellier Labo-

ratory (Montpellier, France). We sampled box-core KS06-B (36 cm long) each centimeter and

the activities of 210Pbex were determined. This allows to accurately calculate the sedimentation

rate and estimate the age of each turbidite events over the last century (Fig.6.6) (Dezileau et al.,

2014, submitted for method).

6.3.5 Event’s terminology

In our study, a single depositional event, called a turbidite event (Tx, from x=1 the youngest

event) refers to a single well-dated depositional episode under- and overlain by hemipelagite.

We called ”local events”, events that represent synchronous turbidites events recorded within

two cores in a single zone. As such, ”local events” in the Ryukyu forearc are labeled Rx (from

x=1 the youngest event) and in the Luzon volcanic arc zone, events are labeled Lx (from x=1

the youngest). Regional-scale event labeled Mx are recorded in at least two cores through the

two zones offshore eastern Taiwan. The age of the correlative events is determined by the

intersection of the age at 1σ range shared by the synchronous events. Non-correlative events are

called ”uncorrelated events”.

6.4 Turbidites identification

We analyze the cores looking for ”high-energy” events in the hemipelagic sedimentation. As

such, using the aforementioned criteria we aim to identify, characterize and bound turbidites

events. Two main sedimentary facies, recognized by Lehu et al. (2014a), were distinguished

in the cores: 1) hemipelagites and 2) turbiditic facies. Hemipelagite facies was described as

homogeneous dark gray-olive clay (with a median grain size usually ≤10µm) with sometimes

traces of bioturbation. It is also characterized by a low content of lithic grains (< 20%). The

hemipelagite facies vary in thickness from 1 cm to 30 cm and represents about 45% of the total

sedimentary record. Turbiditic facies was characterized as a fining upward sequence with a sharp

erosive basal surface interbedded with the hemipelagite facies. We distinguished in our record
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two kind of turbiditic deposits: a) fine-grained to medium-grained turbidites characterized by a

fining upward sequence with coarse basal layer > 17 µm median grain size, and a turbidite tail

(around 10µm); b) turbidites surges, characterized by a fining upward sequence with fine-grained

basal layer from 12 to 17µm median grain size, and a tail around 10µm.

Core KS08-P is 0.91 m-long and composed of clay and silty-clay sediments showing numerous

laminations (Fig.6.4). They are interpreted as turbidites surges. We distinguished nine events

with thickness from 1 to 13.5 cm. Their base shows a 12 to 16 µm median grain size, whereas

their tails fines upward around 10 µm. XRF data exhibit Sr and Ca slightly negative anomalies

that anticorrelate Fe anomalies (Fig.6.4). Analysis of the coarser fraction of the basal layers

show that they contains ∼35% of biogenic content, mostly containing planktonic foraminifera

and sponge spicules (Lehu et al., 2014a, submitted to Marine Geology). KS09-P is 0.98 m

long, located at the bottom of the northern slope of the Ryukyu arc (Fig.6.2). The whole core

is composed of clay and silty-clay hemipelagites alternating with fine-grained turbidites. We

recognized thirteen events; among these, six belong to facies fine- to medium-grained turbidite

and are 2 to 10 cm-thick. They are fining upwards constituted by a sharp basal coarse layer

(from 17 to 70 µm median grain size) and a silty-clay tail (∼10 µm median grain size). The

seven others events have been interpreted as turbidites surges. They are characterized by normal

grading sequences, with very fine-grained basal layer (∼ 12 µm median grain size) and clay tail

(∼10 µm median grain size). The XRF analysis show slightly positive Sr and Ca anomalies

that anticorrelate slight Fe anomalies (relative to the background sedimentation) (Fig.6.4). The

coarser fraction of the basal layers reveal a composition of ∼30% of biogenic content, mostly

containing planktonic foraminifera and sponge spicules (Lehu et al., 2014a, submitted to Marine

Geology).

KAS03-P core is 1.57 m long and is composed of an alternation of clay and silty-clay sediments

that shows numerous sequences and laminations that differ from the hemipelagic sedimentation

(Fig.6.5). We identified eleven turbidites events interbedded within the hemipelagites. Among

them, one 8 cm-thick event (at 118 cm depth below the seafloor) is interpreted as a fine-grained

turbidite. It characterized by a sharp basal silty layer (median grain size 17 µm) and a fining

upward tail (median grain size at top ∼10µm). The ten other events have been interpreted as

turbidites surges. They are characterized by thin fining upward sequences (from 2 to 7 cm) with

very fine-grained basal layers (ranging from 12 to 16 µm median grain size) and clay tail (median

grain-size ∼11 µm). The eleven events of KAS03-P are characterized by slight positive Sr and

Ca anomalies that are anticorrelated with Fe anomalies (negative relative to the background



CHAPTER 6. 2,700 YEARS OF SEISMICITY OFFSHORE EASTERN TAIWAN 135

sedimentation) (Fig.6.5). The sand composition has been analyzed and correpsond to nearly

30% of biogenic content containing mainly planktonic foraminifera and sponge spicules (Lehu

et al., 2014a, submitted to Marine Geology). Gravity core KS06-G is 2.12 m long. The whole

core is composed of clay and silty-clay hemipelagites alternating with fine-grained to coarse-

grained turbidites. We identified fine- to coarse-grained turbidites with thicknesses ranging from

2 to 10 cm. The fining upward sequences are characterized by a sharp erosive base with a grain

size fluctuating from 17 to 200 µm median grain size (from medium silt to fine sand respectively)

and a tail characterized by a median grain size of about 10 µm. XRF data show clear Sr and

Ca positive anomalies, common to all events, that anticorrelate with Fe anomalies (Fig.6.5).

Box-core KS06-B constitutes the uppermost part of the sedimentary record at that site. It

is 36 cm-long and contains three events interbedded with hemipelagites. The two uppermost

events correspond to medium-grained turbidites with a thickness ranging from 4 to 8 cm and

characterized by base with a median grain size ranging from 20 to 35 µm. The third event is

likely attributed to turbidite surge facies, is 4 cm thick, and has a base with a median grain

size of 13 µm. Like KS06-G, Ca and Sr signals in KS06-B display clear positive anomalies that

anticorrelate Fe anomalies for the two uppermost events, whereas less marked anomalies in Ca

and Fe are observed in the third event, except the Sr signal that exhibits a clear positive anomaly

(Fig.6.5). The biogenic fraction of the coarser fraction represents nearly 80% is composed mainly

by planktonic and benthic foraminifera, and sponge spicules (Lehu et al., 2014a, submitted

to Marine Geology). The abundance of the benthic foraminifera represents about 5% of the

biotic fraction. The following species have been identified (Bassetti, personal communication):

Bolivinita quadrilatera, Bulimina aculeata, Bulimina costata, Bolivinita quadrilatera, Bulimina

aculeata, Cassidulina carinatan, Cibicidoides pachyderma, Gyroidina sp, Trifarina angulosa,

Uvigerina proboscidea. All the species identified are characteristics to a bathyal and abyssal

environments.

6.5 Chronostratigraphy

Cores KS08-P and KS09-P allow to trace turbidite events deposited in the Ryukyu Forearc (RF)

over the last ∼2100 years. The two cores exhibit a ∼1150 years overlap from ∼350 AD to ∼1500

AD. The northernmost site KS08 contains turbidites T1 to T9 deposited respectively around

1625-1785 AD, 1490-1635 AD, 945-1110 AD, 915-1045 AD, 820-950 AD, 790-915 AD, 720-840

AD, 625-745 AD, 605-720 AD, and 245-480 AD (Fig.6.8 and Table 6.4). Note that no turbidites
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were deposited between ∼1100 and ∼1500. Site KS09, located more distally records thirteen

turbidites events (T’1 to T’13), deposited more homogeneously during the collected time span.

Turbidites deposited respectively around 1155-1260 AD, 1100-1200 AD, 910-1020 AD, 860-980

AD, 850-965 AD, 785-900 AD, 690-800 AD, 450-580 AD, 410-555 AD, 205-345 AD, 130-255 AD,

65 BC- 80 AD, and 90 BC - 55 AD (Fig.6.8 and Table 6.4). The mean hemipelagic sedimentation

rate for cores KS08 and KS09 are 0.35 ± 0.02 mm/yr and 0.37 ± 0.01 mm/yr.

Cores KAS03-P, KS06-G and box-core KS06-B show turbidite deposition in the Luzon Arc (LA)

over the last ∼2,700 years. The two cores overlap from ∼570 AD to ∼1900 AD. The slope basin

with core KAS03 collected eleven turbidites (T” ’1 to T” ’12) deposited around 1730-1810 AD,

625-735 AD, 505-625 AD, 475-595 AD, 410-530 AD, 300-410 AD, 180-300 AD, 100-230 AD,

15-145 AD, 30 BC-100 AD, and 525-365 BC respectively. The mean hemipelagic sedimentation

rate is 0.46 ± 0.02 mm/yr. The southern slope basin containing core KS06-G and box-core

KS06-B shows a composite stratigraphic section of fourteen turbidite events (T” ’1 to T” ’14)

deposited respectively around age 1998-2004 AD (with the 210Pbex dating and 137Cs on Fig.6.6),

1950-1980 AD (vs 1947-1953 given by 210Pb and 137Cs), 1922-1938 AD (given by the 210Pbex, on

Fig.6.6), 1850-1900 AD, 1795-1845 AD, 1700-1745 AD, 1439-1510 AD, 1380-1445 AD, 1360-1425

AD, 1280-1345 AD, 1120-1195 AD, 1075-1155 AD, 990-1080 AD, 780-870 AD, and 520-625 AD

(Fig.6.8 and Table 6.4). Surprisingly, most of the turbidites at site KS06 deposited during a gap

without turbidites at site KAS03, between ∼800 AD and ∼1650 AD. 210Pbex and 137Cs measured

in the box-core KS06-B reveal a 2.1 mm/yr sedimentation rate over the last century, whereas

radiocarbon age modeling in core KS06-G outline 1.05 ± 0.05 mm/yr over the last 1500 years

(Fig.6.8).

6.6 Discussion

6.6.1 Turbidites correlation

The characterization and dating of deep-sea turbiditic deposits in multiple cores (Fig.6.4, 6.5)

allow us to apply a synchroneity test at two scales: (A) in the Ryukyu forearc and the Luzon

volcanic arc zones respectively, and (B) at a regional scale, margin-wide (e.g. between the two

areas). We consider that the turbidites correlation are established on the basis that at least 2

turbidites are synchronous when they share the best age overlap at 1σ range (Fig.6.9). We also

compared our results with the age results of box-core BC-18 from the study of Huh et al. (2004)
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(from the RF area) .

A: Correlations at local scale

In the RF zone, the turbidites events correlate from core KS08-P and KS09-P (Fig.6.9, 6.10). In

this area turbidites events are recorded between ∼100 BC to ∼1800 AD. Despite the important

age overlap between turbidites deposition emplacements, we correlate and recognize only six

”local events” deposited between ∼700 to ∼1100 AD (R1 to R6 on Fig.6.9, Table 6.4). Interest-

ingly, after 1100 AD there is no correlation between the two cores since no events are recorded

in KS08-P during ∼400 years. This ∼400 years gap occurred right after a cluster of seven events

(T3 to T9) and could result from a flush of the slope sediment buffer, thus preventing the trigger

of slope failure during this time span. Moreover, the lack of correlation may be explained by

the temporal overlap between the two cores, thus discarding events T1 and T2 of core KS08,

and T’8 to T’13 of core KS09. Therefore, only the period between ∼500 to ∼1500 AD has to

be considered for the correlation at local scale in the RF area. In the LA area, KAS03-P and

KS06-G turbidites cover from 765 AD to 2004 AD constituting the most longest time record

offshore eastern Taiwan. However, given the temporal overlap of the cores, only the time span

between 600 AD and 1900 AD is suitable for correlation between the cores and only a single

”local event” (L1) (∼1780-1840 AD) is correlated across sites in this area. Indeed, core KAS03-P

displays a ∼1000 years-long gap of events. This gap occurred right after a cluster of nine events

(T”2 to T”10) suggesting that as in the RF zone, the slope could have been flushed and lacked

sediment prone to failure. It is also interesting to note that most events recorded in KS06-G

(T”’6 to T” ’14) were deposited during that time.

