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A 4400-Year-Old Extreme Paleo-Storm Surge Recorded in the Dongzhai Port Chenier, Hainan Island, China

Abstract: [Objective] Establishing a long-term typhoon sequence by identifying ancient storm surge records and
extreme storm surge elevation events holds significant scientific and practical importance for predicting the future
storm disasters. Current research on storm surge deposits has predominantly focused on the eastern part of Hainan
Island, with relatively limited attention given to the extreme storm disasters in the coastal bays and estuaries along the
Qiongzhou Strait, which are the most severely affected by storm surges. [Methods] This study takes the 3.2 m-thick
shell ridge in Wushu Village, Dongzhai Port, located in the southern part of Puqian Bay on Hainan Island, as the
research object. Through an analysis of sedimentary structures, shell origins, AMS '“C dating of shells, analysis of
geochemical indicators and micro paleontological analysis, it is concluded that the shell ridge records a super-strong
storm surge and extreme surge elevation event that occurred 4,400 years ago. The deposition of the shell ridge in
Waushu Village occurred on the Late Pleistocene coastal plain landward of the Holocene high-sea-level paleo-coastline.
[Results] The "“C ages of nine shells range from 4,402 to 6,647 a B.P., showing age inversions and the coexistence of
older and younger shells. The shells are well-sorted and exhibit hummocky bedding, parallel bedding, wavy bedding,
scour surfaces, and soft sediment deformation structures. [Conclusion] Comparative analysis of fossil species and shell
1C ages between the shell ridge and drilling core samples from the new coastal plain of Dongzhai Port indicates that
the fossils in the shell ridge originated from the nearby sedimentary layers of the Puqgian Bay estuary. A comprehensive
analysis of the fossil ages, erosional scour surfaces, soft sediment deformation structures, and Holocene sea-level
changes suggests that the shell ridge in Wushu Village was formed through multiple storm-induced aggradations
occurring 4,400 years ago. Based on the elevation of the highest storm deposit pinch-out point, it is determined that the
storm surge height reached at least 5.5 meters. This surge height is close to the extraordinary storm surge height (5.9
meters) recorded in Leizhou Bay during Typhoon 8007, which crossed the Qiongzhou Strait in 1980. [Significance]
This study provides crucial scientific evidence for the prevention and mitigation of extreme storm surge disasters in

Hainan, offering valuable insights for regional disaster risk reduction and coastal management.
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Figure 1. Location of the Paleo-shoreline and the Storm Surge Chenier Profile within the Dongzhai Port
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Figure 2. The Locations of '*C Dating Samples and Sedimentary Structural Characteristics of the Shell Ridge in Wushu Village
An-Anadara granosa (Linne); Pl-Placuna Placenta Linne; S-Silt and fine sand; So-Bedding; S;-Deformed bedding; Ea-Erosive
surface; Eb-Late scour surface; bs-Ball structure; gc-Gutter cast; fs-Flame structure; Red circles-Sampling locations for “C dating;
WSC-1~9 -Sample numbers for "“C dating.

a-Geomorphic position of the shell ridge; b-Sedimentary structures of the shell ridge and the locations of "C dating samples for SU2 and
SU3 units; c-Sedimentary structures of the shell ridge and the locations of '“C dating samples for SU1 units; d-Scour surfaces and
sedimentary structures; e-Scour surfaces and associated deformed structures; f-Occurrence and preservation conditions of Anadara

granosa (Linne) and Placuna Placenta Linne.
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Figure 3. Sampling locations and fossil characteristics of the shell ridge and beachrock in Wushu Village
An-Anadara granosa (Linne); Pl-Placuna Placenta Linne; md-Marine deposit; cd-Continental deposit; 1d-lag deposit in ZK13-6 boring
core; Ea-Erosive surface
a-lag deposit in ZK13-6 boring core; b-Geochemical sampling points of the shell ridge in Wushu Village ; c-Intact Anadara granosa
(Linne) and Placuna Placenta Linne fossils preserved in the shell ridge of Wushu Village; d-Marine deposit rich in Placuna Placenta
Linne fossils and overlying continental deposit in the new coastal plain of Dongzhai Port ; e-Well-preserved Placuna Placenta Linne

fossils in the silty silt deposit layer.
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Tab.1 AMS "“C dating results of shells in the shell ridge and borehole cores of Wushu Village, Dongzhai Port, Hainan
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Figure 4. Variation of AMS "“C Ages with Depth in the Shell Ridge of Wushu Village, along with Geochemical Indicators

