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Abstract : Taiwan is under the regime of the East Asian
monsoon system and affected by numerous typhoons (3
to 4 events per year) controlling the regional moisture
transport pattern. Sediment transfer along the southern
margin of Taiwan is mainly realized by several submarine
canyons playing a key role in terrigenous sediment
redistribution to the deep sea (e.g., turbidity currents).
However, past climatic (monsoon, typhoon)
hydrological (sea level, oceanic currents)
recorded in sediments deposited on the levees of
submarine canyons are still not well established over the
late Quaternary. In this study, sedimentological,
mineralogical, geochemical  analyses
investigated on two long CALYPSO cores retrieved from
the submarine canyon systems. Cores MD18-3569
(located on the bank of the Penghu Canyon) and MD18-
3574 (located on the levee of the Gaoping Canyon) were
investigated in order to (i) identify the sediment
provenance, (ii) reconstruct the chemical weathering and
erosion history of South Taiwan drainage basins, and (iii)
determine the frequency and intensity of past typhoon
activities associated with climatic changes in South Taiwan
since the last glaciation.

Sediments of Core MD18-3569 are characterized by major
proportions of illite and chlorite, moderate smectite,
scarce kaolinite, and 87Sr/86Sr (0.7187 to 0.7213) and eNd
values (-11.63 to -10.89), which allow us to constrain to
Southwest Taiwan rivers as the unique source of the
sediments deposited on the eastern bank of the Penghu
Canyon since the last glaciation. The dominant illite-
chlorite and elemental compositions (e.g., chemical index
of alteration) indicate that sediments experienced a
moderate chemical weathering in agreement with high
denudation rates of SW Taiwan linking to strong uplift
(~10 mm/yr). We demonstrated that the long-term
change in chemical weathering of SW Taiwan soils is
mainly driven by changes in monsoon and typhoon
rainfall and environmental changes (e.g., vegetation cover)

and
variations

and were

over the past 32 kyr.

The sediments of Core MD18-3569 consist of clay and
fine silt (~13 pm) indicating the Penghu Canyon
receives low amount of coarse sediment (<25%) from
Taiwan rivers because it is not directly connected to
rivers. Grain size variations and End member modelling
indicate coarser grain size occurred during the last
glacial period and finer grain size happened during the
Holocene. There is a transition period from 10.7 to 10
ka, when the coarse sediment content (EM2) dropped
from ~40% to nearly 0%. This period was concurrent to
the Melt Water Pulse Event-1C, a rapid marine
transgression that significantly changed the land-sea
configuration (flooding of the Taiwan Strait) and
potentially disconnected the Penghu Canyon from
Taiwan river systems. During the Holocene, sediments
derived from Taiwan rivers are prevailing (>80%)
though the larger distance between the Penghu Canyon
and Taiwan river mouths during the high sea-level
stand.

Core MD18-3574 records numerous turbidity currents
triggered by typhoons (~70% of turbidity currents, 3-4
events per year) in the Gaoping Canyon over the past 4
ka. High resolution XRF core scanning, hyperspectral
imaging, grain size, and bulk mineralogy were utilized
to characterize fine characteristic laminations preserved
on the studied levee. Dark and coarse levels have been
associated to the deposit of turbidity currents. A total of
2400 dark laminae, mostly associated with typhoon
events, have been identified for the last 4.2 ka. Typhoon
frequency in the Gaoping Canyon has
decreased since 4 ka (in link with the cooling of western
Pacific Ocean and surrounding marginal seas). After 1.5
ka, cold periods are characterized by low frequency and
strong typhoon intensity. We have then suggested that
typhoons are affected by La Nifia like conditions of El
Nifio Southern Oscillation strengthening the Pacific
Walker Circulation and winter monsoon winds.

recorded
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Résumé: Le climat de Taiwan est controlé par les
précipitations de la mousson est asiatique et des typhons
(3 a 4 par an). Les transferts sédimentaires le long de la
marge sud de Taiwan se produisent majoritairement par
le biais de plusieurs canyons sous-marins jouant un réle
clé dans la redistribution de sédiments terrigénes aux
bassins profonds (ex: courants de turbidité). Mais les
impacts des variations climatiques (mousson, typhons) et
hydrologiques (niveau marin, courants) passées sur la
sédimentation des levées de canyons sous-marins ne sont
toujours pas bien établis pendant le Quaternaire. Des
études sédimentologiques, minéralogiques et
géochimiques ont été effectuées sur deux carottes
CALYPSO. Les carottes MD18-3569 (située a l'est du
Canyon Penghu) et MD18-3574 (située sur la levée du
Canyon Gaoping) ont été étudiées dans le but (i)
d'identifier la source des sédiments ; (ii) reconstruire
I'altération chimique et I'érosion des sols du sud de
Taiwan depuis la derniere période glaciaire (iii)
reconstituer un enregistrement de l'activité turbiditique
du Canyon Gaoping associée a la fréquence et intensité
des typhons au sud de Taiwan depuis 4.2 ka.

Les sédiments de la carotte MD18-3569 sont caractérisés
par des proportions majeures d'illite et chlorite, modérée
de smectite, faible de kaolinite, et des valeurs de
87Sr/86Sr (0.7187 to 0.7213) et eNd (-11.63 to -10.89)
permettant d'identifier les rivieres du sud-ouest de Taiwan
comme la seule source des sédiments déposés sur la
levée du Canyon Penghu. L'abondance d'illite et chlorite
et la composition chimique (ex : Indice d'altération
chimique) indiquent une faible altération chimique, en
accord I'important
soulevement de Taiwan (~10 mm/yr).
également démontré que les variations a long terme
d'altération chimiques des sols du SO de Taiwan sont
controlées par les changements des précipitations de
mousson et typhons et environnementaux (ex : couvert
végétal) depuis 32 ka.

avec taux de dénudation et

Nous avons

Les sédiments de la carotte MD18-3569 sont constitués
de silts fins et argiles indiquant que le Canyon Penghu
recoit peu de sédiments grossiers provenant des rivieres
de Taiwan. Les variations de granulométrie et modeles
d'End-members révélent une granulométrie plus
grossiere pendant la derniére période glaciaire et plus
fine durant I'Holocéne. Une transition s'est produite
entre 10.7 et 10 ka, la granulométrie moyenne a
diminué de 40% et la fraction grossieres a chuté de 40 a
0%. Cet intervalle est simultané au Melt Water Pulse
Event-1C, rapide transgression marine qui a
bouleversé la configuration terre-mer (inondation du
détroit de Taiwan) et potentiellement déconnecté le
Canyon de Penghu des rivieres taiwanaises. A
|'Holocene, les sédiments dérivant de Taiwan sont
majoritaires car la distance entre le canyon et les riviéres
est plus importante.

La carotte MD18-3574 enregistre de nombreuses
turbidites, provoquées par les typhons, se produisant
dans le Canyon Gaoping au cours des derniers 4 ka.
L'étude, a haute résolution par XRF core scanning et
imagerie hyperspectrale, granulométriques et
minéralogiques, de lamines ont permis de caractériser
la dynamique sédimentaire de la levée. Les niveaux
sombres et grossiers sont associés aux dépots
turbiditiques. 2400 dépots turbiditiques
identifiées (majoritairement associés aux typhons) au
cours des derniers 4.2 ka. La fréquence des typhons
enregistrés par le Canyon Gaoping a diminué depuis 4
ka (en lien avec le refroidissement des SST de I'Océan
Pacifique ouest). Aprées 1.5 ka, les périodes froides sont
associées a des typhons plus rares mais plus intenses.
Nous suggérons que l'activité des typhons est affectée
par les températures de surfaces du Pacifique les
conditions La Nifia-like de El Nifio Southern Oscillation
renforcant la circulation de Walker et la mousson
d'hiver affectant le mouvement des typhons.

une

ont été




ECOLE DOCTORALE

® g Sciences mécaniques et
universite . energétiques, matériaux
PARIS-SACLAY et géosciences (SMEMAG)

WO E « Rl AR AL EOR UCUK I LUK 2R W2 5 5 i IRk A5 DU AR Bl )i

REEwE: JURMiRE, MR, WERGER, RIEFR, &GS, . &t 89

WE: AT REERSEX, [ Z 2 6 X3
ISR FITC . V5 e S DU ) 32 B4 PR 22 2500 IS Uk
FIEE AR R G [ R eE . R,
T L AT JER e 7 S R R B LG 55 DU 28 DU AR e S A (
FR BRO 5K GRS FERD B 2 Ak
132078 7 IR o A TG B I AR G 0 R A
WA HE I MD18-3569A1 &= 7 Ik 75 32 2 MD18-3574
PIRRIE ZEAEIR KA, TR Em A PRRIIRS:. 7%
A ERAL 200, BAE: (1) BRI A KI5
(2) H#SVE AR AR F i s (3
) W R IRUK I LLR & V5 5 B -5 SR AR AH K 1) & R
TR 59

MD18-3569 % 05 HU [ 2l e 25 ZR Ul 32 300, GG 28 DY 42
PRI (ks E 0P 2 BN R R A sk e 1, H
WA, DD EREIR A . RIERIEEE &5
FURE K g (<2 pm) 87Sr/86Sr (0.7187~0.7213)
MleNd H (-11.63~-10.89) ATLURIL, SiETERS
ST I8 A2 T2 DR 2 2R 5 R VR UK DR TR A f e —
W URRIA -SRI A 8 E SRR A RAFE Caife
AR R EL CIA) RAPIRME T T SRR
th, 56757 ZE T S8 m R R (~10
mm/yr) FHF. BRI RIERH, Eid %32 ka, &
TS T R 0 IR A A 2 R AR Ak 3 B2 52 2 KRN 5 R
RN DA SRS A A B 55D (3L RIS
MD18-3569 7 & LA ) 3 22 il E A4 gy b (~13
um) Rk, R A B S SIS A
e, IR AR R B R TR A B U (
<25%) o HLEE LA R E RN S TR R 45 B R, B
FARE 2 20 43 R BILAE AR IR UK A, T 45 200 PO R 88 2 2 H
ESE . 4t 10.7~10.0 ka #EAFE—
RHERE, ARLDURR S BN ~40% PR B3 00%. 1%
I 5 Bk K FHAE MWP-1C R R4, A% —kik
WEER R, BESCE TEMER (55 Egi
W), SFEUERA S SIS RS NERET . 4
B ],

B R e T T I SR e 2 5 6 VIR T () P R
s BB ERRIUR Y sk Yy 5 S AL (>80%
) s
MD18-3569 % ST A~ ) = Bl ok H A4k b (~13
um) ZHER, RIS IR B S G5
FHIZE, DRI ATRTL 4 B LRI UAR P B LA
(<25%) o FLFE 53 A REAE Ao o s B 45 L B oR,
SR PRURE B 4t BRLAE AR UK I, T e 4 b g 2L
LT A Bt . B 4Bt 10.7~10.0 ka HAIH
TAE—AN PR, KRR DT & 8 M ~40% &A% 2
Pili0%. 1ZE SRR E 4 MWP-1C EIR &4
, ME—RPEM R EM, BELCE T EHGER
BIEERRER) , SEEHRS S SR A
GUERWIIT . A, BAR T
AR 5 G PR B RO, H S ISR TR
FITTERATS (5 =S AL (>80%)
MD18-3574 % S HL A = BRI PRI 5, ek T
BRIEA4 ka LR & AR KRR S (2405
MIRINT0%, FE3~4K)  RAFED PR X &
Pt (XRF) 0 HHli. B EeE g . R4
B WE T, SRR DR O RAF SR
TEIICAAI BT, ARG . B A2 S RiE s s
Ko fERLE42 ka H, RILIRGH 24000 ()2,
KBy SEE G E RGN E VM. FitgsR
KDL, PS4 ka LK, @ BRI id sk & KR A
BTl 3% 5 P K B S8 3000 it ) B A R
1.5 ka PR, &GRIIEREAL, (HEEEMA. #FFARFE
BN, AR DRI & XS 3032 205 B 51
S, anJe/R JeE-rE s (ENSO) nas 7 KF
IR A ZE X




Tongji University & Université Paris-Saclay, Doctor of Philosophy, Contents

Contents

Chapter 1 General INtrodUCHION.......ueieiveieiiricsiricssninssnnicsssnissssrssssssesssssesssssesssssosssssssssssssanss 1
L] IMIOTIVALION ..ttt ettt e b e et et e st e e bt e sabeebeesabeenbeenaeas 1
1.2 Sedimentary context of the northern South China Sea ............ccocooviviiiiiiiniinniiees 7
1.2.1 GEOlogY Of TAIWAN ...c.eviiiiiiieiie ettt et e et e et e e e e e et e e e aae e s beeeesseeensneeens 9
1.2.2 Geology of Luzon IS1and............ccueeeiiiioiiiieieeeeee e 10
1.2.3 South China: Pearl River draining system geology.........cccceevueervviencrieencieeeeieeenen. 11
1.2.4 Northern SCS sediment provenance identification ...........cccccceeevveeeeieencieeesveeenen. 12
1.2.5 Northern SCS Taiwan shelf sediments proCesSes.........eevvvrrrureerveerieeenieeenveeennen. 16
1.3 Climatic setting of northern South China Sea...........ccceeeiiiriiiieiiieeieecee e, 19
1.3.1 East Asian mMONSOON SYSTEII .....eeuveruierierieriteteetenitenieetesttenteestesteenteeeeseeesbeensesaeenees 19
1.3.2 Controls on East Asian MonSo0n SYStEIM .......cccueviererierienieeienienieeieseesieeie s 20
1.3.3 Monsoon forcing on erosion and chemical weathering.............cccccceeevivvieniiienennnne. 22
1.3.4 Typhoons and El Nifio Southern Oscillation.............ccceeveevieniiienieniiieieeieeieeee, 24
1.4 Hydrological setting of the northern SCS: Control of East Asian Monsoon ................. 28
1.4.1 Hydrology of the SCS ...ttt e 28
1.4.2 Present sediment transport and redistribution to the northern SCS........................ 32
1.4.3 Past fluvial sediments source-to-sink process in northern SCS...............ccceeneenee. 33
Chapter 2 Materials and methods .........ceeieneennirnninnieniennseicsennseensecssnecsnesssessessseeses 35
2.1 SUAY QICA...ccueiiiiieiieeie ettt ettt ettt et et e et e et e et et e bt e sabeebeeenaeesaens 35
2.2 Studied cores and chronological framework............ccccoeeeviieiiiieiiieciieee e, 36
2.2.1 Core MDI8-35009 ...ttt 36
2.2.2 Core MDIB-35T4 ..ottt 38
2.3 MEENOAS ...ttt sttt et na e 40
2.3.1 Carbonate CONTENL . .......ceiueiruiieiieeiiieiee ettt ettt ettt et e it e et e sabe et esabeenbeesaees 40
2.3.2 Clay MINETAIOZY .....vvieeiiieeiieeeiieeeiee et et ee ettt e e te e et eesstaeeebaeesnsaeessseeesnseeensseeennns 41
2.3.3 BUlK MINETALOZY .....vvieeiiiieciieeeiie ettt ettt e e e et e e e ee e e e enaeeennseeennne 43
2.3.4 Major elements concentrations analySes .........cc.eeevveeerveeeiieeririeenirieesieeesreeeseveeennne 43
2.3.5 XRF COTE SCANNMING ....cuvvieiiiieeiiieesiiieeeieeeriteeeiteeetteeeaeeessaaeesssaeessseeessseeennsessnsseesnnns 44
2.3.6 Hyperspectral IMAaZING ..........ccveruieiiieeiieiieeieeiieeeeeieeseteeieeseteeseessneeseeseseenseennnas 45
2.3.7 LaSCI ZIAIN SIZE....cuuieeurieiieeiiieiieeiteeteeeiteeteessteeteesseeesseessseeseessseenseessseeseessseenseensnes 46
2.3.8 Nd and Sr iSOtOPIC COMPOSILION ....euvreeiieniieriieeiieeieeiieeteeieesireebeeseneeseesnseenseenenas 46



Tongji University & Université Paris-Saclay, Doctor of Philosophy, Contents

Chapter 3 Variations of sedimentation of the SW Taiwan margin since the last glacial

maximum in link with climatic and environmental forcings .........ccceeeeveecerercercscnercscnnncnn 49
3.1 INEEOAUCTION ...ttt sttt sttt st e b e 50
3.2 Climatic and geological SEtNES ......cccveeeiieeriieeiiie et e e e 53

3.2.1 East Asian monsoon and SCS hydrology .........c.cccceeeeiierieeiiiiniieiieieeeeee e 53
3.2.2 Sources of northeastern SCS SEdIMENtS .........cceveerieeiiinieneriierieeeieseeeeee e 54
3.3 Material and MethodS .........ccooiuiiiiiiiiiiie e 55
3.3.1 Material and age Model ............ooooiiieiiiiiieee e 55
3.3.2 Clay mineralogical analySis.........cccveeciieriiieeniiieeriie et eeeee e evee e e e svee e 55
3.3.3 Major element analySiS........cecuieeiuiieeiiieeiiieeciee e et e et e et e et ree e e e eaeeeeneas 56
3.3.4 St and Nd 1SOtOPE ANALYSIS ..ecuvvieeiiieeiieeeiieeciee et eetee e e e eaee e ereeesbeeenaseas 56
B4 RESUILS -ttt et ettt e b e e bt 57
3.4.1 Clay MINETAlOZY ....eoouiieiiiiieiiiecie ettt ettt ettt et e et eeteesabeenbeesnseeseens 57
3.4.2 MAJOT CIEMENLS .....uvieeiiieeiiieeieeeeiee e et e e eiee e st e e aeeetaeeetbeeestaeeessaeesssaeessseeensseesnnsens 60
3.4.3 Sr-Nd 1SOtOPIC COMPOSTLIONS ...eeeeevrreeeiiieeiireerieeesieeenieeessreeessreesseeesseeessseeessseessssens 60
3.5 DISCUSSIONS ...ttt eitte ittt et e et e bt e et e e bt e et e e beesab e e bt e eabe e bt e ssbeanbeeeabeebeesnbeebeesaseenne 64
3.5.1 Sources of sediments to the SW Taiwan margin ............cceeeeevieriienieeciieniieeieeens 64
3.5.2 Variations in chemical weathering and physical erosion of SW Taiwan................. 70

3.5.4 Role of the East Asian monsoon and typhoon activity in variations of weathering in
SW TAIWAI ...ttt ettt et et ae bbb et eaees 74

JASE 32 KYT couueiiiinieiininiineeninnensinnecsssnecsssnecsssnscsssnscsssnsssssesssssesssssesssssssssssssssssssssssssssssssssssssssanssss 79
4.1 TNEPOAUCTION ...ttt ettt ettt et sb e bt et s bt e nae e 79
4.2 CHMALIC SETEINEZS .eeuvveeevieeriieeeieeerteeesteeestteessteeesseeessseeessseeessseesssseeesseessseessseeesssesnsssees 81
4.3 Material and methOodS .........cooueiiiriiiiinieee e 83

4.3.2 GTain S1Z€ ANALYSES ...eeevvieeiieeeeiieeeiieeeieeertee et e eeeeeaeeesraeesbaeesssaeessseeennseeensseeennns 83
4.3.3 Carbonate content analySiS.........ceccueeeriieeriiieeiiieeeieeeseeeeieeeereeesreeesreeesaseeensseesnnns 84
A4 RESUILS ..ttt ettt ettt et e e h e et e s at e e bt e bt e et e e sat e e bt e enaeebeen 84
4.4.1 Grain size analyses and End-member (EM) modelling............ccccccoevevienienirennennen. 84
4.4.2 Carbonate CONTENL.......cc.eiiiiriiiieieeiienieeie ettt ettt ettt ettt st sbeeee e nees 87
4.5 DISCUSSION ..ttt ettt ettt sttt et sae et e e st e sb e et e eat e bt e naeeseesbeentesste bt entesseenbeenseee 88
4.5.1 Penghu canyon system sedimentary dynamic during sea level lowstand ............... 88
4.5.2 Holocene high sea level sediment redistribution............ccceeeeiieecieenciiecnciie e, 92

II



Tongji University & Université Paris-Saclay, Doctor of Philosophy, Contents

.6 COMNCIUSION . .. ettt et e e e e e e e e e e e e e e e e aeeeeeeeeeea e aaaeeeeeeeeannnns 95

Chapter S Late Holocene typhoon activities affecting Taiwan recorded by turbidity

currents in Gaoping CANYON .....eeiicciissnricsssssnrecsssssssessssssssssssssssssssssssssssssssssssssssssssssssssssssssse 97
5.1 INEFOAUCTION ...ttt ettt et e st e b e et e e bt e sseeebeesaeeenee 98
5.2 EnvIronmental SN ......cccveeriieiiieiieeiieeie ettt ettt ettt e st eenee e 101
5.3 Material and Methods. ..........ooiiiiiiiiii e 102

53T MAETIAL ..cniiiiiiiiee ettt et 102
5.3.2 Chronological framewWork.............ccccueeiiiiiiiiiiiiicieee e 102
5.3.3 Hyperspectral IMAaGING .........cccueeeuieruiieiiienieeiienieeieeeieeeiteseeeeeeseeeeseesnreeseesneeenne 104
5.3.4 Relative geochemical composition analysis..........ccceevueeriieriieniieniienienie e 104
5.3.5 Grain SiZ€ ANALYSIS......eevuieiiiieiiieeiieiie et eete ettt ettt et esaae b e snbeeeeesnaeenne 105
5.3.6 Bulk mineralogy analysis ..........ccceeriieiiienieeiiienieeieeeie ettt 105
S RESUILS ..ttt ettt s he ettt e 106
5.4.1 Relative geochemical composition and hyperspectral imaging .............ccceuveen..e. 106
5.4.2 Laser grain-size analySeS..........cccceeriieriienieeiiienieeieesteeitesee et eseteebee e e e enne 108
5.4.3 BUlK MINETALOZY ....eoouvieiieiiieiieeiteie ettt ettt e e e 110
5.5 DISCUSSIONS .....veiieiienieriteettet ettt et ettt e ettt et st e bt et e sbt e bt e atesbtebeestesbeenbesatesbeennens 110
5.5.1 Characteristics of laminae and their associated processes .........cccceeeveeercveeerveenne. 110

5.5.2 Records of the frequency and intensity of typhoon activity for the last 4.2 cal kry

B ettt ettt et et e st e b e et e teeteenteeneenteas 114
5.5.3 Climatic implication of the evolution of the frequency and intensity of typhoon
Y0151 1 RSP RSR 120
5.6 CONCIUSIONS ...ttt ettt ettt et ettt e bt e et e e sae e et e e sseeebeesaeeebeesaeas 124
Chapter 6 General CONCIUSION ......cccevueieivricisercssricssnicsssrissssnessssnessssessssnosssssosssssessssssassees 125
6.1 Climatic forcing and sea level fluctuations controls on the sedimentary dynamic of a
non-connected canyon since last glacial period: the Penghu Canyon............cccceecvvvennnnn. 125
6.1.1 Eastern Penghu Canyon bank sediments provenance ............cocceeceevveecueneeniennnene 125
6.1.2 Chemical weathering history of SW Taiwan sediments..........ccccceceeveerieneenennnene 126
6.1.3 Hydrodynamic conditions and sediments transport and redistribution from SW
Taiwan rivers to the northern SCS ... 127
6.2 Paleo-typhoons activity reconstructed from Turbidites sequence deposit of the Gaoping
Canyon levee and its link with climate changes during the last 4.5 kyr. .....c.ccccoeviveneenee. 131
LT BN 72111 4 13 PSPPSR 132
0.4 POTSPECLIVES ....euvieiieeiiieiie et eeite et et te et et e e bt esteeebeesaeeeaseessaeenseesaseenseensseenseesnseenseannnes 133
RECIEIICES cuuveeenniiiniiiiniiiiteiisntiessntiesistecssstecssanessssecssssnessssesssssessssssssssssssssssssssssssssnsssssssssssnes 135



Tongji University & Université Paris-Saclay, Doctor of Philosophy, Contents

FIGUIE LiSt..uuuuuneiiiiiisnniiiniisnniicnisnnicssssnnrecssssssesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssses 176
APPEIAIX cocinnrrininressnrcssrncsssnicsssnessssssssssnesssssssssssosssssossasssssssssssssssssssssssssssssssssssssssssssosssssssssss 182
ACKNOWICAGIMENTS. ..cceiercuriesiricssricsssnissssnessssnesssnesssssossssssssssssssssessssssssssssssssssssssssssssssssssssssnes 204
SYNERESE c.cuurririuriiririersnicssnricsssnicsssnsssssnessssnesssssesssssossssssssssssssssssssssesssssssssssessssssssssssssnsssssnsssses 208

v



Chapter 1 Introduction

Chapter 1 General introduction

1.1 Motivation

The South China Sea is the marginal sea which receives the highest amount of riverine
terrigenous sediment worldwide, 1600 Mt/yr representing about 8% of the global sediment
discharge to the ocean (Milliman and Farnworth, 2011). The fluvial drainage systems of
northern South China Sea amount to 291 Mt/yr (Taiwan: 176 Mt/yr, South China: 102 Mt/yr,
Luzon: 13Mt/yr) (Milliman and Syvistki, 1992; Dadson et al., 2003; Liu, Z.F. et al., 2009;
Zhang et al., 2012).

Taiwan margin consists of the narrow Gaoping shelf and slope at the south, and the wide
and shallow Taiwan Strait in the west. The Gaoping slope is characterized by the presence of
many submarine canyons delivering high amounts of sediments from Taiwan rivers to the
deep-sea and the Manilla Trench system (e.g. Gaoping and Penghu canyons). The Gaoping
Canyon is directly connected to the Gaoping River mouth, which discharges about 50Mt/yr of
sediments to the sea through the canyon via turbidity currents (Zhang et al., 2018). Rivers
from south and south-west Taiwan discharge sediments to Taiwan Strait and western Gaoping
slope. Canyons like Penghu Canyon are not directly connected to rivers at present time; thus,
their sediments transport dynamics remains unclear. In last decades, monitoring and in situ
studies showed that the actual fluvial terrigenous inputs and sediment redistribution by
turbidity currents, surface and deep circulation from Taiwan to the northern South China Sea
is controlled by climatic forcings such as Asian monsoon and typhoons (Fang et al., 1998;
Zhang et al., 2018). Active submarine canyons are efficient pathways and storage features for
organic matter and carbon (Canals et al., 2006; Allen and de Madron, 2009; Masson et al.,
2010; Liu J.T. et al., 2016). For this reason, studies of their sedimentary dynamic in link with

climatic forcing are important for the understanding of carbon cycle with climate changes.

Climate of East Asia is dominated by the East Asian monsoon system and influenced by
the tropical cyclone (typhoon in the Pacific Ocean region). The East Asian monsoon, as part
of the global monsoon system, controls the moisture and heat transport in the western Pacific
Ocean and East-Southeast Asia (Wesbter, 1987). The East Asian monsoon consists in a
seasonal shift in wind directions during summer and winter (Wesbter, 1987). During the
winter season, the Asian continent cools faster than the Pacific Ocean and marginal seas. This

results in the formation of a high atmospheric pressure cell over Siberia. Such high-pressure

1
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fields on the continent determine a pressure gradient which in turn results in the onset of cold
and dry winds from northern latitudes (Webster, 1987). The inter-Tropical convergence zone
(ITCZ) and the precipitations are located on northern Australia and Indonesian arc during
winter. Inversely, during summer, oceans heat faster than the continent and high-pressure
atmospheric cells are formed above the ocean. This leads to the formation of warm and moist
northward winds from oceans to the East Asia continent and a northward shift of ITCZ and
precipitation front to the South China, Philippines, and Taiwan regions (Webster, 1987). In
addition, concurrently to the wet summer monsoon, typhoons affect the Philippines, Taiwan,
the coastal South China and the northeast Asia inducing intense episodic precipitations.
Taiwan is affected by 3 to 4 typhoons per year causing critical damages (Liang et al., 2017).
Typhoons are generated in western and central Pacific and western marginal seas at tropical
latitudes and their tracks are largely controlled by the regional atmospheric circulation
(Emmanuel, 2003, Chan, 2005). The summer season, when strong East Asian summer
monsoon and typhoons occur, accounts for more than 80% of the yearly precipitation on

Taiwan (~2500 mm, Dadson et al., 2003).

Such precipitation patterns imply that sediment fluxes from rivers to sea are largely
controlled by the seasonal precipitation variations. Numerous studies based on marine
sediments have investigated the impacts of East Asian monsoon and typhoon rainfalls on the
sedimentary redistribution from source-to-sink at different time scales (Boulay et al., 2005,
2007; Colin et al., 2010; Liu Z.F. et al., 2010a, 2016; Zhao et al., 2018). Paleoclimatic studies
conducted in the East Asia region have demonstrated the link between the monsoon system
and glacial-interglacial cycles (Wang et al., 2001; Dykoski et al., 2005; Cheng et al., 2016).
During warm interglacial periods, the summer monsoon was enhanced, and East Asian
climate was more humid. On the contrary, during cold glacial periods, the winter monsoon
was dominant and aridification of East Asia is observed. To date, there is no consensus on the
impact of monsoon variations on the chemical weathering conditions in East Asia. Studies
have shown that in large draining basins, the intensification of summer monsoon precipitation
might enhance the chemical weathering of sediments (Sang et al., 2022) (Fig. 1-1). However,
studies of small mountain river sediments in Taiwan suggest that the stronger summer
monsoon precipitations increase the runoff and erosion, reducing the sediment residence time

in river basins and then chemical weathering (Zhao et al., 2017) (Fig. 1-1).

Paleo-typhoon activity is intense in the East Asian region, particularly during the

Holocene (Yu S.W. et al., 2017; Yue et al., 2019). The paleo-typhoon variations have been
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demonstrated to be controlled by El Nifo Southern Oscillation (Zhu et al., 2017). Past
reconstructions of typhoon activity during the Holocene have shown stronger typhoon
frequency during the early and the Late Holocene (Chen et al., 2012; Zhu et al., 2017).
Gaoping submarine canyon is an ideal area to study paleo-typhoon records because its head is
connected to the Gaoping River mouth. Under such conditions, the suspended-sediment
concentration of the river plume from Gaoping river sediment discharge can generate
turbulent hyperpycnal flows in the canyon during major flood events such as those of

typhoons.
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Figure 1-1. Representation of source to sink processes on a continental margin, highlighting

river connected and not connected submarine canyon that control sedimentary dynamics.

East Asian climate is also an important control of the South China Sea surface current
circulation. The seasonal reversal of the monsoon winds induces a reversal of main surface
current directions (Fang et al., 1998; Hu et al., 2000). The South China Sea is only connected
to the western Pacific Ocean through the deep Luzon Strait. In general, surface, and deep-
water masses of the Philippines Sea inflow to the South China Sea through the Luzon Strait,
and South China Sea intermediate water masses outflows to the Philippines Sea (Yuan, 2002;
Caruso et al., 2006; Tian et al., 2006; Gan et al., 2016; Zhu et al., 2019). In addition, the
glacial-interglacial sea level fluctuations also modify the South Chin Sea hydrology. In high

sea level phases, shallow straits (<100 m of water depth) like the Taiwan Strait connect the
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SCS to adjacent seas. During glacial low sea level stand (-120 m), these straits are emerged.
Such changes of the hydrology have important effects on the detrital sediment redistribution

of the South China Sea (Wang et al., 1997).
The South China Sea is an interesting area to study source to sink process:

(1) Due to the contrasted mineralogical and geochemical signatures of the sedimentary
sources of the northern SCS, many studies have combined clay mineralogical assemblages
(clay fraction) and geochemical (Nd and Sr isotopes) to trace sediments provenance variations
in link with climatological and hydrological fluctuations at different time scales (Liu Z.F. et
al., 2004, 2005, 2007a, 2008; 2009; 2010; 2016; Colin et al., 2010; Zhao et al., 2018; Nayak
et al., 2021).

(2) The clay mineral assemblages and major elements can be used to reconstruct the
chemical weathering history of sediments deposited in the SCS in link with east Asian
monsoon rainfall variations (Hu et al., 2012; Clift et al., 2014; Liu Z.F. et al., 2016; Zhang et
al., 2017; Sang et al., 2022).

(3) Grain size investigations can be conducted to determine the impacts of changes in
hydrodynamic conditions, current strength and sea level fluctuations on hemipelagic
sedimentation (McCave et al., 1995a; Stow and Tabrez, 1998; Boulay et al., 2003; Xu et al.,
2017) and submarine canyon activities (Mulder et al., 2003; Liu J.T. et al., 2009; Hsiung et
al., 2021).

The objective of this study is to reconstruct the dynamics of sediment transports from
lands (South Taiwan) to the Northern SCS with a source to sink approach and establish the
climatic control (paleo-typhon, paleo-monsoon, sea-level changes). In detail, our objectives
are (1) to assess the role of the East Asian monsoon and typhoon rainfall on the erosion and
chemical weathering of South Taiwan since the last glacial period; (ii) to establish the activity
of the Penghu submarine canyon and potential climatic control (sea-level changes, rainfall);
(ii1) to reconstruct, on the base of high-resolution stratigraphy frameworks, the late Holocene
temporal changes of turbidity-current activities of the Gaoping submarine canyon which

permit us to reconstruct paleo-floods of the Gaoping river (paleo-typhoon).

For this study two long Calypso cores collected during the Hydrosed cruise on the levee
of the Gaoping submarine canyon and on the bank of the Penghu submarine canyon (south

margin of Taiwan). The two canyons are characterized by different land-sea configurations.
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Their studies are complementary and required to establish the dynamic processes of sediment

transfers from Taiwan, Taiwan Strait and South China to the Northern margin of the SCS.

We have then conducted radiocarbon dating, mineralogical analyses (XR diffraction on
clay-sized fraction and bulk sediments), geochemical analyses (XRF, XRF core scanning, Nd-
Sr isotopes) and sedimentological analyses (hyperspectral imaging, laser grain size and
carbonate content) to: (i) determine sedimentary provenances of the sediment deposited on the
levee of Penghu Canyon (clay minerals analyses and Nd-Sr isotopic composition) and
sedimentary dynamic (grain size) in link with sea level fluctuations and oceanographic
conditions; (ii) reconstruct weathering processes affecting the SW Taiwan (clay mineralogy
and major elements composition) associated with climatic changes since last glaciation; (iii)
constrain sedimentary dynamic of the Gaoping Canyon levee and obtain a high resolution
record of turbidites deposit through time to reconstruct the typhoon activity since late

Holocene (grain size, XRF core scanning, hyperspectral imaging).

The results of all investigations performed as part of this thesis are organized in five

chapters. This thesis is articulated in six chapters:

The first chapter is a general introduction of this study. The second chapter will introduce
the climatic and geological background of the studied area and the materials and methods
used for this study. This first chapter is divided into four sub-chapters. First, the sedimentary
settings of the northern South China Sea region will be assessed to present the geology of the
Southeast Asian regions and the present sedimentary dynamic with a particular focus on
Taiwan and the northern South China Sea margin. Then, the climatic settings of the East Asia
domain will be introduced presenting the present and past features of East Asian monsoon
system, the El Nifio Southern Oscillation and typhoons and their impacts on the sedimentary
dynamics of the studied region. The oceanographical settings of the northern South China Sea
and their control on present and past sediment redistribution from rivers to deep sea will be
presented as well. Finally, the study strategy with the cores sampled and investigated and the

methodologies used in this work will be presented.

The third chapter of this manuscript will focus on the identification with mineralogical
(clay mineral assemblages of illite, chlorite, smectite and kaolinite) and geochemical
investigations (Nd-Sr isotopic compositions) of the provenance of the hemipelagic sediments
deposited on the eastern bank of the Penghu Canyon and its changes since the last glacial

period (last 32 ka) from Core MD18-3569. Taiwan appears to be the unique source of eastern
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Penghu Canyon levee since the last glaciation. In addition, as there are no major provenance
changes, geochemical composition (major elements: Chemical index of alteration, Al/Na,
Al/S1) and clay mineralogical ratios (smectite/illite+chlorite, kaolinite/illite+chlorite) permit
us to reconstruct the chemical weathering history of the sediments from SW Taiwan rivers
basins. The chemical weathering proxies should indicate the impacts on SW Taiwan soil
weathering from climatic forcing (east Asian monsoon and typhoons rainfall) since the last

glacial period.

The fourth chapter will be focused on the grain size study of the eastern Penghu
Canyon sediment since the glacial period (last 32 ka). Sediments deposited on eastern Penghu
Canyon are mainly hemipelagic clays and fine silts, without visible turbiditic activity.
Sediment provenance from SW Taiwan is constant since last glaciation, but the deglaciation
sea level rise changed drastically the land sea configuration of the Taiwan Strait and Penghu
Canyon. The canyon is thought to be connected to rivers draining the strait during low sea
level periods. The grain size record will allow to reconstruct the hydrodynamic conditions and
terrigenous sediment redistribution controlled by climatic forcings and glacial-interglacial sea
level fluctuations. End-member modeling approaches have been used in order to better
understand the coarse and fine sediments transport processes modulated by the sea level rise.
In this chapter we aim to identify a potential canyon-river disconnection during the

deglaciation based on grain size results.

The sixth chapter aims to present the study of the late Holocene turbiditic frequency
recorded on the western levee of the Gaoping Canyon. The Gaoping Canyon activity is
interpreted to be directly controlled by typhoon activity (~70% of turbidites on the levee are
triggered by typhoons). The core MD18-3574, collected on the western levee of the Gaoping
Canyon, presents numerous fine laminations (2-25mm) indicating it records the strongest
events from the canyon. This will be investigated using an approach combining the scanning
of a highly laminated sediment core with non-destructive and high-resolution methods,
hyperspectral imaging and XRF core scanner to obtain relative sedimentological and
geochemical information. In addition, the high-resolution grain size measurement of a core
section and the mineralogical investigation of identified laminae will allow to characterize the
turbiditic deposit and reconstruct their frequency. Thus, we aim to reconstruct the paleo
typhoon frequency in the south of Taiwan since 4 ka and understand the link between Taiwan

typhoon activity and regional climatic changes (monsoon, ENSO).
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1.2 Sedimentary context of the northern South China Sea

The South China Sea is a semi-closed marginal sea of the Western Tropical Pacific

region. The SCS is ranging from 0° to 23° N and from 100° to 121° E (Fig. 1-2).

The SCS is the largest western Pacific marginal sea (3.5 million km?). It is limited to the
west by China and Indochina Peninsula (Vietnam, Cambodia, and Thailand), at the south by
Malay and Indonesian (Borneo and Sumatra) islands, at the east by Philippines archipelago

(Luzon and Palawan) and at the north by Taiwan island.

