#2346 4
2018 4F 10 H R ) 1

CiiE-BE

DOI;10.3969/j.issn.1672-9854.2018.04.001 X EHR S : 1672-9854(2018)-04-0001-14

Jﬁﬂﬂ‘lfklyfﬁtﬂﬁﬁﬂﬁ, AR KDL ﬂlﬂfjuﬁ‘la

B 8AE R EAM B M AR KA GBE B R

1 EPIEIE{FHMJH%&F%H%[%, 2 *Elﬂ%f%ni%?’iﬂ% 5TV

# E AR (Cyclic Steps) & 48 it AR B K BCR (KK R >1) Bl BT B m AR, LAAK
Rt RIER A AT LB W, BT R SR B % 0y AR R T R S B R I DL B R £ R NE #
EAHE R AR EANETEE ek KPERER K K F 09 H N RARAE B R T And ok A7 kAR
= f N ek O R BB A A R TS T A R R s H E E A AT B R R H R ORI A K
7Y 89 B B I AR RN R LR R LK) TR B AR SR IR B R SRR IR 0 IX Akl Atk IR A A B B
RAEX A (KK TR, kR LK), AHENKERE Rmm R XREXTRNL TR EZYH, T EM
RORA YT EIFHIE A - RSB AR R R A A AR R ACH St B S R AT LA 4 § & X,
KR BABER, RIS R, RE, KRR

FESES . TEL22.2 XERARIRAD A

1\ R Toik HAH K TURR I i BT M X ST
XTGOK TS BB A TRA | BER HARIKFAN BT

B RERTOKIN IR WA RS BOKTURE 3271, HATC 2R SEE R H AR Rk 2 BT
JEBORBRZ M Z BN E PR A A R R VIOCH T T OKTURB TS 2] H AR R Ay - 7K
TR BT RAEOR A THOKIX H ETURESHEIT, XTI MRS e 2 = (&
&, BOKUTRIII S — A — N E RIS — 1) R ORI R iR SOy B i i) H

160°W 120°W 80°W 40°W 40°K 80°K 120°K 160°K
fi . . . — _ _ .

[0 | e st BRI L BRI (0 B AT SCHR 1 JELSIVRE B ST B 9 50 (B 1B B 415 3 B 5)
1 2KBREMHARS 7 E (FEXHE[13]18 %)

Wk BT, 2017-11-12; ¥l . 2018-03-23

AR SCZ P E A AR AR U SN T T A 5 OB R BT S (45 . 2016D-4303 ) FEI 5K A SARF A G 30T H “ B
T A TROK ) DT AR 1l A LA 5 R LB (40 5 . 41576049 ) BE 1

#0v B . 1983 4F71:, 2008 4F 4K R R (Lm0 82407, TR, 58 M ROK TR I RIUFSE, Sl (5Hedlk . 310023 #IVLA bt
T PE I X PR B 920 75 E-mail: xuxy_hz@petrochina.com.cn

MARINE ORICIN PETROLEUM CSGEOLOCY

PDF SC{H{#i ] "pdfFactory Pro" i A6 www. Fineprint.cn



http://www.fineprint.cn

2

ZoH AR B RRE 2 — 38T H AR XX 2L T 1)
IR 53 FIE AL 15 SR Bk = G2 — IR 38 X
TR IR LRI | L R0 A5k Bt 2 Vi TR K T A=)
PRI | 15 1 b 72 B R 22 R DR 500 25
A BE RT3, AT & B T I e 23 — /K 38 v
WERE —FRINGURIIEIE , BRI/ N — |
FRRUERE M ) RS, IXCRIRTE B R R T
T ) e B R T, AT T BRI Sk I
TE R R BB IR (Cyclic Steps) e, 33X K itk
(R > Ho ) L # (S 70113000 £
A LR 43 A TRV VS () W A8 7K F K GE - e A it
AR SS R BT 2 ([K2)

B
A
ABaT SR

B2 XEBGRKTRERENRTH—MRER
(FEXk[2011&8%)

SRS IS AR TR AT AR A
SO P AR R P B DRI BRI L K A R
TR, [ BT 5 | g 1 5 X JR S B S f 5
SEA] IR AT R T IO R R 2R LK
EANTERBE DS GOK TR P ) 1R A0 B2

2 [EEAMEM X BO4FAE
2.1 ISR

I FHi7 (Supercritical Flow) | It 1A i s B 4 it
BEAERE R | AR 12 3B 55 154 (Froude Num
ber, FFr 7= ) R FIWr . P> 10, AR A I FHA
MEr<Ai ARG AR . /K ER (Hydraulic Jump) /&
TART 2 I — RPN G | S R b A A P I
FLHURAS P A () S0 I SRS I AR A sk o 2
SRAENG | GRS sl R v 25 T I B e i o #hg
T RS AT BH S T R S BROAKER

TFHIR A H T 2018 4F 56 23 & 5 4 1

PO A AR T SRR AT DLGE I % B 30 97 TR
(Fro) RZRAE, Fry J&— N0 R 408K, STt mit: Jy Fnig
FIHHAE X HUF IG5 4 A 25 B 1 5 Pk 1 B b
PROFHEE . PRFTAA  2Y Fro>1 BF BRI F U
M Fro<d B FRODEIG S0, I Sk i 2 5
MR A | 3E 3 N K BR (Internal Hydraulic Jumps)
XAAESI A S 2 N KBRS G i v (A4
TE—N9% BE AR A PAEE A T BT & AR 7K R, I
SR AR WA K BES AR W, | S Sk i
TEZ R iR DX 1) 7K ANk rp i L2280

2.2 JAIBITERT REFAIE

JEHIER R —TrlEe i ParkerfE 19964 4 Hi 24 i
FBFAEEA T K RS B0 B B —
M T A — R n LT R & BIRETE , H
B—6MRET —MRBIGF R, HFEZER
A K ER AT TR TR TEFR A JE 303 B ac

TREIEE S L B IR A S ST B, R BA I
ROERAEE>), RIEREET L KREILTK),
L 1) RS B RRAE Bk 2 8] LA N K R h B
PR 7K BR A A 7 I TS 97 T AT 3 T ) 38 Ao i )
(E3) , e R AT Bk ) B 7 B0t ke Ay e I
TR (B 2 AR B S S AT B R AR K
B, TREIRGTE A G S I, I G b e sz AR
XRTE Z R R A TR sk i o240

bR il
K =

eV
S —— 2N\

PR o]

