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Abstract

Natural disasters (earthquakes, floods, and volcanic eruptions) pose Sié%ﬁcant

|| = |

threats to human society in terms of economic and personal safety. While' modern
observational records are insufficient for assessing centennial-scale natural disasters,
deep-sea sediments serve as excellent disaster archives due to their stable depositional
environment. Although gravity flow deposits triggered by different disaster events are
similar, recent studies have utilized post-earthquake immediate sampling and
characteristics of large-scale submarine landslides to establish earthquake event layer
features, extending earthquake history records to millennia. In contrast, typhoons rarely
cause massive submarine landslides, making it challenging to identify typhoon layers
and establish their characteristics in deep-sea sediments.

In this study, we collected gravity cores from the South China Sea basin four
months after Typhoon Haiyan struck the Philippines in 2013. We found meter-thick
typhoon layer with typical mud turbidite sequences in the surface. Due to the absence
of major submarine canyon systems in this area, we suggest that sediments were
transported to the basin through suspension. This suggests that intense typhoons can
produce typical turbidite sequences through hydrodynamic sorting during suspension
transport, expanding the traditional understanding that graded beds are formed by

sediment gravity flows along the seafloor. On the other hand, we found manganese
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enrichment at the base of the typhoon layer. We speculate sourced from manganese-

rich soils in central Philippines and manganese released from the pore water éfft"er‘the
|| = |

sediment disturbance by flooding, combining with suspended particles before transport
to the deep-sea.

To validate the applicability of manganese enrichment as a tool for distinguishing
flood and earthquake event layers, we examined previously identified cores from the
2009 Typhoon Morakot and 2006 Pingtung earthquake in the lower slope of the
Kaoping submarine canyon. Results showed manganese enrichment in the Morakot
layer, though a different mechanism involving flood-induced manganese release and
gravity flow transport. Similar manganese enrichment was observed in the Nansha area,
characterized by slow sedimentation rates and biogenic sediments, potentially due to
recent anthropogenic activities disturbing surface sediments and releasing manganese
from pore water. Based on these different typhoon sediment transport mechanisms, the
South China Sea basin is suitable for reconstructing strong-wind typhoon records, while
the Kaoping submarine canyon are better for heavy-rainfall typhoon history
reconstruction. These modern typhoon layer characteristics effectively distinguish
between earthquake and typhoon event layers, providing crucial evidence for
paleotyphoon reconstruction and shed the new light for deep-sea paleotyphoon research.

Keywords: Typhoon, Flooding, South China Sea, Deep-sea sediment, Underwater
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sediment flows, Manganese layer
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( Kaikoura ) 3% ( Howarth et al., 2021 ) - 4 Fi 43 E 4542 6035 >

(1) A RE : REFHPBELMAD ENREIRABRAOER B
QAR R A

(2) A PREO AR : H BT B RBOE - BRLHEHR > SRy
36 A3 26 P M8 LA SR B R ORR B AR R R~ A A
M PEAZAE % T A A H 4544 ( Poloniaetal., 2016 ; Baoetal., 2018 ; McHugh
etal., 2020 ) -

(3) FHA kMMM EL A E LA AR (Polonia et al, 2016 ;
Goldfinger et al., 2017 ) -

(4) AMABEEIERLB O EEABOHME  WBREBERENELIHNE
S REFETHA RSB 8 EHE ( Confluence test: Adams et al., 1990;
Goldfinger et al., 2012; Howarth et al., 2021 ) ~ & FHE — &N R E &

WA F E 4 & kA ey 3 ( Synchronous deposition: Sumner et al., 2013;

Gracia et al., 2010 ) sRypE3bnE ey fith -
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ttbA A ARG RN ER L HEA RO EDER E’?ﬂuﬂéﬁf’}’rmy ﬁL?Y‘Eé,

: ||
\x"‘“\

% ( Liu et al., 2000; Donnelly and Woodruff, 2007; Lambert et al., 2009 I‘,Lonneily et
al., 2015; Wallace et al., 2019 ) » 2R &M B3 K8 YRR L5 5 ’%E'H*?:"éi
ERBE - ABEHNRE  RIEREBRARL  LERABENRER » B KFn i s

ZRBEAFENIAFEDABRAS HHFERRE  BARROETRERL

o)*“
MV
(g
o

PR R AR R L H ¥ R B 2 — A BRI R R0 E & ik R R 8 K

B 22 AR Mis s d ( Piper and Normark, 2009 ) - 3 7R € ff 234t

— B IRAR ) B AR R AL o dw R 2R 0 T SR SRCE AR B B R AR o B A BEREE R,
6% i > B LU LR B RE UL R M FE AT o

R B R EREARE  BFHEH TREEERERILER > H P 2009 £

B 2013 SFey F Ao g B RAE B Ao R B ¥ AR R e RAF G T M &k

( Linetal., 2011; Soria etal., 2017 ) » A& 50 4] A REJRIE 7R 5 04 By B4R 4R > & 3R

EIIRBIRFE IR

1.3 ##m&JE ( Typhoon Haiyan )

BBRAEELT T — oK BREEHRAZ — » %R 6000 AT Fu
130 A LY BIBIB K - HARBEE MR R B G ER T 315 22 AFE 1945

FA R K E ML AR AR R TG GYREJR, - ho DU RBE R 6 R R 4L - R BRI
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3+ 4 & 188 s ( Takagi and Esteban, 2016 ) - & #m&EM 2013 &+ 11,477 B 4’5—.3&@1?

: ||
\x"‘“\

BFIRrE - G FEEE PSERE R RAEERGZEE ( Mas et|$1 2015 §
1 A B B T 3 Leyte $ule » A2 SRUAS R 3% AT 3 A 04 Vi ey P [ 28 A ?‘J 162

(Soriaetal,2017 ) » AR FEEE - HRBEG B F b H -
1.4 ¥ 31 % @& ( Typhoon Morakot )

PR F A A EEWE R LA RIB R R A G TR - R 397 AT

53 Ak~ 100 % PR EE#RIT - BARERARBERY BB 148 N2 - BT

i

Beth % RHMEAZE A LEURZER > £ LEW ISER X LD 218
2000 mm uy ZAEGERE > £2A 31 ERERG 24 AR EAE 1000 mm >
46 18935 % R E A28 200 FABLAH (KA F R e Rk M2 B RE N
2009 ) - ER AR ERE T EEERMG  HERMFERBRELE > AHAKE

ANEE YN ERSGREZE L BREKRR AL B2 KR LEE KR AHH (Lin et al.,

4

2011 ) » 3£ H 70.97 %ty 3B EZHALEREER ©

AR BEBAZEFEES  EhHBERLERABEHRE  Ex bk
AR RR T BERETER T H B RLBEY PHERGHFE
BB 2 G T AT A TR R R A0 R E 69 & 4 ((Su et al, 2018 )

RS ER BHERKABMEMNE GRS ERLE B LRy R
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st 0 o RO RV 60 M B 80 B ) o TR AR E R e B B 2 b et
=3t |

‘ L ‘\"
b EEFAEF 05 MRALEILE - REN 5 5HELE RRDREE

8 £ F KRR L AR R b B BUR B ¥ & R L8k HT R0 KFT
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& -1 e #th € /548 (#5208 Shanmugam, 2021 )

AR % & A5 A A PR A ||
BEER FEANHBARGRAY | BRI RS | REKBERRE LR
( Hyperpycnal Mo AEMIREIE 25 B EEGRED B B AR AR
flow ) kg/m® ( Wright v e
Nittrouer, 1995 ) -
&R WA R AR > | B BR - KW | RBRE O RBEK R
( Turbidity WARMREEA 1.1 EBEREEER | RADNAH@PERD
current ) g/cm’® ( Kuenen, REE - J&IA R AR E
1966 ) o
2Rt JEFHBARE - Bk WE ~BR K | BRI S BIRYS

( Debris flow )

( Laminar ) 44 - 7%
MR E A 2 glem’
( Hampton, 1972 ) -

B ERREEER
REE -

A T HE ~ JRERA KT 4
WS - BB Y ER
ABMRBERFETY R
RGBS BRIBIE &Y
B RAEPELHEEL
B8R £ Fe i Sk e
MAEAEE -

RALR
( Liquefied flow )

AR R e L&
B MBMREEA
1.8 g/cm?® ( Breien et al.,
2010) «

WE B K
R BERREEER
REE -

AL RUARE AR K
AR AE o B KA Y
FLE

kR
( Grain flow )

FARLED 18 0 BRI IR J1 B
ZIFRR O AR
AR RE Ay 2.1-2.3
g/cm?® ( Parsons et al.,
2001ab ) -

e B 6 A K B

R BN

REJR, ~ Kb F R AR
T

ER&RE ~ AEE
5 RRBR

SRR
( Contour current )

TR B B R AR

BRIFHEY > A BIEK

&k ( AABW ) #8574

Eh A LPHEE

( Neutral density ) %

0.03 g/cm? ( Purkey et
al., 2018 )

AR X B R
o AR KB K
( AABW ) Fudbi®
K&K (ABW ) %
JERAEE) -

B LR A AR R
kg o R KRR @
LIRS Ak 5 AR A
HAEOHA - mERA
A EE o R F P R
O EES -V AY:

# ( Traction Structure )

12
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2 Fik
2.1 AT R AT BRAAR fWa_M

AR FANR B BN & BRI ST IR G 00 R A s Fe AR — R
BEREDBBHRENEN S oM (K 2-1) - EEHKER FRE » R
5B LR IGREFNRBEEN S BRE RIG » 4F LR BRI WA
MER - AR E AR o BB LT RMA A TFIHF IR E L

Z~TR38 ( Top ) ~ K3F (Bottom ) ~ Atk ~ 34 » KE#% - BIRNERFEARAZK

W

B B4 3 AEALRIA R ARAF B S o AR & RIRE E B F A HA R TS
( Taiwan Ocean Research Institute; TORI ) # 4T % & & J& 7T & 224k 4k ( Multi
Sensor Core Logger; MSCL ) #4744 » FRig T2 w3 F » B2 oo ARG FE
( Archive half ) #o T4 % ( Working half ) 4T 5@ 2 @#HES > HECHEE
RAR KN Fo AR EREBE SR RBEKTFFTUREERERAR R KL

EAnsoET FERIEEKEWE &84T XRF 5 0 R4R (Ttrax ) 247 - &

¢

i3

52_;‘\&;

PR BBREBIEARBERRPEREESCETRE - AA K2 25

v

S Bl AR IAARBAZ KT » UGB R IR S SHH
BB 1A et RS 15 RAMER X 4 ( AXR Model M160NH Cabinet X ray

System ) #4T X % » FEARKRR R | A5 RRY I ENFE k2R PFE > B
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FIR A RICEMASRARLR ARG LERFHRASKE  RETHEE, ﬁii 210Pb

\f-—r H

Jf»

| “%Fr“r

FEmm M X ABEESMHET R ﬁ'iimu’riizn
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#%*i | | <= ““
¢ AN A \:j
G ERELECTER
J

w‘n‘ '

(% AN _=Lf.]
¥ N
BEET) THED
74
Evika®D

N
(Bt i)
\

( XRF-Itrax )
N
XAEZ) 12524
¢

T3]
— < N\

Ty | T X R N EE X" T7)
mapping

2-1 5 SRR H AR -

15 doi:10.6342/NTU202500596



2.2 JEREIE AR

FRHOEMAR B A EFHORRAKRET - REFARAZEREEGTH - AR
%A% EREE Cieskik (MSCL ) ~ XRF & off#k (Itrax ) fv X £#HY
( X-radiography ) i# 4T % & JERIRMEMROR] o Sk =5 JERR IR M MR AR M o AR B4R
BOATZHF > Afa T Em T AR LRI E R 64T -

AFFPTAE ) % ERE TS SR sk A 3t B GEOTEK 28] A4 & » SbiR &
# 5 mR R BERNRE L AR HERE S CRFAIBI PCs B4R T R
BB P RRERR B R FRE B EF SERA R - AIEHIRN T K
HEECHPRRE  HUEHE SRRl FEOREI®E -

(1) v4 448 %% ( Gamma ray attenuation bulk density ) : &8 % & B7Cs 4 &
BH By R FEE O LhBRBYOCHYH SRR KRG Z T KF TR ANSK
BEE ~dnsSHERNEEBEERE  yHENERATE A E LR
WHBRELGTHARE - RAZFRERBRGE ST T » BARERE
wybatke (ER 27 g/ e’ ) FAREEHHRBHURFE CHANKME
}}"i °

(2) P#kikE (P-wave velocity ) : Pkt B AFI A 230 THumB 5k FE S
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SosHEAE AR - RFRMERE SHAZRE - REAEE m?%ﬁ;

I8 s |
| f’" ‘\

1%00 m/s‘

HBRELHA 340 m/s ~ KA 1500 m/s » EE)}ZE%Q’JJU‘F%E

~ 2500 m/s - EREFBEALZEE L EH S REH A 2500 m/s ~

3700 m/s ( Hunter et al., 1989 ) o #]F P ik ik & » T LAIEBILFR P09 SRR

LR FRBE R

(3) Era%: TRRRABAZOBEHBSGRE A LSRN EmL s S F

A MEME R R LM ER - RR B ERLE R E A EEg KR

BMEAEER - GPRFMBAR AR RLFR > LAY T EEBS > BbE

MR % o] 745 AL F 4410

(4) B F : R ERTHE LI T » PIREE L AL TEE o 4o Rk

BREZIEAE G RERFHAAR B R IRRLNE AR o BRI B AFIA A8

9 cm &y Bartington MS2C AR B ER & SR F »  REZTELEE

0.565 T #k%k » 32 80 R3HNR R S s » & £ O@iB gy » 4%

><

AV R LB TR ERAG R G AE o AR HE

B AR A B R F o

XRF #0i7#k (Itrax ) B2 02 BALHED - X AHEB X 22 LoH

A BE SR SN IEEOR AR - X RE AT ey RIE A A A 48

(Mo ) et X kB BA MR AP LEZINRETTHEHEL SN EW
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T B EEEL - FIRRF LR A ER R R SRR BT

r——

%%(M)ﬁ%(U)%$i%%%’k%%ﬁ%ﬁ%%ﬁ&#ﬁﬁygﬁ@%
WH %%Wﬂ(&%%%ﬂd2MSMMmMmmlmw)°Iﬂi%%¥i%
BREARFEAZESR  EBFLHM T - 68 (Ti) ~ 4R (Fe ) Aga (Al) #h2k
TRAEH By e e T %2 R85 M 2k ( Croudaceetal., 2019 ) - migRAEME 44
BRSSP AT A 6945 (Ca) ~ 4 (Mg ) A48 (Sr) A~ BRI HD
RAFEI154% o 48 (Mn ) Fud (Fe ) Y BB R TMIK BB B H X2 AL &
HERELZIABMBRERAT AR EL B AFLEBE » Al TR EERFERT $
69354% o AL A 23 Itrax-XRF F8 b 5 4% o b 45 Fv 4R 04 L {E 45 7~ A 5 1 A A7
¥R 8L o 3w B 450 4K 6y LuE AR 35 R B R IR LA 4 AL

AR A A E A X £#%E% % % ( AXR MODEL M160NH Cabinet X-ray System )
BATXA®Y - XABMPWEZEA £ BR  #SF T ¥ L » Hamblin ( 1962 ) 47
Rt X ABBRERAPDABDARY X ABDHN R ELOLEDTH

