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On the strength of subduction megathrusts

KeLin WANG
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Abstract The strength of subduction megathrusts is an important problem in geodynamics. Over
the past two decades, the scientific community has made fundamental progress in understanding
this problem. In this article, I briefly introduce the core scientific issues in this research, the
primary methods used, and the main results. There are only two effective methods to provide
macroscopic estimates of these faults’ strength at large spatial scales. One method is to use
forearc crustal stress observations to constrain the level of margin-normal compression which
helps to estimate the strength of the megathrust. The other is to use forearc heat flow
measurements to constrain the amount of frictional heating along the megathrust which also helps
to estimate its strength. Research results show that these faults are extremely weak. Their
effective coefficients of friction are often around 0. 03, although some may be slightly higher than
0.1. The weakness of the megathrusts explains why subduction zones are not orogenic belts.
Research results also show that the weakest megathrusts are those that produce very large
earthquakes, strongly indicating that large earthquakes do not need strong faults or high stress
but only need geological conditions that facilitate the propagation and expansion of seismic
rupture. The strength estimates further imply that stress drop in great earthquakes, when

compared with the strength of the faults, is neither negligibly small nor nearly 100%. The
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geological reasons for the weakness of the megathrusts are not yet clear. Pore fluid pressure is

generally expected to be rather high, but the presence of weak hydrous minerals in the fault

gouge may also play a critical role.
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Fig.1 End-member representatives of warm and cold subduction zones
(Modified from original figures in Wada and Wang (2009))
(a) Cascadia, where the subducting plate is young and warm; (b) Japan Trench, where the subducting plate is old and cold. For details of
the temperature modelling and locations of the model profiles, see Wada and Wang (2009). Red dots and the blue curve represent observed
and model-predicted heat flow values, respectively. The two parallel dashed lines encompass the subducting crust, in which the blue part is
meta-basalt and the white part is eclogite. Peak dehydration of the subducting crust accompanies the basalt-eclogite transformation. Purple
areas in the slab mantle and mantle wedge indicate P/T conditions for the stability of antigorite; the actual presence and abundance of
antigorite depend on whether adequate H,O is available. Nevertheless, the purple area of the mantle wedge basically represents the cold
nose. Arrows in the hot part of the mantle wedge show model-predicted direction of wedge flow. The black triangle marks the location of the

volcanic arc.
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Fig.2  Schematic illustration of f{rictional and
viscous parts of the megathrust
This is a hand-drown schematic illustration. but the main
characteristics of the various curves are based on the model
results of Gao and Wang (2014). The slight concave upward
shape of the frictional part of each curve is due to the increase
in fault dip with depth. The frictional-viscous transition is
marked only on one curve but applies also to the other two
curves. For a greater fault strength or a younger slab, the
transition occurs at a shallower depth. The “low /‘/, young
plate” and “low z', old plate” scenarios apply to the Cascadia

(Fig. 1a) and Japan Trench (Fig. 1b) subduction zones, respectively.
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Fig.3 Cartoon showing how stress changes in different parts of a smooth fault during

the same seismic rupture (Panel (b) is modified from Brown et al. (2015))

(a) Hypocentral area. When the pre-earthquake stress z, reaches fault strength z,, fault begins to slip and weaken. (b) Rupture

front. The pre-earthquake stress is lower than fault strength, but the stress instantaneously increases to r,, followed by intense

weakening. The rupture is then able to propagate. (c) Patches of the fault that are involved in the rupture process but exhibit

strengthening. The stress increases with slip (but unlike the sudden rise in the beginning of (b)). A high degree of coseismic

strengthening can stop rupture propagation. Moderate strengthening may result in the patch being “passively” driven to participate in

the slip, but the accompanying stress increase (i. e. , negative stress drop) serves to retard rupture velocity. (d) Patches that turns

from strengthening to weakening. The initial strengthening phase is similar to that in (¢). When its slip rate is adequately high, other

mechanisms cause intense weakening, and the patch actively participates in the rupture as in (b). Stress may continue to change after

the slip stops because of influence from neighbouring parts of the fault, but it is not shown here.
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G, T 2L i I 7 A% 7 3 A8 CFR ol 288 3 188 ) — MR A
km e s G R s DB TR DR M R I E 18] A Al R G
BEFAE 2 km « s BR L B RALRE I B L KRR A B
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3d) (Noda and Lapusta, 2013). & 4k, 4 3 {1V —
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DRI Sy 2 1) 16 3 0 AT LA DK A 8 56 R o ke B £
o SR TR T Y — A 2 X A (B T AR I 3 (A
I3 — A T7 ¥ I VAU R b R 0 00 6 D 29 0 3l i 4
Gy RO SO J2 7 A Y BE AN TR AT A AL L R
P SR Y 2 2 S AT L AR B {EL. LR A
PR TIE BT 2245
3.1 5RHTRL 7135 0 K B B 38

