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Fig.1 Relationship between the land subsidence and the underground water mining
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Fig.2 Conceptual model for land subsidence in mega-river deltas
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Table 1 Statistics on the factors inducing the land subsidence in the major mega-river deltas in the world

LR R &R =S O U ST LR &R =AM KRR
ULRy [ 45 1 5 A = - oz I E R =AM [13]
KL =AM [49]. [19] VY P L = A e 6], [77]
JE B =AU [4] Pl = F M [63]
i L = £ [50] VR B T = A7 M [59]
R BRI R
%y = £ [45] KT = [11]
H 3t 1 3l
BV VY L = A [22] B = A (1]
TR = A [52], [63] JE B = £ L66]
B = A [75] v =
Je 7 A AL [71]
T 3 i = £y P [47] BESE R THE= Ml
Je B i = f Y (5] R = A [13]
] i SPGB = 4 N 54
A VY VY L = [54] ST LT = [69]
SFE 1 3R = A1y MM [76] iR
T = Ay
e W = A 73] r o
e EHF= A [74] KT =M [60]

R A

A v = A YN T TR o B

BRAR B T0] = £ I M DX TR [ B i o) ) B S AR 9T 0 = A L BB = AR N B8 B T Ak DA R 3T fE R R B AN
Wiy 2 F& , 2 His DX Ml T D0 R R G o W 35 . BT — A U R R M T T R R R T TR X 2 — 2 A R KA
P8 A 9 TSR B e 8 22 1 7K TSR 5 B0 b DX ) T AR 3R R 9 PR R R L 20 R4 80 AR AR T Lh X BT
£V B TRV 52 o1 3 S N T v S S v o B V% v TR S U 2 S R o s R )
AR UM LT T DX T 390 3% A BROER B e R e, I 1L AR 48 A Jm B K SCHb R TR Ml R BA T 2002 4F 8 H g
ST T AR T Ak DX b TR TR A R, 20162017 AF A4 I it A5 A S o B AR BT = UHRT E  IX S 3 A 7 Hb T
mﬁkfx%,%%ﬁﬂﬁﬁmﬁﬁ P KT PG ER P UK I 37.0 mm, £E AR AT BLALAEAE 1 AN DURE & R0
80 mm MYYTRE HG Y L S AR SR L IR BT = A Y 1 0 R W LB | B 3 T A O I A R RS T
VEBUAR T — 5 (B A b 1 52 24 00 b A 165 75 55 Il R A D BUVRRAIE Je NS0T R 06 sl R 1 25 53 A TR 36, fili 45
12 DX Ml THT DT LR 55 5 2%

4.1 HEFELAES5HH

A, B i ERS-1 fl ERS-2 TR DLt 5 b % 18 B 00 T2 T #2488 C P B SAR L, 1 H A&
ALOS 12 PALSAR 24402 L B fEFE B 7 S5 R S W X, 7 — E RO 835 1, vl LA o IR a8 3 Uk
FAR TR, R L LB A PALSAR #2144 10 C I BLH) SAR 214 ERE e e pib R S REE. BT



2 3 (DN - N b R I 1o B ARV 2 VI R T e 89

BT AU 1 X3y b RO T A Y T R L AR G C BBt ERS B ENVISAT M523 761 X R A T
Ak e AR MEAT B AT RE B

AT T 10 5 L Befi) ALOS/PALSAR 5 ik 544 BUH tp 4 %) 2% ) 5L 28 45 4 (Ll ok S
FE IR AR XS B /N B AR BEAT 22 43 1 85 (D-InSAR) U &b B, 5245 4% BUwf 18] 43 %1 )& 2006-10-12, 2007-02-27 ,
2007-11-30 1 2010-01-20, F GAMMA 446 75 252 A8 54T 31 D-InSAR Ab B ; 55 282 EG 19 e of L FH R
FE A BT P B 25 B3 1 R % A 7 o A B i DB RN AH ST i 28 )5 AR AR 5218 00 TR AR [/, P Ao AR AR L e R
KGN TE B BAR R AR TR AR bR R, RS B R IE A