The SCS shelves present contrasted morphologies. The South China and the Sunda
shelves correspond to passive margins and are large and shallow (<200 m depth). Inversely,
the Indochina and northeastern and eastern SCS shelves are very narrow and not well
developed with very steep slopes characteristic of active margins. The northeastern and
eastern SCS is characterized by the presence of the Manilla Trench. Manilla Trench is a N-S
axis trench boarding Philippines archipelago and originating from a submarine canyon system
converging from South China and Gaoping (South Taiwan) slopes. The central SCS is a deep-
sea basin with sea floor at bathymetry ranging from 3000 to 4000 m. The SCS average depth
is around 1200 m. The Manilla Trench presents the deepest water depth up to 5400 m.

The SCS is directly connected to the Western Pacific only through the deep Luzon (also
called Bashi Strait) Strait. The Luzon Strait is a north-south strait located between Luzon and
Taiwan islands (Fig. 2.1). The deepest sill of Luzon Strait reaches 2400 m. It permits water
mass exchanges between the SCS and the Western Pacific (Hu et al., 2000). The northern SCS
is connected to the East China Sea by the shallow Taiwan Strait (Fig. 2-1) separating Taiwan
to China block (maximum water depth of 60 m). The Karimata and Mindoro Straits are
connecting the Southern SCS to the Java and Sulu seas (Fig. 2-1) and are characterized by

shallow water depths (respectively <50 and 200 m.

The SCS is the convergence zone of three tectonic plates: at the west and north the
Eurasian continental plate, at the east the Philippines Sea oceanic plate and at the south the
Indo-Australian plate. Such tectonic context results in an active tectonic development of the
east SCS trenches and Indonesian and Philippines’ extrusive magmatism (Katili, 1975; Yumul
et al., 2003). It results also in a rapid uplift of Taiwan (~10 mm/yr) and Borneo (~5 mm/yr)
(Huang., 1997; Hall, 2002, 2013; Ching et al., 2011).
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Figure 2-1. Map of Southeast Asia centered on South China Sea

The SCS is surrounded by large rivers that discharge large amount of sediment (~1600
Mt/yr) (Mekong River, Red River and Pearl River (Milliman and Syvitski, 1992; Milliman et
al., 1999; Milliman and Farnsworth, 2011; Zhang et al., 2012;). However, sediments deposited

in the northern SCS derived from the three land masses surrounding the region. To the west of

northern SCS, the South China is drained by rivers including the Pearl Rivers which flow into

the western SCS and Taiwan Strait (102 Mt/year). At the northern SCS, small mountain rivers
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of south and south-west Taiwan discharge sediments (176 Mt/year) to the northern SCS and
Taiwan Strait. At the east of the SCS, many rivers draining the volcanic Philippines

archipelago discharge small amounts of sediments (13 Mt/year) to the northeastern SCS.

1.2.1 Geology of Taiwan

Taiwan is located in an active tectonic region where a triple subduction-collision has
been occurring since the Miocene (Huang et al., 1997). At the south of Taiwan, the SCS
oceanic crust (Eurasia plate) is subducting below the Luzon volcanic arc forming the Manilla
Trench oriented north-south following the subduction axis (Yang et al., 1996). At the east, the
Philippines Sea plate subducts beneath the Eurasia plate forming the Ryukyu Trench (Yang et
al., 1996). Taiwan is the accretion prism of the crust subducted in the arc-continent collision
forming the orogenic belt, the Central Range (Lester et al., 2013). The subduction caused a
significant uplift 7-20 mm/yr (Hsieh and Knuepfer, 2001; Ching et al., 2011) and Taiwan
emerged between 11 and 4 Ma (Hsieh et al., 2022; Zhang et al., 2023). Taiwan is composed

by Eocene-Oligocene to Quaternary sedimentary rocks and Cenozoic metamorphic rocks.

Taiwan is drained by small mountain rivers with small and steep draining basins (Liu J.T.
et al., 2009). Due to the intense tectonic activity coupled to heavy rainfall and their steep
profiles, south-west Taiwan rivers are highly incising bedrocks (5-16 mm/yr). These rivers
discharge about 176 Mt/yr of suspended sediment to the SCS and Taiwan Strait (Dadson et
al., 2003). More specifically, eleven major rivers drain the southwest Taiwan (Fig. 1-3),
including four rivers with annual sediment discharge higher than 10 Mt/yr. These four rivers
are, from north to south, Zhuoshui (54.1 Mt/yr), Tsengwen (25.1 Mt/yr), Erhjen (30.2 Mt/yr)
and Gaoping (49 Mt/yr) rivers (Dadson et al., 2003). Tsengwen and Erhjen river mouths are
the closest river mouths to the Penghu Canyon head (~100 km). Gaoping River is directly
connected to the head of the Gaoping Canyon.
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Figure 1-3. SW Taiwan rivers map and sediment discharged to SCS and Taiwan Strait

(modified from Dadson et al., 2003; Liu J.T. et al., 2009).

1.2.2 Geology of Luzon Island

Luzon is an island located at the south of Taiwan, it is the northern island of Philippines
archipelago and the only one directly surrounding the SCS. Luzon is the result of the collision
between Eurasian Plate and Philippines Sea Plate. The collision results in a subduction
forming the East Luzon Trough and Manilla Trench, respectively at the east and west of
Luzon. Northern Luzon’s volcanic activity produced andesitic and basaltic deposits in the
southern part of the island from the Pliocene to Quaternary (Commission for the Geological

Map of the World, 1975; Durkee and Selmer, 1961) (Fig. 1-4.).

Luzon is drained by numerous small rivers and four major river drainage systems (Fig.
2.3). Most of the largest rivers transport ~5 Mt/yr of sediments (e.g. Agno ~4.7 Mt/yr;
Pampanga ~3.5 Mt/yr; Angat ~4.6 Mt/yr). In present time, the western Luzon rivers contribute
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a total of 13 Mt/yr of sediment to the eastern SCS which is considerably less than the other

regional sediment sources (Liu Z.F. et al., 2009).
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Figure 1-4. Geological map of Luzon Island (modified from Tsai et al., 2019).

1.2.3 South China: Pearl River draining system geology

The South China Block is a Mesozoic cratonic block of the Eurasian Plate. South China
is divided in two sub-blocks separated by the Jiangshan—Shaoxing (JSF) and Ziyun Luodian
(ZLF) faults systems, at the north the Yangtze craton and in the south the Cathaysia block
(Wang et al., 2013) (Fig. 1-5). South China is mainly composed of Paleozoic-Mesozoic
igneous, sedimentary and carbonate rocks. The rivers draining the South China discharge a
total of 102 Mt/yr of sediments (Liu Z.F. et al., 2016). The largest river draining the South
China block is the Pearl River and covers more than 450 000 km? (the third largest river in
China). The river flows southeastward through the craton Paleozoic-Mesozoic rocks and
discharges 84.3 Mt/yr of suspended sediment to the SCS through the Pearl River delta (Zhang
et al., 2012). The other south China rivers discharge significantly less sediment to the SCS
Pearl River with an average suspended sediment flux of less than 10 Mt/year, (e.g. Jiulong

(3.1 Mt/yr); Han (10 Mt/yr) rivers) (Milliman and Fanworth, 2011).
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Figure 1-5. Simplified geological map of South China (from Wang et al., 2013; Zheng et al.,
2013).

1.2.4 Northern SCS sediment provenance identification

River basins around the South China Sea are characterized by very contrasting
environmental and geological settings resulting in very different chemical weathering
conditions. Thus, the sediments transported from the land masses to the SCS through the river
draining system have very contrasted mineralogical and geochemical signatures. Several
studies have focused on the identification of sediment provenance using clay mineral

assemblages and isotopic compositions of the rivers draining the southeast Asian domain.

Liu Z.F et al. (2016) showed that clay mineral assemblages in the northern SCS are an
interesting proxy to determine the main source of sediments due to their very contrasted
mineralogy. Four groups of clay minerals (illite, chlorite, kaolinite and smectite) have been

identified in sediments of the SCS (Fig. 1-6).
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Figure 1-6. Average clay mineral assemblages of fluvial drainage systems around northern

SCS (modified from Liu Z.F. et al., 2016)

Illite and chlorite are considered primary minerals and result mainly from intense
physical erosion and moderate chemical weathering of metamorphic (i.e., muscovite or
biotite) and granitic parent rocks, but can also be derived from reworking of sedimentary
rocks (Chamley, 1989). In the northern SCS, illite and chlorite derive from the same processes
and sedimentary sources (e.g. Liu Z.F. et al., 2007b, 2016a; Liu et al., 2010; Hu et al., 2012).
llite and chlorite are abundant in Taiwan (56% and 36% respectively) (Fig. 1-6) (Liu Z.F. et
al., 2007b, 2010, 2016). Taiwan region is characterized by rapid uplift and important seasonal
precipitation which induces significant physical erosion, which is the prevailing factor for
illite and chlorite formations (Huang et al., 1997). In addition, illite and chlorite contents are

low (less than 20%) in volcanic provinces around the SCS.

Smectite (and mixed-layer) minerals result from the bisialitization of ferromagnesian
aluminosilicates (leaching of mobile elements). Smectite is considered a secondary mineral
produced by the chemical weathering of parent aluminosilicates and ferromagnesian silicates
under warm and seasonally contrasted climatic conditions (Chamley, 1989). Smectite could
also be produced in a large amount from the weathering of volcanic provinces (andesitic and

to basaltic rocks) under low to moderate chemical weathering (McKinley et al., 1999).
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Smectites are the dominant clay minerals of the Luzon volcanic province with an average of
87% (Liu Z.F. et al., 2009b). The Cenozoic volcanic rocks of the Central Range of Taiwan can
also contribute to moderate amount of smectite due to their chemical weathering. Luzon
consists of important Cretaceous to Quaternary volcanic deposits under the warm and humid
EAM system. Such conditions are favorable to the production of large amounts of smectite by

efficient bisialitization.

Kaolinite is produced in soils under strong hydrolysis conditions (Chamley, 1989).
Kaolinite is found in monosialitic soils common to stable plains and steep slopes within a
drainage basin with relatively good drainage conditions (Chamley, 1989). The kaolinite is
composed of AlSi>Os(OH)s. High proportion of kaolinite indicates strong hydrolysis
conditions associated with warm and humid climate (Chamley, 1989). South China (<45%), is
characterized by dominant kaolinite (Liu Z.F. et al., 2007b, 2016). The resulting intensive
chemical weathering of the bedrocks overcomes the lithologic and tectonic controls.
Inversely, Taiwan and Luzon region are characterized by little to no kaolinite. The lithological
factor is dominant in Luzon’s rock chemical weathering and the strong erosion of Taiwan
rocks driven by the tectonic and steep basins prevent high kaolinite production (Liu Z.F. et al.,

2009, Liu et al., 2010 2010).

Several studies used the isotopic composition of Nd and Sr to trace the sediment
provenance in marine records (Grousset et al., 1988, Colin et al., 1999, 2006; Clift et al.,
2002; Li et al., 2003; Boulay et al., 2005; Liu Z.F et al., 2005, 2016; Wei et al., 2012; Joussain
et al., 2016). Nd and Sr isotopic compositions are contrasted between different regions
surrounding the northern SCS (Liu Z.F. et al., 2016). We have reported in Table 1-1 the Sr and
Nd isotopic composition of detrital materials derived from the main regions of the western
and northeastern SCS region (Goldstein and Jacobsen, 1988; Li et al., 2003; Liu Z.F. et al.,
2007c, 2016; Shao et al., 2009; Dou et al., 2016).

There is strong contrast in the Nd and Sr isotopic signatures of volcanic province of
Luzon and of crustal rocks of the East Asian continent and Taiwan (Table 1-1). The Pearl
River (-13.28 to -10.38; average = -11.79), and river of Taiwan (-13.26 to -11.19; average =
12.30) provide to the SCS sediments characterized by non-radiogenic isotopic signatures
(very negative eNd values) (Li et al., 2003; Liu Z.F. et al., 2007d, 2016; Shao et al., 2009;
Dou et al., 2016). On the contrary, the volcanic province of Luzon contributes sediments to

SCS characterized by radiogenic isotopic signatures (with positive eéNd values from 6.4 to
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7.39; average = 6.96) (Goldstein and Jacobsen, 1988; Liu Z.F. et al., 2016). Such differences

in the isotopic compositions result from the very contrasting lithology between young

volcanic rocks (e.g. basalts) derived from the mantle and old crustal rocks from stable cratons

(e.g. igneous and sedimentary rocks).

Table 1-1: 37Sr/%6Sr and eN disotopic compositions from the provinces surrounding northern

SCS (modified from Liu Z.F. et al., 2016):

Province  Rivers 87Sr/%0Sr +20 eNd +20
Taiwan Gaoping 0.718668 0.000011 -12.56
0.717834 0.000014 -12.5
0.718899 0.000029 -11.60 0.07
Tsengwen 0.721323 0.000012 -12.24 0.09
0.720955 0.000015 -13.26
0.720419 0.000013 -12.84
Erhjen 0.720608 0.000011 -12.63 0.09
Zhuoshui 0.718828 0.000010 -11.83 0.07
0.719782 0.000012 -12.7
0.719405 0.000016 -12.04
0.71861 0.000012 -12.21
Peinan 0.715471 0.000029 -11.19 0.07
Luzon Pampanga 0.704391 0.000010 7.08 0.07
0.070491 0.000050 7.10
Agno 0.704801 0.000011 7.02 0.08
0.704350 0.000050 6.50
Arba 0.705020 0.000030 6.40
Vigan 0.704198 0.000029 7.39 0.08
Cagayan 0.704608 0.000011 7.10 0.08
0.705240 0.000040 6.90
0.704896 0.000029 7.19 0.09
Pearl river
0.733442 0.000003 -11.68 0.80
0.742222 0.000005 -13.28 0.12
0.735662 0.000006 -12.66 0.10
0.735209 0.000003 -10.38 0.18
0.727507 0.000002 -12.37 0.06
0.730134 0.000003 -11.41 0.18
0.737314 0.000005 -10.51 0.57
0.728329 0.000002 -11.96 0.06

87S1/%6Sr present very contrasted compositions between the main sedimentary sources.
(Boulay et al., 2005; Liu Z.F. et al., 2005, 2016; Wei et al., 2012). Sediments from the
volcanic province of Luzon have the lowest 37Sr/%®Sr ratios (0.7042-0.7052) (Goldstein and
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Jacobsen, 1988; Liu Z.F. et al., 2016). The Pearl River and South China have the highest
87Sr/%Sr ratios ranging from 0.7275 to 0.7422 (Liu Z.F. et al., 2007¢c). The sediments from
rivers of Taiwan (0.7155-0.7213) have lower 8’Sr/*®Sr ratios than the Pearl River (Dou et al.,
2016; Liu Z.F. et al., 2016). However, ¥’Sr/%Sr values can be also affected by alteration and
grain size fractionation and have also been used to discuss chemical weathering (Derry and
France-Lanord, 1996; Colin et al., 2006; Clift et al., 2014). Indeed, ¥’Sr** ions are
preferentially released during chemical weathering of Rb-rich minerals and fine grain size

fractions tend to be enriched in 8’Sr (Clauer, 1979; Meyer et al., 2011).

1.2.5 Northern SCS Taiwan shelf sediments processes

The Taiwan shelf is very narrow and is incised by deep submarine canyons such as
Gaoping Canyon and Penghu Canyon. Taiwan-sourced sediments are then rapidly transported
to SCS deep basin mainly through turbidity currents on the slope and canyons (Milliman and
Sivitsky, 1992; Liu J.P. et al., 2008). The hyperpycnal and hypopycnal flows resulting from
Gaoping River discharge are composed of a significant amount of illite and chlorite (Liu Z.F.
et al., 2008, 2016a; Nayak et al., 2021). Most of the hyperpycnal sediments are transported by

turbidity currents in the Goaping Canyon.

This study gives important attention to the submarine canyon systems developed on
Taiwan margin (Fig. 2.6) and particularly to Gaoping and Penghu Canyons. Many studies
have focused on the Gaoping Canyon sedimentary processes (Milliman and Sivtsky, 1992;
Chiang and Yu, 2006, 2011; Huh et al., 2009; Liu J.P. et al., 2008, Liu J.T. et al., 2009, 2016;
Yu S.W. et al., 2017; Zhang et al., 2018; Chen et al., 2020). The canyon head is located at 1
km from the mouth of the Gaoping River and is directly connected to the river system (Liu
J.P., et al., 2016). The Gaoping canyon is then a very active canyon system connecting the
Gaoping River to the deep-sea trench system (Fig. 1-7). The Gaoping River is characterized
by a relatively small and mountainous catchment with relatively reduced floodplain, delta and
shelf. In such land-sea configurations, the Goaping Canyon is directly linked to the Gaoping
River without any major storage of sediments on the shelf. Consequently, the Gaoping River
discharges a large percentage of its sediment load directly into the sea because sediments can
easily escape the narrow shelf and feed deep-basin during high and low stands of see level.
Besides, the Gaoping canyon system is a short sediment transport system, suggesting that
climate changes may have controlled the sedimentary inputs and the turbidite activity with

minor impact of sea-level fluctuations.
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Figure 1-7. Map showing the location of the different submarine canyons and
geomorphological units of South Taiwan slope (1: Gaoping Canyon; 2: Fanglio Submarine
Canyon; Kaohsiung Submarine Canyon; Shousan Submarine Canyon; 5: Formosan

Submarine Canyon; 6: Penghu Submarine Canyon; 7: Penghu Channel (from Su et al., 2018)

The river discharges 49Mt/yr of suspended sediments to the SCS including 80% through
the submarine canyon (Dadson et al., 2003; Huh et al., 2009; Liu J.T., et al., 2009). Sediment
deposits from the channel-levee system can be used to study the response of terrestrial surface
erosion to climate change and reconstruct periodic floods (paleotyphoon) and/or the
variability of monsoon rainfall, at longer time scales. The Gaoping Canyon is surrounded by a
series of NE-SW submarine canyons parallel to the upper reach of the canyon (Kaohsiung and
Fangliao submarine canyons) (Fig. 1-7). The canyon is 260 km with a depth which can reach

600 m below the slope bathymetry. The canyon has a U- to V-shaped topography with high
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walls limiting the sediment overflow (Chiang et al., 2006, 2011). At more than 3000 m below

sea level, the canyon merges with the Manilla Trench.

The Penghu Canyon presents different land-sea configuration. It is located at the junction
of the Taiwan slope and South China Slope, and it connects the southeastern part of the
Taiwan Strait through the deep-sea trench system. The Penghu Canyon is a 180 km long
submarine canyon extending from the Taiwan Strait Shelf break to the Manilla Trench formed
by the local collision (Yu and Chang, 2002; Yu and Hong, 2006). Unlike the Gaoping Canyon,
Penghu Canyon is not connected to a river but near to the submarine Penghu Channel (Boggs,
1979, Liu et al. 1998). The channel is sometimes considered to be the remains of a paleo-
Minchiang river draining the Taiwan Strait (Boggs, 1979; Dadson et al., 2005). However, the
canyon and the channel do not appear to be connected and Huang and Yu (2003) considered
this hypothesis unlikely. The Penghu Canyon mainstream has three tributaries including the
Shousan Canyon which form a 80 km wide and 100 km long fan in the upper reach from the
Taiwan Strait shelf break to a bathymetry of ~2000 m below the sea level (Chuang and Yu,
2002). In opposition, the lower reach is a 80 km long course that connects the upper reach and
the Manilla Trench (Yu and Chang, 2002). The sedimentary dynamics of the canyon seem to

result from the failure of slumps wall controlled by the tectonic forcings.

The response of sedimentary dynamics of Taiwan submarine canyons to the sea level
rise, monsoon intensification and weakening, intense typhoon precipitation and hydrologic
changes is still to be studied. The Gaoping submarine canyon sediment provenance is
constrained by the connection of the canyon to the Gaoping River (Nayak et al., 2021). The
alternation between the hemipelagic deposition and the typhoon and earthquakes-driven
turbidity flows has been studied at different time scales from the scale of a typhoon, and from
yearly time range to a climatic cycle (Gavey et al., 2017; Yu S.W. et al., 2017; Zhang et al.,
2018). Nevertheless, in sedimentary records, the past relationship between the intensity and
the frequency of typhoon activity and the climatic changes remains uncertain in the western
Pacific region. The Penghu Canyon and levee’s sedimentary dynamic is relatively unknown.
Nayak et al., 2021 stated that sediments are derived from Taiwan and Luzon through the
surface circulation. Within the canyon, geomorphology and seismic profiles are demonstrated
that the sedimentation is driven by tectonic-triggered slumps (Yu and Chang, 2002). However,
sedimentary records are not available to discuss the late Quaternary sedimentary dynamics.
Thus, the sediment provenance, sedimentary processes (turbidites, hemipelagic deposition)

and their response to the sea level variations (possible connection with a paleo-river versus
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circulation dominated transport), hydrological (source changes) and climatic variations
(terrigenous sediment flux) are still unknown. The study of the two canyons will give
information on the similarity and differences of sedimentary dynamics and forcings of

connected and not connected canyons of the Taiwan margin.

1.3 Climatic setting of northern South China Sea

1.3.1 East Asian monsoon system

The SCS climate is strongly influenced by the East Asian monsoon system. SCS region
temperature varies mainly with latitude. In the subtropical northern SCS, the temperature
varies widely from 10°C in winter to 20°C in summer with a clear seasonal variation.
Inversely, the tropical SCS experiences warmer (27-28°C) and more stable (summer-winter
gradient <5°C) temperatures. The main feature East Asian climate is the latitudinal
atmospheric heat and moisture fast transport from low latitudes to poles (Webster, 1987, 1994,
1998). The East Asian Monsoon (EAM) consists of atmospheric exchanges between land and
ocean and affects a region between the Indonesian Arc and the Siberian region. The EAM is
characterized by a seasonal reversal of wind direction and a latitudinal shift of the
Intertropical convergence zone (ITCZ). This phenomenon is controlled by the seasonal

change in land-ocean heat gradient, which affects atmospheric circulation (Webster, 1987).

In summer, the solar radiation (insolation) received at low latitudes is high. The
continental heating is more important than the oceanic heating. The ocean surface water loses
part of the energy received from solar radiation due to evaporation and heat mixing in water
column (Webster, 1987). This heat gradient associated with a heating of continent relative to
ocean results in the development of a low pressure and warm air cell over the continent
(Central China) and inversely a high pressure and low temperature over the ocean from May
to September (Webster, 1987; Chu and Wang, 2003). The resulting atmospheric pressure
gradient leads to a northeastward transport from high-pressure cell (ocean) to low-pressure
cell (continent). The moisture transported by the NE winds to the continent rises due to the
association of the pressure contrast with low-pressure cells and potential mountain belts
(Webster et al., 1987). The resulting cooling of the moist air masses leads to heavy
precipitation on the continents and the reliefs (Fig. 1-8). The East Asian Summer Monsoon
(EASM) is characterized by the northward shift of ITCZ to 20-35°N over the SCS region
(Wang B. et al., 2003, Wang P. 2003, Yi, 2011). The EASM (May-September) period

represents the wet season of the northern SCS and is associated with 85 to 90% of the annual
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rainfall precipitation of South China (1700-2000 mm), Taiwan (~2500 mm) and Luzon (1900-
2100 mm) (Zhang et al., 1999; Dadson et al., 2003; Liu et al., 2007c, 2009).

Strong Weaker
summer winter
radiation radiation

Y . y

Stronger Stronger
_ summer winter
{ =~ '\ monsoon monsoon

_—_—

Figure 1-8. Schematic monsoon system process: seasonnal dichotomy (from Ruddiman, 2001)

Inversely, in winter from November to April, low latitudes receive weaker solar
radiation. In the northern latitudes, snow cover amplifies the cooling effect and the
temperature gradient between the continent and the ocean (Dickinson, 1983; Xiao and Duan,
2016). The continent cools faster than the ocean. The temperature gradient between continents
and oceans is reversed compared to summer (Webster, 1987). High pressure cells are forming
on the continent, such as the Siberian anticyclone (Sahsamanoglou et al, 1991) and in
opposition low pressure cells form over the oceans (Fig. 1-8). The East Asian Winter
Monsoon (EAWM) is characterized by strong and cold southwestward winds from continents
to oceans (Webster, 1987). The ITCZ and precipitation front shift southward between 0 and
20°S over the Indonesian arc (Wang B. et al., 2003, Wang P. et al., 2003, Yi, 2011). Thus, the
EAWM period is a dry season over the northern SCS and a wet season over the southern SCS

with precipitations increase of around 20% (Liu and Dong, 2013).

1.3.2 Controls on East Asian Monsoon system
It has been demonstrated that the EAM system responds to global climate variations and
major environmental and tectonic changes at different geological time scales (e.g. Sun and

Wang, 2005; Shukla et al., 2014; Licht et al., 2016) (Fig 1-9).

On long time-scale, tectonic events affected the monsoon state (Liu and Dong, 2013).

Since Cenozoic several major tectonic uplifts have occurred in Asia affecting the regional
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climate regime (Liu and Dong, 2013). The uplifts of Iranian Plateau at the west and
Mongolian Plateau at the north may have constrained the EAM (Liu and Yin, 2002; Tang et
al., 2013). Another major tectonic event is the formation and uplift of Tibetan Plateau. The
Tibetan Plateau uplift led to an increase of the temperature gradient in east and southeast Asia
increasing the EAM system and the EASM precipitation (An et al, 2000; Liu and Yin, 2002;
Guo et al., 2008; Liu and Dong, 2013). Long-term climatic events such as glaciations of
Arctic and Antarctica have strongly affected the monsoon system. Several studies highlight
the enhancement of EAM precipitation with the growth of polar icesheets (Ding et al., 1995;
An, 2000; Yin et al., 2008; Ao et al, 2016).

Higher insolation over northern hemisphere strengthens the low-pressure cell over the east
Asian continent increasing the intensity of EASM precipitations (Webster, 1987). During the
interglacial intervals, the precession enhances solar insolation. This higher insolation
increases the temperature gradient which favors the EASM over the EAWM. Inversely, in
glacial times, EAWM is enhanced compared to the EASM (Clemens et al., 1996). The
decrease of solar insolation weakens the importance of low-pressure atmospheric cells on the
east Asia continent and temperature gradient between surface water and continent (Webster,
1987). Such a phenomenon results in a latitudinal shift of the ITZC over the different cycles,
respectively southward in glacial times and northward in interglacial intervals (Wang et al.,
2005). Currently, EAWM is strengthened compared to the EASM due to the decreasing trend
of insolation since the early Holocene (Wang et al., 2001; Dykoski et al., 2005; Cheng et al.,
2016).At different time scales such variations were observed both in marine and terrestrial
sedimentological records (Wang et al., 2001; Tian et al, 2004; Dykoski et al., 2005; Yancheva
et al., 2007; Cheng et al., 2016; Zhao et al., 2018) (Fig. 2.8). This shows the tight control of
19-23 ka and 40 ka periodicities of precession and obliquity on the east Asian monsoon

system.
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Figure 1-9. Temporal Asian monsoon variations (d: green curve) compared with orbital
parameters such as obliquity, eccentricity and precession showing precession-obliquity driven

insolation forcing on Asian monsoon (from Cheng et al., 2016).

1.3.3 Monsoon forcing on erosion and chemical weathering
The physical erosion is a process controlled by relief and the action of the climate,
lithology, environment (e.g. vegetation cover) or humans (Wang et al., 2016; Ochoa et al.,

2016).

The topographic factor is an important setting for erosion processes. Mountain slopes are
more susceptible to experience stronger erosion than plains (Liu et al., 2000; Larsen and
Montgomery, 2012). Tectonic processes have an important influence on erosion. Previous
studies have shown that the erosion rate, river incision rate or landslide occurrence are
enhanced by strong uplift rate or recurrent earthquake frequency (Ahnert, 1970, Dewey and
Horsfield, 1970; Humphrey and Konrad, 2000; Dadson et al, 2003; Malamud et al., 2004;
Larsen and Montgomery, 2012; Li Y. et al., 2014; Li G. et al., 2019). Land use and cover such
as exposed soil, bushes and shrubs or agriculture tend to increase the efficiency of soil or rock

erosion efficiency by rainfall and runoff in tropical mountainous region, while primary forests
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tend to increase soil protection against erosion by the rainfall runoff (Descheemacker et al.,

2006; Mohammad and Adam, 2010; Arnaud et al., 2016; Vijith et al., 2018).

The climatic setting is one of the prevailing forcings of erosion. Tropical regions, except
for high-altitude mountain regions, are not affected by the icesheet movements or freeze-thaw
actions experienced in higher latitude regions (Sugden, 1978; Cowton et al., 2012; Deprez et
al., 2020). Taiwan highest mountains show sporadic features of glacier presence during
glacial periods (e.g. LGM) (Cui et al., 2002; Bose, 2004; Ono et al., 2005; Carcaillet et al.,
2007). However, the heavy precipitation driven by monsoon system and typhoons in the
tropical region is a major factor controlling the erosion (Mohamadi and Kavian, 2015; Meng
et al., 2021; Zhao et al., 2021). The intense precipitation resulting from storms and monsoon
leads to increased river incision of bedrocks and soils and higher occurrence of landslides
(Page et al., 1994; Hsieh and Knuepfer, 2001, 2002; Clift et al., 2008; Colin et al., 2010;
Montgomery et al., 2014; Saito et al., 2014; Joussain et al., 2017).

Thus, the small mountain rivers of Taiwan will incise, erode, and transport high sediment
yields triggered by the high uplift, slope gradient and intense monsoon and typhoon
precipitations (Hsieh and Knuepfer, 2001, 2002; Dadson et al., 2003). Despite moderate relief
and stable tectonic context, the vegetal cover in South China and Pearl River basin regions (in
present time: important cropland and grassland) (Zhang L., et al., 2016; Liao et al., 2020) and
heavy monsoon precipitation make them very vulnerable to erosion. However, the vegetation
cover may have been different prior to anthropic land use of soils. Inversely, Luzon is less
sensitive to erosion due to its significant proportion of primary forest in the moderate

elevation regions.

Chemical weathering is associated with the erosive action of water on rocks. The
significant moisture over East Asia related to the EAM and the typhoons strongly affects the
chemical weathering of rocks. Studies suggest an increase of chemical weathering related to
higher humidity and warmer temperature (West et al. 2005; Goudie and Viles, 2012; Eppes et
al., 2020). Thus, soils in Southeast Asia regions are sensitive to intense chemical weathering.
Nevertheless, the chemical weathering depends on the complicated interactions of different
feedbacks. Physical erosion or significant runoff associated with important precipitation could
lead to higher chemical weathering enhanced by the breaking of rocks and induces greater
alteration surfaces (Rasmusson and Carpenter, 1982; Allan et al., 1996; Gaillardet et al., 1999;
Riebe et al., 2001; Lyons et al., 2005; Wan et al., 2012). However, when physical erosion is
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too strong, soils tend to be removed and then the state of chemical weathering of soil material
is reduced (Ferrier and Kirchner, 2008; Arnaud et al., 2012; Bajard et al., 2016, 2017a). In
addition, chemical weathering also depends on the water exposure or sediment/rock residence
time in water (Selvaraj and Chen, 2006). Sediments tend to be less affected by chemical
weathering in systems with rapid transport, short length, or low storage in the river basin
(Lyons et al., 2002). It is particularly the case for small mountain rivers (France-Lanord and
Derry, 1997; Arnaud et al., 2012; Sun and Colin, 2014). The relationship between the climate
cycles and the weathering is still unclear in the northern SCS and especially in south Taiwan.
On the one hand, studies have shown enhanced sediments chemical weathering during the
warm and humid periods such as Holocene (Chen et al., 2016; Miriyala et al., 2017; Sang et
al., 2022). On the other hand, studies argued that the shortened residence time of sediments
caused by the increased runoff and fastest transport from source-to-sink weakened the
chemical weathering, particularly in small mountain river systems such as Taiwan (Dosseto et
al., 2010; Bi et al., 2015; Dou et al., 2016; Zhao et al., 2017). Thus, the question of the
chemical weathering variations through the climate changes in northern SCS still needs to be

investigated.

1.3.4 Typhoons and El Nifio Southern Oscillation

Typhoons (name for cyclones in the north Pacific basin) are the most intense tropical
storm phenomena. They occur mostly (>95%) in tropical latitudes when the sea surface
temperature exceeds 26°C and atmospheric conditions (large-scale vertical waves in easterly
wind, cumulus convection with ascending warm and wet air and descending cold air)
facilitate the development of clockwise circulation leading to a mature cyclone (Yanai, 1964;
Emanuel, 2003; Dare and McBride, 2011; Tory & Dare, 2015). The typhoon intensity is
largely related to the sea surface temperature and its track (Emanuel, 2003; Ulbrich et al.,

2009)

Typhoon tracks in western Pacific region can have westward or poleward direction, which is
controlled by the background atmospheric circulation (Walker circulation, monsoon winds)
(Emanuel, 2003). The Pacific Walker circulation tends to suppress Coriolis force effects
(poleward motion) and facilitate westward motion of typhoons (Emanuel, 2003; Chan, 2005).
When Pacific Walker circulation is weaker and not balancing the Coriolis force and summer
monsoon is stronger, the atmospheric circulation allows poleward motion where typhoon
tracks curve around 25°N and 130°E (NE Taiwan, SW Japan) and shift northward (Emanuel,
2003; Chan, 2005; Zhang et al., 2013) (Fig. 1-10). Typhoons not dissipated in extratropical
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latitudes tend to increase in intensity (Emanuel, 2003; Ulbrich et al., 2009). In most cases,

typhoons dissipate quickly after hitting land (Emanuel, 2003).
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Figure 1-10. Tropical storms track 1950-2013 (Liang et al., 2017). The grey lines are showing
the tracks of all the tropical storms. The red, green, and blue lines represent the average paths

of westward, northwestward and northward tropical storms.

The northern SCS is particularly affected by tropical storm activity (Fig. 1-10). Taiwan
experiences 3 to 4 typhoons (extreme tropical storms) per year (Wu and Kuo, 1999; Zhang et
al., 2018). The summer and autumn seasons represent the typhoon season (Wu and Kuo,
1999; Chen and Chen, 2003; Su et al., 2012). Tropical storms such as typhoons are the
sources of important and brutal rainfall precipitations. Over the last decades, major typhoons
such as Herb (1996), Nari (2001) and Morakot (2009) have struck Taiwan. Typhoon Herb
struck Taiwan and Ryukyu Islands and mainland China, from the 31% of July to the 1% of
August 1999 and was one of the most intense and damaging tropical storms in recent decades
(Wu and Kuo, 1999). The 320 km large typhoon struck Taiwan with winds of more than 200
km.h'! and a total rainfall of 1994 mm (Lin and Jeng, 2000). Similarly, the typhoons Nari (16-
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17" September 2001) and Morakot (7-10" August 2009) hit Taiwan with heavy rainfall,
respectively more than 2000 mm (Yang and Huang, 2004) and 2600 mm in Taiwan (Chien
and Kuo, 2011). The significant typhoon rainfall is often associated with important runoff
leading to destructive processes such as landslide or floods on land resulting in damages and
casualties (Shieh et al., 2010; Lo et al., 2014; Deng et al., 2016; Yang et al., 2018; Tsai e al.,
2021, 2022), important river sediment discharge (Zhang et al., 2018) and gravity flows in

marine domain resulting in infrastructure breakage (Su et al., 2012; Gavey et al., 2017).

El Nifio Southern Oscillation (ENSO) is a prevailing feature of the climate variability
and ocean-atmosphere exchange in tropical regions at short- and long-time scales and can
strongly influence typhoon activity (Bjerknes, 1969; Neelin et al., 1998; Wang and Chan,
2002 Chan, 2007). It consists of an alternation of two opposite climatic conditions, La Nifia
and El Nifo (Philander, 1990) driven by changes in sea surface temperatures (Bjerknes, 1969;
Philander, 1980; Neelin et al., 1998). On an interannual time scale, the eastern equatorial
Pacific Ocean surface warms leading to decrease of pressure, wind strength and the equatorial
upwelling. These three responses to the initial warming are positive feedbacks that amplify
the warming of eastern equatorial Pacific Ocean surface. These are the El Nifio conditions.
However, the waves associated with the warming lead to a lagged cooling of the equatorial
subsurface waters later compensating for the surface warming, inducing a cooling of the
equatorial surface waters. These are the La Nifa conditions (Bjerknes, 1969; Philander, 1980;

Neelin et al., 1998).

ENSO affects heat and moisture transport on the Pacific Ocean scale. The atmospheric
circulation is influenced by the different ENSO conditions, which leads to the propagation of
the effects of the ENSO fluctuations over the globe (Trenberth et al., 1998; Liu and
Alexander, 2007). The El Nifio and La Nifna cause global disturbances of the natural climate
with unusual droughts and floods (Ropelewski and Halpert, 1989; Trenberth et al., 1998;
Mason and Goddard, 2001; Lenssen et al., 2020) (Fig. 1-11, 1-12). El Nifio conditions are
associated with wet autumn and winter seasons in Taiwan regions (Fig. 1-11). La Nifia

conditions are associated with drier climate in winter over northern SCS (Fig. 1-12).
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El Nifo and Rainfall

El Nifio conditions in the tropical Pacific are known to shift rainfall patterns in many different parts of the world. The regions and seasons shown on the map below
indicate typical but not guaranteed impacts of La Nifia. For further information, consult the probabilistic information* that the map is based on.
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Figure 1-11. El Nifo precipitation and drought patterns (from https://iri.columbia.edu/ enso/
modifed from Ropelewski and Halpert, 1989; Mason and Goddard, 2001)

La NifAa and Rainfall

La Nifia conditions in the tropical Pacific are known to shift rainfall patterns in many different parts of the world. The regions and seasons shown on the map
below indicate typical but not guaranteed impacts of La Nifia. For further information, consult the probabilistic information* that the map is based on.
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Figure 1-12. La Nina precipitation and drought patterns (from https://iri.columbia.edu/ enso/
modifed from Mason and Goddard, 2001 and Lenssen et al., 2020)
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1.4 Hydrological setting of the northern SCS: Control of East Asian Monsoon

1.4.1 Hydrology of the SCS

The South China Sea surface circulation is mainly controlled by the seasonal reversal of
the monsoon winds (Hu et al., 2000). In the northern SCS, the connections with the East
China Sea, through the Taiwan Strait, and the Pacific Ocean, through the Luzon Strait, also
influence the northern SCS surface current pattern (Hu et al., 2000).