REGFEE  RABRM S SHBEBENH S -

23 Sk EH YRS

Ei&}

i e

e RARIEBIER B AR | ARtk EANREERY - AH &K

EEe B AR - £ERAGEER - #IA Kingmech 23] 4 RILEMK - X

18 doi:10.6342/NTU202500596



fEF -45°C Fv A 722 B2 A& 200 millitorr 84 8K FE T » B34 R4 ﬁhﬁ;imi»
WA

‘ \
BRI LT - RS k3K

Water Content =

wet — dry

ik

M ‘1‘

X 100%

wet — bag

wet: AR R E

dry: M2 &

bag: kis2Rz E %
R K 89 BB By 35%0

Ky H

% & A 2.65 glem’ » Bp e AR F 5

Ao

BEAlgem’  Beyw

MM SAEE

FE B 2.165 g/em’ ~ Ay

( p » Bulk Density ) o

o Wwater + Wsediment + Wsalt

Vwater + Vsediment + Vsalt

Water * /76*%4&7 T‘P & 7K é

chd : /7?4%%4@ ‘:P élJ %ﬁ%ﬁ é %
Wcalt . /jl:fﬁ_#b] ‘—‘P é’] E@. §
WA F 6 KB

Vwater :

Vsed : /jﬁﬁééfh ‘—‘P él] %ﬁﬁﬂ%ﬁé

Vsalt : /%ﬁ%#b] r‘P él] %%%ﬁ:

HARE L6 RN FE M Y FUTE R Ak R R &

B HNF 1.185g/ em®~1.837g / cm’ 2 R >

g/ cm3-2.243 ¢/ cm? Z i ( Bjorne et al., 2017 )

19

FEARR » RE R e
mEY E AR 0 B E R AN 1.837

C R bZ I - MR WA 0 T
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e B ARERFRAREERS

2.4 RAZ 5T

AEF A F E 4442 4% ( Laser Diffraction Particle Analyzer; Beckman Coulter
LS13 320 ) p Atk A B Ko > HRIEAHF A AR A0 T EH R4 E
AKIER L R AMUNHS A RZANIER R & & £ MRS A
AR B e RIS B4 0.375 B4R 2 2000 4k o AR M e BRR Ko R BR AR B i A2
WRE N BRETAMER MARAREEEAOREIERA T ERE
( median ) #2:8 % & ( sorting ) - 3 & 8545 B My RS 0 < G FRAD
AT % A% (bimodal ) & % » PKEERE HRBEABE  Bbiikd
P E AR P AR R AR A TR RN AR o R RS e ARE £ 0 A
RREZRAZBEAE » RZAMAF o SR RRAT TR0 A M RFER 0 RAE K
o B KR BB A T e A RS R R R £ TR -
o
(1) R 02 LMHEAKREABESE T » A 35 £/ ROKESR

FONBE S M DA 48 4500 SR ARG 3 5 308 B LRk
(2) xBAE#Y  EHESENMAL 10 EH 15%HEAK  EBBAANB TR

EHMRERB » FRIETKRER RO KAk oEE 35 55K » A
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SRR 48 4500 e R LS 34308 - Al R RIS SRk 0

=8|
| == ||
m

\
B R T R R R A - \ (IIER!

(3)%%ﬁ&%iﬁﬁwﬁWMA%m%%%NM%ﬁﬁ’%ﬁ%ﬁA%%ﬁ
ERMRIE—B > AREXTRESE RO KA dci R 35 B R - RN
SR 4E 4500 ek ARG 3 4 30 #) o B LR IREI L R LA BEL
T AR bR BB B = R Rk R4S o

(4) E#: EsEocPNmn 10 B 1% N 1Bahdksn - &G DB AR B

HEOEN o B A LMK -
2.5 # & *'Pb n#7

428 21°Pb - #7 A Goldberg ( 1963 ) ¥ 4k 8 K E 4135 B i 84 58 48040
Koide % A (1 1972,1973 ) s sk F ik AN R EAE M L - 21Pb & 28U 44 Py
—HERARMA AL - FRIAB 223 F > Jo RAHBIGIRE F 435488 150 5 »
FHF M A 1600 F ey FA%AE 2°Ra 3 K #-F45 ( secular equilibrium ) « {242
AR (EEN ) EFhfHEm T 2Pb 82 2Ra ¥ HBRFHKRIT  REZF
IR AR BFAMH PR T H Ra FHra948 & 2'Pb ( supported
Pb) s EBAKRE (1) RAFTHRo g% 2 4£002'Po&iBer » RILFZHEK

(2) #rkuy 2°Ra 7 4 & 21°Pb 44 % 2| % F384 7F %4 ( scavenging processes ) 7k
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WA (3) M B sy 2OPb o i ukBR s A8y 2P ﬁa:%ﬁ;_ 21°Pb,

AR

(‘excess?!%Pb ) » fEiLAkik & RAZFE 21OPb o438 B 40 R MM B AR A 7 3 B %
HZEBIESOKRAT > 22 2'PbE ¥R 2 H B -

AR EER IR FAET Bkl 2OPb 7% K B T o X4 & ( constant initial
concentration; CIC model ) 4T Ai% F3tH o AR Mty FRERE M fhdo T
t=m/s

A mRERE s AigF > mA8E PO EREHF LT ¢

A(m) = A(0)e~Am/t
BLRAM) B4R m R a4 E 2'Pb B » A(O)RI Akt & & A2 & 2Pb 7%
B R FHBEAZT BEIPoEEIRE ZRARMM %A - A A HIR MR
B (W EERBEST M - RAER &S &tk - B LT A A #HR R SRR
Ko RELMERBORSAER ) stEABDAABRRR - AR FRLLRE

Sl R
H D ARAZRE (cmPyear ) - S Aikihik % ( cm/year » g/lem?/year ) » Z At

ARE (em > glem?® ) » C B ALRE ZwreyiE & (dpm/g ) - A% 2'Pb e 4

F# (0.0311/year ) - fBRFZALZ=08C=Co>Z=008F C=0- B CahE 4 :
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S—VS§%2+ 4/1D)Z

C:COGXp( ZD ‘i‘:"“‘
\ e
S —+VS%+ 42D
InC = InCy + Z
2D
S—VS2+4AD

Bk FEAEREEFHBERTOREL—— dNLTREANGHER
bod > BT E B RFE > wREA M (o YCs ) FE B ERE
BRARE - et HCHMBEALT  BEXAL02R%E40(D=0) > 8] Ly ¥

R IEH TR TR A

SaC AC=0
0Z B
H A
A
C =Coexp (—2)Z
S
K

InC = InCy — 27
nC = InC, S
LB AR T - 2P E MR EMME AL BB B
(0.0311/year ) » TiE—F RBILARF - NFTEAF AR E L9 E DR
EHERAGER bk F XM A KRB LMHRF (apparent sedimentation
rate ) » HETABRFEH LR
AR AR are kA2 21Pb o FA%4E 2P0 » MR N T hoE E 8 2PPo

Ve 2y B © st H AR T
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C S
ﬂ X & X e _1210Po(tcountlng_tplatmg) X e 1210Pb(tplatmg_tsamplmg)

CZO9 w

HF > Cao & *'Po Lakthik ey 483t #AE - Cao A > Po &aﬁbfﬂié’ﬂé 1“%&4&
Sao9 B HE AR T AT A Aueg 2PPoEE > W BB ARAEE > A10p0 B 2'Po é’]f"“‘ r%’%i .
Az10pp # 2'°Pb B9 K G F B teouning By E MR F ORI o tpraing A GE R 9B R
tsampling P9 R A% 09 B Fe] o
T Ak A 2P BB Bk T
(1) XFrAp @ AT o GRE 6 0.5g MmMIRA - HARA T ik
% 105 °C8 /B 2L E
(2) *BAMYE  BEABRETREFPELBRAZBE P /0B E 550°CE
BN E o
(3) FhoTHedl « HARAK HBIERE L E - FRAFEFR AL 0.1g2Po 5~
B A E > BAR M A DA R AR AFEAR T
(4) BAFI  HFRARHFKE wAR £ > o NRAHEE (HNO; ) & 5ml >

BE 150°C#) 1~2 /| \bF - [ i A & /B (HF ) 4 5ml > /el £ 200°C#) 8

,4

NEF o BERAMBMAA AR T R HACER > En Ay BB AR AE - A

AR AN R BB S RUBR B o

(5) ZHA#Y  wABAE (HCIOs) 4 1ml» fui@ E 200 °C » #£308R A

FEBRAR
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(6) 2Bk : FBEBERUEE 200 °Chuzh ZEFAL » luA®) 15ml é’g RO 7](

( : ||
\fp‘

FHhuAgk (NHOH ) 4E 75k # 40 » 3 4 K é&ﬁﬁuw@r&x ‘P‘»‘U‘mé‘o

‘:F' Fu B8 42 ‘:F' /\/é i?’l‘—r é 2] /ﬁ/ﬁxﬁl@}é 4 H /@/&&/ﬁ«ﬁxﬁh@lf\%ﬁ NN ')Bt‘ °

(7) £FBAK: 3 RO KA iR 35 mlE » 2 & L5548 4500 32

BR BB 3 0 3080 B E R REI L R RK o AR EAS PR = kAR

S RAKARE 0 wA2mIONEEE (HCl) 2808 P EF > s300K
MRETRDEMR - BB UROKZEZE20ml4%% » BivA I mlION Ea& ( HCL)
é%&u'f%: °

(8) 2P0 B 4% : #FakC B M NEE A LU 48 4500 3R ek FEaEe 3 5 30 F)
Z 4% BB P AR R IEREIAN 100 ml AR - Au A B (ascorbic acid ) -
1 RBR R FRCEAREBEANGSER - LA 85-90°CA4E 1 -2 /\oF -

(9) Bk : #E4R R IR Y > #IF RO KRAEAFREAD  SHRH LG

BP <] Bk -

2.6 Fb LM At

F5 L GR M A FERL 2 pm by R HREY BR B ok A o AR IGE BR B AR A 6 X
ZhRy o XEdE 45w A wmE (tetrahedra ) o543 A\ @52 ( octahedral ) W fEsy Bk

BARR TR - A ANBRARNY AWEREfEA\NBRE TIRAR Y
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lAE S A AR L] B e B L Lk abh R R B AR kR
ko

== | ‘

A |
gaNm e 2:1 WP R B R M AR e sR B BE o BEARA AT

@EWQW@%%%%A@%%%ﬁﬂﬁﬁxﬁ’I@%i%%ﬁ%%ﬂ%&%
HHEEEEKX -
FEEBMATRLBIR AT S HESE - BALER ~ EERAAREBREREOY
Bz Emme RS > RIRB RS GFILTEw F MR G 1L - F5 LR A8
G T AT B - AAREZ W AT i Loghakeytbf) » B4R
R ARBDRIR
(1) HEsAWEaANBEEFiEATEE 111 &6 KEH > LEHX S
AlSi4010(0H)s » A it B & Fo i 808 F B 5 SR KRB K S E1ER &
ARFELERY TR ABRM ERE LR TR E A EB AL ER S
4555 B B AR TR A 2 K A4 R 3% R, - R R 2B ( basal spacing ) 414 7 A -
(2) PROALERY A WEEE K \NTBRBWY A KEE S AEB%E - 5D
HBBat Rk GBACER - PR DR EIGEET A7 4769 Kb AT fo B
R EETUAR By AwaREne—d  BbFRoit
REHREASFHAGEN  PREGBUEIES 104 -
(3) BHeAERYAWEEE ke \NBOBBAOEH Ky TFhEsETELRE

R 3R H 44X A (OH)SisALO2 nHO E 2 5 R M Kk 2 B e M 2k » &
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ERWHEEAESERG  LEMES 1428 BHEE éﬁ%ﬁﬁ&%ﬂ%%

—

if"“-‘
mn |

Wb R - \ (K3
(4) “REBASER AL EEE k2 \NDHEHEHE &1 k%ﬂcgﬁz

( Brucite sheet » Mg(OH), ) » H & # X, % (OH)a(SiAl)s(MgFe)sOa0 - H 1

FEHEESR - FRARNGKRS POGET A Mg>  Fe?' » APfe Fe¥'» #

RIS 1448 SR B R G K B Fokfh s PARE R - 8% b s

B Em e ERBg Rk o A PamskRE ( chamosite ) 8P 8E-F A48 A £

442 8RB ( clinochlore ) &9y 8E T R U4 & £

ARG M F kS A LB E A E P ((United State Geological Survey;
USGS ) sy 2ot ik > A1 X AR BREREE A ZRETHe4H
RET MR - TEERXIMETHHRERZTRERAIG X AN S @IERES
&) AR EY o R G AT AT A 0 T AR & AT R AT 6K g A AR Al B B A
ABL . EAERMNTH - BERLEN 1913 A his LTS R LHBAS
fr#% w42 (Bragg’'slaw ) » 4w F R ¢
nA = 2d sin @

Hb n R AAAS R AR dABRKRYTBEIE MO A A K LS
ey kA (B2-2) -

MENEME RAERIELRARE - KRS LM o4 A A Rigaku
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MiniFlexII X ;e 42 4R B & » bR 5 X A EE AR - 415 E ﬁ%%ﬂﬁ@md5
mA > U548 | E iR BT 4 2 30 B 5 A A 48 0.05 B4 @#%Mza
Eoﬁ%ﬁﬁ%*i%&ﬁ%mmm(wﬁ)$%ﬁﬂ%ﬁ%&ﬁ’%Hzﬁﬁ
B F RIS TR B aE R BER 10 A e sis  ZR &R

BAERR T A gtk mAAte R E =M E ok - AR T

L7 BBt B G e gtE@mag » Lo AP R B4t EmE - I A5 e ok
R B GLATE B AR o

B3 4G BRARIR G B S ATEL B AR T AR Rk 24-260 B
Feog i 6y B A% S E R E R 0 B S o) @A RAT A -

e L AT B BF RN T RS AR RERB R 0 AR BRI
AR RIS o BRI 9B AR BN EIBAR T > A1 A Stoke’s law Ju ik L8R4 B AS
P AR E B AR o dEE R 2 A 6 IF IR AE AT 2 um &Y R 32 A
MR BATERR RR LRRIE - B BEARARENREA UKL _BHE
em gt EAFE L MR MEEKE 1TAK LHAE - REBERR X
550°CHhu#h » LA RAT 0 4k R T Fu i85 SRR B B L] -

T b Wil T -

1. ZRE : BR& 3 g BB ABANEESE » F RO K AdEcEZE 35 ml R - K
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NGBS M LA 48 4500 32 a3k B EES 3 4 30 #) 0 B E BB RN /5"0%%%.57\ \

|
f"’\‘

. EREAMAY A 15%8 A K E 20 ml B K EARE &%é%%é a @&‘

F& TR A% % RO K ABECHE E 35ml R - BRABECHK S \éi 4500 ﬁ?«i‘%éﬁ

REHSI 0 B LEEREL - ERLFHERRGERAKLE

. B : oA 20% 8 KEEEE R IO mI A K ERB TR EER TSR KT

RIE T A% > & RO KAin NBESE E 35 Rk » BHNBESH G048 4500 3

BB 35 30 £ BAE LR RME - EALIL S BRE R A A ok -

. OFRRR o NBEEE] ( NIRERERAN ) c AAR T REZMT o RIEX 6 /NEFE B

FTRANFBI T » B BRI IFIR

L RBURFER R RIFREINAR T S EHEIEIT o w1 % ey R B AN IR IR

ERA 10 AR > RAEFHEIBR > FHFELR DA A H Bk LR
2 AN MBIFIRERCE - ER LM RAERIFRBEF o IR H 0B IFIRK
N DA 4 4500 43R BEBEG 3 5 308 0 F B BB A RAE Y -
WA R RISV F ROKEZEH % UHERIREAHE R
WA ERE - BRI BT Bk o

Hikdafo h - I ERTOBRG R AANER CH L B AZm T » KA
2 70°Choh 8 /B - EAME B IR E 17 Ak 4Rl &

C BYEZREBR BT R BN G EIE L 550°Chn k4 6 /NEF o b o B
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AT & B R AR £ 5]

2-2 A A 4 ( Bragg’slaw ) s~ & -
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2.7 B X A n

\ ‘ ‘I .