2006-10-12 FI 2007-02-27 PRI I AH 22 K20 5 4 ggony
A i FIE AR G A T R AF (B 3) . se AR 5 X3 1l N
TEHBARTE AR R /N, 322 3R Iy Jag 38 ) PR ST o 1) 2 = A
ALTBIT A 11 2 X 3 (28 00 X)) o HH B0 S5 i DL i - i
KIEF] 40 mm, 380 BEITBAT LM AR AR B IRIX CR X 380067 ol
O WA BRI B AR TR . TR AT U B S R T (R &
0 DB R G5 i HR T, T RE 50 Y B AR AR L N R
KTHIEEHA ., 2007-11-30 F1 2010-01-20 P 5 5144 it i
FELAZE KT 2 a, M RIL MR YA TR 22 R il il 37°48
X3 K R, © 2 SR AR A T, HAT JR 3 XSl AR 4
AT, HE 3 AT A = AR DR A ] ., 2R
R SRR IR 4 ) 2 = AR U G, AR B 0 O R U <)
ﬁﬂ;’iiﬂﬁ[@ﬁ@] éio mm’iﬁ“{ﬁﬁ%ﬁ%%% 20~30 mm/a, &l 3 2006-10-12—2007-02-27 &) = ff1 W #h 3 & 25
HoAh DX BT R AR X 2818, BAHUURE/NTF 30 mm, KR4 X 5]

Fig.3  The surface deformation of the Yellow River
N M S ST
PP/ T 10 mm/a, Delta obtained from Oct. 12th, 2006 to Feb. 27th, 2007

BEAK A ZE B2 T 20 22 )\ L+ AEAR LR 7R #30] =
1 YN 52 B R 7K T 0 45 SR S %, BT R R T I R D T I S I R T BT O B T R R A B T = A O AR
T X3 S 38 T 5 4 1 R 26.7.22.6 FiT 21,0 mm/at™) A MW SR b b T TR BB 2R I L T U [ UK
WEM 45 R R, 2002 45 12 H 2 2008 4 6 H L 48 X U SR UL 2 K T - 3B, IR S BN B A 10 43 A 4 A
A XU KT 150 mm A9 XA E AR 15 km® , ULFEHE RN 28.2 mm/a™ ., ERS1 1 ERS2 SAR %4 2
7R 519922000 4F 75 75 17 X 5t K Hb 1 90 4 81T 3k 33.2 mm/a, 30 K13 B (2T 10 % FRFO ) AR 8 3 ALl 9T 4
B 3T ) ST 47 Ml TR T 8 3 2% 43 ) Sy 8.8 1 5.8 mm/a. B KM IR 15.6 F1 12.2 mm/al* ,

ZE B RTR L P 8 ST RE 2 M A5 B A BT A YN AN [ X 3 A T A 5k R 5 K e T e 4 SR Ak T R — A B g
P AR . AR, 76 5T = N AS () DX S [l st 30 SR 39T o o 3 2 AN [) 1), R o 34 R A AN [ 7 W 0 50 0
AR LA R A i 22 DR R A 1 27 = A W A b T D0 AR IR 2 0 A AR SR T A S R A R

4.2 MERERZRSHT

H A B = A Y A Hb T B AL A 0 AR A5 B B8 — AU, S M T AR I TR R 2

DU He 52

B A T = Ff N TR 3 A 1) = T J AR RN A R 0 B R 20 i LA B A 3 i = A AR 00 A+
gL Hod, B = AN RO AR B B R BRI 14 mL %8 )2 00 B S5 R SSAE R I 40 a OB 23R
4 1.4 mUR SR A IK 35 mm/a)  ZJE HARAGFEANE] 5 mm/a 2471 . 1855 4F LIk, S B ALY
U ¥ T A ) T M AR Bl L M AR A T AR 5 K R A I [ e DL O T 6 R S ok RO T R AR, [ 3 IR
4 FrR UL W0 A H S AT 19641976 4R B 471 A X 38, 1976 45 a3 2 7 )5 U V0 k17 e
oty , B IR A [ 25 TR S T g R L UIRE R B i R R 2 —.

118°12' 118°30' 118°48' 119°06" E



90 e -

2) Hu R R % T R agoou T

U = A T K 2 R R K RUOK  ROK IR EE N
Sy A AE /NS I LA KR . /N T AL X B T K SR
AR EER T K L T/ VT LA X 38 1 i K Y R m
o TR E MR KA E R . 20052019 4FL B 3g006r |
PN i DX CHCIT == i Ml TR A L 250 M B £ 6 301 i T O
W I HCHE A SC b SR 4% 1 43 BT 45 R SR LM IX I OF
SRR T3 43 DX 3R Y 15T e L IX N T 3T A 7 A Y
TR B R VR R K R UUBU R R 4. areas |
LA I Sy Ll F T M T 3T R T A R