B: Correlations at regional scale

We define a ”regional event” (or widespread event) when turbidites events can be correlated on,

at least, two cores across two zones (RF+LA) (Fig.6.9, 6.10). The most recent turbidites are

identified in both KS06-B and G in the LA zone and BC-18 in the RF zone. In the LA area, we

identified three events T” ’1, T” ’2 and T”’3 in the box-core KS06-B (Fig.6.9), whereas only T” ’2

may be correlated in the associated gravity core KS06-G. In the RF, boxcore BC-18 displays

four turbidites events 1, 2, 3 and 4 (1 being the youngest) that have been interpreted and dated

by Huh et al. (2004). Based on the age results on both box-cores and the time overlap between

turbiditic events, two events can be correlated (Fig.6.9B). The first named M1 is deduced from

the correlation of events 1 (boxcore BC-18 in the RF zone) and T”’1 (boxcore KS06-B in the



138 CHAPTER 6. 2,700 YEARS OF SEISMICITY OFFSHORE EASTERN TAIWAN

LA), circa 2002 AD and 2001± 3 AD respectively. The second, M2, corresponds to events 4

(RF) and T”’3 (LA), circa 1922 AD and 1928 ± 10 AD respectively. Sixteen ”regional events”

fulfill the criterion of synchroneity in the four long cores (Fig.6.9A, 6.10); they occurred between

50 BC and 1750 AD. Twelve events are found in two cores (M1, M2, M3, M4, M5, M10, M11,

M12, M13, M14, M15, M16), and four are recorded in three cores (M6, M7, M8, M9). According

to different time spans recorded by the sedimentary cores, the regional event correlation is only

possible between 150 BC and 1930 AD (Fig.6.9).

To summarize, twenty-three Holocene turbidites are observed on at least two cores over the

last 2150 years offshore eastern Taiwan (Fig.6.10). Among them, seven are recognized as ”local

events” (R1 to R6 and L1 for the RF and the LA zones respectively), two events are widespread

(i.e, detected in at least two cores within the two zones) during the 20th century (M1 and M2)

and fourteen are widespread and emplaced between 50 BC and 1750 AD (M3 to M16). The

remaining six turbidites events were only identified in one sediment core and have been qualified

as ”uncorrelated events” (Fig.6.10).

6.6.2 From turbidites to earthquakes

Large earthquakes are one of the main driving mechanisms for turbidity current generation

resulting from the evolution of a slope failure (Piper et al., 1999). Turbidity currents have been

used as proxy for paleoearthquakes since the 1929 Grand Banks Earthquake and associated

turbidity current (Heezen and Ewing, 1952). However, this study shows the difficulties to link

gravity flow with the 1929 Earthquake because turbidity currents may also be triggered by

other processes. Adams (1990), proposed that turbidite generation may be triggered following

four mechanisms a) sediment loading, b) wave-induced slumping, c) tsunamis and d) large

earthquakes. This list was further extended by Goldfinger et al. (2003) that added e) crustal

earthquakes, f) slab earthquakes, g) aseismic accretionary slip wedge, h) hyperpycnal flows, and

i) gas hydrate dissociation. Postglacial isostatic rebound (Blumberg et al., 2008) has also been

regarded as a possible turbidite triggering mechanism. Most of these mechanisms are related

to local processes. However, only large earthquakes, storm and hyperpycnal flows can trigger

widespread events in a given region (Goldfinger et al., 2003; Gràcia et al., 2010; Pouderoux et al.,

2012, 2014).

Synchroneity criterion

In the turbidite paleoseismology approach, the criteria of synchroneity is the most accepted and
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robust criteria to suggest that a turbidity currents is triggered by slope failure consecutive to a

seismic ground shaking.

The criterion of ”synchroneity of turbidites events”, defined by Adams (1990), Nelson et al.

(1996) and Goldfinger et al. (2003, 2007), is in first approximation, based on the ”confluence

channel test”, meaning that the same number of turbidites should be detected upstream and

downstream between tributaries, slope channels and the deep-sea channels. Offshore eastern

Taiwan, canyon heads are very closely located to river mouths; to avoid the record of turbidites

triggered by major floods related to frequent typhoons, we chose to locate the core sites away

from submarine canyons and deep-sea channels.. Instead of applying the ”confluence channel

test”, the synchronicity test in this work is established on the existence of coeval turbiditic

events deposited in separated areas (perched basins and isolated terraces) (Fig.6.2, 6.3, 6.9,

6.10). Therefore, the twenty-three synchronous events observed in our cores suggest that they

may be related to slope failures triggered by seismic shaking that occurred between ∼50 BC and

∼2003 AD.

Sediment sources

To support the assumption that our sites mainly record seismic events, another argument is

discussed such as the biogenic composition of the coarse fraction of the turbiditic beds, to

deduce the origin of sediments mobilized and transported by turbidity currents (Pouderoux

et al., 2012; Gràcia et al., 2010). For cores KS08-P, KS09-P and KAS03-P, the sand fraction of

the basal layer reaches ∼30% and is composed of planktonic foraminifera and sponge spicules

suggesting a slope origin of sediments prior they were reworked during slope failures. This is

more striking at core site KS06 where the sand fraction reaches 80%. Turbidites are composed

of large amount planktonic foraminifera, sponge spicules and also benthic foraminifera (Lehu

et al., 2014a, submitted to Marine Geology). As previously described, Benthic foraminifera

assemblage contained in the turbidites beds suggests a slope origin comprises between ∼200-1000

m below sea level (Bassetti, personal communication). This clearly suggests a slope origin of the

materials reworked after slope instabilities related to seismic ground shaking. Moreover, it has

been observed that sedimentary cores retrieved and analyzed from the Southern Longitudinal

Trough a proximal basin directly fed by major rivers (SLT on Fig.6.1B), display a different

coarser fraction composition. There, thick and massive sandy turbidites are only composed by

lithogenic materials suggesting a direct terrestrial supply from onland rivers to the deep-sea

basin during large storm or flood events (Lehu et al., 2014a, submitted to Marine Geology).
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Correlation with instrumental seismicity

Numerous seismic events have been instrumentally recorded in the area since the 20th century,

the largest being the 1920 Mw7.7 earthquake that occurred offshore east Taiwan (Fig.6.1A, Ta-

ble 6.1) (Theunissen et al., 2010). In the RF area, Huh et al. (2004) have demonstrated that

turbidite can be used as a paleoseismicity marker. In their box-core located nearby KS08 site

(BC-18 on Fig.6.2) four turbidites 1, 2, 3 and 4 (Fig.6.9) have been interpreted and dated using

210Pbex at circa 2002, 1986, 1966 and 1922 respectively (Fig.6.9). Among the possible earth-

quakes candidates shown in Table 6.1 and Fig.6.1, they attributed turbiditic events 1, 2, 3 and

4 to the 2002 Mw’7 earthquake (where Mw’ is the equivalent moment magnitude defined by

Theunissen et al., 2010), the earthquake Mw’7.3 1986, the 1966 Mw’7.5 earthquake and the 1922

Mw’7 earthquake respectively.

In order to associate possible earthquakes to the three most recent turbidites identified in KS06-B

(LA area), we aim to calibrate the seismic source responsible for slope instabilities and turbid-

ity currents generation. To do so, we use empirical relationships established by Chung (2013)

that link peak ground acceleration, magnitude and epicentral distance to estimate the impact

of high-magnitude earthquakes on slope failures. We choose 0.1 g as critical peak ground accel-

eration from which a slope starts to be destabilized (Dan et al., 2009; Pouderoux et al., 2014).

Considering soft sediments conditions, the distance required for a Mw7 and Mw8 earthquake to

trigger mass failures has been calculated. We found that 0.1 g is reached at 50 km epicentral

distance for an earthquake Mw7 and at 100 km epicentral distance for an earthquake Mw8. This

allows us to draw 50 km and 100 km circles respectively centered on the turbidites source areas

of both sites KS06 and BC-18 (Fig.6.11).

After an examination of the catalog of earthquakes along the east Taiwan (see Table 6.1) we

identified the candidates earthquakes within the source area of KS06 site (Fig.6.11). The up-

permost turbidite layer T1” ’ corresponds to 2001 ± 3 AD (Dezileau et al., 2014, submitted to

Radiocarbon) and shows a good temporal correlation with the 2003 Mw 6.8 Chengkong earth-

quake. The epicenter of this earthquake was located on the offshore slope of the Coastal Range

(Fig.6.1), about 22 km north from the KS06 site, which suggests a relatively close source and

consequently a good candidate for T” ’1. T” ’2 corresponds to 1950 ± 5 AD (Dezileau et al.,

2014, submitted to Radiocarbon) and shows a good temporal correlation with the 1951 Mw 7.1

Taitung earthquake. The epicenter of this earthquake was located on the emerged part of the

Coastal Range, about 45 km north of the KS06 site. Finally, T3” ’ has been estimated at 1928 ±

10 AD (Dezileau et al., 2014, submitted to Radiocarbon) and may be correlated with the 1935



CHAPTER 6. 2,700 YEARS OF SEISMICITY OFFSHORE EASTERN TAIWAN 141

Mw7 earthquake. The epicenter is located on the slope of the Luzon arc southward Lutao island

and about 45 km from the coring site (Fig.6.11). These results thus show that both KS06 and

BC-18 can record Mw7 within 50 km radius. It also shows that neither the circles of magnitude

Mw7 and Mw8 of the two source areas overlap (Fig.6.11), indicating that regional scale correla-

tion between BC-18 and KS06-B sites are not possible, unless if an earthquake Mw >8 would

occur. Given that such large events have never been recorded during the last century, the two

widespread correlation M1 and M2 are not plausible. Furthermore, the earthquakes Mw ≥6.8

instrumentally recorded during the last century, occurred in a very short lapse of time which is

comprised in the error bars of the turbidites ages, making these two ”margin-wide” correlations

M1 and M2 fortuitous.

6.6.3 Estimation of earthquake sources and magnitudes, and recur-

rence intervals

Applying the same approach as for the instrumental period, we extend these results to the

fourteen other potentially regional events (M3 to M16) and the seven potentially local events.

Fig.6.12A shows the possible overlap domains for a Mw8 earthquake (red zones) of the source

areas from both the RF and LA zones. In other words, the two red zones represent the regions

off Hualien where if a Mw8 earthquake should occur, it may trigger synchronous turbidites at a

regional scale based on three cores (see Fig.6.9 and 6.10 for turbidites correlations). In the very

restricted red area, synchronous turbidites are possible between cores KS06-G, KAS03-P and

KS09-P. In the second red surface, synchronous turbidites are possible between cores KAS03-P,

KS09-P and KS08-P. However, no overlap exists between KS06 and KS08 sites showing that no

synchronous turbidites are possible for earthquake Mw8. As such, the black zones indicate the

overlap regarding the source areas on a single zone. We thus estimate that the fourteen events

recognized as regional events could potentially correspond to Mw8 earthquakes having occurred

in the red zones. The seven local events may correspond to Mw ≥7 earthquakes as shown in

Fig.6.12B.

If we consider that the fourteen at regional scale are reliable, it means that we mostly recorded

Mw ≥8 earthquakes in restricted areas between 50 BC and 1750 AD, which is less probable

(Fig.6.12). Furthermore, no such big events were instrumentally recorded offshore eastern Tai-

wan. Moreover, we also demonstrated that over the last century events M1 and M2 were not

widespread as assumed by the synchroneity criterion (Fig.6.9B). Consequently synchronous tur-
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bidites at margin scale should be cautiously regarded. We thus decide to not consider the

correlations at regional scale. Instead, we regard cores individually and correlations at local

scale (Fig.6.9 and 6.10).

In the RF, we have considered that we mainly recorded seismic related turbidites between 100

BC and 1800 AD. Furthermore, the study of Huh et al. (2004) revealed that only earthquakes

7≤Mw ≤7.5 were responsible of turbidites deposition over the last century. This suggests that

most of turbidites record within KS08 and KS09 are likely to be considered as related to earth-

quakes Mw<8, even if we cannot not completely ruled out the occurrence of Mw ≥8 within the

sedimentary archives. Moreover, between 688 AD and 1109 AD we have a relatively good events

correlation between cores KS08-P and KS09-P based on the six synchronous events (at local

scale) previously discussed (R1 to R6, Fig.6.9 and 6.10). We can thus estimate an approximate

return time of 70 years for the period between 688 AD and 1109 AD in the RF area for earth-

quakes Mw ≥7.

In the LA area, we also suggested that turbidites deposition is mainly related to seismic activity

between 500 BC to 1900 AD. The results obtained on the instrumental period have shown that

earthquakes 6.8≤Mw ≤7.1 are likely recorded in box-core KS06-B. However, only one event was

correlated (L1) at a local scale in that area since no events are recorded in KAS03-P right after

T”2 and since the stratigraphy of KS06-G does not share a common span of time able to corre-

late with the events of KAS03-P (Fig.6.9). It appears thus not possible to establish a recurrence

time based on events correlation between the two cores. Also, because of the lack of correlations

between KS06-G and KAS03-P, it appears difficult to consider KAS03-P individually since the

turbidites does not display distinct sedimentological and chemical signatures (Fig.6.5).