A e N\

. ——— —
TN

Fr,
o= N W

B3 FHMEMIRERS 2 E S8 (Fry) ST
RERE (EXER[17,25]11830)

DU e — MBS RIMES )12 B TRk
R EEKRZE TR R LR E B EK) WK
BCNXTRRIY 1] LI A% i P R R 22 iR
Wl & B AEAE BRI M IS B T AR KGE | KR
SRS T3 T IS Sh e 4y vt v] UL Er A B DR
P SI([E 2), Wynn 2 GTRR I BRI
Y43 3 2 L JRS TR A DAL bt A R PR Al 3 A R P

PDF SCH# ] "pdfFactory Pro™ X RAG)E www. Fineprint.cn


http://www.fineprint.cn

PE/NTIEE R B AR A B AR K ORI Y 7 )

FEHE— AR YRR BRL RS BT &4 3 4043
Ak FURLR 225 . (1) 4R IR DU %, PR AT 3k
10 km, P = AT 35150 my (2) MUK T DTSk, D
BN, — M /NF200 m, = ILOK  (3) 4k i T AR
Yri WK AT RT7 km, 555 AT 3R80 m (4) LR U T
FRY0% D8 5 1k 1 km, J% 3810 m, Symons ()
A BE I AR Toh T UURR TR A IR R T AN AR
R ERPCRISTE GF R TR
SRR TR i (A HL A iz | R R 1
— R ELAT ) T AR RS A, HRIFRAH
TR SR REH AR B 30 1 AL, AR S Wynn %5 i) 43
J5l200 FEHAME B IR N 12 S8 T D R TR 8 S
W IRBE ST LA, TSN )2 A BE AR 1T LT
B AR DR SR M R SRR XX SR T A 4
A — R R R IR 2 H

3

TE—3T (BT 4 M1 38 85 T B AR B FHK 3 -
I R , R — R B FR BRI (L
HEILTK, P L2 E k) bl 7e 21
AN FRIERCA IS, EAE 20 S h HIAR MR AT
ok, BRI A BB AU R M S T AR B A AR (—
FARSE S PRI TR S AL BT EA T B S ) IAFoE 36
B, o ] R T A YA Yo TR G ) A2 ol Y ] B
Igj/l\jj—’\[lﬁ,%:o

Fildani & 0%} 3 [ 54 B 7K 3H W% 15 (Shep-
ard Mender) ZMU ) kil R AT TR 64T T BIFSE
TAA U A M) ) v ) A AT CRR A I8 S b
ARG FEh T A R I Bk I e S AR B
AR T, BB T DU E I B R R AR ih
AU HPERY ER e (14, B B ) HERS | DURL AL &
HIPER AR G2 A7 BT 1) AR, ARl e
YRR RN TE S 7 B AN ) 4200

400 = ” -
. EREPA i Z B
(al) PR TEFA B AN Bl
350 F — (=0h
c —_— X 1:48{:
—_— x  t=96
gﬁ 300 s« r=144h
E A t=192h
= 25
B
200

150

B B/km
23 REEg B
e g e T[]
(a2) W 3B SO AL Z '
p— =48 h
— t=96h
t=144h
ey (=192 h
1 i 1 1 1 1
0 3 6 9 12 15 18 21

& /km

400 - -
. o RKRE ER AE
(b1) FUiR R AL AL =
350 — (=0h
= x  t=48h
g —_ x t=96h
: 300 o t=144h
EIE — s (=192h
&
I= 250 4 —
BS
200
150 1 1 | 1
0 3 6 9 12
B 8 /km
23 e i RERE B8
(b2) B3 IR AL
20 a— t=48h
—_ t=96h
(=144 h
:-1'5 i t=192h
ke
10 F
05
1 1 1 1 1 1
0 3 6 9 12 15 18 21
2 /km

(a) PRSI JE HH 1 B R

(b) B4 B4 Ji B PE B 2

B4 IRET SSRGS TS FRETREN S FEI MMk (#R30 k[ 16, 35118 %)

e SIIVE BT ORIE O A T, RV B9 I
FUREFFA—E WSROI Y, i i
PRIZKER i 573k 02 A2 DA S s LT , SR P 3k
FeAR g MR R PR IME S AR KR -0
R TSP I Y 7 A 2 5 (RS 4110350 35
AR B AL 12000 Wy PRSI 2657 e B
0 o2 [ ) R T BT B UE S, b B
N0 73 TG W A - 7K TEIoh 3 A R i B AR 22 10 i

o JEL P I AR 915 S I WL 0 A A JRE T (L
HHEF AR Sk OB UREE B UM RRIE— B TRA
2.3 JAIGITEBY S5 A I S it RS 119
K&
VR JEG PRI TR T 0 I A % (2
I S I B A B FiX—Fh . Cartigny
SO RSN KRS | D0 RS TR e

PDF SCH# ] "pdfFactory Pro™ X RAG)E www. Fineprint.cn


http://www.fineprint.cn

4

AT BETE L2 | G FRE W4TV - (Stable
Antidune) A F2E 11170 B (Unstable Antidune)

TFHIR A T 2018 4F 2 23 & 2 4 4

i (Chutes and Pools) F1Ji ] #4£ Bir 32X (Cyclic Steps),
FEXFA I R DA T T HE4N I 14 (&S

BN RFRICE

Rz

(a) REHTHE

FEDT T KA POE S S IOEBIR 20, 8 TR, FOKERESA IR, 1

AFEEWATIS 1T

(b) RREHFTIH
RSN, AKEEEFUOE IR A — B2 (e, SBOKEIOE I I, B

FRE LB

TRBEONE

EFEBBIERR

U R, S HT A U

A T BESEAL AR I IR . ALK BRFIBE S T 2% T s (EAL T Be iR 5 i IR - RS Tt [ i b

L5

RERBIEFR

(d) BHEME R R
JESATE B DRI LTI s EARARML, SOTEBES A NG, TRt I S e, B A2 AR K ER
P 21 LTS, (e ) ] e W e 4 D A b A e B BS LA UG, HAS P