I FF SRR 75 B i BT = 0 I 1 e 1 O B T
P 1 EL A5l 45 S A VA 2 R B S i DO O . . -
Sk, BT IA R BT AR O T R B R A o Tk szt 180 18T 19706 B
it M2 AE SR 3 LA JR B B A R R A AR R A B ke pgmp 4 2007-10-302010-01-20 Bl = £ B R JP %
(6] 22 1 1) 77 3 T S 97 WA 1 9 U5 20 17 DL Je 0 9 = fig Wi 75 Fig-d The surface deformation of the Yellow River Delta
{Elﬂﬁ%‘}%’ﬂ’ﬂ‘féﬁﬁ,E{Hﬂﬁ%ﬂ}ﬁﬂﬁ%%lki&ﬁ{ﬂﬁ%,ﬁﬁﬂ— obtained from Nov. 30th, 2007 to Jan. 20th, 2010
L A TR TR 3 ST A 08 A e 1 9 R 2 3 O 3 Y i L SR X T 9 o oA T i
2580 10 mm/a 224757, PG A ISR SR A I BT = AR N T 95 R 5 R G T

] 3 9 72% B0 AT T3 T ) 1 0 A 7 I X T A 1 LR A U L T R R R T SRR ) TR AT
PR A R 023 0 I3 o oL 5 30 o b TR A 1 7 3 A 7 I XX M 3 K R 1 7 o A A K

3)H4 3& Ui F%

s A TR BT A I b A ¥ U S K0 DT S LA T HE I B A T S S 4 W LA P T 0 3 O
EL 40 I % PR 3 4 G0 56 A 0 8 A T J2 0 4 o 0 o7 A D V1 8 T 201 2% IX 505 = 8 FF 0t B A b 5 UL e
55 U 200 DL SF 22 B0 AR P X BRPE B8 T U0 L MR R R 1~2 mm/al* . [ 19551988 4F [y My 1 T
B AR B0 T AE 30 Z2AE PN L BT = A AT LA R SR L AR TR I X M T TR R 3~ 4 mm/a
WL IR i 9 I TR 25 A A T = 0 W I 4 1T 390 e et R vl 140 SRR RS 5

4 W R

S T 97T 4 14 5 6 M 7 T S A O 0 2R OK: 14 T U2 6 B 3 T SO0 - Bk b A . B b Rk
A AE AR SR NSRS (PR R 5 T WAk o DT 36 A - (A3 B 2R RO 7 AR DR . B L TTIE A T
T = I B K R = A LA b 7E MR A R 5 Tk, 1969 4EBIE 7.4 MRS R T T SE X 9
TR ILGE LG L F S0 R 06 . BT = AR N D300 5 A YR R A Tl SRR R A R it
A i o R T e M AL R 0 e A A A T R A IR = AR R RS i ik I
R E KBS T M R AR S B 7R A L AR SR BT T K A it L (L7 B B b R B4 R L R
0 107 3 4R 745 T I 4 5 e B L A O ) PR T K A LR L T L L 3K R 7 g ) A T R
2 W2 10 T T 0 3 — AR R LR

5) N TR I 5

7 SR 3 DX ] B L D K A SR st T R B 5 B T M. T B R 1 AR VLM B O
1 o L1 5 90 0 3t BT KL 7E 10 o N UT R 1 o, VTR R 10 em/al ™, BRI L 76 T 2% 800 = A O 69 3 7
oL R 4 S ) TS B M 7 A T £ )

¥ B
= e T

5 4 IR

AN T DR R — A AR TG A T ORI S A AR TR A TR AN [ ] R 2 TA] R B



2 4 A8 & BT 1 = A7 U b 18I0 R ATL 1) A % 91

[ ik A 5 B2 DU RR W I8 45 e 5 381 Ml o 8 38 ) M 8 00 . 1 9K DR R S ) b T TR 2 18 Y AN T P Y L A
FH A IR ) RUBE 28 /0 R B+ B 2 R B T AR T A T AR A AR DU B R BUN TR G 05 e M Ml T 0 R
L RF ] £ T e T A 00 o) 1 9K TR 2R WG ) TR O EL A 1 5 I 1 1T A ) ] 9 U5 LA R B I [ 19 0. 5
O3 T = AN DR DR T T il JL T R AL ) 225G B, O o) A A BV SF DL O N0 A i 4R Bt TR
A
T A Y 4t DX TR T R AL 1 A A2 2% TR 2 M T KO SR RGBT I DL AR B J2 TR 4 2 e O EE R I L (H A
T TSR A A 280 R B 2 AN A 2200 . FLHIT, AT ] = A Wi 1 7 B B AR AF TR AR 220 2 L 4
JHG M TR TTC A ML A 24 I TP B L 5 R T 8 S5 0 A0 1) S o A A TR SR K T L AL
{Eﬁéfﬁfr%ﬁﬁ”k{ﬂ" WL 5 i R L

Sk

[1] SYVITSKIJ P M, SAITO Y. Morphodynamics of deltas under the influence of humans[J]. Global and Planetary Changes, 2007, 57(3/
4). 261-282.