In contrast, KS06-G displays continuous turbidites record with clear chemical, grain-size and

biotic signatures. Furthermore, the three turbidites layers, recorded in its sister KS06-B, display

similar facies and have been correlated to three instrumental earthquakes. It is thus possible to

determine a mean return time only based on turbidites of KS06-G between 779 AD and 1897

AD. We estimate an approximate mean return time of 80 years for earthquakes Mw ≥6.8.

The return times of earthquakes Mw ≥6.8 estimated in both areas, indicate that they are higher

than the return time of the earthquakes Mw ≥6.8 that occurred during the instrumental period.

Indeed, for the RF area, if we consider the six earthquakes that occurred within the black area

as drawn on Fig.6.12B, we estimate a return time of Mw ≥6.8 of 16 years. As such, in the

RF area we estimate a return time of Mw ≥6.8 of 34 years based on the three instrumental

earthquakes that occurred within the black zone (Fig.6.12B). These higher values obtained for
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the instrumental period clearly indicate that turbidites do not record all earthquakes events.

6.7 Conclusion

This work presents a first chronological correlation of deep-sea turbiditic deposits along the off-

shore eastern Taiwan based on the detailed description and dating of sedimentary cores collected

in the Ryukyu forearc basin and the Luzon volcanic arc. Age modeling provide an estimate of

each turbiditic layers deposited during the last 2,700 years. The age of turbidites ranges from 500

BC to 2003 AD. Over the instrumental period (20th century), seven turbiditic events occurred

and correspond to seven instrumental ≥M6.8 earthquakes offshore eastern Taiwan. For the last

2,700 years, we recognized seven local scale events between 700 AD and 1840 AD deposited in

the RF and LA area. Sixteen regional scale correlations are possible based on age correlation.

Also twenty turbiditic events are interpreted as uncorrelated. According to the sites locations

and the biotic composition of turbidites beds, we suggest that earthquakes are the most likely

triggering mechanisms of turbidites record off east Taiwan. The use of empirical relationships

evaluating the upper slope stability allows us to estimate the distance required for an Mw8 and

Mw7 earthquakes to trigger slope failures. The constraints provided by the instrumental period

point out that: 1) earthquake calibration using peak ground acceleration and magnitude allowed

us to identify three candidate earthquakes that may be attributed to the three most recent tur-

bidites layers; 2) all the turbidites in cores BC-18 and KS06-B (RF and LA areas respectively)

are correlated with historical earthquakes, confirming that earthquakes are the main triggering

mechanisms of slope failures in both RF and LA areas. We also argue the fact that two events

former interpreted as widespread (M1 and M2) are not plausible for the following reasons: 1)

because the seismic calibration clearly shows that a Mw >8 earthquake is required to trigger

synchronous turbidites between the two sites However no such events occurred during the last

century; 2) because the frequency Mw ≥6.8 during the instrumental period is comprised in the

errors bars of the turbidites ages, making these two regional correlations fortuitous.

Once calibrated, we extend our findings over longer span of time. We then considered corre-

lations at local scale (or cores individually) and that turbidites records mainly correspond to

Mw ≥6.8. Return times of 70 years for the period between 688 AD and 1109 AD and 80 years

for the period 779 AD to 1897 AD were estimated for the RF and LA areas respectively for

earthquakes Mw ≥6.8. Finally, return times for Mw ≥6.8 estimated over the last 2,700 years

are higher than those estimated over the instrumental period indicating that, not all the seismic
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events cannot be recorded by turbidites and that it may severely affect the return time estima-

tion over longer period. We thus suggest that turbidite correlations approach must be cautiously

undertaken and that more sedimentary cores are needed to strengthen our results.
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Eq. number Date (yy/mm/dd) Lon.(◦) Lat. (◦) Depth (km) Mw’(*) Loc. origin references

1 1915/2/28 123.50 23.60 0 7.5 1

2 1919/12/20 122.50 22.50 35 6.9 1

3 1920/6/5 122.22 24.29 35 7.7 2

4 1921/4/2 123.00 23.00 35 7.1 1

5 1922/9/1 122.04 24.50 35 7.3 1

6 1922/9/14 122.64 24.370 35 7 1

7 1935/9/4 121.55 22.50 20 7 3

8 1935/4/20 120.82 24.35 5 6.9 3

9 1947/9/26 123.00 24.75 110 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 23.82 18 6.9 4

14 1957/2/23 121.80 23.80 30 7.1 3

15 1959/4/26 122.79 24.68 126 7.5 1

16 1963/2/13 122.06 24.35 35 7.1 1

17 1966/3/12 122.69 24.30 28 7.5 1

18 1972/1/25 122.32 22.54 10 7.3 1

19 1978/7/23 121.32 22.35 6 7.2 3

20 1986/11/14 121.83 23.99 15 7.3 3

21 1999/9/20 120.80 23.85 6 7.6 5

22 2002/3/31 122.16 24.16 16 7 5

23 2003/12/10 121.38 23.07 21 6.8 5

Table 6.1: Mw ≥6.8 earthquakes recorded over the instrumental period (20th century) in the studied

area. References for the location origin: 1. Engdahl and Villaseñor (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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Core Longitude Latitude
Depth

(mbsl)

Length

(cm)

Sample depth

(cm)

14C age

(yr BP)

Calibrated age (*)

(BC/AD)

KS08-P 122◦08’ 24◦19’ 2800 91 10-11 940± 30 1446-1551

34-36 1540± 30 962-1127

52-54 1675± 30 775-900

69-71 1530± 30 711-834

82-84 1540± 30 582-692

KS09-P 122◦11’ 24◦08’ 2900 98 0-2 970± 30 1435-1505

12-13 1415± 30 1142-1237

21-23 1470± 30 1006-1097

45-47 1650± 30 728-848

52-54 1845± 30 644-736

63-64 286± 30 412-557

83-85 2305 ± 30 100-220

96-98 2550± 30 (BC)158-(BC)19

KAS03-P 121◦42’ 23◦15’ 1700 157 10-12 565± 30 1714-1786

30-32 1310± 30 1205-1270

45-47 1405± 30 1010-1078

59-61 1690± 30 715-800

93-95 2130± 30 263-363

126-128 2475± 30 (BC)135-(BC)29



C
H

A
P

T
E

R
6
.

2
,7

0
0

Y
E

A
R

S
O

F
S
E

IS
M

IC
IT

Y
O

F
F
S
H

O
R

E
E

A
S
T

E
R

N
T
A

IW
A

N
1
4
7

152-154 2885± 30 (BC)669-(BCB)514

KS06-G 121◦30’ 22◦51’ 1947 212 26-28 575± 30 1829-1877

56-58 585± 30 1696-1738

103-105 1045± 30 1319- 1371

129-131 1365± 30 1110- 1185

199-201 1800± 30 645-716

KS06-B 121◦30’ 22◦51’ 1947 36

Table 6.2: Location of the studied cores, AMS radiocarbon data and sample age calibrations based on the Marine13 curve. (*) Corrected ages with

the local reservoir correction of ∆R = 86± 40 based on Yoneda et al. (2007).
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Core depth (cm) 210Pbex (dpm/g) 137Cs (mBq/g)

0.5 51.962 0.621

1.5 47.722 0.000

2.5 32.861 0.804

3.5 21.359 1.125

4.5 20.695 0.514

5.5 20.732 1.030

8.5 21.355 0.522

9.5 28.598 0.359

10.5 37.976 0.567

12.5 32.507 0.852

13.5 19.771 0.852

14.5 27.764 0.822

15.5 21.306 0.964

16.5 19.148 1.629

17.5 16.723 2.123

18.5 15.869 3.718

19.5 15.746 5.793

21.5 11.085 1.624

23.5 7.126 0.000

24.5 5.968 0.000

25.5 6.916 0.000

26.5 4.967 0.000

27.5 7.371 0.000

28.5 6.734 0.000

29.5 5.130 0.000

30.5 4.197 0.000

32.5 3.346 0.000

33.5 3.618 0.000

34.5 3.429 0.000

35.5 3.375 0.000
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Table 6.3: Activity-depth profiles of 210Pbex and 137Cs in KS06-B core.

Core Name Age min (1σ) Age max (1σ) Turbidite event

KS08-P Top 1930 1931 -

T1 1625 1784 M3

T2 1491 1634 M4

T3 943 1109 M6, R1

T4 917 1046 M7, R2

T5 820 949 R3

T6 788 915 R4

T7 720 841 M8, R5

T8 627 747 M9, R6

T9 604 719 M10

Bottom 243 481 -

KS09-P Top 1451 1535 -

T’1 1155 1260 M5

T’2 1102 1201 M6, R1

T’3 909 1020 M7, R2

T’4 862 978 R3

T’5 851 967 R4

T’6 785 897 M8, R5

T’7 688 797 M9, R6

T’8 450 578 M11

T’9 412 555 M12

T’10 206 345 M13

T’11 130 256 M14

T’12 (BC)65 80 M15

T’13 (BC)90 53 M16

Bottom (BC)185 (BC)36 -

KAS03-P Top 1900 1901 -

T”1 1734 1811 L1
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T”2 626 734 M9

T”3 505 626 M10

T”4 474 596 M11

T”5 410 532 M12

T”6 300 410 -

T”7 176 296 M13

T”8 100 230 M14

T”9 16 147 M15

T”10 (BC)30 100 M16

T”11 (BC)524 (BC)365 -

Bottom (BC)765 (BC)585 -

KS06-G/B Top 2011 2012 -

T” ’1 (**)1998 (**)2004 M1

T”’2 1950 1980 -

T” ’3 (**)1922 (**)1938 M2

T”’4 1850 1897 -

T” ’5 1794 1844 L1

T”’6 1702 1746 M3

T”’7 1439 1510 M4

T”’8 1378 1443 -

T” ’9 1360 1423 -

T” ’10 1282 1346 -

T” ’11 1122 1196 M5

T”’12 1077 1156 M6

T”’13 995 1080 M7

T”’14 779 870 M8

Bottom 520 624 -

Table 6.4: Calibrated ages of the turbidite events. Calibration is based on Marine13 included in OxCal

4.2 calibration software. Turbidite ages are modeled using the P_Sequence model of deposi-

tion implemented in OxCal 4.2 (Ramsey, 2008). (**) Ages obtained with 210Pbex and 137Cs

dating.
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Figure 6.1: A: General geodynamic setting of Taiwan. Onland are represented the two major fault
zones are DF: Deformation Front and LVF: Longitudinal Valley Fault. The black arrow
shows the plate convergence component. Green dots represent the instrumental seismicity
over the 20th century with corresponding numbers listed in Table 6.1; B: morpho-tectonic
map of the study area. Blue dashed-lines represent drainage systems from rivers to offshore
channels. In blue are represented the major submarine canyon east Taiwan. Red dots
represent the studied cores locations. SLT= Southern Longitudinal Trough; TC= Taitung
Canyon; CC=Chimei Canyon; HC=Hualien Canyon; HpC=Hoping Canyon; N.B= Nanao
Basin; H.B= Hoping Basin.
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Figure 6.2: Close bathymetric view of the Ryukyu forearc zone. Red dots are cores from the present
study. Purple dot represents the core location of the study of Huh et al. (2004).
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Figure 6.3: Bathymetric map representing a zoom on the Luzon volcanic arc zone. Red dots are the
cores studied in the present paper.
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Figure 6.4: X-rays imagery (given with equivalent colors of gray tones), lithological description, median
grain size, geochemical composition (Sr, Ca and Fe) of the studied sections of the OR1-1013
and OR1-1048 cores from the Ryukyu forecarc zone. Turbidite numbers are depicted for
each core. Red line marks the 12µm threshold in the grain size.
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Figure 6.5: X-rays imagery (given with equivalent colors of gray tones), lithological description, median
grain size, geochemical composition (Sr, Ca and Fe) of the studied sections of the OR1-1013
and OR1-1048 cores from the Luzon volcanic arc zone. Turbidite numbers are depicted for
each core. Red line marks the 12µm threshold in the grain size.
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Figure 6.6: Activity-depth profiles of 210Pbex and 137Cs in boxcore KS06-B
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Figure 6.7: Methodology used for 14C age modeling, using the P_sequence in OxCal program: 1. All
turbidites sequences are virtually removed to build hempelagite model; 2. 14C date are
calibrated. Input parameters to generate the age model are the uncalibrated 14C ages
and respective ∆R correction with their corresponding corrected depths. Age model are
built using the P_Sequence (a Bayesian model of deposition) implemented in the computer
program OxCal 4.2 that assimilates sedimentation as a random process (Ramsey, 2008). The
regularity of sedimentation is determined by the k parameter (see text for details). Sequence
boundary indicates the boundary of the depositional model. Each turbidites layers are then
inserted in the age model and their ages modeled.
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Figure 6.8: Oxcal age models from the four studied cores, showing the sedimentation rate of hemipelagite
through time and turbidites ages modeled. The k parameter is used to define the regularity
of the sedimentation rate along the core. Since hemipelagite is assumed roughly constant
rate, the highest k parameter was chosen for each core. All ages are plotted with their 1
and 2σ age range.
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Figure 6.9: A. Age correlation of turbidites from the RF cores and LA cores. Colored rectangles rep-
resent turbidites modeled ages at 1σ projected on time axis. Two types of correlation are
proposed: zone scale correlation (black rectangle) considering synchronous turbidites be-
tween two cores within one zone and margin scale correlation i.e, synchronous turbidites
between at least two cores within the two zones (RF+LA); B. Age correlation over the 20th