AR RE AR 0B B - AT X B kT - ﬂw—imﬁsw zk
HE AR A AR BAE 25 mm B T ERIEAE BLRIR - IR R - BT A
BRI R > B ASIE LA 03T o ARSI RS AR 4E A &) 4
JERIMARDE F L - BUSELRIFRA o XA RAF MM — AT

BERBARR EER T 2E T AR RER T o EIhyeE > AA Bruker M4
Tornado micro-XRF %-#7 1% #47 7t % @ ( XRF-Mapping ) ##4% - Bruker M4 Tornado
micro-XRF 7 # 4k A 42 (Rh ) 32 X 442 % » B XFlash® #7284 ( silicon drift
detector, SDD ) 2] % » KRB XL ER A 50 kV » EH 200 mA » 2LEF% 10 pm #:

W 1 ms X AT AT L E BT R -
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R 2-1 R RATAER 5 S &

g [HREER (GMT) 4%  wE  kE (2R #E

OR5-1302-2- S\l |/
MT06 2013/3/622:00  21.29194 120.06024 3078 & SR
OR;;IIT3OO72'2' 2013/3/72:48 2130443 120.08861 2654 & Ak
ORI-1068-1 | 2014/3/260:20  10.78980 11541170 2864  hib2E g
ORI-1068-2 | 2014/3/277:46  10.64980 11471680 2252  yibet g
ORI-1068-3 | 2014/32717:27 1051670 11421430 1998  hibe s
ORI-1068-4 | 2014/3/280:35  10.03320 11423300 1690 e
ORI-1068-5 | 2014/3/286:40  10.14970 114.61180 2202  hibat g
ORI-1068-6 | 2014/3/28 18:09 1031750 114.88930 2465  hib2E g
ORI-1068-8 | 2014/3/31 17:41 13.00020 116.09190 4380 k2
ORI-1100-C1 | 2015/3/1920:10 10.50020 113.91630 2595 & ir& &
ORI-1100-C2 | 2015/3/722 13:57 1046380 11443100 1864  dibat g
ORI-1100-C3 | 2015/32221:15 10.83550 11470100 2296  dyiv&E
ORI-1100-C4 | 2015323325  11.00050 114.86650 2492  dir& &
ORI-1100-C5 | 2015/323 11:12  11.37000 11529950 2384  dibat g
ORI-1133-A1 | 2016/3/2321:42 1443080 116.62320 4174 & #iha
ORI-1133-A2 | 2016/4/612:30  10.94070 11441290 1982 & ibaEs
ORI-1133-A3 | 2016/4/6 17:03 1127330 11443750 2642 @b i
ORI-1133-A5 |  2016/4/79:24  12.09730 11499850 4370 e
ORI-1159-C1 | 2017/3/2121:55 1329970 11472590 4443 ik s
ORI-1159-C2 | 2017/3/1621:00 10.01670 11347710 2965  dyivaE
ORI-1159-C4 | 2017/3/1520:33 1059720 113.76470 3371  divai g
ORI-1159-C5 | 2017/3/174:35 976000 113.63530 2687  dir&i &
ORI-1159-C6 | 2017/3/10 625 1135630 118.11680 1663  dirat
ORI-1159-C8 | 2017/3/816:06  12.90360 117.60180 3865  dyififEa
ORI-1189-C1 | 2018/3/1415:03 13.00020 116.09100 4350 i i
ORI-1189-C2 | 2018/3/187:15  10.12050 115.44480 1846  dibat g
ORI-1218-C1 | 2019/3/21 13:40 10.68960 113.53710 3718  diraE g
ORI-1218-C2 | 2019/3/2220:05 10.90090 11530750 2204 & irEE &
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3 aEEBEZRRD
3.1 &iBERE ‘M

A BRTFFRRGESE  ARMEEREREL  LE2EAYR > &
BYaELAERESL > HHEATIEMAEREN > RBCRERER > RILRK
NEE BRI FER AR RAA AR ZRAE (Belitung ) dbif - &y st
BREAHEN  RWEARLEHES W40 2 - Bt bid 44
1250 N2 » @AE# 350 B FNE - diley FHKRGE 1140 AR - KHEM
K e fo R g 2 3 te Bl B B 4T %~ 38 %Av 15 % - e PR B2 BN A
S50 FHNE B aibe FHKES 4700 AR - Zibei 23R ELE R G
a4 KRR TR A R0 B R EE A 5559 » R ( Wang and Li, 2009 ) -

wAERREANIBZEI60BEF (Ma) 37 > REBRFARBEEZBR > — A
Ep R An Bk TR RRIRAESE R @ F B F 4T - K& (Ailao Shan-Red River ) Ef
# %6 R % B ( Tapponnier et al., 1982; Briais et al., 1993 ) » —RA| & & &[54
EHEAEBMNT » B & A 8RMA A (slab pull; Taylor and Hayes, 1980, 1983;
Hall, 2002 ) - & 23.6 Ma & » &5k 28 4 % % 2k (Ridge jump ) - #RTREHHE
BAGRER BRI TR » £ 16 Ma R E L R o B dHE RbHEE

BEAPBEGRE > LA UREMEE AT > BN LG FHEE > RIFABRK
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BAT @A/ RAAET ﬂ@k%ﬁ%%a@%%#&i%%%% %@%,
‘ u
P BN M R KA ?A%&%Jmm@%@ﬁﬁéé%k%ﬁ‘

( Liuetal., 2016 ) -

HENERERXB BN ERNBE  BEAZTHEMHMGIL A& 2 E 5

B3 Aodbdf o ABRAGIFEE LMW BERS  BEBMK - £AFR > TR

BREZRBE HE TN EE R AEZF4HEE (B 3-1
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5000
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~7000 '
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5°s kS, | - i |
100°E 105°E 110°E 115°E 120°E 125°E

River Flux (Mt) * Summer Surface Current -- > Winter Surface Current ——

) s

PHEEGREEFBARGER - RERAXREREZZRZE - LI L 0FEHE IR
59 0 @R LOEFE A E (B 3-1) - BB RIAEXBBARGBE > B
MBRAERRBZRMBE > e B RFERL . XZRBER] -
R EE R BB e HiE 700 & 8 (Liu et al., 2016 ;
3-1) » BRRAI AR KRR YL 8.17 glem?/kyr » 80 % ATERM Y » % 4h 20

9% & & MR Ak WA Kb & ( Wang and Li, 2009 ) o X3R5 oL 4 e #8 FE K MEM
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(43% ) Fo K4tk £ (52% ) » BEAEMHRIE R UHE 'ﬁﬁﬁéj:fﬂﬁéﬂ:i%ii’

|
{F‘\

a&@m%ﬁ%ﬁ&%ﬁ%ﬁﬁ(QmmmCmmmmmem<iD3%0
m) > AMRRER ARSI S R D FHBEAF IS Fi:l%iﬁ%%ﬂ& 8 18
ERWE > b BENHAHEE A B RME ( L83 iTRIB AT )
Hhod Gl ARE (BPRAEEN ) M KLEN( BR) > M EdWE R
By EN G BEREEFRRE (B 3-1) - LB an by shigs
BRI RRG T EZ — o Fh L uR e R o 1 % LR & o) 30 H 1R Fe BAB AR B
BIRGHE o TN BB 00 B MR R T R R eI EE LR - o

R

H

B E HUR R R A AR L e & e bt 0 R B G A A2 RALAE

Aotk onmmeifbrmhamisEse (30-67 % ; F35

46% ) BHx > A5 HFREMGERE (15-37% ) ~ 1R B (6-40% ) Fu b oy RH

% (0-11 % ; Liuetal, 2016 ; & 3-2) - A2EBERNY @ » FHEKITIHIKRE

A BE RN AAE > BRI - HIERALRAEEL > 2R FPHERER SR

IERFHRG » Rk 22 Edeyhimmit LM aRE ZUFRE (44-66% ) Fo ik

BB (33-48% ) A% (B 3-2) » 5486 (04%)fuEe (0-8% ) 9455+

SV B EBMAE T LB AR IR B (63 % ) FuskiRE (24 % )

Fob B AL (12% ;8 32) - BRAGPEBAAREZH K LoH » T

IR EE LA RS A S EWNEELG 0 BRILEMHE IBEMHUEE G A X
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(83-92%;: @ 32) 4K VENZHES (FH9%) ; Ep R m%ﬂz,

,_,“
[ === ||

\ |
(41-76 % ) foZ 286 (17-41% ) B x> %R BERZ (6-24% ) éﬁLPJ vf?

ﬁ

& (0-2%) o simTibdnen g Logdh s R 2 P K B (31-57 % illié] 43 % ;

32)BE 48 (17-38% ) fskiRB (6-29% ) k2 » Fik2H D 209

Ha (1-14% ) ; BTt ez Lgdha s Al AR EEE (6-18% ) tha =

WO Rt BEaAMNASE ( H8L 12441 % R G - 21—

38% 3 #kiRA 1 21-30% ; B 3-2) - iR KRB A MEE LR AR R A

MREHE > Liuetal (2016 ) ¥ digar A NEBRRMLA#E,E (B 3-3) >

DAL BB AFYMBENRERII > B ERIBEHHERI > 22K

RAEMERwWHEI LRI AFANLSENH ARG EHI AR ALK

W%

RS
o s

BEAGSENHONFRABAME BASSERH00HBRBEEEE
LR RE MR AL LA AR BB ILIR e R e Bl sk
HBEABRSCESHALNTREN LR
AMAEBGHEDERS R KT REDRIEED AR AL > BEARTFTRBEH AR
AECR B ONHLE & A o ReR A0 R L A £ % ( Wetzel and Unverricht, 2013 ; Li
etal, 2015 ; Miao etal., 2017 ) o ABFRGAIA L & BEZHI - VBB
HR B RPN TE - ABBRNEEESF S )& I3 ( Bihrigetal, 2022 5 &

BRI Ay TR BRI RV IR DA BT RS )
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) g 2 38 B AT A R e R 4k B R ﬁm%iﬁjéﬁﬂta#ﬁi@ﬁ&ﬂ&@(Euhng
etal., 2022 ; Yinetal, 2020 ) - bR EHERE LS KESL 178 N2 5 %?Jf‘vkuﬁ 140"
IRR > 8RS 3350 AR B Rk S FE IR R EN K MEMM A ( Shelf break) &
KR (290 AR ) » R bk EF RN M 2 A ( shelf-indenting ) A i Kk 5 o d b
BE By AL g i K Mok b 6ok BE B BFAE > fE KR 0-400 A RUR 49 Ak H A A 4
SRERJE A B X AKIF 400-3000 2 R B oA 4e Ak 8945 8 #0R & £ ( Wang and

Li, 2009 ) -
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River Flux (Mt) * Summer Surface Current -- > Winter Surface Current —~

B 3-1 &R iSma e n kR anE (428 Liuetal, 2016)
EHERAFER TR TIWE TN EHEE (M) » ZEGTHEALETGNER

B "‘lé/b & %r #8 %Eiéﬁﬁ R e
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lllite+Chlorite

° Taiwan river
. Pearl rivers
. Red rivers
e Mekong rivers

Malay Peninsula rivers
° North Borneo rivers
. North Palawan rivers

South Palawan rivers
. Luzon rivers

1 0 .
Kaolinite 1 X T Y T - T T T - " Smectite
0 0.2 0.4 0.6 0.8 1

32 gk LRy B o &3E AR LR A R AR R B & 8 JR B

157 (28 Liuetal., 2016 ) o
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GIEIOTE
P
& ST O
100°E 105°E 110°E 115°E 120°E @
— T L o\ |
S i3 Ny .'“,{31:‘"”.;: T ~ ™ @ %
XAt .8
: : . ‘@
ﬂ‘%m & |
43}.0 N
" »,kgu
=25 N;@g@
~ 20°N
15N
Y- 10°N
~ 5°N
oo [ A Nonheagferns"s L o°
B: Eastem'SGs/“" =4
C: Nonhwe o)
D: Southern sn\s
E: Gulf of: Thallaﬁd\'vvv
F: Malay Offshore N\ V: ;
G: Gulf of Tonkin RN
5°g -| | H: Guangdong Offshore L 5°S

T
100°E 105°E 110°E 115°E 120°E

B 33 @aEanErEl - ( B g Liu et al., 2016 ) » 7 & ( A) E#Ek
HFE R RN (B) 23 2 RBENHHRN ; LHRIRLMER

WERLBMA ERNSEY (C) MLt (D) &I LB LR ALHE
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We%ey (BE) ZARE%x#HE: (F) BRADNE 34075 Efé’a(G)ﬁuﬁaﬂb

ﬁﬁ

\
SRR AL BT (H) P B b5 s R ,\V*

32 i EE SO MER

32,1 BOhHEERL

AARANA B RRERAZRFEEL  BE2REABENHEEEREN R L
Fheas(&21;834) - axzckmid XAEBGE  AREE  REXD
#v Ttrax-XRF MR E &1L B dEEZ s B EY S 8 BAFE T (

3-5 B 3-6) c ATFHYANLBEBELMEE TS
Unit A

Unit A2 # OR1-1133-A5e9 % B (0-12cm ) » H A - B4k e -~ HEHE4
GEy > PRGN E TS HBEEAE 1150 sbBfrey 2Pob it EAENET

&9 Unit B 181K > 454K tb A Fn 4B 4Rtb AL R it = K A%/ (B 3-5- B 3-6 ) o
Unit B

Unit B 2% OR1-1068-8 84 % & ( 0-5 cm ) fo OR1-1133-A5 t4k & & ( 12-22
cm ) o HaaRAiEge  HEE AR PERLAE TS50 AEENS 12

G o sbB ey 21OPb JE B AR 7 Unit A Fo Unit C & » 3 B H 454k L8 A B8R 1K - 45
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bR S (B 3-5 B 3-6) -

Unit C

Unit C 25— X 2w A $ %% ( OR1-1068-8 : 5-57 cm » OR1-1133-A1 : 0—

12 cm » ORI1-1133-A5 : 22-218 cm » OR1-1159-C1 : 0-18 cm #= OR1-1159-C8 : 0—

6cm ) - HHEAHL AL THRGEND  TEREHA TS AEELHH 126

210Ph 5 FE AR $ R 454K AvsE AR 3 B BAAE S (B 3-5 B 3-6) o

Unit D

Unit D 7 42 % OR1-1068-8 ( 57-71 cm ) #= OR1-1133-A5 ( 218-231¢cm ) » ¥

AR 2 500 AEREAR 15¢ MR RMILA LRt - KA E E L&

B A X ARG LETAERARGEE  BAREAHEERFEL(E 1-2) 894

Mo 5SKtL B AR H1E (B 3-5) -

Unit E

Unit E 8938 & Ai5F & 69 a0 ¥ Unit B A BN — X 8 PHABREE

B A B BE Y SRARLE S A A 454K L IRME - B 2P E B Z IR E R W o LA IR

B2 FERSME - sbBArey PARZ4EFP Unit A » Unit Bfe Unit C X » B4&

B R b s iEE & £ (OR1-1068-8 : 71 — 86 cm » OR1-1133-A1 : 8-22 cm »
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ORI-1133-A5 : 231-240 cm » OR1-1159-Cl1 : 18-24 cm #w OR1-1159-CG8 = 6-20"em:;