SICRIT H 7€ W R LA AR N 2/ 2 10 5%
PRAL R oK 29 5. 3% Sl W )2 138 3h I 1) Al FLRE 3 07 1)
R BE AR — R AR AE T B DDA i S L L e AT
DUSR LA R 00 7 13 .. g T Ak AR o K IR 2 1
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Fig. 4 Model used by Wang et al. (2019) to study stress change in Japan Trench forearc in 2011 (Modified from an

Distance to trench/km

original figure of Wang et al. (2019). For compatibility with Fig. 1, the direction of subduction is shown to be from left
to right)

(a) Conceptual illustration. The vertical stress in the forearc is controlled by gravity (here p is average rock density and g is gravitational

acceleration) . but the horizontal stress is controlled by the strength of the megathrust (Equation (2)). (b) Model geometry. E is Young's

modulus. For model simplification, the slab is assumed to be nearly rigid, and the hot mantle wedge has almost zero stiffness. (c¢) The

Coulomb wedge model that was also used by Wang et al. (2019), illustrating the control of stress orientation by system geometry as well

as fault stress and gravity. The Coulomb wedge model is not discussed in this paper.

P8 U FATTA T R S RO 1T HL AN 75 I K i
391 % it v Y VR ) b TR X6 S N A6 A ) R e )
N EERRT FECE W EE. AEREY, Wil
YLZGE T M- AR i TR B2 (UL 2. 1 5 Rl 2) 4 )
BF 15y 32 SR TR el O 2 0 5 L A R 2
5if» BICAI b Al R 2 0 A A 1o 57 s R A8 1] 1 g U R g
R T ) 07 ). KW 2 55, W fe 2z A AR ik A S B
FRATTAT LA g 57 f7 S A 4R ASE AR, FE ORI 1) Fr = L 1)
IV 3R X6 RN iy 5 1 R IR il 22 1) 1) 81 25) R 44
EONCVAIESE E £ -2 g

AR s AN 3 1L X — TR AT
AR08 A & JEE DR AT A A e 30 e 1 R0 5 D) hy
WG 40 A8 5 — 8 AR A0 e £14 22 585 S0 1L IS AR v el A 3
10 B AR AR RS2 22 B T L0 KR A 4 SRR ey
— B A1 T L2 L AN S AT HA T H R i 3 Y
(Oncken et al. , 2006). X B H &2 H — FEE MW
WAL AN FTRADIE A G U R A ) R A Al i
B 3 13 R B e IR ) R OOk A = A L T
AR s AN — e UL S R 1] g 5 ) g R A B

N8k [\ % /N (Wang and He, 1999; Seno, 2009),
3l U » T2 B AL A A 1] B T ) BE AR E A RE
UE F AR AR RG22 A PR B T 85 B ik S A T
O o AT 4 3 L B S Ll IR AL T A ) 1 ) R /N AH A
Gk | 5 B 2% 3t % AR DG E (0 K 7 2 ol — A
0.03/2 45 (Lamb, 2006; Dielforder et al. , 2020),
o 2.1 5 4R 2 A I 2 9 B 2 IR 0. 4 /b — i 21
AT e A e — L AR T I 1 R SR b X A
IR IPIRES . T AN — e ST HTIE de iR R
B R F 10 iV B O 0 BLR E R R B ) TR
(Dahlen, 1984; Wang and Hu, 2006; Wang et al. ,
2019) AU T IEIR.

2011 4 LUAT A4 4 UL 527 o F A 1 38 5
D[] 5% s B S KT 3 1], 5 22 B0CHC AL AT el AN —
FE. A RRSEHTR R E R 20, R E R RIRZ IR
23X B R 2 ] BE Hb 380k, {H )& Wang il Suyehiro
(1999) 48 i » B Ay ik LAY ORF i Al v 2k B2 IR e Jfe-
PR TR B R CILES 2.1 5 AE b 18] 20 JATi B
o R T R AR 555 S 0 1) 5% TR A 2 AT AR 3 5 2 B
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RO AT T 25 R R RV {3 R B )2 55
] 1 A0, 03, B 1] J7 30 S 0] LA 8 o ) . H A
Y V8 P RE A AN AR Y e M 7E 2 B U — AN R
2011 4 9 G MR L 38 5L T IR AT I b X 3 5 B )
AR R MR R 1) B s 722 38 72 118 8 o) L
X—7Z L5k T Wang Al Suyehiro 1 & 3. 3 WL
Wang 58 (2019) , AR HOZ i B — T 5 A 7 .