In summer, the dominant northeastward monsoon winds induce a basin-scale
anticyclonic surface circulation. A coastal current, the Guangdong coastal current (7) flows
northward along east Asian continent from southern SCS to East China Sea through the
Taiwan Strait (Fig. 1-13). The northern SCS surface circulation is strongly controlled by the
weak Kuroshio intrusion (Caruso et al., 2006; Yuan et al., 2006). The warm water inflow
through the Luzon Strait forms the SCS Branch of Kuroshio (2), a current flowing
southwestward (Caruso et al., 2006). On the Taiwan and South China margins exist loop
currents (1) and the SCS warm currents (6) which are northern detachments of the Kuroshio
current (Hu et al., 2000; Caruso et al., 2006; Yuan et al., 2006). Loop currents are deriving
from the SCS branch of Kuroshio (Li et al., 1998; Liu et al., 2013). The Kuroshio loop
currents form when the strong winter monsoon winds deflect the SCS branch of Kuroshio
westward (Farris and Wimbush, 1996; Li et al., 1998). The loop currents can generate
shedding eddies that can propagate to the Taiwan Strait during strong winter monsoon and La
Nifa state of El Nifio Southern Oscillation (ENSO) (Sun et al., 2020). The deep-water current
entering the SCS through the Luzon Strait results in the SCS Contour Current circulation
(Zhao et al., 2015; Liu Z.F. et al., 2016). The NW Luzon cyclonic gyre (3) and NW Luzon
cyclonic eddies (4) are detachments of the Kuroshio current intrusion in NE SCS (Fang et al.,
1998). The NW Luzon surface cyclonic circulation generates a northward NW Luzon coastal

current (5) (Fang et al., 1998).

The Luzon Strait, with a depth of 2400 m is the only connection between the SCS and
the western Pacific that allows intermediate and deep-water exchanges (Li and Qu 2006; Qu
et al., 2006). A deep-water current inflows in the northern strait through the Bashi Channel
and Taltung Canyon before entering the Luzon Through then turns westward (Liidmann et al.,
2005; Shao et al., 2007; Liu J. et al., 2010) and overflows in the northern SCS (1.5 Sv) (Zhao
et al., 2014). A resulting cyclonic deep water current system exists in the SCS deep basin (Qu
et al., 2004, 2006). A SCS contour current (8) (Qu et al., 2006) exists in the North SCS. It
flows along the southern Taiwan margin and turns southwestward along the South China

28



Chapter 1 Introduction

margin (Qu et al., 2006; Zhao et al., 2014). In the south, the bottom current (9) flows
southward with its path modified by the deep-sea mounts (Zhao et al., 2014). The SCS
contour current then generates a deep cyclonic current circulation in the deeper central SCS
basin along the South China continental margin (Qu et al., 2006; Wang et al., 2011). This
inflow of water is accompanied by the eastward outflow of intermediate waters to the Pacific
Ocean through the southern region of the strait (Yuan 2002; Tian et al., 2006; Gan et al., 2016;
Zhu et al., 2019). The flow pattern in Luzon Strait is seasonally reversed (Yang et al., 2010;
Xie et al., 2011; Zhu et al., 2019). At the SCS scale, the Pacific water inflow is compensated
by the outflows occurring in Taiwan, Mindoro and Karimata Straits (Shaw and Chao, 1994;

Dong et al., 2010).
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Figure 1-13. South China Sea oceanography: Sea surface current systems and monsoon

winds, Pacific Ocean intrusion and deep-water circulation (Liu Z.F. et al., 2016)

The SCS circulation has been modified during the last Marine Isotopic Stages (MIS) by

the climate, the sea-level fluctuations, and changes of land-sea configurations. During glacial
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periods, sea level was lower than in present time. During the intervals of low-stand sea level,
the huge (~390 million km?) shallow shelves (<100 m below sea level) were emerged (Wang
et al., 1997) (2.13). Such a process results in the closure of the Taiwan Strait and the Karimata
Strait and the hydrological exchanges with the East China Sea and the Java Sea (Fig. 2.13),

water masses exchanges are limited in lowstand sea level.

Thus, Luzon Strait remained the only water passage to the Philippines Sea. Additionally,
the Kuroshio pathway and intensity is modified by the climatic cooling (Wang and Wang,
1990). During Glacial periods (MIS2 and LGM), it has been shown that the Kuroshio current
shifts eastward and is weakened suggesting that its intrusion into SCS is reduced (Ujiie et al.,
1999, 2003; Kao et al., 2006 Zhang H. et al., 2016). The intrusion of the Kuroshio current
through the Luzon Strait is significant during El Nifio events (Shen et al., 2022). In this
configuration, the monsoon winds are the dominant forcings of the surface circulation. The
surface circulation consists mainly of the seasonal reversal of basin-wide anticyclonic
(summer) and cyclonic (summer) gyres (1) (Fig. 1-14) with inflow of surface water through

the northern Luzon Strait during the winter (Wang et al., 1995).
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Figure 1-14. Paleogeography and simplified paleohydrology of the South China Sea during
the Last Glacial Maximum. Dark grey color represents the present land masses configuration.
The grey color represents the LGM land emerged according to the isobath of 100m modified
from Liu Z.F. et al., 2016.
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1.4.2 Present sediment transport and redistribution to the northern SCS
The northern SCS receives a significant amount of sediment from rivers draining the
South China, Taiwan, and Luzon. The redistribution of the detrital material occurs following

different processes due to the contrasting shelf morphologies and hydrological conditions.

The Pearl River discharges 107 Mt/yr of suspended kaolinite-rich sediments to the SCS
through the South China Shelf and Slope. The long, wide, and well-developed South China
Shelf is composed of about 50% of sediments derived from the Pearl River (Liu Z.F. et al.,
2008). However, clay mineralogy of seafloor shows that the kaolinite is mainly limited to the
coastal regions (Liu Z.F. et al., 2016). This results from the strong flocculation effect of
kaolinite which causes the rapid sinking and deposition of the mineral near the river mouth
(Xia et al., 2004). Most of the Pearl River sediments are distributed along the continental shelf
and slope by the long-shore surface currents (Liu Z.F. et al., 2008). In general, the northern
South China Slope is composed of about 30% of Pearl River-sourced sediments derived
through the surface currents system. The Guangdong Coastal current transports the Pearl
River-sourced sediments on the inner shelf, and South China Sea Warm Current transports the
Taiwan-sourced sediments on the outer shelf (Jia et al., 2023). In summer, Pearl River’s
sediments are transported northward by the SCS Warm Current and Guangdong Coastal
Current to the inner Taiwan Strait and the East China Sea. Inversely, in winter the reversed
Guangdong Coastal Current transports southward the South China-sourced sediments. The

reversed SCS Warm Current transport Taiwan-sourced sediments southward.

The redistribution of sediments from Luzon and Taiwan rivers is controlled by complex
interactions between surface and deep current circulations (Liu Z.F. et al., 2008, 2016; Nayak
et al., 2021). The sediments derived from Luzon are mainly dispersed in SCS by the westward
surface circulation with a strong influence of the NW Luzon Coastal Current and the
Kuroshio intrusion (Caruso et al., 2006; Wan et al., 2007; Liu Z.F. et al., 2008, 2016; Nayak et
al., 2021). Thus, Luzon-sourced sediments can be transported and deposited on shelfs of
Taiwan and South China. It has been shown that sediments derived from Luzon account for
approximately 45% of the northern South China Slope (especially around Dongsha Islands
Liu Z.F. et al., 2010a) and 20% of the northern South China Shelf sediments (Liu Z.F. et al.,
2008).

A large amount of Taiwan-sourced sediments can be redistributed to deep basin by

submarine canyons such as Gaoping Canyon and transported southward by the Bottom
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Current (Shao et al., 2007, Liu Z.F. et al., 2010a) and on the South China Slope by the
Contour Current induced by the North Pacific Deep Water intrusion (Liidmann et al., 2005;
Shao et al., 2007; Liu Z.F. et al., 2010a, 2016). In addition, Taiwan-sourced illite and chlorite
are transported southwestward similarly to the Luzon sediments through the SCS Branch of
Kuroshio (Liu Z.F. et al., 2010a, 2016; Nayak et al., 2021). Taiwan sediments contribute
approximately to 30% of the northern South China Shelf and 23% of the northern South
China Slope sediments (Liu Z.F. et al., 2010a).

1.4.3 Past fluvial sediments source-to-sink process in northern SCS

The source-to-sink processes affecting northern SCS are strongly influenced by the
climatic and environmental conditions. Studies have shown that past climatic fluctuations and
environmental changes have highly affected the sediment provenance and redistribution in the
SCS at different time scales (Chen and Beaufort, 1998; Wang et al., 1999a, 1999b; Liu Z.F. et
al., 2003, 2005, 2007a; 2010, 2016; Boulay et al., 2003, 2005, 2007, 2008; Clift et al., 2006,
2014; Wei et al., 2006; Hu et al., 2012; Huang T.H. et al., 2015, Huang et al., 2016; Li D. et
al., 2014, 2017; Zhang et al., 2018).

The intensity of the SCS Contour Current appears to covary with the EASM intensity
(Huang et al., 2011; Liu J. et al., 2016; Zhao et al., 2018). A strengthening of the Contour
circulation has been recorded in the sediment drift located on the northern SCS Slope in the
cold and drier intervals such as last glacial periods or Heinrich stadials. During these time
intervals, the EASM was weakened (Sun et al., 2012; Wen et al., 2016; Zhang H. et al., 2016;
Li N. et al., 2019). For example, during the Heinrich Event 1 (HS1), the formation of NPDW
was enhanced (Basak et al., 2010; Okazaki et al., 2010) which increases the intrusion of deep
Pacific water to SCS. The intense deep-sea circulation will enhance the redistribution of
Taiwan-sourced sediments to the SCS slope and deep basin. When the SCS Contour Current
intensity is weaker, as during strong EASM periods, the redistribution of Luzon-sourced
sediment on the northern slope is enhanced compared to Taiwan-sourced sediment

redistribution (Zhao et al., 2018).

The surface circulation of the northern SCS is strongly controlled by the climatic
variations through the monsoon wind and Kuroshio intrusion. The monsoon forcing on the
SCS surface circulation through the wind direction and seasonal reversal strongly controlled
the redistribution of sediments in northern SCS in glacial and interglacial periods. In brief,

during the interglacial periods, the northward direction of strong EASM winds driving the
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northward flowing of the Guangdong Coastal Current is prone to enhance the transport of
South China sediments northward on the South China shelf (Liu Z.F. et al., 2003, 2010a,
2010b, 2016; Boulay et al., 2005, 2007). Inversely, in glacial periods, the South China
sediments are transported southward by the reversed Guangdong Coastal Current, and Luzon
and Taiwan-sourced sediments transported by the surface Kuroshio intrusion are the dominant
sediment deposited on northern SCS margins (Boulay et al., 2005, 2007; Liu Z.F. et al.,
2010a, 2010b, 2016; Zhao et al., 2018; Nayak et al., 2021).

During low sea level stand and cold intervals, the Kuroshio Current intrusion intensity
and pathway in SCS is strongly modified by the interaction of geographic setting and climatic
conditions (ENSO, EAM, Pacific circulation; Sawada and Handa, 1998). The Kuroshio
Current influence on the sedimentary dynamic was lower during the last glacial period when
the EAWM was prevailing and El Nifio-like conditions were weak (Liu J. et al., 2016; Zhang
H. et al., 2016; Shen et al., 2022). With the weakened EAWM and enhanced El Nino-like
conditions during the deglaciation, the Kuroshio Current intrusion was enhanced (Zhang H.et
a., 2016; Shen et al., 2022) which favored the redistribution of sediments derived from Luzon
and Taiwan. During the Holocene, the sea-level rise increased the influence of the Kuroshio
Current in Taiwan and Luzon sediment redistribution and was combined with the prevailing
El Nifio-like conditions since middle-late Holocene (Liu J. et al., 2013, 2016; Zhang H. et al.,
2016; Shen et al., 2022). However, the opening of the Taiwan Strait by the sea level rise and
the formation of currents exchanging water with East China Sea affected the Kuroshio
Current influence (Huang T.H., et al., 2015; Hsiung and Saito, 2017; Li et al., 2021). During
spring El Nifo events, the Kuroshio Current intrusion is strengthened and flows northward to
the Taiwan Strait through the Penghu Canyon (Huang T.H., et al., 2015). Inversely, in winter
the EAWM driven Taiwan Strait and Guangdong currents are reducing the Kuroshio influence
and Taiwan and Luzon-derived sediments since middle Holocene (Huang T.H., et al., 2015;

Hsiung and Saito, 2017; Li et al., 2021).
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Chapter 2 Materials and methods

2.1 Study area

The Hydrosed campaign with the R/V Marion Dufresne in 2018 collected several
Calypso cores on the south margin of Taiwan. In this study, we selected two cores, MD18-
3569 and MD18-3574 located on the levee of the two main canyons, Penghu and Gaoping
Canyons (Fig. 2-14). These two cores will bring new insight in the source to sink processes

changes occurring in Taiwan during the late Quaternary.
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Figure 2-1. Bathymetric map of the northern SCS showing the locations of the cores MD18-
3569 and MD18-3574 and the Manilla Trench system (Gaoping, Penghu and Formosan

submarine canyons).

The different configurations of the two canyons allow us to study different processes and
time-scales. The outcome of a study of the Gaoping Canyon will be the reconstruction of a

turbidite record and the relationship between the turbidite, sediment transfer and climate
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changes. While, the study of the Penghu Canyon can bring information on the impact of
climate and environmental changes chemical weathering history of SW Taiwan, the possible
connection of the canyon to rivers and the hydrodynamic changes related to sea level

fluctuations.

Mineralogical, geochemical, sedimentological, and scanning methods will be applied to
the two cores to study the sediment provenance, weathering and the dynamic of sediments
redistribution from land to sea through submarine canyon and circulation (turbiditic current,

surface, and deep-sea currents).

2.2 Studied cores and chronological framework

2.2.1 Core MD18-3569

The Calypso Core MD18-3569 was collected at the site HS8 (22°09.30'N; 119°49.24'E;
water depth: 1315; 40.08 m long) on the eastern levee of the upper reach of the Penghu
Canyon (Fig. 2.14). Core MD18-3569 is located at the southeastern bank of a meander of the
Penghu Canyon at 600m of altitude above the canyon thalweg.

For this study, we have investigated the upper 15 m of this core. The upper 15 m are
characterized by homogenous greenish gray hemipelagic sediments with no apparent visible
turbidites covering 32 cal kyr BP (Fig. 2-2, Appendix 2-1, 2-2). Thus, the position of the core,
600 m of altitude above and far from the canyon thalweg, does not allow overspilling
turbidity currents circulating on the Penghu Canyon to reaching this site. The sediments are
mainly composted of clay and fine silt with presence of foraminifera from 15 to 8 m
(Appendix 2-2). The absence of turbidites and their associated erosion surfaces indicates the
Core MD18-3569 could provide a continuous record of the source-to-sink processes of SW
Taiwan sediments and the influence of the surface circulation to the redistribution of

sediments in northern SCS.

The age model of the upper 15 m of the Core MD18-3569 was established by using
linear interpolation between the calibrated AMS 14C dates obtained by Chen et al., 2021 on
monospecific samples of G.ruber (>150 pum) (planktonic foraminifer). In addition, for this
study, an additional *C date was obtained using G.ruber (>150 um) at the Laboratoire des
Sciences du Climat et de I’Environnement (LSCE, Gif-sur-Yvette). The record covers the last

31.4 kyrs, 31.348 cal kyr BP at 14.96 m and 0.703 cal kyr BP at 0.06 m) (Appendix 2-1).
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The G.ruber 880 record of the upper 15 m was previously published by Chen et al.,
2021. It displays glacial to Holocene variations with minimum values during the Holocene
and maximum values during the glacial period (Chen et al., 2021) (Fig. 2-2). This record
presents similar glacial-interglacial trends than LR04 benthic foraminifera §'%0 records and
NGRIP H,O §'0 (Andersen et al., 2004; Lisiecki and Raymo, 2005). The average
sedimentation rate of Core MD18-3569 is relatively high (54.7 cm/kyr). The sedimentation
rate is low during LGM (between 34 and 39 cm/kyr) and increases during the deglaciation to
52 em/kyr (Fig. 2-2). The sedimentation rate reaches the maximum value in the late Holocene
after 4 cal kyr BP (73 cm/kyr) (Fig. 2-2). Thus, the analyses temporal resolution of the upper
15 m of core MD18-3569 is high (about 85 yrs). A sampling resolution of 5 cm from the
upper 3 m is corresponding to a time resolution of ~62 yrs: 2.5 cm from 3 to 8§ m
corresponding to 76-100 yrs and 5 cm from 8 to 15 m corresponding to 93-144 yrs temporal

resolution.
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Figure 2-2 The age model of Core MD18-3569 was established based on accelerator mass
spectrometry (AMS) 14C dates and oxygen isotope measurements of planktonic foraminifer
G. ruber (Chen et al.,, 2021). Comparison with NGRIP and LRO04 oxygen isotopic
composition (Andersen et al., 2004; Lisiecki and Raymo, 2005)
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A sampling resolution of 5 cm for the upper 3 m and 8 to 15 m and of 2.5 cm for the 3 to
8 m interval have been adopted. In total, 381 samples were collected to analyze the clay
mineralogy, major elements, and laser grain-size. In addition, 33 samples were selected to

measure the Nd and Sr isotopic compositions.

2.2.2 Core MD18-3574

The Core MD18-3574 was collected on the western levee of the Gaoping Canyon at the
site HS14 (21°50.42'N 120°10.67'E; water depth: 1717 m). The coring site is located at 600m
of altitude above the canyon thalweg (Fig. 2-1)

The core is 22.52 m long and characterized by dark greenish gray sediments showing
numerous laminations with an alternance of light colored and dark colored millimetric levels
(Appendix 2.3). The lithofacies of the Core MD18-3574 has been interpreted as the potential
record of the turbidity currents activity occurring in the Gaoping Canyon. The laminations are

more important in the interval from 8 to 22.52 m (Appendix 2-3).

Two scanning methods (XRF core scanning (1 mm to 1 cm resolution) and hyperspectral
imaging (resolution of 150 um), high resolution grain size of two sections (2mm resolution
for 90 cm section) and the bulk mineralogy of 10 laminae have been processed to study the
laminations and reconstruct the late Quaternary turbiditic activity of the Gaoping Canyon

system.

Radiocarbon dating was undertaken at the UMS-ARTEMIS Facility (CNRS-CEA Saclay,
France) using a Pelletron 3MV AMS on 8 mg of well-preserved calcareous test samples of
planktonic foraminifera (plurispecific samples of G. ruber, G. sacculifer, O. universa) in the
size fraction >150 um (Appendix 2-4). The age model for the core was derived from the
calibrated planktonic ages by applying a sea-surface reservoir '*C correction of 400 yr and
using Marinel3 (Reimer et al., 2013) calibration curve in the CALIB 8.2 software (Stuiver
and Reimer, 1993) (Fig. 2-3).

The '*C dates range from 4.043 cal kyr BP at 22.47 m to 0.188 cal kyr BP at 0.55 m
(Appendix 2-4). The age model of Core MD18-3569 has been established by using linear
interpolation between eleven calibrated AMS '“C dates processed with the Bacon package

(Blaauw and Christen, 2011).

Regarding the small time-frame (4 kyrs), no stable oxygen isotopes were analyzed for

Core MD18-3574. The average sedimentation rate of Core MD18-3574 is very high (5.6
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mm/yr). This allows us to obtain a very high temporal resolution of analyses and turbiditic

record during the late Holocene.

The mean sedimentation rate of Core MD18-3574 is very high (0.56 cm/yr), allowing us
to obtain a high temporal resolution of analyses during the last 4 cal kyr BP (Fig 2-3). The
sedimentation rate is very high in time intervals between 4.043 and 2.216 cal kyr BP (in
average 0.68 cm/yr) and from 0.347 to 0.188 cal kyr BP to present time (0.79 cm/yr) (Fig. 2-
3). The linear sedimentation rate displays a decreasing trend during the last 4 cal kyr BP (Fig.
2-3).
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Figure 2-3. Chronological framework of the Core MDI18-3574. The age model was
established using 11 accelerator mass spectrometry (AMS) 14C dating of plurispecific
plnktonic foraminifera G. ruber, G. sacculifer, O. universa, calibrated following (Stuiver and

Reimer, 1993; Reimer et al., 2013).
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2.3 Methods

2.3.1 Carbonate content

Calcium carbonate content (CaCO3%) of the Core MD18-3569 was analyzed on 187
samples at the State Key Laboratory of Marine Geology, Tongji University, at a resolution of 5
cm in the upper 6 m, then 10 cm from 6 to 10 m and 20 cm in the lower 5 m of the record.
CaC03% was analyzed using the gasometric techniques from Jones and Kaiteris (1983) with a

precision higher than +1%.
The analysis technique is based on the following reaction (1)
(1) CaC03% + 2 HCl = CO2 + H20 + CaCl»

First, a standard curve of PCO, was established after the CO» pressure (pCO2) (bar)
resulting from the reaction of HCI and 0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.07, 0.08, 0.09 +
0.001g (and later a measurement of 0.09 + 0.001g every 30 samples) in a vacuum receptacle

with a CO, gauge (Fig. 2-4, Appendix 2-5). Analyses are then performed on 0.1g of sediment.
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Figure 2-4. Standard calibration line of the pCO2 emitted by the dissolution of CaCO3 by
HCI
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2.3.2 Clay mineralogy

The clay mineralogy of Core MD18-3569 was analyzed with X-ray diffraction (XRD) on
381 samples at the State Key Laboratory of Marine Geology, Tongji University, in order to
trace sediments provenance variation during the last 32 kyr following the procedure described

by Liu et al. (2004) (Appendix 2-5).

Samples were first dehydrated in oven for 24h at 40°C in order to facilitate their
dislocation in deionized water. Samples were put in suspension with deionized water and 10
ml of 0.5% hydrochloric acid (HCI) to dissolve the carbonates. The solution was stirred for 30
minutes with a magnetic agitator. The pH of the solution was then checked, if the pH was still
acidic then the next step was continued. If pH was too basic, then HCl was added and the
reaction ongoing until pH stays acid. After 10 minutes, the magnetic agitator was removed,
and the solution container was filled with deionized water. Samples were then rinsed with

deionized water several times until the water remained cloudy.

The organic matter was removed by adding 10 ml of 10% H20O. The organic matter
removal reaction occurred during 4 to 5 days. The solution was stirred gently every day until
the absence of bubbles was noted. An additional 10% H20O> was then added to verify that all

the organic matter has been removed.
Then the water was changed similarly to the decarbonation for several days.

After stirring the solution and a wait of 1 h 35 minutes, the clay fraction (<2 pm) was

collected using a syringe by extracting the upper 2 cm of the solution, following the Stokes’

2r2+Adxg

law (v = ). The extracted clay fraction was stored in centrifuge tube and later

centrifugated to remove excess water. Then, thin sections of oriented mounts were prepared.
XRD measurements were performed with a a PANalytical X’Pert PRO diffractometer with a
CuKa radiation and Ni filter, under a voltage of 45 kV and an intensity of 40 mA, an angle
range from 3 to 29.9887 0 at a speed of 1°/min, and divergence silt of 0.38 mm, on air dried
(1), saturated with ethylene glycol under vacuum for 24h (2) and heated at 490°C for 2h (3).
Smectite is dilated by ethylene glycol allowing its identification. The samples were heated at
490°C in order to destabilize the structure of kaolinite without affecting the crystals of the
other minerals (Roy, 1949; Grim, 1968).

The semi-quantitative estimation of the main four clay mineral groups was carried out on

the ethylene glycol saturated samples diffractogram using MacDiff software by analyzing the
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peak areas of the baseline for: smectite: 15-17 A, including smectites and interstratified
minerals (in the following discussion the term smectite refers to smectites and interstratified
minerals); illite: 10 A; and kaolinite/chlorite: 7 A. The chlorite and kaolinite were
distinguished using the 3.57/3.54 A peak areas. The clay minerals contents were calculated

with the following equations:

r=5ml1(15—-17 A) + 111 (10 A) + (Kaoll + Chi2 (7 &)

Smectite% = % * 100

* 100

Chlorite% = ( Chl4 (3.57 A) Kaoll+Chlz)
0 —

Chi4 (3.57 A)+Kaol2(3.54 &)

Kaol2 " Kaoll+Chl2
Chl4 +Kaol2 x

Kaolinite% = ( ) £ 100

Ilite% = % ¥ 100

The analyses were replicated leading to a relative error of +5% (20).

Ilite chemistry index was calculated using the 10 A /5 A peak areas. An illite chemistry
index lower than 0.5 corresponds to illite produced under strong physical erosion like in
Taiwan (Fe-Mg-rich), and higher than 0.5 correspond to illite produced under strong
hydrolysis conditions (Al-rich) as in South China (Hu et al., 2014). The illite chemistry index
was calculated as the ratio of the 5 A and 10 A illite peak areas (Esquevin, 1969). The illite
chemistry index (Esquevin, 1969) has been used to estimate sediment weathering state (Liu
Z.F. et al., 2007b, 2007c; Colin et al., 2010) and to constrain sedimentary sources (Gingele,
1996; Lamy et al., 1999; Ehrmann et al., 2007; Liu Z.F. et al., 2010). In general, low values of
the illite chemistry indices correspond to Fe-Mg-rich illite, while high values correspond to

Al-rich illite (Esquevin, 1969; Petschick et al., 1996; Liu Z.F. et al., 2012).

Illite crystallinity was calculated using the full-width at half-maximum value (FWHM)
of the 10 A illite peak. A low illite crystallinity indicates high crystallinity due to weak
hydrolysis conditions corresponding to strong erosion such as Taiwan, while high illite
crystallinity value indicates warm and humid climate with strong hydrolysis conditions such

as in South China (Hu et al., 2014).
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2.3.3 Bulk mineralogy
The bulk mineralogy analyses were performed on ten level samples of Core MD18-3574
(five dark and five light laminae) at the State Key Laboratory of Marine Geology, Tongji

University, in order to distinguish the lithofacies mineralogy.

The samples were first dehydrated and later pre-grinded with an agate mortar. 0.5 to 1g
of pre-grinded sediments were grinded finely (<1 um) using a with agate balls and ethanol

three times for 1 minute and 30 seconds.

The samples were dried and prepared in slides for the XRD analysis. The bulk
mineralogy was then analyzed using a PANalytical X Pert PRO diffractometer.

As the ethanol could have affected the smectite during the fine grinding process. The
samples have been put in suspension in 1M CaCl2 to saturate the sample in calcium and
reconstitute the peak of smectite (001) at 15 A. Then, the samples were prepared in XRD
slides again and the bulk mineralogy was analyzed a second time. Eventually the natural and

calcium saturated samples were compared to reveal the presence or absence of smectite.

The samples’ diffractometers have been treated using the open-source software Profex to

identify the minerals.

2.3.4 Major elements concentrations analyses
The bulk elemental composition analysis was performed on 381 samples at the State Key

Laboratory of Marine Geology, Tongji University.

First the samples were dehydrated in an oven at 40°C for 24h and grinded finely with an

agate mortar.

The grinded samples were put in suspension with deionized water in centrifuge in order
to wash the sea salt (Appendix 2-6). The solution was stirred firmly to put all the sediments in
suspension then settled for 2h. The samples were then centrifuged, and the supernatant water
was removed. This step was repeated three times to remove as much sea salt as possible. In

result, the sodium value will be the terrigenous sodium.

Then, the samples were collected and dehydrated in an oven for 24h and grinded finely a
second time with the agate mortar. Once dried, pressed pellet tablets were prepared for
analysis. 3.5g of dried sediment was placed in a metallic cylinder contained in a larger metal

container. Boric acid was added to the periphery of the cylinder and over the sediments to seal
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the sample. The cylinder was removed, the container capped and placed under a hydraulic

press machine to consolidate the pellet tablet.

In addition to the samples, three tablets of standards GDS-15, GSD-16 and GSR-6 were
prepared. The standards were analyzed every 20 samples to control the analyses precision and

are resulting in an average standard deviation of less than £2%.

The sample tablets were analyzed using X-ray fluorescence (XRF) on a PANalytical
Axios spectrometer. The major elements (SiO2, AlOs, Fe;03, K2O, CaO, MgO, NayO) are

expressed as their oxides forms in percentage (%) as the absolute content of bulk samples.

In this study, since carbonates were not previously removed, the calcium oxide (CaO)
have been calibrated with P and Na oxides molar content (Singh et al., 2005; Sang et al.,
2018; Jiwarungrueangkul et al., 2019) to obtain calcium from the carbonate-free fraction

(expressed as CaO*).

2.3.5 XREF core scanning
The relative geochemical composition of Core MD18-3574 was analyzed using XRF

core scanning methods at two different resolutions.

Firstly, the relative geochemical composition was analyzed at the resolution of 1 mm
using an Itrax XRF core scanner at the Second Institute of Oceanography, Ministry of Natural
Resources of the People’s Republic of China (Hangzhou) to constrain the relative

geochemical composition variations at the scale of the lamina.

The sediment core surface was cleaned, flattened, and smoothed to avoid disturbances.

The center of the sediment surface was covered with a Ultralene film (4 pm thick).

The Itrax XRF core scanner parameters were set to 60kV and 45 mA with an exposure

time of 10 seconds.

The XRF core scanner results are relative geochemical compositions. The elemental

composition is expressed in counts per second (cps).

Then, the Core MD18-3574 was scanned at the resolution of the centimeter at the State
Key Laboratory of Marine Geology, Tongji University, using an Avaatech XRF core scanner
in order to provide robust results for elements requiring longer exposition (e.g. Si, Al or Br).
The sediment core was prepared similarly to the 1 mm resolution analyses. The Avvatech

XRF core scanner parameters were set to 10 kV and 0.2 mA (covering Al to Fe), 30 kV and
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0.8 mA (covering Co to Mo) and 50 kv and 0.2 mA (covering Tc to U) with an exposure time

of 30 seconds.

2.3.6 Hyperspectral imaging

The hyperspectral imaging of Core MD18-3574 was processed at M2C laboratory,
Université Rouen-Normandie, using two hyperspectral camera sensors covering the Visible
and Near InfraRed (VNIR) and Short Wave-InfraRed (SWIR) spectral range, from 400 to
2500 nm.

The data were collected following the hyperspectral images acquisition protocols from

Butz et al., (2015) and Jacq et al., (2020, 2022a).

First the sediment core surface was cleaned, smoothed, and flattened as much as possible
to reveal the sedimentary structures masked by oxidation and eliminate sediment surface

variations that could distort the signal.

The camera sensors were calibrated using calibration table, illumination unit and
modifying the camera height to obtain relevant VNIR and SWIR images at high resolution
(VNIR pixel size: 40-200 pm; SWIR pixel size: 150-500um) (Fig. 2-5). The black (shutter
closing, instrumental noise, 0% reflectance) and white (white spectra reference, 100%
reflectance) spectra references were recorded to normalize sediments spectra in percentage of
reflectance. The camera focus and parameters (integration time, frame rate) were set to

optimize the recording to obtain a sharp and focused image.

4 Spectral camera (Principle) \\ Hyper-spectral camera:
Spatial axis (1312 Px) - PFE-xx-V10E -
Spectral axis (784 Px) Spectral range (nm): 400 - 1()00;
CMOS detector Spectral resolution (nm): 2.8;,
On-sample pixel resolution (pm): 40{
) o Radiometric resolution (Bit): 12| —\
- Optical diffraction Max. sample dimensions (em): 12 x 145‘:
‘ White reference
Entrance slit (C) | 3
TR ORI

Objective lens
(1.9/35)

LTI AL

(d) Focus table

(a) a1 Specim Itd. single-sediment-core scanner
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Figure 2-5. Analytic protocle and principles of hyperspectral imaging (Butz et al., 2015)

Once the camera was set, the reflectance spectra was recorded and detrended (black and

white) to normalize the spectra from the baseline following Jacq et al., (2020, 2022a, 2022b).

The appendix 2-7 presents the different indices used in this study, their sensor, specific
wavelength ranges and their significance (Viscarra Rossel and Behrens, 2010; Krupnik and
Khan, 2019). All the indices were normalized using the Rmean (Appendix 2-7) of each
camera sensor (Rmean VNIR and Rmean SWIR) to reduce the sediment matrix effect on the

reflectance.

2.3.7 Laser grain size

The grain size analyses were conducted at the State Key Laboratory of Marine Geology,
Tongji University using a Beckman-Coulter LS230 with a particle size range of 0.02 to 2000
um. The analyses were processed on bulk siliciclastic sediments (1) of 381 samples of Core
MD18-3569 and bulk siliciclastic sediments (1) and carbonate free-sediments (2) 450 samples
of Core MD18-3574 (Appendix 2-8).

(1) 0.5g of sediments were first dehydrated in an oven for 24h at 40°C to facilitate the
dislocation of the samples. The samples were then put in suspension with 20 ml of deionized
water in 150 ml beakers. Organic matter was removed adding 5 ml of 10% H20O.. The sample

was shaken gently for 4 to 5 days. Samples were then rinsed with deionized water three times.

(2) Similarly, to the bulk siliciclastic sediments, prior to the decarbonation the organic
matter was removed. The sediments were decarbonated using 0.5% HCI. After the

decarbonation, the HCI residues were then rinsed with deionized water three times.

The solution was then stirred, collected, and poured in the water container of the
Beckman-Coulter LS230 to process the grain size analyses. The analyses consist of two
acquisitions. The second acquisition is usually more stable than the first. So, the second

acquisition was selected to represent the grain size of the sample.

2.3.8 Nd and Sr isotopic composition
Nd and Sr isotopic compositions were analyzed on 33 samples of the Core MD18-3569

on both clay fractions (<2 um) and bulk siliciclastic sediments.

Clay fraction was extracted following the same analytical protocol as for the XRD clay
mineralogical measurements. The bulk siliciclastic sediments were analyzed after
decarbonation, with 20% acetic acid, and organic matter removal, with H>O,. After these two
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steps, the samples were washed three times with Milli-Q water and centrifuged. The detailed

separation protocol is reported in Appendix 2-9

Samples were first dissolved in HF-HCIO4 and HNOs-HCl mixtures. Once the

dissolution was completed, the solution was evaporated (Appendix 210).

A sequential ion chromatographic purification procedure was used to separate the Sr and

the Nd.

First, the AG 50W-X8 resin was used to separate the Sr from REEs (Appendix 2-9-1).
After preparing the resin, the samples were dissolved with 1.5 ml of 1 N HCI and introduced
in the resin. The major and trace elements (at the exception of REEs) were eluted from the
solution, first 35ml of 2N HCI before collecting Sr, then 27 ml of 2.5 N HNOs;. REEs were
collected using 35 ml of 2.5N HNOs.

The solutions containing the Sr and the REE were dried for the next steps The Sr fraction
was purified in a 20 pl Sr-spec column (a polyethylene syringe with 4 mm @ millex filter
(Colin et al., 1999). The Sr sample was dissolved again using 400 pul of 4N HNO; and
introduced in prepared Sr-spec resin for purification (Appendix 2-9-2). The resin was washed

using 4N HNOs and Sr was eluted with Milli-Q water (Appendix 2-11).

The Nd was purified and collected from the REEs solution by using Ln-spec resin
following the procedure described by Copard et al., (2010) (Appendix 2-12). The REEs
solution was dissolved using 1 ml of 0.05 N HNOs and introduced in the Tru and Ln-Spec.
The REEs were eluted, and the purified Nd was collected with 0.25 N HCI (Appendix 2-9-3).

Sr and Nd isotopic compositions were measured using a Thermo Scientific Multi-
Collector Induced Coupled Plasma Mass Spectrometer (MC-ICP-MS NEPTUNE?") hosted at
the Laboratoire des Sciences du Climat et de [’Environnement (LSCE), Gif-sur-Yvette
(France). For the Sr and Nd isotope analyses. sample and standard concentrations were
matched at 20 ppb. During the analytical sessions, every group of three samples was
bracketed with analyses of appropriate Sr standard solution NIST SRM987
(¥’Sr/%68r~0.710250+000016) and Nd standard solution JNdi-1 (‘**Nd/'*Nd=0.512115 +
0.000006) (Lugmair et al., 1983; Tanaka et al., 2000). The Sr and Nd isotope ratios were
corrected from mass bias according to the exponential law relative to **Nd/!*Nd = 0.7219
and %Sr/%*Sr = 0.1194. The analytical errors for each sample analysis were taken as the

external reproducibility of the JNdi-1 or NIST SRM987 standards or unless the internal error
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was larger. For convenience, Nd isotopic compositions are expressed as eng(0) =
[(“*Nd/"Nd)sample/("*Nd/"*Nd)cuur-1]x10000, with the present-day (!*Nd/***Nd)cuur of
0.512638 (Jacobsen & Wasserburg, 1980).
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Chapter 3 Variations of sedimentation of the SW Taiwan margin since the
last glacial maximum in link with climatic and environmental forcings

Abstract

Many scientific studies have been conducted over the past decades to constrain present
and past source-to-sink processes and their controlling factors. In this context, the role of
typhoon activity and monsoon rainfall on chemical weathering and soil erosion of the low
latitude region is still not well established. Clay minerals and major elements, combined with
Nd and Sr isotopic compositions of carbonate-free detrital bulk and clay-size (<2 pm)
fractions, were analyzed on sediments from Core MD18-3569 located on the SW Taiwan
margin in the northeastern South China Sea. The aim was to reconstruct the weathering
history of small river basins of SW Taiwan and to establish the impact of East Asian summer
monsoon (EASM) and typhoon rainfall as well as sea level changes on source to sink
processes since the last glacial period. ¥’Sr/%®Sr (0.7187 to 0.7213) and eNd values (from -11.6
to -10.9) combined with a predominance of illite (45-59%) and chlorite (27-39%) indicate that
the river basins of SW Taiwan have remained the sole source of sediments to Core MD18-
3569 over the past 32 kyr. Variations in clay mineral assemblages (smectite/(illite+chlorite)
and kaolinite/(illite+chlorite)) and major elements (chemical index of alteration (CIA) and
Al203/Naz0) allow us to evaluate the intensity of past weathering in the river basins of SW
Taiwan. We have thus demonstrated that long-term changes in the chemical weathering
intensity record of SW Taiwan are mainly driven by changes in EASM rainfall. The time
interval between 18 and 9 cal kyr BP is characterized by a progressive increase in the intensity
of chemical weathering, which reached a maximum at the beginning of the Holocene (from 11
to 9 cal kyr BP). The degree of chemical weathering of sediments transferred to the South
China Sea decreases during the middle and late Holocene in agreement with a weakening of
the EASM, an increase in typhoon activity, and a change in the vegetation cover manifested
by a drop in tree pollen and a higher proportion of herbs. All these processes induce soil
destabilization, erosion, regressive pedogenesis, and transfer of detrital material that is less
chemically weathered (lower CIA value and Al,O3/NayO ratio) due to a shorter residence time

of minerals in the soils of SW Taiwan.
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Key words: clay minerals, major elements, Nd and Sr isotopes, weathering, East Asian

monsoon, SW Taiwan.