based on 210Pb and 137Cs between box-core BC-18 and KS06-B. Rectangles represent events
with their uncertainties projected on time axis. Stars represent candidates earthquakes that
correlate the turbidites events.
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Figure 6.10: Chronostratigraphic event correlation from all the studied cores offshore eastern Taiwan
showing local events labeled Rx and Lx, and regional events labeled Mx.
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Figure 6.11: A. Map showing radius in which an Mw8 earthquake will trigger slope failures. Circles have
been centered on the turbidite source areas. At 100 km radius peak ground acceleration
0.1g is reached for such earthquakes. The 0.1 g corresponds to the threshold for slope
failures generation. Note that no overlap is possible between the two sites, suggesting that
an earthquake Mw8 cannot be recorded in both KS06-B and BC-18 cores; B. Same as A
for Mw7 earthquake. The value of 0.1 g is reached at 50 km radius. Note that there is no
overlap between the two circles, suggesting that it is not possible to record the same Mw7
events in both coring sites BC-18 and KS06-B. Reversed triangles represents coring sites.
Green dots are the seismic event recorded over the instrument period and listed in Table1.
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Figure 6.12: A. As shown in figure 7, the circles represent the impact of a Mw8 earthquake on slope
instabilities. The circles have been drawn around the turbidite source areas. The black
areas correspond to the possible local scale events correlations showing the relative areas
in which a Mw8 earthquake should occurred to trigger synchronous turbidites within a
single zone. Red areas corresponds to the overlap of three cores and suggests that to
record synchronous turbidites between three cores within the two zones, a Mw8 earthquake
should occur within this area; B. Idem as A but for a Mw7 earthquake. We note that
regional event cannot be recorded for a Mw7 earthquake.
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Abstract

Coastal areas in geodynamically active tropical regions such as Taiwan are vulnerable to

extreme events originating offshore such as submarine landslides, earthquakes, tsunamis or

typhoons. Some of these extreme events have recurrence intervals much larger than human

memory so that populations are not prepared for such catastrophes. We have discovered in

a marine core located 20 km east of the coastal range of Taiwan, at a depth of 1,200 meters

at the top of a submarine high sheltered from rivers discharges from the nearby island and

gravitational flows, a 22 cm-thick anomalous sequence topped with broken bivalves and wood

fragments that we interpret as the record of several local submarine landslides followed by a

major tsunami or typhoon. Submarine landslides were likely triggered by clustered earthquakes

that are common in this tectonically active area. Based on radiocarbon dating, we constrain this

event to about 3,000 years ago. Despite the high level of climatic and tectonic recent activity,

no comparable event occurred there since that time, so that we have evidenced a pluri-millenia

”super-event”. Hydrodynamical modeling stimulated with a set of submarine landslide-triggered

tsunami sources and combined with the global oceanic circulation, including the Kuroshio

Current, allow us to better constrain the transport paths of the suspended material, the

expected run-up at the coast, and ultimately the trigger that best fits our observations. Either

a shallow submarine landslide, a large tsunami or a giant typhoon may explain both the run-up

observed at the coast and the removal of nearshore material but the Kuroshio Current appears

as a strong constraint that prevents cross-shore transport of suspended material even during a

major tsunami. We discuss the various scenarii but further investigations, such as additional

coring or high-resolution nearshore imagery, are needed to better constrain the main cause of

this "super-event" as well as its return period.

Keywords: marine deposits, extreme events, submarine landslides, tsunami, typhoon, Tai-

wan.
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7.1 Introduction

During the last decade, several major disasters were caused by, human-perceived overscaled,

natural hazards. Among them, the 2004 Sumatra Mw9.2 mega-earthquake and consecutive

tsunami with a death toll of nearly 250,000 people. At that occasion, many people noticed

that Indonesian population living along the shoreline had forgotten the memory of major past

disasters such as the Mw ≥8.5 earthquakes which occurred in 1797 and 1833 (Natawidjaja

et al., 2006). More recently, the occurrence of the 2011 Japan Mw9.0 earthquake and tsunami,

that killed some 20,000 people, surprised both the population and the geophysicists themselves

around the world, because almost nobody remembered the previous Mw ≥8.3 earthquake that

strucked the same region in AD 869, i.e., more than a millennium earlier (Lay and Kanamori,

2011). These recent reminders have motivated the geologists and geographers to go deeper into

the available archives either sedimentological through excavations or coring, written or often

oral for the last centuries or millennia.

Assessing natural hazards in tectonically active tropical regions like Taiwan needs to better

estimate the occurrence of "super-events" such as giant earthquakes, tsunamis, landslides or

typhoons. A catalog of palaeo-"super-events" has started since a few decades in Japan, Canada

or USA for example but is still infant in Taiwan where most of the population lives either close

to the shore or back inland but in low-altitudes coastal plains that can be submerged by a large

tsunami. The average elevation of the low-land areas in the Taipei Basin is about four meters

above sea-level. Most of the Taipei urban area, i.e., the capital, counting nearly 7 millions of

people, is then susceptible to be flooded if the sea-level rises by a few meters. The Taipei basin

communicates with the open ocean through the Tanshui river which is rimed by levees along

the banks with a 200-year return period protection level (Lai et al., 2010). These considerations

push us to better explore the past catastrophic events by all available means. In this study,

we use sedimentological archives preserved offshore east Taiwan supported by hydrodynamic

modeling to suggest that a "super-event" occurred there about 3,000 years BP.

7.2 Geological, oceanic and atmospheric setting

Geology, morphology and geodynamics of the studied area

Taiwan is an active -only a few m.y. old- mountain belt riding over two opposite-verging subduc-
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tion zones (Fig.7.1). One of them extends eastward along the Ryukyu Arc up to Honshu Island

in Japan. In spite of a high subduction rate ranging from north to south from 47 to 104 mm/yr

(Lallemand et al., 2005), the Ryukyu subduction zone is known to have not produced any large

(Mw ≥ 8) earthquake during the last century except in its northernmost Nankai segment (e.g.

Ando, 1975).

The submarine slope east of the Coastal Range belongs to the Taiwan orogen, involved in

crustal shortening (Malavieille et al., 2002; Lallemand et al., 2013), and shaped by erosional

processes (Ramsey et al., 2006) (Fig.7.2). By extrapolation from the onshore, the bedrock

should include volcanic and volcanoclastic series representative of the colliding northernmost

Luzon volcanic arc. The slope is relatively steep and incised by canyons and gullies (Fig.7.2). V-

shaped canyons meander across the slope suggesting either that they are structurally controlled

by dissecting faults, or that they formed when the slope was shallower and then steepened.

Some of them are headless indicating rapid changes in the morphology of the coastal area. One

is straight from the mouth of the Hsiukuluan river (H.R. on Fig.7.2) down to the Huatung Basin.

In fact, rather than a typical canyon, the slope there is marked by a flat-floored valley (hereafter

called Chimei Valley) about 10 km wide with a regular 6 to 7◦ slope marked by two knickpoints at

3 and 4 km depth (K1 and K2 on Fig.7.2). The Chimei Valley is bounded by the steep southern

flank of the Takangkou High (T.H. on Fig.7.2) to the north and the steep northern flank of the

Changping High (C.H. on Fig.7.2) to the south. Both bathymetric highs overhang the valley

by more than one km (see section AA’ on Fig.7.2). They consist of thick well stratified sub-

horizontal sedimentary layers lying on a deformed basement, probably of volcanoclastic origin,

that outcrops in the valley especially near the scarps K1 and K2 (see Fig.7.2) underlining active

eastward vergent thrusts (Malavieille et al., 2002; Ramsey et al., 2006, Yu-Huan Hsieh, personal

communication). As shown on Fig.7.2, hyperpycnal flow originating from the Hsiukuluan River

follows the foot of the Takangkou High southern flank straight down to the deep Huatung Basin.

The Hsiukuluan River drains a significant part of the Central Range discharging 22 Mt/yr of

terrigenous material according to Liu et al. (2008). About 10 kilometers southward, a small river

flows into a short canyon and then follows the southern side of the flat Chimei Valley at the foot

of the Changping High. The geomorphic configuration of this unusual wide 6 to 7◦ dipping flat

valley might suggest a cumulative gravitational origin (S61 and S62 on Fig.7.2).

Historical earthquakes and tsunamis in Taiwan

The largest instrumental earthquake recorded nearby Taiwan was the June 5, 1920 Mw7.7 event
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supposed to have ruptured the southernmost Ryukyu subduction interface off Hualien (Theunis-

sen et al., 2010). Nevertheless, more than twenty Mw ≥7 earthquakes struck the island and its

surroundings during the last century. Most earthquakes occurred east of Taiwan where we focus

our study. Moreover, a huge tsunami has been reported in the southernmost segment close to

Taiwan in 1771. It is known as the Meiwa tsunami of April 24, 1771 which caused more than

12,000 casualties (Goto et al., 2010) but, surprisingly, was never reported along the east coast

of Taiwan. Its origin is still debated but an interplate subduction earthquake or a splay fault

branched on the plate interface appear to be the most plausible triggers (Nakamura, 2006, 2009;

Hsu et al., 2013). Furthermore, coastal boulders, supposed to attest for the occurrence of paleo-

tsunamis, are reported in the southern portion of Ryukyu islands which led Goto et al. (2013)

speculate that tsunamigenic earthquakes preferentially occur there. Based on radiocarbon dat-

ings of massive coral boulders scattered along the shorelines of the Yaeyama Islands (Fig.7.1)

- from Ishigaki to Miyako - paleotsunamis have been described with a recurrence interval of

150∼400 yrs (Araoka et al., 2013).

The second subduction zone extends south of Taiwan up to Luzon Island in the Philippines,

giving its name to the Manila Trench. Again, no M≥ 8 earthquakes have been reported along the

Manila subduction zone during the last century and none either since the Spanish colonization in

the 1560s (Repetti, 1946) in spite of a subduction rate reaching 103 mm/yr in its central portion

(Lallemand et al., 2005). However, moderate tsunamis occurred either along the west coast of

Luzon island (1677, 1852, 1872, 1915, 1924, 1934) or mainland China coast near Hong-Kong

(1076, 1918) (Megawati et al., 2009; Okal et al., 2011). The probable sources for most of these

tsunamis are plate interface earthquakes along the Manila trench.

Since Taiwan is located at the termination of both subduction zones, the island can poten-

tially undergo the action of giant waves on both sides. Because no significant tsunamis struck

the island during the last century, the population is generally not aware of such danger. Ma

and Lee (1997) first simulated tsunami occurrence along Taiwan coast based on some reports

of past damages and potential sources. Among the tsunamis that were suspected to have oc-

curred in Taiwan, most of them are of small intensity with waves less than 1 meter high. The

oldest one for which authors have confirmed its validity hit the northern coast of the island near

Keelung in 1867 (Zhou and Adams, 1985; Lau et al., 2010). It might have caused the death of

more than a hundred persons with a maximum height of the wave estimated at 7.5 meters (Lau

et al., 2010). Two older major events, located along the southwestern coast of Taiwan, appear in

written records in 1781 and 1782 with dramatic (and inconsistent) death tolls up to 50,000 and
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40,000 respectively. If the last one is generally considered as having a storm origin, the first one

(in 1781) might have a tsunami origin (Lau et al., 2010). Wave heights overpassed 30 meters

for the 1781 event and 10 meters for those of 1782. Another big event possibly occurred only

10 years later in 1792 with a wave more than 10 meters high near Tainan (southwest Taiwan

Lau et al., 2010). During the last century, a series of moderate tsunamis were observed (1917,

1922, 1951, 1960, 1963, 1964, 1966, 1972, 1978, 1986, 1993, 1996, 1998, 1999, 2001, 2002), most

of them triggered by earthquakes (Ma and Lee, 1997; Lau et al., 2010). Surprisingly, they were

all reported along the eastern or eventually northern coast of Taiwan. Six of them were caused

by distant earthquakes with sources located in Chile (1922, 1960), Alaska (1964), Guam (1993),

Indonesia (1996) or Vanuatu (1999) showing that the eastern and northern coasts of Taiwan are

vulnerable to distant earthquakes in terms of tsunami risk, even if wave heights never reached 1

meter. In terms of human lives loss, 7 casualties were reported after March 13, 1966 event and

15 after February 13, 1963 that occurred offshore Suao (northeast coast of Taiwan).

