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[1] According to the dynamic Coulomb wedge model, coseismic strengthening of the

shallowest part of the subduction interface can cause permanent deformation of the
overlying outer wedge, so that the cumulative effects of great interplate earthquakes
control the geometry of the wedge. In this work, we use a numerical model, which is a
hybrid of the frictional contact model and the classical crack model, to study how stress is
coseismically transferred from the seismogenic zone to the strengthening updip zone to
cause wedge deformation. In this static model, the ‘‘critical strengthening’’ required to
prevent the rupture from breaking the trench depends on the force drop of the seismogenic
zone, defined as the product of the average shear stress drop and the area of the
seismogenic zone. In a simple model of uniform material properties with a few
megapascals average stress drop over a seismogenic zone of 120 km downdip width, the
critical strengthening for a 30 km wide updip zone is an increase in the effective friction
coefficient by about 0.05. Using the Coulomb wedge theory, we demonstrate that this
level of strengthening can readily push the overlying wedge into a critical state of failure.
With much greater strengthening, the rupture is able to extend into the updip zone only
slightly, causing localized wedge compression in the area of slip termination. We
examined wedge geometry of 22 subduction zones in the light of the model results. We
found that the surface slope of these wedges is generally too high to be explained using the
classical wedge theory but can be explained using the dynamic Coulomb wedge model
including coseismic strengthening of the shallow portion of the megathrust.
Citation: Hu, Y., and K. Wang (2008), Coseismic strengthening of the shallow portion of the subduction fault and its effects on
wedge taper, J. Geophys. Res., 113, B12411, doi:10.1029/2008JB005724.

1. Introduction
[2] Deformation, stress, and geometry of the wedgeshaped geological unit at the leading edge of the upper
plate of subduction zones are of interest because they
provide information on the frictional properties of the
subduction fault. Most studies investigating the mechanics
of the wedge only address the long-term state of stress
averaged over numerous earthquake cycles, and the wedge
is assumed to be always on the verge of Coulomb failure.
Recently, Wang and Hu [2006] proposed the dynamic
Coulomb wedge theory to address the effects of stress
changes along the subduction fault in great earthquakes.
[3] The frictional strength of the seismogenic zone of the
subduction fault decreases during an earthquake, causing a
stress drop (Figure 1). In contrast, the strength of the
shallowest part of the subduction interface extending to
several to 10 km depths increases during an earthquake,
resisting rupture (Figure 1). Direct and indirect evidence for
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this coseismic strengthening behavior has been summarized
by Wang and He [2008]. The most direct evidence comes
from near-trench continuous monitoring of coseismic deformation of the M 8.2 Tokachi-oki earthquake of 2003 [Baba
et al., 2006] and the M 8.7 Nias-Simeulue earthquake of
2005 [Briggs et al., 2006; Hsu et al., 2006]. The segment of
the fault downdip of the seismogenic zone also strengthens
during an earthquake, and materials at even great depths
undergo viscous deformation. The updip and downdip
limits of the seismogenic zone are thought to be thermally
and petrologically controlled [e.g., Hyndman and Wang,
1993; Hyndman et al., 1997].
[4] Subduction zones can be roughly grouped into the
accretionary and erosional types [von Huene and Scholl,
1991; Clift and Vannucchi, 2004], depending on whether
there is net accretion of material or continuing removal of
material from the underside of the upper plate, respectively,
in the recent geological past. Regardless of the difference
between accretion and erosion, the frontal part of the
overlying plate, referred to as the outer wedge, features
active ongoing permanent deformation, while the part
further landward, referred to as the inner wedge, usually
shows much less recent permanent deformation [von Huene
and Klaeschen, 1999; Park et al., 2002; Krabbenhöft et al.,
2004] (Figures 1b and 1c). In addition, the surface slope of
the outer wedge is generally steeper than that of the inner
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quake, how much driving force an earthquake can provide
to deform a wedge of given strength, and what parameters
of the earthquake control the driving force. In this work, we
first develop an elastic two-dimensional (2-D) finite element
model to investigate how stress is transferred from the
seismogenic zone to the shallow segment during an earthquake. To apply the model results to real subduction zones,
we compile outer wedge geometry for many subduction
zones. Finally, with the knowledge of coseismic stress
transfer and the observed wedge geometry, we discuss
the mechanics of the outer wedges as affected by great
earthquakes.

2. Coseismic Strength Change Along the
Subduction Fault
2.1. Model of Stress Transfer
[6] We describe stress changes along the subduction fault
during a great earthquake using a three-segment model
including a seismogenic zone between updip and downdip
strengthening segments (Figure 2). In this static model, a
prescribed sudden decrease in frictional strength causes the
seismogenic zone to slip, but a prescribed strength increase
causes the segments updip and downdip to resist slip.
Therefore, the shear stress over the seismogenic zone is
coseismically transferred to the other two segments. This
model builds upon classical static earthquake models such
as the dislocation model in which slip distribution is
prescribed and the crack models in which the stress distribution is prescribed (Appendix A), but it incorporates
contrasting frictional behaviors of different parts of the
fault. For simplicity and for the convenience of directly
applying the model results to wedge mechanics in later
sections, we assume a constant Dm0b for each fault segment.
This simple trisegment parameterization captures the most
fundamental aspect of earthquake rupture, that is, the
simultaneous weakening of the seismogenic zone and

Figure 1. (a) Cartoon showing spatial variations in the
frictional properties of a subduction fault, based on a similar
figure by Wang and Hu [2006]. (b) A 2-D simplification of
the system shown in Figure 1a for accretionary margins
(based on Wang and Hu [2006]). (c) A 2-D simplification
for erosional margins based on concepts presented by von
Huene et al. [2004].
wedge. Wang and Hu [2006] postulate that the structural
and morphological contrasts are associated with the frictional property change along the subduction fault: The outer
wedge overlies the aseismic updip zone, and the inner
wedge overlies the seismogenic zone (Figures 1b and 1c);
it is the coseismic strengthening of the shallow aseismic
zone that repeatedly drives the outer wedge into a failure
state and controls its long-term geometry.
[5] However, coseismic stress increase in the updip zone
cannot be arbitrarily large; it is related to the size of the
earthquake. Questions to be addressed include how the
coseismic stress changes in different parts of the subduction
fault are ‘‘coordinated’’ in an earthquake, what part of the
shallow segment experiences strengthening during an earth-