[2] ERICSON J P, VOROSMARTY C J, DINGMAN S L, et al. Effective sea-level rise and deltas: causes of change and human dimension
implications[ J]. Global and Planetary Change, 2006, 50(1): 63-82.

[3] BLUM M D, ROBERTS H H. Drowning of the Mississippi Delta due to insufficient sediment supply and global sea-level rise[]J]. Nature
Geoscience, 2009, 2(7): 488-491.

[4] STANLEY D]J. Subsidence in the northeastern Nile Delta: rapid rates. possible causes, and consequences[ J]. Science, 1988, 240(4851) ;
497-500.

[5] STANLEY D J, WARNE A G. Nile Delta: recent geological evolution and human impact[J]. Science, 1993, 260, 5108; 628-634.

[6] MORTON R A, BERNIER J C, BARRAS ] A. et al. Historical subsidence and wetland loss in the Mississippi Delta Plain[J]. Gulf Coast
Association Societies Transactions, 2005, 55: 555-571.

[7] SHIC X, ZHANG D, YOU L Y, et al. Land subsidence as a result of sediment consolidation in the Yellow River Delta[ J]. Journal of
Coastal Research, 2007, 23(1): 173-181.

[8] SHIXQ, WU]JC. YES]. et al. Regional land subsidence simulation in Su-Xi-Chang area and Shanghai City, China[ J]. Engineering Ge-
ology. 2008, 100(1/2): 27-42.

[9] TORNQVIST T E. BICK S J, BORG K, et al. How stable is the Mississippi Delta?[J]. Geology, 2006, 34(8): 697-700.

[10] TORNQVIST T E, WALLACE D J, STORMS J E A, et al. Mississippi Delta subsidence primarily caused by compaction of Holocene
stratal J |. Nature Geoscience, 2008, 1(3): 173-176.

[11] WUJC,SHIXQ, XUE Y Q. et al. The development and control of the land subsidence in the Yangtze Delta, Chinal[]]. Environmen-
tal Geology, 2008, 55(8): 1725-1735.

[12] BECKER R H, SULTAN M. Land subsidence in the Nile Delta: inferences from radar interferometry[]J]. The Holocene, 2009, 19(6) :
949-954.

[13] MAZZOTTIS, LAMBERT A, KOOIJ] M V, et al. Impact of anthropogenic subsidence on relative sea-level rise in the Fraser River Del-
ta[J]. Geology, 2009, 37(9): 771-774.

[14] SYVITSKI ] P M, KETTNER A J, OVEREEM 1, et al. Sinking deltas due to human activities[ J]. Nature Geoscience, 2009, 2(10)
681-686.

[15] YIN P. LIN L J. CHEN B, et al. Coastal zone geo-resources and geo-environment in China[]J]. Geology in China. 2017, 44(5). 842-
856. ENPE, BREAR . PRk, S, ob [ i b o B 05 SR BT BT SE L0 ). P BT, 2017, 44(5) : 842-856.

[16] DUAN X F, XU X G, WANG R B. Land subsidence and its influencing factors in Tianjin coastal area[ J]. Acta Scientiarum Naturalium
Universitatis Pekinensis, 2014, 50(6): 1071-1076. BtBéUE, VF4% T, T2, JEI G M0 X 0 DTRE R LR i R R (1], db s R4 4R
CHARBEFRD . 2014, 50(6) : 1071-1076.

[17] BAUMANN R H, DAY J ] W, MILLER C A. Mississippi Deltaic wetland survival: sedimentation verse coastal submergence[ J]. Sci-
ence, 1984, 224 1093-1095.

[18] DAY JJ W, GIOSAN L. Survive or subside?[ J]. Nature Geoscience, 2008, 1(3): 156-157.

[19] STANLEY D J, CHEN Z Y. Yangtze delta, eastern China: 1. Geometry and subsidence of Holocene depocenter[]J]. Marine Geology,
1993, 112(1/4): 1-11.



92 = D 40 &

[20] SYVITSKIJ P M. Deltas at risk[J]. Sustainability Science, 2008, 3(4): 23-32.

[21] MORTON R A, TILING G, FERINA N F. Causes of hot-spot wetland loss in the Mississippi Delta plain[]J]. Environmental Geosci-
ences, 2003, 10(2): 71-80.

[22] DOKKA R K. Modern-day tectonic subsidence in coastal Louisianal J]. Geology, 2006, 34(4). 281-284.

[23] BLUM M D, TOMKIN J H, PURCELL A, et al. Ups and downs of the Mississippi Delta[ J]. Geology, 2008(9), 36: 675-678.

[24] MECKEL T A. An attempt to reconcile subsidence rates determined from various techniques in southern Louisianal J]. Quaternary Sci-
ence Reviews, 2008, 27(15/16): 1517-1522.