Abe (1938) and then Ando et al. (2013) mentioned a legend transmitted orally within the

aborigenous Ami tribe living on the east coast of Taiwan. The first settlement of the Amis

occurred in Chengkong area (Fig.7.2) between the middle of the 18th and the middle of the

19th centuries. In their folklore, they named a place located 400 m inland and 18 m in altitude

on an Holocene terrace "Malaulau", which means "withered". The legend tells that "a big sea

wave struck the area, then plants and trees all perished, and afterwards the place was named as

Malaulau" (Abe, 1938). Several scenarii were tested regarding the origin of an eventual tsunami

there, none of which being reliable within the required time window (Ando et al., 2013). Matta

et al. (2014) identified three probable tsunami deposits during the past 3,000 years from soil

excavations done at Malaulau site. Paleo-marine invasions are reasonably preserved in some of

the cores done on the aerial terrace but the method fails in precise dating of the events.

Oceanic setting, Kuroshio current

Figure 7.1 shows the areas under the influence of the Kuroshio Current. It originates from the

North Equatorial Current in the western equatorial Pacific Ocean, fringes the Philippine islands

and then diverts south of Taiwan between two branches making a loop southwest of Taiwan in

the South China Sea. The fastest northward directed branch is located east of Taiwan with

currents reaching a depth of 1000 m at some latitudes. There, the mean Kuroshio transports

are ∼30 ± 5 Sv (1 Sv = 106 m3.s−1) with annual mean surface rates, between 0 and 50 m,

reaching up to 1.3 m.s−1 (∼2.5 knots) at a distance between 20 and 40 km from the east coast
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of Taiwan (Hsin et al., 2008). The main branch then turns east after passing along Taiwan

to follow the Okinawa Trough. Kuroshio Current is thought to play a role in the transport of

suspende material, as detailed further.

Climate

Taiwan is crossed by the Tropic of the Cancer. This humid subtropical region is under the

influence of the monsoon with abundant precipitations especially during summer. Typhoons

hit Taiwan every year with a high frequency (3 or 4 per year in average). Taiwan was even

surnamed the Typhoon Alley by Liu et al. (2008). As for earthquakes, some of them are giant

and cause severe damages such as the Haiyan event in 2013 that caused 8000 victims in the

nearby Philippines, or the Morakot typhoon in August 2009. The Morakot typhoon was the

deadliest typhoon to impact Taiwan in recorded history. It left 461 people dead and 192 others

missing, most of them in the village of Xiaolin that was buried by a landslide. Rainfalls peaked

at 2,777 mm during this event (Chen et al., 2012).

7.3 Core sampling strategy, data and results

7.3.1 Sampling strategy

We have conducted a cruise onboard the Taiwanese R/V Ocean Researcher I in late september

2012 (OR1-1013) devoted to collect sedimentary cores offshore east Taiwan for paleoseismology

purposes. During that cruise, we have collected nine cores, most of them in perched basins far

from channels and canyons in order to avoid hyperpycnal flows triggered by massive floodings

Lehu et al. (2013). One of the site was selected to represent a reference site for estimating the

hemipelagic sedimentation rate excluding any turbiditic event. This site (KR03 on Fig.7.1 and

7.2) was located about 20 km offshore the Coastal Range northeast of Chengkong, right at the

top of a topographic high sheltered from gravitational flows: the Changping High, culminating

at a depth of 1200 meters below the sea-level. The piston core KR03 was the most successful in

terms of penetration with a total length of four meters.

7.3.2 Methods

Detailed visual log were generated and analyses were undertaken to further characterize sedi-

mentary facies within the core KR03. Geotek Multi-Sensor-Core-Logger (MSCL) was used to
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provide a continuous measurement of the gamma-density, the P-wave velocity and the magnetic

susceptibility over 1 cm sampling rate. Major chemical elements as well as X-ray radiographs of

split core were performed at 2 mm sampling scale using the ITRAX core scanner equipment. We

also analysed the variation of the grain size of selected samples using a Beckman-Coulter LS13-

320 (size range of 0.4-2000µm). To complement the petro-physical measurements, composition of

the sand fraction (>63µm) has been determined, following a semi-quantitative approach on wet

sieved 1 cm thick samples. A semi-quantitative study on benthic foraminifera assemblages in the

medium sand fraction (>150µm) was performed in order to determine the source of sediments.

Timing and age were provided by 14C radiocarbon datings using the French mass spectrometer

ARTEMIS, on >5 mg handpicked planktonic foraminifera within hemipelagites collected at five

locations in the core. The planktonic foraminifera selected for dating belong to different species

of the genus of Globigerinoides: G. sacculifer, G. conglobatus, G. ruber as well as to Globigerina

bulloides, and Orbulina universa. Radiocarbon datings, were then calibrated and used to build

an age model of the core calculated using the P-sequence of the OxCal software. Radiocarbon

datings were also performed on shells and wood fragments. Measurements of 210Pb excess ac-

tivity and 137Cs were also performed on the sedimentary layers over a centennial timescale in

order to calculate the sedimentation rate and deduce the age of the top of the core.

7.3.3 Core description

As expected when selecting the core site, most of the core consists of a monotonous sequence

of olive-grey clay hemipelagites characterized by a median grain size (d50) finer than 12 µm

(Fig.7.3). Unexpectedly, we have observed an anomalous sequence between 322 and 345 cm

characterized from the base to the top by silts with a median grain size (d50) up to 18 µm from

344 to 331 cm and then decreasing back to 11 µm (see Fig.7.5). Four granular peaks, labelled P1

to P4 on Fig.7.5, correspond to silty beds observed both on the median and the mean grain size,

alternating with clay hemipelagites. After sorting, a small proportion of sand consists in quartz,

feldspar and mica grains which size may reach 200 µm (see Fig.7.6D). The mean grain size

shows an additional peak labeled T at 323 cm which is related to the presence of ≤1cm bivalves

and wood debris scattered within a deposit interval of about 5 cm (between 322 and 327 cm

depth) mixed with hemipelagic clays. XRF analyses on major elements are not discriminating

except the Fe content that shows a clear positive anomaly between 325 and 355 cm. Peaks

in Fe closely coincide with peaks in grain size. The highest peak in Fe correlates with the
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highest peak in magnetic susceptibility (Fig.7.3). We also notice that the last event T does not

correlate with a Fe anomaly. Many specimens of undetermined Veneroida, 5 to 10 mm large and

often fragmented (Fig.7.6A and B) were found exclusively in the upper section of the anomalous

sequence. We have also found pluri-millimetric wood debris (Fig.7.6C identified by Lucie Chabal

from CBAE, Montpellier, France, personnal communication) in the same interval. Despite their

small size, bivalves are not juvenile forms because some characters such as hinge and external

ornamentations are well-developed, as observed in the articulated valves or debris (Fig.7.6A and

B). This is an indication of high energy transport from their living habitat in shallow water,

i.e., 20 ± 10 meters deep (Hua-Wen Chen from Central Geological Survey in Taiwan, personal

communication) to 1200 m depth. The thickness of their shells is compatible with carbonate-rich

shallow water environment. They probably lived slightly buried in the sediment as suggested by

the endobionte character of their hinges.

Few benthic foraminifers are found in this 5cm-thick level where species living at depths deeper

than 200 m such as Lenticulina sp. or Bulimina aculeata co-exist with Bolivinita quadrilatera

that typically lives at depths greater than 600 m. Very few benthic foraminifers such asBulimina

marginata or Cassidulina carinata living between 50 and 800 m, or even Amphistegina sp. or

Quinqueloculina sp. living between 10 and 150 m might attest for a shallow source.

7.3.4 Age model

Based on eight measurements of 210Pbex/
137Cs, and five radiocarbon datings, the core appears

chronologically extremely coherent, without indications of reworking or bioturbation, from the

seabottom down to the maximum depth of 390 centimeters.

Presence of 137Cs has been detected in the top 8 cm with an apparent maximum of 1.2 mBq/g

at 2.5 cm (sample between 2 and 3 cm depth). The peak deposition value of 137Cs marking the

year 1963 (culmination of nuclear weapon tests) is comprised between 1.5 and 4.5 cm (Fig.7.4).

210Pbex shows a decay curve from the surface down to 14-16 cm with a local plateau around 10

cm that may show some short-term variations in sedimentation rate. The mean sedimentation

rate based on the slope of ln(210Pbex) vs core’s depth in the top 14-16 cm ranges between 1.37

mm/yr (all values) and 1.24 mm/yr (when removing the data at 10 cm depth). Using 1.24

mm/yr as a mean sedimentation rate, calendar year 1963 should be observed at a depth of 6 cm

but we estimate the 137Cs peak value between 1.5 and 4.5 cm. This means that about 1.5 to 4.5

cm of the top sediment have been removed during piston core recovery. The age at the top of
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the core is thus estimated at A.D. 1992 ± 12 and A.D. ∼1900 should be reached near 12.5 cm

depth.

The mean sedimentation rates for older sediment based on five radiocarbon ages on planktonic

foraminifera were estimated to 1.09 ± 0.7 mm/yr in the upper 206 cm of the core and 1.18 ±

0.13 mm/yr between 206 and 316 cm. The rate apparently falls to 0.84 ± 0.27 mm/yr in the

basal section of the core between 351 and 389 cm (Fig.7.3). Such rates are indicative since

corrected radiocarbon ages have intrinsic errors in the measure itself (typically ± 30 years) and

then when correcting with the atmospheric production and lapse-time in shallow water. For the

above estimates, we have corrected our radiocarbon ages with a mean reservoir age offset (∆R)

of 86 ± 40 years based on global compilation by Yoneda et al. (2007) and by adjustement of our

210Pbex and 14C ages on a nearby core KS06 (Dezileau et al., 2014, submitted to Radiocarbon).

To estimate the age of the anomalous sequence between 322 and 345 cm, we have used three

radiocarbon dates within the hemipelagites: 6 cm above, 6 cm below and within the sequence.

The three dates are very coherent meaning that the “silty pulses” (P1 to P4) and the "shells

and wood layer"(T in Fig.7.5) were deposited within about one century between B.C. 1139 ±

140 and B.C. 1034 ± 139, i.e., about 3,000 years ago. To discriminate between a single event

with several pulses and several events, we have sampled the anomalous sequence between P3

and P4 because both the color and the granulometry suggested that it were hemipelagites (see

Fig.7.3 and 7.5) and obtained an intermediate age with respect to 14C ages above and below

the anomalous sequence. Furthermore, we have modeled the ages using OxCal for two extreme

scenarii : one single event 22 cm thick versus 5 events separated by hemipelagites. The best fit

for the modeled ages within the core is those with 5 separated events (P1 to P4 and T). In that

case the age gradient vs depth is linear. If we consider a single 22 cm thick event, there is a

break in the sedimentation rate gradient meaning that either material is missing, which is not

observed in the core, or the assumption is wrong. Using an age model considering 5 events, we

were able to estimate ages for each of them (Fig.7.5). We observe that the wood debris found

in event T have the same age than the event, which "validates" the estimated age of the main

event, i.e., B.C. 1056 ± 78 for the wood debris vs B.C. 1034 ± 139 for the modeled age of T

layer (Fig.7.3 and 7.5). Radiocarbon measured on the shells provided an age of B.C. 2440 ± 149

much older than the surrounding sediment.
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7.4 Discussion

On top of the Changping High, at 1,200 m of water depth, 20 km off the east coast of Taiwan,

at a location sheltered from turbidity currents, we have discovered a 22 cm thick anomalous

sequence of silty material topped with transported fragments of shells and wood interbedded

within clay hemipelagites and dated around 1034 ± 140 years BC.

7.4.1 Age of shells vs age of sediment

The shells present in the T-layer appear to be 1,400 ± 150 years older than the sedimentary

matrix. Such "apparent aging" is quite common especially for species living in the nearshore

area. Several explanations can be proposed such as a lagoon origin with continental waters

feeding the bivalves (e.g. Sabatier et al., 2010), removal of old shells into younger sediment, or

marine shells feeded by submarine groundwater discharges (e.g. Swarzenski et al., 2001; Lofi

et al., 2013). Since the bivalves are known to live in marine environment, we exclude the first

hypothesis. Similarly, even if some shells are broken showing sharp cracks, most of them are

entire and well-preserved. We thus hypothesize that they were not removed from older sediment.

The last hypothesis is supported by their living habitat, buried within the sediment as attested

by their endobionte hinge. As a matter of fact, one may suspect that artesian coastal aquifers

seep through the sediment along the shoreline and feed the buried bivalves with groundwater

characterized by large reservoir ages, i.e., "old" radiocarbon ages.