Es #BIE SRR o £ R E (HE 3 ak[40]f8%)

Cartigny~5 IS T 1T & 2R AT S8 I Ao
JETE Y SCER TR, 254 B CKIER I S5 1 i
WTIRIE S AR DURYIRLE M C R (Kl6) , I
FHREZRZ: 1 JE SR B ORI b TR 1l ) 38 B R B
JFE )t e T L BRI S s I )R

r%/ﬁ, SR, S —BOR T AT Z B O Y
R JEE 3 YR R S B A £ 3 B R Fe g
TGS AT VD o T A RE AR, KRR AD S 56
SR ERU) TT@'J T LR RIEBR BRI | iR
PR ATV I

i$a+

N

PDF SCH# ] "pdfFactory Pro™ X RAG)E www. Fineprint.cn



http://www.fineprint.cn

VE/INGEAE SR IPE R P RRAE B X R K SRR BIF FE 14 2 L

4 r r —
WML 0.6~0.1m

. C mmtm
@ %'}@
n~-- -
= | === 8"'5————}”/- & Aﬁﬁ?][\&
" Pt & . AS w
= th _%—— N A A
£ A ° -
= ¢ o
= ®
=

008 0.1 0.2 0.4 0.6 0.
WOk B A2 /mm
JEFE KT FE¥FE MR Eh EEMER
Cartigny 323" ° A n o
FHoth sCik ® A L] o

El6 BIRSHRIR SRR TR K R B (HE3CHk[40]1E2T)

SRIRAEACKE 2R P ] LRI04 700 o R A1) )
PR BTG R R i T EA TSR, HAR

123°W 122°W
L

(b) B A Jo TR R

5

Hg i LI AR AL B7E SCPRBTRE P U
FHEZ BN TRIFAR S, NITESE RS
T AR BTG IR IR, Takiss g 2 i
R R R R S A — Bl BR A 0, HRE
FlBE A7 B BAE N KR8 A L35

3 FEREMRAR LG

oK HEL 5 [ - 5 R g A A e X A B P ERA
JE SRR IR A S48, LU H R R SORTE Y

SOE SRSy STEHL A

20MEZE704RAREIK,, ATtk sn Al e Je
TR RIS UM 2] ol 56 [ [ K PR
BRI RAE M Z PR IRES, R T 55858
RIRSEDIBUSC Y DU (K 72, B EAHEA) DU
Wil PRI GE 5 7 e 25 L I DS RS A, 29 )L
TR LRI S K T 7 1) WA iR, 2 mT e Eh

A A

3.1

3550 L L L L L L )
0 3 6 9 12 15 18 21
5 #/km
(o) BEHETE AR it T
FARE K eE
1501 (1) FEdk BRI L AL Py

0 3 6 9 12 15 18 21

B #/km
HE HE
s0 (=48 h
O (d2) R IR T ERCE AL : = ?ﬁh

t=192h

0 ; ‘6 I9 ll2 1‘5 1I8 2‘1
BB B/km
() T I 3t 500 00 7 S AS I 25 5

E7 EEZREE FRKIERER MR G (#ETEk 201185

PDF SCFA#H “pdfFactory Pro™ i JHARASE% www. Fineprint.cn



http://www.fineprint.cn

6

FARSL I W R AR A 2T Normark 25 A Ay i
P TS ARG R B DU 2 i R I Sk T B
M TP

Fildani %51 FH Kostic 5 9 HE 37 EL (BB TR JiE
AT S R B A T A A R 8 (LR A e R TR AR
JEVHAPE BRI 7 ] R 1 DR i e — 1) A
W R (583~5 km, 1K 3~6 km , 7%£80~200 m) VI KT | i%
S 44 M 52T AR /KB (K1 7a, b)), Fildani 1o
SN 5 3 B R B S B S B AR IS, Aok
V8-SR RE TR 2R 7K 1 v RS it o Ay 4 Tl 8 ] ST B 4
(FE7c,7d) , B KT HH i s B4 i A ol a5 Ot v )
Rl E DRI . Fildani S50 406 SRR 4 /K8
442 b 75 ) S A I — 2 i R A BT /K G TR 1 90
TRBYBE (EI8a) , B 18 i I It AN BT & i | 42 (il 764 )]
JOT I B IR RT B2 T A R I LK ([l 8b) , IR
AL A S 7K (FI8e)

Paull 55 53 i 4k sh Lo A EK FHESF
B WESE T SR W SIS B i DU 0 (9 i T
IKER300 mZE AT, TR B I 2950 m, B =5 LK
P BB ARIL A DU TR AL & T 8 1 i,
Paull 5 S | ORI 1T B 58 R B e 45 1 358
TS A5 | T B I S AR I SRk i 5

TFHIR A H T 2018 4F 56 23 & 5 4 1

FEFES ) EFF1E
Eg E%??kA‘ iw
} A A'
O 00 A~
s A
(b) )
W T~ 8, 7
K 5 —
B
g & E Y
i M C c
iH C

B8 EmBEBRMEMIRBINATHKENELTEE
(#ECHK[4411870)

B A i IR, X — AR RO TS
WA BLAR M P AN TURR R R S B AT 25 A 1B
P, LB B IR TURR BRI OGRS (9 . Cartigny 552
A FH 50 A 4 T D RSB R I 1 0 I B A
Ui, UEW] T SRR R WA DU A S Il AR
FIOKER ™ A B SRS B IR T 25— B, See iy
K TREEBIFSE N 53 B TN R JE M H S e 45 Hht &
BT AL DLAR )| ik 2 T JA 3 P AR Tl
TELAERFIR IR S Wi R rh R T B AR

(b) U A S J] S 2 B 3¢ Dy 3 R

(c) SRR T 04 A K N AT 4%
B9 FREFFRBRABEIEHAMEM R LG (FECA[15118%0)

PDF SCH# ] "pdfFactory Pro™ X RAG)E www. Fineprint.cn



http://www.fineprint.cn

VE/NGEAE T R TEB R0 fiF S HXRHAROK RIS 114 2 5L

Vh I T i AR AR RSk 43

AT WY K i 5 -1 2 [ 1 ih i 2 —
MBS WA R i —rfo i X R MO
B A 7T T LAGE 399 21 20 T 42 60 4 AR A ] | Fox 5140 T
19684F B R FE 2] T rg i TR I A7 AE . Bl B
TR AR E
PRI RIS R 7221