3.1 Introduction

Taiwan Island is characterized by one of the highest rates of tectonic uplift in the world
(up to ~20 mm/yr, Ching et al., 2011) and is under the East Asian summer monsoon (EASM)
and typhoon-driven precipitation regimes. This contributes to the transfer of large amounts of
sediment directly to the East Asian marginal seas through several submarine canyons (e.g., the
Gaoping and Penghu Canyons). EASM is a regional feature of the global monsoon system,
which are controlled by precessional changes in solar insolation on global and long-term
scales (Braconnot et al., 2008; An et al., 2015; Wang et al., 2017). The regional monsoons
respond to regional forcings and have diverse behaviors at shorter timescales. Because of East
Asia land-sea configuration (Tibetan Plateau, Indian and Pacific Oceans), the EASM is
considered the strongest and largest monsoon system (An et al., 2015). Marine sediments
collected on the East Asian margins, therefore, constitute an ideal archive for investigating the
intensity of past chemical and physical weathering through time at a high temporal resolution

and with respect to various local, regional and global forcings (e.g., climatic, anthropic).

During the late Quaternary, changes in EASM rainfall and typhoon frequency could have
resulted in variations in the sediment budget delivered by a number of rivers to the
northeastern South China Sea (SCS) from South China, Taiwan, and Luzon (Moy et al., 2002;
Clift and Sun, 2006; Lei et al., 2015; Wang et al., 2015; Zhang Y et al., 2018; Zhao et al.,
2018; Hu et al., 2020). On orbital timescales, paleoclimatic reconstructions suggest that
temporal intervals characterized by a reinforcement of EASM rainfall are associated with an
increase in soil alteration, runoff, and transfer of sediments from large Asian rivers to the
ocean (Boulay et al.,, 2005; Xue et al., 2005; Colin et al., 2010; Liu Z.F. et al., 2016;
Gebregiorgis et al., 2016). Such climatic variations are associated with changes in the sources
and transportation of sediments delivered to the SCS (Liu Z.F. et al., 2016) and are recorded
by variations in clay mineral assemblages and geochemistry of the sediments deposited in the

SCS (e.g., Boulay et al., 2005; Colin et al., 2010; Liu Z.F. et al., 2016).

Previous studies of terrigenous fractions from cores collected in the SCS have indicated a
strong link between sea-level variation, monsoon rainfall, and geochemical and mineralogical
variations on different time scales, e.g., million-year (Boulay et al., 2007; Yu et al., 2016),

orbital (Boulay et al., 2005; Colin et al., 2010; Liu et al., 2016), and millennial scales (Zhao et
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al., 2018). All these results suggest that the supply of sediments by Asian rivers and the
hydrology of the SCS were strongly reactive to past changes in monsoon rainfall and sea-

level.

However, consensus has yet been reached regarding the relationship between
precipitation and chemical weathering. Several previous studies have shown that enhanced
silicate chemical weathering occurred in large river basins during warm, humid periods of the
late Quaternary (Chen et al., 2016; Miriyala et al., 2017; Sang et al., 2022). In contrast, an
intensification of monsoon rainfall has also been linked to a reduction in the residence time of
sediments in river basins, like those of Taiwan, and thus to a weakening of chemical
weathering (Dosseto et al., 2010; Bi et al., 2015; Dou et al., 2016; Zhao et al., 2017). In recent
years, much attention has focused on chemical weathering and erosion of soils and rocks in
tropical regions and their link to climatic and environmental changes or human activities; this
is because understanding soils and “critical zones” are pressing issues for our societies
(Brantley et al., 2007; Latour, 2014; Adhikari and Hartemink, 2016). Present-day changes
have been studied with the development of monitoring observatories (Brantley et al., 2017;
Gaillardet et al., 2018). Such results demonstrated that the paleo-soils of small mountain
rivers, comparable to the SW Taiwan river system, are strongly controlled by climatic and
tectonic changes (Arnaud et al., 2012; Sun and Colin, 2014; Bajard et al., 2016, 2017a,
2017b) and by human activities (Sabatier et al., 2014). The history of the state of pedogenesis
in critical zones can be deduced from clay mineralogical, geochemical, and palynological
variations in sedimentary records such as those from lakes or watersheds. The formation of
soils during progressive pedogenesis results in the leaching of more mobile elements and
influences the production of clay minerals. The vegetation of small river basins is also very
sensitive to the level of soil maturity and pedogenesis; weathered soils are favorable for the
installation of stable cover such as forests and trees (Sun and Colin, 2014; Bajard et al., 2016).
Inversely, during regressive pedogenesis the erosion of soil leads to the production of illite
(Sun and Colin, 2014), the transfer of mobile element-enriched sediments (Arnaud et al.,
2012, Bajard et al., 2017a, 2017b), and the replacement of trees by herbs (Sun and Colin,
2014; Bajard et al., 2016).

Deep-sea sediments from the southwestern margin of Taiwan have great potential for
reconstructing a continuous record of past weathering of SW Taiwan since the last glacial
period. SW Taiwan has a particular land-sea configuration, with a narrow shelf and numerous

submarine canyons, such as the Gaoping and Penghu Canyons, which facilitate the rapid
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transport of sediments from Taiwan rivers to the deep-basin via turbidity currents (Milliman et
al., 1992; Liu J.P. et al., 2008; Zhang et al., 2018). The Gaoping Canyon is connected to the
Gaoping River mouth and sediments are transported directly by hyperpycnal and turbidity
flows that are strongly dependent on typhoon events and, to a lesser extent, on earthquakes in
the region (Liu J.T. et al., 2016; Zhang et al., 2018). At the present time, the Penghu Canyon
is not directly connected to any river mouth but might have been connected, through the
Penghu Channel, to SW Taiwan rivers during glacial low sea level intervals. Sediments
transported by these canyons have been partially redistributed along the SW Taiwan margin
by Pacific Deep Water (PDW) currents, which enter the SCS through the Luzon Strait (Fig. 3-

).

6250 m

Dcaan Data Viaw

112°N 114°N 116°N 118°N 120°N 122°N 124°N

Figure 3-1. Bathymetric map of the northeastern SCS showing the location of Core MD18-
3569. The location of the Toushe basin discussed in this study is also indicated. Main surface-
and deep-current patterns (LZC: Luzon deep current; SCSCC: SCS contour current; SCSWC:
SCS warm current; LC: Loop current; GCC: Guangdong coastal current) (Liu et al., 2016),
southern limit of July intertropical convergence zone (ITCZ) and winter and summer

monsoon wind directions are reported (Webster, 1994; Wang et al., 2003). The SW Taiwan
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rivers are also reported (Z: Zhuoshui; Pe: Peikang; Po: Potzu; Ba: Bachang; T: Tsengwen; E:

Ehrjen; G: Gaoping).

In this chapter, we conduct high-resolution analyses of clay mineral and major element
concentrations, as well as Sr and Nd isotopic measurements, of a core located on the eastern
bank of the Penghu Canyon; our aim is to reconstruct (i) temporal variations in sediment
sources and transfer to the northeastern SCS and (i1) changes in the weathering degree of SW

Taiwan and their potential links to climatic changes since the last glacial period.

3.2 Climatic and geological settings

3.2.1 East Asian monsoon and SCS hydrology

The East Asian monsoon is characterized by a seasonal reversal of wind direction and
latitudinal shift of the intertropical convergence zone (ITCZ) associated with intense humidity
over the northern SCS (Webster et al., 1994, 1998; Ruddiman, 2001) (Fig. 3-1). In summer,
the ITCZ is located between 20 and 35°N, in the SCS region, and the EASM is responsible
for 80% of the regional yearly precipitation. In contrast, in winter, the ITCZ shifts southwards
to between 0 and 20°S (Wang et al., 2003). The precipitation rates are about 2500 mm/yr on
Taiwan, 1700-2000 mm/yr in South China, and 1900-2100 mm/yr on Luzon (Dadson et al.,
2003; Liu Z.F. et al., 2007, 2009). Taiwan rivers, the Pearl River, and Luzon rivers supply 176
Mt/yr, 102 Mt/yr, and 13 Mt/yr of detrital sediments to the northeastern SCS, respectively
(Dadson et al., 2003; Liu et al., 2009; Zhang et al., 2012). The monsoon winds and the
Kuroshio intrusion control the seasonal reversal of the surface ocean circulation pattern of the

northeastern SCS (Hu et al., 2000).

The Luzon Strait, with a water depth of about 2400 m, is the only deep-sea channel
connecting the SCS to the western Pacific Ocean (Li and Qu, 2006; Qu et al., 2006). At the
surface, the intrusion of the Kuroshio Current into the northern SCS occurs through the Luzon
Strait, from which it flows along the margin of Taiwan in the northern SCS (Caruso et al.,
2006). During the winter, the dominant southwestward winds drive the formation of surface
cyclonic gyres in the SCS and the coastal current flowing northwards on the South China
shelf (Wu, 2014; Fang et al., 1998). During the summer, the dominant northeastward winds
induce an anti-cyclonic surface gyre and a surface coastal current which flows northwards

(Wu, 2014; Fang et al., 1998).
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A vertical sandwich structure has been recognized in the Luzon Strait, where the inflow
of surface and deep waters to the SCS is compensated by the outflow of intermediate water
mass to the Pacific Ocean (Yuan, 2002; Tian et al., 2006; Gan et al., 2016; Zhu et al., 2019).
Recent studies indicate that the exchange of intermediate water (from 500 to 1500 m) between
the SCS and the Pacific Ocean is very complex with strong seasonal variability. During the
summer, there is a westward inflow in the northern part of the strait and an eastward outflow
in the southern part, while the flow pattern across the strait is reversed in winter (Yang et al.,
2010; Xie et al., 2011; Zhu et al., 2019). After entering the SCS through the Luzon Strait, the
deep-water current (2000-2500 m) turns northwestwards along the southern margin of
Taiwan, and then turns southwestwards along the continental margin of South China (Qu et
al., 2006; Wang et al., 2011) (Fig. 3-1). This deep-sea circulation corresponds to the SCS
Contour Current system that contributes, like the Kuroshio Current at the sub-surface, to the
redistribution of vast amounts of sediments along the southern margin of Taiwan (Zhao et al.,

2015; Liu et al., 2016).

3.2.2 Sources of northeastern SCS sediments

The river basins of SW Taiwan, Luzon, and South China are the main sources of detrital
sediments for the northeastern SCS (Dadson et al., 2003; Liu Z.F. et al., 2009; Milliman and
Farnsworth, 2011; Zhang et al., 2012).

The coastal plain of SW Taiwan consists mainly of Pliocene to Holocene sedimentary
formations. The eastern and central mountain ranges are characterized by Miocene and
Pliocene sedimentary, metamorphic, and volcanic rocks. Due to a high degree of physical
erosion induced by heavy monsoon rainfall and rapid uplift (up to ~20 mm/yr, Ching et al.,
2011), the clay mineral assemblage of sediments delivered by the Taiwan rivers is
characterized by dominant proportions of illite (average 56%) and chlorite (average 36%),

with minor proportions of kaolinite and smectite (Liu Z.F. et al., 2010a).

South China is a cratonic region composed mainly of Paleozoic and Mesozoic
sandstones, mudstones, and limestones with a significant presence of Mesozoic and Cenozoic
granitic intrusive rocks. This region is characterized by intensive chemical weathering due to
the relatively heavy monsoon precipitation and tectonic stability. Thus, the sediments
transported to the northeastern SCS by the Pearl River are mainly composed of kaolinite
(46%) and illite (35%), with a smaller proportion of chlorite (18%) and negligible amounts of

smectite (1%). Illite from South China has undergone stronger chemical weathering than that
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from Taiwan, and thus the illite chemistry index and crystallinity of sediments transported by

the Pearl River are higher than those of sediments from Taiwan (Liu Z.F et al., 2008, 2010a).

In contrast, Luzon consists mainly of volcanic rocks, such as basalts and andesites.
Under tropical climatic conditions and strong EASM precipitation, the clay mineral
assemblage of the rivers draining this basaltic province differs significantly from sediments
from Taiwan and South China with dominant smectite (87%) and low contents of illite (1%),

chlorite (7%), and kaolinite (5%) (Liu Z.F. et al., 2009).

3.3 Material and methods

3.3.1 Material and age model

The Calypso Core MD18-3569 (22°09.30'N, 119°49.24'E; 40.08 m in length; 1320 m
water depth) was collected in June 2018 on the eastern bank of the Penghu Canyon during the
HYDROSED cruise aboard the R/V Marion Dufresne (Fig. 3-1). The lithology of Core
MD18-3569 consists mainly of a greenish gray homogenous hemipelagic mud without any
visible turbidites. For this study, the upper 15 m of Core MD18-3569 has been investigated
with a sampling resolution of 5 cm for the upper 3 m and 8-15 m depth intervals and of 2.5
cm for the 3-8 m depth interval. A total of 381 samples were thus collected. They were used to
analyze clay minerals and major elements, and among them, 33 samples were selected for Sr

and Nd isotopic measurement of carbonate-free detrital bulk and clay-size (<2 um) fractions.

The age model of the studied section of Core MD18-3569 was established using linear
interpolation between eight calibrated AMS '“C dates obtained from planktonic foraminifer G.
ruber (250-355 um) combined with oxygen isotope stratigraphy of planktonic foraminifer G.
ruber (250-355 um) (Chen et al., 2021) (Fig. 2-2). The G. ruber §'30 record displays a glacial
to Holocene §'%0 difference (considering maximum and minimum values) of ~3.1%o (Chen et
al., 2021) (Fig. 2-2). The mean sedimentation rate of Core MD18-3569 is high (54.7 cm/kyr)
(Fig. 2-2). It increases from 34.9 to 52.0 cm/kyr during the last deglaciation and reaches the
maximum value of 72.9 cm/kyr after 4 cal kyr BP. This permits us to obtain a high temporal

resolution (about 85 yr) records of clay mineralogy and geochemistry during the past 32 kyr.

3.3.2 Clay mineralogical analysis

The clay mineral determination was obtained by X-ray diffraction (XRD) performed on a
PANalytical X’Pert PRO diffractometer hosted at the State Key Laboratory of Marine
Geology (Tongji University). The analytical procedure used has been described in detail by
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Liu et al. (2004). In brief, after decarbonization (20% acetic acid) and removal of organic
matter (H20>), the clay fraction (<2 um) was extracted following Stokes’ Law. The XRD
measurements were performed on oriented thin sections that had been successively air dried,
saturated with ethylene glycol under vacuum for 24 hours, and heated at 490°C for 2 hours.
Semi-quantitative estimates of the peak areas of the basal reflections for the main clay mineral
groups (smectite: 15-17 A; illite: 10 A; and kaolinite/chlorite: 7 A) were carried out on the
ethylene glycol saturation diffractogram using MacDiff software. Kaolinite and chlorite were
distinguished using the 3.57/3.54 A peak areas. Illite chemistry was calculated using 10 A/5 A
peak areas and illite crystallinity using the full-width at half-maximum (FMWH) value of the
10 A peak. Replicate analysis of the sample produced results with a relative error margin of

+2% (20).

3.3.3 Major element analysis

Major elements (SiO2, Al>O3, Fe203, K20, CaO, MgO, Na,O) were analyzed using X-ray
fluorescence (XRF) on a PANalytical Axios spectrometer at the State Key Laboratory of
Marine Geology (Tongji University) on the same samples processed for the mineralogical
analyses. Salt was removed after three centrifugations of a solution of deionized water and
finely ground samples; supernatant water was removed between the centrifugations. After the
salt removal, the samples were dried. Then, 3.5 g of finely ground samples were used to form
pellet tablets with boric acid and a press machine. Samples were then analyzed by X-ray
fluorescence in an X-ray spectrometer. GSD-15, GSD-16, and GSR-6 standards were used to
control the analysis precision every 20 samples and showed an average standard deviation of
less than £2%. Major elements were expressed as their oxides (%) as absolute bulk content of

samples.

3.3.4 Sr and Nd isotope analysis

Sr and Nd isotopic compositions were analyzed on the carbonate-free bulk and clay-size
(<2 um) siliciclastic fractions. The clay fraction was extracted following the same analytical
procedure used for XRD measurements. The carbonate-free fractions were analyzed after
decarbonation (20% acetic acid) and the removal of organic matter (H202). Samples were first
dissolved in HF-HClIO4 and HNO3-HCI mixtures. Sr and REEs were then separated using a
Biorad column packed with AG50WX-8 200-400 mesh cationic exchange resin and using 2 N
HCI and 2.5 N HNO:s, respectively. The Sr fraction was then purified on a 20-ul Sr-Spec

column consisting of a polyethylene syringe with a 4 mm @ millex filter (Colin et al., 1999).
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Nd was purified from the REEs fraction using Ln-Spec resins and following the detailed
analytical procedures described in Copard et al. (2010).

Sr and Nd isotopic compositions were measured using a Thermo Scientific Multi-
Collector Induced Coupled Plasma Mass Spectrometer (MC-ICP-MS NEPTUNE?™) hosted at
the Laboratoire des Sciences du Climat et de [’Environnement (LSCE), Gif-sur-Yvette
(France). For the Sr and Nd isotope analyses, sample and standard concentrations were
matched at 20 ppb. During the analytical sessions, every group of three samples was
bracketed with analyses of appropriate Sr standard solution NIST SRM987 (¥’Sr/%Sr of
0.710245+0.000016) and Nd standard solution JNdi-1 ('*Nd/'**Nd of 0.512115 + 0.000006)
(Lugmair et al., 1983; Tanaka et al., 2000). The Sr and Nd isotope ratios were corrected from
mass bias according to the exponential law relative to **Nd/!**Nd = 0.7219 and ®6Sr/%¥Sr =
0.1194. Nd isotopic compositions are expressed as end(0) =
[(“*Nd/"Nd)sample/("*Nd/"*Nd)cuur-11x10000, with the present-day (‘*Nd/***Nd)cuur of
0.512638 (Jacobsen and Wasserburg, 1980). The analytical errors for each sample analysis
were taken as the external reproducibility of the JNdi-1 or NIST SRM987 standards unless the

internal error was larger.

3.4 Results

3.4.1 Clay mineralogy

The clay mineral assemblage of Core MD18-3569 is dominated by illite (45-59%,
average 52%) and chlorite (27-39, average 32%), along with a moderate proportion of
smectite (4-22%, average 12%) and a minor proportion of kaolinite (2-8%, average 4%) (Fig.
3-2, Appendix 3-1). In general, variations in the proportions of illite and chlorite are similar,
and they are inversely correlated to those of smectite and, to a lesser extent, to kaolinite

distributions (Fig. 3-3).

Smectite content is low (average around 10-12%) during the late Holocene and in the
time interval of 20-12 cal kyr BP, and slightly higher (average around 14%) during the early
Holocene between 11 and 5 cal kyr BP. Similarly, kaolinite content is slightly higher (4%)
during 11-5 cal kyr BP and lower (3%) during the late Holocene and last glacial periods. Illite
and chlorite contents present inverse variations to smectite with high proportions during the
late Holocene and last glacial period. Illite and chlorite contents are relatively lower during

the early Holocene (11 and 5 cal kyr BP) (Fig. 3-2).
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Illite crystallinity and illite chemistry index vary within narrow ranges of 0.132-0.206°
A28 (average 0.158° A20) and of 0.264-0.397 (average 0.324), respectively. Both

mineralogical parameters do not display significant variations over the past 32 kyr.
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Figure 3-2. Temporal variations of clay mineral assemblage, illite crystallinity, illite chemistry
index, clay fraction (<2 um) Nd and Sr isotopic compositions, and G. ruber §'%0 of Core

MD18-3569 during the last 32 kyr. G. ruber 8'30 from Chen et al. (2021).
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3.4.2 Major elements

Major elements of Core MDI18-3569 sediments mainly include SiO2 (61.9-67.5%,
average 65%), Al2Os3 (13.9-16.6%, average 15%), and Fe;Os3 (5.3-7.2%, average 6.2%) with
lower concentrations of K>O (2.8-3.4%, average 3%), MgO (1.9-2.4%, average 2.1%), Na,O
(1.1-1.3%, average 1.2%), and CaO (0.9-1.2%, average 1%) (Fig. 3-4). Al203, Fe>03, K20,
and MgO contents were relatively low and stable in the interval of 32-18 cal kyr BP and then
increased progressively at 18 cal kyr BP to reach a maximum at 10 cal kyr BP. Thereafter,
their concentrations decreased until ~7.8 cal kyr BP and then have increased slightly up to the
present time. Long-term variations in SiO, Na;O, and CaO concentrations are inversely
correlated to those of AlOs, Fe0s3, KO, and MgO. SiOz, NaxO, and CaO concentrations
decreased during the time interval of 20-10 cal kyr BP and increased at ~7.8 cal kyr BP (Fig.
3-4).

3.4.3 Sr-Nd isotopic compositions

eNd values of bulk siliciclastic sediments display a narrow range from -11.63+0.15 to -
10.96+0.13 (Fig. 3-4). eNd values of clay fraction also present a narrow range from -
11.48+0.13 to -10.28+0.15 with slightly higher values than those obtained for the bulk
siliciclastic sediments (Table 3-1) (Fig. 3-4). Sr/*Sr ratios of bulk siliciclastic sediments
also display a narrow range, from 0.7187 to 0.7213, without any significant variation trends
during the past 32 kyr apart from a peak at 17.1 cal kyr BP (0.7213) (Fig. 3-2). ¥’Sr/%¢Sr ratios
obtained on the clay fraction present slightly higher values (from 0.7197 to 0.7230) from the
MIS 3 to the early Holocene (with a maximum centered at 10 cal kyr BP) than the late

Holocene, which is associated with a slight decrease of the 87Sr/*¢Sr ratio (Fig. 3-2).
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Figure 3-4. Temporal variations of major element contents (SiO2, Na,O, CaO, Al,Os, FexOs,
K>0 and MgO) of Core MD18-3569 over the last 32 kyr. 87Sr/2°Sr ratio and eNd value of the

carbonate-free bulk fractions are also displayed.
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Table 3-1. Sr and Nd isotopic compositions measured on the carbonate-free bulk and clay-size

(<2 pm) siliciclastic fractions of sediments from Core MD18-3569.

Age
Depth

(cal kyr 87Sr/8°Sr  + 26 IBNA/"Nd  +20 eNd +20
(cm)

BP)
Bulk siliciclastic
20.5 0.92 0.71904  0.00001 0.512058 0.000008 -11.31 0.15
61.0 1.47 0.71906  0.00001 0.512060 0.000008 -11.27 0.15
91.0 1.89 0.71904  0.00001 0.512068 0.000008 -11.12 0.15

140.5 2.62 0.71944  0.00001  0.512066 0.000008 -11.16 0.15
190.5 3.31 0.71906  0.00001  0.512058 0.000008 -11.32 0.15
241.0 4.04 0.72000  0.00001  0.512058 0.000008 -11.32 0.15
280.5 4.65 0.71899  0.00001  0.512070 0.000008 -11.07 0.15
301.0 4.98 0.71930  0.00001  0.512061 0.000008 -11.25 0.15
370.5 6.13 0.71943  0.00001  0.512061 0.000007 -11.25 0.13
421.0 6.96 0.71927  0.00001  0.512056 0.000008 -11.35 0.15
481.0 8.22 0.71905  0.00001  0.512063 0.000008 -11.22 0.15
511.0 8.89 0.71914  0.00001  0.512062 0.000008 -11.23 0.15
560.5 9.97 0.71968  0.00001  0.512069 0.000008 -11.10 0.15
640.5 11.67 0.71905  0.00001  0.512055 0.000008 -11.38 0.16
661.0 12.09 0.71938  0.00001  0.512079 0.000007 -10.90 0.14
710.5 13.04 0.71942  0.00001  0.512062 0.000008 -11.24 0.15
760.5 14.05 0.71895  0.00001  0.512044 0.000008 -11.59 0.15
790.5 14.65 0.71950  0.00001  0.512062 0.000008 -11.23 0.15
850.5 15.83 0.71945  0.00001  0.512056 0.000008 -11.35 0.15
901.0 17.09 0.72132  0.00001  0.512076 0.000007 -10.96 0.13
920.5 17.63  0.71954  0.00001  0.512044 0.000008 -11.58 0.15
991.0 19.46  0.71979  0.00001  0.512055 0.000008 -11.37 0.15
1000.5 19.68 0.71906  0.00001  0.512042 0.000008 -11.63 0.15
1060.5 21.36  0.71933  0.00001  0.512047 0.000007 -11.52 0.14
1100.5 2252 0.71872  0.00001  0.512070 0.000008 -11.07 0.15
1150.5 2396 0.71943  0.00001  0.512054 0.000008 -11.39 0.15
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1201.0 2542 0.71925  0.00001  0.512055 0.000008 -11.38 0.15
1261.0 2693 0.71908  0.00001  0.512051 0.000007 -11.45 0.13
1300.5 27.67 0.71942  0.00001  0.512063 0.000008 -11.23 0.15
1340.5 28.43  0.71959  0.00001  0.512069 0.000008 -11.11 0.15
1370.5 28.99  0.71980  0.00001  0.512069 0.000008 -11.09 0.15
1411.0 29.75 0.71947  0.00001  0.512062 0.000007 -11.25 0.13
1460.5 30.68 0.71947  0.00001  0.512060 0.000008 -11.27 0.15

Clay size fraction

20.5 0.92 0.71995  0.00001  0.51210 0.000007 -10.56 0.15
61.0 1.47 0.71972  0.00001  0.512091 0.000008 -10.66 0.13
91.0 1.89 0.72001  0.00001  0.512094 0.000008 -10.61 0.15

140.5 2.62 0.72007  0.00001  0.512097 0.000008 -10.55 0.15
190.5 3.31 0.72039  0.00001  0.512090 0.000008 -10.68 0.15
241.0 4.04 0.72060  0.00001  0.512111 0.000008 -10.28 0.15
280.5 4.65 0.71997  0.00001  0.512198 0.000008 -10.54 0.15
301.0 4.98 0.71975  0.00001  0.512092 0.000007 -10.65 0.13
370.5 6.13 0.72193  0.00001  0.512091 0.000008 -10.68 0.15
421.0 6.96 0.72120  0.00001  0.512091 0.000008 -10.67 0.15
481.0 8.22 0.72047  0.00001  0.512092 0.000008 -10.65 0.15
511.0 8.89 0.72155  0.00001  0.512107 0.000008 -10.36 0.15
560.5 9.97 0.72305  0.00001  0.512093 0.000008 -10.64 0.15
640.5 11.67 0.72044  0.00001  0.512083 0.000008 -10.82 0.15
661.0 12.09  0.72039  0.00001  0.512091 0.000008 -10.66 0.15
710.5 13.04 0.72113  0.00001  0.512087 0.000008 -10.75 0.15
760.5 14.05 0.72138  0.00001  0.512109 0.000008 -10.32 0.15
790.5 14.65 0.72152  0.00001  0.512088 0.000008 -10.74 0.15
850.5 15.83  0.72144  0.00001  0.512077 0.000008 -10.94 0.15
901.0 17.09  0.72020  0.00001  0.512049 0.000007 -11.48 0.13
920.5 17.63 0.72213  0.00001  0.512088 0.000008 -10.73 0.16
991.0 19.46  0.72132  0.00001  0.512060 0.000007 -11.28 0.13
1000.5 19.68 0.72221  0.00001  0.512065 0.000008 -11.18 0.15
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1060.5 2136  0.72168  0.00001  0.512081 0.000008 -10.87 0.15
1100.5 2252 0.72133  0.00001  0.512082 0.000008 -10.85 0.15
1150.5 2396  0.72093  0.00001  0.512065 0.000008 -11.18 0.15
1201.0 25.42  0.72137  0.00001  0.512095 0.000008 -10.60 0.15
1261.0 2693  0.72117  0.00001  0.512066 0.000011 -11.15 0.21
1300.5 27.67 0.72165  0.00001  0.512083 0.000008 -10.83 0.15
1340.5 28.43  0.72177  0.00001  0.512085 0.000008 -10.79 0.15
1370.5 2899 0.72042  0.00001  0.512088 0.000008 -10.73 0.15
1411.0 29.75  0.72089  0.00001  0.512083 0.000008 -10.82 0.15
1460.5 30.68 0.72089  0.00001  0.512085 0.000008 -10.79 0.15

3.5 Discussions

3.5.1 Sources of sediments to the SW Taiwan margin

Several studies have shown that Sr and Nd isotopic compositions in deep-sea sediments
of the northeastern SCS are particularly useful for determining the principal sources of
sediments (Boulay et al., 2005; Liu Z.F et al., 2005; Wei et al., 2012). Compared to the
original bedrock values, eNd values in sediments are usually not significantly influenced by
erosion and transportation. In contrast, 8’Sr/*Sr ratios can be modified significantly within
different grain-size fractions because of sorting effects that occur during transport. Several
previous studies have shown that the coarse fractions of sediments are characterized by
different mineral compositions to the fine fraction. For example, it has been shown that the
fine fraction mainly contains clay minerals and micas, which are often characterized by high
87S1/%Sr ratios (Innocent et al., 2000; Colin et al., 2006; Meyer et al., 2011; Hu et al., 2012;
Zhao et al., 2017). ¥7Sr/®Sr ratios can also be affected by chemical weathering of Rb-rich
minerals such as micas (Colin et al., 2006). Therefore, Sr isotopes can be biased by sorting
effects and caution must be considered when constraining sedimentary provenances. Since
most previous results for the deep-sea sediments of the SCS and their sedimentary sources
have been obtained on the decarbonated bulk sediment or <63 pum fraction, in figure 3-5 we
have reported the eNd and ’Sr/%6Sr ratios analyzed on the decarbonated bulk sediments from
Core MD18-3569 together with Sr and Nd isotopic compositions of river sediments obtained

on the <63 pm fraction.
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The narrow ranges of eNd values and 3’Sr/*Sr ratios of decarbonated bulk sediments
(eNd from -11.63 to -10.89 and ’Sr/*¢Sr from 0.7187 to 0.7213) of Core MD18-3569 are
similar to those of Taiwan river sediments (eNd from -11.2 to -12.2 and ¥’Sr/*®Sr from 0.7176
to 0.7219) (Fig. 3-5). Such Sr and Nd isotopic compositions are in contrast with the eNd and
87S1/3%6Sr ranges of Luzon river sediments (¢eNd from +6.4 to +7.4 and 3’Sr/*Sr from 0.7044 to
0.7052) and Pearl River sediments (eNd from -1.4 to -10.5 and ¥’Sr/**Sr from 0.7275 to
0.7373) (Goldstein and Jacobsen, 1988, Dou et al., 2016, Liu Z.F. et al., 2016) (Fig. 3-5).
More specifically, plots of the eNd and 8’Sr/**Sr values of the decarbonated sediments of Core
MD18-3569 closely overlie the ranges for SW Taiwan rivers (Zhuoshui, Tsengwen, Ehrjen,
and Gaoping) (Fig. 3-5). However, variations in the Sr and Nd isotopic compositions of the
decarbonated sediments are too small to allow a robust interpretation of changes in the

provenance among SW Taiwan rivers since the last glacial period.
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Figure 3-5. 8’Sr/*%Sr versus ¢Nd diagram. ¥’Sr/%6Sr ratios and eNd values obtained on the
carbonate free-fractions of Core MD18-3569 (black dots, this study) are reported together
with Sr and Nd isotopic compositions of Luzon rivers (purple squares) (Goldstein and
Jacobsen, 1988; Liu Z.F. al., 2016), Pearl River (blue squares) (Liu Z.F. et al., 2016), and SW
Taiwan rivers (red squares) (Dou et al., 2016; Liu Z.F. et al., 2016).

This implies that the sediment provenance is a mixture of SW Taiwan rivers (Zuoshui:

eNd=-12.2, ¥’Sr/%6Sr=0.7192; Tsengwen: eNd=-12.8, 37Sr/*Sr=0.7209; Ehrjen: sNd=-12.6,
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87S1/%68r=0.7206) (Fig. 3-5). Nevertheless, such ranges of Sr and Nd isotopic compositions
indicate that the main sedimentary source remains as the SW Taiwan river basins and they
exclude a significant contribution of sediments derived from the Luzon rivers as well as the
Pearl River (Fig. 3-5). There are slightly higher eNd and ®’Sr/*®Sr ratios for the clay fraction
compared to the decarbonated bulk sediments (Table 3-1) in agreement with previous results
obtained in other study areas (Innocent et al., 2000; Meyer et al., 2011; Hu et al., 2012; Zhao
et al., 2017). Nevertheless, the narrow ranges of eNd and ¥Sr/*Sr ratios of the clay-size
fraction (<2 um) confirm that clay mineral sources have remained constant throughout the

past 32 kyr (Fig. 3-6).
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Figure 3-6. Temporal evolution of Sm/(I+C) and K/(I+C) mineralogical ratios and of ®’Sr/*®Sr
ratio and €Nd value obtained on the <2 um siliciclastic fractions of Core MD18-3569. The
insolation curve received by the earth at 65°N of latitude and the §'®0 record obtained on the
Hulu and Dongge Cave speleothems (Wang et al., 2001; Dykoski et al., 2005) are reported for

comparison.
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Clay mineral assemblage has been used in previous studies to constrain sediment sources
and transports to the oceanic margin of the northeastern SCS (Boulay et al., 2005; Liu Z.F. et
al., 2010a, 2016; Zhao et al., 2018). Given the contrasted mineralogical signatures of the main
sedimentary provinces (e.g., Liu Z.F. et al., 2016), it is possible to use the clay mineral
assemblage of sediments from Core MD18-3569 to better constrain the sources of sediments

on the eastern bank of the Penghu Canyon.

Clay mineralogical results for Core MD18-3569 are reported in a ternary diagram of
(illite+chlorite)-kaolinite-smectite together with the mineralogical compositions of modern
river sediments obtained using the same XRD analytical procedure (Liu Z.F. et al., 2016) (Fig.
3-7). The major proportions of illite (52%) and chlorite (32%) of Core MD18-3569 sediments
are characteristic of assemblages related to illite and chlorite rich sediments from SW Taiwan
rivers (56% illite and 36% chlorite) (Liu Z.F. et al., 2016) (Fig. 3-7). These results rule out the
possibility that the Pearl River is the major source of clay to the studied site. First, the
percentage of kaolinite is too low in the clay fraction of Core MD18-3569 (average 4%) to
correspond to riverine sediment from South China (46%) and correspond instead to average

kaolinite inputs from Taiwan rivers (4%) (Liu Z.F. et al. 2016) (Fig. 3-7).
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Figure 3-7. Ternary diagrams of major mineral groups of illitet+chlorite, kaolinite, and
smectite for Core MD18-3569 (A). Clay mineralogy compositions of surface sediments from

Luzon rivers, Pearl River, and SW Taiwan rivers are included for comparison (Liu Z.F et al.,
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2008, 2010a, 2016). Zoomed plots for surface sediments of Taiwan rivers and Core MD18-
3569 (B).

This could be the result of the Guangdong Coastal Current (GCC) and the westward
circulation induced by the Kuroshio intrusion (Caruso et al., 2006) that transport sediments
from the Pearl River southwards, along the Chinese continental shelf and/or the flocculation
effect of kaolinite causing the mineral to sink and deposit on the continual shelf close to the
mouth of the Pearl River (Xia et al., 2004). In addition, the illite crystallinity and illite
chemistry index (0.158°A20 and 0.324, respectively) obtained on the clay-size fraction of
Core MD18-3569 are too low to be consistent with the high chemical weathering experienced
by sediments in South China (0.198° A260 and 0.466, respectively) (Liu Z.F. et al., 2007b,
2007c) (Fig. 3-8). Thus, SW Taiwan is the main source of illite and kaolinite for the studied
site, while the input of sediments from the Pearl River can be considered negligible. Such
results are coherent with the Sr and Nd isotope results and the proximity of the study site to

the southwestern coast of Taiwan and its river mouths.
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Figure 3-8. Illite crystallinity versus illite chemistry index of Core MD18-3569 (black dots)
sediments compared to South China (green triangle) and Taiwan (red cross) river sediments

(Liu Z.F. et al., 2010a, 2016).

However, the average smectite content (12%) of Core MD18-3569 is relatively high

compared to the average of present-day inputs from SW Taiwan rivers to the SCS (4%) (Liu
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Z.F. et al., 2016) (Fig. 3-7). Such results are coherent with one previous study that also
indicates that smectite proportions are higher in sediments of the Penghu Canyon system than
those in the Gaoping Canyon, a fact that can be attributed to different land-sea configurations
(Nayak et al., 2021). In fact, at present the Penghu Canyon is not directly connected to a river
mouth but may have been connected, via the Penghu Channel, to the SW Taiwan rivers during
low sea level intervals. This is in contrast with the Gaoping Canyon which has always been
connected to the Gaoping River mouth, at least since the last glacial period (Yu S.W. et al.,
2017). Taking this into account, we cannot fully exclude the possibility that a small portion of
the smectite from Core MD18-3569 derives from a potential additional source. Another
important source of smectite to the northeastern SCS is the basaltic province of Luzon and the
volcanic formations of western Taiwan (Liu Z.F. et al., 2009). However, higher proportions of
smectite (or S/(I+C) ratio) are not systematically associated with more radiogenic eNd in the
clay-size fraction. The ¥'Sr/%¢Sr ratios of the <2 pum fraction are even slightly higher during
10-6 cal kyr BP which contradicts the hypothesis of a greater volcanic contribution (Fig. 3-6).
Consequently, we can assume that the smectite does not derive from the weathering of

volcanic formations but rather from crustal rocks on the island of Taiwan (Fig. 3-6).