Figure 2. Schematic illustration of the subduction zone
model considered in this work. Large arrows represent
interseismic strain accumulation. An earthquake is simulated by imposing a sudden decrease in the effective friction
coefficient m0b of the seismogenic zone by the amount of
Dm0b. Coseismic strengthening of the updip and downdip
zones is simulated by imposing a sudden increase in their m0b
values.
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Figure 3. (a) Central part of the finite element mesh for
the stress transfer model discussed in section 2. Thick solid
line along the megathrust fault (30 km distance) marks the
location of the seismogenic zone. (b) Illustration of the
Coulomb wedge model for the most frontal part of the upper
plate to be discussed in section 3, showing the coordinate
system (x, y), example maximum compressive stress s1,
angles a and b, and water depth D. Here r and rw are
densities of the wedge material and overlying water,
respectively. Here mb and lb are friction coefficient and
pore fluid pressure ratio along the basal fault, respectively,
and m and l are internal friction coefficient and internal pore
fluid pressure ratio, respectively.
strengthening of its neighboring areas of the fault, yet still
retains the simplicity of the classical models to allow clear
explication of physical concepts.
[7] The real subduction fault zone has a finite thickness,
and the evolution of stresses along the fault during an
earthquake must be dynamic and nonlinear. If we assume
that the laboratory-derived rate- and state-dependent friction
law [Ruina, 1983; Marone et al., 1991; Dieterich, 1992]
applies to real faults, the observed coseismic strengthening
and weakening of the faults can be parameterized in terms
of positive and negative, respectively, logarithmic dependence of their friction coefficients on slip rate. For the
purpose of the present study, we only need to consider the
net change in the shear stress along the fault, and we do not
model the time-dependent evolution of fault friction. It is
this net change that controls the overall coseismic deformation of the overlying outer and inner wedges.
[8] In this section, we use a 2-D plane strain finite
element model of elastic material to model the net stress
change along the fault during an earthquake (Figure 3a). In
section 3, we will study the consequence of this stress
change to the mechanics of the outer wedge, and the fault
stress studied here will be used as a boundary condition at
the base of the wedge (Figure 3b). The strategy of separately studying the stress transfer along the fault and the
mechanics of the wedge greatly simplifies the problem. A

B12411

disadvantage of this separation is that the elastic stress
transfer model does not account for any permanent coseismic deformation of the outer wedge and its potential
nonlinear effect on fault stress. However, permanent wedge
deformation during an individual earthquake is very small,
and this second-order effect should introduce little error to
the stress transfer modeling. Another simplification is to
consider internal pore fluid pressure only in the Coulomb
wedge model but ignore it in the stress transfer model. The
pore fluid pressure can modify the elastic deformation in the
stress transfer model only slightly, but its effect on the yield
strength of a Coulomb wedge is of first-order and cannot be
ignored. Similarly, pore fluid pressure along the fault zone
has a first-order impact on fault strength and cannot be
ignored. Its effect is included in the effective coefficient of
friction m0b of the fault, which is the ratio of the shear
strength and normal stress and is a composite parameter.
[9] Except for a planar fault, which is sufficient for the
purpose of the present work, our model setup follows that of
Wang and He [2008]. The method of Lagrange multiplier
Domain Decomposition [Wang and He, 1999] is used to
handle the frictional contact between the two converging
plates. The model boundaries are set to be very far away
from the area of interest, the updip zone and seismogenic
zone of the megathrust, in order to minimize potential
artifacts of these boundaries. The resultant very large
vertical dimension of the model domain would lead to very
large lithostatic pressures at large depths and cause numerical problems to the calculation of shear stresses if gravity
were directly included. Therefore, we invoke gravity (assuming a rock density of 2800 kg/m3) only when determining
yield stresses along the fault and exclude it from deformation calculation.
[10] Modeling of the stress transfer includes two steps,
fault locking (interseismic) followed by an earthquake
(coseismic). The interseismic stress buildup is modeled by
moving the remote seaward and landward model boundaries
toward each other against a locked fault that is on the verge
of frictional failure (Figure 2). On the basis of the weak fault
arguments as summarized by Wang and Hu [2006], we use
m0b = 0.04 for the updip and seismogenic zones. The stress in
the deeper segment is expected to be much relaxed a long
time after the earthquake, and we use m0b = 0.004 to
represent its nearly zero strength.
[11] The earthquake is simulated by imposing a sudden
decrease in the effective friction coefficient of the seismogenic zone, that is, a negative Dm0b (Figure 2). The elastic
strain accumulated in the system at the interseismic step will
then cause the fault to slip. Coseismic stress drops as
constrained by seismological studies vary with the types
and magnitudes of earthquakes from a few kilopascals to a
few tens of megapascals [e.g., Kanamori, 1994]. In this
work, Dm0b along the seismogenic zone is chosen to produce
a stress drop of a few megapascals, typical of great
subduction earthquakes. The corresponding strengthening
of the updip and downdip segments is simulated by imposing a positive Dm0b (Figure 2). We apply different values of
Dm0b to the shallow segment updip of the seismogenic zone
to represent different degrees of coseismic strengthening.
The exact degree of strengthening of the aseismic segment
downdip of the seismogenic zone is less important for the
purpose of our study and, for the sake of simplifying the
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Figure 4. Examples to illustrate the effects of earthquake size and the degree of the coseismic
strengthening of the updip zone. (a) Identical strengthening of the updip zone but different stress drops in
the seismogenic zone. (b) Identical stress drop in the seismogenic zone but different degrees of
strengthening of the updip zone. Figures 4a (top) and 4b (top) show coseismic strength change Dm0b along
the fault. Figures 4a (middle) and 4b (middle) show stress change. Figures 4a (bottom) and 4b (bottom)
show slip distribution. Solid lines represent the reference earthquake model. The central part of the finite
element mesh for these models is shown in Figure 3a.
physical problem, we use a sufficiently large Dm0b to prevent
it from having any coseismic slip.
2.2. Reference Earthquake Model
[12] For a reference earthquake model, we use horizontal
widths of 30 km and 120 km for the updip zone and the
seismogenic zone, respectively. On the basis of observed
average geometry of subduction zone fore arcs (to be
explained in section 3.2), we assume surface slope angles
a = 4° and 0° for the outer wedge and areas further
landward, respectively, and a constant basal dip b = 5°
for the subduction fault. Following Wang and He [2008],
we use a moderate rigidity of 40 GPa and a Poisson’s ratio
of 0.25. It can be shown that changing the rigidity value
only causes a scaling change to the amount of fault slip and
has no effects on the stresses. Our numerical experiments
have shown that the effect of reasonable variation of rigidity
with depth on the stress solutions is nearly negligible
(results not displayed). The effects of other model parameters will be tested by varying parameter values based on
the reference earthquake model. The central part of the
finite element mesh for the reference earthquake model is
shown in Figure 3a, and the results are shown in both
Figures 4a and 4b using solid lines.
[13] For the reference earthquake, Dm0b = 0.01 is
applied to the seismogenic zone, leading to an average
stress drop of 2.8 MPa (solid lines in Figure 4). A strengthening of the updip zone by Dm0b = 0.052 causes the
coseismic slip to taper to zero at the trench (Figures 4a
(bottom) and 4b (bottom), solid lines). If the model earth-

