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Abstract

Elastic theory applied to the deformation in accretionary wedges is used to calculate the condition for slip along an
active frontal fault and the basal dëcollement. The equations for calculating the stresses can be solved for the coefficient
of basal friction in the situation of the formation of a new frontal thrust fault. This allows us to calculate the efficient
coefficient of basal friction, which includes the weakening effect of pore-fluid pressure, from geometric parameters and
material properties only. The geometric parameters, like fault dip and layer thickness, can be derived from high-
resolution seismic cross-sections. Application of our analysis to the Makran and the Nankai accretionary wedge allows
us to estimate the upper limit of the effective coefficient of basal friction, WbW0.16 and WbW0.2, in these two areas
respectively. ß 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

There are many theoretical models of the defor-
mation of accretionary wedges: one group are the
either non-cohesive [1,2] or cohesive [2^4] Cou-
lomb wedge models ; another group are the elastic
wedge models [5,6], and the models of plastic de-
formation [7,8]. All these types of models have
been applied to nature and laboratory experi-
ments, in an attempt to improve our understand-
ing of accretionary wedge mechanics.

The choice of the rheology is important for

modeling the deformation of the entire accretion-
ary wedge, and Coulomb wedge models have
proven to be successful in describing the wedge
shape and overall mechanical behavior [1]. How-
ever, elastic deformation theory is used to de-
scribe sand-box models of accretionary wedges
[6]. Here we want to draw a connection between
the phenomenology of accretionary wedge defor-
mation as observed in sand-box modeling and
natural accretionary wedges. Therefore, we are
using the same theoretical approach, namely elas-
tic theory, for describing both cases, the natural
accretionary wedge and the model.

Here, we apply elastic theory to an accretionary
wedge to calculate the stress distribution in the
wedge, closely following the work of Mandal et
al. [6], and estimate the stress distribution along
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an imbricate thrust and the sole thrust. This al-
lows us to specify the conditions for the nuclea-
tion and propagation of a new imbricate thrust at
the front of an accretionary wedge [9], without
going into details of thrust initiation [10,11].
Although plastic rheology is signi¢cant in govern-
ing the style of deformation in an accretionary
wedge, our elastic approach is a ¢rst approxima-
tion towards understanding the mode of initiation
and propagation of an imbricate thrust in front of
a shortening wedge.

Elastic theory applied to accretionary wedges
together with high-resolution seismic cross-sec-
tions can be used to calculate relations between
the coe¤cients of friction along frontal thrust
faults and the basal dëcollement. However, theory
usually focuses on a single fault and explicitly
takes pore-£uid pressure into consideration [12],
which is di¤cult to estimate.

Pore-£uid pressure is not explicitly taken into
consideration in our equations, however, all coef-
¢cients of friction can be interpreted as being ef-
fective coe¤cients, having the weakening e¡ect of
pore-£uid pressure included. We do not consider
the weakening of the dëcollement and low friction
due to the presence of a ductile layer, which is the
case in some fold/thrust belts (e.g. Zagros moun-
tain belt and Salt Range [13,14]).

In Section 2 we will demonstrate that by assum-
ing the equality of certain theoretical stress limits,
an equation for the coe¤cient of basal friction
can be derived, which is a function only of the
wedge geometry and material properties. This the-
oretical treatment allows us to estimate the e¡ec-
tive coe¤cient of basal friction `directly' from
high quality seismic cross-sections, which are
available for many regions.