Several rivers located in western and southwestern Taiwan deliver moderate amounts of
smectite to the SCS. These include Tsengwen (smectite content 15%) and Erhjen (smectite
content 10%) rivers, which are close to the studied site, with sediment discharge of 9-16 Mt/yr
and 21 Mt/yr, respectively, have some of the greatest sediment fluxes of all SW Taiwan rivers
(Dadson et al., 2003). Figure 3.7 presents the clay mineral assemblages of the western and
southwestern Taiwan rivers (Liu Z.F. et al. 2010a; 2016) in comparison to sediments from
Core MD18-3569. It shows that most of the samples lie within the ranges of Tsengwen,
Erhjen, and Bachang rivers, which are characterized by moderate smectite contents (8-17%),
suggesting that these rivers are potentially the main sources of fine sediments to Core MD18-
3569. A minor portion of samples are distributed within the range of rivers with low to
negligible smectite contents such as Potzu (smectite content 7%), Peikang (smectite content
6%), and Zhuoshui (smectite content 5%) rivers, which are located further north in western
Taiwan. This suggests that a small number of fine sediments could also have derived from
these western Taiwan rivers during the glacial low sea level stand when the strait was
emerged. In such the low sea level condition, these rivers might have been directly connected

to the Penghu Canyon system (Lambeck et al., 2014; Spratt et Lisiecki., 2016).
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To sum up, clay mineral assemblages combined with the Nd and Sr isotopic
compositions confirm that the SW Taiwan rivers (mainly Tsengwen and Erhjen rivers) have
been the principal sources of sediments to Core MD18-3569 since the last glacial period.
There is also a possible minor contribution of clay materials derived from the rivers of
western Taiwan (Zhuoshui, Bachang, Potzu, and Peikang rivers), which could have been

transported to the SCS through the Taiwan Strait during the glacial low-sea level stand.

3.5.2 Variations in chemical weathering and physical erosion of SW Taiwan

Several forcings (such as climate, tectonics, and lithology) control the morphology of
Taiwan. They impact on sediment discharge to the northeastern SCS via submarine canyons
and this can be recorded in deep-sea cores. Taiwan has been characterized by rapid and
irregular uplift over time since the late Miocene (Huang et al., 1997). Intervals of high uplift
induce a steeper river slope, which leads to stronger physical erosion induced by the enhanced
power of rivers to incise bedrocks (Bull, 1990; Hsieh et al., 2001; 2002). Taiwan is also
affected by intense East Asian monsoon rainfalls and typhoon events (Wu et al., 1992; Hsieh
et al., 2001; 2002). Such climatic conditions with heavy rains play a key role in the
weathering and morphological changes of Taiwan river basins (Molnar, 2001; Hsieh et al.,
2001; 2002). Moreover, enhanced hydrolysis conditions associated with rainfall conditions
can induce rapid leaching of the most labile elements. This phenomenon is also enhanced by
the breaking up of rocks by erosion, leading to greater surface alteration (Rasmusson and
Carpenter, 1982). Thus, in a tectonically active region with marked climatic variability,
weathering is triggered by the variation of the interactions between these forcings and their

effects on erosion (Riebe et al., 2001).

Since SW Taiwan is the unique source of sediments to Core MD18-3569, the clay
mineral assemblages and major element compositions of the core can be used to evaluate the
state of chemical weathering of sediments transported to the study site (Wei et al., 2006; Hu et
al., 2012; Clift et al., 2014; Huang et al., 2016; Liu Z.F. et al., 2016). Major elements are
reported in AlO3;—(CaO+Na;0)-K>O (A-CN-K) ternary diagram to assess elemental
leaching by chemical weathering (Fig. 3-9). Sample distributions in the A-CN-K diagram
indicate that sediments experienced a moderate weathering in agreement with pronounced
tectonic uplift of Taiwan which results in high rates of physical erosion. Such physical erosion
conditions induce preferential leaching of Na and Ca, which is typical of Taiwan river
sediments (Selvaraj and Chen, 2006; Liu Z.F. et al., 2016). Thus, Na is compared to an

immobile element, Al, through the Al,O3/Na>O ratio. Hence a pronounced state of chemical
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weathering of sediments delivered to the study site from SW Taiwan will be associated with
detrital material that is relatively depleted in Na and enriched in Al leading to an increase in

the A1,03/NayO ratio (Selvaraj and Chen, 2006) (Fig. 3-9).
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Figure 3-9. A-CN-K (Al,03—(Ca0O+Na>O)-K,0) ternary diagram plotting results obtained on
Core MD18-3569 together with surface sediments from Luzon rivers (Liu et al., 2016), Pearl
River (Liu et al., 2016), and SW Taiwan rivers (Liu et al., 2016) for comparison.

Smectite/(illite+chlorite) (Sm/I+C), kaolinite/(illite+chlorite) (K/I+C), chemical index of
alteration (CIA = molar ratio of [Al,03/(Al2,03+NaO+K,0+CaO*) x100]), Al203/S10,, and
Al203/Naz0O are reported in Figure 3-10 as chemical weathering proxies. Smectite and, to a
lesser extent, kaolinite contents display anti-covariations to illite and chlorite contents (Fig. 3-
3). As smectite and kaolinite are of the result of chemical weathering of primary minerals and
illite and chlorite result from strong physical erosion, we can use Sm/(I+C) and K/(I+C) as
proxies to establish past changes in the relative intensity of chemical weathering and physical
erosion within the rivers basins of SW Taiwan. We can thus hypothesize that higher Sm/(I+C)
and K/(I+C) ratios would suggest enhanced chemical weathering and/or a decrease in the

physical erosion of the sedimentary sources.

The CIA can also be used to evaluate the state of chemical alteration of sediments (Colin et
al., 2006; Hu et al., 2012; Clift et al., 2014; Liu Z.F. et al., 2016). A CIA range of 80-100
indicates strong weathering, 80-60 indicates moderate weathering, 60-40 reflects low
weathering, and values below 40 indicate no chemical weathering (Liu Z.F. et al., 2016). CIA
values for Core MD18-3569 range from 66 to 70 with an average value of 68 (Fig. 3-10).
These CIA values fall into the range of moderate chemical weathering values (80-60) and are

in agreement with the A-CN-K ternary diagram (Fig. 3-9). Finally, concentrations of Si in
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marine sediments are higher in the sand fraction (e.g., Quartz) than in the clay fraction, which
is the product of grain-size sorting, where Al concentrations are high in the clay fraction,
reflecting intense chemical weathering. Al>O3/SiO2 variations can thus be attributed to
changes in the relative proportion of clay and sand fractions and to siliciclastic discharge to
the ocean linked to physical erosion versus chemical weathering on land (Clift et al., 2014).
Clay minerals and bulk major elements were measured on different sediment fractions (<2 um
and bulk sediments). Clay minerals and the coarser minerals contained in bulk sediments
respond differently to chemical weathering (e.g. quartz is considered to be more resistant to
chemical weathering). Both proxies are resulting from slightly different chemical weathering

degrees and processes and their variations can be slightly different.

The variations of CIA and AlbO3/NaxO display slightly higher values during the MIS 3
than the Last Glacial Maximum (LGM) and an increasing trend from the LGM to the early
Holocene. The minimum values of the CIA and Al>O3/NazO ratio occurred at 22 cal kyr BP
during the LGM and during the middle-late Holocene (Fig. 3-10). Similar variations have
been observed in the clay mineral assemblage with lower Sm/(I+C) and K/(I+C) ratios during
the MIS2 compared to the MIS 3 and the early Holocene (between 11 and 5 cal kyr BP). Such
variations indicate that chemical weathering was relatively enhanced during the MIS3
compared to the LGM (and MIS2) when more clays were produced as indicated by the higher
Al,03/Si0; (Hu et al., 2012; Clift et al., 2014; Liu Z.F. et al., 2016) (Fig. 3-10). The LGM is
thus characterized by a relatively weakened state of chemical weathering (lower Sm/(I+C)
and K/(I+C), Si and Na-rich sediments with lower CIA) (Hu et al., 2012; Clift et al., 2014;
Liu Z.F. et al., 2016).

The continuous increase in proxies of weathering intensity (CIA, AlbO3/Na>O, Sm/(I+C))
from the deglaciation to the beginning of the Holocene suggests a progressive enhancement of
chemical weathering intensity during this period, with a maximum centered at 10 cal kyr BP.
The early-middle Holocene transition is characterized by a decreasing of proxies of
weathering intensity from 9.2 to 8.7 cal kyr BP; this trend is well marked in the CIA and the
AlO3/NayO ratio. The early to late Holocene is associated with a steady decrease of S/(I+C),
K/(I+C), CIA, Al203/Si0, and Al,0O3/NaxO (Fig. 3-10). This indicates a decrease in the state
of chemical weathering of detrital material transported from the SW Taiwan basins to the

northeastern SCS.
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Figure 3-10. Temporal variations of erosional and weathering proxies of Core MD18-3569 for
the past 32 kyr: clay mineralogical Sm/(I+C) and K/(I+C), major elemental CIA, Al>O3/SiOz,
and Al,03/NayO, in comparison to climatic §'%0 variations of Hulu and Dongge Cave
speleothems (Wang et al., 2001; Dykoski et al., 2005), the insolation curve received by the
earth at 65°N of latitude (Berger 1978), magnetic susceptibility from Yanchi lake (Li et al.,
2017), C4 plants proportion from Qinghai lake (central China) (Thomas et al., 2015)and

pollen records from Toushe Basin (west Taiwan) (Sanchez Goni et al., 2017).
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3.5.4 Role of the East Asian monsoon and typhoon activity in variations of weathering in
SW Taiwan

In Figure 3-10, chemical weathering proxy records of Core MD18-3569 are compared
with 8'80 variations of Hulu and Dongge Cave speleothems (Wang et al., 2001; Dykoski et
al., 2005) and Tibetan plateau lakes vegetation and magnetic susceptibility records (Qinghai
and Yanchi lakes) (Li et al., 2013; Thomas et al., 2014). These §'30 stalagmites have been
used to reconstruct past rainfall in South China and the northeastern SCS region, 80% of
which is generated by the EASM (Wang et al., 2001; Dykoski et al., 2005; Cheng et al.,
2016). A negative shift of the §'%0 of the Hulu and Dongge Cave records corresponds to an
increase in precipitation, while a period of more weakened EASM precipitation is
characterized by a positive shift (Wang et al., 2001). Climate has important control on
vegetation, e.g., C4 plants are flourishing during summer season with warm and humid
conditions. Liu et al. (2005) used C4 plants proportions to reconstruct the moisture conditions.
Magnetic susceptibility of sediments from north and central China is commonly used as a
proxy of the summer monsoon variation, in wet time intervals, the enhanced chemical
weathering and pedogenesis produce magnetic minerals increasing the magnetic susceptibility

(An et al., 1991).

During the deglaciation and the early Holocene, clay mineralogical ratios (Sm/(I+C) and
K/(I+C)) and elemental ratios (CIA, AlbO3/Si0;, and Al,O3/NayO) increased, reaching a
maximum at around 10 cal kyr BP. Thus, chemical weathering is increasing, and this can be
correlated to a negative shift in the Hulu Dongge Cave §'%0 §'®0 and increase of magnetic
susceptibility and Cs4 plants proportions in Tibetan Plateau lakes resulting from intensified
EASM rainfall (Fig. 3-10). The Holocene is characterized by a steady decrease of clay
mineralogical ratios and leaching of mobile elements from 9 cal kyr BP to its minimum at the
present time. This interval of reduced chemical weathering agrees with the progressive
decrease in the EASM precipitation observed in the §'®0 record of the Hulu Dongge cave
cave, Tibetan Plateau lakes (Fig. 3-10) and northern SCS (Contreras-Rosales et al., 2019). For
Core MD18-3569, the state of chemical weathering of sediments recorded by Sm/(I+C) and
K/(I+C) also displays a lower value interval, with minimum values occurring between 9.1 and
8.7 cal kyr BP (Fig. 3-10). This record is similar to the 9.2 kyr EASM collapse described by

Zhang W et al. (2018) in a geochemical and pollen record from central China.
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During the LGM, the clay mineral assemblage and major elements display less intensive
chemical weathering than during the MIS3; this is in line with the shift to less negative %0
values resulting from weaker EASM precipitation. However, at a shorter time scale, rapid
variations in the weathering proxies obtained on Core MD18-3569 (such as decreases of
Sm/(I+C) centered at 17.5-16.8 cal kyr BP, 15.5-14.5 al kyr BP, 13.5-13 cal kyr BP, and 12.5-
11.5 cal kyr BP, Fig. 3-10) are not associated with changes in monsoon rainfall as
reconstructed from the Hulu Dongge cave §'30 and Tibetan Plateau C4 plants and magnetic
suceptibility records (Wang et al., 2001; Dykoski et al., 2005; Li et al., 2013; Thomas et al.,
2014; Cheng et al., 2016). This could result from age models uncertainties or suggest that the
chemical weathering record is sensitive to the long term EASM trends but less sensitive to
short time and millennial scale changes with the exception of the major monsoon collapse at
9.2 cal kyr BP. Increased EASM precipitation slightly enhances the chemical weathering of

sediments transferred from Taiwan to the northeastern SCS.

A pollen sequence from the Toushe Basin (west Taiwan) (Liew et al., 2006) is reported in
Figure 3-10 and variations therein closely match those of the chemical weathering record
obtained from Core MD18-3569 (Fig. 3-10). Long term changes in tree pollen are coeval with
the those of the S/(I+C) mineralogical ratio. The proportion of herb pollen versus tree pollen
increases during the MIS2, between 24 and 15 cal kyr BP, in agreement with colder and more
arid conditions during this glacial time interval (Liew et al., 2006). Such variations in
vegetation cover corroborate the LGM weakening of chemical weathering recorded by
mineralogical (K/(I+C) and S/(I+C)) and geochemical (Al,03/Na>O, Al,03/Si02, and CIA)
ratios from Core MD18-3569 (Fig. 3-10). Similarly, during the deglaciation (from 15 and 9.6
cal kyr BP), contemporaneously with the increase of smectite and kaolinite production and
leaching of Na and Ca (Fig. 3-10), warmer and subtropical forests were becoming established
in the Toushe Basin, reflected in an increase in the proportion of tree pollen present (Liew et
al., 2006). This implies a warming up of climatic conditions and a strengthening of EASM
rainfall (Wang et al., 2001; Dykoski et al., 2005; Cheng et al., 2016). Such climatic conditions
and vegetation cover led to progressive pedogenesis and chemical weathering of soil (Arnaud
et al., 2012; Sun and Colin, 2014; Bajard et al., 2016, 2017a, 2017b). The short interval of
weaker chemical weathering observed at about 9.2 cal kyr BP is also associated in the pollen
sequence with a drastic change in the vegetation cover, with relatively fewer trees and a
higher proportion of herbs; this change has been attributed to the monsoon rainfall collapse

event (Liew et al., 2006; Zhang et al., 2018). The time interval covering the middle and late
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Holocene is characterized by a decreasing trend in the proportion of trees pollen compared to
herbs (Liew et al., 2006) indicating regressive pedogenesis (Arnaud et al., 2012; Sun and
Colin, 2014; Bajard et al., 2016, 2017a, 2017b) synchronous with the weakening of chemical
weathering recorded by core MD18-3569 sediments (Fig. 3-10). This interval is also marked
by the weakening of the EASM (Wang et al., 2001; Dykoski et al., 2005; Cheng et al., 2016)
which reduced chemical weathering. In addition, typhoons, which induce heavy precipitation
events on the island of Taiwan, were shown to have been enhanced during the Holocene in the
Pacific region (Wu, 1992; Moy et al., 2002; Chen et al., 2012; Zhou et al., 2019, 2021).
Typhoon events induce intensive physical erosion of soils and rocks and rapid transport of
sediment to the northeastern SCS through pronounced runoff (Liu J.P. et al., 2008; Xu et al.,
2018a; Wang et al., 2020). However, typhoons frequency is considered to be associated with
warm climate and intense summer monsoon and both induce rapid sediment transport, so
clearly distinguishing typhoon and monsoon influence could be complicated (Clift, 2020). In
present time, typhoons are triggering 70% of the turbidity currents on south Taiwan margin
(Zhang Y., et al., 2018). A turbidites record from Gaoping submarine canyon (south Taiwan)
indicates turbidite frequency, and by extension typhoon events frequency, is increased after 7
ka and not associated with the monsoon weakening (Yu S.W. et al., 2017). Such typhoon
events, coupled with the weakened EASM during the Holocene, are favorable to soil
destabilization and regressive pedogenesis as has been observed in terrestrial palynological
records (Liew and al., 2006). This gives rise to a shorter residence time of minerals in the
soils of the SW Taiwan river basins and a progressive erosion of soils which, in turn, results in
the delivery to the ocean of deeper horizons of less chemically altered soil material. In such
conditions, detrital material transported to the SW Taiwan margin will have undergone less
chemical weathering (lower CIA value and Al,O3/Na,O ratio) than during the early Holocene

time interval.

The chemical weathering record obtained from Core MD18-3569 indicates that the
EASM has similar forcings on chemical weathering in SW Taiwan small rivers sediments
with the large east Asian river basins (Chen et al., 2016; Sang et al., 2022) in opposition with
what has been reported previously (Zhao et al., 2017). Taiwan chemical weathering degree of

soils is strongly affected by the changes of regional East Asian and Pacific moisture transport.
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3.6 Conclusions

Clay mineral assemblages, major elements, and Nd-Sr isotopes of detrital sediments
from Core MD18-3569 on the eastern bank of the Penghu Canyon in the northeastern SCS
have been investigated to identify sediment provenance and reconstruct changes in the degree
of weathering of the sediments from the SW Taiwan and their potential links to climatic

change since the last glacial period.

The clay mineral assemblage - consisting mainly of illite (average 52%) and chlorite
(average 32%), with a moderate proportion of smectite (average 12%) and small quantities of
kaolinite (average 4%) - combined with Nd and Sr isotopes (average -11.27 for ¢éNd and
average 0.719 for ¥’Sr/*Sr) indicates that SW Taiwan is the sole source of sediment to Core

MD18-3569.

Variations in clay mineral assemblage (Sm/(I+C), K/(I+C)) and major elements (CIA,
AlO3/NaxO) allow us to evaluate the intensity of weathering in the SW Taiwan river basins in
the past. The CIA (average 68) and A-CN-K diagram indicate that sediments have
experienced moderate weathering which allows us to use the Al,O3/NayO ratio to track the
weathering state of sediments. We have demonstrated that long term changes in the intensity
of chemical weathering in the drainage basins of SW Taiwan is mainly driven by changes in
EASM rainfall and environmental changes (pedogenesis) over the past 32 kyr. The state of
chemical weathering intensity of sediments transported to the SW Taiwan margin is modified
by changes in vegetation cover. The time interval between 18 and 9 cal kyr BP is
characterized by a progressive increase in the intensity of chemical weathering, which reaches

a maximum at the beginning of the Holocene (from 11 to 9 cal kyr BP).

The state of chemical weathering of sediment transferred from SW Taiwan to the
northeastern SCS decreases during the middle-late Holocene in agreement with a weakening
of the EASM, a change in the vegetation cover (less tree pollen and a higher proportion of
herbs) and an increase in typhoon activity. All these processes are favorable to soil
destabilization, erosion, and regressive pedogenesis. In such conditions, detrital material
transferred to the SW Taiwan margin will be less chemically weathered (lower CIA value and

AlO3/NaxO ratio) due to minerals having a shorter residence time in the soils of SW Taiwan.
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Chapter 4 Penghu Canyon sedimentary dynamic and sea level

Chapter 4 Control of Sea-level on sedimentation of the Penghu Canyon
bank during the last 32 kyr

Abstract

Submarine canyons are key conduits in sediment transport in marine environment, as
they permit efficient and important sediment redistribution and accumulation in deep-sea
basins. The responses of submarine canyon systems and sediment transport in Taiwan Strait to
sea level changes are still unclear. A high-resolution grain size record covering the last 32 cal
kyr BP obtained on Core MD18-3569, collected on the eastern levee of Penghu Canyon
(south of Taiwan), was investigated to reconstruct the impact of the deglaciation sea level rise
on the canyon sedimentary dynamic. Sediments deposited on the Penghu canyon levee are
consisting of fine silt with an average mean grain size of 13.35 pm without any marks of
turbiditic deposit. The grain size drops abruptly by 40% in 0.7 kyr from 10.7 to 10 cal kyr BP
in a time interval corresponding to the Melt water pulse-1C. The rapid transgression
completely reorganized the sediment transport, reducing the coarse grain end-member size
directly supplied by rivers without changing sediment provenance. The rapid transition
indicates a brutal land-sea reconfiguration which could suggest a disconnection of Penghu
Canyon from rivers potentially draining the previously emerged Taiwan Strait. Prior to the
MWP-1C, the grain size gradually decreased concurrently with the deglaciation triggered sea
level rise. This demonstrates that the proximity of the deposit site to river mouths is a
controlling factor of sediment redistribution in northern South China Sea. During highstand
sea level periods, the sediments were finer with larger clay content and derived from the SW
Taiwan rivers through the surface circulation. The variations of grain size could have resulted
from the forcing of the East Asian monsoon system and El Nifio Southern Oscillation on

sediment supply or redistribution.

Key words: grain size, Penghu canyon, Taiwan, Taiwan Strait, sedimentology, sea level.

4.1 Introduction

Submarine canyons play an active role in terrigenous sediments and terrestrial organic
matter and carbon redistribution to deep sea and marine sedimentation (Liu J.T. et al., 2009)
Submarine canyons activity can be strongly affected by sea level fluctuations. Indeed, many

canyons such as the Penghu submarine canyon have their head located far from the shoreline
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at water depths that potentially emerged during low stand sea level intervals (Fig. 4-1). The
configuration of the shelf (length, slopes, active margin) is the main factor controlling the
canyon-head-shoreline connectivity response to sea-level fluctuation (Bernhardt and
Schwanghart, 2021). Canyons located on narrow and steep shelves and active margins are
more likely to stay connected to the shore despite sea-level rise (Bernhardt and Schwanghart,
2021). Such configuration coupled to the important discharge of Gaoping River explains why
the Gaoping Canyon head remained connected to the river mouth. The Penghu Canyon direct
connection to paleo river system remains controversial as the canyon head doesn’t seem
directly connected to the Penghu Channel on the Taiwan Strait (Huang and Yu, 2003).
However, the Taiwan Strait could be considered as a relatively flat and large shelf explaining
the canyon head didn’t remain connected or close to the shoreline in present time high stand

(Bernhardt and Schwanghart, 2021).
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Figure 4-1. Bathymetric map of the margin of Taiwan in northeastern South China Sea

displaying the location of Core MD18-3569. Manilla Trench system is also reported.

Many canyons not connected to shores at modern times have been studied on the
different continents and present a substantial decrease of activity and sediment fining with sea

level rises (Normark et al., 1983; Rasmussen, 1994; Druckman et al., 1995; Popescu et al.,
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2004). Monterey Fan system, on the California continental margin, presents like the Manilla
Trench system, active and connected (Monterey Canyon), and inactive and non-connected to
shore (Ascension Canyon) canyons. The Monterey Canyon has an important turbiditic activity
in recent time and high stand sea level. The Ascension Canyon, similarly, to Penghu Canyon,
is thought to have been connected to the shore and direct sediment supply. It is indicated by
the low stand turbiditic activity of the canyon and the high stand sediments fining and canyon
inactivity (Hess and Normark, 1976; Normark et al., 1983; Paull et al., 2005, 2011; McGann,
2014). In general, in the northern South China Sea, during interglacial periods and high stand
sea-level phases the terrigenous material transport is strongly affected from source-to-sink
processes due to fluctuations in sea level and distance from river mouths to deposit sites

(Boulay et al., 2003, 2007, 2008; Liu J., et al., 2016).

The Gaoping canyon sedimentary dynamic is characterized by high turbiditic activities
(Yu S.W. et al., 2017; Zhang et al., 2018) typical of shore-connected submarine canyons. The
sedimentary dynamic of the Penghu Canyon is unclear. Similarly to some non-connected
canyons, Penghu Canyon could present turbiditic activity in present and past times (Kudrass
etal., 1998; Zhong and Peng, 2021). The sediments deposited on the Penghu Canyon levees
are sourced from the SW Taiwan rivers (Nayak et al., 2021). The sediment provenance didn’t
change with the last deglaciation induced sea-level rise (Fig 3-5, 3-7). Thus, the question of
the potential direct connection between the Penghu Canyon head and a paleo river system is

still debatable.

In this chapter, the high-resolution grain size record of Core MD18-3569, collected on
the eastern levee of Penghu Canyon, has been investigated since the last glacial period. The
aims are (1) to characterize potential Penghu Canyon turbiditic activity (2) to reconstruct the
impacts of the glacial-interglacial sea level fluctuation on SW Taiwan sediment redistribution,
(3) to identify a direct connection between the Penghu Canyon and south-west Taiwan rivers

through the Taiwan Strait.

4.2 Climatic settings

Taiwan climate is controlled by the East Asian monsoon system and typhoons. The
yearly rainfall rate of Taiwan is about 2500 mm/yr (Dadson et al., 2003). The East Asian
monsoon system is characterized by a seasonal reversal of the direction of wind and a shift of
intertropical convergence zone (ITCZ) latitude. The seasonal shift is associated with humidity

migration over the East Asian region (Webster et al., 1994, 1998; Ruddiman, 2001).
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The summer season represents most of the yearly rainfall in Taiwan when strong East
Asian summer monsoon winds are coinciding with the early typhoon season (Wu and Kuo,
1999; Chen and Chen, 2003; Su et al., 2012). During the boreal summer, the ITCZ is located
between 20 and 35°N and affects Taiwan region. During summer and autumn, from July to
November, Taiwan is hit by 3 to 4 typhoons formed in western tropical Pacific and adjacent
marginal seas (Liang et al., 2017; Zhang et al., 2018). In winter, the ITCZ is shifting
southwards between 0 and 20°S, resulting in a relatively dry season over Taiwan (Wang P. et

al., 2003).

The monsoon winds and the Kuroshio Current intrusion are controlling the northeastern
SCS surface circulation (Hu et al., 2000). During the summer, the strong northeastward
monsoon winds are generating an anti-cyclonic surface gyre in northern SCS and a surface
current flowing northwards along the South China coast to the Taiwan Strait (Fang et al.,
1998; Wu, 2014). In winter, the strong southwestwards monsoon winds are inducing the
formation of a surface cyclonic gyre in northern SCS and the coastal current flows southwards
on the South China Shelf from Taiwan Strait and East China Sea (Fang et al., 1998; Wu,
2014). The deep Luzon Strait, with a water depth of 2400m, is the only deep-sea direct
connection between the SCS and the western Pacific Ocean (Li and Qu, 2006; Qu et al.,
2006). Surface and deep waters are inflowing to the SCS through the Luzon Strait and
compensated by an outflow of intermediate water to the western Pacific Ocean (Yuan, 2002;
Tian et al., 2006; Gan et al., 2016; Zhu et al., 2019). During autumn and winter, the surface
water mass flows along the Taiwan margin in northern SCS forming the SCS branch of
Kuroshio (Caruso et al., 2006; Liu et al., 2013). In northern SCS, loop currents are deriving
from the SCS branch of Kuroshio (Li et al., 1998; Liu et al., 2013). The Kuroshio loop
currents are forming when the strong winter monsoon winds are deflecting the SCS branch of
Kuroshio westward (Farris and Wimbush, 1996; Li et al., 1998). The loop currents can
generate shedding eddies that can propagate to the Taiwan Strait during strong winter
monsoon and La Nifia state of El Nifio Southern Oscillation (ENSO) (Sun et al., 2020). The
deep-water current entering the SCS through the Luzon Strait results in the SCS Contour

Current circulation (Zhao et al., 2014; Liu Z.F. et al., 2016).
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4.3 Material and methods

4.3.1 Material

The Calypso core MD18-3569 (22°09.30'N - 119°49.24'E; 40.08 m in length; 1320 m
water depth) was collected in June 2018 on the eastern bank of the Penghu Canyon during the
HYDROSED cruise aboard the R/V Marion Dufresne (Fig. 4-1). Core MD18-3569 mainly

consists of a greenish-gray homogenous hemipelagic mud without any visible laminations.

For this study, the upper 15 m of the core were investigated and sampled with a
resolution of 5 cm for the upper 3 m and the depth interval from 8 to 15 m and 2.5 cm for the
3-8 m depth interval. A total of 381 samples were collected to perform grain size analyses. In
addition, 185 sub-samples were selected with a resolution of 5 cm for the upper 6 m, 10 cm
for the 6-10 m depth interval and 20 cm for the depth interval from 10 to 15 m to analyze the

carbonate content.

The age model of the upper 15 m of Core MD18-3569 was established using linear
interpolation between nine calibrated AMS '*C dates obtained from monospecific samples of
planktonic foraminifer G. ruber (>150 um) (Chen et al., 2021). For this study, an additional
14C date obtained from monospecific samples of planktonic foraminifer G. ruber (>150 pm)
was analyzed at the Laboratoire des Sciences du Climat et de I’Environnement (LSCE), Gif-
sur-Yvette (France). The record covers the last 31.4 cal kyr BP with a mean sedimentation rate
of 54.7 cm/kyr allowing us to obtain a high temporal resolution for the grain size analyses
(~85 yrs). The linear sedimentation rate (LSR) is low during the last glacial maximum
(LGM) (34.9 cm/kyr) and increases during the deglaciation and the Holocene peaking at 72.9
cm/kyr during the late Holocene.

4.3.2 Grain size analyses

Grain size analyses were processed on organic-free and decarbonated sediments at the
State Key Laboratory of Marine Geology, Tongji University, using a Beckman-Coulter LS230
with a particle size range from 0.02 to 2000 pm.

Before the measurement of the bulk siliciclastic grain size distribution, the organic
matter was removed using 5 ml of 10% H>O-, the solution was gently shaken for several days,
and sediments were rinsed with deionized water. The 381 samples were then decarbonated

using 10mL 0.5% hydrochloric acid (HCl) and HCL residues were rinsed. The sediments were
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stirred and poured in the Beckman-Coulter LS230 to process the grain size analyses on two

acquisitions. The second acquisition, more stable, was selected.

4.3.3 Carbonate content analysis

Carbonate content (CaCO3%), clay minerals’ X-Ray diffraction analyses were performed
at the State Key Laboratory of Marine Geology (Tongji University) on 185 samples collected
every 5 cm for the upper 6 m and every 10 to 20 cm from 10 to 15 m.

Carbonate content was analyzed using the gasometric techniques from Jones and Kaiteris
(1983) with a precision higher than +1%. After the establishment of a standard curve of PCO>
emitted for different masses of CaCO3%, the sample were dried and weighted. 100 mg of
sample was put to react with the HCI, and the ridden PCO» was confronted with the standard

curve to determine the mass of CaCO3% in the bulk section.

4.4 Results

4.4.1 Grain size analyses and End-member (EM) modelling

Figure 4-2 presents the Core MD18-3569 temporal variations of grain size over the last
31.4 cal kyr BP. The average mean grain size is 13.35 um, consisting of fine silt, vary with a
small range from 8.35 to 20.31 um. The sediments are mainly composed of silt (average:
75%; range: 84.80-91.40%) with minor clay (average: 24%; range: 7.33-14.95%) and scarce
sand (average: 1%; range: 0-5.10%) (Fig. 4-2).

The grain size variation displays two major time intervals (Fig. 4-2). The Holocene is
characterized by the finest sediments with an average mean grain size of 10.63 pm (Fig. 4-2).
During the Holocene, the grain size distribution shows a relative increase of clay fraction

(12.61%) proportion and decrease of sand fraction content (0.26%) (Fig. 4-2).

During glacial MIS2 and 3, the mean particle size is coarser (15.37 um) driven by the
increased proportion of silt (88.56%) sand (2.07%) and lower proportion of clay fraction
(9.38%) (Fig. 4-2). The mean grain size peaks during the LGM with in a range of 15.48 to
20.10 pum from 23 to 18 cal kyr BP (Fig. 4-2). The two time intervals are separated by an
abrupt decrease of the grain size from 10.7 to 10.0 cal kyr BP (Fig. 4-2). The transition is
characterized by a drop of the 5 points average mean grain size from 15.19 to 9.10

corresponding to a decrease of 40% of the grain size (Fig. 4-2).
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Figure 4-2. Past variations of Core MD18-3569 mean grain size, End-members 1 and 2, clay,

silt and sand contents and carbonate contents during the last 32 cal kyr BP.

Additionally, the open-source software QGrain was used to proceed to a non-parametric
grain size end-member (EM) modeling approach (Liu et al., 2021) (Fig. 4-3). For the last 31.4

cal kyr BP, a two EM model was selected. The EM1 has a grain size distribution ranging from
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0 to 55 um, containing clays and fine silts (6.46 um) (Fig. 4-3). The EM2 contains coarser
sediments (19.50 pm) ranging from 0 to 185 pum, consisting of medium to coarse silts and
sands (Fig. 4-3). EM1 amounts for ~75% of total sediments, and EM2 accounts for ~25%
(Fig. 4-2). The temporal variations of the EMs proportions are displaying anticorrelated
variations. The proportion of EM2 covaries with the temporal variations of the mean grain
size and EMI1 proportion varies with the clay fraction proportion (Fig. 4-2). Both EMs are
presenting two time intervals separated by the abrupt transition from 10.7 to 10.0 cal kyr BP.

EM1 (EM2) proportion increases (decreases) from 60 to 100% (40 to 0%).

5 4 _
Holocene MIS2-3
4 ]
3 2
& 3 4 g
E-/ S
@ 2 2
: :
-_— 2 _] —
& =
1
1 4
0 T T lllllll T T lllllll T T lllllll T T lllllll T T lllllll T T IIIIIII T T IIIIIII T T IIIIIII
0.1 1 10 100 1000 0.1 | 10 100 1000
Grain size (um) Grain size (um)
4 = -
Mean 0-10ka — Mean
— — — - Mean 11-32 ka 6 _| EMI
3 EM2
9 -]
e Sy
v ~ 77
£ 2 - ©
z 5
e =
g E
1 2
U T T I|IIII| T lIIIIIII T T llllfll T T ||||||| 0 T l||l||[| T T IIIIIII T Illlllll T T IIIIIII
0,1 1 10 100 1000 0.1 1 10 100 1000
Grain size (um) Grain size (um)

Figure 4-3. Grain size distribution of Core MD18-3569 sediments from 10 kyr to present, 32
to 11 kyr (gray curves are individual distribution, black curve represents the average
distribution of each time interval). Comparison of the average size distribution of 0-10 kyr
and 11-32 kyr time intervals. Size distribution of grain size End-members during the last 32

kyr obtained following Liu et al., 2021.
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4.4.2 Carbonate content

The carbonate content of the upper 15 m of Core MD18-3569 is lower than 10% ranging
from 3 to 10% (Fig. 4-2). Between 31.4 and 12 cal kyr BP, CaCO3% display a slightly higher
range from 5 to 10% with higher content during the LGM at 22 cal kyr BP (10.7%). Since the
beginning of the Marine isotopic stage (MIS) 1, the CaCO3% presents a steady decreasing
trend from 10% to 3% in the late Holocene (Fig. 4-2).

The CaCO3% of Core MD18-3569 is well correlated to the bulk sediments CaO% (Fig.
3-4). Ca0% and CaCO3% correlation (R) and determination (R?) coefficient are close to 1
(R=0.86 and R?*=0.74) (Fig. 4-4). Ca0% temporal resolution is higher than CaCO3% as the
carbonate content was measured on sub-samples of the 381 geochemical composition
analyses. So, for the following discussions, the CaO% will be used as an indicator for the

carbonate content.
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Figure 4-4. Correlation plot of carbonate content (CaCO3%) versus CaO% of Core MD18-
35609.
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4.5 Discussion

4.5.1 Penghu canyon system sedimentary dynamic during sea level lowstand

Grain size variations and sea level variations display good co-variations in different
marine sedimentary systems across the world (Normark, 1974; Normark et al., 1983; van
Hengstum et al., 2011; Boulay et al., 2008; Yi et al., 2012; Switzer and Pile, 2015;
Jiwarungrueangkul et al., 2019). Core MD18-3569 mean grain size of 13.35 um is very fine
compared to grain size measured in south-west Taiwan rivers (>100 um) (Deng et al., 2019;
Fang et al., 2022). This indicates that a major part of the sediments is not input directly, but
potentially through surface circulation. For Core MD18-3569, EM1 (median 6.46 um; 0-55
um) corresponds to fine sediments derived from the source to the Penghu Canyon levee.
Whereas EM2 (median 19.50 um; 0-185 pm) corresponds to direct inputs from the closest
rivers. EM1 accounts for ~75% of the sediment deposited on the Penghu Canyon levee. This
is coherent with the hypothesis that a major part of the sediments derived from SW Taiwan

rivers mouths through surface circulation.

Grain size record and EMs models of Core MD18-3569 display two major periods
separated by an abrupt transition from 10.7 to 10.0 cal kyr BP (Fig. 4-2, Fig. 4-3). During this
event, the mean grain size drops of around 40%, EM1 peaks to a proportion of 100%
indicating that all sediments derived to the eastern canyon through the surface circulation
which indicates an important modification of the sediment transport. The two EMs modeling
approach has been applied to the two times intervals from 31.4 to 10.7 cal kyr BP and from 10
cal kyr BP to present time (Fig. 4-5) (Liu et al., 2021).

The EMs modeling applied to the two-time intervals shows that both EMs size
distribution shifted to finer distribution and medians (Fig. 4.5). EM1 median grain size
presents a minor shift from 7.52 pm (MIS2-3) to 6.26 um (Holocene). However, EM2’s
median grain size is nearly divided by two, from 19.94 to 10.90 um after the 10.7 cal kyr BP
transition. This indicates that the direct terrigenous sediment transport is strongly impacted by

this event.
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Figure 4-5. End-Member models grain size distribution of time intervals from 0 to 10 kyr
(solid lines) and from 11 to 32 kyr (dashed lines) of Core MD18-3569 obtained with Qgrain
(Liu et al., 2021). The median grain size of End-Members is also reported.

The time interval from 10.7 to 10 cal kyr BP corresponds to an important mangrove
erosion episode on the Sunda Shelf associated with the Melt Water Pulse event 1C (MWP-1C)
observed globally (Grant et al., 2012; Duan et al., 2023; Yu et al., 2023) (Fig. 4-6). The MWP-
1C event locally led to rapid transgressions (e.g., ~20 m in East China Sea (Liu J.P. et al.,
2004)).