quake rupture is 500 km long in the strike direction, this
reference earthquake would have a moment magnitude
Mw = 8.8. The normal stress along the fault is determined
mainly by the weight of the rock column above and shows
little change during the earthquake, except in the vicinity of
the transition between zones of strengthening and weakening. Because of the uniform Dm0b assumed for each fault
segment, the shear stress increase or decrease with trenchnormal distance follows a linear trend if the fault segment is
everywhere at frictional failure. By using a heterogeneous
Dm0b, we could also produce a uniform stress drop along the
seismogenic zone, simulating the classical crack model (see
Appendix A). The abrupt stress change between the strengthening and weakening segments as shown in Figure 4 is the
consequence of the abrupt change in Dm0b across segment
boundaries. As will be discussed in section 4.2, a more
gradual Dm0b change between segments will lead to a
smoother stress change along the fault but will not change
the basic characteristics of the results.
[14] The slip distribution along the fault in this model is
similar to that of the classical crack model (Appendix A),
but the updip termination of rupture is more gradual because
the updip segment is allowed to slip in accordance with its
coseismic frictional strength. This type of ‘‘bell-shaped’’
slip distribution is frequently seen in rupture models based
on the inversion of geodetic and/or seismological observations, but heterogeneous frictional properties may give rise
to other types of distribution [e.g., Manighetti et al., 2005].
Although it is the stress change along the fault that is
directly relevant to wedge deformation, it is important to
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recognize that the slip distribution is critical to many other
aspects of earthquake research such as the generation of
tsunamis [Geist and Dmowska, 1999; Wang and He, 2008].
2.3. Coseismic Strengthening of the Updip Zone and
Stress Drop in the Seismogenic Zone
[15] For the same degree of strengthening of the updip
zone, different levels of stress drop in the seismogenic zone
lead to different states of frictional failure in the updip zone.
The three examples shown in Figure 4a have the same Dm0b
value for the updip zone but different Dm0b values for the
seismogenic zone. For the reference earthquake model
(solid lines in Figure 4), the entire updip zone is at frictional
failure. A larger earthquake occurring on the same seismogenic zone also pushes the entire updip zone to failure
(dashed line), but the stress increase in the updip zone is the
same as for the reference earthquake. The larger earthquake
does not transfer more stress to the updip zone because the
stress increase in the updip zone is limited by its Dm0b.
Instead, the ‘‘extra’’ stress due to the larger earthquake
causes the entire updip zone to slip for a distance. A smaller
earthquake only causes a deeper portion of the updip zone
to fail (dotted line). In this case, the stress increase in this
deeper portion is sufficient to resist the earthquake push,
and it serves to create a stress ‘‘shadow’’ to protect the rest
of the updip zone.
[16] Conversely, for the same stress drop in the seismogenic zone, different degrees of strengthening of the updip
zone lead to different states of frictional failure of this zone.
The three examples shown in Figure 4b have the same Dm0b
value for the seismogenic zone but different Dm0b values for
the updip zone. Given the stress drop shown in Figure 4b,
the value of updip zone Dm0b = 0.052 used for the reference
earthquake model (solid lines) is the maximum strengthening with which the entire updip zone is at failure. Such a
Dm0b value, denoted Dm0b_c, is called the critical strengthening in this work. If Dm0b is greater than Dm0b_c, such as 0.072,
the strengthening is too large to allow the stress to be
transferred to the entire updip zone, and the shallowest
portion of the updip zone is in the stress shadow (dotted
line). In this static model, the critical strengthening is also
the minimum strengthening required to prevent the rupture
from breaking the trench. If Dm0b is lower than Dm0b_c, such
as 0.032, the resultant stress increase is too small to resist
the push from the seismogenic zone, and the rupture breaks
to the trench (dashed line). Similarly, the trench-breaking
rupture of the dashed-line model in Figure 4a indicates that
the Dm0b value of 0.052 assigned to the updip zone must be
smaller than the critical strengthening for the larger earthquake. Although the slip distribution in these two trenchbreaking rupture models (dashed lines in Figure 4) is similar
to the results obtained by Liu and Rice [2007] using the rateand state-dependant friction law for a model including a
moderately rate-strengthening updip segment, it should be
cautioned that a quantitative comparison cannot be made
because our static model does not address any rate dependence of the fault strength.
[17] In general, for a state with Dm0b  Dm0b_c, the whole
updip zone is at frictional failure. For a state with Dm0b >
Dm0b_c, its shallowest part is in a stress shadow. It needs to
be pointed out that for states of Dm0b > Dm0b_c, potential
permanent deformation of the overlying outer wedge must
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be localized to the area around the termination of the
coseismic slip where large shear stress increase takes place
(e.g., the ‘‘spike’’ of the dotted line immediately updip of
the seismogenic zone in Figure 4b). The exact Coulomb
wedge solution [Dahlen, 1984; Wang and Hu, 2006] that we
will use in later sections assumes a uniform wedge whose
basal fault is either nowhere or everywhere at failure. To be
able to combine the results of our finite element modeling
with the Coulomb wedge solution, we focus only on the
states of Dm0b  Dm0b_c. In the following sections, we mainly
examine the state of Dm0b = Dm0b_c, which is also representative of the states of Dm0b < Dm0b_c. States of Dm0b > Dm0b_c
may sometimes be applicable to real subduction zones and
will be discussed in section 4.1.
2.4. Critical Strengthening of the Updip Zone and
Force Drop in the Seismogenic Zone
[18] In this section, we investigate how the critical
strengthening of the updip zone is related to the stress drop
and the size of the seismogenic zone. In comparison with
the reference earthquake model, we consider two models in
which the seismogenic zone is either wider or narrower than
the reference earthquake by 40 km (dashed and dotted lines
in Figure 5). The seismogenic zone Dm0b values are chosen
so that these two models and the reference model all have
the same ‘‘force drop’’ DF, defined as the product of the
average stress drop and area of the seismogenic zone. The
DF for all the three models shown in Figure 5 is identically
3.3  1011 N per unit strike length. The model result show
that all these models yield the same critical strengthening
Dm0b_c = 0.052 for the updip zone (Figure 5a). Although
these model earthquakes produce the same DF, their moment magnitudes are different, with the widest seismogenic
zone (dotted lines) producing the largest Mw. It is the total
push represented by DF, not Mw, that the updip zone
‘‘feels’’ from the seismogenic zone. Dm0b_c is thus a function
of DF only.
[19] Further model tests reveal a linear relationship
between Dm0b_c and DF (Figure 6). If all the force drop is
balanced by the stress increase in the updip zone alone, DF
should scale with Dm0b_c times the square of the width of the
updip zone (see equation (8) by Wang and He [1999]). But
the scaling relation shown in Figure 6 is affected also by the
stress increase downdip of the seismogenic zone. Figure 6
shows the simple fact that for a given width of the updip
zone, an earthquake with a larger DF requires a greater
Dm0b_c to prevent the rupture from breaking the trench.
[20] With the horizontal width of the updip zone fixed,
Figure 7 shows the effects of surface slope angle a and fault
dip b on Dm0b_c. If a is larger, the fault is more deeply
buried for the same horizontal distance from the trench. The
greater normal stress makes the fault stronger, and therefore
a smaller Dm0b_c is sufficient to prevent trench-breaking
rupture (Figure 7a). A larger b has a similar effect on Dm0b_c
(Figure 7b). Conversely, it is easier to drive the basal fault
of a more narrowly tapered wedge to failure, and thus a
greater Dm0b_c is required to resist the earthquake push.
Given the geometry of the system, a higher DF leads to a
greater Dm0b_c, consistent with the results shown in Figure 6.
For small-taper wedges with a + b < 10°, Dm0b_c is greatly
affected by wedge geometry as well as the earthquake force
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Figure 5. Three examples with different seismogenic zone
widths but the same force drop DF = 3.3  1011 N.
(a) Coseismic Dm0b along the subduction fault. (b) Shear
stress change along the fault. (c) Slip distribution. Results
for the reference earthquake model shown in Figure 4 are
reproduced here using solid lines. Models with seismogenic
zone widths of 80 km and 160 km are represented by the
dashed and dotted lines, respectively.
drop. For wedges with larger tapers, Dm0b_c is less sensitive
to further changes in wedge geometry.