\ ‘

1 - \
| <2 |
m

\
B35 B 36) \ (IEX

Unit F
Unit F B4 & amab e » A5 — % 2o A #8235 ( OR1-1068-8 : 86— 106

cm > OR1-1133-A1 : 21 =39 cm » OR1-1133-AS5 : 240-290 cm #2 OR1-1159-C8 :

20-61cm ) » /& firay 21OPb IR AR - 454K LA o (B 3-5 3-6 ) o
Unit G

Unit G & & & e b /@ » 4% OR1-1068-8 &5 106 — 135 cm » OR1-1133-
Al &9 39—-62 cmFv OR1-1159-C8 &4 61 — 73 cm » /2 fir ¥ B A 454k tbfu st 4 LE 5

{4 > 3t AR AR IR KL kIEER (B 3-5-83-6-837) -
Unit H

Unit H 727 OR1-1068-8 #5 135-212 cm ~ OR1-1133-A1 & 62 —200 c¢cm »
OR1-1159-C1 &4 24-100 cm & #2 OR1-1159-C8 #4 73-100 cm & » bR B A E4
HHRGSBERAM » BAP EF4ESE 0 BRALKI A B 569454k » BUlR ey FR

MR Nt 2oy RER (B 3-5 B 3-6)
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50N 4 i ) -
105°E 110°E 114°E 115°E

© Super Typhoon Haiyan

3_4 %,G#%*%ﬁtb/fi:f‘ ;ﬁn{ﬂg)}l&g’/

MR
&k
o
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OR1-1068-8

OR1-1133-A5

YY WWWWY VY V VY VYWY

vyvyyvyy

v

vvy

]

3l
i ;

v

“,

-}‘\\.‘A

4
Fe (counts)

Sorting (phi) Ca (counts)
08 12 16 2 24 o 80,000 160,000 0 2,000 4,000
(Ui
Density (g/cm?) D50 (phi) 21Pby,, (dpm/g) Mn/Fe Ca/Ti Mn (counts)  Ti (counts)
112141618 45 6 7 8 0 10 20 30 40 00102030405 O 40 8 120 0 40,000 20,000 40,000
111, T | T 1 - 1 ] 0- 0 0 - T 1 J 0 L 2 .
. =
10 < 10 < 10 < : 10 10 = 10 <
20- 20- 2033 20 20 20-
30 30 EEH 30 30 30- s o
40- 40 - 4043 40 40~ 40- e
50 50 50 50 50 '
60~ 60~ 60 60- 60
70 70 70 70- 70
80 80~ 80 80- 80-
’E“ 90 < 90 = - 90 90 < 90 <
S 1004 100 100 1002 100
2 110- 110 110 110 110
& 120 120 120 120 120
130 130 130 130 130
140 - 140 - 140 140 140
150 = 150 = 150 150 = 150 =
160 - 160 - 160 160 160
170 < 170 < 170 < 170 170 < 170 <
180 - 180 - 180 - 180 180 - 180
190 - 190 - 190 - 190 190 190 -
200- 200- 200 200 200 200
210- 210- 210- 210 2104~ 210-
Sorting (phi) Fe (counts) Ca (counts)
081216 2 24 40,000 80,000 120000 0 8,000 16,000
L 1 1 L 1 1
Density (g/cm?) Dy, (phi) 21%Pb,,, (dpm/g) Mn/Fe Ca/Ti Mn (counts) Ti (counts)
112141618 45 6 7 8 0102030405 0 01 02 03 0 2 4 6 0 20,000 0 2000 4,000
0 Lol la) 1 T 1 r 1 J - 1 T 1 r 1 r J 0 l T 1 T - 0 - 1 1 T J - 1 2 L r 1 r 1 .
10~ 104 10 10 10
20 20 <, 20 20 = 20
30 30 30 30 30
40- 40- 40 40- 40-
50 50 5048 50 50~ 50
60~ E EEH 60 60 - 60
70 70 EH 70 70 70
80 80 803 % 80 80- 80
90- 90- ER] 90 90 90 -
100 - 100 - 1005¢ 100 - 100 - 100 -
1102 1102 110 110 110 110
120- 120 1203 120 120 120
'§130' 130 < 130 Je 130 < 130 < 130 <
< 140 140 - 1403e 140 - 140 140 -
8.150 = 150 = 1503 e 150 = 150 = 150 =
& 160 160 - 1603 o 160 160 160
170 170 1704 o 170 2 170 170 -
180 < 180 = 1803 o 180 < 180 = 180 =
190 - 190 - 1904 o 190 190 - 190 -
200 = 200 = 2005 o 200 = 200 = 200 =
210- 210- 2104 o 210- 210 210-
220 220 220- 220 220 220-
230 230 230 l. 230 230 230+
240 240 2404 240 240 240
250 = 250 = 250 = ‘: 250 < 250 = 250 =
260 260 204 ® 260 260 260
270 < 270 < 270 < 270 270 = 270 =
280 280 280 280 280 280
290 290 290 290 290 290
3-5 OR1-1133-A5 #v OR1-1068-8 H S # B FE ~ RIE& P E ~ BHEE

210Pb & & -~ Itrax-Mn/Itrax-Fe b4 #u Ttrax-Ca/ Itrax-Ti b 5] o 2 OB AR = A

i

B e e ik LoE B B e HRARES o
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Fo cous

& OR1-1133-A5 Densy Q0L M “Phdpnvadinte M:\[(ﬁn) n:; unts)

i

OR1-1159-C1 ™™ %7 OR1-1068-8 Oty &/
g ki

s

. '. i-
i i '. I .

3-6 BT AU EKRBEERE - A PE S AEE 2P iEE - Ttrax-

S|

A

Mn/Itrax Fe tbf5]#v Itrax Ca/ Itrax Ti tbfp] « REBAE TR EZRE BB E T -
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Open Nicols

OR1-1068-8_133-134 cm 57*‘”;;. A
R ;ﬂ : ',\

OR1-1133-A1_59-60 cm

’:' oo R " 4
s i ‘“ g b g
n"" el '.'\...‘ ¢ ke
OR1-1159-C8_72-73 cm 5 R
. \, $ - g

3-7 OR1-1068-8 133-134 cm 1@ & AP 88 K L 35 35 [8] ©
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3.2.2 HAE AT B s
\ \ w ‘1‘

OR1-1068-8 £7 OR1-1133-A5 iy % £ 60 £ 8 L7k B 70 4 i Aa B (BTS2 5 )
LR ER e R R SEREIMAAE RG> S BEREET
MR A IBHE o £ > UnitA ~ B~ C Hfw Fagkei@ i+ 44 (B 3-8) »
HAEESHEAHE > TEBMANEPEO6GFD E09 80 (B 3-8) - UnitD a9 £
RARAAAEELE > BREFLESO UnitD BF B BAME LT R R FE
Arfg o Unit E 9 FAA 48R A 4 0Fn 8 0y » LR B AR AWNAEE > 2B E
HEX B PR AN Diod (B 3-8) - Unit GBI A 2R SE 5% » Bk KN 3

0 5060802 %x (B 3-8) -
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Percentage (%)

OR1-1068-8 Unit B

ORI1-1133-A5 Unit A

4 wk
ORI-1133-A5 Unit B

6 6
As As As
2 B 2
. T s m . Y 4 <
(Grain size distribution| &, 3, 3
T T T
8. g g
] ] o
a a a
1 1 1
2 3 4 5 6 7 8 9 10 2 3 4 5 6 7 8 8 10 2 4 5 6 7 8 8 10
Grain diameter @ Grain diameter @ Grain diameter @
OR1-1068-8 Unit C OR1-1068-8 Unit D ORI1-1133-A5 Unit C ORI-1133-A5 Unit D
6 6 6 6
5 5 5 5
X X ®
4 S S S
o o @
=3 =3 =3
83 83 £s
T c c
@ @ @
2 L2 L2 2
@ @ i
a a a
1 1 1 1
2 3 4 5 6 7 & 9 10 2 3 4 5 6 7 & 9 10 2 3 4 5 6 7 8 9 10 2 3 4 5 6 7 8 9 10
Grain diameter @ Grain diameter ¢ Grain diameter @ Grain diameter ¢
OR1-1068-8 Unit E OR1-1068-8 Unit F ORI1-1133-A5 Unit E ORI1-1133-A5 Unit F
6 6 6 6

@

&

PeLcenlage (%)

Percen!fge (%)

@

=

N

o

=

Percentage (%)

2 4 5 6 7 8 9 10 2 4 5 6 7 8 9 10 i 3 4 5 6 L 8 9 10 °
Grain diameter ¢ Grain diameter ¢ Grain diameter ¢
Unit A (Average)
OR1-1068-8 Unit G ORI1-1068-8 Unit H Unit B (Average)
6

s s Unit C (Average)
8, g, Unit D (Average)
2, 8, Unit E (Average)
éz éz Unit F (Average)
& \ & ) Unit G (Average)
: Unit H (Average)

2

3 4 5 6 7 8 9 10
Grain diameter @

3-8 OR1-1068-8 Fu OR1-1133-A5 R[5 il 4% B UK AR SRIL ] -

2 3 4 5 6 7 8 9 10
Grain diameter ¢

Percentage (%)

o

=

©

~

Each centimeter in the unit
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3.2.3 35 L5k NEC A
| <= |

\‘ i
| 3 ()
AB R A AR T A A i s (R DTS

H O RE I S d GG g R 2B B R 92 LR e e R £ R

U B K4 OR1-1133-A1 = ORI1-1159-C8 % .o F 64 M % el s b 20 % (
3-9) o ORI1-1068-8 ~ OR1-1133-A5 #a ORI1-1159-C1 &4 £ 554 48 A48 484 >
HHAMH 588 038K BESCHAARLTY dgEa b3 MRt g
T (Livetal., 2016 ; B 3-3~ B 3-9~ %3-1) - tb# OR1-1068-8 v ORI-
1133-A5 ¢4 % & -k 818 » Unit E B A ABEBRIKM S8 6 Mo » 1

Bt aya Ml o kB Atk Evayds Lok A RIE T NN B A

b ERY EHEBMNAGRZHEGEZH>MH (B 3-10) o
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Chlorite+lllite
0 1

Taiwan

North Borneo

. OR1-1068-8 0.2

A OR1-1133-A1
North Palawan
X OR1-1133-A5
L] OR1-1159-C1
04 0.6
. OR1-1159-C8

! ' | : | K T : | J I Smectite
1

saoihits: g 0.2 0.4 0.6 0.8

3-9 B A B AL LB AR = AR -

Chlorite+lllite
0 1

OR1-1133-A5 Unit A
OR1-1133-A5 Unit B
OR1-1133-A5 Unit C
OR1-1133-A5 Unit D North Borneo
OR1-1133-A5 UnitE 0.2
OR1-1068-8 Unit B
OR1-1068-8 Unit C
o OR1-1068-8 UnitD
. OR1-1068-8 UnitE

Taiwan

o X X X X

North Palawan

0 .
T | Smectite

Kaolinite | T T T T T I ! I

3-10 OR1-1068-8 o OR1-1133-A5 % /& ¥4 /& 7 [Fl vk B 755 £ 5540 40 %

SH=AE -
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324 B X k& enp

%W’

1o @
%

AR EA Mn/Fe %1869 7%# % 7T (Unit B : ORI- 1133-A5 1819 ¢m
%o Unit E : OR1-1068-8 83-84 cm #u OR1-1133-A5233-234 cm ) #4788 X 6% &
aH o £ OR1-1068-8 &) 83-84 cm RE » K H A~ LG L BB KRR
MRAHA L (B 3-11) » TERBEHIWERBTILEMAZEE R Z — 2 (
3-8) - WEMAERSHWHELE A (Si) ~ 42 (Al) ~ 88 (Fe ) féd
(Mn) » Efeths F e T RBE 2RI R ey —2 (B 3-11)  #
Bs BB Rk ey XRF 4788~ (B 3-11) » ARBREBHASERS  ARAEH
4% - 4BFude o AR e & F 4 ORI-1133-A5 2.8y 18-19 cm £ & ( Unit B ) #u 233-
234 cm (Unit E) RE#ERE (B 3-12) » &7 safodr L ko P ¥ AOILZ RS
BRGNS FTHREEIZOR BN EMANEAICBERERG O LHD T

( Kylander et al., 2012; Moreno et al., 2008 ) -
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Mn/Fe
0 0102030405

04+
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Y110
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1
140 l
150 T

ORI-1068-8_8384

160
170
180
190 A y .
200 5 ) ’ P

. -,
210 ORI-1068-8 8384 oRL1dee.0_sape

3-11 OR1-1068-8 Itrax-Mn/Fe &) tb 5] Fn 83-84 cm #4988t X A& A n M &% o

OR1-1133-A5 18-19 cm
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33 diigastm >V 5

33.1 AR RAEHE

AR RIS s P L RRR AL 47 (B 3-6) > Unit C » Unit
D #o Unit E 2 % #% Be B AT 1% 0 609 ML AR M e A8 Mo i, > ARG AR - 5 5 K 3R 09 Lk

A UnitE » Hokfg o L3R E%E 01 (B 3-8) » BAARENAZEENRKR
4 Dio Kb » Bfr b ey 2'Pb HEMEFRENS (B 3-5) » £&E% <) Unit E
# Unit F R @B A ey *'Pbd & (B 3-6 ) » 8 Unit E =T f A Be R & #46
B9 RFBAL AR W B R AR IR AB T AR, °

UnitD £ £ sk ey - BAAAHEEGRE S (B 3-8) » X kBHK
T HREEEE El e9454L (B 1-2 ; Stow and Piper, 1984 ) » Unit D 3 3] =% @
TP A e SRR A A 0 BEE Unit E g4 S 25K - Unit C R HAAHE
gk Bt (B 3-8) 0 SLRE B4R E3 a5 — 2 (B 1-2 ; Stow and Piper,
1984 ) - AR b F e m BB AW E B ILE R

20U TREREY Unit A fo B 53] 42 Unit C v E 24 /86945 - Unit B B F 8 3
8 21Pb & B A ik & A E 494k - Uni A Al & B A 1K 2'Pb /& B v RS Z 4R 6 1L -
ERBEAMEALHBRART TN @BERAEE  RESHLEERKA%L (B

3-8 ) > Unit B Efsa8t#x 5 ey 21OPb JE B - 8] &K b3k iG ERe A% 4 6 FR R
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P ey Pb S E R @M TR G ELEBKTR /%éﬁﬁm%ﬁa‘i‘ﬂl‘ﬁ AR

: ||
\x"‘“\

ImﬁA%EE%lZ&%’ﬁlem%SﬁWRIM%ASM%Fﬁ@ﬁ%'@
do ART AR R P ik ik 2 4 A8 T 4 8.17 g/em? ( Wang and Li, 2009 ) ﬁs:@i "llfb__:_
FEHBEERARL 0.1 Ay BB it JF B KM MR - M A RE R
Pty i 2 B T I A A RS BB AR 3 B R IR TR T AR,