[25] MORTON R A. BERNIER J C. Recent subsidence-rate reductions in the Mississippi delta and their geological implications[ J]. Journal
of Coastal Research, 2010, 26(3): 555-561.

[26] EMERY K O, AUBREY D G. Tide-Gauge Records[ ]J]. Science, 1991, 254 448.

[27] DAVIS]J L, MLTROVICA ] X. Glacial isostatic adjustment and the anomalous tide gauge record of eastern North America[ J]. Nature,
1996, 379: 331-333.

[28] GALLOWAY D L, HOFFMANN ]J. The application of satellite differential SAR interferometry-derived ground displacements in hydro-
geology[J]. Hydrogeology Journal, 2007, 15: 133-154.

[29] FERRETTI A, PRATI C, ROCCA F. Nonlinear Subsidence rate estimation using permanent scatters in differential SAR interferometry
[J]. IEEE Transactions on geoscience and remote sensing, 2002, 38(5): 2202-2212.

[30] WANG Y K. Research and application of PSInSAR technology on the land subsidence monitoring[J]. Geomatics & Spatial Information
Technology, 2020, 43(4); 209-213. L H H. PSInSAR A £ Hb [ 170 B W 00 v (19 0 AR 7 [T ], 0 4 45 4 ) 345 L, 2020, 43(4)
209-213.

[31] BERARDINO P, FORNARO G, LANARI R, et al. A new algorithm for surface deformation monitoring based on small baseline differ-
ential SAR interferograms[]]. IEEE Transactions on Geoscience and Remote Sensing, 2002, 40(11); 2375-2383.

[32] LIH., HU B, LIAO J. Monitoring the surface deformation of core cities in the Guangdong— Hong Kong— Macao Greater Bay area based
on SBAS technology[]J]. Engineering of Surveying and Mapping, 2020, 29(3) . 46-50. 2528, ¥y, BE{E. KT SBAS 5 A Wi ) 8 4k 0k
XL RIE L T]. M4 TR, 2020, 29(3) : 46-50.

[33] LIL, WANG N. Introduction and analysis of common methods for determination of urban land subsidence[ J]. Ground Water, 2019, 41
(5): 90-91. Z=ffi, 7. YRTIT Ml AL Ko R o WL SR AR S 3 AR (D). HETR K, 2019, 41(5) ¢ 90-91.

[34] XING L P, MAO X B, MU H B. Monitoring and analysis of ground subsidence in Zibo mining area[J]. Geomatics & Spatial Information
Technology, 2020, 43(6): 201-207. RS2 MG, FBLE U, AW L. WD X TTRFE VI 5 (T ], M5 25 M AE B, 2020, 43(6) .
201-207.

[35] STANLEY D J., GOODFRIEND G A. Recent subsidence of the northern Suez Canal[ J]. Nature, 1997, 388. 335-336.

[36] CHEN ZY, STANLEY D ]. Sea-level rise on eastern China’s Yangtze Delta[ J]. Journal of Costal Research, 1998, 14(1): 360-366.

[37] STANLEY DJ, HAIT A K. Deltas. radiocarbon dating, and measurements of sediment storage and subsidence[ J]. Geology, 2000, 28
(4): 295-298.

[38] PETERSEN K D, NIELSEN S B, CLAUSEN O R, et al. Small-scale mantle convection produces stratigraphic sequences in sedimentary
basins[J]. Science, 2010, 329 827-830.

[39] GAMBOLATI G, GATTO P, FREEZE R A. Predictive simulation of the subsidence of Venice[J]. Science, 1974, 183. 849-851.

[40] MECKEL T A, BRINK U ST, WILLIAMS S J. Current subsidence rates due to compaction of Holocene sediments in southern Louisi-
anal J]. Geophysical Research Letters, 2006, 33(11): 1.11403.

[41] MECKEL T A, TEN BRINK U S, WILLIAMS S J. Sediment compaction rates and subsidence in deltaic plains: numerical constrains
and stratigraphic influences[ J]. Basin Research, 2007, 19(1): 19-31.

[42] DOKKA R K, SELLA G F, DIXON T H. Tectonic control of subsidence and southward displacement of southeast Louisiana with re-
spect to stable North America[ J]. Geophysical Research Letters, 2006, 33(23): 1.23308.

[43] JIHL, YANG Y B, ZHANG Y W, et al. Quaternary sedimentary characteristics and land subsidence model in North Shandong Plain
[JJ. Acta Geologica Sinica, 2019, 93(Suppl.1): 241-250. 2P, BT, SRk, S5, G AL S5 58 O 22 TRV E K i 10 70 st =X 43 A
[J]. M4, 2019, 933 1) . 241-250.