3. Effects of the Coseismic Strengthening of the
Updip Zone on Outer Wedge Geometry

B12411

Figure 7. Effects of wedge geometry on the critical
strengthening Dm0b_c of an updip zone of 30 km horizontal
width. (a) Effects of surface slope angle a for a fixed basal
dip b = 5°. (b) Effects of b for a fixed a = 4°. Each curve
represents a model with the labeled force drop DF(1011 N)
along the seismogenic zone per unit strike length.
quake. Here we briefly review the wedge mechanics theory
to explain how stresses and stress changes along the fault
control the stress field of the overlying wedge. We only
summarize the simplest, exact analytical solution derived in
the coordinate system shown in Figure 3b. If the wedge is in
a yield state (critical wedge), it obeys the Coulomb failure
criterion. If it is not in a yield state (stable wedge), it obeys
Hooke’s law of elasticity. For a wedge under water of
density rw and depth D (a function of x, see Figure 3b), a
Hubbert-Rubey fluid pressure ratio l within the wedge is
defined as [Dahlen, 1984]

3.1. Wedge Mechanics
[21] In section 2, we have described models that quantify
stress transfer along the subduction fault during an earth-

l¼

P  rw gD
sy  rw gD

ð1Þ

where P is the internal pore fluid pressure, g is gravitational
acceleration, sy is normal stress in the y direction.
[22] A similar definition of the pore fluid pressure ratio
lb along the fault, proposed by Wang et al. [2006], allows
us to establish a precise relationship between the shear stress
t along the fault and the effective normal stress s
 n(=sn + P)
just above the fault. This relationship, stemming from the
Coulomb friction criterion for the subduction fault, can be
written as
tn ¼ 

Figure 6. Relation of the critical strengthening Dm0b_c of
the updip zone with the force drop DF over the seismogenic
zone. Given trench-normal width (km) of the shallowest
updip aseismic segment (labeled on each line), Dm0b_c scales
linearly with DF.

mb ð1  lb Þ
s
n
ðsn þ PÞ ¼ m0b
1l
1l

ð2Þ

where mb is the friction coefficient along the fault. If lb 6¼ l,
which implies that the hydrological process in the fault zone
is very different from that in the wedge, the effective normal
stresses within and just above the fault are different. With a
constant lb, the effective friction coefficient is explicitly
defined here as m0b = mb (1  lb). Note that in papers by
Dahlen [1984], Wang and Hu [2006], and Wang et al.
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Table 1. Surface Slope Angle (a, ±1°), Basal Dip (b, ±2°), and Trench-Normal Width of Outer Wedges at Accretionary Subduction
Margins
Locationa

Width (km)

a

b

Source

15°300N, 58°400W
33°N, 136°500E
32°200N, 134°400E
57°300N, 147°500W
59°100N, 145°500W
54°100N, 157°200W
50°300N, 175°W
33°100S, 72°400W
6°500S, 102°100E
8°S, 104°E
9°100S, 106°200E
47°200N, 125°300W
44°400N, 125°200W
43°N, 148°200E
26°200S, 175°200W
39°200S, 178°400W
41°S, 178°W
24°100N, 62°500E

25
30
35
25
25
35
35
25
40
35
40
15
20
30
30
>15
35
30

2.3
4.0
3.5
3.5
8.7
4.0
5.0
5.6
4.6
3.6
4.4
2.1
7.2
3.6
3.0
0.9
1.5
2.0

2.2
5.8
3.6
2.4
4.7
5.9
8.2
7.4
4.5
4.3
5.9
2.4
4.7
5.5
8.8
3.2
4.5
4.4

Moore et al. [1995]
Park et al. [2002], von Huene and Ranero [2003], Bangs et al. [2006]
Park et al. [2002], von Huene and Ranero [2003], Bangs et al. [2006]
von Huene and Ranero [2003], von Huene and Klaeschen [1999], Fruehn et al. [1999]
von Huene and Ranero [2003], von Huene and Klaeschen [1999], Fruehn et al. [1999]
Bruns and von Huene [1986], Scholl et al. [1986]
Bruns and von Huene [1986], Scholl et al. [1986]
von Huene and Ranero [2003], Laursen et al. [2002]
Kopp and Kukowski [2003]
Kopp and Kukowski [2003]
Kopp and Kukowski [2003]
Flueh et al. [1998]
Snavely et al. [1986], Gerdom et al. [2000]
Klaeschen et al. [1994], Schnürle et al. [1995]
von Huene and Scholl [1991]
P. Barnes (personal communication, 2006)
Davey et al. [1986]
Kopp et al. [2000], Kukowski et al. [2001]

Name
Barbados
Nankai
Alaska
Aleutian
S. Chile
Sunda
N. Cascadia
S. Cascadia
Kurile
Kermadec
C. Hikurangi
S. Hikurangi
Makran
a

Location is where the profile crosses the trench.