Such abrupt transition could result from the disconnection of the Penghu Canyon from a
potential sediment supply conduit (e.g., river or channel). It could also completely open the
strait and stop the shelf remobilization. However, the provenance of the sediments deposited
on the Penghu Canyon bank does not vary over the last 31.4 kyr (Fig. 4-6). During MIS2 and
3, the land-sea and environmental configurations were very different than Holocene and
recent times. Coarse material was discharged to the Penghu Canyon by the rivers system
developed on the emerged Taiwan Strait. With the rapid MWP-1C, the Penghu Canyon was
cut from the close transport system and changes in the circulation could have occured. Then,
the Penghu Canyon receives finer terrigenous sediments (40%) from the same rivers
(southwest Taiwan) than before the MWP-1C. Coarse sediments are trapped in Taiwan Strait

and fine sediments mostly derived from the river mouths similarly to others disconnected
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submarine canyons (Hess and Normark, 1976; Normark et al., 1983; Paull et al., 2005, 2011;
McGann, 2014).
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Figure 4-6. Temporal evolution of EMs, mean grain size, bulk siliciclastic eNd of the
carbonate free fraction, CaO%, linear sedimentation rate and G. ruber §'%0 from Chen et al.
(2021). The Hulu and Dongge Cave speleothems (Wang et al., 2001; Dykoski et al., 2005),
relative sea level (Lisiecki and Raymo, 2005) and sea level rise rate (Grant et al., 2012; Yu et

al., 2023) variations are reported.
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Prior to the transition, the sedimentary dynamic was also affected by the gradual sea
level rise since the LGM. The sediments are mainly composed of fine silts and clay without
any turbidites. The mean grain size (15-20 pm), EM2 (~40%) (Fig. 4-2, 4-3) and sand content
(~4%) (Fig. 4-2) are peaking between 23 and 18 cal kyr BP when the sea level is at the
minimum (Lisiecki and Raymo, 2005; Lambeck et al., 2014; Spratt et Lisiecki., 2016) (Fig. 4-
6). During the LGM, linear sedimentation rate of Core MD18-3569 is low (>40 cm/kyr) and
carbonate content relatively high (Fig. 4-6), which indicates low dilution by terrigenous inputs
in the northern SCS (Huang E. et al., 2015). So, the rivers sediment yield was low and coarse
material was not enhanced by strong detrital material discharge. Moreover, during the MIS3
and early MIS2, climate is considered cold and dry (Wang et al., 2001; Dykoski et al., 2005;
Cheng et al., 2016) (Fig. 4-6). In this time interval, SW Taiwan rivers, currently located at 80-
100 km of the study site, were closer or directly connected to the Penghu Canyon. The
increased vicinity of sediment sources enhanced coarser material transport to the study site
(Boulay et al., 2003). From the LGM to 10.7 cal kyr BP, the mean grain size, EM2 and sand
contents display a decreasing trend covarying with the gradual sea level rise (Lisiecki and
Raymo, 2005; Lambeck et al., 2014; Spratt et Lisiecki, 2016) (Fig. 4-6).With the sea level rise
and Taiwan Strait flooding, the distance between the river systems and the Penghu Canyon

levee is increasing and sediments reaching the levee are fine (Boulay et al., 2003).

Grain size and terrigenous input records also show responses to shorter climatic events
(Bolling Allerod (BA), Younger Dryas (YD)) during the deglaciation which is not the case
during MIS3 and early MIS2 (Fig. 4-6). The BA is characterized by higher grain size (>15
um), sand content (>2%) and sedimentation rate (>50 cm/kyr) and lower carbonate content,
due to higher terrigenous inputs. This indicate more important and coarser detrital materials
which are discharged to the SCS in link with higher precipitation (Wang et al., 2001; Dykoski
et al., 2005; Huang E. et al., 2015; Cheng et al., 2016). Inversely, the YD is associated with
lower precipitation, grain size and terrigenous inputs (Fig. 4-6). This indicates that less and
finer detrital materials are redistributed to the SCS in association with the drier climate (Wang
et al., 2001; Dykoski et al., 2005; Cheng et al., 2016). During the LGM and early
deglaciation, the northern SCS shelves were exposed. River systems and vegetation cover
were then largely extended on large emerged continental shelves and Taiwan Strait (Yu S. et
al., 2017; Cheng et al., 2023). During the LGM, the climate was colder and drier and dense
tropical to semi tropical grasslands and forests were installed on the Taiwan Strait (Liew et al.,

1998; Sun et al., 2000; Ray and Adams, 2001). Several studies based on pollen records and
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models have shown the presence of herbaceous plants and subtropical broad-leaved and
conifers trees (Zhou et al., 2012; Dai et al., 2015a, 2015b; Zhang D. et al., 2016; Bandara et
al., 2023). The vegetation cover on the emerged Taiwan Strait might have had an important
impact on source-to-sink processes as important vegetation cover stabilizes the lands and
enhance sedimentation (Ouyang et al., 2010; Vargas-Luna et al., 2015; Bhattacharjee et al.,
2022). The thick vegetation cover of the time interval MIS3-LGM might have less sensitivity
of soil to weathering by rapid climatic changes events like those induced by northern
hemisphere cold Heinrich events. When sea level rose during the deglaciation, the shelves
environmental configuration was reworked by the floodings and enhancing detrital records
responses to Bolling-Allered and Younger Dryas (Fig. 4-6). The low sediment yield
associated to low precipitation and dense vegetation cover could also explain the absence of
turbidite activity in Penghu submarine canyon during the time interval when the canyon was

potentially connected to the rivers system.

4.5.2 Holocene high sea level sediment redistribution

After the MWP-1C, the land-sea configuration is disrupted, Taiwan Strait is completely
immersed, and the closest rivers mouth (Erhjen and Tsengwen rivers) are located at ~40 km
from the Penghu Canyon head. In such land-sea configuration, currents system might have

impacted hydrodynamic conditions.

At 10.7 cal kyr BP, grain size becomes finer and clay fraction and EM1 proportions are
more important reaching up 100% in agreement with a disconnection of the river system to
the head of the Penghu Canyon (Fig. 4-1). The mean grain size drops below 10 um, EM2
proportion and sand content are close to 0% and EM1 and EM2 median size are finer (Fig. 4-
2) during the early and late Holocene. During the Holocene, the linear sedimentation rate is
higher because of high terrigenous inputs due to the summer monsoon and typhoons rainfall
(Fig. 4-6). However, the grain size is not constant and during the middle Holocene, a time
interval from 8.1 to 4.4 cal kyr BP displays slightly coarser grain size (>11 pm) (Fig. 4-7).
During this time interval, the sea level is stable, and the plateau of coarse grain size cannot be
associated with closer river mouths (Fig. 4-7). Thus, the middle Holocene grain size
variations might be resulting from changes in terrigenous inputs and/or hydrodynamic

changes.
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Figure 4-7. Holocene temporal evolution of mean grain size and Cao% of Core MD18-3569

in comparison to a pollen records from Toushe Basin (west Taiwan) (Sanchez Goii et al.,

2017), to climatic eastern equatorial Pacific Ocean §'*0 variance of G. ruber (Koutavas and

Joanides, 2012), EAWM proxies (EAWM stack (Kaboth-Bahr et al., 2021), EAWM index

(Wang et al., 2012), §'80 variations of Hulu and Dongge Cave speleothems (Wang et al.,
2001; Dykoski et al., 2005), and sea level variations (Lisiecki and Raymo, 2005; Grant et al.,
2012).
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During the middle Holocene, the carbonate content is low, indicating high terrigenous
inputs (Fig. 4-7). Sediments derived from SW Taiwan rivers are highly affected by the high
physical erosion associated to strong typhoon mild East Asian summer monsoon during the
Holocene (Liew et al., 2006). In addition to the typhoon activity, the middle Holocene is
characterized by strong East Asian winter monsoon from 8.5 to 4.5 cal kyr BP (Tian et al.,
2010; Huang E., et al., 2011; Wang et al., 2012; Wu et al., 2019; Kaboth-Bahr et al., 2021;
Cho et al., 2022). The EAWM is strengthening again after 4 cal kyr BP (Yancheva et al.,
2007; Wang et al., 2012; Kaboth-Bahr et al., 2021) (Fig. 4-7). However, the amplitude of the
variations of EAWM during late Holocene are still debated (Yancheva et al., 2007; Wang et
al., 2012; Kaboth Bahr et al., 2021). At lower latitude ENSO and the higher proportion of El
Nifio period might modulate the EAWM variations (Koutavas and Joanides, 2012; Zhao et al.,
2019; Cho et al., 2022). The middle Holocene is characterized by a lower ENSO activity (Lu
et al., 2018) so the EAWM was not reduced during this interval. A pollen record from Toushe
Basin displays a decrease of tree taxa compared to herbaceous plants after 8.5 kyr cal BP
indicating an important episode of erosion (Liew et al., 2006, Sun and Colin, 2014). Thus, the
strong erosion associated with high typhoon activity and enhanced EAWM could have

resulted in coarser sediment discharge by the SW Taiwan rivers (Peizhen et al., 2001).

Grain size variations can also reflect hydrodynamic and current changes at different time
scales (Gao et al., 1994; McCave et al., 1995b, 2017; Huang, et al., 2011; Liu J. et al., 2016).
Sea surface hydrology of the northern South China Sea is controlled by the seasonal reversal
of winds and Kuroshio Current intrusion through the Luzon Strait. This have been shown to
modify sediment dynamic of the northern SCS (Liu J. et al., 2013; Wang et al., 2023). The
loop currents are surface currents located in the northern South China Sea and deriving from
the Kuroshio Current (Farris and Wimbush, 1996; Li et al., 1998). The Kuroshio loop current
are forming when the strong winter monsoon winds are affecting Kuroshio intrusion (Farris
and Wimbush, 1996). The Kuroshio loop current can produce shedding eddies during strong
winter monsoon and La Nifia periods. The eddies deriving from the loops can reach Taiwan
Strait and have influence at an important vertical scale (<1000m) (Li et al., 1998; Sun et al.,
2020). During the middle Holocene, the Kuroshio Current influence on the northern SCS was
important in link with the stronger EAWM period and La Nifia phase until 4.5 kyr (Jiang et
al., 2006; Liu J. et al., 2013; Barr et al., 2019). The more important occurrence of the
Kuroshio loop current could have also result in a more dynamic environment on the Taiwan

margin and strait. The more energetic environment could also have impacted the sediment
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redistribution and resulted in the increased grain size observed on the Penghu Canyon bank
(Fig. 4-7) (McCave et al., 1995b). The Holocene grain size record of Core MD18-3574 could
thus reflect the impact of the variation of monsoon system on sediment transfer from land to

sea and redistribution by the surface currents.

4.6 Conclusion

In this chapter, the sediment grain size of the Core MD18-3569 collected on the eastern
bank of Penghu Canyon (south Taiwan) has been investigated to reconstruct the impact of
glacial-interglacial sea level fluctuations on sediment transfer to the deep-sea basin of the

northern South China Sea.

The average grain size of sediments deposited on the eastern levee of the Penghu Canyon
is 13.35 pm. The important difference between Penghu Canyon bank and Taiwan rivers
sediment grain size and End-member modeling indicates that ~75% of sediments derive

through surface circulation and ~25% sediments are transported by direct riverine inputs.

The grain size record displays a brutal transition from 10.7 to 10 cal kyr BP where the
mean grain size drops by 40% in less than a millennial coinciding with a major transgression
the MWP-1C. The transgression reconfigured the sediment redistribution strongly reducing
the inputs of coarse EMs to nearly 0%. This characterized a potential disconnection of the

Penghu Canyon from direct terrestrial sediment supply through the Taiwan Strait.

During the low sea level, the vicinity of the Penghu Canyon to SW Taiwan and emerged
Taiwan Strait river systems enhanced the supply of coarse sediments. The deglaciation sea-
level rise gradually reduced the proximity of the canyon to the surrounding rivers resulting in

a steady decrease of terrestrial grain size deposited on the eastern Penghu Canyon bank.

Holocene grain size is finer than during the glacial period and characterizes sediments
derived from SW Taiwan rivers by the surface circulation. In the high stand interval, climatic
conditions such as winter monsoon could also have impacted the sediment supply and/or

redistribution from the rivers to the sea.
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Chapter 5 Late Holocene typhoon activities affecting Taiwan recorded by
turbidity currents in Gaoping Canyon

Abstract

The reconstruction of paleo typhoon activity in East Asia, with associated climatic and
environmental forcing mechanisms, are key to understand and predict evolution of typhoon
frequency and intensity in the context of ongoing anthropic global warming. The Gaoping
submarine canyon (south of Taiwan) transfers large amount of sediment to the deep basin of
the South China Sea (SCS) mainly via typhoon-driven hyperpycnal flows. In this study, we
have combined high resolution non-destructive analyses of Fe/Ca and Si/Al by XRF core
scanning and darkness (Rmean) and clay fraction contents of sediments (Clay R2200) by
hyperspectral imaging with punctual measurements of XRD bulk mineralogy and of laser
grain size of fine laminate sediment (millimetric to centimetric) of Core MD18-3574. This
core was collected on the western levee of the Gaoping submarine canyon. The main goal of
this study is to establish the frequency and intensity of typhoon activity over the past 4500
yrs. The mean grain size ranges from 9 to 20.5 um (average value of 13.4 um) indicating that
Core MD18-3574 sediments consist mainly of fine silt, presenting alternating fine-grained
and coarse-grained laminations. Thick coarse-grained laminations display a fining-upward
and asymmetric sorting of typical turbidite deposits. Principal component analyses (PCA)
demonstrates that dark laminae are composed of coarser sediments with high Si/Al ratios,
slightly higher contents of quartz and high contents of feldspar, higher Clay R2200 values
(lower clay fraction contents) and lower Fe/Ca attributed to the deposition of sediment under
hyperpycnal flow reaching the studied levee. Inversely, light laminae consist of fine sediments
with low Si/Al, low proportions of muscovite and illite, low Clay R2200 (high (lower
contents of clay fraction) and high Fe/Ca resulting from hemipelagic deposition. We have thus
identified 2404 dark laminae attributed to hyperpycnal flow induced mainly by high-intensity
typhoons affecting the Gaoping river basin. We have thus calculated, for the first time, a detail
record of the frequency of typhoons which indicates a decrease in their frequency since 4.2
cal kyr BP in response to decreased sea surface temperature (SST) in the western subtropical
Pacific Ocean and enhanced East Asian winter monsoon. The tropical storm intensity,
deduced from the thickness of the turbidites, has increased since 2 cal kyr BP in La Nifia-like

periods indicating that the surge of super-typhoons hitting Taiwan could be triggered by El
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Nifio Southern Oscillation (ENSO) variability. We can thus infer that the tropical storm
activity is controlled by SST of the western subtropical Pacific region, monsoon system and
ENSO conditions. This study brings new insights in the prediction of the impact of ongoing

climate change on storm activity in the western Pacific Ocean.

Key words: Taiwan, Gaoping submarine canyon, typhoon, ENSO, hyperpycnal flows.

5.1 Introduction

Around 80 tropical storms form each year at the tropical and subtropical latitudes of the
Ocean (Emanuel, 2003). Tropical cyclones, called typhoons in the western North Pacific
regions, are the most intense tropical storms, accounting for more than 50% of the yearly
events (Emanuel, 2003; World Meteorological Organization). Tropical cyclones impact
strongly on human societies and activities, costing about 43.9 billion US dollars every year in
the United States and 28.7 billion yuans in China (Zhang et al., 2009; Smith, 2020). In the
region of Taiwan, the rainfall associated with the 3-4 typhoons that occur per year leads to
destructive processes on land, such as landslide, and floods which cause considerable damage
and casualties (Shieh et al., 2010; Lo et al., 2014; Deng et al., 2016; Yang et al., 2018; Tsai et
al., 2021, 2022). Strong typhoons like Morakot (2009) can produce rainfall and sediment
loads sufficient to trigger deep-sea hyperpycnal flows and damage human submarine
infrastructures like telecommunication cables to the south of Taiwan (Su et al., 2012; Gavey et
al., 2017). The variations in the East Asian monsoon system linked with orbital forcing, and
El Nifio Southern Oscillation (ENSO) control the climate in Taiwan and western Pacific
regions (Wang et al., 2001, 2005, 2014, 2015; Moy et al., 2002; Dykoski et al., 2005; Clift
and Sun, 2006; Cheng et al., 2016; Yu et al., 2016; Zhang et al., 2018; Zhao et al., 2018; Hu et
al., 2020). The interactions between the ENSO, monsoon, and sea surface temperature (SST)
of the tropical Pacific Ocean determine the pattern of moisture distribution in the region

(Elsner et Liu, 2003; Lin et al. 2008, Liu et al., 2017; Zhu et al., 2017).

The southern continental shelf of Taiwan is narrow and the head of the Gaoping
submarine canyon is connected to the Gaoping River mouth (Liu J.T. et al., 2016) (Fig. 5-1).
Because of this land-sea configuration, the transport of sediment in the Gaoping submarine
canyon is mainly controlled by hyperpycnal flows deriving from floodwaters of the Gaoping
River (Zhang et al., 2018). Hyperpycnal flows have an important erosional impact truncating
the deposition sequences in the canyons (Mulder et al., 2003; Chiang and Yu, 2006). The

overflow capacity of the hyperpycnal flows results in lower density and turbidity processes
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reducing erosional processes on the levees of the Taiwan margin (Lehu et al., 2015). Data
from a mooring system located on the canyon levee has shown that between 2013 and 2016 4
typhoon-driven hyperpycnal flows occurred per year (Zhang et al., 2018), accounting for 70%
of the total sediments deposited on the levee (Zhang et al., 2018). During the monitoring time
interval, about 70% of the turbidity currents observed on the levee were shown to have been
triggered by high sediment river discharge induced by typhoon events (Zhang et al., 2018).
The Gaoping submarine canyon rapidly transports sediment, via hyperpycnal flows, from the
Gaoping River catchment to the deep basin of the South Chine Sea (SCS) (Milliman et al.,
1992; Liu J.T. et al., 2009). Sediments deposits on the levee of the Gaoping submarine
canyon, located on the Southern margin of Taiwan, are an ideal archive to reconstruct past
changes in typhoon activity (Anschutz et al., 2002; Hess et al., 2005; Babonneau et al., 2013,
Bonneau et al., 2014; Yu et al., 2017). The western levee of the Gaoping submarine canyon is
located at about 600 m above the canyon thalweg. Thus, it should record major turbidity
currents which overflow the canyon walls, and which are associated with major paleo typhoon

river floods.
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Figure 5-1. Bathymetric map of the northeastern SCS showing the location of Core MD18-
3574.
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The Gaoping River and the surrounding small rivers transport large volumes of fine
sediments (fine silt and clay). At the river mouth, sediments are transported on the slope and
the submarine canyon and settle by decantation on the southern margin of Taiwan (Stow and
Tabrez, 1998; Stow and Smillie, 2020). During typhoons, the intense rainfall and runoff lead
to high physical erosion and the sediment discharge of the Gaoping River to the South China
Sea increases (Dadson et al., 2003; Xu et al., 2018b; Wang et al., 2020). In such conditions,
the concentration of suspended-sediment in the river plume on the slope and canyon head can
be high enough to generate nepheloid layers on the slope and turbulent hyperpycnal flows in
the canyon (Milliman et al., 1992; Dadson et al., 2003; Mulder et al., 2003; Poppe et al., 2008;
Liu J.T. et al., 2009, 2012, 2016; Liu Z.F. et al., 2010, 2016; Hsu et al., 2014; Zhang et al.,
2018; Tian et al., 2022).

In recent decades, development in scanning methods, such as X-ray fluorescence (XRF)
core scanning and hyperspectral imaging, has brought new insights in geosciences with non-
destructive high-resolution analyses (1000 to few mm) spectra. XRF core scanning has been
widely used to study, at high resolutions, relative geochemical compositions of records in
lacustrine (Arnaud et al.,, 2016; Wang et al, 2019; Rapuc et al., 2020) and marine
environments (Xie et al., 2014; Xu et al., 2018b; Yu et al., 2017; Hsiung et al., 2021; Bozyigit
et al., 2022). Attention has been given to highly dynamic environments around Taiwan to
investigate turbiditic systems and floods linked with paleoclimatic changes at different time
scales (Yu et al., 2017; Wang et al, 2019; Hsiung et al., 2021). Sediment cores have also been
scanned using hyperspectral imaging in conjunction with XRF core scanning to reconstruct
paleoclimatic and environmental changes in lacustrine and drainage basins (Butz et al., 2015;
Jacq et al., 2020, 2022a; Sorrel et al., 2021). Hyperspectral imaging has also been used to
determine occurrences of past floods in lacustrine and fluvial systems (Jacq et al., 2019,
2022b; Ghanbari et al., 2020; Rapuc et al., 2020). Whereas interest is growing in the use of
hyperspectral imaging interest in the study of fine laminated sediments in continental

environments, this analytical method is still rarely used in the context of marine sediments.

In this study, we have investigated high-resolution non-destructive hyperspectral imaging
and XRF core scanning, combined with radiocarbon dating, XRD bulk mineralogy and high-
resolution laser grain-size of laminated sediments from the Calypso Core MD18-3574. This
core was collected on the western levee of the Gaoping submarine canyon in order (1) to
constrain the sedimentary processes responsible for the deposition of the laminations and (2)

to establish the frequency and intensity of typhoons affecting Taiwan over the past 4500 yrs.
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The studied levee is located at an altitude of about 600 m above the thalweg of the Gaoping
submarine canyon, close to the mooring system investigated by Zhang et al. (2018) who have
identified several typhoon-driven hyperpycnal flows per year. The fine laminations that
characterize the lithology of Core MD18-3574 thus have great potential to yield a continuous
reconstruction of the turbidites resulting from typhoon-driven hyperpycnal flows and thus to
establish the past intensity and frequency of typhoons that have affected southern Taiwan

during the late Holocene.

5.2 Environmental setting

At the present time, the tropical climate of Taiwan is largely driven by the East Asian
monsoon (EAM) system and typhoons (Webster, 1987; Wu and Kuo, 1999; Chen and Chen,
2003; Wang et al., 2003 Su et al., 2012; Liang et al., 2017; Zhang et al., 2018). In South
Taiwan, the annual rainfall is about 2500 mm/yr and the summer season is characterized by
80% of the yearly rainfall (Chen and Chen, 2003; Dadson et al., 2003). The EAM is defined
by a seasonal reversal of wind direction and a latitudinal shift of the intertropical convergence
zone (ITCZ) and moisture transport over East Asia due to the inversion of land-ocean heat
gradient (Webster et al., 1994, 1998; Ruddiman, 2001). During the summer, the ITCZ is
located between 20 and 35°N leading to an important supply of moisture to the Taiwan region
(Wang et al., 2003). In winter, the ITCZ shifts southwards, to between 0 and 20°S, resulting in
a less humid winter season in the Taiwan region (Chen and Chen, 2003; Wang et al., 2003).
Taiwan’s rainfall regime is strongly affected by typhoon events. The typhoon season mainly
spans from July to November and about 3 to 4 typhoons hit Taiwan yearly contributing up to
40% of Taiwan’s total rainfall (Wu and Kuo, 1999; Su et al., 2012; Zhang et al., 2018). In
modern times, typhoon mean rainfall intensity is about 20 mm/hour and the most extreme
events can produce up to the average yearly total rainfall (e.g., Herbs ~1800 mm in 1996 and

Morakot >3000 mm in 2009; (Wu and Kuo, 1999; Chien and Kuo, 2011; Su et al., 2012).

The Gaoping River, with a length of about 170 km, is one of the longest rivers in Taiwan
(Liu J.P. et al., 2008; Liu J.T. et al., 2009). The river drains about 3260 km? (the largest
draining basin in Taiwan), stretching from its source near Yu-shuan (Jade Mountain) in the
Central Hsuehshan Range over 3000 m above sea level to its mouth in the northern SCS (Liu
J.T. et al., 2009). The important runoff (2500 mm/yr) coupled with the steep topography of the
Gaoping River basin result in a high erosion rate (3-6 mm/yr) and a sediment discharge to the

SCS of 49 Mt/yr (Dadson et al., 2003; Liu J.T. et al., 2009). Some 80% of the sediments
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supplied are delivered to the SCS by the canyon, and only about 20% of sediments are
delivered to the Gaoping slope (Huh et al., 2009). Formed by the collision of the Philippines
and China continental plates (Liu et al., 1997), the canyon is 260 km long and merges with the
Manilla Trench. The depth of the canyon can reach 600 m and the relief varies from a V to a

U profile, limiting the overflows (Chiang et al., 2006, 2011).

5.3 Material and Methods

5.3.1 Material

The Calypso Core MD18-3574 (21°50.42°N, 120°10.67°E; 22.52 m long; 1171 m water
depth) was collected on the western levee of the Gaoping submarine canyon during the
HYDROSED cruise on the Marion Dufresne in 2018 (Fig. 5-1). The sediment core is finely
laminated with two different units, greenish light gray homogenous hemipelagic mud and fine
pluri-millimetric heterogenous dark gray layers. For this study, all the cores were scanned for
hyperspectral imaging and XRF core scanning at high resolutions. 450 samples were collected
with a 2 mm depth resolution from selected core intervals of 13.65-13.85 m and 21.00-21.70
m for laser grain size analyses and 10 of these samples were also used for XRD bulk

mineralogy analysis.

5.3.2 Chronological framework

Radiocarbon dating was undertaken at the UMS-ARTEMIS Facility (CNRS-CEA Saclay,
France) using a Pelletron 3MV AMS on 8 mg of well-preserved calcareous test samples of
planktonic foraminifera (plurispecific samples of G. ruber, G. sacculifer, O. universa) in the
size fraction >150 um (Table 5-1). The age model for the core was derived from the calibrated
planktonic ages by applying a sea-surface reservoir '“C correction of 400 yr and using
Marinel3 (Reimer et al., 2013) calibration curve in the CALIB 8.2 software (Stuiver and
Reimer, 1993).
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Table 5-1: Core MDI18-3574 chronological framework, AMS !4C dates obtained on
plurispecific samples of G. ruber, G. sacculifer, O. universa and calibrated to calendar age

using CALIB 7 and Marinel3 curve (Stuiver and Reimer, 1993; Reimer et al., 2013).

AMS “C ages  Calendar age

Core  Section Depth (cm) Material le(rror S
(kyr BP) (cal kyr BP, 1) yr)
1 53.5-58.5 0.540 = 0.030 0.188 0.052
2 178-183 0.705 + 0.030 0.347 0.044
2 275-280 1.080 + 0.030 0.647 0.025
385.5-
3 2003 1.300 + 0.030 0.849 0.043
5 615-620  G.ruber, 1.895<+0.030 1.445 0.048
MDI17- ¢ 815-820 G. 2.260 = 0.030 1.864 0.043
3574 sacculifer,
1003.5-
7 1008 3 0. 2.535+0.030 2216 0.055
universa
9 1300-1305 2.850 + 0.030 2.636 0.061
11 1600-1605 3.310 + 0.030 3.154 0.054
13 1920-1925 3.750 + 0.030 3.670 0.054
16 2245-2250 4.035+ 0.030 4.043 0.057

The '*C dates range from 4.043 cal kyr BP at 22.47 m to 0.188 cal kyr BP at 0.55 m (Table
5-1). The age model of Core MD18-3569 has been established by using linear interpolation
between eleven calibrated AMS *C dates processed with the Bacon package (Blaauw and
Christen, 2011). The mean sedimentation rate of Core MD18-3574 is very high (0.56 cm/yr),
permitting us to obtain a high temporal resolution of analyses spanning the last 4 cal kyr BP
(Fig. 2-3). The sedimentation rate is very high in time intervals from 4.043 to 2.216 cal kyr
BP (in average 0.68 cm/yr) and from 0.347 to 0.188 cal kyr BP to the present time (0.79
cm/yr) (Appendix 5-1). The linear sedimentation rate displays a decreasing trend during the
last 4 cal kyr BP (Appendix 5-1).
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5.3.3 Hyperspectral imaging

Hyperspectral imaging was processed at M2C laboratory, Université Rouen-Normandie,
using two hyperspectral camera sensors covering the Visible and Near InfraRed (VNIR) and
Short Wave-InfraRed (SWIR) spectral range of 400-2500 nm. The data collection followed
hyperspectral image acquisition protocols from Butz et al. (2015) and Jacq et al. (2020, 2022).
The sediment core surface was smoothed and flattened as much as possible to reveal
sedimentary structures masked by oxidation and to eliminate sediment surface variations that
might distort the signal. The calibration table, illumination unit and camera heights were
adjusted to obtain relevant images for our study (VNIR pixel size: 40-200 um; SWIR pixel
size: 150-500 pm). Camera focus and parameters (integration time, frame rate) were
optimized in order to get a sharp image. Black (shutter closing, instrumental noise, 0%
reflectance) and white (white spectra reference, 100% reflectance) were recorded to normalize
the spectra of the sediments in terms of percentage of reflectance. After pre-processing
settings (exposition time calibrating noise), reflectance spectra information was captured and
detrended to correct and normalize the spectra from a baseline following Jacq et al. (2020,

2021, 2022).

To consider the spectral variation of the sample, the Rmean indicator for average
reflectance was used for both cameras (Rmean VNIR and Rmean SWIR) (Trachsel et al.,
2010). VNIR and SWIR spectra show specific absorptions of certain compounds at specific
wavelengths (Krupnik et al., 2019; Viscarra Rossel et al., 2010). To model them, a simple
approach is to consider the reflectance value at this wavelength. It is also possible to use
reflectance ratios or derivatives to correct for some effects (matrix, moisture, texture, other
compounds). Thus, for the study of clays that absorb around 2200 nm (Madejova et al., 2017),
the Clay R2200 index was created. Similarly, organic matter absorbs around 1650 nm
(Viscarra Rossel et al., 2010) and the OM index R1650 was created to study it. To consider
the effect of OH bonds induced by moisture as well as by clays or organic matter, the
Moisture R1935 and Hydroxyl bonds R1450 indices have been created, as well as their
R1935/R1450 ratio (Viscarra Rossel et al., 2010).

5.3.4 Relative geochemical composition analysis

XRF core scanning was processed on Core MD18-3574 at two different resolutions (1
mm and lcm). The core surface was previously cleaned, flattened, and smoothed to prevent
perturbations and its center covered with a Ultralene film (4 pum thick). The Core was then

scanned firstly at a resolution of 1 mm using an Itrax XRF core scanner at the Second Institute
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of Oceanography, Ministry of Natural Resources (Hangzhou, China) to obtain relative
geochemical variations at the lamina scale. The Itrax XRF core scanner parameters were set
for a 10 second exposure time at 60 kV and 45 mA. As some elements cannot be accurately
analyzed under such conditions (e.g., Al, Si, Br), the core was also scanned at a resolution 1
cm at the State Key Laboratory of Marine Geology, Tongji University (Shanghai, China),
using an Avaatech XRF core scanner set at a 30 second exposure time with 10 kV and 0.2 mA
(covering Al to Fe), 30 kV and 0.8 mA (covering Co to Mo), and 50 kv and 0.2 mA (covering
Tc to U). The XRF core scanner results are relative geochemical composition variations

expressed in counts per second (cps).

5.3.5 Grain size analysis

Grain size of both bulk sediments (1) and carbonate free sediments (2) were processed
using a Beckman-Coulter LS230 with a particle size ranging from 0.02 to 2000 um. Prior to
the measurement of bulk sediment grain size distributions (1), organic matter was removed
using 5 mL of 10% H2O». The solution was gently shaken for several days, and sediments
were rinsed with deionized water. Organic matter was removed beforehand for the carbonate
free sediments (2), then the sediments were decarbonated using 10 mL 0.5% hydrochloric
acid (HCI). After the decarbonation, the HCIl residues were washed three times using
deionized water. The solution was introduced into the Beckman-Coulter LS230 to carry out
the grain size analysis in two acquisitions; the second acquisition was usually more stable and

was selected.

5.3.6 Bulk mineralogy analysis

Bulk mineralogy was determined on ten samples collected in laminae (five dark and five
light laminar samples). 0.5 to 1 g of dried sediments were first pre-grinded before using a
Retsch XRD-Mill McCrone with agate balls and ethanol for fine grinding (<1 um). The bulk
minerals were analyzed using X-ray diffraction (XRD) performed with a PANalytical X Pert
PRO diffractometer. As the fine grinding process with ethanol potentially may have affected
the smectite, the samples were put in a 1M CaCl; to saturate the samples in calcium and to
reconstitute the 001 smectite peak at 15 A. A second analysis was performed and compared
with the natural to reveal the presence or absence of smectite. Sample diffractometers results

were treated using the open-source Profex software to identify the minerals.
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5.4 Results

5.4.1 Relative geochemical composition and hyperspectral imaging

Relative geochemical compositions measured on Core MD18-3569 using the XRF core
scanner at centimetric and millimetric resolutions are shown in figure 5-2. Fe, Ca, Ti, and K
intensities display similar variations when analyzed at resolutions of both 1 mm and 1 cm
(Appendix 5-2). However, for elements such as Al, Si, and Br the measurements have
inconsistent results (Appendix 5-2). At a resolution of 1 mm, these elements were not detected
from the background noise by the Itrax XRF core scanner due to the low exposure time of
sediments to the X-ray used. At a resolution of 1 cm, the exposure time of sediments to X-ray
is sufficient and the detection of Al, Si, and Br is no longer problematic. Thus, in what
follows, Fe, Ca, Ti, and K are considered at a millimetric resolution, while Al, Si, and Br are

discussed at a centimetric resolution (Fig. 5-2).
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Figure 5-2. Core MD18-3574- variation in depth of relative geochemical composition (Ca, Br
and terrigenous elements (Si, Al, Fe)) and hyperspectral imaging indices (Clay R2200 (clay
fraction content), OM R1650 (organic matter content), Hydroxyl bonds R1450 (water content

of sediments) and Rmean (sediment darkness))

For Core MD18-3569, Br and OM R1650 intensity remain relatively stable from 22.5 to

12.5 m and then increase upwards to the core top (Fig. 5-2). Terrigenous elements (Al, Si, Fe,
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Ti and K) are characterized by similar long-term variations and present opposite variations
with those of Clay R2200 and OM R1650. Their intensity is stable from 22.5 to 12.5 m and
decreases continuously above 12.5 m (Fig. 5-2). The depth interval from 22.5 to 8 m is
characterized by higher values of hydroxyl bonds R1450 than the upper 8 m. The shift at
above 8 m observed in this index is also visible in the Rmean image with a very dark deposit.
This double trend is also visible in the RGB image of the core, with a greyish color between
22.5 and 8 m and then a change to a more brownish color with specular reflection (white

pixels) indicating a higher water content.

5.4.2 Laser grain-size analyses

Grain size variations for the depth interval 2100-2170 c¢cm are reported in figure 5-3.
Grain size variations for the depth interval 1365-1385 cm are reported in Appendix 5-3. The
mean grain sizes of the two depth intervals (i.e. 2100-2170 cm and 1365-1385 cm) display
variations ranging from 9.1 to 20.4 um (average value of 13.4 um) and from 10.5 to 17
(average value of 14.1 um), respectively (Fig. 5-3). The sediments are mainly composed of
silt (76% and 75%) with a moderate proportion of clay fraction (23% and 24%) and very little
or no sand (1%) (Fig. 5-3). The grain size distribution indicates three main grain populations:
a very fine silt and clay (8 pm), medium sized silt (20 um) and coarse silt and fine sand (100
um). Grain sizes processed on sediment with carbonates (1) and terrigenous sediments (2)
display similar variations indicating that biogenic carbonates have no major effect on the
grain size because the carbonate content is very low in the northern SCS during the Holocene

(Huang et al., 2015).

We have selected the terrigenous sediment fractions 0-4mm, 4-63mm and >63mm for the
following discussions. Sediments consist of an alternation of fine and coarser laminations, the
thicknesses of which vary from about 2 to 25 mm. Fine sediment laminates (10 um) are
mainly composed of silt (75%), dominated by the fine silt population with a minor clay
fraction (25%) and no sand. Coarse sediment laminates are mainly composed of silt (79%),
with less clay fraction (19%) and a small proportion of sand (2%) (Fig. 5-3). The largest
coarser levels display asymmetric sorting both in the mean grain size variations but also in the
changes in the importance of grain size populations, with rapid grain size increase and steady

decrease after the peak.
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Figure 5-3. Depth variations of the mean and median grain size, and content of sand (>63

um), silt (4-63 um) and sand (0-4 um) fractions of Core MD18-3574 section 15.
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5.4.3 Bulk mineralogy

The bulk mineralogy of Core MD18-3574 mainly consists of abundant proportions of
muscovite - illite (41-33%, mean value of 38%,) and quartz (40-32%, mean value of 36%),
moderate proportions of chlorite (15-12%, mean value of 13%) and plagioclase (10-8%, mean
value of 9%) and low proportions of calcite (3-2%, mean value of 2%) and microcline (3-2%,
mean value of 2%) (Table 5-2). Darker and lighter laminae are associated with slightly
different mineralogical compositions. Lighter laminae are composed of higher proportions of
foliated minerals with 41% of muscovite and illite (mean value of 41%) and lower proportion
of quartz (mean value of 34%), plagioclase (mean value of 8%) and calcite (mean value of
2%). Inversely, darker laminae consist of higher proportions of quartz (mean value of 38%),
plagioclase (mean value of 10%) and calcite (mean value of 3%) and less important

proportions of muscovite and illite (mean value of 35%).

Table 5-2: Bulk mineralogy of 10 laminae, 5 dark (turbidites) and 5 light (hemipelagic)
laminae, of Core MD18-3574 section XV

Minerals Quartz  Muscovite/illite Chlorite  Plagiclase  Microcilne  Calcite
XV 374-382 mm Dark lamina 38% 35% 13% 9% 3% 3%
XV 652-662 mm  Dark lamina 39% 34% 13% 10% 3% 2%
XV 234-248 mm Dark lamina 40% 33% 13% 9% 3% 2%
XV 556-570 mm  Dark lamina 38% 36% 12% 9% 2% 2%
XV 248-264mm Dark lamina 37% 35% 14% 10% 3% 2%
Average Dark laminae 38% 35% 13% 10% 3% 2%
XV 362-370 mm Light lamina 33% 41% 15% 8% 2% 2%
XV 640-650 mm  Light lamina 34% 41% 13% 8% 2% 2%
XV 664-688 mm Light lamina 34% 41% 13% 8% 2% 2%
XV 540-556mm Light lamina 34% 40% 13% 8% 2% 2%
XV 282-290 mm Light lamina 35% 39% 13% 9% 2% 2%
Average Light laminae 34% 41% 13% 8% 2% 2%

5.5 Discussions

5.5.1 Characteristics of laminae and their associated processes

Core MD18-3574 is highly laminated and composed of an alternation of light and dark
laminae. The high resolution and non-destructive hyperspectral imaging and XRF core
scanning were coupled with grain size analyses and XRD bulk mineralogy in order to

constrain the processes responsible for the deposition of the light-dark coupled laminae.