An-Anadara granosa (Linne); Pl-Placuna Placenta Linne; md-Marine deposit; cd-Continental deposit; 1d-lag deposit in ZK13-6 boring
core; Ea-Erosive surface

a-Graph showing the variation of AMS "C ages with depth in the shell ridge of Wushu Village; b-Comparative Graph of Geochemical

Indicators Among the Stratum of Borehole ZK 13-6, Shell Ridge, and Beachrock

*2 SR NERMARMRMETRYITRSE (we) 58%

Tab.2 Element contents (pg/g) and parameters of sediments from the shell ridge in Wushu Village and different sedimentary

environments

FEah 5 RE/cm Rb Sr Ba | Sr/Ba | St/Rb | LREE/REE | ZREE | &Ce

WSC-1 310 173 | 768 109 | 7.05 | 4439 7.29 5427 | 0.95
HX13-6-3 50 747 | 533 | 271 | 019 | 071 8.90 80.02 | 0.95
HX13-6-4 75 772 | 521 | 246 | 021 | 0.67 8.43 7221 | 0.87
HX13-6-5 100 66.1 | 48.1 | 212 | 023 | 0.73 8.92 183.18 | 0.92
ZK13-6-27 118 81.4 | 665 | 259 | 026 | 0.82 / / /
HX13-6-6 125 90.7 | 739 | 273 | 027 | 0.81 9.31 135.10 | 0.89
ZK13-6-28 145 82 | 715 | 253 | 028 | 0.87 / / /
HX13-6-7 150 67.1 | 147 | 236 | 062 | 2.19 9.11 117.70 | 0.92
ZK13-6-25 162 69.3 | 235 | 215 | 1.09 | 3.39 / / /
ZK13-6-26 173 747 | 219 | 226 | 097 | 2.93 / / /
HX13-6-8 175 110 | 119 | 333 | 036 | 1.08 9.26 180.89 | 0.96
ZK13-6-30 185 103 | 924 | 324 | 0.29 0.9 / / /
ZK13-6-29 193 116 | 101 348 | 029 | 0.87 / / /




B /A0 26 A

0.1 | | | |

La Ce Pr Nd

K5 B#AT Iz

Eu

Tb

RETETEIRYHE LT RELEXE

HX13-6-9 200 924 | 111 316 | 035 1.17 9.38 151.69 | 0.94 | 0.92
HX13-6-10 225 110 143 345 | 041 1.30 9.49 166.44 | 0.93 | 0.88
HX13-6-11 250 97.7 | 104 314 | 033 1.06 9.58 157.25 | 0.90 | 0.96
HX13-6-12 275 98.7 | 101 322 | 031 1.02 9.46 148.58 | 0.89 | 0.91
HX13-6-13 300 934 | 113 326 | 0.35 1.21 9.79 157.76 | 0.93 | 0.93
ZK13-6 & FHEE 88.4 | 108.8 | 283 0.40 1.28 9.24 140.98 | 0.92 | 0.91
AR E R GRX—PFH,  BBBHA, 1993) 90 200 510 0.39 222 / / / /
MR R GR—FH%E, 2002) 122 128 342 0.37 1.05 / / / /
PR ZE (EIRAESE, 2020) / / / / / 10.3 164.77 | 0.86 | 0.97
FRTA AL (EFETE, 2022) 139 171 593 0.29 1.23 9.08 180 1.00 | 0.67
TR PEFAR L GRi, 2013) / 309 | 2967 | 0.10 / 3.62 56434 | 032 | 1.14
PEACSFEEES R R (B4, 2013) / 1082 | 605 0.56 / 3.85 3758 | 042 | 1.26
PP PR (R4, 2013) / 154 1152 | 0.13 / 5.91 21578 | 0.74 | 1.17
1)
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Fig. 5: Rare Earth Element Distribution Pattern Diagram of Sediments from the Shell Ridge in Wushu Village and Different Environmental

Settings
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A A A A 2 ) RGBT I BB, B2 N T8 22 L SE [ S5y U PTARARF 98 (Cochran
etal., 2005) . ZRIEHHIIL ZK13-6 VIFE4i IR 20 g TR A LRMA N 4-88 M, EENRIAER (E
advenum) - JEMIFEE R (E. limpidum) LG R (A beccarii) MHIMEBFEH (A maruhasii) 25 7KIFFXT
BORH Sk A iR e, DURMIEZE N, EEE T RMEIAEEALRA, PURKTTR N E,
T SR Fh A L H B B DL 7 46 3R JE DT IA R AR A, TR I R DR P = iR 1 45