Unit C #v Unit D B A 8&e) 2P iE B » FE R &R E B3 & UnitF > bk
J AR7E L 60 3R S AR BE B SR 3 B A7 5 A e K T AR MR s F + 4% A ( Huh et
al., 2004; Huh et al., 2009; Hale et al., 2012; Su et al., 2012; Burnett et al., 2023 ) - 21%Pb
f KR P B BT ERRR R B K T AR BARMY T UARE 2P oy R
A o R KA 2P YR A TR - e K BFME - KB P ey RIF R & 88
he o FEGRARFAR LRI G 2P R AR o sb—FL % Huh et al. (2009 ) £
BRSSP E T LR E SRR EE o £ 2008 FF K
( Kalmaegi ) B B AT# » AW HREZTRE 2Pb FE» 3 A 9.9 dpm/g
(12008/1/10-2008/3/20 ) #= 1.0 dpm/g ( 2008/7/8-2008/9/11 ) » it B 4r oAk Mk &
BT HeygcFERRKGR L > HERB M FAE2PbiEE 5 % 4 7.4dpm/g
(2008/3/20 #: 4 ) #o 1.8 dpm/g ( 2008/9/11 44 ) - FH it » 21Pb 7% A T 4k %45 30
AR LA T oy FF 28k > LB H BA SRR S shda B R R E 6

B TEARM FHEL - EAFTR T > 3R P o @ &AM AR
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& 5 42 UnitE sAF 6948 & 21°Pb & B 25 o L3R 6y $R B #J8 MLAk ﬁaf%;zé:iﬂﬁ E a5
AR o dEsh o ORI-1068-8 2 & e A2 3 BE R4 35 48 1 3E 4 4 1 v 181 A W
(%JJ)’Eﬁwmﬁm’%ﬁﬁ@ﬁﬁﬁimékéﬁﬁg’ﬂkf%@ﬁ
2% (Unit A-Unit E ) &9 54 & o] 5638 & 2013 5589 48 RBE R 3 P i AR,
FEBER G % E R 2 F % Unit F (43,4 OR1-1068-8 » OR1-1133-A1 » ORI-
1133-A5 #v OR1-1159-C8 ) ~ Unit G ( # %7 OR1-1068-8 » OR1-1133-A1 #v ORI1-
1159-C8 ) #v Unit H ( OR1-1068-8 + OR1-1133-A1 #u OR1-1159-C8 ) © Unit F #u
Unit C B A A8 6945 » R b #8 B 7069 s 7T AE#2 Unit G A B » Unit G 454X
R BA R GE 4550455k ME - AR ARG B A K1 - SR AE v SR 4 LU ME & A BE L
BRI o 45924 ORI-1133-Al 2.o¥ (B 3-6 ) - #|F 16 LB mes
bR AR R KL AR (B 3-7) o AL TRREER 1991 F & E
1 kb 4 ( Mount Pinatubo ; Wiesneretal., 2004 ) - UnitG # 3.4£ OR1-1068-8 -
OR1-1133-A1 #2 OR1-1159-C8 % 3 &% » H o fir £ 7 330 B 38 31 &k 49 B 4 K WLy
89 ORI1-1133-Al £ o454 & A8 - sboh > Unit G EH R SHEHEE 4% (
3-10 ) o sbB it ft = £ BRI SR AEH] - B4 £4F Unit A £ Unit E #2484
REJR A B o Unit H 894580245 ~ R Avd54k ~ SRsRIL B 2R ABI R B EH
6 (B 3-6) - 43 2'PbiE E ¥ & > Unit H R Z s 3A (<100 5 ) ik am -

R A EH LR A E EETEM4 L8R -
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AR FE B JA % 3% . ( Joint Typhoo Warning Center, JTWC ):44 %fﬁ‘ ’ /ﬁdvt,

8% ORI-

BEJA AL OR1-1159-C8 b4 26 64 5x KRR A&\ 8§ 222 N 2 > ORI- 1068|—

1133-A5 e 83k &4/ 85 204 2 2 » OR1-1159-C1 &4\ 85 194 N2 ( 3-4 ) °

T LA B ARG A ( Unit C-Unit E ) 9B B KE2 Bk 0958 55 Bl 5 4 4L - &

>

B H R G B P ARE » ORI-1133-A5 syReE G35GB B E B 228 Ny -
RARAR P GHEE T B (B 3-5 B 3-6) » OR1-1068-8 ey Rs &5 3% & B
B2 82, % (B35 B8 3-6) » ORI-1133-Al » OR1-1159-C1 $u OR1-1159-C8 ¥
Be R G B B 2024 gy (B 3-6 ) o {4 G #REE AL ORI-1159-C8 A & &
By AR o BPERAR 24 N iR B AR UnitCAE 6 A5 B » AT /%I

REEBRKRRZT » AHEWBEAR G ILE N - bih » SR E R
KR IE 4 2 3700 - 4000 2 R ( Zhangetal., 2012 ) » OR1-1159-C8 &4k % % 3865
R RN A LR B AR R BE > TRELZBRKERER
B3 B e i A B R F PR R © B — & F B OR1-1159-C8 b4 2k g e Be 2l
FHRORERE  TRAXIRSERNTE > THLE T EARS LA K
HE o HRZE & RS R BE (Livetal, 2016 ; B 3-9 & 3-1) -

fRGR T - kiR L AR £ ORI-1068-8 v OR1-1133-A5 K

Bl TR P EMIEE T &iEe ORI-1159-C1 shfuef » HaiE ki &

LRERY » REAE#EH R P Unit CHv UnitE ( B 3-6 ) o OR1-1133-A1 3543 254 58]

59 doi:10.6342/NTU202500596



B AR R A REGNE (B 3-4) ARk Esol - Fiik Eﬁ R

i‘;?-‘:“
i1}

\
#2% Unit CHo Unit E &9 H 31 - “ Q ‘ |
3.3.2 ReR FE A ol v A AR B Ak )

4 OR1-1068-8 fv OR1-1133-A5 F#E 2 R&ZZ e EH (Unit D; B 3-5) »
i OR1-1068-8 o OR1-1133-A5 Unit E &% £ 5% 4 48 ax Fo Jb B ¥ Ao Jb B 28 M 49 07
oAk vrAas (B 3-9 5 Liu et al, 2016 ) » {240 Rk A4 R AL IR N 15 3 £ 35
frgh > LIBBBERAMN S 2t B ey vAE & ( Wang and Li, 2009 ) » st
XBCERRRBMOHRBEESEL RS 0 BLiER &SRB GFHALBD TR
RBLEREEG EBABRAYZENLCR TS ERE - — M3 » £RETH
Rk g ( RREBMEE El B ) K5 8Kk sy % 4480 ( Piper and
Normark, 2009; Tombo et al., 2015; Fournier et al., 2017 ) - sL38/2 L4205 % % 04
& 4L 3k & iz #2531 ( Liu and Lin, 2004; Liu et al., 2006; Hsu et al., 2008; Yu et al.,
2009; Hsiung and Yu, 2013; Su et al., 2015; Liu et al., 2016; Biihrig et al., 2022 ) - 2k
o el R IR R — R A e R LA M B M B 0k B By A RN
Aoyt ek Fak s > Huk B 5EI0 I K P BT HE (Yin et al, 2020; Biihrig et
al., 2022 ) - it H fe 328k 2130 B 2 5 REEVE Lk OR1-1068-8 b4 25 B & 4 ifk L A

eE (B 3-13) > AL O E N 1% BIEAEE N R EE L IR
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o db K Z Ry ILAR D E 6L ES -

B b AR J e B B B R R F A A ey R Bk ﬁﬁ%iié%ﬁlé&&ﬁ%
KA 318 0y & R R A R sk o g R B A ( Mulder et al., 2001 ) - E%ﬁﬁ
G AR T Re i R ARG B A KRB F B MBI IR BE - B — T @
AT AF R Be B HA 38 B 42 & B Rk B ((BEMR 42 AR ) K TR & S
T TR PR B R 6 R FOT T AR B 6 K ) ST AR KR F Y A AR 4R
#9457 (Liu et al., 2016 ) o 42 OR1-1133-AS5 v OR1-1068-8 ¥ » B8 )& % F 1 &
89 2 FE 5 5 2y 240 Fo 86 N5 > B EEIESEE E £ 450 N2 BASTREE L R 69 FR
RGFAER - TRARDRWEI 3T N B -

IR S BB YL iE % (Isaac ) BERFA T ¥ 43 - BOJRFT 5] 55 ey Stokes

drift #% £ BHFE AR LRRE TakE ~2im > BAARE R E KE g F e

o)*

ARERDE  MBKOEFRABABMSE T REGE T ERE KB G EHED
( Curcicetal., 2016 ) - B 69 EA F 78 & B 4 — & F4 ( Takagi and Esteban,
2016 ) » AW ELBERIAE - SRR EA BB FENEHT A5

A1 o Unit A 2] Unit D 9% L5 e mn Rz > B AR FERBRTARAE B
K (B 39; SLpmHs ) fben? (B 3-9; SLplekRofFFs )
AR RS - AR RIR IR G RE B T 7 R L IRA ISk 500 & S AR

( Stow and Piper, 1984; Mulder et al., 2001 ) » 7T 4 LA G S2 1% 8y 6l #4005 e F 4
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e AR I BRI o

14°N

13°N

12°N

1 1
75 km 100k

115°E 116°E 117°E

3-13 OR1-1068-8 & o 3s 4 33 @ & o
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3.3.3 45 9LREJRJB {3 ()
wf‘

M b3 a9 35 AZ LA 5h $wn%%%%ﬁUMB%Eﬁﬁﬁ*$m%%<
B 3-6) » wHEMELAFEEMHEMTER  BETENHRRAAEERE
& KAk & %5 3, ( Rapuc et al., 2019; Sabatier et al., 2017) » AR MBI R4

BE&EGRERE TRy & > R ARG A G RREREE g &R

46 (Mn) ZAEMBRYTYEHL 1289 0F » IRE# A 1000 ppm ( Emsley etal.,
2001 ) -+ 4EF N ALY ~ RERE Ao BR B P - DA k4EGE ( pyrolusite; MnO, ) Fo
% 469% ( rhodochrosite ; MnCOs ) R A% R - BRBIRMEM T - 45 R A #hIRE
i FEREER > MEAHMREERRAKREGHEEZNER  BRELFTERE
BEANER - SaN AR R EABIKN R R - E5HH AR R RIEJEF 4L
B FRRERN R EERGER > BAGEAHAERREBERG TE (5]

Jad ) el LT 45 A LB R KM S AR o £ RILEE Y - e R ZIEK

\q

(Fe¥ ) AR A > MR AU WE4EAEALE (MY ) ; mAHARKR ALY IERE

T wiBSE B R R84 (M0 ) » BB ABRZNEHRE  SHRIAHED

PR AR > 3B EARALE R EMBACROBEALRK - ABRZT 0 BHMARA

LR T Fdo (B 40 7 84 » By B b SR ERTRART
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AR F S A SR LA B0 (o SR AR LA 091 ) 7T MR BRI K R KA %%L'%é’l"i'fbé

AT A 50 60 AR R B R R ﬁ@%#mm%m%%m%%‘

&
Iﬁn}

R
o 3 4% & 4% 84 o Bk ( Wilhelm et al., 2016b; Sabatier et al., 2017; Rapuc et al., 2019 ) -
RAE s BRI S - £ B AR 311 AEiR% - SE ARk

» Fe R R

Gl

PISEATLL AR E N LA T HR FEFHF A0 RBZLE I OFEEME

B AR RARBIREAEMILIE T SRR 6 A8 450 B ) U P AT R TR 00 B R

>

RE B4R ARk R — S R ERBEREKE ¥ » BB 40 RE T HFHR

)

( Murakami-Sugihara et al., 2019 ) -

RERAAARE R HBBER ER VR TRAANT=ZERA - (1)
RAFREMARIE TS AT EMESEME > FIEERAEMELAALERER
FURR b 6y 75 g AR o) — B 45 BAL R FRR AE 0 — RALEE A VLA BR3P 3 - (2) B
BRG] e HER I R e b 23R P s AR P ey B A AR G0 — AL Z KR

LG ERAAED RSB o (3) AGERAMDREAR B S B04E -

B P ER B AN JL B TR o M 8 R AR R R M R L A X BERE T B
E &N LSS DU 2R T E 4000 > RAKIRE @ EEZ - Btk
BTN AR S S LB E MR UA GG ERBAESR ¢

T MR ER G By £ BARH] o MBER GRS HE TR ZREHR > HAKRER P
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#E oy 43 & (Soria et al., 2018 ) - Lkb?FJﬁFF%%"\W%ﬁﬁ%’;&fiéﬁ"ﬁﬁﬁ‘&% i’éffﬁf‘é

|

M (|

L RIEILR P 4R B KRR AR 2R -

sbgh > Unit E B4 (B 3-10 ) &9%6 L ogd 4 it & A BL & é@im%%?fﬁ%ié e
BEWE > MBHR X KBS WHERTET > S0 45 SFREEFAENBRKR
Bkt (B 3-115 8 3-12) - & s2fdf RF R 6 EREKR > RELEBRE S S
)% % Ak 2 — ( Forster et al., 2014 ) > Monjardin et al. ( 2022 ) %31 3E& § B4
# 3¢ & (Marinduque ) £3E ¥ 4h 09 RAFSIA K e BRG] 20y K EHA B - 1993
4 F0 1996 4t il Rk 5 H B %57 ( Boac Rivers ) 4% 74 # 5 ( Mogpog Rivers )
LSRRG R BRI E B o AR WA AR T K IR B R E
AR AALEPERNISSEMNELR  NLERAGRRRFELRRREY
Bz — o

hodh B e RIRAE R G LIRS RIF R E SR o RA LR R AR g
BRIG2EENAL  AMmbsEL e cTeisak B A 5% 4 Unit E &9451
B b ] i R RO EUR AL ¥ 09458 FORIR IS BB K ERZE R ERH B K
Behhh BB EHMNEASBEN S EALEILEAZWRE -

BRERERFHE NS ATy mEALERE HEEMbE 44 ( Unit G
Fo UnitH ; B 3-5f0f@ 3-6 ) - RELB TR REBMUG BTN  E—F

ISR G A P I R T AR B R F 1 58 ) 45 AR o

65 doi:10.6342/NTU202500596



66

doi:10.6342/NTU202500596



*)3-1 g e ik Lo a b o

o

Sample name Smectite (%) lite (%) Chlorite (%) Kabhin%te (%)
OR1-1068-8
5-6 cm 19 43 10 28
10-11 cm 19 52 12 18
14-15 cm 16 47 10 27
20-21 cm 21 48 14 17
21-22 cm 16 45 17 21
22-23 cm 17 50 8 25
30-31 cm 11 55 14 21
41-42 cm 19 45 16 20
51-52 cm 17 50 16 18
60-61 cm 16 47 20 17
64-66 cm 58 23 16
67-68 cm 7 54 20 19
70-71 cm 28 44 15 13
72-73 cm 7 56 20 17
74-75 cm 11 55 19 14
75-76 cm 4 56 27 12
77-78 cm 0 54 31 15
79-80 cm 3 59 20 18
80-81 cm 9 56 17 19
81-82 cm 5 54 26 15
83-84 cm 0 51 30 19
99-100 cm 14 55 14 17
105-106 cm 11 46 16 27
133-134 cm 41 44 5 9
140-141 cm 17 48 13 21
150-151 cm 21 43 19 17
160-161 cm 19 45 16 20
200-201 cm 20 50 12 18
210-211 cm 5 54 16 25
Average 14 50 17 19
OR1-1133-A1
1-2 cm 17 54 9 20
10-11 cm 16 58 20
18-19 cm 22 47 24
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2223 cm 37 46 15 3
%31 oot o tmmasies (&) (=
IR |
Sample name Smectite (%) lite (%) Chlorite (%) ‘Ka‘o‘linife (%)
30-31 cm 15 61 20 4
50-51 cm 21 40 15 24
54-55 cm 19 40 12 29
70-71 cm 41 39 12 8
80-81 cm 16 27 26 31
86-87 cm 28 56 13 3
90-91 cm 22 63 13 3
Average 23 48 16 12
OR1-1133-A5
0-1 cm 15 55 8 22
10-11 cm 1 55 17 27
19-20 cm 17 51 21 12
24-25 cm 18 45 15 22
40-41 cm 7 50 18 25
100-101 cm 8 51 14 27
160-161 cm 0 61 14 25
200-201 cm 7 61 18 14
231-232 cm 1 57 17 25
235-236 cm 1 54 24 21
238-239 cm 4 60 21 15
240-241 cm 13 47 20 20
250-251 cm 13 51 16 20
280-281 cm 6 61 14 19
Average 15 51 17 17
OR1-1159-C1
0-1 cm 21 49 11 19
5-6 cm 64 14 16
10-11 cm 7 61 12 20
20-21 cm 20 48 14 17
23-24 cm 19 46 15 21
28-29 cm 19 51 13 17
30-31 cm 17 39 17 26
40-41 cm 29 48 9 14
60-61 cm 19 55 10 16
100-101 cm 23 43 12 22
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Average 18 50 13 19
ORI1-1159-C8 ‘ \