[2006], parameter m0b/(1  l) was called the effective
friction coefficient and denoted m0b. On the basis of (2) and a
more general solution for an elastic wedge by Hu and Wang
[2006], all stress components normalized by rgy (e.g., s
 0x =
s
 x/rgy) can be written as
s
 0x ¼ mð1  lÞ cos a

ð3aÞ

s
 0y ¼ ð1  lÞ cos a

ð3bÞ

t 0xy ¼ ð1  r0 Þ sin a

ð3cÞ

where r0 = rw/r, and m is called the effective stress ratio.
[23] The effective stress ratio m determines whether the
wedge is stable (elastic deformation) or critical (at Coulomb
failure). For a wedge of fixed geometry and material
strength, this parameter has two critical values, denoted

mc, with which the wedge is in a critical state [Wang and
Hu, 2006]. The smaller mc, corresponding to a weaker basal
fault, represents an extensionally critical state in which the
wedge is everywhere on the verge of gravitational collapse.
The larger mc, corresponding to a stronger fault, represents a
compressively critical state in which the wedge is everywhere on the verge of compressive failure. For any m value
between these two mc values, the wedge is in a stable state
and undergoes elastic deformation. Given wedge geometry,
m is a function of m0b and l. Expressions for m for both the
stable and critical states were given by Wang and Hu
[2006]. Because of the above mentioned change of mathematical symbols for the effective coefficient and related
parameters, we rewrite their expressions in Appendix B
using the new symbols adopted in this paper. A change in
m0b and/or l results in a change in m and thus may cause the
wedge to switch between stable and critical states. Repeated
Coulomb failure of the wedge material over geological
times gradually shapes the wedge taper.

Table 2. Surface Slope Angle (a, ±1°), Basal Dip (b, ±2°), and Trench-Normal Width of Outer Wedges at Erosional Subduction Margins
Frontal Prism
Name

Locationa
0

0

9°40 N, 86°10 W
9°100N, 85°400W
8°500N, 85°300W
N. Chile
23°200S, 71°200W
Ryukyu
25°200N, 128°200E
Ecuador
3°200N, 79°W
Tonga
23°300S, 174°500W
Guatemala
13°N, 91°W
Nicaragua
11°200N, 87°300W
S. Sandwich 57°S, 24°300W
NE Japan
40°50N, 144°200E
39°400N, 144°200E
Peru
8°300S, 81°W
11°400S, 79°100W
13°300S, 78°W
Mexico
15°500N, 99°W
Costa Rica

Middle Prism

Width (km)

a

b

Width (km)

a

5
10
8
15
<5
10
<3
<3
<5
5
5
<10
15
15
15
<3

7.4
5.0
5.0
8.5

4.9
3.8
4.8
5.5

30
30
15
35
30
20
30
45
25
20
10
25
35
30
50
20

4.5
3.0
5.9
4.2
4.9
4.5
9.3
5.8
7.1
9.2
7.1
4.7
5.0
3.0
2.8
8.6

5.5 6.1

7.4
8.1
7.9
9.1
6.9

11.7
4.6
5.5
3.5
4.8

b

Source

7.2
Ye et al. [1996], Christeson et al. [1999], Ranero et al. [2008]
5.9
Ye et al. [1996], Christeson et al. [1999], Ranero et al. [2008]
5.6
Ye et al. [1996], Christeson et al. [1999], Ranero et al. [2008]
10.0
Sallarès and Ranero [2005]
5.8
Kodaira et al. [1996]
5.2 Collot et al. [2004], B. Marcaillou (personal communication, 2008)
10.0
von Huene and Scholl [1991]
9.0
Aubouin et al. [1984]
6.3
Ranero et al. [2000]
10.0
Vanneste and Larter [2002]
12.6
von Huene et al. [1986]
5.5
von Huene et al. [1994]
8.3
Krabbenhöft et al. [2004]
5.3
Krabbenhöft et al. [2004]
8.7
Krabbenhöft et al. [2004]
2.0
Collins and Watkins [1986]