4 ik



4.1 NFERKE

KHALASK, DSESRB 2P IR T RS (E225%, 2025) , SRR TLSEig g il
H TP g MEs , IR tma A 2K (AR, 1988; FEASE, 1991) . B XE
DURBE AL RE RN (VREE, 1997) , KILHEE R DUFESR A2 R . 0 T T8 A0 P HEAR S5 22 Bl IR (7 65
A, 2025) , IFANRIIMSEEAMIESBEZN , MEXEHEENRMR (Yanectal., 1989) . RIEEL
THFVIHE R BRI AR KRB A CRIERESE, 2015; 5K&5%, 2022; LIRS, 2024) , [, 5
REAST DUFE 52 [ R IR B 28 o L

TR Z 3 H XRIR 7 AR R SR G K RTE R, BRI 2 KB DTAR I LR R)iE (Bose etal., 1986) o 3
BEA DSEsR B FR S R0 Fe A I K AR AR TG S R BT M, EEPITEHENKE R T
SRS M RBUTRLE (Morton, 2007) o ZRFEHEHNEHE T IR E B0 R B R B IR IR B ) SR AR AR il 7t
THURN L7448 5% 2 S5 TR A 1 S B DU, RO 7R 8] VS IR 2 A2 7 RE IR e R SSGE AR o [RIR S
XPECAT AN, DUAR4E SRR S N Febe b 1) DL Sefl 8 SR AR, S it DL A SRR 41 3 [l e R ve] 19 . I
FEAEWS BT LA B B I G SR D52 iR B R s ME AR e o, KA A A R U i 5 43 )2 HERY
WR TFRE T T XEMANTRIFIEE |, Az 58 A a5 AR R I e TR i A AR e S 52 %, 7E9s
FUBIRAE R TR R AE BB B ik, DUSE SR URR T3V g 1 5 vt ¥ o 208 P P 6 B T 22 Vi it o i vy it
12 IR -

FERGE PR FE T, G ] R0 R AR R X ER DT 2 75 B AR R e 2 — (SR e 5%, 2010) o JET
AN R i 3R T 5 R AT AT R, B N Ah R g T R T X iR SRR DU S e s () SO A,
2021; ZEWRIAE, 2022) , HEAEFERESHX , BEEKE ST~ SRR LAX 7
(Nelson etal., 1996 ) , VISEIRMIUIRGIE . PIFRIR . “C FFRS L5 M K DI e MR AR TSR I, DA DLSese A
FRDTRRRHIE,  HHBIRAL 2248 ARG VR 70 25 0 20 A5 X S B 1) 7 2R S B M b — 20 e O R AT o RN
YR T DA T P B A A LA B8 TK (Long etal., 1989) , T RV A WG ML LT+ ZEJLE K (Goff
etal., 2012) , SRR DISEIR R0 RL, Min ARG EMEERE, BA7E X JUR EE .

4.2 NREEHLERE

TRV S KRR I IR R NN SRR E N B3 &% M HITRE R, KB
558 Z AR b e e AR Ty W DU P R DL ) R AR I T EE T HE AR, IR OB DL SR VR AR ORI B X R i
FEEA FHEPR DLFE ) MC R AR AT BT sl BTl AR Se bRk 4RI 1] (Bondevik etal., 1997) , BT 5%
5 Al B35 i I RO SRR B, A R N DL T B AR AR I AR SRR A SR g O AT AE ¢ (Ishizawa et
al., 2020) o A DLIFESE 9 AN DL AMS HC FEAZ IEF R BT 4402~6647 a B.P.Z [H], H A HFE M 5T
HC R E R IEAERS (4402 a B.P) AL TJEHE 310 om VRFEAL, ZEREMNANE T KGR FH4E & B A .