3.2

7
T, Zhong =5 B3 1 15 3 B 36 22 D BRI RGN R

B AR TR TR AL RIS 5 B 5
ZE] )BT R 5 TSI RN DL W A W T R

YORIETE ®)(€10a),, X LEIRIEAY S+ 1.2~10 km, %
1715.4~80.9m, Zhong5 MR X 2L T K B I HE
(s P9 2 FVARSM R | BRI K/ R, LA S B

I RI0EME LR T REZAKCmMIE (W R RARE ) P AR R R R I A T Y
JEBATER IR Ho AR RS B W U T 51191
AFkm

PE?- &
- A i
&
/(/"////// //)/){a)} &
10k =7 // .,\
R REE o T .‘nJJ;ﬂM.L o MR - T
o Eo T 5 v R o ARIRLR - DipmeE AV Embs

10 km !

oo ATHER
I

o G
— TTATH

PR A
[ = B\l e

BB T

(b g 7 075 P AT AY I R B T SR S e hE 2R A PR

(ol U o R £ g T T S0 P i 0 3 o S e i 241 I

A A’ B g
22F ¢, 20 z
i1 ' I e - P 3,
P N el e i . THSVIHIS: 1245 | R 0280
o E |
26 A e, T e 3
= i FRE
H’S - Tl wll
a2 28 4
2 3 R N
0 H
B
e
i mn 20 Al 40 a0 B il Bl o T n I b)) kil 40 Al [
B ik H#km

(e Mg IR A PSRRI 0 6 A R BT AT R A5

e VY e A Py RIS i A 23 FE

E10 FaigRALERREITIk S FE M Bk SE B (R STk 1011820

PDF SC{4-4§iH] "pdfFactory Pro™ i RAGIE www. fineprint.cn



http://www.fineprint.cn

8

BN PCIRRTE | 24eRHES 35100 km(E110D,
10c), ARERIES M1k & B AR I YIRS ; i
VU & B BT ICRIETE | W] BeJR F30 1 110 e il
JEIAPER R B P R TE ) (] 10d, 10e) . X AL
FASFE4038 B i Rl 0.26° % 1.24° (£110¢, 10e) . HHBSAK T
AR EE 45 100~300 m, e K iHE ik 10 m/s, i 11
) AR L B 55 S AT T A TR AR B A 5 129

3.3 MEERWEAA

5% FF TR ORI R Y 1) T HE I SR S O 32
TS5 e R 0 B R IS M S 1 WL L B 4 4 A
(%17 )1 0 7 N BV (o A 00 e o S
£ ZK T H I 1 47 2200 R 53 B (ZK € 10~200m)
WU TR T T A HER I M3 B A T AR o) TR K A
SAAPNA K W | 32 R IO SRS B AR
FSF PR RIURRALE 187 47 07 Y K AT 28 2 ) S T i %
21100x10* mA U 47

IR = A E R R (R 1~3 K, k4
ANH) BRI (B (7~10)x10° Hz; KF4
BRI m, T 1AM PERLI30 cm) , B E TSN 2
RUFISE ], HUREE 3 Hir =1 CE AoE R TR DU

TFHIR A H T 2018 4F 56 23 & 5 4 1

] R i R (Bl 11a) , WU FE/KGE Y
LI 103V , A AH S8 3 (491K ) K AEAEILHRIT
KB JEHKE P NSRRI (D1 30~70m, I
F2~3m)AEH K E  KIE T3 B 24 o012

20124, RAZIHTEIKHSASHAR (Multibeam
Water Column Imaging), EL¥zic 53 T & A= 5
TR e 1) LGRS G 100 12 KA A S s e
SRR AR BAE R, fEHIE ST &4 )
T A N KR B S AR R TR, I A2 B 4
IR g 2 A KA RARE B T IR )2
RS e 25 B 2R LA B 2 ) ke R AR
AT EIATE R IR Z LA,

T 3 X 7K PR 1) i 35 AR B AL AT (1]
11b) , A REK AT A=A P ALK 8 N 838 2T
TP | AT RE AT R B ORI A 50 e 2 8] )
MASKRIE i E11br] WL fie BRI IR &
A ) LT R B R B ER FRHIERE Tl A
IKERUA K 3 57 it AR Ak, N TR I Pl B2 3
A7 U0 B (JRTR s 3t S 1 e PR AH — 350, A Ay i
FUUR) o 33X 5 BRSSPV B A AL ) 25 R — 3, R I
F7U0 Fe N E I BT AR B0

1 I
e E | b AR AR

t=3d
t=6d
S — 1=9d

t=12d

i i ) T

L s L L L L L s
400 350 300 250 200 150 100 50 0
B /m

(b2) % 3R A b

5 e A

400 350 300 250 200 150 100 50 0
BE B/m

(a) 207 A ACH- BT — s PR 1] 1 el ) B 38 /Kl BOROT 1 Pl (R T

(b) ek 35 3 550 By SIS (1T i 67 B DL &1 1a)

El1l  MEXET R ET= AN E B B B 2R ($E S0k 20118140

TR E AW S50 FIRFE e 7 T 3 X
JR 7K Mo 1 LR A, BV R R AR A A e [
N, KB R RE A A 5 o0 B B A Ak 2 ([ 12)  fildn
20134F6 4 21 H Wi 2] T — R kgt 44, a2k % bl ke

LA JE K TE S RTE (A2 4k, T LB 2 S22 1) IS 7]
LUHER T RZI5 miryBE B[] A /K3 P 9 T TR
JELRE BN T 2920 m, T U A2 TR R A ik
JERERL1.5m,