5 HC Al AR e O MR — A AR U TR R Ml R
SR IS N ST AR K (Brown et al. , 2015). AL
B ZG YA T 3755 B R S AR /N, 31X 4 /N i 3l )
DA ST I 7 bR 285 B % o mT L 3 B 5 T L g bR S
AT S BIVR (] s 7 A A R T e 1] [ Ay 8T 4b S
/R Wang 2 (2019) I 47 & S H R0 —4EA BT
R 1) TUART 45 48y 5 455 58 351 T 25 2ok oK+ 7% ¥ 3y T A vh
L. XA 5 Wang Fl Suyehiro (1999) J i 451 %1
ARARL o L B St S e 1 A 98 g ARF ol 1 UL 8 2R
55 (UL Th) « (1) el 1 9I0H AR L » BT )22 110 B8 48 X I
TRIB TS T B (2D 3 B8 B AT A b 8 v 2 7 i 2
R T BB AR A — 3 A () IR I Y
e U P e A M AR PR A LR . BT S
2 X AR 25 R R ITJZ 2011 4R RR I
T AT A R g B 4 A AT LM 22 SCHR A Ak 114 1) 7% e
JZ2EE IR A A3 H (Wang et al. , 2018). K] 5b i
738 Y 23X A IO g R BRI B g 37 1 R AR . 7R I
B3 (L Sa0 i b 3 A4~ 410 3l 3 50 28 1T 5 5 I
(B 50 . R IRHT I 380 b 7 17 ) 7 72 AT LA B 1] 3%
JE 2 FE M AE 2 T DA ) R 3 2 254 K T2 Y
g/ 220,032, KK WIFE JG A 23 BB 5 /N, ) A2
R MBS L. 5300, B A IR AR R ). 2010 4¢
BRI 8. 8 GRARF iy R b 7R A 5| e SN T A L iy B )
IRZS 5 (Aron et al. , 2013).

3.2 EEERMAMERE

WrJZ 8 — B i d 7 AR BE S G RE
IR EE R ) « R ) od . BT DAL AR o 2 AR ol
ARF ooty BT )2 1) JEE 458 A R o, B =
B (D@ XSG . AR 135k AT
ARF ety I B8 37, e R IR HT O X, & & He B )
DAL AR I )2 A 080 4 AR B e D iy s o 1 EE
A AR A 2 B0 A% 22 B LU B A O 1 . X
FE S ARA G 00 PG I o FRAT Tl mT LA 00 0
T B0 A (B AH L5 DT A3t B B 4 L A5 s
AL o fH. & 6 & Gao Al Wang(2014) FIA J7
A B A — R T O T 2 5 B Y R s BT R AU
Tk L s a5 BT R J7 3 28 (R 7E BE 48 A
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K5 Wang 4£(2019) H A 2011 S 50HT N ) 22 1L
L5 (H Wang % (2019) J5 B B L. S 5 1
XL A i 1) A A ZE T A
(a)2011 4 9 2 K 3t 52 Wi 09 25 By (4% 1) 6 1 38 43 © & 08
B 5 (b) 9 Pt R KW 2 B ) e sl R 22 B #8555 (o
R HRR 5 A9 22 B 7 5 B Ca) —+ (b) . [ AP 22 0y A 3 A R
TP = INEAR CIE SN | A L2503 I N i Y P R el o = R i)
FR . R LL AR S AR TE 2 R v ) 77 1),
Fig.5 Model results of Wang et al. (2019) for the stress
change in Japan Trench forearc in 2011 (Modified from an
original figure of Wang et al. (2019). For compatibility
with Fig. 1. the direction of subduction is shown to be from
left to right)

(a) Deviatoric stresses before the M=9 great earthquake in
2011 (the isotropic component has been removed). (b)
Perturbation to the deviatoric stress caused by megathrust
stress drop during the M = 9 earthquake. (c¢) Deviatoric
stresses after the great earthquake, i.e. , (a) +(b). In all the
panels, two mutually perpendicular pairs of arrows represent
deviatoric stress. Red indicates horizontal compression is greater,
and blue indicates vertical compression is greater. Blueish brown
indicates the two are similar. Large red arrow pairs show the

direction of maximum principal compressive stress on the fault.