a

Location is where the profile crosses the trench.
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Figure 8. Observed geometry of subduction zone wedges
based on published seismic sections referenced in Tables 1
and 2 (shaded area with dashed outline) and linear
approximations of their upper and lower surfaces used in
this work (solid lines). (left) Accretionary margins and
(right) predominantly erosional margins. The transition
between outer and inner wedges for each margin is
approximately marked by a solid arrow. For erosional
margins, where a frontal sedimentary prism can be clearly
discerned on the seismic section, the limit of the prism is
marked by a hollow arrow. If there are multiple seismic
sections, only one of them is shown here. There is no
vertical exaggeration.
3.2. Observed Geometry of Outer Wedges
[24] In order to apply wedge mechanics and what we
learned from the stress transfer modeling to real subduction zones, we compiled published seismic survey depth
sections and measured the geometry of the outer wedge for
22 margins. We first determined the location of the transition of the outer and inner wedges on the basis of the
deformation pattern of the fore arc as described by the
authors who published these sections as well as a surface
slope break. An outer wedge shows active permanent
deformation and evidence for out-of-sequence faults, and
its surface slope is usually steeper than that of the inner
wedge. We then drew linear outlines to approximate the
outer-wedge surface and the subduction interface and determined a and b from these straight lines (Tables 1 and 2).
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Figure 8 compares the outlines of the observed geometry
(dashed lines) and our linear approximations (solid lines).
Where there are several seismic survey profiles less than
100 km apart, we studied all the profiles but only present an
average of these measurements. For most margins, we show
only one representative profiles in Figure 8. Obviously, the
slope of the seafloor is generally more accurately determined than the dip of the subduction fault in seismic
sections. Considering the uncertainties in the traveltime to
depth conversion in published papers and in the measurements in this work, we estimate the errors in a and b to be at
least ±1° and ±2°, respectively. Additionally, along-strike
variations in a often exceed measurement uncertainties
from a single profile, and it should be cautioned that the
geometry determined from a single profile may not represent the along-strike average.
[25] Measurements of a and b involving different trenchnormal distances may yield different results. For example,
for one of the profiles contributing to the first suite of
average Nankai values listed in Table 1, we obtained a =
4.5° and b = 5.3° for an outer wedge of 20 km width. For
the same profile, Lallemand et al. [1994] obtained a = 4.0°
and b = 5.5° for a wedge of 40 km width by measuring a
segment from the trench to a position corresponding to a
decollement depth of 10 km below seafloor. Surface slope
values reported by Lallemand et al. [1994] for various
subduction zones are generally slightly smaller than ours,
because all their measurements were made over a larger
region including the most seaward part of the inner wedge.
[26] Our measurements of accretionary outer wedge sections (Table 1) give an average surface slope angle a = 3.9°
and basal dip b = 4.9°. It is interesting to note that most of
the recent devastating megathrust earthquakes of Mw 9 or
greater have occurred at accretionary margins, such as the
1700 Cascadia, 1960 Chile, 1964 Alaska, and 2004 Sumatra
earthquakes. Overall, outer wedges of margins that produced large megathrust earthquakes, such as Alaska, southern Chile, southwestern Japan, and southern Cascadia
(Oregon), feature larger surface slope angles, comparing
to those with smaller megathrust earthquakes, such as
Barbados, Kurile, Kermadec, and Hikurangi. This suggests
a connection between outer wedge geometry and megathrust earthquakes, although there are also exceptions. At
some accretionary margins of very large sediment supply,
such as northern Cascadia [Flueh et al., 1998] and Makran
[Kopp et al., 2000; Kukowski et al., 2001], between the
deformation front and the point where the surface slope
sharply steepens and seismic reflectors in the sediments
suddenly become disordered is a section of very thick,
nearly horizontally layered oceanic sediments (2 km). In
this work, we assume that the outer wedge at these margins
start from where the surface slope sharply steepens.
[27] Outer wedges at some erosional margins, such as
Costa Rica, North Chile, and Peru, include a frontal prism
consisting mainly of land-derived debris and a middle prism
consisting mainly of the rock frame of the upper plate
(Figures 1c and 8). Where possible, we have measured
the geometry of both the frontal and middle prisms. The
surface slope of the frontal prism is generally steeper than
that of the middle prisms (Figure 9). Excluding the frontal
prisms, our measurements of erosional outer wedges
(Table 2) give an average a = 5.6° and b = 7.3°.
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Figure 9. Surface slope angle a versus basal dip b for outer wedges of 22 subduction zones compared
with Coulomb wedge models. (a) Comparison with the reference wedge model. (b) Comparison with the
weak wedge model of Lallemand et al. [1994]. Isolated open and solid symbols represent accretionary
and erosional margins, respectively. For erosional margins where frontal prisms are wider than 10 km, the
middle prism (solid symbol) and the frontal prism (open symbol) are both shown and linked with a thin
line. The pair of thick solid lines brackets the stable region of a Coulomb wedge model with the shown
set of material parameters. The top one of the pair represents extensionally critical states (on the verge of
gravitational collapse), and the bottom one represents compressively critical states.
[28] In Figure 9a, we compare the geometry measurements with a reference wedge model using the Coulomb
wedge theory. For the reference wedge model, we assume
an internal friction coefficient m = 0.7 [Wang and Hu, 2006],
internal pore fluid pressure ratio l = 0.8, and basal effective
friction coefficient m0b = 0.04 (the same as that of the updip
zone in the interseismic phase assumed in section 2). Accretionary outer wedges accumulate materials and deform by
compressive failure and therefore are expected to be compressively critical. Erosional outer wedges must also be
overall compressively critical, although they may sometimes become extensionally critical in an extremely relaxed
state in great earthquake cycles (K. Wang et al., unpublished
data, 2008). Therefore, each data point in Figure 9 is
expected to be on a line of compressively critical states
similar to the lower solid trajectories shown in Figure 9.
However, Figure 9a would indicate that the outer wedges of
most subduction zones are in a stable state (white area). For
the weak wedge model of Lallemand et al. [1994] shown in
Figure 9b, most wedges would be stable or gravitationally
unstable. Figure 9 indicates that, with reasonable parameter
values, the steady state Coulomb wedge theory cannot fully
explain the mechanics of outer wedges.
3.3. Application of Wedge Mechanics to Outer Wedges
[29] How do we make the outer wedges compressively
critical, that is, how to move the line of the compressively
critical states in Figure 9a or 9b upward? We vary parameter
values of the reference wedge model to illustrate their roles
in achieving this goal. For each plot of Figure 10, the solid
trajectories represent the reference wedge model in Figure 9a,
and the dashed trajectories represent a model with one or
more parameters being different from the reference model.
The models of a weaker wedge, either with a smaller
internal friction coefficient m = 0.6 (Figure 10a) or a greater

Figure 10. Surface slope angle a versus basal dip b for
models with different parameter combinations (labeled on
the critical state trajectories). Solid lines represent the
reference wedge model shown in Figure 9a. Dashed lines
dividing stable (white) and unstable (shaded) regions are
critical state trajectories of models with one or two
parameters different from the reference model. (a) Effects
of a weaker wedge due to a smaller m. (b) Effects of a
weaker wedge due to a greater l. (c) Effects of a stronger
basal fault due to a greater m0b. (d) Combined effects of a
stronger basal fault (greater m0b) and a weaker wedge
(greater l).
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Figure 11. Stress field in a wedge with a = 4°, b = 5°, and
m = 0.7 for different l and m0b values as labeled. (a) A
compressively stable wedge representing the interseismic
stage. (b) With coseismic strengthening of the basal fault
Dm0b = 0.052 (i.e., m0b = 0.092) but without increasing pore
fluid pressure ratio l, the wedge is still compressively
stable. (c) With greater coseismic strengthening Dm0b =
0.067 (i.e., m0b = 0.107) and without increasing l, the wedge
is compressively critical. (d) With moderate strengthening
Dm0b = 0.052 and an increase in l, the wedge is
compressively critical. (e) With a low degree of strengthening Dm0b = 0.032 (i.e., m0b = 0.072) but a greater increase in
l, the wedge is compressively critical. Dot-dashed lines in
Figures 11c, 11d, and 11e represent potential faulting
directions.