PDF SC{4-4§iH] "pdfFactory Pro™ i RAGIE www. fineprint.cn


http://www.fineprint.cn

VE/NE A il BRI R R fiF B HXHAROK SRR TR 14 7 5L

I , KIiJi T I
F ZZ:@nmEMﬁMﬁﬁmwm ]
. : £l :
2 %ﬁ— b
(a1)2013’fl‘36}:.| 20EIJJ<77|<I"{ (REIN SR 24 5°) < 1 i
T ‘ 0 - b
0 ]I() 2‘0 3‘0 410 5‘0
T I /m
e +2 T T T
(42201346121 H AR (U 7 FE45°) (b2) WA FIR AR AR
g +1 T
S
-, P il v
K
2|
- -2
~ - 0 10 20 30 40 50
(a3)K R AR AL E]: ~4~+4 m) K/ m
(a) /KIH PN I K TR AR RS- 1 1] (b) AK BTG X L ) 18T B2 K R AR A S0 TAT (7 — a1 50 TR 5 AL T 12a)

B12 fn
4 TiEESH

4.1 Bl PRSI 5 Ml
HAE19714F | Komar 2l £ 1 10 I 7 I 20 1 IS
i A T B I OIS ﬂﬁf“@ﬁt@ﬁéé’ltﬁﬁﬂ(i_
R I SRR AS . BE S, KomarZh & % i 91 57 154K
25 A AIMiddleton @ ) FE 4 — (j‘i/ﬁiél’]ilzi’aa_f”“
3 I 2 ki 0 1% 5 B TR 300,585 gl T L& =

130°W 120°W 110°W
0 L 1

SRR =AM RTRE ERTEKEIR TN (FEER[12)183)

A BRI SR8 2 A0

Covault55 AR 5 3 [ 15 2 TR B e | 11580 1 3%
FERT°0.544 3°1 43 A Ju [l (B113) , iX — 45 R 3R |
TEFA 1 2275 (1) 96 [R5 DR AE S ad Bl 3 it A 25
GyIE GG R, (R FESERR N HZ 5 T AT)
SR TG B R — 2] RO HER 25 R TR
SEY I — B PR B T RIS AR SR AN
FUER AB—1,

100°W 90°W 80°W TO°W 60°W
L s f s f

20°N

, =
Al N

#
T
S

:D

BARTERHIL A

PO >0.544 30K
X 4k

e S0k,

13 EEBRBREEKXT0.544 31T HEH 7 (FEIEK[201188)

PDF SC{4-4§iH] "pdfFactory Pro™ i RAGIE www. fineprint.cn



http://www.fineprint.cn

10

4.2 SRR SIEB Tl H 2

T8 o BB AR 5 3R BT Kostic 45 T %
FUCRR M SR AR A R il R R | 501 b
Bz DURYIPUR AR T R FLBREE R TR
B TRAHREE % R 9RO TR 64 T T (2 WL B 14—
14f), WEFEMITE . WARRE20m, Bk kN80
pm, LR e 71 2 $20.04 (3 M 0~1, 43531 %53 3 [
ShA R BRSSP BUERY ), IR FLER EE5006 , Bifi

1005
WA EIEAN, M1.3%HE2.5%

100 " 37 4¢3 MOkt 2 15km

TFHIR A H T 2018 4F 56 23 & 5 4 1

P AT BES km WA (CGBFE DURRW) ) W B2 1%, 3
SAEBSE RANE 149 7R 38 i U B IR R A
(Fl14a—14F) 1973 Hr S B S MR BE | 7= 2 11 Jo 30 1
B IR A ORIk B AT R AL B BE R fin 22
HOWE R IR O 2 XSSP R Y
SERAAAT AT AS FIKE 3R BE , DURRA ik
BERLRG | 77 A T ARZ IR Y R SR ¢ 5 T 730
FHR LA 4 TSR SR AN S K T8 - e A 7 4
A4 SR B S I H A D

100 (1) JiEH A5 1k

£ 200 £ 200 E
IS @. S
i o
® 300 % 300 %
400 n 1 L L s 400 1 ! L J 400 n I L L 1
0 5 0 15 20 25 0 5 15 20 25 0 5 10 15 20 25
i 24 km i B /km 2 /km
(a) B ) 3 2 (d) ALY L
100 Sl s
R 1RAE 11 R EM0.041 £0.06 SUARHD IR BE M1 %18 Z3% (22) %)% B TR
= 200 2
R =
AN LL4
X 300 N 1=48h
1 £=96h
— t=144h
— (=192h
400 i i i ; g L L L h |
0 5 0 15 20 25 0 5 15 20 25 0 5 015 20 25
B /km 5 B/km #E B /km
(b) B It f= e Jy (e) BEIMUTFR M iR 2 (OF3pES
O B 7L R MS0% E 70 TR M20mIE E100
TR FLBR B M50% E70% 100 | FERE mig m = e
£ £ (=0h
IS r,} 200 t=48h
% -« t=96h
™~ 300 — t=144h
—_— t=192h
400 L 1 L ]
0 5 0 15 20 25 0 5 15 20 25
B 25 /km E B/km

(c) 38 JiminT PRAL B %

(ORCUNTRLS E 5

El14 B EEE R IR sh AL R (JE 3 #R[35,20118)

4.3 RFHOKDUBUE)Z FAY &2 5

Mutti &5 211987 4F AR F i it = BRI /N | 4
T K e R P A2 TR (1) HLREDURL
SR BRI, ARG AT AL B R A KER PR AR R
T wIal A P K R AT Y B P 2 FUK T RE T i RE
1% AR AR TTRRAE Bl S I ARt — i B o7 (161 15a) 5
()i A , AN R, H i TR e
FE I AEAERENR T DR | (R iR s =
L B DU (EI15D), Xk Se TR ik T 3k

TR AL AR, AR EAT5 AR A5 6 (P 7K BRI
(i) R ARG A 3 2 A8 A W A g ) A G

WynnZ5 20 AR5 135S SIS AR VR 2 W0k 52
FE T LR/KE o s Y i R TR K R dE v
T whhill (962.5 km, 20 m) . &A Rl (7189 km) TT
FRUI% (D 1~2 km, P 54 m) S5 45 R R B AR S
fiE . XECTERMILIR R T /K IE - A P (1) 45 FhE
AFHIE A HE 5 N K ERAHOC (Bl 15¢) o