2. Estimating the coe¤cient of basal friction

To estimate the conditions for slip on a fault,
we use an approach based on a force balance
between the force driving slip and frictional resis-
tance along an inclined fault [15]. These forces can
be decomposed into vertical and horizontal com-
ponents. These components of the forces can be
calculated by vertically or horizontally integrating

over the respective components of the stress ten-
sor, which are e.g. vertical lithostatic stress (czz)
and horizontal shortening stress (cxx). This ap-
proach was successfully applied to thrusting and
used to derive an equation to describe imbricate
thrust spacing in accretionary wedges [6]. We are
building on this approach and show that the
equations Mandal et al. [6] have derived can be
used to estimate the coe¤cient of basal friction.
Like Mandal et al. [6] we assume that the short-
ened sediment layer has a uniform initial thick-
ness h0 and the `wedge' has a uniform thickness
h1, neglecting any wedge shape. The length of the
base of the wedge is b and the distance between
the currently active fault and an incipient fault is
a (Fig. 1). Because most of the deformation takes
place in the vertical xz-plane, we assume plane
strain conditions. An analysis of the stress ¢eld
for such a model setup (Fig. 1) yields [6] :

s
h
� 4

W b8gh
� F�T ; W ; W b�

2W b
�1�

Eq. 1 relates the ratio of imbricate spacing s to
layer thickness h to the shortening boundary
stress 4 scaled by Wb8gh and a function F(T, W,
Wb). The latter is de¢ned as F(T, W, Wb) =Wb/
tan(T)+G(T, W, Wb) for convenience, leading to
F6 0 in our parameter range. Here, 8 is the den-
sity, g is the gravitational acceleration, T is the
dip of the fault, W is the coe¤cient of friction
along the fault, and Wb is the coe¤cient of friction
along the sole thrust. It is convenient to de¢ne the
functions G = (M(T, W)3WbN(T, W))/L(T, W),
L =3sin(2T)/2+W(sin T)2, M = sin(2T)/2+W(cos
T)2, and N = cos(2T)3W sin(2T), which do not
have a special physical meaning. Rearranging
Eq. 1 shows that slip on the fault occurs if :

4

8g
sW bs3

hF�T ; W ; W b�
2
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Eq. 2 can be applied to an already active fron-
tal fault F1 by setting s = b and h = h1 (Fig. 1)
yielding:

4

8g
sW bb3
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2

�3�
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The formation of a new fault is geometrically
similar to the above described slip along an exist-
ing fault in this model and therefore can theoret-
ically be treated in the same way. Setting 4=
cxx(x = x0 = b), s = a, h = h0, T=Ti, and W=Wi

gives us the horizontal stress at incipient fault F2 :

c xx�b�
8g

sW ba3
h0F�T i; W i; W b�

2
�4�

The horizontal stress cxx decreases from the
pushing boundary at x = 0 due to the basal fric-
tion and can be related to the push from the rear
4 by:

c xx�b�
8g

� 4

8g
3W bb �5�

By solving Eq. 5 for 4 and inserting the result
into Eq. 4 we can derive the lower limit of 4 :

4

8g
sW b�a� b�3h0F�T i; W i; W b�

2
�6�

which must be reached before a new fault F2 can
form. When a new fault develops, the stress limits
given by Eqs. 3 and 6 are equal. Assuming equal-
ity of the right hand sides of Eqs. 3 and 6, both
equations can be combined to:

2aW b � h0F�T i; W i; W b�3h1F�T ; W ; W b� �7�

which can be solved for the coe¤cient of basal
friction Wb by re-substituting F, yielding:

W b � h0
M�T i; W i�
L�T i; W i�3h1

M�T ; W �
L�T ; W �

� �

U 2a� h1

tan�T �3
h0

tan�T i� � h0
N�T i; W i�
L�T i; W i�

�

3h1
N�T ; W �
L�T ; W �

�
31 �8�

This expression for the coe¤cient of basal fric-
tion Wb is a function of the fault and model geom-
etry and the coe¤cients of friction Wi and W only.
For typical parameters of a sand-box model of
an accretionary wedge (h0 = 6.6 mm, Ti = 25³,

Wi = 0.839, h1 = 25.4 mm, T= 32³, W= 0.35, a = 25
mm) [9], the calculated value is WbW0.28, which is
close to the experimentally found value of
Wb = 0.37 [16], showing that our method can be
used to estimate the coe¤cient of basal friction
in such sand-box models.