[44] CHEN Z Y., STANLEY D J. Yangtze Delta, eastern China: 2. Later Quaternary subsidence and deformation[ ]J]. Marine Geology,
1993, 112(1/4): 13-21.

[45] VELLA C, PROVANSAL M. Relative sea-level rise and neotectonic events during the last 6500 yr on the southern eastern Rhone Delta,
France[J]. Marine Geology, 2000, 170(1/2); 27-39.

[46] SORIA ] M, ALFARO P, FERNANDEZ J, et al. Quantitative subsidence-uplift analysis of the Bajo Segura Basin (eastern Betic Cordil-



2 34

(DN - N b R I 1o B ARV 2 VI R T e 93

[47]

[48]
[49]

[50]

[51]
[52]

[53]

[58]
[59]
[60]
[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]
[74]

lera, Spain) : tectonic control on the stratigraphic architecture[ J]. Sedimentary Geology 2001, 140(3/4): 271-289.

RODGER M, WATTS A B, GREENROYD C J, et al. Evidence for unusually thin oceanic crust and strong mantle beneath the Amazon
Fan[]]. Geology, 2006, 34(12): 1081-1084.

MULLER R D. Sedimentary basins feeling the heat from below[]]. Science, 2010, 329 769-770.

CHEN Z Y. Yangtze delta subsidence[ J]. Volcanology &. Mineral Resources, 2001, 22; 95-101. FRHr . KIT = MM Z DRI, kil
577, 2001, 22(2) . 95-101.

UDDIN A, LUNDBERG N. Miocene sedimentation and subsidence during continent-continent collision, Bengal basin, Bangladesh[]].
Sedimentary Geology, 2004, 164(1/2): 131-146.

LOVETT R A. Global warming won't affect all world’s deltas[J/OL]. Nature, 2009. https://doi.org/10.1038/news.2009.1077.
CARMINATI E, DOGLIONI C, SCROCCA D. Apennines subduction-related subsidence of Venice (Italy)[]J]. Geophysical Research
Letters, 2003, 30(13): 501-504.

STANLEY D J, WARNE A G. Worldwide initiation of Holocene marine deltas by deceleration of sea-level rise[ J]. Science, 1994, 265
228-231.

HUTTON E W H, SYVITSKI J P M. Sedflux-2.0: an advanced process-response model that generates three-dimensional stratigraphy
[J]. Computers and Geosciences, 2008, 34(10): 1319-1337.

IVINS E R, DOKKA R K, BLOM R G. Post-glacial sediment load and subsidence in coastal Louisiana[ J]. Geophysical Research Let-
ters, 2007, 34(16): 1-5.

March 11th Earthquake in Japan[ EB/OL]. [2021-01-05]. https: / baike.baidu.com/item/3 « 11 H A< 7= /7903324 7{r=aladdin. 3 + 11
HAMZIEB/OL]. 3+ 11 HAME2021-01-05]. https: // baike.baidu.com/item/3 « 11 H A H17Z /7903324 7{r=aladdin.
HASHIMOTO M, FUKUSHIMA Y, FUKAHATA Y. Fan-delta uplift and mountain subsidence during the Haiti 2010 earthquake[]].
Nature Geosciences 2011, 4(4): 255-259.

FIELDING E J, BLOM R G, GOLDSTEIN R M. Rapid subsidence over oil fields measured by SAR interferometry[]]. Geophysical Re-
search Letters, 1998, 25(17) . 3215-3218.

PHIEN-WE] N, GIAO P H, NUTALAYA P. Land subsidence in Bangkok, Thailand[ J]. Engineering Geology, 2006, 82(4): 187-201.
WEI Q L. Land subsidence and urban water management in Shanghai[ D]. Dissertation, Delft University of Technology, 2006.
ZHANG Y, XUE Y Q, WU ] C. et al. Characteristics of aquifer system deformation in the Southern Yangtze Delta, Chinal J]. Engi-
neering Geology. 2007, 90(3/4) . 160-173.

CHEN C T, HUJC, LUCY, et al. Thirty-year land elevation change from subsidence to uplift following the termination of groundwa-
ter pumping and its geological implications in the Metropolitan Taipei Basin, Northern Taiwan[]]. Engineering Geology. 2007, 95(1/
2): 30-47.

CARMINATI E, MARTINELLI G. Subsidence rates in the Po Plain, northern Italy: the relatively impact of natural and anthropogenic
causation[ ] ]. Engineering Geology. 2002, 66(3/4): 241-255.

HETTEMA M, PAPAMICHO E, SCHUTJENTS P. Subsidence delay: field observations and analysis[ J]. Oil and Gas Science and
Technology, 2018, 57(5): 443-458.