& 3-1 il 2 S Lk A e (4 2) 4
Sample name Smectite (%) lite (%) Chlorite (%) Kaolinite' (%)
0-1 cm 34 36 19 11
5-6 cm 30 36 20 14
15-16 cm 25 55 10 10
20-21 cm 37 38 14 12
25-26 cm 11 45 25 19
30-31 cm 8 49 24 19
35-36 cm 10 52 24 15
39-40 cm 52 25 15
50-51 cm 6 55 22 17
55-56 cm 18 52 16 14
Average 19 47 20 15
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4 &HELEk  EBEHINEBFH RN
4.1 3 B R sk - YL A B g R sk : ‘s;‘

B ER I KRR FEFE B BRRG TSR - TR - 275 B
I T AR B B T B RIEAR » ARIR—B64¢ 80 RAEAP 3] 3400 2 Ry 5T /R RI%
Yoo Kk L3 %158 R - #Ib3] R d o 3l R BB RS ~ SHEER
e 5 FL BRI B RIRM SR by BRI > B P B R RRR S oAy B

IR B X BAR B RS B EBEH KT MR TR TEE R
&) F 14 %24% ( Hsu et al., 2008; Su et al., 2012; Gavey et al., 2017 ) -

B BRI R LB A TR 00 X BRI 0 5 R BRI B AN TR
PR s LR RE > AR E RO ERNHKE - HR
PELRE S RBBRADERRNGI2TFHIAE > &5 F PR LK BFEL
WA TR BEEHR A 49 B ek N ( Dadson et al., 2003 ) o &5
R R ST e YE 0 R 260 N E > — e BRI H R 4wk % ( Manila
Trench ) - Chiang and Yu (2006 ) AR 4%k & {8 & 28 0 837 2k 5 A £~ F
T a5 =fB3% > » E3% (upper reach ) &4 % 3 5 Fedife 3 B ey - A KE 100
NRE 1800 NR E4E T A dpitib » P35 ( middle reach ) AEALH 1800 AR &

2600 MR Z B R & Héattd » Fia5 (lower reach ) KIEANH 2600 AR ZE 3600
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NRFE BTG EEE HERREE (B 41) - AR RIER 53506/\){

N
£700 AR Ess b A S @ ER VA ﬁT%miﬁUﬂ’ﬂWi%x
PR b B BT B 64 R B B fu 3 1677 % 89 %5 % ( Chiang and Yu, 2006 ) -

Ay R B N T AR Bk 25 o M) St AR > REH 60N E
WRIEFAET Ay B EFag > LasfEdasedd » REH 0 NE > KENH 100 2R E
600 ~R 2 sk BRBIA HAHNRER > THBQGdEaREESFHREKS T
W R 20 2E  KFENMN 600 2R E 1000 AR 2 (B 4-1) - mAeRE e
b A RERER S0 R E R 2R TR B R A R R M S TRl 6y
RIS A FiE » BB E ZH TR ARG - ABLLZTF - HFBREKS R
1] & 3% 6 30T A8 g uE - B R4k AL (Suetal., 2012 ) o

£ T BRI KR T R A E - A B B BRI S B 6
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Abstract: Sedimentary records of event deposits are crucial for regional natural disaster
risk assessments and hazard history reconstructions. After Super Typhoon Haiyan passed
through the South China Sea in 2013, five gravity cores were collected along the typhoon
path in the southern South China Sea basin (>3800 mbsl). The results showed that Super
Typhoon Haiyan deposits with clear graded bedding are preserved at the top of all cores.
The thickness of the typhoon layers ranges from 20 to 240 cm and is related to changes
in typhoon intensity. The lack of river-connected submarine canyon systems limited the
transportation of terrestrial sediments from land to sea. Super Typhoon Haiyan-induced
large surface waves played an important role in carrying suspended sediment from the
Philippines. The Mn-rich layers at the bottom of the typhoon layers may be related to the
soil and rock composition of the Palawan region, which experienced tsunami-like storm
surges caused by Super Typhoon Haiyan. These Mn-rich layers may serve as a proxy for
sediment export from large-scale extreme terrigenous events. This study provides the first
sedimentary record of extreme typhoon events in the deep ocean, which may shed light on
reconstructing regional hazard history.

Keywords: Super Typhoon Haiyan; sedimentary sequence; Mn-rich layer

1. Introduction

Typhoons cause severe damage to tropical areas due to extreme wind and torrential
rain, which trigger floods, landslides, high waves, and damaging storm surges [1]. Globally,
the Northwest Pacific experiences the highest frequency of typhoons due to its year-round
warm sea surface temperatures [2]. The South China Sea, the largest marginal sea in
the Northwest Pacific, is one of the areas most frequently passed by typhoons and has a
population of more than 500 million. Due to the sea surface temperature being above 26 °C
throughout the year, the South China Sea is regarded as a typhoon corridor in the Pacific.
About 10 typhoons pass over this area and make landfall in southern China, Vietnam, and
the Philippines every year [3,4]. In recent decades, Super Typhoon Haiyan represents the
most significant catastrophic tropical cyclone in the South China Sea.
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Super Typhoon Haiyan, locally known as Yolanda, was one'of the. mest destructive
typhoons of the 21st century, causing more than 6000 fatalities and eeenomic losses of
USD 13 billion [5]. Super Typhoon Haiyan’s one-minute sustained-wind-velocity reached
315 km/h, making it the strongest among 406 typhoons from 1945 92013 [6]. -This wind
speed far exceeded the upper limit of the Saffir-Simpson HurHcaﬁﬁe Scale(threshold:
252 km/h). The typhoon made huge landfalls in the central Philippines on 7 November
2013, leading to a high storm surge and superimposed storm waves:[7]. €oastal regions in
the central Philippines regions were inundated by floods resulting from storm surges. In
Tanauan, Leyte, the Super Typhoon Haiyan overwash sediments extended inland up to
approximately 1.6 km [8]. Sediment accumulation ranging from 1 cm to 3 cm thick were
found between 500 m and approximately 1.6 km inland [8]. After causing catastrophic
destruction in the Philippines, Super Typhoon Haiyan continued westward across the
South China Sea, passing through the coring sites of this study between 8 November and
9 November (Figure 1). Considering the extreme wind speeds of Super Typhoon Haiyan,
its recurrence interval has been estimated to be approximately 188 years [6].

Since Heezen and Ewing’s (1952) [9] classical research on earthquake-induced sed-
iment density flows and their impact on submarine cables, sedimentologists have been
inspired to exploit turbidites as efficient recorders of natural hazards [10,11]. Event stratig-
raphy in marine sediments has emerged as a powerful tool for understanding prehistoric
natural hazards, particularly through the study of distinctive event layers preserved in
marine sedimentary sequences. This approach has been successfully applied in submarine
paleoseismology, where sedimentary records provide crucial information about the spatial
distribution and recurrence patterns of prehistoric earthquakes [12-19]. In particular, ma-
rine sediments can document paleo-events that cannot be recorded by modern instruments
(seismography, meteorological instruments, etc.). These records provide the opportunity
to evaluate the recurrence intervals of natural hazards in specific regions. However, mul-
tiple trigger mechanisms (earthquake, typhoon, volcanic activity) have been identified
for sediment density flow [20]. Distinguishing the triggering mechanism of event layers
in marine sediment is necessary to evaluate the recurrence intervals of natural hazards.
Nonetheless, studies related to the submarine density flow are relatively rare in the South
China Sea [21-25].

In March 2014, four months after Super Typhoon Haiyan devastated the Philippines,
a gravity core OR1-1068-8 was collected in the path of Super Typhoon Haiyan (Figure 1;
Table 1). In 2016 and 2017, we collected four gravity cores along the path of Typhoon
Haiyan (Table 1). This study aimed to use modern typhoon-related sediment records to
establish the characteristics of typhoon-triggered turbidite-like sequences to facilitate future
research on paleo-typhoon sedimentary records in the Western Pacific.

Table 1. The sampling time, location, and water depth of the cores collected in this study.

Core Site Sampling Time (GMT) Longitude (°) Latitude (°)  Water Depth (m) Core Length (m)
OR1-1068-8 2014/03/31 17:41 116.0919 13.0002 4389 2.12
OR1-1133-A1 2016/03/23 21:42 116.6232 14.4308 4174 2.00
OR1-1133-A5 2016/04/07 09:24 114.9985 12.0973 4370 2.90
OR1-1159-C1 2017/03/21 21:55 114.7259 13.2997 4443 1.01
OR1-1159-C8 2017/03/08 16:06 117.6018 12.9036 3865 1.00
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Figure 1. The sampling location of gravity cores used in this study and the path of Super Typhoon
Haiyan. The gray dots indicate the locations and times of Super Typhoon Haiyan. The red dots
represent the sample sites.
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2. Geological Background

The South China Sea is an immense, rhomboid marginal seafin the Western Pacific,
spanning 20 degrees of latitude from the Tropic of Cancer to'the Equator (Figure 1). The
formation of the South China Sea evolved through several tectomﬁ:wst?’{ges late Cretaceous
to Paleogene continental rifting, late Eocene to middle Miocene § oor \spréading, and
subduction closing since the late Miocene period [26,27]. In the centetof the South China
Sea, there is a thomboid central deep basin with a 4300 m average water depth (Figure 1).
The eastern and southeastern margins are characterized by active continental margins
experiencing frequent earthquakes and volcanic activity. The maximum depth of 5559 m is
located in its eastern margin, the Manila trench [27]. On the northwestern side, the South
China Sea is bordered by passive continental margin with several fault systems [27].

The sedimentation rate in the central basin of the South China Sea is 8.17 g/ cm?/ kyr
with 80% of it being terrigenous since the Last Glacial Maximum [27]. These terrigenous
sediments originate from the erosion of the surrounding areas of the Asian continent and
nearby islands, which are affected by different tectonic settings. The detrital sediments
in the northern South China Sea are mainly derived from the Pearl River, Red River, and
rivers in southern Taiwan and Luzon. On the contrary, the Mekong River is the largest
terrigenous source in the southern South China Sea. These sediments are transported from
different rivers, each with distinct clay mineral assemblages [28]. Sediment density flow
deposits in the central basin of the South China Sea can be up to several tens of centimeters
thick [22-24], which is significantly different from non-event deposit. However, discerning
the transport mechanisms of these high-density sediment flows remains challenging. These
flows could potentially originate from flood discharge of the Mekong River [24], typhoon
impact on the Philippines, or submarine landslides in northern Borneo [22].

The coring sites for this study are located in the southern part of the central basin of the
South China Sea, bordering the Spratly Islands located to the south and the Manlia Trench
and North Palawan to the east (Figure 1). While the northern slope of the South China Sea
contains numerous submarine canyons (including the Gaoping, Fangliao, Penghu, South
Taiwan Shoal, Dongsha, Modern Central, and Pearl River Canyons) that serve as conduits
for terrigenous sediment transport to the deep sea [29], the North Palawan Canyon stands
as the only reported canyon in the southern central basin [29,30]. The North Palawan
Canyon is a shelf-indenting canyon, the canyon head is located at a 140 m water depth,
and the terminus is at a 3350 m water depth [30]. The Spratly Islands, also known as
Dangerous Ground, are scattered across the southern slope of the South China Sea and are
the largest reef area in the region. Sediments in the shallow part (0-400 m) of this area are
mainly biogenic sand and gravel, while the deeper part (400-3000 m) is mainly composed
of calcareous ooze [27].

3. Materials and Methods

Five gravity cores (7.2 cm diameter) were collected from the central basin of the South
China Sea during R/V Ocean Researcher 1 cruises (OR1-1068, 1133, and 1159) in 2014,
2016, and 2017 along the path of Typhoon Haiyan (Table 1, Figure 1). The cores were
split into working and archive halves, with the working half used for visual observation
and surface photography. The working halves then underwent non-destructive analyses
(X-radiography and Itrax scanning) before being sectioned into 1 cm intervals for analyses
of bulk density, grain size, clay mineral assemblages, 2!°Pb activity, and XRF-mapping.

3.1. Non-Destructive Analysis

Surface photographs were taken using a high-resolution digital camera (SmartCIS 1600
SE with a Canon EOS 40D Digital SLR camera., Canon Inc., Tokyo, Japan) at the Taiwan
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Ocean Research Institute (TORI), NARLabs. Continuous downeore high-resolution semi-
quantitative measurements with a 1 mm resolution using anItrax-XRF eore'scanner (Cox
Analytical Systems, Molndal, Sweden) were conducted at the’Department of Geosciences,
National Taiwan University. The Itrax XRF core scanning is a ;h@destructive, high-
resolution technique to assess element variation in sediment cote, #\Ilﬁch“ hds been widely
applied in paleoceanography, paleoclimatology, and geology[31,32]. Blement ratios in
marine sediments serve as important environmental proxies.“The Ca /Ti ratio is widely
used as an indicator of biogenic versus terrigenous input, where Ca primarily reflects
marine biological productivity (e.g., foraminifers and calcareous nannofossils) while Ti is a
terrigenous source [33]. The Ca/Ti ratio has been used to record changes from fluvial to
marine deposits [34] and dust supply [35] and identify foraminifer-rich and detrital-rich
sand [36]. The Mn/Fe ratio is commonly used as a redox indicator in marine sediments,
as Mn is more sensitive to oxidation-reduction conditions than Fe. Enhanced Mn/Fe
ratios typically indicate more oxidizing conditions often associated with increased bottom-
water oxygen levels or deeper oxygen penetration into sediments [33]. However, other
factors (e.g., sediment source variation, changes in biological production, and deep-water
circulation affect bottom-water oxygenation) may also control the Mn/Fe ratio. X-ray
images of the sediment cores were taken using a digitized X-ray machine (AXR Model
M160NH Cabinet X-ray System, AXR Corporation, East Haven, CT, USA) at the Institute of
Oceanography, National Taiwan University. Before radiography, a transparent acrylic tray
(25 cm x 10 cm x 1 cm) was inserted into the working half of the core to create a sediment
slab. The operating conditions of the X-ray radiography were set to 5 mA and 60 kV, and
iX-Pect EZ software (Version 1.2.7.143) was used to process the X-ray images.