3. Application to the Makran and
Nankai accretionary wedges

Seismic images of the Makran [17] and the
Nankai [18] accretionary wedge indicate the cur-
rent formation of a new thrust (Fig. 1). In the top
panel of Fig. 1 we show a seismic section across
the Makran accretionary wedge with a line draw-
ing overlaid. The simpli¢ed basal dëcollement is
indicated by a white subhorizontal line (from A to
B in Fig. 1) in about 8 km depth. The actual basal
dëcollement (black line) departs from the straight
line in the left and central part by approximately
500 m. The left incipient fault correlates with sur-
face deformation and seismic re£ectors, indicated
by black lines. The right simpli¢ed active frontal
fault is in its central part following the seismic
re£ector. The left vertical arrow indicates the un-
disturbed layer thickness h0, and the right vertical
arrow indicates the shortened layer thickness h1

used in the calculation.
In the middle panel of Fig. 1 we show a seismic

section across the Nankai accretionary wedge
with a line drawing overlaid. The simpli¢ed basal
dëcollement is indicated by a gray subhorizontal
line (from A to B in Fig. 1) between 5 and 5.7 km
depth, which is almost perfectly following the ac-
tual basal dëcollement (black line, only visible left
of the word `Dëcollement'). The left simpli¢ed
active frontal fault is approximating the S-shaped
fault plane found in the seismic section. The right
incipient fault is assumed to either correlate with
surface deformation and the left most inclined
seismic re£ector (a = 2 km), or with the indicated
deformation front and the right most inclined
seismic re£ector (a = 2.8 km). The left vertical ar-
row indicates the shortened layer thickness h1,
and the right vertical arrow indicates the undis-
turbed layer thickness h0 used in the calcula-
tion.
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Fig. 1. Images of seismic sections across the Makran (top) and Nankai (middle) accretionary wedges, modi¢ed after [17,18]. The
simpli¢ed basal dëcollement is indicated by a straight line from A to B, which is also indicating the orientation of subduction. A
line drawing (bottom) indicates the simpli¢ed geometry of an accretionary wedge and the variables used for the theoretical analy-
sis.
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These seismic cross-sections allow us to esti-
mate the coe¤cient of internal friction Wi from
the angle of fault formation Ti by the relation
Wi = 1/tan(2Ti). We will also assume that on
an existing fault the coe¤cient of friction W is
less than the coe¤cient of internal friction
Wi (W6Wi), which is an upper limit approxima-
tion.

For the Makran accretionary wedge [17] we
¢nd h0 = 5 km, a = 14.5 km, T= 24³, and h1 = 5.7
km and presume TiW24³ and hence WiW0.9. We
can now use Eq. 7 together with these parameters
to calculate the coe¤cient of basal friction Wb as a
function of the coe¤cient of friction W. However,
the range of physically reasonable values is re-
stricted to the domain where W6Wi, yielding
Wb B 0.2 for the Makran accretionary wedge
(Fig. 2).

The same procedure can be applied to the Nan-
kai accretionary wedge [18], where we ¢nd
TiW31.3³ and hence WiW0.52. However, the lo-
cation of the incipient fault is less clear, and its
distance from the frontal fault is likely to be be-
tween a = 2 km and a = 2.8 km. The other param-
eters are h0 = 0.86 km, T= 38³, and h1 = 1 km. We
use again Eq. 7 together with these parameters to
calculate Wb(W) and ¢nd Wb B 0.1^0.16 for W6Wi

for the Nankai accretionary wedge, and for a
fault spacing of a = 2^2.8 km (Fig. 2).

This calculation results in roughly the same
upper limits of the coe¤cient of basal friction
Wb(W) for both accretionary wedges, which is not
surprising, because both show a similar mode of
deformation, with a thrust spacing to layer thick-
ness ratio of either s/hW1 (Makran) or s/hW2
(Nankai) (Fig. 1).

4. Conclusions and discussion

The elastic theory of faulting (e.g. [15]) can be
used to understand imbricate thrust spacing [6].
This approach also allows us to estimate the stress
limit, which must be reached for the development
of a new fault in front of an accretionary wedge
(Eq. 6). When the horizontal stress along the
youngest and most active imbricate surface within
an accretionary wedge (frontal fault) reaches a
critical limit, the sole thrust propagates forward
and a new imbricate steps up (incipient fault)
[9].