SZOSTAKCHRZANOWSKI A, CHRZANOWSKI A, ORTIZ E. Modeling of ground subsidence in oil fields[J]. Technical Science,
2006, 9. 133-146.

ABAM T K S. Regional hydrological research perspective in the Niger Delta[ J]. Hydrological Sciences, 2001, 46(1) . 13-25.
CHRISTIAN J T, HIRSCHFELD R C. Subsidence of venice: predictive difficulties[ J]. Science, 1974, 17 1185.

KOSLOFF D, SCOTT RF, SCRANTION ]J. Finite element simulation of Wilmington oil field subsidence: [. Liner modeling[ ]J]. Tec-
tonophysics, 1980, 65(3/4): 339-368.

DIXON T H, AMELUNG F, FERRETTI A, et al. Subsidence and flooding in New Orleans[]]. Nature, 2006, 441 587-588.

LI G X, ZHUANG K L, JIANG Y C. Engineering stability of the deposition bodies in the Yellow River Delta[ ]]. Marine Geology &-
Quaternary Geology, 2000, 20(2): 21-26. 25/, FEEHk, 22T ib. BT =AM PUTAA Y TR AR E PELT ], i ¥ o i 5 409 00 42 b Jit
2000, 20(2): 21-26.

REED C. Where sinking land meets rising water[ J/OL]. Global Change, 2009, 74: 32-35.[2021-01-10 ]Jhttp://www.igbp.net/down-
load/18.1b8ae20512db692{2a680007108/1376383103720/NL74-deltas.pdf.

SERREZE M C, WALSH ] E, CHAPIN F S, et al. Observational evidence of recent change in the northern high-latitude environment
[J]. Climatic Change, 2002, 46(1/2): 159-207.

NELSON F E, ANISIMOV O A, SHIKLOMANOV N 1. Subsidence risk from thawing permafrost[J]. Nature, 2001, 410: 889-890.
MORSE P D, BURN C R, KOKEL] S V. Near-surface ground-ice distribution, Kendall Island Bird Sanctuary, western Arctic coast,



94

b3 T % 40 #&

FE

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

Canadal J]. Permafrost and Periglacial Processes, 2009, 20(2); 155-171.

HUANG L R, HU H M, YANG G H. Sea level change along the western and south coast of Bohai Sea and recent crustal vertical move-
ment in adjacent areal ] ]. Crustal Deformation and Earthquake, 1991, 11(1) . 1-9. ¥ 2 A . S Z R, & E L. #7655 001 w22 4 &
4RI b X A AL e T EE B[] ], Whre B AR SR, 1991, 11(1): 1-9.

BLOM R G, IVINS E R, KLEMANN V, et al. Subsidence of river delta systems and enclosed basins caused by multi-decadal to millen-
nial scale sediment and ocean loading[ ]]. Geophysical Research Abstracts, 2010, 12, EGU2010-13526.

MORTON R A, BERNIER J C, BARRASJ A. Evidence of regional subsidence and associated interior wetland loss induced by hydrocar-
bon production, Gulf Coast region, USA[]]. Environmental Geology, 2006, 50(2): 261-274.

XU L W, HUANG H J, LIU Y X, et al. Impact of artificial construction on land subsidence in the Yellow River Delta region[ ] ]. Coast-
al Engineering, 2015, 31(3): 33-43. RN, $MA, XUHAEE, S5, B9 = A1 Ui o DX\ T4 S0 %0 st 18T 3L e 0 SE ma F 52 (). ¥ R T
2015, 31(3): 33-43.

TAN J Y, HUANG H J, LIU Y X. Estimation of sediment compaction and its contribution to land subsidence in the Yellow River Delta
[J]. Marine Geology & Quaternary Geology, 2014, 34(5); 33-38. W4k, BEZE, XK FE. 57 = P UUAR M) TR 52 [ 45 K H 0T st 1 0
WESTIRAG FELT ). M P ST S 5 I 22 5T, 2014, 34(5) : 33-38.

LIUY, LIP Y, FENG A P, et al. Groundwater dynamic evolutions and relationship between groundwater level and land subsidence in
the Yellow River Delta[ J]. Earth Science-Journal of China University of Geosciences, 2014, 39(11) : 1555- 1565. X5, Z=4ige, F &
S S B = Y R K S A Al B T TR A O R L) ). HBRFLA O L SR 2 2 0 . 2014, 39(11) ¢ 1555+ 1565.

WANG K F, JI G S. Land subsidence situation and characteristics in the north Yellow River Delta (Estuary Region)[J]. Yellow River,
2020, 42(5); 120-125. EZ5 W, W k. B0 = Ff P AL 0T 00 Xt T C A B ARARRAE LD ], A RGBT, 2020, 42(5): 120-125.