FEh % FEEIRRG N S v & AR K ERIK AT BE
AR K, B IWF9E B AR K TURRER Sk 1 fi

PDF SCH# ] "pdfFactory Pro™ X RAG)E www. Fineprint.cn



http://www.fineprint.cn

VRS JRHE Y SRR AE SRR DU BIEIE 14 78 X 11

AT

AR ok tug
o
A o o mRY
T - Af/zwg
/
0 DL 22 T 1y 4 5
(a) /MAFL, it AR (HE SRR 22 148 20 (by RARBL, Wh VTR & i A Sk 22 11 k)
C ' D D'
e KER Wi Feif
_ ARG AR B
ot B \\ | B |
S
i T E T
A pie (@) /\ /// —
- T AR fif 4 ) 51 BB
it ﬁiptﬁ{#} 1 T PP 41 ABE X
(c) 7K B — S Aok Y 15 - 1 el (40 SCRR( 29 18 10) (cly JELH P B BT i A B AR (6 SCR[39, 51-52112)
C—C' &2 WK 15h D—D" & Z: WL 15b

El15 FKE-SRAT BRI RIRE R MR R R ERY

Ferh B T R IR s E15d) AR Rk B R AR TR S A 4L o I o e B G
EAHLA A AL otk AXPHUBLA D A2 (TBO) TR DU 20025 52 RIS mh e /K3 1 R AR ok
A WLIAEGURVEIE 0 T bR i W, A L BRPE AR TR K T AR — A R K BRI
e s LSRR ARL & B AT R B A (TBO) ™, | SEOUBI AR KGE A DR e I R S
TERPANEE LD U R BN BB GOR BUK Rkl | X 7E— & FR B LA Sk i R AT 4Bk
WZ AT AR FILEARRE L TR BBUREE SR eI, B 10 8 3 4 25 5 % A e
K It Il T ) ([T 16, B SR DL IR AL 3 A SR A Al DA T R A T

R AR i — X sl ) SIPER SR R W WA | Y TS ORI Y B
R PR TR (5

FH e AR i e U3 B i Sk A AR ) J 30T 4
BTSSR AR B R BB, PR VR 22 2 Sk B MBS L
ﬁﬂﬁﬁﬁ AEAS 5S¢ 2 R BRI LT AR 14 85 3k 52 Bl AR

W JIA MBUA T Z B A B R B 2T
Vﬁ?ﬂ SN 55 JELJZ ORDRE BB IE LR ik AR
A AT ATTRRTE AT 0 8 (22 i TR R L L
M HLEH AT ), HXEA SR —EmES
PKBRARSG . BIFFER M, K i TR e DU AR
JEEACATR 1) ) o] 11 4G X 15057 {H S A X SE PR o
G SR AT BE 32 AL BRI T R A i

Hamilton %5 558 it ) BRI SE 00 | R ToKIE - JRKIE P 3o 70 3 38 AR Il o A0 e o7 A
SRR AT I R M S SRR (B 17) . A7 AT RER IR S U (451 A 7 T FNEE I B B KGE )

El16 FHAME MR KRR S R B (SBR[ 301180

PDF SCH# ] "pdfFactory Pro™ X RAG)E www. Fineprint.cn


http://www.fineprint.cn

ERIRAR
= \ 0.5m
- —E
t=6min -
B
B E/mm
PN 30
~ N 56
S > 2
S — — = ) 10
t=10min =~ -~ _ 0
-10
AKERALE [ EiER -20
- _ . -30
== N /
t=14min et
TR R O B s
VN ?
N i
e 25 [ 248
- Vit
£=lomin 371 R
(a) 31500 BN A
30 F
2.0
Lf
1.0 t=14 min

0 0.5 1.0 L5 2.0
i #/m
(b) %% & I 07 PR A5 4k
BE17 KBS BT R iR sh SR L S0
(HE3CHK[ 20,54 11824

5 INBRERE

R, SE e 4 S B B A, M 3 B 2
LRI ET e 2 B B 2SI B 2
TERIL T YR A S BR B e A 7E A
SV W K ML RIS L0 T 1T 5% 5 Bl 22 1
W AR X K DU R R S A A T
B A AL S ST S 2 IR 3R
ARG L AT REZE /KB 1 77 A R A A 25
B E BN AL, S X B AN S v JELIPE A H
BF S A FEE W R TT (ER | SR ot P 1 Sk A
E AR P S AT SR A PR A3 A Pkl

SRS FE M A BRI S SR 5 7 T 4
5L (1) EFX IR 1 B SR R 5T | o —
S I 5L T s SRk A TR DR 4%
PG £ 00 (2) ISR PR A1 | TN 45 T VR

TFHIR A H T 2018 4F 56 23 & 5 4 1

JOE e TR LS NI B AL S AR RO PRI (3)
50k B ik Sk I, e R LS A i S T % EE
TR — 2 e S O i 0D s 5 O DL AR Y e AR R
ik, PLR EATTEGR KU A R 1 A i A v B ER 24
A SRR IR B TTE AT U 2 K T
B, TR U = T S RS T S

& & X Wk

[1] WEIMER P, SLATT R J. F/KIHAHLBT SB[ M]. BEARI, B 1%
St VEEE R LRt ATl Rt 2012,

[2] BREF. BLE SHORIEIE——IT 20 4R IR 548 b i WL
BRIk [ 3], HLBRFL434 i | 2013, 28(5) : 552-558.

[3] RSP MRk AT E AR B[ 3], H I v R Al
2014 ,44(10); 98-105.

[4] XU JP. Normalized velocity profiles of field-measured turbid-
ity current[J]. Geology, 2010, 38(6): 563-566.

[5] XU J P. Measuring currents in submarine canyons: technological
and scientific progress in the past 30 years[J]. Geosphere,
2011, 7(4): 868-876.

[6] XU JP, NOBLE M A, ROSENFELD L K. In-situ measure-
ments of velocity structure within turbidity currents[J]. Geophys-
ical research letters, 2004, 31(9).9311.

(7] Bhik ZEmies R0 A BROKTURR I X TR TR 50
ZHUIR[I]. HuBRFLEEHERE 2007 ,22(9): 907-913.

[8] ANDRIEUX O, COOPER C K, WOOD J. Turbidity current mea-
surements in the Congo Canyon[ C ]//Offshore Technology Confer-
ence, 2013, Houston, USA.