3.2. Sediment Characteristics

The working half was sampled at 1 cm intervals for grain size and bulk density
analyses, with selected layers further analyzed for 21°Pb activity, clay mineral assemblages,
and XRF-mapping. The bulk density calculation was based on the water contained derived
from the weight loss after freeze-drying. The grain size was measured using a laser
diffraction particle size analyzer (Beckman Coulter LS13320., Beckman Coulter Inc., Brea,
CA, USA). Since biogenic carbonates and organic matter are typically formed in situ, they
are generally not considered hydraulic representatives of the depositional environment
from a textural perspective [37]. Therefore, before analysis, samples were treated with 15%
H,0; for 1-2 days and 10% HCI to remove organic matter and carbonates, respectively.
Sodium hexametaphosphate (Na(POj3)s) was then used to disperse the fine particles.

Clay mineral assemblages were identified using an X-ray diffractometer (XRD, Rigaku
MiniFlex IL., Rigaku Corporation, Tokyo, Japan). Sediment samples were treated with 10%
H,0; and 20% CH3COOH to remove organic matter and carbonates. According to Stokes’
law, the pipette sampling method was used to separate the clay-size (<4 um) sediments.
Clay-size samples were made into oriented slides, ethylene-glycol saturated slides, and
550 °C heated slides and then analyzed using an X-ray diffractometer. Clay minerals were
identified in the (001) series of basal reflections in the XRD diagrams. Semiquantitative
calculations for illite, chlorite, smectite, and kaolinite were performed using the weighting
factors of Biscaye (1965) [38]. Kaolinite and chlorite were identified using the slow-scan
method [39], which separates the kaolinite (002) reflection (3.58 A) from the chlorite (004)
reflection (3.54 A).

Micro-X-ray fluorescence analysis was conducted using Bruker M4 TORNADO
(Bruker Corporation, Billerica, MA, USA) equipped with silicon drift detector, operat-
ing at 50 kV, 200 mA with a spatial resolution of 10 um. Sediment samples were evenly
dispersed at the bottom of a 25 mm diameter circular mold, avoiding stacking as much
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as possible, and embedded in an epoxy resin. After curing, the'sediment:at the bottom
was exposed by grinding with a 2000-mesh sandpaper and polishing:with a diamond
suspension. The other side of the sample, without sediment; was-ground and polished.
After double-sided polishing, a polarizing microscope was used tolaentlfy the sediment
characteristics and possible mineral species. Subsequently, an elemerital éurface scan was

performed using a microscopic X-ray fluorescence analyzer.” ¢+ !

3.3. 219pp Activity

210Pb activity was determined by a-spectrometer through its granddaughter 21°Po. A
209Po tracer was added as a yield determinant before the total digestion of the samples.
Polonium isotopes were plated onto a silver disk from the sample solution (1.5 M HCl in
the presence of ascorbic acid) at 85-90 °C for 2 h. The counting results were corrected for
the decay of 21°Po (from the time of plating to counting) and 2!°Pb (from sample collection
to pouring plating). The supported ?!°Pb activity was estimated from the average steady
activity values of the core bottom samples.

4. Results
4.1. Sedimentary Units

Results from surface image, X-radiography, grain size, and Itrax-XRF data are pre-
sented in sedimentary units. The sedimentary units are defined based on core OR1-1068-8
and OR1-1133-A5 as below and shown in Figure 2. Although similar sedimentary units
were present in other cores, their overall thickness was thinner. Results for other cores will
be included in the Supporting Information (Figure S1).

4.1.1. Unit A (Upper Greenish Layer)

Unit A was only observed at the top of OR1-1133-A5 (0-12 cm) and was composed of
dark-greenish, well-sorted silt with low 2!9Pby, activity. X-radiography showed homoge-
neous characteristics in this layer. Less variation was observed in the Ca/Ti and Mn/Fe
(Figure 2).

4.1.2. Unit B (Upper Brownish Layer)

Unit B was composed of brownish silt and was found at the subsurface of OR1-1133-
A5 and OR1-1068-8 (Table 1; Figure 2). The grain size and bulk density profile slightly
fluctuated in this unit. This unit (0-5 cm at OR1-1068-8, 12-22 cm at OR1-1133-A5) was
characterized by a high 210pptotal activity, Mn intensity, and Mn/Fe ratio, while the Ca
intensity and Ca/Ti ratio were low.

4.1.3. Unit C (Greenish Layer)

Unit C consisted of homogeneous greenish silt found in every core (Table 1; Figures 2
and S1). This unit showed minimal variations in both grain size distribution and ele-
mental composition throughout the layer. The cores OR1-1068-8 and OR1-1133-A5 were
particularly thick, at 52 cm and 216 cm, respectively.

4.1.4. Unit D (Laminate Greenish Layer)

Unit D was composed of laminate greenish sandy silt and was found in OR1-1068-8
(57-71 cm) and OR1-1133-A5 (218-231 cm). Graded bedding, a lamellar structure and a
high bulk density were found in this layer. The bulk density, median grain size, sorting

value, Ca intensity, and Ca/Ti ratio of this unit increased significantly, while Fe and Ti
decreased (Table 1; Figure 2).
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Figure 2. X-radiographs, surface images, bulk density, grain size median, sorting, and Itrax Mn/Fe
ratio and Itrax Ca/Ti ratio profiles of OR1-1133-A5 and OR1-1068-8. Sedimentary units correspond to
properties of sediments. Eight sediment units could be identified based on these parameters, and
surface layers of OR1-1068-8 and OR1-1133-A5 contained same sediment units.

4.1.5. Unit E (Brownish Layer)

Similarly to Unit B, Unit E was composed of brownish silt. The sorting values were

larger than those of Unit D, although the median grain size was smaller. A significant high

Mn intensity and Mn/Fe ratio, as well as a low Ca intensity and Ca/Ti ratio, were observed
in this unit. The 21%Pb,; activity gradually increased with depth and reached its highest
level at the bottom of this layer. The highest 219Pby,; activities of these gravity cores were
39.1dpm/g (241 cm, OR1-1133-A5), 38.1 dpm/g (87 cm, OR1-1068-8), 40 dpm/g (22 cm,
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OR1-1133-Al), 15 dpm/g (25 cm, OR1-1133-C1), and 23 dpm/g (21 cm, OR1-1133-C8)
(Figures 2 and S1).

4.1.6. Unit F (Lower Greenish Layer) ‘ L 0

Unit F was composed of greenish silt and found in OR1—106H—8-,;’@R“1-1133—A5, OR1-
1133-A1, and OR1-1159-C8 (Figures 2 and S1). The elemental composition:of this unit
showed minor changes, with only a slight increase in Ca inténsity and a decrease in
210Pbtotal activity.

4.1.7. Unit G (Light Greenish Layer)

Unit G was observed in OR1-1068-8 (106-138 cm), OR1-1133-A1 (39-62 cm), OR1-
1159-C1 (24-39 cm), and OR1-1159-C8 (61-73 cm). The Ca intensity and Ca/Ti and
Mn/Fe ratios increased significantly in this unit, while the Ti and Fe intensities decreased
(Figures 2 and S1). Glass shards were found at the bottom of this unit (Figure S4; 134 cm).
The 2!9Pby, activity indicated that the time scale of Unit G is not older than the past
100 years before the present.

4.1.8. Unit H (High-Density Brownish Layer)

Unit H was observed in OR1-1068-8 (below 138 cm), OR1-1133-A1 (below 62 cm), OR1-
1159-C1 (below 24 cm), and OR1-1159-C8 (below 73 cm). Among them, the Ca intensity
and Ca/Ti ratio in OR1-1068-8 and OR1-1133-A1 showed obviously cyclic phenomena, and
the Mn intensity and Mn/Fe ratio increased slightly (Figures 2 and S1).

4.2. Grain Size Distribution

The surface units of OR1-1068-8 and OR1-1133-A5 were nearly identical, except that
OR1-1133-A5 contained an additional uppermost Unit A (Figure 2). This section compares
the median grain size, sorting, and frequency distribution in these units (Table 2 and
Figure 3). Figure 3 displays the grain size distribution for each centimeter within each unit
(gray dashed lines) as well as their average grain size distribution (colored solid lines).

Table 2. The depth, average bulk density, median grain size, sorting, and surface color of Units A to
E of OR1-1068-8 and OR1-1133-A5.

Depth (cm) Di‘:lesﬁ;éiglj:g;) Averages ?;I:?(i;)“ Grain Average Sorting () Surface Color
OR1- OR1- OR1- OR1- OR1- OR1- OR1- OR1- OR1-1068-8 OR1-
1068-8 1133-A5  1068-8  1133-A5 1068-8 1133-A5  1068-8  1133-A5 1133-A5

Unit A X 0-12 X 132 X 7.58 X 115 X Greenish
Unit B 0-5 12-22 1.41 1.28 7.45 7.70 1.26 111 Brownish Brownish
Unit C 5-57 22-218 1.46 135 7.22 7.40 116 118 Greenish Greenish
Unit D 57-72 218-231 1.61 1.62 5.21 4.83 1.45 1.50 Greenish Greenish
UnitE 72-86 231-240 1.36 1.30 6.64 7.11 1.85 171 Brownish Brownish
Unit F 86-106 240-290 1.46 1.41 7.05 7.26 1.32 1.31 Greenish Greenish
UnitG  106-135 X 131 X 7.03 X 1.65 X Light-greenish X

UnitH  135-212 X 1.48 X 7.24 X 1.28 X Brownish X

Units A, B, C, F, and H show similar characteristics in the grain size distribution curves,
which are mainly composed of 7¢ with a small amount of 5¢ (Figure 3). The grain size
distribution in each centimeter of Unit C and Unit F exhibits a broader range (Figure 3, gray
dashed line).

Compared to Unit B of OR1-1133-A5, Unit B of OR1-1068-8 contained a higher propor-
tion of 5¢ (Figure 3). Therefore, these units had similar median and sorting values, except
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for Unit B of OR1-1068-8, which had larger sorting values. In contrast, Unit:D was mainly
composed of 5¢ with a small amount of 8¢ (Figure 3), which had the largest median values
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Figure 3. Grain size distribution curves of the sediment units in OR1-1068-8 and OR1-1133-A5. The
average grain size distribution for each unit is represented by colored solid lines, while the gray
dashed lines are the grain size distribution for each centimeter within the units. Units A, B, C, F, and
H exhibit similar grain size distributions. The grain size composition for each centimeter within Unit
C and F shows greater variation. Unit D displays a relatively unimodal distribution. Unit E and Unit

G have the broadest distribution (poor sorting). The X-axis is the grain diameter (¢) and the Y-axis is
the volume percentage.

doi:10.6342/N'TU202500596



J. Mar. Sci. Eng. 2025, 13, 10 10 of 19

4.3. Clay Mineral Assemblage

Seventy-four samples were analyzed for clay mineral assemblages ifthe cores of this
study. Although the core sampling sites in this study are all locatéd inthe [‘céntrai basin of the
South China Sea, the clay mineral assemblages slightly varied bet e;eﬁdifferent locations.
The proportion of smectite was higher in OR1-1133-A1 and OR —111}‘59%C8 which were
closer to Luzon than other cores (Figure S2). The clay mineral hsséhblagéé of OR1-1068-8,
OR1-1133-A5, and OR1-1159-C1 were relatively similar, characterized by'low smectite and
kaolinite content (Figure S2).

When comparing the surface units of OR1-1068-8 and OR1-1133-A5, each unit within
the two cores exhibited distinct clay mineral compositions (Figure 4). Units A, C, D, F, and H
showed a broader distribution; some samples contained almost no smectite, which is similar
to the composition of North Borneo and North Palawan, while others showed relatively
uniform distributions of all four clay minerals, resembling the composition of the Mekong
River [28]. The composition of Unit B appeared to be a mix of samples from Luzon and other
terrestrial sources. The samples from Unit E, containing low concentrations of smectite
and kaolinite, showed notably similar clay mineral compositions to sediments from North
Borneo and North Palawan. In contrast, Unit G was characterized by notably elevated
smectite concentrations, indicating a contribution from Luzon sediment (Figure 4) [28].

Chlorite+lllite
0 1

X OR1-1133-A5 Unit A
X OR1-1133-A5 Unit B
X OR1-1133-A5 Unit C North B°"“6°2
X OR1-1133-A5 Unit D
X OR1-1133-A5 UnitE
X OR1-1133-A5 Unit F
° OR1-1068-8 Unit B
° OR1-1068-8 Unit C
° OR1-1068-8 UnitD
° OR1-1068-8 UnitE
° OR1-1068-8 Unit F

OR1-1068-8 Unit G
o OR1-1068-8 Unit H

1 0 '
Kaolinite | T T T T T | T I T Y~ Smectite
0 0.2 0.4 0.6 0.8 1

Figure 4. Ternary diagram showing clay mineral compositions (illite + chlorite, kaolinite, and
smectite). Shaded regions represent clay mineral provinces from different source areas [28]. Symbols
denote different units from cores OR1-1068-8 (dots) and OR1-1133-A5 (crosses). Unit E (black
symbols) clusters near North Borneo and North Palawan compositions. Unit G (yellow symbols)
shows stronger sedimentary influence from Luzon sources. Other units show wider distribution.

4.4. XRF-Mapping

XRF-mapping analysis was conducted on sediments with Mn enrichment layers
(Unit B and Unit E). At a depth of 83-84 cm in OR1-1068-8 (Unit E), the optical image
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revealed a mixture of large and small particles, consistent with theigrain size-analysis results
(Figures 2 and 3). Additionally, Figure 5 shows that the four most abundatit elements in
the sediments were Si, Al, Fe, and Mn, and their distribution’in the\resm‘ correlated with
the grain distribution (Figure 3). A separate XRF analysis of.allarge iment-particle in
the resin revealed that Fe was the most abundant element, follo e&b;ﬂSl Mmn, Al, and
K. Similar results were observed at the depth of 18-19 cm (Um B)aan 233—234 cm in
OR1-1133-A5 (Figure S3). However, the particles at 233-234 cm. were rioticeably smaller,
and the relative proportion of Mn was lower compared to the other two samples, although
Si, Al, Fe, K, and Mn remained the most abundant elements. Si, Al, and K are common
chemical constituents of feldspar. Fe and Mn are frequently found in sediments primarily

from detrital input and are associated with oxidizing conditions [40,41].

OR1-1068-8 83-84 cm

Mn/Fe
0 0102030405
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Figure 5. XRF mapping of core OR1-1068-8. Left: Itrax Mn/Fe ratio profile showing sampling depths
for XRF mapping (horizontal lines). Center: Resin-embedded samples with mapped areas (red boxes)
and analyzed particles (red circles). Right: Spatial distribution of major elements (Si, Al, Fe, Mn) in
mapped areas. Pie charts show elemental compositions of specific particles, with Fe being dominant,
followed by Si, Mn, Al, and K. Element distributions correlate with grain patterns, where Si, Al, and K
indicate feldspar presence, while Fe and Mn reflect detrital input under oxidizing conditions [40,41].