The stresses at the frontal and the incipient
fault can be related to each other in this particular
situation (Eqs. 3 and 6) and allow us to estimate
the coe¤cient of basal friction in accretionary
wedges from geometrical parameters such as fault
dip T, thrust spacing a, and layer thickness h, and
material properties such as coe¤cient of (internal)
friction W (Wi) and density 8 (Eq. 7), which can be
measured from seismic cross-sections or be esti-
mated, respectively (Fig. 1).

Our calculated upper limits for the coe¤cient of
basal friction for the Makran (s/hW1) and Nan-
kai (s/hW2) accretionary wedges are WbW0.2 and
WbW0.1^0.16, respectively. The relative magni-
tude of these values is correct according to the
theoretical proportionality s/hV1/Wb from Eq. 1.
These values may appear to be too low, however,
they must be interpreted as e¡ective coe¤cients of
basal friction, because we do not explicitly take
the e¡ect of pore-£uid pressure into considera-
tion.

Assuming Wb;dry = 0.85 for dry conditions and
V= 0.98 for Makran and V= 0.5 for Japan [1],
the e¡ective coe¤cients of basal friction are

Fig. 2. Coe¤cient of basal friction Wb as a function of W for
a sand-box model of an accretionary wedge, and for the
Nankai and Makran accretionary wedges. An experimentally
found data point for the sand-box model is indicated by a
plus sign (+). For the accretionary wedges the ranges of pos-
sible values of the friction coe¤cients W and Wb are indicated
by arrows.
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Wb = (13V)Wb;dry = 0.02W0.85W0.017 and Wb =
(13V)Wb;dry = 0.5W0.85W0.425 for Makran and
Nankai, respectively (V is the ratio of pore £uid
to lithostatic pressure).

The e¡ective coe¤cient of basal friction
WbW0.017 calculated for Makran by Davis et al.
[1] is less than the upper limit of WbW0.2 derived
in this study. Such a low coe¤cient of basal fric-
tion requires a relatively low coe¤cient of friction
W6 0.75 on existing faults, which is not unlikely
according to our results (Fig. 2).

The e¡ective coe¤cient of basal friction
WbW0.425 calculated for Nankai from the as-
sumptions by Davis et al. [1] is much higher
than the upper limit of WbW0.1^0.16 derived in
this study. Such a high coe¤cient of basal friction
would be close to the coe¤cient of internal defor-
mation WiW0.52 found from the angle of fault
initiation, and favors a very small imbricate spac-
ing to layer thickness ratio s/h6 1 and a very
steep wedge slope [19], given that the results
from analogue modeling of accretionary wedges
can be applied to nature. However, such a high
coe¤cient of basal friction is unlikely for the
Nankai accretionary prism, where the thrust spac-
ing to layer thickness ratio s/h is not less than one,
but is s/hW2, which can be directly taken from
the seismic cross-section provided in Fig. 1.
Therefore, our estimate of the upper limit of
WbW0.1^0.16 is more consistent with the observed
thrust spacing.

A low e¡ective coe¤cient of basal friction be-
tween Wb = 0.05 and Wb = 0.09 was suggested for
Nankai based on force balance and ¢nite element
modeling [20]. The corresponding e¡ective coe¤-
cient of friction along thrust faults would be
WW0.48 according to our results (Fig. 2), which
is slightly less than the coe¤cient of internal fric-
tion for the formation of a new fault. Hence, this
is a reasonable value for W on an existing fault
plane, and shows that our method would estimate
the coe¤cients of friction in the same range.

A comparison of the results from this simpli¢ed
approach to results from a more complicated ap-
proach, in which the wedge shape is considered,
shows that both approaches predict the same
thrust spacing s as a function of the layer thick-
ness h in situations of low compressive stress [6].

Such low-stress conditions are reported for the
Nankai accretionary wedge [20].
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