110



Chapter 5 Late Holocene typhoons record from South Taiwan

Figure 5-4 presents for core MD18-3574, the mean grain size variations of the 2100-
2170 cm depth interval compared to hyperspectral imaging proxies (clay contents from Clay
R2200 and Rmean) and XRF relative geochemical Si/Al ratio obtained at a resolution of 1 cm
and Fe/Ca ratio obtained at a resolution of lcm. In general, the mean grain size closely
covaries with the different proxies. Each increase in the mean grain size is associated with
lower Rmean (darker sediments), higher Si/Al ratio, higher Clay R2200 (low clay-sized

fraction contents) and lower Fe/Ca ratio (Fig. 5-4).
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Figure 5-4. Core MD18-3574 section 15 depth variations of mean grain size, Clay R2200,
Si/Al, clay fraction content (0-4 pm), Rmean (sediment color), Fe/Ca

Principal component analyses (PCA) have been conducted on all proxies analyzed at a
resolution of 1-2mm in order to statistically constrain the light and dark laminae (Fig 5-5).
Principal components (PC)1, 2 and 3 display two main end-members from all proxies (Fig. 5-
5) PCI indicates two populations, the coarser grain size populations are in the negative values
of PC1 and inversely the positive values correspond to the finer grain size layers. The
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comparison of PC1 with PC2 and PC3 (Fig. 5-5) demonstrates contrasts between the two end-
members. The coarser grain size laminae (high mean and median grain size, high sand% and
silt% and low clay%) have lower Rmean (darker sediments), high Clay R2200 (indicating low
clay-sized fraction content) and low Fe/Ca, Ti/Ca and K/Ca ratios (Ca-rich sediments) (Fig. 5-
5). On the contrary, the finer grain size laminae (low mean and median grain size, low sand%
and silt% and high clay%) are associated with high Rmean (lighter sediments), low Clay
R2200 (indicating high clay-sized fraction content) and high Fe/Ca, Ti/Ca and K/Ca ratios
(Fig 5-5).

PC2 (22.63 %)
PC3 (20.09 %)

PC1 (33.31 %) PCl1 (33.31 %)

Figure 5-5. Core MD18-3574 section 15 principal component analyses (PCA) of grain size,
hyperspectral indices, and relative geochemical composition PC1-PC2, PC1-PC3 showing the

characterization of laminations.

Bulk mineralogy is also linked to the two end-members in close agreement with the
relative geochemical composition obtained on light and dark laminae. Darker and coarser
sediments have slightly higher proportions of quartz (38%), feldspars (11%) and calcite (3%)
and lower proportions of micaceous minerals (34%) than lighter and finer sediments (33%
Quartz; 10% feldspars, 2% calcite and 40% muscovite and illite) (Appendix 5-4-8) (Fig. 5-6).
Quartz-, feldspar- and calcite-rich layers (Si, and Ca-rich) result in the high Si/Al values and
low Ca ratios in opposition to the micaceous-rich layers (Si, Ca-poor and Al, Fe, K, Ti-rich)

(Fig. 5-6).
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Figure 5-6. Correlation plots of mineral composition and relative geochemistry of Core
MD18-3574 light and dark laminae: Calcite (%) vs Fe/Ca, muscovite-illite (%) vs Si/Al and
quartz vs Si/Al.

Thus, dark and light laminae of Core MD18-3574 result from two different sedimentary
processes. The coarse dark silty mud (medium size, coarse silt, and fine sand), rich in quartz,
feldspar, and biogenic calcite (Hsiung et al., 2021), could be deposited from nepheloid layers
or the overflow of the hyperpycnal flows within the canyon. The rapid grain size increase
coupled with quartz and feldspar enrichment, lower Fe/Ca and the typical classical fining-
upward fining characterizing the dark layers suggest that they result mainly from deposition
by turbidity currents (Bouma, 1962; Stow and Shanmugam, 1980) (Fig. 5-7). However, the
absence of visible erosion surfaces, the small thickness of the deposits and the low sand
contents in sediments of Core MD18-3574 suggest relatively weak turbidity currents on the

western levee of Gaoping submarine canyon. A similar sedimentary environment has already
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been described in a previous study on the Eastern Taiwan slope (Lehu et al., 2015) (Fig. 5-4).
Such results are in agreement with the position of the studied levee, which is ~600 m above
the canyon thalweg. In such a configuration only the finest sediments of major turbidity
currents flowing within the Gaoping submarine canyon reach the studied site. The light mud
layers composed mainly of micaceous minerals with lower proportions of other minerals may
result from sedimentation of fine hemipelagic sediments transported by the rivers of southern

Taiwan (Liu J.T. et al., 2010, 2016; Nayak et al., 2021).
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Figure 5-7. Depth variation of mean grain size, Rmean SWIR (sediment darkness, descending

scale, Fe/Ca (descending scale) and grain size distribution of three turbiditic laminae of Core
MD18-3574 section XV
5.5.2 Records of the frequency and intensity of typhoon activity for the last 4.2 cal kry
BP

Since the coarser sediments of dark laminae can be attributed to hyperpycnal flows,
mainly triggered by typhoon events affecting South Taiwan, we have used the Rmean SWIR
index to identify the dark deposits and then establish past variations in the frequency of

typhoon events. First, the deposits are detected through the identification of local maxima and
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minima once the Rmean is enhanced by contrast-limited adaptive histogram equalization
(CLAHE) to maximize the differences between the deposits (Zuiderveld, 1994) and smoothed
(Savitzky and Golay, 1964). The local maxima and minima detection allows us to obtain the
deposit count but does not provide more information. Core MD18-3574 is composed of 2404
laminations consisting of an alternation of millimetric to pluri-centimetric light and dark
laminae. To obtain the thicknesses, it is necessary to identify the deposit boundaries and not
their maxima or minima with Rmean (Fig. 5-8). A boundary is identified by finding the local
maxima or minima of the unenhanced Rmean first derivative between the previously
identified coordinates. The thickness is then obtained by measuring the space between two
consecutive boundaries. To study the variation in the number of deposits and their thickness

over a given period, a sum, and an average per time interval (100 years) are used.
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Figure 5-8. Hyperspectral imaging of Core MD18-3574 2180-2250: raw SWIR Rmean;
corrected SWIR Rmean (contrasted and denoised) and corrected SWIR Rmean profils for the
identification of turbiditic deposit (dark levels)

The frequency of typhoon activity affecting the Gaoping river basin (South Taiwan)
displays a decreasing trend since the middle Holocene (Fig. 5-9a). Typhoon frequency peaked
above 100 events per 100 years from 4 to 3.2 cal kyr BP before steadily decreasing to less
than 20 typhoon events per 100 years at 1 cal kyr BP. An abrupt peak of typhoon frequency

occurred after 0.3 cal kyr BP with nearly 60 recorded events per 100 years.
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Figure 5-9. Temporal variations in typhoon frequency (event count) a) and intensity (event
mean thicknesses) b) recorded by Core MD18-3574 in comparison to regional climatic

records (typhoon activity (c) Chen et al., 2012, d) Yue et al., 2019, f) Zhu et al. 2017),
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EAWM (Yancheva et al., 2007) e) and Pacific Ocean temperature (Lindsey et al., 2010) g)

during late Quaternary.

The mean thickness of the laminae is relatively stable from 4.2 to 1.5 cal kyr BP with
lamina thickness of between 0.3 and 0.7 cm (average values of 0.4 cm) (Fig. 5-9b). Inversely,
from 1.5 cal kyr BP to the present time the mean thickness increased to 0.6 cm on average and
displays greater variability of 0.3 to 1 cm. The thickness of hyperpycnal flow deposits
depends on several forcings (e.g., sediment delivery, soil recovery state, land use) (e.g., Page
et al., 1994; Gomez et al. 2012) but generally displays a close correlation with the total
rainfall of a storm triggering hyperpycnal flow (Page et al., 1994). Thus, we can hypothesize
that the thicknesses of the dark laminae represent the intensity of the typhoon rainfall
responsible for triggering the hyperpycnal flows in the Gaoping submarine canyon (Page et al.
1994). The variation in the mean thicknesses of the laminae suggests that the intensity of
typhoons was stable from 4 to 1.5 cal kyr BP and was more variable and stronger after 1.5 cal

kyr BP.

After 1.5 cal kyr BP, the grain-size (Si/Al and clay-sized content from Clay R2200) and
organic matter (Br and OM R1650) of Core MD18-3574 are higher than during the period of
high typhoon frequency (Fig. 5-10). It indicates that periods of intense typhoon events
enhance the sedimentation of detrital material and (terrestrial) organic-rich materials on the
levee through intense hyperpycnal flows in the Gaoping submarine canyon. Inversely during
time intervals characterized by high frequency but less intense typhoons, the redistribution of
terrestrial organic matter on the levee through the canyon seems to be less efficient (Fig. 5-

10).

The linear sedimentation rate (LSR) of core MD18-3574 displays a similar trend to the
event and laminae frequency (Appendix 5-1). From 4 to 2.2 cal kyr BP, the LSR is extremely
important, greater than 0.7 cm/year, but decreases steadily to 0.5 cm/yr between 2.5 and 1.4
cal kyr BP and 0.4 cm/yr between 1.3 and 0.35 kyr cal BP. From 0.35 to 0.18 cal kyr BP the
LSR sharply increases to 0.79 cm/year. This correlation between LSR and the frequency of
typhoon events indicates that the building of the canyon levee relies more on the frequency of

hyperpycnal flows deposit than on the thickness of these deposits.
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Figure 5-10: Temporal variations in grain size (d) Si/Al and c¢) Clay R2200) and organic
matter proxies (a) Br and b) OM R1650) showing the control of EAWM intensity (Yancheva
et al., 2007) e) on terrestrial organic matter burial and grain size in the Gaoping Canyon

system during the late Holocene.

A record of turbidity frequency occurring within Gaoping Canyon (Core MD18-3565) is
displaying totally different observed frequency in number (<20 events per 100 years) and in
trend, with two frequent typhoon periods from 3. to 2.6 cal kyr BP and 1.4 to 0.6 cal kyr BP
(Huang et al., 2023) (Fig 5-11).
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Figure 5-11. Frequency of turbidite occurrence at Core MD18-3565 over the past 4000 yr in
the Gaoping Submarine Canyon (Huang et al., 2023)

The deposit thickness is larger than on the levee (up to 30 cm) and relatively stable in
time. This indicates processes in the canyon and on its levee are different. Hyperpycnal flows
on the levee, 600 m above the canyon thalweg, are low intensity overflow, with reduced
erosion processes, of the fast and erosive hyperpycnal flows in the canyon. Core MD18-3574
records the most intense hyperpycnal flows events, not the total frequency. The core MD18-
3565 site is located in a more distal environment, thus, less events might affect this region of
the canyon. However, MD18-3565 turbidity layers are characterized by erosive surface,
which suggests that the frequency records could be altered in the canyon. However, the two
active periods identified could correspond to the period of high frequency (before 3.2 cal kyr
BP) and of high and variable intensity (after 1.5 cal kyr BP) of typhoon record by Core
MD18-3574 (Fig. 5-9a, 5-11). Studying a canyon system (levee, thalweg) response to
turbidity current could be an important perspective to understand sediments transports by

canyon systems.
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5.5.3 Climatic implication of the evolution of the frequency and intensity of typhoon
activity

Studies of tropical paleo-cyclones of the Holocene conducted in several other regions of
East Asia (Fig. 5-12) allow us to compare our records obtained on the levee of Gaoping

submarine canyon and to discuss a spatial distribution of typhoon activity.
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Figure 5-12. General East Asia map showing the location of the climatic records discussed in
this study: Pacific Ocean warmpool temperature (13GGC (Lindsey et al., 2010)), tropical
3storm activity (HS4 (Zhu et al., 2017), Dahu Lake (Chen et al., 2012), Xisha Islands (Yue et

al., 2019)) and East Asian Winter Monsoon (Huguang Marr Lake (Yancheva et al., 2007))

120



Chapter 5 Late Holocene typhoons record from South Taiwan

Studies of speleothems in Central China have revealed a strengthening of storm activity
since the middle Holocene, and particularly during the late Holocene with peaks of activity at
1.3, 0.9 and 0.4 cal kyr BP (Fig. 5-9f) (Zhu et al., 2017). In addition, carbonate content
decreases observed in several marine sediment cores of the northern SCS margin have been
linked to increasing typhoon activity since the middle Holocene; these decreases are in
carbonate content in marginal areas is mainly due an increase in the terrigenous material
transported to the deep ocean by typhoon activities (Huang et al., 2015). It has also been
shown that increased coral destruction on the Xisha Islands reefs (north SCS) can be linked to
important typhoon activity during the time intervals 3.5-3.1 cal kyr BP and 1.8-0 cal kyr BP
(Yue et al., 2019). Several peaks in the detailed curve of coral destruction g (Fig. 5-9d) match
well with our curve of typhoon intensity (Fig. 5-9b). In north-eastern Taiwan, grain size
variations in a lacustrine sediment core have been associated with two periods of super-
typhoon activity from 1.45 to 1.25 cal kyr BP and from 0.4 to 0.15 cal kyr BP (Fig. 5-9c¢)
(Chen et al., 2012). These two super-typhoon periods also closely match with periods of
increased typhoon activity affecting the Gaoping river basin (time intervals of 1.4-1.1 and 0.5-
0.3 cal kyr BP; Fig. 5-9b). Thus, a regional pattern emerges in which more important typhoon
activity occurs around 3.5-3 cal kyr BP and after 2-1.5 cal kyr BP with time interval

associated to more intense typhoons (Fig. 5-9).

During recent decades, many studies based on speleothems and marine sediment
archives have reconstructed the ENSO variability of the Holocene and its link with the SST in
western tropical Pacific and a decrease in insolation (Moy et al., 2002; Riedinger et al., 2002;
Peltier, 2004; Rein et al., 2005; Conroy et al., 2008; Joos et Spahni, 2008; Chiang et al., 2009;
Koutavas et Joanides, 2012; Cobb et al., 2013; Liu et al., 2014; Zhang et al., 2014; Peltier et
al., 2015; Emile-Geay et al., 2016; Yu et al., 2016; Thompson et al., 2017; Zhu et al., 2017,
Lu et al., 2018). These studies have shown a strengthening of ENSO activity in the late
Holocene in comparison to the middle Holocene. Such changes may have strongly impacted

typhoon activity over southern Taiwan.

Despite the increased ENSO variability and stronger El Nifio and La Nifa-like
conditions since 3 cal kyr BP (Koutavas et Joanides, 2012; Thompson et al., 2017), typhoon
frequency over south Taiwan decreases (Fig. 5-9a). It has also been shown that SST
continuously decreased in the western Pacific, with more negative temperature anomalies,
since the middle Holocene (Stott et al., 2004; Linsley et al., 2010; Dang et al., 2020). Such

variations in the SST pattern in the western Pacific are also associated with an enhancement
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of the EAWM (Yancheva et al., 2007) and a reinforcement of La Nifa-like conditions (Lin et
al., 2008) (Fig 5-9¢,5-9g). Such changes may have affected local typhoon activity in Southern
Taiwan. Indeed, the decreased western tropical Pacific SST and enhanced EAWM inhibit the
formation and/or weaken the intensity of locally formed typhoons (Dong et al., 2021) as
conditions are more likely to be close to the threshold SST (26-27°C) for typhoon genesis
(Dare and McBride, 2011; Tory and Dare, 2015).

In our record of typhoon activity affecting south Taiwan (Gaoping river basin), the time
interval after 3 cal kyr BP is associated with a decrease in the frequency of typhoons (Fig. 5-
9a). Such results are in agreement with other records for the northern SCS such as paleo-
typhoon events reconstructed from tropical corals in Xisha Island reefs which also indicate a
decrease in typhoon activity after 3 cal kyr BP (Yue et al., 2019) (Fig. 5-9d). The tropical
western Pacific region is thus globally drier (Barr et al., 2019), as indicated by the decreased
typhoon frequency. However, from 4 to 1.5 cal kyr BP, our new record of typhoon intensity
(deduced from the thicknesses of turbidite deposits) is stable and does not indicate a decrease
in typhoon intensity in this time interval. The intensity of many typhoons may have decreased
below a potential intensity threshold below which the concentration of suspended sediment is
not sufficient to generate hyperpycnal flow in the Gaoping submarine canyon (Mulder et al.,
2003) and thus will not be recorded on the studied levee of the Gaoping submarine canyon.
This may also amplify the apparent decrease in typhoon frequency within the record

established from Core MD18-3574 (Fig. 5-9a).

The time interval from 1.5 to 0.3 cal kyr BP is marked by a decrease in the frequency of
typhoons recorded on the Gaoping Canyon levee. However, this time interval is also
associated with an intensification of typhoon activity affecting southern Taiwan, particularly
with more intense typhoons during the time intervals 1.4-1.1 cal kyr BP, 1.0-0.8 cal kyr BP
and 0.5-0.2 cal kyr BP (Fig. 5-9b). These time intervals are also characterized by an
intensification of typhoon activity on Xisha Island (Yue et al., 2019), in Central China (Zhu et
al., 2017) and in north-eastern Taiwan, with two periods of super-typhoon surges (Chen et al.,
2012) (Fig. 5-9c, d,f). The northern SCS is also affected by an enhancement of the EAWM at
1.4-1.1 cal kyr BP, at 1.0-0.8 cal kyr BP and at 0.5-0.2 cal kyr BP coeval with colder periods
in the northern hemisphere (such as the Little Ice Age from 0.6 to 0.2 cal kyr BP, LIA) and
dominant La Nina-like conditions (Yancheva et al., 2007) (Fig. 5-9¢). These colder periods
are interrupted by an interval of warmer climate from 1.1 to 1.0 cal kyr BP and from 0.8 to 0.5

cal kyr BP (Medieval Warm Period, MWP) in the northern Hemisphere, weakened EAWM
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and prevailing El Nifio-like conditions (Yancheva et al., 2007; Dong et al., 2021), in which
the intensity of typhoons to the south of Taiwan (Fig. 5-9b) and in Central China is weakened
(Fig. 5-9f; Zhu et al., 2017). After the LIA period (around 0.3 cal kyr BP), the global climate
becomes warmer and the typhoon frequency in Southern Taiwan increases significantly (Fig.

5-9a).

In La Nifa-like conditions, the Pacific warm pool shrinks, and the typhoon genesis
region is mainly located in the warm Central Pacific Ocean. In addition, the pacific Walker
circulation (Barr et al., 2019) and EAWM winds (Yancheva et al., 2007) are strengthened.
Such oceanic and atmospheric configurations affect typhoon tracks which are intensified and
shift westward to Taiwan and Central China (Chen et al., 2012; Zhu et al., 2017; Yue et al.,
2019; Wang et al., 2021). Before 3 cal kyr BP and after 0.3 cal kyr BP, the warmer climate
(dominant El Nifio-like conditions) and weakened EAWM (Yancheva et al., 2007) led to
more low-moderate intensity typhoons that formed in the SCS and Taiwan region ( et al.,
2004). Nevertheless, the weakened Pacific Walker circulation, the northeastward East Asian
summer monsoon winds and the Coriolis force shifted northward the track of strong typhoons
formed in the Equatorial Pacific (Emanuel, 2003; Woodruff et al., 2009; Chen et al., 2012;
Wang et al., 2021).

Overall, our study shows a decoupling of Taiwan typhoon frequency and intensity
strongly controlled by the interactions of the EAM system, ENSO and SST of the western
tropical Pacific and the northern SCS. Such results provide us with new insights to predict the
future evolution of regional typhoon activity linked to the forecasted climate changes (Tan et
al., 2019). The warming and stronger El Nifio-like conditions predicted by CMIP5 models
suggest that there could be a rise in typhoon frequency in Taiwan coupled with reduced
regional super-typhoon activity. This agrees with the long-term record of typhoons over
Taiwan from 1950 to 2013 (Liang et al., 2017). It has been observed that the frequency of
typhoons over Taiwan for 63 years increased but the frequency of strong typhoons (category 4
and 5) decreased (Liang et al., 2017). In contrast, Japan and the Korean peninsulas could
experience an important surge of strong typhoons due to the warmer climate and changes in
typhoon tracks. This agrees with the northward shift of typhoon track observed from 1950 to
2013 (Liang et al., 2017).
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5.6 Conclusions

High-resolution non-destructive hyperspectral imaging and XRF core scanning,
combined with high resolution laser grain-size, bulk mineralogy and radiocarbon dating have
been investigated on laminated sediments of Core MD18-3574 which was collected on the
western levee of the Gaoping submarine canyon. Our aims were (1) to constrain the
sedimentary processes inducing laminae deposits and (2) to establish the frequency and
intensity of typhoon activity affecting southern Taiwan over the past 4.5 cal kyr BP. We

conclude that:

(1) Core MD18-3574 consists of an alternation of dark laminae composed of coarse
sediments enriched in quartz, feldspars, and calcite and of light laminae composed of fine
sediments enriched in micas and depleted in quartz, feldspars and calcite. Dark laminae
display a typical upward grain size decrease implying a sedimentation resulting from
hyperpycnal flows in the Gaoping submarine canyon triggered by typhoons. Light laminae are
the facies of hemipelagic sedimentation. A total of 2400 dark laminae, mostly associated with
typhoon events, have been identified for the last 4.2 cal kyr BP.

(2) Typhoon frequency and intensity recorded on the Gaoping Canyon levee are
decoupled. Since the middle Holocene the recorded frequency of typhoon activity shows a
decrease from more than 1 event recorded per year on average for the period between 4 and
3.5 cal kyr BP to less than 0.2 event per year after 1.5 cal kyr BP. Typhoon intensity remained
stable from 4 to 1.5 cal kyr BP. After 1.5 cal kyr BP, the typhoon intensity has become more
variable and increased during three-time intervals, i.e. 1.4-1.1 cal kyr BP, 1.0-0.8 cal kyr BP
and 0.5-0.2 cal kyr BP.

(3) The decrease in typhoon frequency since the middle Holocene is driven by the
interaction between the cooling of western Pacific SST and the enhancing of EAWM. Such
conditions reduce the local typhoon genesis and/or intensity of typhoons. Cold events of the
late Holocene are associated with super typhoons formed in central Pacific and surging in
Taiwan region because their tracks are affected by the la Nina-like conditions, and the
stronger Pacific Walker Circulation and EAWM winds. This study of the frequency and
intensity of storms provides us new perspectives on the forecasting of storm activity around

Taiwan in the context of ongoing climate change and global warming.
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Chapter 6 General conclusion

6.1 Climatic forcing and sea level fluctuations controls on the sedimentary
dynamic of a non-connected canyon since last glacial period: the Penghu Canyon

6.1.1 Eastern Penghu Canyon bank sediments provenance

A first study has permitted us to identify the provenance of the sediments and potential
sources changes over the record. The contrasted geological contexts of the northern South
China Sea land masses allow mineralogical (clay minerals assemblage) and geochemical (Nd-
Sr isotopes) investigations to determine the main sedimentary sources of sediments from the

southern margin of Taiwan.

X-ray diffraction was performed on the terrigenous clay-sized fraction (<2 pm) to
determine the sediment provenance and potential mixing between Taiwan rivers, Luzon rivers
and Pearl River. The clay minerals assemblage of Core MD18-3569 is dominated by illite,
ranging from 45 to 59% average of 52%), and chlorite, 27-39% (average of 32%), moderate
smectite content ranging from 4 to 22% (average of 12%) and scarce proportion of kaolinite,
ranging from 2 to 8% (average of 4%). Proportions of illite and chlorite display similar
variations which are inversely correlated to those of smectite. The major proportions of illite
(52%) and chlorite (32%) are characteristic of the clay minerals assemblages associated with
sediments transported by Taiwan rivers (illite: 56%; chlorite: 36%). In turn, moderate smectite
content (12%) is higher than Taiwan rivers (4%) could suggest a source mixing with Luzon-
sediments (87%) (Liu et al., 2016). However, SW Taiwan rivers like Erhjen and Tsengwen
can also transport moderate proportion of smectite (~15%) (Liu et al., 2016). The low
proportion of kaolinite and the value of illite crystallinity (0.158°A20) and chemistry index
(0.324) are too low compared to the sediments transported by the Pearl River which consists
of 64% of kaolinite with illite crystallinity value of 0.198° A260 and illite chemistry index
value of 0.466 (Liu et al., 2010).

The isotopic composition of Sr and Nd of the decarbonated bulk sediments and clay
fractions (<2 um) were measured to better constrain the sediment provenance and determine
potential additional contribution of detrital material from the volcanic province of Luzon
where the clay size-fraction is rich in smectite. The ¥’Sr/%6Sr and eNd of the decarbonated
bulk sediments display narrow ranges from 0.7187 to 0.7213 and -11.63 to -10.89,

respectively. Such narrow ranges are characteristic of sediments from Taiwan rivers ranges
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(®7Sr/%Sr: 0.7176 to 0.7219 and eNd: -11.2 to -12.2) and are not consistent with inputs from
Luzon rivers (¥’Sr/%6Sr: 0.7044 to 0.7052; eNd: +6.4 to +7.4) and Pearl River (¥’Sr/*Sr:
0.7275 to 0.7373; eNd: -1.4 to -10.5). In addition, variations of ¢éNd obtained on the clay
fraction are not correlated with the smectite proportions of the sediments, which indicates that
the smectite cannot derive from Luzon river basins. We can then conclude that sediments
from the eastern bank of the Penghu Canyon results from the mixing of rivers of the SW
Taiwan (mainly Erhjen and Tsengwen rivers). The sedimentary sources seem to be constant
and do not present any major changes due to sea level variations associated with the opening

or closure of the Taiwan Strait.

6.1.2 Chemical weathering history of SW Taiwan sediments

The sources of the sediments deposited on the eastern bank of the Penghu Canyon has
been determined as the rivers of the SW Taiwan which remains the sole source during the last
32 ka according to Nd-Sr isotopic composition results. Thus, clay minerals can be used to
determine the chemical weathering state of the sediments, in addition to major elements

composition.

Major elements composition of sediments from Core MD18-3569 mainly consists of
Si02 (65%), AlLOs3 (15%), and FexO3 (6.2%) and low concentrations of K>O (3%), MgO
(2.1%), Na20O (1.2%), and CaO (1%). Al2O3, Fe203, K20, and MgO covary together. They
present low contents during the LGM and Holocene and peaks during the deglaciation.
proportions of SiO2, NayO, and CaO are inversely correlated to those of Al,O3, Fe,03, K20,
and MgO. They display decreasing trend during the deglaciation and higher content during
the Holocene. Ternary diagram A—CN-K (AlLO3;—(CaO+Na;0)-K,0) Chemical Index of
Alteration (CIA=68) (CIA = molar ratio of [AlLO3/(AlLO3+Na,O+K,O+CaO*) x100]),
indicate that sediments experienced a moderate chemical weathering and a preferential

leaching of Na and Ca, which is typical of Taiwan moderate weathering.

CIA, AlLOs3/Si0O2, AlO3/NaxO, smectite/(illite+chlorite) and kaolinite/(illite+chlorite)
have been used to reconstruct the chemical weathering state of Core MD18-3569 sediments.
Kaolinite, smectite, and leaching of mobile elements (high Al03;/NaxO and CIA) are the
product of chemical weathering. Conversely, illite, chlorite, coarse sediments (low
Al0O3/S103)) and the presence of mobile elements (low Al2O3/Na2O and CIA) indicate a lower
relative chemical weathering and are likely to be the product of a more intense relative

erosion. CIA, AlO3/Si02, Al203/NayO, smectite/(illite+chlorite) and kaolinite/(illite+chlorite)
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variations are relatively low. Nevertheless, they display low value during the LGM, which
indicates that the chemical weathering was relatively low. The time interval of the
deglaciation is marked by an increase in all the chemical weathering ratios with maximum
values during the early Holocene. These peaks indicate a relative increase of the chemical
weathering during the deglaciation until the early Holocene. The Holocene is characterized by
a gradual relative decrease in chemical weathering proxy since the 9 cal kyr BP. Such
chemical weathering record is coherent with existing paleo East Asian summer monsoon

records and pollen records of a lake from west Taiwan (Liew et al., 2006).

During time interval of high summer monsoon precipitations (deglaciation, early
Holocene), sediments lake from the SW Taiwan lacustrine (dominant trees pollens indicating
progressive pedogenesis of soils) and marine terrigenous sediments (smectite, kaolinite,
leaching of Ca, Na, clay contents) from the northern SCS indicate a relative increase of
chemical weathering intensity. During drier interval (LGM, Holocene weakening of monsoon
precipitation), lacustrine (dominant herbs pollens indicating regressive pedogenesis of soils)
and marine terrigenous sediment exhibit a decrease in relative chemical weathering and a
more important physical erosion. This trend is enhanced during the Holocene by the strong
typhoon activity strengthening soils erosion of the SW Taiwan. We can conclude that, the
strengthening of East Asian summer monsoon precipitations triggers a relative increase of the
SW Taiwan soils chemical weathering in the draining basins of SW Taiwan small

mountainous rivers.

6.1.3 Hydrodynamic conditions and sediments transport and redistribution from SW
Taiwan rivers to the northern SCS

The glacial-interglacial sea level changes have no major impact on the sediment
provenance of the eastern Penghu Canyon levee. However, it necessarily affects the
hydrodynamic conditions and the redistribution of sediments (e.g., opening of the Taiwan
Strait and of surface currents flowing in the Strait) or vicinity change of the river mouths to
the study site (Boulay et al. 2003). Grain size analyses are suitable proxy to establish
hydrodynamic conditions of our studies site. They were used in many paleo hydrological

studies in the northern SCS (Boulay et al., 2003; Huang et al., 2011; Clift et al., 2014).

Grain size analyses were realized on the decarbonated bulk sediments of Core MD18-
3569 at a high time-resolution (~85 years). The average mean grain size of Core MD18-3569
sediments is ~13 um (8-20 um) and mainly consist of fine silt (~75%) and clays (~24%) and
low to no sand (~1%). Grain size results do not show any indication of turbidite on the
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sediment bank of the Penghu Canyon. Such fine grain size also differs from grain size
measured on sediments transported by Taiwan rivers (>100 um). End-member modeling was
applied to the grain size distributions and highlights a quasi-unimodal distribution. Two end
members were identified: EM1 with a grain size distribution from 0 to 55 pum, consisting
mainly of clay and fine silts with a median grain size of ~6.5 um and EM2 ranging from 0 to
185 pm, consisting of medium to coarse silts and fine sands with a median grain size of ~19.5
um. The EM1 could correspond to fine sediments derived from rivers through the surface
circulation while the EM2 can be interpreted as coarse sediments input resulting from more
direct processes (Penghu Canyon). EM1 amounts for ~75% of sediments since 32 ka, while
EM2 amounts for less than 25%. This indicates that the majority of the sediments deposited
on the eastern bank of Penghu Canyon are transported by surface and intermediate circulation
from the SW Taiwan rivers basins. About 25% of the detrital fraction of the sediment could

have been discharged by direct inputs from river mouth through the Penghu Canyon.
The grain size highlights two main time intervals:

(1) From 32 to 10.7 cal ka BP: the mean grain size is relatively coarse (~15.5 um) with
higher content in silt (~78%) and sand (<2 %). Total EM2 displays higher proportions (~40%)
and can reach about 50% of the total sediments. The EM modeling was applied on 32-10.7
and 10-0 ka. For sediments of the time interval 32-10.7 ka, the two end members EM1 and

EM?2 have median grain size of ~7.5 and 20 pm respectively.

(2) Since 10 ka: the mean grain size dropped of 40% in 0.7 ka from 15.2 to 9.1 um with
an increase in clay proportions (25-30%) and decreases of silt (78-74%) and sand (0-2%)
content. The proportions of EM also change strongly, EM2 content decreases to less than 20%
and EM1 represents 80 to 100% of the sediments deposited. In addition, the separate EM
modeling displays a strong decrease of EM2 median grain size in this interval (~11 um) while

EMI1 median grain size is relatively stable (6.3 pm).

The two time intervals 32-10.7 cal kyr BP and 10-0 cal kyr BP are separated by a transition
from 10.7 to 10 cal kyr BP. This transition is contemporaneous to a rapid global transgression
(of ~20 m) identified as the Melt Water Pulse 1C (Grant et al., 2012). This abrupt sea-level
rise has significantly changed the land-sea configuration and then sediment transport dynamic
from land to the southern margin of Taiwan. These two-time intervals characterize two
different sedimentary dynamics in different land-sea configuration affecting the redistribution

with modifying the provenance of sediments. The time interval (1) is mostly characterized by
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a lowstand sea-level period during the LGM and termination of the last glacial period. In this
context, the sea level resulted 100-120 m lower than at modern time. Thus, the Taiwan Strait
was closed, and the coastline was located near to the head of the submarine of the Penghu
Canyon and to our studied site. This configuration enabled the canyon to receive sediments
directly from the rivers potentially draining the emerged strait and fluvial networks like the
Erhjen River. This would result in coarser sediments, higher silt and sand content, and higher
proportion of direct inputs (EM2). The grain size gradually decreased during the deglaciation
due to the sea level rise before the MWP-1C linked with the gradual decrease of rivers
proximity to the canyon head. However, the sedimentary dynamic was significantly reworked

after the MWP-1C (Fig. 6-1).

During the Holocene, the sea level reached values comparable to present time and
opened the Taiwan Strait. The proximity of the river mouth of Erhjen strongly decreases and
the potential connection of the canyon to rivers was cut. This determined the deposition of
finer sediments on the studied site and the increase of the importance of derived inputs to
nearly 100% (EM1). During periodw of sea level highstand, the surface current circulation is
an important forcing of the sedimentary dynamic. The middle Holocene is characterized by
coarser grain size. This time interval of coarser grain size is concurrent with a stronger winter
monsoon period. The East Asian winter monsoon could have impacted the hydrodynamic
conditions by enhancing and strengthening the loop current induced by the Kuroshio Current
intrusion and its shredded eddies and/or enhanced the inputs of coarser material by rivers to

the northern South China Sea.
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Figure 6-1: Schematic representation of the sedimentary dynamic of the eastern Penghu

Canyon during the LGM, deglaciation and Holocene as established in this study.
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6.2 Paleo-typhoons activity reconstructed from Turbidites sequence deposit of the
Gaoping Canyon levee and its link with climate changes during the last 4.5 kyr.
The head of the Gaoping submarine canyon is connected to the Gaoping River leading to
fast sediment transport from the river to the deep-sea basin. The Gaoping Canyon is an
efficient conduit for terrestrial sediments, in particular through turbidity currents resulting
from the important sediment discharge triggered by typhoons and floods of the Gaoping
River. Mooring systems on the levee of the canyon has shown that every year 3 to 4 typhoons

trigger about 70% of the turbiditic activity of the Gaoping Canyon.

The core MD18-3574 was collected on the western levee of the Gaoping Canyon, 600 m
above the canyon thalweg in order to obtain an archive of the intense typhoon-triggered
turbiditic activity and preserving it from erosion by turbidity currents. The age model of the
Core MD18-3574 was established by using 11 radiocarbon dating. The Core MD18-3574 is
highly laminated with pluri-millimetric dark levels and covers the late Holocene, (last 4 kyr),

with a high sedimentation rate (mean sedimentation rate of 500 cm.kyr™).

The laminations were investigated by coupling two non-destructive and high-resolution
methods, hyperspectral imaging and XRF core scanning. In addition, laser grain size of
sediments from two depth intervals of core MD18-3574 was measured at high resolution of 2
mm and XRD the bulk mineralogy of 10 samples from laminae were investigated to constrain
the sedimentary processes responsible for the deposition of the laminations. Hyperspectral
imaging allowed us to obtain at the resolution of 150 um raw information about sediment
color (Rmean Short-wave-infrared), grain size (Clay R2200) or organic matter contents (OM
R1650) and XRF core scanning gives information on the relative geochemistry of the
sediments. The sediments of the two-core section analyzed have a mean grain size ranging
from 9 to 20 um consisting mainly of silt (~75%) and clay (~24%) with low sand (1%). The
sediments consist of an alternance of light and fine-grained and dark and coarse-grained
levels. We have demonstrated that thick coarse-grained laminations (about 2 to 25 mm)
display a fining-upward and asymmetric sorting of typical turbidite deposits. Bulk mineralogy
is also slightly contrasted. We have shown that dark levels are coarse sediments rich in quartz,
feldspar, calcite and organic matter with high Si/Al, Br and low Fe/Ca values and high Clay
R2200 (low clay-sized fraction proportion) and OM R1650 (organic matter content) values.
The dark levels are deposited on the levee by the low intensity overflow of turbidity currents
occurring in the canyon. Inversely, light laminations are characterized by fine sediments
enriched in muscovite, illite and muscovite with low Si/Al, Br, low Clay R2200 (high clay-
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sized fraction proportion) and OM R1650 (organic matter content) values and high Fe/Ca
values. Such laminations have been associated to hemipelagic sedimentation between
turbidity currents. The Rmean SWIR index was used to detect the dark deposits at high
resolution.A total of 2400 dark laminae, mostly associated with typhoon events, have been
identified for the last 4.2 cal kyr BP. We have then estimated the typhoon frequency (number
of dark laminiation per 100 yrs) and intensity (thickness of the dark laminations) recorded on
the Gaoping Canyon levee. The frequency record of typhoon events displays a decreasing
trend (and controlling the sedimentation rate) ranging from 100 events per 100 years from 4 to
3.2 cal kyr BP and 60 events per 100 years at 300 years to less than 20 events per 100 years
after 0.18 cal kyr BP. The thickness of dark laminations ranges from ~0.3 cm to ~1 cm.

The decreasing frequency of typhoon-triggered turbidity deposits after 3 ka co-vary with
the cooling of the tropical western Pacific and marginal seas sea surface temperatures (SST),
resulting in a shrinking of the Pacific warm pool. This reduces the potential of typhoon
genesis in the western Pacific region. From 4 to 1.5 cal kyr BP, the thickness of the deposit,
associated with the typhoon intensity, is stable and relatively low (~0.4 cm). However, after
1.5 cal kyr BP the thickness of the deposit shows more variability and in average thicker
deposits (~0.6 cm) indicating more variability and intensity of typhoons. The turbidity deposit
record of Core MD18-3574 is consistent with many storm and typhoon records previously
obtained in Eastern Asia (Central China, northern South China Sea, north-east Taiwan). All
the records indicate higher typhoon intensity in time intervals from ~1.5-1.2 ka, 1.0-0.8 ka

and 0.5-0.2 ka.