7.4.2 Possible origin of the anomalous deposit

This deposit is exceptional in many aspects : (1) it is 22 cm thick and unique within a

monotonous clay sequence covering 3750 ± 150 years, attesting that only a rare event may

be at the origin of the deposit. We will further called it "super-event". (2) The most reasonable

source of silts, according to the morphological context is likely turbidity surges or plumes result-

ing from a turbulent mass flow allowing the fine component of the mass-transported material

to rise up to the top of the high at site KR03, i.e., over more than 1000 meters in vertical. (3)

The presence of shallow water shells and wood fragments concentrated in the upper sequence

is enigmatic. Since these "exotic" debris originate from the nearshore, we will further discuss

three possible scenarii that may explain why they are observed at a large distance from their

source, i.e., at least 20 km, and in such position, i.e., at the top of a submarine high supposed to
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be sheltered from gravity flows (see Fig.7.2). Submarine landslides in active areas likely result

from slope’s destabilization during shaking by earthquakes, generally when peak ground accel-

eration overpass 0.1 g (Pouderoux et al., 2014), whereas tsunami may generally either results

from landslides or earthquakes. Tropical storms such as typhoons should also be considered as

candidates for submarine material removal.

Scenario 1: the effect of (a) submarine landslide(s)

The presence of a succession of silty layers (P1 to P4 on Fig.7.5) concentrated in a short time

range (∼100 years) within a four meters long core covering 3750 years could be explained by

a series of submarine landslides. Indeed, despite the uncertainty on radiocarbon datings that

does not allow to discriminate between a single or multiple events, the visual observation of the

core and the fact that a sample of hemipelagites situated between P3 and P4 (see Fig.7.5) has

been dated right between the two others below and above the anomalous sequence indicates that

normal planktonic sedimentation resumed at least between these two events. We thus consider

that P1, P2, P3, P4 and T are distinct events separated short periods of regular sedimentation.

If we observe such events only at those depths: 333 ± 12 cm below the seafloor, it probably

means that they result from a main composite-event such as clustered earthquakes. Detailed

bathymetry combined with careful examination of chirp and reflection seismics in the study area

led us to suggest candidate sites for mass wasting at distances between 10 and 40 km from the

core site (see S1 to S6 in Fig.7.2). Destabilization of shallow sediment on candidate sites S1,

S4 or S62 either by typhoon, tsunami, fault activity, or earthquake may be favored by meteoric

water discharges at significant depths below sea-level. Deeper candidate sites are suggested for

submarine landslides in Fig.7.2 such as S2, S3 or S5. S1 and S5 are described in Lehu et al.

(2014a, submitted to Marine Geology). They are well characterized both in the morphology and

based on seismic lines analyses. S2 and S3 are more speculative. They may also be interpreted

as small submarine slumps based on available seismic lines, especially those acquired during the

ACT cruise in 1996 (Lallemand and Tsien, 1997). Since they are proximal with respect to site

KR03, they might potentially constitute sources of the silty pulses P1 to P4. If we assume that

the last event T also results from a landslide, we must consider that the head of the slumped

mass reached the nearshore (water depths less than 20-30 m) in order to incorporate the shallow

living shells, benthic forams and wood debris. In this hypothesis, we should find a fresh scar close

to the coast in the study area (S4 or S62 in Fig.7.2 for example) and the energy of the slumped

mass should be strong enough to transport shells and wood debris downslope over about 15 km
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and then 900 m uphill for S4 (see section BB’ on Fig.7.2) and even more for S62. The available

bathymetry near the shore close to Chengkong is not good enough to decipher whether or not

a fresh scar exists there, but one may speculate that such a debris flow or turbidity current will

transport as much or even more silty material than shell or wood debris. Since no silt and Fe

anomaly has been described in the T layer (see median grain d50 size in Fig.7.5), we disregard

this hypothesis.

Finally, several submarine landslides may eventually explain events P1 to P4 but probably fail

to explain event T.

Scenario 2: the effect of a tsunami

To explain event T, we now consider the occurrence of a tsunami removing the beach and the

nearshore sediment within a turbid plume. A tsunami can be triggered either by an earthquake

or a submarine landslide which can, in turn, also be triggered by an earthquake. Submarine

processes of tsunami effects are poorly known. However, it has been demonstrated in Japan

after the Mw9 2011 Tohoku earthquake that the subsequent tsunami has triggered turbidity

currents that have been monitored on the seafloor (Arai et al., 2013). Numerical simulations

by Parker (2006) and Traykovski et al. (2007) led Arai et al. (2013) to show that the turbid-

ity currents probably developed from the downslope motion of sheet-like suspension cloud of

seafloor sediment particles stirred up by the tsunami at shallower depths but cannot have been

transported by the backwash flow. We have seen in the introduction that the area is frequently

struck by ∼M7 earthquakes but none of the twenty M7 events occurring in the region during the

last century has been recorded in KR03 core. So, if the source for the landslide or the tsunami

was an earthquake, it had to be much larger or less distant than those of ∼M8 that produced

the 1771 Meiwa tsunami (see Fig.7.1), because we have not observed any record of it in KR03

core. One may thus hypothesize that a M>8 earthquake occurred at some distance from our

site, far enough to cause a huge tsunami without causing much slope failure in our study area.

The subduction interface in the South Ryukyu subduction zone, located at distance of 200 to

500 km off the site, is a good candidate for such mega-earthquake that could theoretically reach

a magnitude 9 (Lin et al., 2014). Such tsunami, larger than those that occurred in 1771, has

been described in Miyako and Ishigaki islands as the "Okinawa-Sakishima tsunami". It has been

dated around 2,000 yrs BP and it is known to have transported many huge coral reef boulders

across the shore of these islands (KAWANA and NAKATA, 1994). We do not record it in KR03

core. Unfortunately, the tsunami records from coral boulders do not explore events older than
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2,400 yrs BP which is younger than our studied event. As mentioned earlier, excavations through

terrace deposits at Chengkong site, close to our site, has revealed three environmental changes

from terrestrial to marine conditions (Ota et al., 2011), the oldest being dated at 3,000-2,800

cal. yrs BP, which overlaps our dating range : 3,124-2,844 cal. yrs BP. Considering that a huge

tsunami might have occurred at those dates, we can speculate that the shells and benthic forams

living in shallow water in the nearshore were suspended in a turbid plume, carried offshore and

drifted away by strong currents such as the Kuroshio current (Fig.7.1) which can reach 1,2 m.s−1

and transport between 15 and 44.106 m3.s−1 (Hsin et al., 2008). We will later present hydrody-

namic simulations to test this hypothesis and verify if mm shells can be transported at shallow

depths over tens of kilometers before sinking.

Scenario 3: the effect of a typhoon

Considering that events P1 to P4 were caused by nearby submarine landslides and subsequent

silty plumes, we only focus on event T. Most tsunami effects described above can be applied to

a storm or a typhoon. Indeed, waves up to 14 meters at the coast have been recently observed

during typhoon Neoguri (July 10, 2014) off Ryukyu islands. Since we have not found such deposit

(shells and wood) in the rest of the core KR03. This indicates that only a "super-typhoon"

can possibly be a candidate. Discussing with meteorologists (H.-H. Hsu and Y.-C. Hsin from

Research Center for Environmental Changes, Academia Sinica, Taiwan, and J.-P. Chen from

National Taiwan University, Taipei, Taiwan, personnal communications), it is possible that a

tornado imbedded in a typhoon suck out the shallow water and sediment with small shells

and wood debris, lift them to the top of the typhoon’s eye following the outflow in the upper

troposphere and drops them into the ocean tens of kilometers away from their source. It can

also produce the same effects than the tsunami by suspending shallow sediment and shells and

carrying them offshore by the strong shallow currents forced by the wind.

Summary of hypotheses

To summarize the various alternatives, we suggest that events P1 to P4 resulted from nearby

submarine landslides (scenario 1) probably triggered by (clustered) earthquakes since they were

distant in time by only a few decades. Then a "super" typhoon or tsunami occurred, resulting

in the deposition of layer T. The record of a marine invasion at an altitude of 18 m on the

nearby Malaulau terrace possibly at the same time (Fig.7.2, Ota et al., 2011) is compatible

with both scenarii 2 and 3. Same with the sorting of the material with mainly shells and
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wood debris compared with the small silty fraction. The coincidence between the occurrence

of silty pulses P1 to P4 and event T within one century is puzzling if we invoke two different

causes such earthquakes-triggered landslides and tropical storm. One may thus envisage that a

climatic "super-event" occurred during a century with several "super-storms" triggering shallow

landslides first and then transporting shells and wood debris in the air in an ultimate event.

7.4.3 Hydro-dynamical tests

To discriminate between the above mentioned scenarii, we have performed numerical simulations

to test the impacts on the coast and on the coastal circulation of landslide-triggered tsunamis

at the candidate sites (S1 to S6). Our modelling strategy is based on the classical view of

tsunamis involving three steps: generation, propagation and run-up computation. The first

step was carried out with the Tsunami Open and Progressive Initial Conditions System v1.2

(TOPICS) developed by Watts (2002). TOPICS approximates initial water surface elevations

and the wave length at the source according to underwater slide parameters (see Appendix

A for further details). For the second step, the free-surface sigma-coordinate SYMPHONIE

model (Marsaleix et al., 2008) was applied to tsunami propagation (see Appendix B for further

details) and in the last step, we used an analytical theory of long wave run-up on a planar

beach proposed by Choi et al. (2011) to estimate the wave height on the coast (see Appendix C

for further details).

Since no detailed bathymetry is available in our study area, especially in shallow waters,

we have decided to maximize the volume of candidate submarine landslides based on morpho-

logical characteristics of the seafloor and available seismic data. Major earthquakes probably

destabilize several candidate sites at the same time but with smaller volumes. Since we ignore

what happened, we simply assume that each candidate site has produced a large landslide

(labelled S1 to S6 on Fig.7.2 and 7.7) and let just consider that the hydrodynamic perturba-

tion is maximized in our tests but focused on a single site rather than distributed on several sites.

Models show that the Kuroshio Current effect is dominant with respect to any tsunami effect,

whatever the landslide source could be. Variations of drifters’s paths are not significant from one

landslide source to another, when accounting for the Kuroshio. We show in Figure 7.7 the motion

of the drifters (D1 to D10) in the case of S4 landslide because it is the only one that was able
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to generate a run-up of more than 20 meters at Malaulau terrace near Chengkong, where Ota

et al. (2011) found evidences of marine invasions at an altitude of 18 m. We see that S4 tsunami

source only (without Kuroshio) is compatible with cross-shore transport of particules (orange

lines). Shallow drifter D3 reaches the KR03 site after about 4 days of drift, whereas D5 reaches

the KR03 site area within about 3 days. Drifts are estimated for particles of water or floating

wood debris but we should consider that the shells very probably sunk soon after they started

to drift. Indeed, shallow drifters starting at 15 meters depth slightly deepen during their transit

to reach about 100 m depth after 5 days. We thus believe that debris denser than water would

rapidly sink. Furthermore, if we add the Kuroshio component to those generated by the tsunami,

we observe that all the drifters head northward along the coast (see pink paths on Fig.7.7). The

same conclusions are reached for sea bottom drifters (see blue and green dotted lines on Fig.7.7)

even if the paths are different. Expected run-ups for the eight candidate landslides are computed

at three places along the coast: Malaulau terrace near Chengkong, Changping and Takangkou.

We see that even when maximizing the volumes of slided material for each candidate site, only

S4 was able to generate a run-up of more than 18 meters at Malaulau terrace (Fig.7.7). We

thus conclude that a large shallow submarine landslide sourcing nearby Chengkong (like S4) may

be responsible for a marine invasion such as those described by Ota et al. (2011) but unlikely

explains the transport of shallow living shells at large distances from the shore, especially if the

Kuroshio current is acting.

7.5 Conclusion

The discovery of clustered silty layers topped by a concentration of shallow-living shells and wood

debris, all dated around 3,000 years BP within a monotonous core of hemipelagites offshore the

east coast of Taiwan has been interpreted as a "super-event" occurring with a return period of

the order of few millennia. The nature of this super-event is still a matter of debate but three

plausible scenarii can be proposed : (1) Four large earthquakes occurred in the region within

less than a century accompanied by significant gravity flows which silty plumes reached the top

of the Changping High, then a "giant-typhoon" occurred producing a big wave that invaded the

coastal area, lifting in the air shallow water shells and wood debris, and drop them 20 to 30 km

away from their source; (2) same as (1) for P1 to P4 but then a major tsunami occurred that

washed the nearshore especially in Lutao island located offshore Taitung south of KR03, but we

must accept that centimetric shells drifted at shallow depths with the Kuroshio Current over
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distances larger than 60 kilometers; (3) About 3,000 years ago, the climate underwent a period

during which major typhoons hit the island of Taiwan, the first four large typhoons generated

hyperpycnal flows and/or shallow water sediment destabilizations responsible for silty beds even

at the top of the Changping High, then a giant typhoon occurred as in the previous scenario.