IR 3 AT BRI AR SN A PE L PR WL Gao Fl Wang
(2014). 5 b KA 0 b a5 24 30 X0 00 K A i A i
WX AN T7 . ANIEL 6 B2 SR m] LAAEIE o I vhafy oK Wy
2 3 AR 555 TS L 7 A R i = 114 B0 2R K )=
55 400,03 Ze A DR 5 A A B 1 ke 1 W )22
56 &2 55 MRy - 4 94 530 1 Ok 9 3 B2 A W) . Y
M E AR 7 35 4 Hh 2R LA 45 28, ROR 3 5i 3 AT
XK LELE A AF 0. 2K i T B & B S
PR 2% B 48 A AN B0 e B A AR R 18 AN W 2 .
EIEANIE] 6 J7 7 » B 7E 15 22 Yo ] PA) 308 BBl /28 485 2
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P 6 Gao Fl Wang(2014) I FE5 AL Al 5 Ay T 22 B
A R EEE BB () Gao Fl Wang (2014) J5 &1 46 2k T 5D
R Bl 2 5 R e A LT B 1 R T2 11 b 7R ) i R L R
WE Y (PRI Gao F1 Wang (2014)). 20 42 40 448, &
S — A el T MHE A 7 L B RR. R e R
AAERIBTZ bt b 58 R A8 AR R AL AN AR 3R K I 2 o A
J5 PRI aHe W 5 T PR T = AR e AN T R 1 B Y AT O R
AT I Hb 2 IF P (Wang and Bilek, 2014).
Fig. 6 Apparent effective coefficient of friction of
megathrusts estimated by Gao and Wang (2014) by
modelling frictional heating (Modified from an original
figure of Gao and Wang (2014))
The horizontal axis is the moment magnitude of the largest
megathrust earthquake in these subduction zones ever
observed (for details see Gao and Wang (2014)). At the
first subduction zone in the figure, earthquakes greater
than magnitude 7 occurred near the trench in the 1940s. If
these events indeed occurred on the megathrust, they must
have been extremely shallow and thus are not representative of
the main part of the megathrust and hence are left out. There
are modern geodetic observations to confirm various degrees
of creep behaviour of the first three subduction zones in the

figure (Wang and Bilek, 2014).
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2018; Lallemand et al. , 2018; Van Rijsingen et
al. . 2018). % ok . HLEE BT )2 %) 85 1) 32 3l i B 7 FE A
KB . Gao Al Wang (2014) Fjx F BH 1 %5 K
) U5 T Sk iR B Y CIEL 6. A s A KT 2 1 B D is
Bl R AL AR T RURL AN P AT Y
PIJZ CH W3R 0] LY AR — A BE R 25 3 R i 2R
PRABIRAL T R AT A JLAT 25 4 AH 2 SR b X 55 )iz
BB T FEEE /N S B o AR, VF 2200 wh s o B R 08 o
RIS OB 2 50 IR ob T R AR Z D0, R Z T
BRI ¥ (Scholl et al. . 2015). 78 3% Fft fff 5t
TLRET A H KRB T W Z R e ™5 T
B AT W R 2. 2 YRR R E T 3. 2R A
T8 T2 1000 B 2 R AR 55 0 HL 51 R i T X R G 3w LA
PR 55 05 37 s LA T b A R R 7 J2 ) i s 3

Vo (s U N =R INTS N = 1Y ) = L o
%ZIKJE%@MTILH% S R T 25 ) 36 %o T 2 A
JI B — B 5 o 5= o 48 R R A AT AL Dy — AP 1 T
ASE A Y. {E PRl 200 1 L5 b o o i 4
BB K B AT R R S X A TR P 45
Jo s B sh B RS 5540 (L 2. 2 ). “ MM R TR e R
JEE RN o — 1 2 B A S5 58 Al R LA D L
Z AR i L P RE 5 M B B R AR ) S R AR
. b BTG T o 2 5= LU R JUT S B
W )25, HAG T2 U PR BT A DX ). T 2O P A
R LA I 55 B i X A 2 T R R R — A T
WY B U 2 A T BB A 2 T LAY A SR B
RIZVE T HVEZ R REH I JZIREERRER . el —
SEZE Y AN A AR S S0 S B2 AN (H 5 IR
T H 4 B W oh (Tkari et al. o 2011). FHAfth 5w fF = — ok
AR PR AL U 272 7 e . L K T L e A T 3 A
HAAE 8B )Z A A B T (Wang and Bilek,
2011, 2014).
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