falling in the white region of Figure 8a for a wide range of
wedge geometry.
[31] With the strength of the wedge material fixed, a
strengthening of the updip zone of the basal fault by Dm0b =
0.052 as in the reference earthquake model (Figure 4, solid
lines) is not sufficient to push the outer wedge into a
compressively critical state (Figure 11b). By simply
strengthening the basal fault alone, a critical wedge of the
given geometry and material properties requires an increase
in fault strength by Dm0b = 0.067 (Figure 11c), greater than
that of the reference earthquake by a factor of 1.3. Figure 6
(the 30 km line) shows that this requires the force drop of
the earthquake to be greater by at least the same factor, by
increasing either the stress drop or downdip width of the
seismogenic zone.
[32] An earthquake not only causes strengthening of the
updip fault zone, but also causes weakening of the wedge
material because coseismic compression of the outer wedge
leads to an increase in its internal pore fluid pressure [Wang
and Hu, 2006]. As shown in Figure 10d, a combination of
fault strengthening and wedge weakening has a much
greater tendency to make the wedge critical than does fault
strengthening alone. For example, for the reference earthquake shown in Figure 4 (solid lines), the wedge will
become compressively critical if the wedge material is weakened by coseismically increasing l to 0.836 (Figure 11d). The
amount of increase from 0.8 to 0.836 shown here is an
arbitrarily assumed scenario for the purpose of illustrating
the point. Given Dm0b, the increase in l required to bring the
wedge into a critical state depends on the initial value of l.
For example, if l is initially 0.835, an increase of merely
0.001 will suffice. Even for the model earthquake of a much
lesser degree of strengthening of Dm0b = 0.032, shown using
dashed lines in Figure 4b, increasing l to 0.883 can also
result in a compressively critical wedge (Figure 11e). The
comparison between Figures 11d and 11e illustrates the
trade-off between Dm0b and l.
[33] The fundamental mechanics of the results displayed
in Figure 11 can be better explained using the effective

internal pore fluid pressure ratio l = 0.85 (Figure 10b) move
the line of compressively critical states slightly upward.
The model of a stronger basal fault with friction m0b = 0.1
(Figure 10c) moves it upward significantly. The combined
effect of a weaker wedge and a stronger basal fault is even
greater (Figure 10d). Therefore, a model with a stronger
basal fault (larger m0b) and/or a weaker wedge (smaller m
and/or larger l) is required to drive an outer wedge toward
compressive failure. As discussed in section 2, a stronger
basal fault can be achieved through coseismic strengthening.
[30] In the following, we discuss how the moderate
coseismic strengthening discussed in section 2 can drive
the outer wedge into a compressively critical state. For our
model wedge, we assume a = 4° and b = 5°, the same as for
the stress transfer model shown in Figure 3a and similar to
the observed average geometry of the accretionary outer
wedges shown in Figure 9. The model shown in Figure 11a
is the reference wedge model, with material property values
given in Figure 9a, for the specified geometry. For an
interseismic strength of the basal fault m0b = 0.04, the outer
wedge is stable as shown in Figure 11a, similar to those

Figure 12. Stress ratio m as a function of effective friction
coefficient m0b for wedges with b = 5° and m = 0.7 but
different a values. (a) Internal pore fluid pressure ratio l =
0.8. (b) Internal pore fluid pressure ratio l = 0.836. The
dashed trajectory representing critical states divides areas of
stable states (white) and unstable states (shaded). Stresses
for states A, B, C, and D are illustrated in Figures 11a, 11b,
11c, and 11d, respectively.
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tion may explain the presence of an outer ridge between the
outer wedge and inner wedge at some subduction zones
such as Tonga. Second, relaxation of the large shear stress in
this region after the earthquake may result in a delayed
stress transfer to the shallower part of the updip zone that
was in the stress shadow during the earthquake. This may
gradually and temporarily increase compression in the more
frontal part of the outer wedge. The timescale of the delayed
stress transfer is an interesting subject for future research.

Figure 13. An example (dashed line) illustrating the effects
of a more gradual change in fault friction than assumed for
the reference earthquake model shown in Figure 4 (reproduced here also using solid lines). (a) Coseismic strength
change Dm0b along the fault. (b) Shear stress change along
the fault.
stress ratio m (equation (3)). Still with b = 5°, l = 0.8, and
m = 0.7, we show m as a function of the effective friction
coefficient m0b in Figure 12a for different a values, using
expressions of m given in Appendix B. Given a, the stress
ratio varies along a nearly straight line in the stable area in
response to changes in basal fault friction. Points A and B
along the line of a = 4° represent the stable states shown in
Figures 11a and 11b, respectively, and point C represents
the critical state shown in Figure 11c. In a somewhat
speculative scenario, if several earthquakes occur sequentially in the same area, and the stress induced by each event
does not fully relax, the wedge may gradually evolve from
state A to state C because of the cumulative effects of these
earthquakes. Without coseismically increasing l, a coseismic fault strengthening of Dm0b = 0.052 will move the
wedge from state A to state B. With an increase of l to
0.836 as well, the same earthquake theoretically moves the
wedge from state A in Figure 12a to the compressively
critical state D in Figure 12b (with stresses displayed in
Figure 11d).

4. Discussion
4.1. Coseismic Strengthening Greater Than Dm0b_c
[34] In section 3, we have examined the effects of an
earthquake rupture on the outer wedge assuming the entire
updip zone of the fault is at Coulomb failure, that is, its
coseismic strengthening is equal to or less than Dm0b_c. If the
strengthening is greater than Dm0b_c, the increase in shear
stress takes place mainly in the deeper portion of the updip
zone, and the shallower portion is in a stress shadow (e.g.,
models represented by dotted lines in Figure 4). The
localized large shear stress increase is expected to bring
two effects. First, it may cause localized compression and
permanent deformation of the overlying wedge material.
Repeated occurrences of the localized permanent deforma-

4.2. Transitional Change of Dm0b Between the
Strengthening and Weakening Segments
[35] In a real subduction zone, the frictional property of
the megathrust is likely to change more gradually between
the updip and the seismogenic zones than portrayed by our
simplified model shown in Figure 2. To demonstrate the
effect of a more gradual change, we compare the reference
earthquake model with a model in which the strengthening
of the updip zone (Dm0b > 0) linearly changes to the
weakening of the seismogenic zone (Dm0b < 0) over a
horizontal distance of 20 km (Figure 13a). Other model
parameters are the same as for the reference earthquake
model. The transitional change of Dm0b leads to a stress
change that is less abrupt than in the reference earthquake
model (Figure 13b). The addition of this transition makes
the seismogenic zone slightly narrower, and the resultant
smaller force drop in the seismogenic zone is unable to push
the updip zone into complete failure given the same degree
of strengthening. Except for these minor details, the abrupt
changes in Dm0b assumed in section 2 do not significantly
bias the results. However, in reality, the more gradual stress
change may result in a more gradual change in the topography between the outer and inner wedges over numerous
earthquake cycles. In some accretionary margins, such as
Alaska, Barbados, and Kurile (Figure 8), the surface slope
angle of the outer wedge changes to the smaller value of the
inner wedge indeed very gradually.