LIU Y. Spatiotemporal evolution of land subsidence and mechanism discussion in the Yellow River Delta, China[ D]. Qingdao: Institute
of Oceanology. Chinese Academy of Sciences, 2013: 53-60. XI55, & n] = £ Y Hh [X My 171 U0 R 25 S AL SR AE RMLER A 92 (D). F 5. " HE
Fl2ABE g PERT 28T, 2013 53-60.

ZHANG J Z, HUANG H B, BI H B, et al. Monitoring ground subsidence in the modern Yellow River Delta based on SBAS time-series
analysis[ J]. Geomatics and information Science of Wuhan University, 2016, 41(2): 242-248. k42, #iG7E, Wik, %. SBAS ¥
BT B AR M AR B = A b T R T, BRBUR 2 M (R BB MO L 2016, 41(2) ¢ 242-248,

LIU S Z, TIANC, ZHU Z Y, et al. Mechanism research and prediction warning of land subsidence in typical sections of the Yellow Riv-
er Delta[J]. Acta Geologica Sinica, 2019, 93(Suppl.1): 251-260. XIFR¥F, W=, KRB 5, . w80 = Y S5 3 B b 10 70 F AL A 5% K
L], AR, 2019, 9303 1) 251-260.

LIU G Y, ZHUANG X L. Environmental geological problems and sustainable economic development of oil and gas resources in the
Yellow River Delta[J]. Shanghai Geology. 2001(Suppl.): 36-38. XU, 5K 24 k. BT = A P 358 IR FF & 09 20 555 b 5 n) 81 45 28 35 T
g kR[], BB, 2001 (1) . 36-38.

LI G X, ZHUANG Z Y, HAN D L. Stratigraphic sequences and characteristics of geological environment since the late period of last gla-
cial age along southern shore of Bohai Sea[ ]]. Journal of Ocean University of Qingdao, 1998, 28(1): 161-166. 2= &, FE4E, whfass.
YR VK I B 301 AR 1t 52 1 371 5t S5 A 05 R —— T S X OB A A (). 7 S v R A 2], 1998, 28(1) : 161-166.

LIY X, YANG G H, YANG S D, et al. Preliminary division of active block boundary in Chinese mainland based on recent vertical crus-
tal movement[ J]. Acta Seismologica Sinica, 2001, 23(1);: 11-16. Z=4EX%, W EE, it 4, &, RIEHAH 72 I G2 30 %) 4 o E KRk
T Eh L R K], #RR A, 2001, 23(1): 11-16.



2 4 A8 & BT 1 = A7 U b 18I0 R ATL 1) A % 95

Research on Land Subsidence Mechanisms of
Mega-River Deltas: Taking the Yellow River Delta as the Case

FU Yun-xia"?, GUAN Yong'?, WANG Xiao-dan"?, WANG Jian-shou'**,
YIN Zheng'?, ZHOU Xiao-xue''*, WANG Qing'?, XU Mei-jun'*
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Geology and Mineral Resources, Qingdao 266100, China;
2. Qingdao Geo-engineering Exploration Institute (Qingdao geological ex ploration and

Dewvelo pment Bureau) , Qingdao 266100, China)

Abstract; Land subsidence happens to different extend in many mega-river deltas (MRD) in the world.
However, the subsidence mechanisms of the delta areas differ due to the differences in natural and anthro-
pogenic forces. The current researches hold that the factors that affect the land subsidence of the mega-riv-
er deltas include both the natural processes such as sediment consolidation and compaction, tectonic activi-
ties, permafrost melting, peat oxidation, sand liquefaction, thermal mantle convection, plate subduction,
equalization action, etc. and the human activities such as underground resource and/or fluid mining, build-
ing loads, and so on. The influence of the geological actions of different time scales on the land subsidence
of the delta varies greatly. The natural subsidence is often a slow accumulation process, whereas that
caused by the human activities is usually faster in speed and characterizes with a certain degree of lag and
decay over time. Research results of the law and mechanisms of the land subsidence of the major mega-riv-
er deltas in the world are summarized and a conceptual model for the land subsidence is proposed. By tak-
ing the Yellow River Delta as the example, the information about the land subsidence of the modern
Yellow River Delta has been acquired fast and in a larger area by using remote sensing technology and the
reason for causing the land subsidence has been analyzed. Grasping the spatial and temporal distribution
and inducing factors of the land subsidence of the Yellow River Delta is of great significance for responding
the global relative sea level rise and disaster prevention and mitigation.

Key words: mega-river delta; sinking mechanism; natural and anthropogenic process; Yellow River Delta
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