[9] CARTER L, MILLIMAN J, WYNN R B, et al. Typhoon flood
and earthquakes form long distance sediment flows through the
deep ocean off Taiwan[J]. Geophysical research letters, 2012, 39
(12): 12603.

[10] HUGHES CLARKE J E, BRUCKER S, MUGGAH J, et al.
Temporal progression and spatial extent of mass wasting events
on the Squamish prodelta slope[ M ]//Landslides and engineered
slopes: protecting society through improved understanding.
London: Taylor and Francis Group, 2012: 1091-1096.

[11] HUGHES CLARKE J E, VIDERA MARQUES C R, PRATOMO D.
Imaging active mass-wasting and sediment flows on a Fjord
delta, Squamish, British Columbia[ M ]//Submarine mass movements
and their consequences. Springer International Publishing, 2014:
249-260.

[12] HUGHES CLARKE J E. First wide -angle view of channelized
turbidity currents links migrating cyclic steps to flow
characteristics[ J]. Nature communications, 2016, 10(7): 11896.

[13] SYMONS W O, SUMNER E J, TALLING P J, et al. Large-
scale sediment waves and scours on the modern seafloor and
their implications for the prevalence of supercritical flows[J].
Marine geology, 2016, 371: 130-148.

[14] WYNN R B, PIPER D J, GEE M J. Generation and migration
of coarse —-grained sediment waves in turbidity current
channels and channel-lobe transition zones[J]. Marine geology,
2002, 192(1): 59-78.

PDF SCH# ] "pdfFactory Pro™ X RAG)E www. Fineprint.cn



http://www.fineprint.cn

[15]

[16]

[17]

(18]

[19]

[21]

[22]

[24]

[25]

[26]

[27]

(28]

[29]

AANCER R UL EX S NI SRS BORE Y I N =84

PAULL C K, USSLER W, CARESS D W, et al. Origins of
large crescent-shaped bedforms within the axial channel of
Monterey Canyon[J]. Geosphere, 2010, 6(6): 755-774.
FILDANI A, NORMARK W R, KOSTIC S, et al. Channel for-
mation by flow stripping: large -scale scour features along the
Monterey East Channel and their relation to sediment waves[J].
Sedimentology, 2006, 53(6): 1265-1287.

COVAULT J A, KOSTIC S, PAULL C K, et al. Submarine
channel initiation, filling and maintenance from sea-floor geo-
morphology and morphodynamic modelling of cyclic steps[J].
Sedimentology, 2014, 61(4): 1031-1054.

BABONNEAU N, DELACOURT C, CANCOUKT R, et al. Di-
rect sediment transfer from land to deep-sea: insights into
shallow multibeam bathymetry at La Réunion Island[J]. Ma-
rine geology, 2013, 346: 47-57.

ZHONG G, CARTIGNY. M J, KUANG Z, et al. Cyclic steps
along the South Taiwan Shoal and West Penghu submarine
canyons on the northeastern continental slope of the South Chi-
na Sea[J]. GSA bulletin, 2015, 127(5/6): 804-824.
COVAULT J A, KOSTIC S, PAULL C K, et al. Cyclic steps
and related supercritical bedforms: building blocks of deep-
water depositional systems western North America[J]. Marine
geology, 2016, 393: 4-20.

KOMAR D P. Hydraulic jumps in turbidity currents[J].
GSA bulletin, 1971, 82(6): 1477-1488.

MUTTI E, NORMARK W R. Comparing examples of modern
and ancient turbidite systems: problems and concepts [M]//
LEGGETT J K, ZUFFA G G. Marine clastic sedimentology:
concepts and case study. Graham & Trotman, 1987: 1-38.
PIPER D J, NORMARK W R. Sandy fans-from Amazon to
Hueneme and beyond[J]. AAPG bulletin, 2001, 85(8): 1407-
1438.

PARKER G. Interaction between basic research and applied
engineering: a personal perspective [J]. Journal of hydraulic
research, 1996, 34(3): 291-316.

CARTIGNY M J, POSTMA G, VAN DEN BERG J H, et al. A
comparative study of sediment waves and cyclic steps based on
geometries internal structures and numerical modeling [J].
Marine geology, 2011, 280(1): 40-56.

MIGEON S, SAVOYE B, FAUGERES J C. Quaternary de-
velopment of migrating sediment waves in the Var deep-sea
fan: distribution growth pattern and implication for levee evo-
lution[J]. Sedimentary geology, 2000, 133(3): 265-293.
WYNN R B, WEAVER P P, ERCILLA G, et al. Sedimentary
processes in the selvage sediment-wave field NE Atlantic: new
insights into the formation of sediment waves by turbidity
currents[J]. Sedimentology, 2000, 47(6): 1181-1197.
NORMARK W R, PIPER D J, POSAMENTIER H, et al. Vari-
ability in form and growth of sediment waves on turbidite chan-
nel levees[ J]. Marine geology, 2002, 192(1): 23-58.

WYNN R B, STOW D A. Classification and characterisation of
deep-water sediment waves[J]. Marine geology, 2002, 192(1):
7-22.

FMES, ERERE B 4F, B EL A OR B IL S OK BRI Y

[31]

[32]

[33]

[34]

[35]

[40]

[41]

[42]

[43]

13

DRI (1], HAARLE3E R, 2007,17(9). 1235-1243.
EMES, ERERE B, 45, R AR AL T I Gl 3 g
UL Bk B B B s 42 [0 ], DORREE AR
2008,26(1):39-45.

TEE, B, HE R BRI AR R DO I Y
TR R RHAE B IR R 3 4T (3], ¥R 2A T, 2010,32
(2):96-105.

DAMUTH J E. Migrating sediment waves created by turbidity
currents in the northern South China Basin[J]. Geology, 1979,
7(11): 520-523.

NORMARK W R, HESS G R, STOW D AV, et al. Sedi-
ment waves on the Monterey Fan levee: a preliminary physical
interpretation[J]. Marine geology, 1980, 37(1): 1-18.

KOSTIC S. Modeling of submarine cyclic steps: controls on
their formation migration and architecture[J]. Geosphere, 2011,
7(2): 294-304.

TONIOLO H, CANTELLI A. Experiments on upstream-mi-
grating submarine knickpoints[J]. Journal of sedimentary
research, 2007, 77(9): 772-783.