5. Conclusions
[36] The recognition that stress increase along the shallowest part of the subduction fault during a great earthquake
must cause greater compression in the overlying wedge led
to the dynamic Coulomb wedge concept [Wang and Hu,
2006]: the outer wedge tends to enter a compressively
critical state and endure permanent deformation mainly
during great earthquakes. In the present work, we address
a key component of this process, that is, how and how much
stress is transferred from the seismogenic zone to the updip
zone during an earthquake. To simplify the problem, we
have modeled the process of coseismic stress transfer
separately from Coulomb wedge deformation and apply
the model results to wedge mechanics.
[37] Our static finite element model of stress transfer
includes two converging elastic plates in contact along a
subduction fault with effective friction coefficient m0b. A
decrease in m0b is applied to the seismogenic zone of the fault
to simulate weakening in an earthquake, and an increase in
m0b is applied to the updip zone to simulate strengthening.
The wealth of model behavior can be characterized by
examining the critical strengthening, Dm0b_c, of the updip
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zone, which is the minimum strengthening required to
prevent the rupture from breaking the trench. If the strengthening is equal to or less than Dm0b_c, the entire updip zone is
at failure. If the strengthening is greater than Dm0b_c, only
the deeper part of the updip zone fails. Given geometry and
rigidity structure, Dm0b_c is a linear function only of the
force drop DF, defined as the product of the average stress
drop and the area of the seismogenic zone. For the same
DF, a narrower outer wedge requires a higher degree of
Dm0b_c to resist rupture.
[38] We have compiled observations of wedge geometry
from 22 subduction zones and have found that the surface
slope is generally too high to be explained by steady state
Coulomb wedge models. The high-slope angles require
rather high basal stress and/or weak wedge material. Our
stress transfer models have demonstrated that the high stress
in the shallow part of the subduction zone can be readily
achieved in great earthquakes. We further reason that a
slight increase in pore fluid pressure within the compressed
wedge can coseismically weaken the wedge material. The
combined effects of a stronger fault and a weaker wedge can
readily bring the wedge into a compressively critical state.
Repeated occurrences of great earthquakes can control the
overall geometry of the outer wedge over the geological
timescale.

Appendix A: Comparison of Our Stress Transfer
Model With the Dislocation Model and Crack
Model
[39] Temporal and spatial changes in friction cause stress
drop and increase along the subduction fault during earthquakes. The stress changes control coseismic slip distribution along the fault, and the fault motion induces
deformation on the ground surface. Depending on the
purpose of research, different models can be used to model
different aspects of this process. Dislocation models are
widely used to model crustal deformation by kinematically
prescribing coseismic slip along the fault without considering realistic stress changes. Crack models are often used to
model coseismic fault slip and resultant surface deformation
by prescribing a stress drop in the rupture zone independent
of the initial stress and without considering how the stress
drop is controlled by changes in fault friction. Our stress
transfer model prescribes a change in fault friction and
calculates the resultant stress change from an initial state
and the consequent fault slip and surface deformation.
[40] Here we compare these three approaches using
simple models: a uniform-slip dislocation model, a uniform-stress drop crack model, and a uniform-friction change
stress transfer model. In this comparison, we assume a
linear subduction fault dipping at 15° in an elastic halfspace, with the seismogenic zone extending from 30 km to
150 km from the trench (Figure A1a). Vertical and horizontal dimensions are made very large to approximate the
half-space assumption. Parameters are chosen so that the
thrust earthquakes simulated using the three models have
the same seismic moment.
[41] For the uniform-slip dislocation model, we use the
analytical solution of Okada [1992] for a buried rectangular
fault. The 2-D results (dotted line in Figure A1d) are
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obtained by assuming an extremely large strike length for
the rectangular fault. Stress changes along the fault associated with the deformation are then determined from the
calculated strain. The prescribed discontinuous slip along
the subduction fault results in stress singularities at the
updip and downdip edges of the rupture zone.
[42] The crack model is readily simulated by modifying
our finite element stress transfer model, although there are
various more precise analytical and numerical solutions
[Rudnicki and Wu, 1995; Geist and Dmowska, 1999]. To
produce a uniform stress drop in the rupture zone, we need
to device a variable Dm0b (dashed line in Figure A1b). To
prevent any slip beyond the rupture zone, a situation
portrayed by the most conventional crack model, we simply
assign very large Dm0b values to the updip and downdip
zones. In the uniform-stress drop crack model, fault slip at
the edges of the rupture zone is continuous, but the stress is
singular, although the singularity is milder than in the
uniform-slip dislocation model. Numerically, we have
approximated the singularity behavior with a very sharp
stress gradient handled using very small elements.
[43] For the stress transfer model, a uniform Dm0b =
0.006 is applied to the seismogenic zone to produce an
averaged stress drop of 4 MPa, and a strengthening of Dm0b =
0.042 is assigned to the updip zone. Coseismic slip can
extend into the updip zone (solid line in Figure A1d). The
termination of the slip updip of the seismogenic zone is
more gradual than in the crack model and is not accompanied with a stress singularity. For simplicity, we have
purposely made the downdip termination of the slip identical to that of the crack model. In reality, the termination
should be in a gradual fashion similar to the updip
termination.
[44] The three models produce similar surface deformation patterns over the downdip edge of the rupture zone and
farther away from the trench. Because the downdip edge is
rather deeply buried, surface deformation is not very sensitive to the details of the slip termination. However, the
manner of the slip termination around the more shallowly
buried updip end of the seismogenic zone has a greater
impact on surface deformation, with the most abrupt termination (the uniform-slip dislocation model) producing the
largest localized uplift.

Appendix B: Expressions for the Effective Stress
Ratio m
[45] The effective coefficient of friction m0b (equation (2))
was referred to as a basal friction property and denoted m00b
in the paper by Wang and Hu [2006]. In the same paper, and
also in papers by Dahlen [1984], Wang et al. [2006], and
most other publications on the development and application
of the Coulomb wedge theory, parameter m0b/(1  l) was
referred to as the effective coefficient of friction and
denoted m0b. The naming and symbol systems adopted in
the present paper are more consistent with the most commonly used definition of the effective coefficient of friction
for a fault, that is, the ratio of the normal and shear stresses
at Coulomb failure. For example (see Figure 3b), for a
subareal wedge (rw = 0) with a small taper (q = a + b 0,
sy), s
 n/(1  l)
sn and hence t n
m0bsn.
so that sn
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where tan a0 =

1r0
1l
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tan a. For a critical wedge

mc ¼ 1 þ

2ð1 þ hÞ
csc 8 sec 2yc0  1

ðB2Þ

where 8 = tan1 m is the internal friction angle, yc0 is the
uniform angle between the most compressive principal
stress s1 and the upper surface, and h is a dimensionless
constant for cohesion S0 defined as follows [Wang and Hu,
2006]
S0 ¼ hð1  lÞmrgy cos a

ðB3Þ
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