This study clearly indicates that complementary investigations are needed in this region to better

constrain the source of this event (or cluster of events) in particular but also to identify and

characterize the "super-events" back in time and thus better estimate their return period. A

detailed survey off east Taiwan especially close to the shore would greatly help to characterize

the submarine landslides hazard and their consequences for the population living in the coastal

area.

No other cores reaching those depths have been sampled east of Taiwan, except during ODP

Leg 195 but the site was located in the Southern Okinawa Trough far north of our studied area

(Wei, 2006). Our observation is thus unique for instance and can not be correlated today with

other cores.
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Appendices

Tsunami generation

The initial free surface elevation and water velocities in TOPICS were derived from multivariate,

semiempirical curve fits as a function of nondimensional parameters characterizing the landslide

(e.g. density, geometry, etc.) and the local bathymetry (e.g. slope, depth, etc.)(Watts, 2002).

The inputs for TOPICS (Table 7.1) are, in descending order, the longitude of the initial slide

center x0, the latitude of the initial slide center y0 , the specific density γ, the initial landslide

length b, the maximum initial landslide thickness T, the maximum landslide width w, the mean

initial landslide depth d, and the mean initial incline angle θ. The outputs from TOPICS (Table

7.1) are the slide initial acceleration a0, the theoretical maximum (terminal) slide velocity ut,

the characteristic distance of slide motion s0, the characteristic time of slide motion t0, the

characteristic wavelength γ0, and the characteristic tsunami amplitude η0 from the depression

wave at time t = t0.

Propagation model

The 3D coastal circulation model SYMPHONIE developed by the SIROCCO team (Marsaleix

et al., 2008) was applied on the studied area with the eight tsunami sources terms given by

TOPICS (see outputs in Table 7.1). The components of the current, the temperature and the

salinity are computed on a staggered C-grid thanks to a classic finite difference method. A

generalized sigma coordinate (Ulses et al., 2008) is used in order to improve resolution near

the bottom and the surface with special attention on the pressure gradient (Marsaleix et al.,

2009, 2011). To this vertical grid is associated a polar curvilinear horizontal grid which refines

resolution near the coast while keeping reasonable computing times (Bentsen et al., 1999). We

compute the baroclinic and barotropic velocity components separately following the time step-

ping method consisting of a Leap Frog scheme combined to a Laplacian filter (Marsaleix et al.,

2012). The domain has a varying resolution from 4 km offshore to 100 m nearshore. This polar

grid allows to increase the density of the grid points in the area of interests, thus helping to

avoid an excessive computational load. The vertical discretisation is 10 sigma levels. The 100 m

bathymetry resolution acquired during the ACT cruise in 1996 (Lallemand and Tsien, 1997) was

used. The barotropic time step is 0.3 sec, baroclinic is 3.5 sec and the drag coefficient for the

bottom boundary is 0.0025. As SYMPHONIE doesn’t allow to introduce directly a sea surface
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perturbation because of the preservation of the advection schemes, we chose to set the sea surface

elevation by setting an anomalous horizontal divergence of barotropic current at the neighboring

grid points. The current direction is centred on the perturbation making instantaneously an

elevation of the sea level on this point. For each landslide, two kinds of simulations were com-

puted. A first simulation, with the initial conditions of temperature and salinity settled from

the daily outputs of the MERCATOR system (Madec, 2008) and the sea surface perturbation

of the tsunami. We simulated the hydrodynamics until 5 days after the slide then we computed

the run-up elevation at the shore. This duration allows us to verify the transport of millimetric

shells and wood debris represented by ten Lagrangian drifters spread at 15 m depth and at sea

bottom along the coast (D1 to D10 on Fig.7.7). We performed a second simulation for checking

the influence of the Kuroshio current. Large scale forcing terms (Kuroshio current) are included

in radiative conditions applied at the lateral open boundaries (Marsaleix et al., 2006). These

terms are also provided by the daily outputs of the MERCATOR system (Madec, 2008). Here,

we assumed that the Kuroshio is still the same than 3,000 years ago. Then to avoid seasonal

effects or others effects like typhoons which modify the Kuroshio features, we chose a period

during the spring with no typhoon which represents the main trend of the Kuroshio.

Run-up height estimations

The time series that were computed by the numerical simulation of the water elevation on the

last sea grid points are converted into the displacement of the water on the shore by the following

formula (Choi et al., 2011):

η(x = 0, t) =
∫ t−τ

0

√

(t− τ)2 − T 2[(d2η(x = L, τ))/dτ 2]dτ

where η (x=0,t) is the run-up oscillations on the shore, η(x,t) is water oscillations in the

last sea points, T is the travel time of the wave and L is the distance from this point to the

shore. According to nonlinear theory, the extreme of η(x=0,t) yields the maximal run-up height

of the tsunami wave. Note that this 1D analytical theory is not able to describe some local

amplification on the coast due to complicated bathymetry, topography and bottom friction

effect. More details of this analytical solution can be found in Choi et al. (2011). However, in

our modelling, the last sea points are at less than 500 m of the coastline in order to reduce the

impacts of non-included effects. The Table 7.2 presents the details of the last grid points used for

the run-up computation at the Holocene "Malaulau" terrace, Changping and Takangkou. The



184 CHAPTER 7. A ∼3,000 YEARS-OLD EVENT REVEALED BY MARINE DEPOSITS

arrival time tat, the maximum elevation at the last grid point η (x=L) max and the maximum

estimated run-up η (x=0) max for each case are presented in Table 7.3.
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Quantities Slide S1 Slide S2 Slide S31 Slide S32 Slide S4 Slide S5 Slide S61 Slide S62

x0 (deg) 121.47 121.65 21.70 121.78 121.45 121.83 121.75 121.62

y0 (deg) 22.88 23.00 23.15 23.20 23.15 23.27 23.37 23.40

γ (kg/m3) 1850 1850 1850 1850 1850 1850 1850 1850

b (m) 3500 3000 6000 7000 4500 2000 17000 24000

T (m) 1000 1000 500 800 500 500 1000 1000

w (m) 14000 7000 2000 3000 3500 10000 12000 15000

d (m) 1000 2750 3000 3600 500 4200 3500 1800

θ (degrees) 18 18 15 12 18 18 6 7

a0 (m/s2) 0.87 0.87 0.73 0.58 0.86 0.87 0.29 0.34

ut (m/s) 115.82 107.22 138.78 134.35 131.33 87.55 148.46 190.46

s0 (km) 15.42 13.22 26.43 30.84 19.83 88.11 74.9 10.57

t0 (s) 133.14 123.27 190.48 229.55 150.87 100.64 504.52 555.2

λ0 (km) 13.2 20.25 32.68 43.14 10.58 20.43 93.48 73.77

η0 (m) 79 15.35 2.45 3.65 70.75 4.2 5 11.24 58.66

Table 7.1: Input and output parameters of TOPICS simulations for 8 different submarine landslides

sources S1 to S62. Parameters are described in Appendices A and B.

Malaulau Changping Takangkou

Grid point x,y (deg) 121.368, 23.093 121.481, 23.318 121.522, 23.460

Depth (m) 54 247 489

L (m) 440 1700 2000

Table 7.2: Nearest grid points used for the run-up computation at the Holocene ”Malaulau” terrace,

Changping and Takangkou locations along the coast. L is the distance from the shore in

meters.
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Quantities Slide S1 Slide S2 Slide S31 SlideS32 Slide S4 Slide S5 Slide S61 Slide S62

tat (min) 5:20 12:36 14:56 15:46 4:29 17:38 17:22 9:13

(1) η(x=L)max(m) 6.95 1.5 3 0.80 0.67 13.59 0.30 0.41 4.25

η(x=0)max(m) 11.84 3.53 1.64 1.44 20.87 0.45 0.69 9.67

tat (min) 6:07 12:58 - - 3:03 - - 1:31

(2) η(x=L)max(m) 3.47 0.12 - - 4.07 - - 10.54

η(x=0)max(m) 13.02 1.0 - - 15.01 - - 51.27

tat (min) 7:55 - - - 5:31 - - 0:30

(3) η(x=L)max(m) 1.89 - - - 1.40 - - 5.54

η(x=0)max(m) 8.47 - - - 4.23 - - 17.33

Table 7.3: Run-up computations using the analytical solution of (Choi et al., 2011) at the shore (x = 0) extrapolated from the last grid points (x =

L) accounting for the slope between the shore and the last grid point. tat is the arrival time (hour, minutes) of the wave at the last grid

point.-means that the run-up computed is negative. The inaccuracy of grid resolution in these areas and the small amplitude of waves

causes a retreat of the sea, following by small waves but the elevation induced by these waves wasn’t higher than 0.
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Figure 7.1: General map of the Ryukyu and Luzon subduction zones overlaping in Taiwan. The numbers
in the arrows indicate the relative subduction rates in mm/yr. The bold dates are major
tsunami events described in the litterature (see the text for further details). In light grey :
the mean path of the Kuroshio current (after Hsin et al., 2008)

.
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Figure 7.2: Topographic and bathymetric map of the studied area based on ACT swath mapping (Lalle-
mand and Tsien, 1997). Isobaths every 100 m. H.R. = Hsiukiulian River, T.H. = Takangkou
High, C.H. = Changping High. S1 to S6 are candidate submarine landslides. Red dotted
lines are suspected scars. K1 and K2 are knickpoints of the Chimei Valley.



CHAPTER 7. A ∼3,000 YEARS-OLD EVENT REVEALED BY MARINE DEPOSITS 189

Figure 7.3: KR03 core logs : MS = Magnetic susceptibility, X-ray, d50 median grain size, Fe content,
visual description and radiocarbon sampling in orange.
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Figure 7.4: Top of core KR03 (upper 17 cm) with 137Cs and 210Pbex measurements and modeled ages
(see text for further details).
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Figure 7.5: Detailed description of anomalous sequence of core KR03. Grain size distribution stacked
with depth, core layers interpretation with purple dots marking the radiocarbon samples,
HP = hemipelagite, P1 to P4 = silty layers, T = top anomalous layer with shells and wood
fragments, XR = X-ray, Mean = mean grain size, d50 = median grain size. Radiocarbon
ages are indicated in bold letters. Modeled ages are specified in parentheses as well as the
dated material.
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Figure 7.6: A: undetermined Veneroida bivalves external sides, B: bivalves internal sides, C: wood debris,
D: silty fraction
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Figure 7.7: Results of hydro-dynamic modeling for S4 submarine landslide source. The paths of drifters
D1 to D10 are computed during 5 days after initial input. Two drifters start from each D
point, one at 15 m depth and one at sea bottom. The position of other sources S1 to S6
is shown on the map even if the drifters’s paths are not indicated for all sources. It helps
to locate the sources with respect to the run-ups computed at 3 coastal locations. KR03
located the core site at 1,200 m depth. See the text and Appendices A, B, C for further
details.
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8.1 Summary

By using a new set of sedimentary data selected in strategic areas, we reveal for the first time

part of the ∼3000 years-long history of extreme events that occurred offshore eastern Taiwan.

The methodology used in this work was based on submarine paleoseismology, which provides

the means to derive reliable information on the spatial distribution and recurrence of paleo-

earthquakes in the marine environment from the sedimentary record.

This work has been thus guided following two main axes. The first 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. The second axis was to apply a paleoseismic

approach based on turbidites record at two time-scales. First, we tested and validated the

method over the instrumental period (i.e, the 20th century). Then once calibrated we extended

the time-series back in time.

The main results and conclusions of this work are summarized in the following paragraphs.

Deep-sea sedimentation offshore eastern Taiwan: facies and processes characteriza-

tion

• A combined approach of geophysical and sedimentological data allowed us to investigate

the recent sedimentary facies and processes that shape the offshore slope east Taiwan.

• We mapped morphosedimentary features based on backscatter imagery, detailed

bathymetry, chirp and seismic profiles (see Appendix section to access the full size map)

in order to characterize zones of slope failures, turbiditic systems, erosional features, de-

positional basins, etc..

• A detailed core analysis has been led in the aim to identify and characterize the different

sedimentary facies observed in our sedimentary cores. The main interpreted facies are

hemipelagites sedimentation, debrites and turbidites.

• Results showed that the offshore slope east Taiwan is affected by a variety of sedimen-

tary systems and processes, and that turbidity currents appear as the main erosional and

depositional processes covering nearly 60% of the sedimentary record.

• Turbidites facies ranges from very thin silty-clay turbidites (also called turbidites surges)

to massive coarse grained turbidites. Compositions range from 80% of biotic content to

100% of lithic content.
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• Site morphology and sand composition analysis showed that turbidity currents are gen-

erated by distinct controlling factors such as tectonic and climatic activity that enabled

us to define at least two end-members relative to turbidity currents initiation: Turbidity

currents preconditioned by tectonic activity (oversteepening) and triggered by earthquakes

shaking that initiate slope instabilities and likely deposited into intra-slope basin and tur-

bidity currents driven by climatic activity such as extreme floods or typhoons, generated

in basin directly connected with onland rivers.