5. Discussion
5.1. Stratigraphic Framework and Super Typhoon Haiyan Event Stratigraphy

We constructed a composite stratigraphic section of the study area using the sedimen-
tary units established in Section 4.1 (Figures 2 and S1). The composite stratigraphic section
is mainly based on the OR1-1068-8 and OR1-1133-A5 cores with high-resolution sedimen-
tary records. Units C, D, and E are sedimentary records directly related to Super Typhoon
Haiyan. Unit E had a bimodal grain size distribution and poor sorting (Figure 3) and was
characterized by a high Mn/Fe ratio. Notably, Unit E in OR1-1068-8 exhibited the largest
particle size (Figure 3). Therefore, we suggest that Unit E was sourced from large particles
transported by Super Typhoon Haiyan, mixed with seafloor sediments. The grain size
distribution of Unit D was mainly 4-5 ¢, with relatively unimodal, well-sorted, and graded
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bedding (Figures 2 and 3), showing the characteristics of basalimud-turbidite E1 facies
proposed by Piper (1978) [42]. Unit C consisted of homogenite, mainly ﬁne-grained silt to
clay (Figure 3). Units A and B had similar properties to units €¢'and-E, with high- Mn /Fe ra-
tios, but their grain sizes clearly did not have a coarse particle Compo@t (Figures 2 and 3).
The increasing 2!°Pby, trend in Unit B suggests that deposition #cﬁ‘ﬂed between Super
Typhoon Haiyan and the sampling of core OR1-1068-8. After Super Typhoon Haiyan, the
deficiency of 2!Pb in the water column was restored, and the suspended particles that
continued to remain in the water column acted as scavengers to remove 2!'Pb in the water
column and reduce the activity of 2'°Pb that was subsequently deposited. In addition,
according to previous research, the sedimentation rate in the central basin of South China
Sea since the Last Glacial Period is 8.17 g/cm? /kyr [27]. Therefore, during the 3 years of
core sampling from OR1-1068-8 to OR1-1133-A5, the sediment thickness should have been
much less than 0.1 cm, which is significantly different from the thickness of 12 cm in Unit
A. We suggest that Units A and B were formed by the accumulation of suspended particles
remaining in the water column after Super Typhoon Haiyan.

A layer of low 2!9Pby, activity layer was observed in Units C and D, while the
highest activity was observed in all cores below the brownish layer (Figure 2; Unit F). This
feature has also been observed in previous studies of modern extreme events, such as
earthquakes and flooding [43-47]. The main sources of >!°Pb in a water column are the
input of atmospheric fallout and the radioactive decay of 2?°Ra. It is removed from the
water column through the adsorption of settling particles and enters sediments, where
it exists in the form of excess 2'°Pb. The supply of 2!°Pb in seawater for scavenging is
limited, and suspended particles in the water column may increase dramatically after an
event, leading to a dilution of the specific activity of adsorbed 2!°Pb on sediment particles.
Huh et al. (2009) [44] reported radionuclides” activities in deployed sediment trap mooring
and sediment core samples below the mooring in Gaoping Canyon during typhoons. The
study showed that, before and after Typhoon Kalmaegi, the specific activities of excess
210Pb in the lower sediment trap were 9.9 dpm/g (10 January 2008-20 March 2008) and
1.0dpm/g (8 July 2008-11 September 2008), respectively, which were an order of magnitude
different. The same phenomenon also occurred in the sediment cores below the sediment
trap. The specific activities of excess 21°Pb in surface sediments were 7.4 dpm/g (collected
on 20 March 2008) and 1.8 dpm/g (collected on 11 September 2008). Therefore, 21°Pb
trends can provide an independent proxy that can be used to identify event records in
sediments, taking advantage of having the time scales of modern instrumental records to
establish modern analogs of extreme event sedimentary records. In this study, although the
210pp profiles could not be used in sedimentation rate calculations, the existence of excess
210Pb beneath the brownish layer indicates that the sediments were within 150 years of the
present. It also supports that the sedimentary records in the upper part of the cores was
formed by a recent natural disaster. Furthermore, the OR1-1068-8 core was collected four
months after Super Typhoon Haiyan made landfall in the Philippines, during which time
there were no other major natural disasters in the area.

Units F, G, and H lay beneath the Typhoon Haiyan event layer, with Unit F found in
cores OR1-1133-A1 and OR1-1133-A5 and Units G and H present in cores OR1-1068-8, OR1-
1133-A1, and OR1-1159-C8. Unit F shared similar characteristics of elemental distribution
with Unit C; we speculate that the formation of this unit may be related to Unit G. Unit G
was another special unit in the study area. It was characterized by the highest Ca intensity
and Ca/Ti ratio and the lowest Fe and Ti intensity; the Mn intensity and Mn/Fe also
showed an increasing trend, especially in the OR1-1133-A1 core (Figure S1). In addition,
volcanic glass shards were found at a depth of 133 cm in OR1-1068-8 (Figure S4; Unit G).
We speculate that this layer may correspond to the 1991 Mount Pinatubo volcanic event
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layer [48]. Considering the distribution of cores, we found Unit:G presentin OR1-1068-8,
OR1-1133-A1, and OR1-1159-C8. Among them, the core features-of OR1:—1133—A1, located
in the north and closest to Mount Pinatubo, were the most obviotis An addition, these three
cores also had the highest smectite content. This result indirectly sﬁ:gpbrts that Units A
to E were related to Super Typhoon Haiyan. Unit H was charact qLiZé‘,d by obwious cyclic
phenomena in its Ca and Mn intensities and Ca/Ti and Mn/Fe ratios (Figurés 2 and S1).
Based on the 210Pby, profiles, Unit H was not composed by modern‘{<100 years) sediments
and consisted of non-event accumulations.

According to the Joint Typhoon Warning Center (JTWC) best track data (https://www.
metoc.navy.mil/jtwe/jtwe.html accessed on 19 December 2023), the maximum sustained
wind speed at the OR1-1159-C8 site was 222 km/h, and that at the OR1-1068-8 and OR1-
1133-A5 sites was 204 km/h, and that at the OR1-1159-C1 site was 194 km/h (Figure 1).
Similar changes were observed in the thickness of the event layers (Units C to E) of
Super Typhoon Haiyan. The thickest accumulation was located at OR1-1135-A5 (up to
228 cm), followed by OR1-1068-8 (82 cm), and the other cores were 20-24 cm. Although
the OR1-1159-CS8 site, the closest site to the Philippines, experienced the highest typhoon
intensity, only a 24 cm event layer was recorded, only a very thin Unit C (Figure S1).
This phenomenon may be related to the high wind speed at the OR1-1159-C8 site, which
made it difficult for fine suspended particles to be deposited on the seafloor. Considering
that the present-day carbonate compensation depth (CCD) of the South China Sea is
approximately 3700-4000 m [49], the water depth of the OR1-1159-CS8 site (3865 m) shows
that the foraminiferal sand in Unit C may not be an in situ product. Instead, it may have
formed from the input of sediment resuspension movements caused by the destruction
of the seafloor in shallow waters. Furthermore, the higher proportion of smectite in the
Super Typhoon Haiyan event layer may be related to the export from Luzon Island [28]
(Figure S2).

OR1-1159-C1 is located at the westernmost end of the study area, and only Units
C and E of the Super Typhoon Haiyan event layer were preserved, as well as Unit H
below them (Figure S1). Due to the area’s distance from surrounding land, the impact
of the input of events related to Super Typhoon Haiyan and Mount Pinatubo was rela-
tively small. Its overall sediment composition was consistent with the characteristics of
hemipelagic sediments.

5.2. Sediment Transport Mechanism in Super Typhoon Haiyan

Super Typhoon Haiyan created sedimentary layers 20 to 240 cm thick in the cores of
this study, and clear graded bedding was observed in the OR1-1068-8 and OR1-1133-A5
cores (Unit D, Figure 2). The clay mineral assemblages of Unit E in the OR1-1068-8 and
OR1-1133-A5 cores were similar to fluvial sediments in northern Palawan and Northern
Borneo [28] (Figure 4). If the sediments were transported from Northern Borneo to the study
area, they would have to pass through the Spratly Islands, which are rich in calcareous
ooze [27]. However, the carbonate content of these sediments was not particularly high.
Therefore, we speculate that these sediments originated from northern Palawan and the
south—central Philippines, that is, the coastal areas of the Philippines affected by storm
surges. Many previous studies have pointed out that the discovery of thick turbidite
deposits in the deep sea is usually related to the transport of turbidity currents in submarine
canyons [20,50,51]. This phenomenon has also been observed in canyon systems on the
northern slopes of the South China Sea [29,52-57]. However, the only reported canyon in
the study area is the North Palawan Canyon, which is a shelf-indenting canyon [29,30]. It
is not directly connected or near the onshore river system, which makes it very different
from the canyon systems in the northern South China Sea. Previous studies have shown
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that the sediment traps deployed in the Gaoping Canyon (42 msabove the seafloor) show
obvious graded beddings during typhoon invasion. It revealsfthat suépended particles
transported during typhoons can produce graded bedding accumulation through hydraulic
sorting [58—60]. Curcic et al. (2016) [61] reported a study of Hurricaf@-flééac, which struck
Louisiana on 29 August 2012, showing that hurricane-induced-Sto és drift had a significant
impact on the transport of near-surface water mass. Conventional'ocean ciretilation models
underestimate near-surface water mass transport under strong winds; which enhance
upper ocean transport when oil spills or other pollutants occur during hurricanes. Our
results indicate that the strong suspension caused by the large waves and currents of the
once-in-a-century Super Typhoon Haiyan [6] can carry and transport particles hundreds of
kilometers away:.

The clay mineral composition of Units A to D indicated a mixed origin, with sediments
from Luzon (Figure 4; high smectite) and North Palawan (Figure 4; high chlorite and illite)
being transported and mixed together. The graded bedding in the typhoon sequence found
in the Super Typhoon Haiyan event layer may not have been caused by the transport
of gravity flows along the seafloor but rather by the transport of suspended sediments
resulting from the extreme event-induced strong suspension, which then settled due to
gravity along the way.

5.3. Characteristics of Mn Enrichment in Super Typhoon Haiyan Event Layer

In previous studies on lake sediments, Mn enrichment at the base of typhoon layers has
often been associated with flooding events [62,63]. Since Mn is a redox-sensitive element,
the oxygen-laden underflow brought by floods may rapidly change redox conditions at
the sediment-water interface, causing dissolved Mn (II) to be oxidized into particulate Mn
(IV) and accumulate at the sediment-water interface. In this study, Mn was enriched in the
brownish layers (Units B and E) associated with Super Typhoon Haiyan (Figures 2 and 5).
However, the redox reactions at the sediment-water interface, as indicated by lake sediment
studies, may not be entirely applicable to the open ocean. In this study, we propose
additional reasons for the formation of Mn layers within the typhoon deposits.

The analysis results of clay mineral assemblages indicate that the composition of
clay minerals in Unit E, which had Mn enrichment, in the Super Typhoon Haiyan event
layer had the composition characteristics of North Palawan (Figure 4). Additionally, semi-
quantitative XRF-mapping analysis showed that Mn coexisted in the brownish layers with
Si, Al, K, and Fe in larger particles (Figure 5). Si, Al, and K are the components of K-
feldspar, which is also found in North Palawan [64]. Therefore, a high concentration of Mn
might partly contribute to the source rock composition of the Philippines. Monjardin et al.
(2022) [65] found that the accumulation of Mn in soils in Marinduque, the Philippines, is
linked to frequent typhoon-induced flooding events. Two mining disasters in 1993 and
1996 led to the abandonment of open pits and tailings storage facilities in the upper reaches
of the Boac and Mogpog Rivers, causing the contamination of groundwater and soil in the
two river basins.

The high Mn layer linked to Super Typhoon Haiyan may have been caused by the
inherent high Mn content in soil and rocks in the mining areas of the central and southern
Philippines, which were in the path of the typhoon. Additionally, it may have been
due to the oxidation of dissolved Mn (II) to Mn (IV), which was then coated on the
sediments. Murakami-Sugihara et al. (2019) [66] used geochemical and mussel shell growth
models to study environmental changes before and after the 2011 Tohoku earthquake
and tsunami. They observed that the shell Mn/Ca ratio increased significantly after the
tsunami, indicating a rapid discharge of pore water after the sediment disturbance and
the backwashing of a large amount of terrestrial material into the sea. Subsequently, the
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high Mn/Ca peak decreased, and the tsunami disturbance effectdasted fotapproximately
40 days. After the event, the Mn/Ca ratio of the shells returned:to a S:teady but higher
level than before the tsunami, indicating that the tsunami caused-ehanges in the coastal
environment, especially land subsidence and damage to levees dueto \erosion, making
the coast more susceptible to terrestrial material inputs. HencH, the fbrmation of the
Mn-rich layer was inferred to be related to the soil or rock composition'of Palawan and
the tsunami-like storm surge intrusion process of Super Typhoon 'Haiyan: This model
shows that Mn could differentiate turbidity current deposits caused by earthquake-induced
seafloor collapse from those resulting from large-scale terrigenous turbidity currents due to
flooding. On the other hand, other units below the surface of Super Typhoon Haiyan layers
also exhibited high Mn/Fe ratio characteristics (Unit G, Unit H; Figures 2 and S1). This
may indicate that these layers were also transported to the site through similar transport
processes, further demonstrating that the central basin of the South China Sea is an excellent
location for studying extreme events.

6. Conclusions

In this study, we present the first record of extreme typhoon events recorded in a
deep-sea environment; a thick event layer was discovered on the top of cores retrieved
from the South China Sea. By comparing the sedimentary records related to Super Typhoon
Haiyan, the following conclusions can be drawn:

(1) Based on OR1-1068-8 and OR1-1133-A5, we constructed a composite stratigraphic
section of the study area, including the Super Typhoon Haiyan units (Units C, D,
and E), Mount Pinatubo volcanic eruption-related unit (Unit G), and hemipelagic
sediment units (Units A, B, F, and H).

(2) The Super Typhoon Haiyan units could be divided into three units. Unit E was
characterized by a bimodal grain size distribution, poor sorting, and a high Mn
content, representing the base of the typhoon event layer. Unit D consisted mainly of
coarse-grain silt, with relatively unimodal, well-sorted, and graded bedding, showing
characteristics of basal mud-turbidite E1 facies proposed by Piper (1978) [42]. Unit C
was composed of homogenite, which consisted mainly of fine-grained silt to clay.

(8) Our results suggest that the powerful turbulence generated by the large waves and
currents of Super Typhoon Haiyan could carry and transport particles over hundreds
of kilometers. The graded bedding in the typhoon sequence deposited during Super
Typhoon Haiyan may not have been caused by gravity flows along the seafloor but
rather by the transport of suspended sediments due to the intense turbulence caused
by the extreme event. These suspended particles then settled due to hydraulic sorting
in the water column.

(4) The Mn-rich layer was formed due to the soil and rock composition of the central and
south Philippines, and it was primarily transported by the tsunami-like storm surge of
Super Typhoon Haiyan. This feature could be used as a proxy to differentiate between
large-scale event deposits caused by earthquake-induced seafloor mass wasting and
flooding-related turbidity currents.

(5) These research results indicate that sediment records have the potential to reconstruct
the history of extreme events and provide new insights into the history of super-
typhoons in the Western Pacific.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/jmse13010010/s1. Figure S1: X-radiograph, surface image, bulk
density, grain size median, sorting, Itrax Mn/Fe ratio, and Itrax Ca/Ti ratio profiles of each core in
this study. Sedimentary units correspond to properties of sediments. Different sediment units are
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indicated by different colors. Figure S2: Ternary diagram of major clayymineral components (illite +
chlorite, kaolinite, and smectite). Different shades of color show differéntgprovinees’of clay mineral
end-member assemblages in different source regions [28] Different colors of dots represent different
cores. Figure S3: XRF mapping results. The profile on the left dlsplayswtlgltﬂax Mn/Fe ratio of
OR1-1133-A5, with horizontal lines indicating the sampling depths for XR nthppl;ng The red boxes
in the resin images highlight the areas subjected to XRF mapping. Speafiq partlclés eticircled in red
were analyzed for elemental distribution, and the results are presented in:the lower pie charts. On
the right, the distribution maps show the four most abundant elements” distribution in the resin.
Figure S4: A photo of the OR1-1068-8 133-134 cm sediment taken using a polarized microscope.
Under Crossed Nicols, volcanic glass in the center of the photo exhibits complete extinction, which is

a characteristic feature of volcanic glass.
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