GRS DUE SR TR IS o, D3 SRR B 2 [AEAE R A R T, HAE Rl fE T B
KB AMEER, FRIIGFEEKERGTRZTRAER, DFesd iz M) E) 5 s 5o H— ORI TR Y
B CEONSE, 20100 , JEAFERAN “BSE” F1 MRS ” R R EFIE KSR SR, — IRXERE] B4 H LS K
Wl (HHEKHAKRHI—K CREESE, 2015) , Kk, DFesgd Rl & s m A g MoK T — kK2
AR S S KR TR S TEAE . BEFE R, R JME At d g1 1 LU I AP T = 2 m Ao
(5k#H%%, 2022) , HPHTE4.4kaB. PG R (EEARL, 2024) , DISERUIARTEER N 64.36~18.8 ka i
e BB R R  (H RS, 2019) , DSEIRILAGIR N 3.3~7.5 m (HEARAESE, 1988) , HHMbHEN Ul3k
S TR AT v v TR 3 m Ay, ERAR RTINS MK AT DL R B USRI, I T T ORI AR TE GG, 2K
AT A T R DL 58 3 v 1 RS TR A 3 S AR AR AR T S & 3 . 3 A DGR DT e R FE R B4 o 1.2
m. 035 m M 1.7 m, HH4R0H 23 F0 A TR B0 J5 B2 5 v v A v X ) DL 7 i B 4 X 9 TR B e JE P R AR
—8 (CENSE, 2010) 5 2 AR T B A H i 1R R 3 v Rl TR 2 sz Bk DL 52 38 22 /0 jly = 0 AR W O AR AR 1 e
W T JFE R E N 0.53~0.96 m IR K C Ve BB I |2 R B S A HUR AL 6 3 S MR I Wi (25 PHEE
2022) , MREEAL TR A RIAR A i B DL 523 2RI IS (0 iR . i A AR AR IR 2 78
AR AR AMS “C FER IEAER 4 3503.5 a BP. (EEANZE, 2024) , X ERGFHZE IR 52 3 X 5 58



FUPP RIS AR, 1 DL 5238 T R TR A 2 T B2 /T, DUSEHR I R 8] )1 BR B2 3500 a B.P.,  FH It B
NFESEIE AT 4400~3500 a B.PHME], an 4 DL5esi 3 MU a5 e P B R BR300 4F, &3] 5T
SEFARIEEE N 42 m (FEARZEAE, 1988) , AREAM VIFehe BEfsh R /Ui, S5G T HEIL SR 5 I VE AT
5 IR TTARVH EHPI E R R R 2 180 47, 1 A M55 g sk i AN LA 1 7 g XU W S A (200
) B, XA G ERE M e [ RSP R £ IS 5 T TS T R v AR B K
4.3 MR EEKSEMIT

IR LA S PRI, ZRIEHEHIX 15.3~4.4 ka B. PR NIEEE IR (ERALE, 2024) , DIFEHE
ALl g R R BT AR 9 3~8 m AR BB VP 5 b AR 2 RN R 1 2 4 B R, A s I XU R ) 4
K H AR VTS BT 19, 40 2014 4 1409 5 5m & X “ g7 G R R S E I BAREELR I B, (HAEARZE
I VS TS R VLR — T i m i AR IA ) 4.58 m (f1E2E%5, 2015) , 1980 4F B M IS 23 ) 8007 5
G XA R VRIEIE | R W K], B SR S B A0A R 5.94 m, 2R ESS ik py sl 201 & &
KRN, BWIAKIAR] 5.9 m (BEALLE, 20200 , X2 R B XGRS Bl 0 Bl 0 U A% 46 B0 sl i, IR
IKIRAR AN P22, AR e i e B AR i e R MR FE A G 7K o R, 57 VR 10 1 g A At 7 i X 2
HHTA) A H IR g R RS K, 25 R B S A DL A2 3R TR I P TH] LL ISP = 2 m /24 OBk ER5E, 2022) ,
FESETER B LN 7.5 m,  FH 35y AR TR AR K R mT DA s R 3K B FE 22 /DB 5.5 m, 2301 8007 5 & X
TE B NV AR R O X R T 1 /K s

5 %

U P R Z S A DL SR TR B DORRAGIE o LSRR MRk 5 5 AR08 5 1 S5 25 S TR R U RRRAE
D13 HC AR B MR TR A T 4400 4E1T, 45T 3500 5201, 3.2 m JEH L5232 IR XEINFLT T i, X
FWIAIRIZE ] 1 2 5K AR A IR F o AR A XUTR A AR IS 0 ol P T e 2 5 MR DT A 5, Rl oK
FEZRAILE] 55 m, 58007 5 G LT ML 5.9 m BRI K S BT . R ZEHE 4400 4 i AR Iy 200 1 /K S5
SARAE AR “ Bk ARG RO AR R RERAE B 0k T e U T R 1 VS A Al i e ) 18 7K )
RIX, G RN IR AP 6 AR A 5 FE M T o o AR I /K o DRI, B SR 5 KGR I XU 3 7K 7T e
XoF U A B OR P T A 75 B S AR AL, ) M i 184 7K S SR 5 Sk — A5 IR AT 5
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