SPINEWINE B, SEQUEIROS O E, GARCIA M H, et al.
Experiments on wedge-shaped deep sea sedimentary deposits
in minibasins and/or on channel levees emplaced by turbidity
currents. Part II. Morphodynamic evolution of the wedge and
of the associated bedforms[J]. Journal of sedimentary research,
2009, 79(8): 608-628.

TALLING P J, ALLIN J, ARMITAGE D A, et al. Key future
directions for research on turbidity currents and their deposits
[J]. Journal of sedimentary research, 2015, 85(2): 153-169.
POSTMA G, KLEVERLAAN K, CARTIGNY M J. Recognition
of cyclic steps in sandy and gravelly turbidite sequences and
consequences for the Bouma facies model [ J].
2014, 61(7): 2268-2290.

CARTIGNY M J, VENTRA D, POSTMA G, et al. Morphody-
namics and sedimentary structures of bedforms under super-

Sedimentology,

critical -flow conditions: new insights from flume experiments
[J]. Sedimentology, 2014, 61(3): 712-748.

TAKI K, PARKER G. Transportational cyclic steps created
by flow over an erodible bed. Part 1. Experiments[J]. Journal
of hydraulic research, 2005, 43(5): 488-501.

HESS G R, NORMARK W R. Holocene sedimentation history
of the major fan valleys of Monterey Fan[J]. Marine geology,
1976, 22(4): 233-251.

KOSTIC S, PARKER G. The response of turbidity currents to
a canyon-fan transition: internal hydraulic jumps and depo-
sitional signatures[J]. Journal of hydraulic research, 2006,
44(5): 631-653.

FILDANI A, HUBBARD S M, COVAULT J A, et al. Erosion at
inception of deep-sea channels[J]. Marine and petroleum
geology, 2013, 41(1): 48-61.

TUBAU X, PAULL C K, LASTRAS G, et al. Submarine
canyons of Santa Monica Bay Southern California: variability
in morphology and sedimentary processes[J]. Marine geology,
2015, 365: 61-79.

FOX P J, HEEZEN B C, HARIAN A M. Abyssal anti-dunes[J].

PDF SCH# ] "pdfFactory Pro™ X RAG)E www. Fineprint.cn



http://www.fineprint.cn

14

[47]

(48]

[52]

TFHIR A L T 2018 4F 56 23 & 5 4

Nature, 1968, 220: 470-472. [53] BOUMA A H. Sedimentology of some flysch deposits: a graphic
HICKIN E J. Contemporary Squamish River sediment flux to approach to facies interpretation[ M]. Amsterdam: Elsevier,
Howe Sound British Columbia[J]. Canadian journal of earth 1962.

sciences, 1989, 26(10): 1953-1963. [54] HAMILTON P B, STROM K B, HOYAL D C. Hydraulic and
TALLING P J, PAULL C K, PIPER D J. How are subaqueous sediment transport properties of autogenic avulsion cycles on
sediment density flows triggered, what is their internal structure submarine fans with supercritical distributaries[J]. Journal of
and how does it evolve? Direct observations from monitoring of Geophysical research: earth surface, 2015, 120(7): 1369-1389.

active flows[J]. Earth-science reviews, 2013, 125: 244-287. [55] SYLVESTER Z, LOWE D R. Textural trends in turbidites and
MIDDLETON G V. Experiments on density and turbidity slurry beds from the Oligocene flysch of the East Carpathians
currents: 1. Uniform flow of density currents[J]. Canadian Romania[ J]. Sedimentology, 2004, 51(5): 945-972.

journal of earth sciences, 1966, 3(5): 627-637. [56] RICCI LUCCHI F, VALMORI E. Basin-wide turbidites in a
KOMAR P D. Supercritical flow in density currents: a discussion Miocene over —supplied deep-sea plain: a geometrical analysis
[J]. Journal of sedimentary research, 1975, 45(3): 747-753. [J]. Sedimentology, 1980, 27(3): 241-270.

LANG J, WINSEMANN J. Lateral and vertical facies relation- [57] AMY L A, TALLING P J. Anatomy of turbidites and linked
ships of bedforms deposited by aggrading supercritical flows: debrites based on long distance(120x30 km) bed correlation,
from cyclic steps to humpback dunes[J]. Sedimentary geology, Marnoso Arenacea Formation, Northern Apennines, Italy[J].
2013, 296: 36-54. Sedimentology, 2006, 53(1): 161-212.

POSTMA G, CARTIGNY M, KLEVERLAAN K. Structureless, [58] PIRMEZ C, IMRAN J. Reconstruction of turbidity currents in

coarse-tail graded Bouma Ta formed by internal hydraulic jump
of the turbidity current?[J]. Sedimentary geology, 2009, 219
(1): 1-6.

Amazon Channel[J]. Marine and petroleum geology, 2003, 20
(6): 823-849.

%R E R

Cyclic steps and significance to deep water sedimentation

XU Xiaoyong, LU Fuliang, WANG Dawei, WANG Bin,
SUN Hui, SHAO Dali, LU Yintao, MA Hongxia

Abstract: Cyclic steps refer to the bedforms of long -wave (the ratio of wavelength to wave height >1),
migrating upstream and being upper-flow -regime in turbidity current. They are bounded by internal hydraulic
jump and commonly occur at steep slopes and slope breaks. This paper reviews the research status of cyclic steps
and other related supercritical bedforms. Three examples from continental margins in United States, Canada, and
South China Sea are presented based on high-resolution multi-beam sonar data and seismic data. This paper also
present the results of monitoring and numerical modeling of turbidity currents in the Squamish prodelta, British
Columbia, Canada. The controlling factors and the distribution of cyclic steps were discussed based on numerical
modeling. The cyclic steps in active submarine canyon-channel system are relatively small (tens of meters in
wavelength and few meters at height), while the cyclic steps in the unconfined levee system and the channel-lobe
transition zone are relatively larger (above one kilometer in wavelength and hundreds of meters at height). Cyclic
steps and related supercritical turbidity bedforms may have important influence for the deep water sediments in
slope area, which can help to better understand the evolution of deep water channel-levee system, and to predict
the oil and gas reservoirs of deep water.

Key words: cyclic steps; supercritical current; bedforms; deep water sediments
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