The decrease in typhoon frequency during the late Holocene is driven by the interactions
between the cooling of the western tropical Pacific region SST and the strengthening of East
Asian winter monsoon. This results in the reduction of the local typhoon genesis and/or the
intensity of the typhoons. After 1.5 ka, cold periods are associated with strong typhoon
(formed in Central Pacific) surge in Taiwan region and Central China). Their tracks are
controlled by the La Nina-like conditions, the stronger Pacific Walker Circulation and East

Asian winter monsoon winds.

6.3 Synthesis

Our study focused on the southern margin of Taiwan and particularly on sediments from

the bank of the Penghu and Gaoping submarine canyons. Their very contrasted configurations

132



Chapter 6 Conclusion

allowed us to frame the impacts of climatic and environmental changes on various source to

sink processes.

The Gaoping Canyon is connected to the Gaoping River which directly discharges
sediments to the canyon, resulting in an important turbiditic activity. The head of the Penghu
Canyon is not connected to any rivers at present time. Our study allowed us to identify a
mixing of SW Taiwan rivers (e.g. Erhjen, Tsengwen rivers) sediment mostly derived through
surface circulation (>75%) as the source of sediments on the eastern Penghu Canyon levee.
The sediment provenance is not affected by sea-level fluctuations. However, sea level
fluctuations strongly affected the hydrodynamic conditions by decreasing the vicinity between
our study site to river mouths and potentially disconnecting the Penghu Canyon of direct
sediment inputs from SW Taiwan rivers extending to Taiwan Strait during the Melt Water

Pulse-1C.

East Asia climate is largely dominated by the monsoon system and typhoons. Due to
their configurations, both canyons have different but complementary responses to climate
variations. The monsoon system strongly affects the sedimentary dynamic in south Taiwan.
The important summer monsoon precipitations enhance the chemical weathering and
pedogenesis of south Taiwan in humid periods such as the deglaciation and early Holocene.
The chemical weathering is reduced when the summer monsoon precipitations over Taiwan
are weakened, during the LGM and since the early Holocene. During the Holocene, the soils
of south Taiwan are strongly eroded by the intense typhoon activity as recorded by the high
typhoon-triggered turbidity current activity observed on the Gaoping Canyon levee. The
climate cooling since middle Holocene optimum induced a weakening of summer monsoon
precipitation and typhoon frequency in south Taiwan region. However, the typhoon frequency
decrease was associated with an increase of intensity of typhoons precipitation in south
Taiwan during late Holocene induced by the strengthening of winter monsoon and La Nifia

states of El Nino Southern Oscillation.

6.4 Perspectives

This research work brought new insights in the understanding of the sedimentary
processes and dynamics on the northern SCS margin of Taiwan since the last glacial period.
However, further investigations could be performed to explore more in detail the sedimentary

processes in the south of Taiwan.
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Core MD18-3569 collected on the eastern levee of the Penghu Canyon was only studied
on the top 15m covering 32 ka. However, the core has a total length of ~40m. Considering
that the sedimentation rate during the last glacial maximum ranges from 35 to 50 cm/kyr, the
bottom of the core could cover further than 100 ka (MIS 5). Thus, the sedimentary dynamic of
the Penghu Canyon and SW Taiwan could be explored in great details during a complete

glacial-interglacial cycle.

The hyperspectral imaging performed on the Core MD18-3574 brings high resolution
(150 um) raw information on organic matter transfer and burial in a submarine canyon. With a
very precise age model and the high sedimentation rate (Smm/yr), it would be possible to
study in detail the seasonality of the processes and controls (climate) organic matter cycle on
northern SCS margin canyons. In addition, hyperspectral imaging offers various indices that
were not fully understood which could bring divers advances in the understanding of Gaoping

Canyon dynamics.

The approach coupling hyperspectral imaging and XRF core scanning to the laminated
core MD18-3574 appears to be adapted to this sedimentary environment and could bring new
perspective in marine core routine studies. More hyperspectral investigations on different
marine cores (e.g Penghu Canyon levee cores, marine drilling cores, ...) would be important

for the development of hyperspectral imaging insight and limits in marine geology research.

The future changes of typhoon activity, associated with the ongoing anthropic global
climatic changes, deduced from the past typhoon activity history recorded by Gaoping

Canyon, could be investigated using climate models.
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Figure list

Figure 1-1. Representation of source to sink processes on a continental margin, highlighting

river connected and not connected submarine canyon that control sedimentary dynamics.
Figure 1-2. Map of Southeast Asia centered on South China Sea.

Figure 1-3. SW Taiwan rivers map and sediment discharged to SCS and Taiwan Strait

(modified from Dadson et al., 2003; Liu J.T. et al., 2009)
Figure 1-4. Geological map of Luzon island (modified from Tsai et al., 2019).

Figure 1-5. Simplified geological map of South China (from Wang et al., 2013; Zheng et al.,
2013)

Figure 1-6. Average clay mineral assemblages of fluvial drainage systems around northern

SCS (modified from Liu Z.F. et al., 2016).

Figure 1-7. Map showing the location of the different submarine canyons and
geomorphological units of South Taiwan slope (1: Gaoping Canyon; 2: Fanglio Submarine
Canyon; Kaohsiung Submarine Canyon; Shousan Submarine Canyon; 5: Formosan
Submarine Canyon; 6: Penghu Submarine Canyon; 7: Penghu Channel (from Su et al.,

2018).

Figure 1-8. Schematic monsoon system process: seasonnal dichotomy (from Ruddiman,

2001).

Figure 1-9. Temporal Asian monsoon variations (d: green curve) compared with orbital
parameters such as obliquity, eccentricity and precession showing precession-obliquity

driven insolation forcing on Asian monsoon (from Cheng et al., 2016).

Figure 1-10. Tropical storm tracks 1950-2013 (Liang et al., 2017). The grey lines are showing
the tracks of all the tropical storms. The red green and blue lines represents the average

paths of westward, northwestward and northward tropical storms.

Figure 1-11. El Nifo precipitation and drought patterns (from https://iri.columbia.edu/ enso/

modifed from Ropelewski and Halpert, 1989; Mason and Goddard, 2001).

Figure 1-12. La Nifia precipitation and drought patterns (from https://iri.columbia.edu/ enso/

modifed from Mason and Goddard, 2001 and Lenssen et al., 2020).
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Figure 1-13. South China Sea oceanography: Sea surface current systems and monsoon

winds, Pacific ocean intrusion and deep water circulation (Liu Z.F. et al., 2016).

Figure 1-14. Paleogeography and simplified paleohydrology of the South China Sea during
the Last Glacial Maximum. Dark grey color represents the present land masses
configuration. The grey color represents the LGM land emerged according to the isobath

of 100m modified from Liu Z.F. et al., 2016.

Figure 2-1. Bathymetric map of the northern SCS showing the locations of the cores MD18-
3569 and MD18-3574 and the Manilla Trench system (Gaoping, Penghu and Formosan

submarine canyons).

Figure 2-2. The age model of Core MD18-3569 was established based on accelerator mass
spectrometry (AMS) 14C dates and oxygen isotope measurements of planktonic
foraminifer G. ruber (Chen et al., 2021). Comparison with NGRIP and LR04 oxygen
isotopic composition (Andersen et al., 2004; Lisiecki and Raymo, 2005).

Figure 2-3. Chronological framework of the Core MDI18-3574. The age model was
established using 11 accelerator mass spectrometry (AMS) 14C dating of plurispecific
plnktonic foraminifera G. ruber, G. sacculifer, O. universa, calibrated following (Stuiver

and Reimer, 1993; Reimer et al., 2013).

Figure 2-4. Standard calibration line of the pCO2 emitted by the dissolution of CaCO3 by
HCI.

Figure 2-5. Analytic protocle and principles of hyperspectral imaging (Butz et al., 2015).

Figure 3-1. Bathymetric map of the northeastern SCS showing the location of Core MD18-
3569. Location of the Toushe basin discussed in this study is also indicated. Main surface-
and deep-current patterns (LZC: Luzon deep current; SCSCC: SCS contour current;
SCSWC: SCS warm current; LC: Loop current; GCC: Guangdong coastal current) (Liu et
al., 2016), southern limit of July intertropical convergence zone (ITCZ) and winter and
summer monsoon wind directions are reported (Webster, 1994; Wang et al., 2003). The
SW Taiwan rivers are also reported (Z: Zhuoshui; Pe: Peikang; Po: Potzu; Ba: Bachang; T:
Tsengwen; E: Ehrjen; G: Gaoping).
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Figure 3-2. Temporal variations of clay mineral assemblage, illite crystallinity, illite chemistry
index, clay fraction (<2 pm) Nd and Sr isotopic compositions, and G. ruber 3180 of Core

MD18-3569 during the last 32 kyr. G. ruber 6180 from Chen et al. (2021).

Figure 3-3. Correlation plots of clay mineral groups of Core MD18-3569. (A) Chlorite (%)
versus illite (%). (B) Smectite (%) versus illite (%). (C) Kaolinite (%) versus illite (%).

Figure 3-4. Temporal variations of major element contents (SiO2, Na20, CaO, Al203,
Fe203, K20 and MgO) of Core MD18-3569 over the last 32 kyr. 87Sr/86Sr ratio and eNd

value of the carbonate-free bulk fractions are also displayed.

Figure 3-5. 87S1r/86Sr versus eNd diagram. 87Sr/86Sr ratios and eNd values obtained on the
carbonate free-fractions of Core MD18-3569 (black dots, this study) are reported together
with Sr and Nd isotopic compositions of Luzon rivers (purple squares) (Goldstein and
Jacobsen, 1988; Liu Z.F. al., 2016), Pearl River (blue squares) (Liu Z.F. et al., 2016), and
SW Taiwan rivers (red squares) (Dou et al., 2016; Liu Z.F. et al., 2016).

Figure 3-6. Temporal evolution of Sm/(I+C) and K/(I+C) mineralogical ratios and of
87Sr/86Sr ratio and eNd value obtained on the <2 um siliciclastic fractions of Core
MD18-3569. The insolation curve received by the earth at 65°N of latitude and the 6180
record obtained on the Hulu and Dongge Cave speleothems (Wang et al., 2001; Dykoski et

al., 2005) are reported for comparison.

Figure 3-7. Ternary diagrams of major mineral groups of illite+chlorite, kaolinite, and
smectite for Core MD18-3569 (A). Clay mineralogy compositions of surface sediments
from Luzon rivers, Pearl River, and SW Taiwan rivers are included for comparison (Liu
Z.F et al., 2008, 2010a, 2016). Zoomed plots for surface sediments of Taiwan rivers and
Core MD18-3569 (B).

Figure 3-8. Illite crystallinity versus illite chemistry index of Core MD18-3569 (black dots)
sediments compared to South China (green triangle) and Taiwan (red cross) river

sediments (Liu Z.F. et al., 2010a, 2016).

Figure 3-9. A-CN-K (Al,03—(CaO+Na>O)-K;0) ternary diagram plotting results obtained on
Core MD18-3569 together with surface sediments from Luzon rivers (Liu et al., 2016),

Pearl River (Liu et al., 2016), and SW Taiwan rivers (Liu et al., 2016) for comparison.
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Figure 3-10. Temporal variations of erosional and weathering proxies of Core MD18-3569 for
the past 32 kyr: clay mineralogical Sm/(I+C) and K/(I+C), major elemental CIA,
Al203/8102, and Al1203/Na20, in comparison to climatic 6180 variations of Hulu and
Dongge Cave speleothems (Wang et al., 2001; Dykoski et al., 2005), the insolation curve
received by the earth at 65°N of latitude (Berger 1978), magnetic susceptibility from
Yanchi lake (Li et al., 2017), C4 plants proportion from Qinghai lake (central China)
(Thomas et al., 2015)and pollen records from Toushe Basin (west Taiwan) (Sanchez Goiii

etal., 2017).

Figure 4-1. Bathymetric map of the margin of Taiwan in northeastern South China Sea

displaying the location of Core MD18-3569. Manilla Trench system is also reported.

Figure 4-2. Past variations of Core MD18-3569 mean grain size, End-members 1 and 2, clay,

silt and sand contents and carbonate content during the last 32 cal kyr BP.

Figure 4-3. Grain size distribution of Core MD18-3569 sediments from 10 kyr to present, 32
to 11 kyr (gray curves are individual distribution, black curve represents the average
distribution of each time interval). Comparison of the average size distribution of 0-10 kyr
and 11-32 kyr time intervals. Size distribution of grain size End-members during the last

32 kyr obtained following Liu et al., 2021.

Figure 4-4. Correlation plots of carbonate content (CaC0O3%) versus CaO% of Core MD18-
3569.

Figure 4-5. End-Member models grain size distribution of time intervals from 0 to 10 kyr
(solid lines) and from 11 to 32 kyr (dashed lines) of Core MD18-3569 obtained with
Qgrain (Liu et al., 2021). The median grain size of End-Members are also reported.

Figure 4-6. Temporal evolution of EMs, mean grain size, bulk siliciclastic eNd of the
carbonate free fraction, CaO%, linear sedimentation rate and G. ruber 6180 from Chen et
al. (2021). The Hulu and Dongge Cave speleothems (Wang et al., 2001; Dykoski et al.,
2005), relative sea level (Lisiecki and Raymo, 2005) and sea level rise rate (Grant et al.,

2012; Yu et al., 2023) variations are reported.

Figure 4-7. Holocene temporal evolution of mean grain size and Cao% of Core MD18-3569
in comparison to a pollen records from Toushe Basin (west Taiwan) (Sanchez Gofii et al.,
2017), to climatic eastern equatorial Pacific Ocean 6180 variance of G. ruber (Koutavas

and Joanides, 2012), EAWM proxies (EAWM stack (Kaboth-Bahr et al., 2021), EAWM
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index (Wang et al., 2012), 6180 variations of Hulu and Dongge Cave speleothems (Wang
et al., 2001; Dykoski et al., 2005), and sea level variations (Lisiecki and Raymo, 2005;
Grant et al., 2012).

Figure 5-1. Bathymetric map of the northeastern SCS showing the location of Core MD18-
3574.

Figure 5-2. Core MD18-3574- variation in depth of relative geochemical composition (Ca, Br
and terrigenous elements (Si, Al, Fe)) and hyperspectral imaging indices (Clay R2200
(clay fraction content), OM R1650 (organic matter content), Hydroxyl bonds R1450

(water content of sediments) and Rmean (sediment darkness)).

Figure 5-3. Depth variations of the mean and median grain size, and content of sand (>63

um), silt (4-63 pm) and sand (0-4 um) fractions of Core MD18-3574 section 15.

Figure 5-4. Core MD18-3574 section 15 depth variations of mean grain size, Clay R2200,
Si/Al, clay fraction content (0-4 pm), Rmean (sediment color), Fe/Ca

Figure 5-5. Core MD18-3574 section 15 principal component analyses (PCA) of grain size,
hyperspectral indices and relative geochemical composition PC1-PC2, PC1-PC3 showing

the characterization of laminations

Figure 5-6. Correlation plots of mineral composition and relative geochemistry of Core
MD18-3574 light and dark laminae: Calcite (%) vs Fe/Ca, muscovite-illite (%) vs Si/Al
and quartz vs Si/Al.

Figure 5-7. Depth variation of mean grain size, Rmean SWIR (sediment darkness, descending
scale, Fe/Ca (descending scale) and grain size distribution of three turbiditic laminae of

Core MD18-3574 section XV.

Figure 5-8. Hyperspectral imaging of Core MD18-3574 2180-2250: raw SWIR Rmean;
corrected SWIR Rmean (contrasted and denoised) and corrected SWIR Rmean profils for

the identification of turbiditic deposit (dark levels).

Figure 5-9. Temporal variations in typhoon frequency (event count) a) and intensity (event
mean thicknesses) b) recorded by Core MD18-3574 in comparison to regional climatic
records (typhoon activity (c) Chen et al., 2012, d) Yue et al., 2019, f) Zhu et al. 2017),
EAWM (Yancheva et al., 2007) e) and Pacific Ocean temperature (Lindsey et al., 2010) g)

during late Quaternary.
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Figure 5-10. Temporal variations in grain size ( d) Si/Al and ¢) Clay R2200) and organic
matter proxies (a) Br and b) OM R1650) showing the control of EAWM intensity
(Yancheva et al., 2007) e) on terrestrial organic matter burial and grain size in the Gaoping

Canyon system during the late Holocene.

Figure 5-11. Frequency of turbidite occurrence at Core MD18-3565 over the past 4000 yr in
the Gaoping Submarine Canyon (Huang et al., 2023).

Figure 5-12. General East Asia map showing the location of the climatic records discussed in
this study: Pacific Ocean warmpool temperature (13GGC (Lindsey et al., 2010)), tropical
storm activity (HS4 (Zhu et al., 2017), Dahu Lake (Chen et al., 2012), Xisha Islands (Yue
et al., 2019)) and East Asian Winter Monsoon (Huguang Marr Lake (Yancheva et al.,
2007)).
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Appendix 2-1

Appendix

Table Appendix 2-1. AMS 14C ages of the upper 15 of Core MD18-3569

Depth Conventional €rror calendar year Sedimentation
Core  Section (cm) €= (95.4% prob)  Material ‘ K
Age (yr) yt)  (yr BP) rate (cm/kyr)

I 6 1150 30 762 G.ruber 72.9

II 217 3670 30 3655 G.ruber 62.9

I 401 6090 30 6579 G.ruber 39.2

1\Y% 471 7900 30 8363 G.ruber 50.5
MDI18- \Y 667 10730 30 12247 G.ruber 52.0
3569

VI 839 13350 40 15553 G.ruber 39.4

VII 1006 16800 50 19790 G.ruber 34.6

IX 1239 22630 70 26519 G.ruber 53.2

X 1496 27920 110 31348 G.ruber -
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Appendix 2-2
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Appendix 2-2. Lithofacies schematic description of the upper 15 m of Core MD18-3569
(from Hydrosed Cruise report)
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Appendix 2-3

Lithofacies = Legend _
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Appendix 2-3. Lithofacies schematic description of Core MD18-3574 (from Hydrosed Cruise
report)
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Appendix 2-4
Appendix 2-4. AMS 14C ages of Core MD18-3574

14 n
Core  Section Depth (cm) Material AMS “C ages Calendar age (cal  error (

(kyr BP) kyr BP, 10) kyr)

1 53.5-58.5 0.540 + 0.030 0.188 0.052

2 178-183 0.705 + 0.030 0.347 0.044

2 275-280 1.080 + 0.030 0.647 0.025

3 ;ggg 1.300 + 0.030 0.849 0.043

5 615-620  G-ruber, 8952 0.030 1.445 0.048
MDIT- 4 815-820 G- 2.260 + 0.030 1.864 0.043
3574 sacculifer,

7 }882:2' 0. 2.535+0.030 2.216 0.055

universa

9 1300-1305 2.850 % 0.030 2.636 0.061

11 1600-1605 3.310 +0.030 3.154 0.054

13 1920-1925 3.750 £ 0.030 3.670 0.054

16 2245-2250 4.035+ 0.030 4.043 0.057
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Appendix 2-5

Appendix 2-5. Schematic representation of CaCO3 dissolution by HCI in vaccuum conditions
and pCO2 measurement
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Appendix 2-5

Decarbonatation: Water changes —}

sediment + HCI

Oriented mounts

g XRD slides
g preparation
"Eb
<
Organic matter ~ Water changes Clay fraction
removal collection:
1- Stokes’ Law

Figure 2-5. Clay mineralogy XRD prepation protocole (Liu et al., 2004)
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Appendix 2-6

Ilydraulic press machine

Salt-free sediments
capped with

borie acid powder,
/Bnric acid powder

3x Centrifugation
Dehydratation

XRF pellet tablet
Salt removal: XRF pellet tablet
Stiring with an agitator preparation
Settling for 2h
Centrifugating

Supernatant change

Appendix 2-6. XRF bulk geochemical composition preparation protocole (salt washing and
pressure pellet tablet preparation)

188



Tongji University & Université Paris-Saclay, Doctor of Philosophy, Appendix

Appendix 2-7

Appendix 2-7. Hyperspectral imaging proxies and their wavelength and significance used in

this study
Index Sensor xﬂ:;lenght Significance Source
Rmean VNIR VNIR Average VNIR absorbance  Trachsel et al., 2010
dsss 555 Oxides derivative reflectance Deaton and Balsmam, 1991
Rmean SWIR SWIR Average SWIR absorbance  Trachsel et al., 2010
R1450 1450 ig);gafl}zr)droxyl bonds  \icarra Rossel et al., 2010
OM R160 1650 Organic matter absorbance  Viscarra Rossel et al., 2010
R1935 1935 Water bonds absorbance Viscarra Rossel et al., 2010
R1935/R140 Ratio of moisture indices Viscarra Rossel et al., 2010
Clay R2200 2200 Clay mineral absorbance Madejova et al., 2017
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Appendix 2-8

Organic matter removal Decarbonatation Water changes:
supernatant water removal x3

T

S—

Sample collection:
Stiring
Collection

Appendix 2-8. Preparation protocole (organic matter removal and decarbonatation) of samples

for laser grain size
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Appendix 2-9

Appendix 2-9-1. Resin AG50W-X8 cation exchange procedure

Resin Exchange step Solution Volume
6 N HCl 15 ml (5-5-5)
Cleaning
Milll-Q water (pH ~7)
Pre-conditions 1 N HCI 5ml
Sample loading 1 N HCI 1.5 ml (1-0.5)

AG50W-X8
Elution 2 N HCI
Collect Sr 2 N HCI
Elution 2.5 N HNO3
Collect REE 2.5 N HNO3

35 ml (1-1-3-5-5-10-10)
15 ml (5-5-5)

27 ml (1-1-5-5-5-10)

35 ml (5-5-5-10-10)

Appendix 2-9-2. Sr-spec resin chromatography procedure

Resin Exchange step Solution

Volume

Cleaning Milll-Q water
Pre-conditions 4 N HNO;

Sr-W Sample loading 4 N HNO:;
Elution 4 N HNO3
Collect Sr Milll-Q water

2 ml (1-1)

400 pl (200-200)

400 pl (200-200)

1000 pl (250-250-500)
2500 pl (500-500-500-1000)

Appendix 2-9-3. Tru and Ln-spec chromatography to elude REEs and collect and purify Nd

Resin Exchange step Solution Volume
6 N HCI 10 ml (5-5)
Cleaning
Milli-Q water (pH ~7)
Pre-conditions 0.05N HNO3 1 ml
Ln-spec
Sample loading 0.05N HNO3 Iml (0.5-0.5)
Elution 0.25N HCl 2.5 ml (0.5-0.5-0.5-0.5-0.5)
Collect Nd 0.25N HC1 1(1-1-1.25)
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Appendix 2-10

Samples dissolution with acid mixture and heating

35ml2NHClI  15ml 35ml
Sample + 35ml2.5 HNO: 2NHCl 2.5 N HNO;
15mlIN HC\ \ \ \
o o (3 »
en| | =
17,] - — (&)
gl 5l 1 R
o [ El ] 5|5
gz = hll > @ =
= = (e} [l =} L <
216 5 ) a1
b b b =
<P
—— Majorand g
~{race clements

Ion exchange with AG50W-X8 resin

Appendix 2-10. Samples dissolution preparation and first ion exchange chromatography with
AG50W-X8 resin in order to elude major and trace elements and collect Sr and REEs

192



Tongji University & Université Paris-Saclay, Doctor of Philosophy, Appendix

Appendix 2-11

Sample +
A0WININO: 10004 ANHNO, 25004l MILQ water
— [ — | — |
S | [
)
R= 5
e —
E g E;
5 =
s 5 3
5 &
A 4 A 4 A\ 4
Gl

Y G
ﬁS{-spec \%pec \%S{-spec

o Wastes
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Appendix 2-11. Ion exchange chromatography with Sr-spec resin in order to purify Sr

193



Tongji University & Université Paris-Saclay, Doctor of Philosophy, Appendix

Appendix 2-12

Sample +
| ml 0.05 N HNOs\

2.5ml 0.25 N HCI 3.25ml 0.25 N HCI

— —
2 =
:'EO [5) -90
| L =N ) b5 B
o | & Q| & o=
= | 2w =%
214 2| & of &
=] .| S50 RS i [
g z
<
w
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Appendix 2-12. Ion exchange chromatography with Tru and Ln-spec to purify Nd
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Appendix 3-1
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Appendix 3-1.Core MD18-3569 307 cm X-ray diffractograms of air-dried, glycolated and
heated measurements showing clear 10 A, 7 A, 5 A, 3.53 A, 3.33 A implying the presence of
majority of illite and chlorite.
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Appendix 5-1
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Appendix 5-1. Time variations of Core MD18-3574 linear sedimentation rate (cm/year) and
turbidity deposit count per 100 years. 11 radiocarbon “C dates are also displayed
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Appendix 5-2
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Appendix 5-2. Relative geochemical depth variations of Ca, Ti, Fe, K, Br, Si, Al at the
resolutions of 1 mm (blue) and 1 cm (black)
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Appendix 5-3
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Appendix 5-3. Depth variations of the mean and median grain size and content of sand (>63
um), silt (4-63 um) and clay (<4 um) fractions of Core MD18-3574 section 10.
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Appendix 5-4

[=:]
=1

[i%)
=1

Aull Au Au Au

(=1

U D L O N N RN RN
6 g

0 4 6 10 12 14 16 18 kel

.,a
3
1

[i%)
=1

Aul Au Au Au

(=1

0 2 4 6 B 10 12 14 16 18 kel

Apendix 5-4. SEM observations of quartz from coarsed-grain fraction
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Appendix 5-5
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Appendix 5-5. SEM observation of coarse-grained feldspar mineral
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Appendix 5-6
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Appendix 5-6. SEM observations of calcite minerals from coarse grain fractions
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Appendix 5-7. SEM observations of fine silt and clay fraction composed of muscovite, illite
and chlorite (<20 um)
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Appendix 5-8

Appendix 5-8. comparison of SEM observation of <20pum and >40um fractions
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Syntheése

Le climat de 1'Asie de 1'Est est un régime ou le systéme de mousson de I'Asie de I'Est et
I’importante activité des typhons dominent le régime des précipitations. Taiwan regoit environ
2500 mm de précipitations par an, dont 80 % pendant la saison estivale, lorsque les fortes
précipitations de la mousson d'ét¢ d'Asie de I'Est se combinent a celles des typhons. Ces
précipitations intenses entrainent un ruissellement important et une décharge de sédiments des
rivieres d'Asie de I'Est dans les mers marginales. La mer de Chine du Sud (MCS) recoit
environ 1600 Mt de sédiments par an, ce qui représente 8§ % de la décharge mondiale de
sédiments aux océans. Ainsi, la mer de MCS est la mer marginale qui recoit la plus grande
quantité de sédiments terrigénes au monde. Cet apport important de sédiments se traduit par
un taux de sédimentation trés ¢élevé sur les marges continentales, ce qui fait de la MCS une
zone clé pour établir des enregistrements des climats passés a tres haute résolution temporelle
a partir des sédiments marins. La marge de Taiwan est treés €troite et incisée par des canyons
sous-marins profonds tels que le canyon de Gaoping et le canyon de Penghu. Les sédiments
de Taiwan sont rapidement transportés vers le bassin profond de la MCS, principalement par

des courants de turbidité sur le talus et a travers les canyons sous-marins profonds.

Dans ce travail deux carottes de sédiments provenant de la campagne Hydrosed, caractérisées
par des taux de sédimentation trés élevés (~50 cm/ka et ~5 m/ka) et couvrant I’intervalle de
temps correspondant a la derniere période glaciaire et 'Holocéne ont été étudiés. Ainsi, nous
avons pu ¢tudier les contrdles climatiques et environnementaux sur les processus
sédimentaires dans le sud de Taiwan et la marge nord de la MCS (systémes de canyons sous-

marins) depuis la derniére période glaciaire avec une résolution temporelle tres élevée.

L'objectif de cette these était d'étudier la dynamique sédimentaire de la marge septentrionale
de la MCS ainsi que le transport et la redistribution des sédiments de Taiwan a travers deux
canyons sous-marins depuis la derniére glaciation. L'étude a pour objectif d’étudier l'activité
turbiditique a haute résolution dans le canyon sous-marin de Gaoping, de reconstruire
I'histoire de I'altération chimique des sédiments de Taiwan et d’établir les liens avec la
dynamique sédimentaire, les facteurs climatiques (EAM et typhons) et les changements
hydrologiques (niveau de la mer et courants océaniques) a l'aide d'une approche source-to-
sink. Les objectifs de cette étude étaient (i) de caractériser I'impact des pluies de mousson et
des typhons sur I'érosion physique et l'altération chimique des sols du sud de Taiwan depuis la

derniére période glaciaire ; (ii) d'établir l'activité sédimentaire du canyon sous-marin de
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Penghu, y compris la provenance des sédiments, les apports terrigénes et les conditions
hydrodynamiques de redistribution des sédiments, en relation avec les changements
climatiques et environnementaux tels que les changements du niveau de la mer et les
moussons ; et (ii1) explorer les changements dans l'activité des courants de turbidité sur la
levée du canyon sous-marin de Gaoping pendant la période de 1'Holocene tardif, dans le but
de reconstruire I'histoire des paléo-inondations provoquées par les typhons dans le bassin de
la riviére Gaoping. Pour ce faire, deux carottes sédimentaires ont été prélevées sur les levées
du canyon de Penghu (MD18-3569) et du canyon de Gaoping (MD18-3574) dans le sud de
Taiwan. Des études minéralogiques (assemblage de minéraux argileux) et géochimiques
(compositions isotopiques du Sr et du Nd, éléments majeurs) ont été réalisées pour identifier
la provenance des sédiments et I'histoire de l'altération chimique du sud de Taiwan. Les
conditions hydrodynamiques des canyons ont été explorées par des études sédimentologiques
(granulométrie, imagerie hyperspectrale). Cette approche nous a permis de démontrer le lien
existant entre les conditions climatiques et environnementales, la source et la redistribution
des sédiments dans le nord de la MCS depuis 32 ka dans les riviéres du sud de Taiwan et les

deux systéemes de canyons.

Le canyon de Penghu est un canyon sous-marin situé¢ sur la marge sud de Taiwan.
Actuellement, la téte du canyon n'est reliée a aucune embouchure de riviére, bien qu'elle soit
située pres du chenal de Penghu, dans le détroit de Taiwan. Pendant les périodes ou le niveau
de la mer était bas, le détroit de Taiwan était émergé, et plusieurs études ont montré que le
chenal de Penghu pourrait avoir été incisé par un paléo-fleuve drainant le détroit émergé. Des
¢tudes minéralogiques et géochimiques ont été menées sur la carotte MDI18-3569 afin
d'identifier les principales sources sédimentaires des sédiments. L'assemblage de minéraux
argileux est dominé par l'illite (52 %) et la chlorite (32 %) avec de petites quantités de
smectite (12 %) et de kaolinite (4 %). Les compositions isotopiques du Sr et du Nd (¥’Sr/*Sr :
0.7187 a 0.7213 et eNd : 11.63 a 10.89) combinées aux assemblages de minéraux argileux
indiquent que les sédiments proviennent probablement de rivieres de Taiwan (illite : 56% ;
chlorite : 36% ; ¥’Sr/%Sr: 0.7176 2 0.7219 et eNd : 11.2 a 12.2). Les compositions isotopiques
en Sr et Nd des sédiments ne présentent pas de variations temporelles. Ainsi, nous avons
montré qu'il n'y a pas de changement de provenance des sources sédimentaires depuis la

derniére période glaciaire, et que le sud-ouest de Taiwan est la seule source de sédiments.

Les fluctuations glaciaires-interglaciaires du niveau marin n'ont pas d'impact sur la

provenance des sédiments dans le systéeme du canyon de Penghu. Cependant, elles ont da
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affecter les conditions hydrodynamiques de la redistribution des sédiments. Des analyses
granulométriques ont été effectuées sur des sédiments décarbonatés afin d'évaluer les
conditions hydrodynamiques du canyon de Penghu. Les sédiments, déposés a l'est du canyon,
sont principalement constitués de silts fin (~75 %) avec une granulométrie moyenne de ~13
um (8-20 um) et ne présentent aucune indication de dépots turbiditiques. La granulométrie
fine observée a l'est du canyon de Penghu est sensiblement différente de la granulométrie
observée dans les embouchures des rivieres du sud-ouest de Taiwan, qui dépasse
généralement 100 pm. Cela suggere que les sédiments de la région dérivent de la circulation
de surface. L'enregistrement de la granulométrie présente deux intervalles de temps
principaux depuis 32 ka, séparés par une transition abrupte. De 32 a 10,7 ka, la granulométrie
moyenne était plus grossiere (environ 15,5 pum), avec une proportion plus élevée de silts
(environ 78 %) et de sables (environ 2 %). Au cours du dernier maximum glaciaire (DMG),
les dépdts de sédiments étaient plus grossiers (environ 18 pm), ce qui coincide avec une
période ou le niveau de la mer était plus bas. La remontée progressive du niveau marin au
cours de la déglaciation a entrainé une diminution graduelle de la granulométrie depuis le
DMG a cause de I’augmentation de la distance entre les riviéres et le canyon. Entre 10,7 et 10
ka, la granulométrie a brusquement diminué de 40 %, passant d'environ 15 pm a environ 9
um, ce qui correspond a une transgression rapide connue sous le nom de "Melt Water Pulse
IC", qui a entrainé une élévation du niveau de la mer d'environ 20 m. Ce phénomeéne a
considérablement modifié les échanges sédimentaires terre-mer, affectant la redistribution des
sédiments en déconnectant le systéme de canyons des rivi€res, en inondant complétement le
détroit, en influencant la circulation de surface et en piégeant les sédiments grossiers dans le
détroit de Taiwan. Apres 10 ka, la granulométrie des sédiments du canyon de Penghu est plus
fine (~10 pum). Ceci peut étre attribué a une période de haut niveau marin lorsque les
sédiments du sud-ouest de Taiwan ont été transportés sur de plus longues distances a travers le

détroit de Taiwan émergé.

Les assemblages de minéraux argileux et la composition en éléments majeurs présentent de
petites variations qui ne sont pas liées a des changements de provenance. L'indice d'altération
chimique (CIA = rapport molaire de [Al,03/(ALO3+Na,0+K,0+Ca0*)x100]), Al,05%/SiOs,
AlO3/NaO, smectite/(illitet+chlorite) and kaolinite/(illite+chlorite) ont été utilisées pour
reconstituer I'état d'altération chimique des sédiments transporté par le canyon de Penghu. Ils
présentent de faibles valeurs (faible intensité de l'altération chimique) au cours du DMG.

Cependant, avec la déglaciation, les valeurs des traceurs de l'altération ont augmenté
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progressivement, atteignant leur maximum au début de I'Holocéne, indiquant la période
d'intensité maximale de 1'altération chimique. Au cours de cette période, les précipitations de
la mousson d'été d'Asie de I’Est se sont intensifiées, ce qui a favorisé l'installation de foréts
dans les bassins versants du sud-ouest de Taiwan, entrainant une forte pédogenése et une
augmentation de l'intensité de l'altération chimique. Au cours de I'Holocéne, l'intensité de
l'altération chimique enregistrée par les sédiments déposés a ’est du canyon de Penghu a
diminué. Les périodes séches au cours du DMG et de 'Holoceéne ont entrainé une diminution
des précipitations de la mousson d'été, ce qui a affaibli l'intensité de l'altération chimique des
sédiments du sud-ouest de Taiwan. De plus, la faible mousson de 'Holocéne a été associée
aux intenses précipitations des typhons a Taiwan, ce qui a entrainé une augmentation de
1'érosion physique des sols et une réduction significative du degrés l'altération chimique des
sédiments transportés a la MCS. Notre étude montre une corrélation importante entre les
précipitations des moussons et des typhons et l'intensité de 1'altération chimique des bassins

versant du sud-ouest de Taiwan.

Des méthodes d’analyses non destructives tels que I'imagerie hyperspectrale et les analyses
XRF core scanning, combinées a des analyses de granulométrie et de minéralogie (DRX) ont
été réalisées pour étudier la carotte MD18-3574, qui couvre les 4 derniers ka, et qui a été
prélevée sur la levée ouest du canyon de Gaoping. Les niveaux sombres et grossiers, riches en
matieére organique, quartz, feldspaths et en calcite ont été caractérisées comme des dépodts
résultant de courants de turbidité atteignant la levée du canyon de Gaoping. Ces dépots
présentent une granulométrie grossicre a la base et un affinement progressif, caractéristique
des dépots de turbidites. Les systémes d'observations in situ ont démontré que la plupart des
courants de turbidités (~70%) dans le Canyon du Gaoping étaient déclenchés par
d’importantes décharges sédimentaires associées a des typhons. Nous avons considéré les
variations de fréquence des turbidites enregistrées comme les variations relatives des typhons
affectant le sud de Taiwan. Plus de 2400 dépdts de turbidites millimétriques a centimétriques
ont alors ¢été identifiés. Nous avons ainsi calculé la fréquence des dépots de turbidites et leur
épaisseur moyenne (intensité¢ du typhon associé¢) depuis la fin de 'Holocéne. Nous avons
observé une fréquence ¢élevée de dépots de turbidites entre 4 et 3 ka (60-100 par 100 ans), qui
a diminué jusqu'a moins de 20 événements par 100 ans a I'heure actuelle. Cette diminution des
courants de turbidit¢ déclenchés par les typhons coincide avec le refroidissement des
températures de surface dans 1’océan Pacifique tropical occidental, ce qui a entrainé une

diminution du potentiel de genese des typhons dans la région du Pacifique occidental. Apres
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1.5 ka, le canyon de Gaoping a présenté¢ une plus grande variabilité dans l'intensité¢ des
typhons (comme l'indique 1'épaisseur des turbidites). Cette observation est en accord avec les
précédents enregistrements de typhons en Asie de 1'Est. Dans tous les enregistrements, une
intensification de l'intensité des typhons a été observée pendant trois intervalles de temps
distincts (~1,5-1,2 ka, 1,0-0,8 ka, et 0,5-0,2 ka), tous associés a des périodes froides. Pendant
les périodes froides avec des conditions similaires a La Nifia, les typhons formés dans I’océan
Pacifique central sont poussés vers l'ouest par la forte circulation de Walker du Pacifique, qui
est associée a une mousson d'hiver plus forte et aux conditions similaires a La Nifa. Les
typhons s'intensifient dans la région de Taiwan, ce qui entraine une augmentation des typhons
intenses. Nos recherches révelent que les conditions climatiques, océaniques et
atmosphériques exercent une forte influence sur l'activité des typhons dans le sud de Taiwan.
Ces interprétations pourraient étre approfondies a l'aide de modeles climatiques afin de

prévoir l'activité des typhons a la lumiére des changements climatiques en cours.
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