Historical reconstruction of paleo-earthquakes using 210Pb, 137Cs and 241Am turbidite

chronology and radiocarbon reservoir age estimation off East Taiwan

• A 36cm-long box-core has been collected east Taiwan located in a slope basin of Luzon

volcanic arc in which three turbidites events have been identified.

• Based on 210Pbex,
137Cs and 241Am activity profiles these 3 turbidites layers have been

dated circa AD 2001 ± 3, AD 1950 ± 5 and AD 1928 ± 8.

• The morphology of the coring site as well as the sand composition of the turbidites layers

suggest a triggering mechanisms by slope failure after seismic ground shaking

• The turbidites correlate with large earthquakes that occurred in the region: the Chengkong

Earthquake 12/10/2003 (Mw 6.8), the 11/24/1951 Taitung Earthquake (Mw 7.1) and the

9/4/1935 Lutao Earthquake (Mw 7.0)

• The good agreement between deposition time of the turbidites and the history of major

local submarine earthquakes suggest that the record of turbidites deposits can be used as

a paleoseismic indicator in this active tectonic area

• The modern reservoir 14C age was estimated by comparing AMS 14C ages with ages derived

from a corrected 210Pb profile: R(t) is 517 ± 25 14C yr and ∆R = 234 ± 30 yr. This value

is 112 yr higher than the global mean value and 56 yr higher than the value close to Taiwan

• This high value may be explained by upwelling activities than by hardwater effect. Local

upwelling cells in the Kuroshio North of the Green Island probably bring more 14C depleted

water to the surface, resulting in a more positive ∆R value in that area.

2,700 years of seismicity recorded offshore eastern Taiwan by turbidites deposits

• First kyr-long chronological correlation of deep-sea turbiditic deposits along the offshore

eastern Taiwan based on the detailed description and dating of four sedimentary cores
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collected in the Ryukyu forearc basin and the Luzon volcanic arc.

• Coring sites have been cautiously selected to avoid climatic-driven turbidity currents, i.e.,

far away from continental supply paths.

• Datings and age modeling provided age of each turbidites layers since the last 2,700 years.

• We argued that earthquakes are the most plausible triggering mechanisms using 1) the

test of synchroneity and 2) the biotic composition of turbidites layers

• The correlation between turbidites and seismic events over the 20th has been established

by calibrating earthquakes using empirical relationship linking magnitude, distance atten-

uation and peak ground acceleration.

• Results indicate that Mw7 may generate slope failures around 50 km radius and Mw8

around 100 km radius.

• We thus attributed three local large instrumental earthquakes to three turbidites deposits

at KS06 site within a radius of ∼50 km. It also corroborates the results of Huh et al.

(2004) that argued that four large earthquakes were recorded in box-core BC-18 within

∼50 km radius.

• Results also suggested that synchronous turbidites events at regional scale should be cau-

tiously considered.

• Once calibrated, we extended this approach to older time-series. Results show that the

five regional events could correspond to Mw8 earthquakes that occured in the area off

Hualien between BC 50 and AD 600 giving an approximate return period of 130 years for

this period.

A ∼3000 years-old super-event revealed by marine deposits east of Taiwan :palaeo-

landslide, earthquake, tsunami or typhoon ?

• Silty layers underlying a cm-thick concentration of shallow-living shells and wood debris

have been identified within a monotonous hemipelagite core offshore east Taiwan.

• Deposits have been dated using 14C at ∼3000 years BP.

• The nature of this super-event is still a matter of debate but two plausible scenarii can

be proposed : (1) four large earthquakes occured in the region within less than a cen-

tury accompanied by significant gravity flows which silty plumes reached the top of the

Changping High, then a "super-typhoon" occurred producing a big wave that invaded the

coastal area and lifting in the air shallow water shells and wood debris to drop them 20

to 30 km away from their source. (2) about 3,000 years ago, the climate underwent a
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period during which major typhoons hit the island of Taiwan, the first four major events

generated hyperpycnal flows and/or shallow water sediment destabilizations responsible

for silty beds even at the top of the Changping High, then a giant typhoon occurred as in

the previous scenario.

8.2 Concluding remarks

The aforementioned results and conclusions of that work, allow us to raise several critical points

that are discussed in the following paragraphs.

Importance of the coring rationale in paleoseismic approach

Findings of this work as well as feedback from numerous investigations in various tectonic and

morphological setting (Cascadia, Portugal, Algeria, New Zealand, Sumatra...) indicate that

a cautious and appropriate coring sites strategy is a fundamental step prior any paleoseismic

studies. This rationale is important for the main following reasons: 1) To obtain a maximized

record, 2) to avoid climatically-related turbidites, 3) to preserve a good alternation between

hemipelagites and turbidites records and 4) to avoid foraminifera test dissolution for dating.

As such, to reach these objectives, the understanding of flow paths, source zones, and depositional

areas of turbidity currents is critical. For example, channelized currents are highly energetic

and may travel hundreds of kilometres, whereas unchannelized flows tend to wane and deposit

rapidly, close to their sources (Goldfinger et al., 2012, 2014). As a result, core sites associated

to submarine canyons or channels should be emplaced relatively away from sediment paths in

order to avoid the coarsest deposits that may prevent efficient and long coring and that may

erode the underlying deposits.

Also, core sites in isolated slope basins should be close to the surrounding slope in order to

record the limited turbidite. For this work, the four cores used for our paleoseismic purpose

have been all collected in isolated basin or terrace far away from major flow paths, surrounded

by steep slopes and shallow enough to preserve foraminifera test. Additionally, coring sites are

located close to the slope bottom in order to avoid possible turbidity current waning (between

∼1-2 km away from the slope).
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Criteria to discriminate co-seismic turbidites

The interpretation of co-seismic turbidites is usually based on the following three criteria: 1) A

greater volume of mobilized material than climatic-related turbidity currents (Blumberg et al.,

2008; Gorsline et al., 2000), 2) a synchronous trigger of turbidity currents (Goldfinger et al.,

2003; Gràcia et al., 2010; Pouderoux et al., 2012, 2014) and 3) a slope failure origin located

below the waves action depth (Beck, 2009; Noda et al., 2008).

If turbidites are synchroneous in independent basins, or sedimentary systems over tens to hun-

dreds kilometers, then the trigger can reasonably be interpreted as regional and related to an

earthquake. Offshore east Taiwan, the synchroneity criteria was established by accurately identi-

fying, characterizing, and dating turbidites in each sedimentary cores collected across the margin.

Moreover, a compositional analysis of the mineral and biotic content of turbidites can allowed us

in characterizing the sources origin of turbidites and their water depth. Such information gave us

insights on the triggering mechanisms. Our findings suggest that turbidites in core collected in

proximal basin (e.g. SLT, see Chapter 3) for climatic purposes, display pure lithic composition,

suggesting a direct terrestrial supply to the deep basin during storms. Reversely, presence plank-

tonic fauna related to water depths below the influence of storm waves allowed us to discard a

climatic trigger. In this work we were also able to validate these criteria by establishing strong

time-relationship between turbidites events and instrumental earthquakes. This may represent

a powerful way in discriminating and characterizing turbidites-related earthquakes.

Possible biases in the age modeling

The age of each turbidites layers (considered as instantaneous deposits) is estimated from the

sedimentation rate of the hemipelagites (continuous deposits).

Identify the limit between hemipelagite and turbidites is thus crucial in the building of accurate

model age and consequently primordial for the paleoseismic approach. The differentiation

between the top of turbidites sequences (the finnest fraction) and hemipelagites is not always

trivial and was established by a sedimentological (grain size, composition of the sand fraction)

and geochemical characterization (major elements and 210Pb). Thus, a detailed sedimentological

analysis allows to accurately differentiate hemipelagites from turbidites tails, fundamental for

sedimentation rate calculation and consequently turbidites ages modeling.

When using 14C method in marine environment, an important step is the age calibration and it

is this crucial to use an appropriate value of the local ∆R, the site-specific offset from the global
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ocean reservoir. In the offshore eastern Taiwan, 14C dating spanning the Holocene yielded

a wide range of reservoir ages and their values suggesting fluctuations of the oceanographic

context such as local upwelling. Other biases have been also recognized such as basal erosion

and sediment compaction. These two parameters may also affect age modeling and their

quantification still remains difficult.

In conclusion, applying a paleoseismic approach in the offshore east Taiwan is a challenge

because this area displays a complex geodynamical setting, a high seismicity rate and also a

strong effect of the climate. However, this pioneer work has shown the great potential of this

method and it represents a good starting-point for future investigations to better assess Holocene

time series of extreme events.

8.3 Perspectives

From this work, we highlight some points that it would be interesting to develop for future inves-

tigations, in order to better constrain the paleoseismic approach and to extend the investigations

of extreme events offshore eastern Taiwan:

1. Multibeam data on the studied area especially between the shelf and the upper slope, would

help in creating high-resolution bathymetric maps, allowing a more accurate determination

of morphometric parameters for sub-recent landslides. Besides, these maps might reveal

detailed morphological information that can be used as indicator of recent sediment flow

paths.

2. Chirp data would also provide good constraints on the recent sedimentation. We have seen

that such data are crucial when selecting cores sites and consequently may help to prevent

unsuccessful coring operation.

3. Our interpretations were also limited by a lack of sedimentary core. We propose to collect

complementary cores in key areas in order to strengthen our interpretations. It would also

be interesting to acquire longer cores in the preexisting site to extend time series, especially

at site KS06 since this site appears as the most suitable. A piston core on the Takangkou

high would help to better characterize and interpret this 3,000 years old deposits only

found in core KR03 collected in the Changping high.
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4. We have seen also that the constraint brought by the results obtained over the last century

were decisive for further interpretations. So far in the study areas only two box-cores are

available (BC-18 and KS06-B). We suggest that it would be of great interest to extend the

box-core coverage, especially at sites KAS03, KS09 and KS08 where we failed to recover

recent sedimentation.

5. A systematic analysis of clay mineral in both sedimentary cores and river beds should

also be conducted in order to better constrain sediment sources (marine versus continental

supply). This could help in discriminating between different triggering mechanisms. Also

it should provide a complementary constraint in the differentiation between hemipelagite

and turbidites tails.

6. We finally suggest that a more extended exploitation of the three cores collected in the

SLT, will bring important constraints on the typhoons or large storms-related turbidity

currents.
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Morphosedimentary facies map offshore

east Taiwan
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Figure A.1: Morphosedimentary facies map offshore eastern Taiwan based on imagery, bathymetry and

seismic data
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Figure B.1: Principle of the Box-Corer
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Figure B.2: Principle of the Piston and Gravity-Corer
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Figure B.3: Principle of the Geotek Multi Sensor Core Logger
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Figure B.4: Principle of the Coulter LS13-320
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Figure B.5: Principle of the ITRAX Core scanner
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Figure B.6: Principle of the foraminifera picking
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Coring site KS06: Morphology and core

analysis
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Figure C.1: Seismic, chirp profiles and source of instabilities.



244 APPENDIX C. CORE SITE KS06

Figure C.2: Grain size analysis of KS06-B
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Figure C.3: Grain size analysis of KS06-P
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Figure C.4: XRF analysis of KS06-B and P
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Figure C.5: Detailed analysis of turbidites layers-I
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Figure C.6: Detailed analysis of turbidites layers-II
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Figure C.7: Detailed analysis of turbidites layers-III
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Figure C.8: Detailed analysis of turbidites layers-IV
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Figure C.9: Detailed analysis of turbidites layers-V
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Coring sites KAS03/KR03: Morphology

and core analysis
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Figure D.1: Seismic profiles across KR03 site
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Figure D.2: Seismic profiles across KR03 site
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Figure D.3: Chirp profiles across KR03 and KAS03 sites
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Figure D.4: Grain size analysis of core KAS03
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Figure D.5: Grain size analysis of core KR03



260 APPENDIX D. KAS03 AND KR03 CORE SITES

Figure D.6: XRF analysis of core KAS03
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Figure D.7: XRF analysis of core KR03
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core analysis
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Figure E.1: Seismic profile across KS09 and KS08
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Figure E.2: Chirp profiles across KS08 and KS09, and slope instabilities around core sites
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Figure E.3: Grain size analysis of core KS09
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Figure E.4: Grain size analysis of core KS08
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Figure E.5: XRF analysis of core KS09 and KS08
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Figure E.6: Detailed analysis of turbidites layers-I
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Figure E.7: Detailed analysis of turbidites layers-II



272 APPENDIX E. KS08 AND KS09 CORE SITES

Figure E.8: Detailed analysis of turbidites layers-III
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Figure F.1: 14C and 210Pb sampling
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Figure G.1: Example of P-Sequence code in OxCal for KS06G core
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