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Coulomb theory applied to accretionary and
nonaccretionary wedges: Possible causes for tectonic
erosion and/or frontal accretion
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Abstract. Based on observations from both modern convergent margins and sandbox modeling,
we examine the possible conditions favoring frontal accretion and/or frontal and basal tectonic
erosion. Mean characteristic parameters (i1, L*, and A) are used to discuss the mechanical stability
of 28 transects across the frontal part of convergent margins where the Coulomb theory is
applicable. Natural observations reveal that "typical accretionary wedges" are characterized by low
tapers with smooth surface slope and subducting plate, low convergence rates and thick trench
sediment, while "nonaccretionary wedges" display large tapers with irregular surface slopes and
rough subducting plate, high convergence rates and almost no trench fill. Sandbox experiments
were performed to illustrate the effects of seamounts/ridges in the subduction zone on the
deformation of an accretionary wedge. These experiments show that a wedge of sand is first
trapped and pushed in front of the scamount which acts as a moving bulldozer. This is followed
by a tunnelling effect of the subducting seamount through the frontal wedge material, which
results in considerable sand reworking. At an advanced subduction stage, the décollement jumps
back from a high level in the wedge to its former basal position. We conclude that a high trench
sedimentation rate relative to the convergence rate leads to frontal accretion. In contrast, several
conditions may favor tectonic erosion of the upper plate. First, oceanic features, such as grabens,
seamounts or ridges, may trap upper plate material during their subduction process. Second,
destabilization of the upper plate material by internal fluid overpressuring causing hydrofracturing

is probably another important mechanism.

Introduction

Following work by Davis et al. [1983] on the mechanics of
fold and thrust belts, Dahlen [1984] derived a rigorous
solution for the “critical taper” that a submarine sediment
wedge of noncohesive frictional material on a basal plane of
weakness will attain, when sufficiently compressed from its
back end. The rock is treated as a frictional plastic (Coulomb-
type) material without cohesion. A cohesive plastic material
without frictional shear strength has been previously
investigated by Chapple [1978). This material model thus
neglects elastic strains and strain hardening and softening and
the limiting condition will be given by the effective-stress-
dependent internal friction of Coulomb-Mohr [Mandl, 1988].

Since that time, numerous authors have applied the
"Coulomb theory” to accretionary wedges to estimate some
characteristic parameters [e.g., Dahlen et al., 1984; Zhao et
al., 1986]. Three parameters are sufficient to calculate the

Copyright 1994 by the American Geophysical Union.

Paper number 94JB00124.
0148-0227/94/94JB-00124$05.00

“critical taper” at failure for a given rock density within the
wedge. These parameters are the internal and effective-basal
friction angles and pore fluid pressure in the wedge. In this
paper we apply this theory both to accretionary and
nonaccretionary wedges using 28 well-constrained geometries
of convergent margins.

We use the classification of convergent margins as defined
by von Huene and Scholl [1991, 1993], depending on the
occurrence or absence of an accretionary wedge (or prism or
complex) at the toe of the active margins. Such a complex is
generally well imaged on seismic records because of its
particular fold and thrust structure. The complex continuously
grows by incorporation of new imbricate slices of trench fill
and oceanic material or by underplating along accreting
margins (Figure 1). On the other hand, the wedge either
maintains its initial volume or consumes itself by tectonic
erosion at nonaccreting margins (Figure 1). Both sediment
accretion at the toe and crust consumption further back may
occur simultaneously as is documented along some transects of
the Japan and Peru Trenches [von Huene and Lallemand, 1990].

Several authors have demonstrated that considerable loss of
upper plate material has occurred along some convergent
margins through tectonic erosion processes [e.g., von Huene
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Figure 1. Classification of convergent margins as proposed
by von Huene and Scholl [1993, p. 168] with their cumulative
length of occurrence. In this paper we call "intermediate
accretionary wedges” what von Huene and Scholl called
"accretionary wedges with small prisms (5-40 km wide)" and
"typical accretionary wedges” what they called "accretionary
wedges with large prisms (> 40 km wide)."”
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and Lallemand, 1990; von Huene and Scholl, 1991; Lallemand
et al., 1992a]. For example, the Japan and Peru submarine
wedges probably decreased their volume by about 50 % during
the Neogene. Lallemand [1992] compiled the subduction zones
where great subsidence together with volcanic front retreat
were documented. These "erosional" margins include northern
Japan, Peru, Izu-Bonin, Mariana, Tonga and Guatemala - Costa
Rica. Although the loss of upper plate material appears quite
certain, especially in the light of the great subsidence recorded
along these margins, the mechanism responsible is still
poorly known. Several explanations have been proposed such
as the wedging of positive relief features into the subduction
zones (Japan, Peru, Tonga) causing frontal erosion [von Huene
and Lallemand, 1990; Lallemand et al., 1990], the
fragmentation of the upper plate by hydrofracturing leading to
basal erosion [von Huene and Lee, 1983; Platt, 1990] or a
normal geological mode for a convergent margin where the
trench fill does not exceed 500 m in thickness [Le Pichon and
Henry, 1992].

To investigate the possible causes of tectonic erosion
and/or sediment accretion, we review some of the parameters
of active margins such as the convergence rate and the
occurence of grabens or seamounts on the subducting plate.
We also use laboratory sandbox models to illustrate possible
mechanisms of basal and frontal erosion of the overriding
plate.

The Coulomb Theory Applied to Accretionary
Wedges

Previous Studies

As a first approximation, we assume that accretionary
prisms behave as homogeneous wedges formed of
noncohesive Coulomb material frictionally sliding on a rigid
base (subducting plate). This theory is scale-independent. The
maximum depth of applicability is given by the downward
increase in temperature and corresponds to the transition from
a pressure-dependent, time-independent Coulomb behavior to
a pressure-independent, temperature-dependent plastic
behavior [Davis et al., 1983]. This transition occurs at
variable depths, depending on the thermal gradient, generally
at 15 £ 5 km depth.

We use the exact solution of Dahlen [1984] for a critical

traction

depth

after

Dahlen , 1984

Cross-sectional sketch of a submarine noncohesive critical wedge showing the Cartesian

coordinates x, z and the angles o, B, y(, and y},. Strength in the wedge is proportional to the effective stress
Gz, shown schematically by the shaded area on the right. Modified after Dahlen [1984].



LALLEMAND ET AL.: ACCRETIONARY AND NONACCRETIONARY WEDGES

taper. Let o and B be the topographic slope angle and the
related décollement angle (Figure 2). W, and y, are the angles
between the maximum compressive stress G, and the base and
seafloor, respectively. If the wedge is uniform and
noncohesive, then the orientation of o, is everywhere the
same (Y, is a constant). Dahlen [1984] demonstrated that the
following three equations ((9), (17) and (19) in his paper) are
sufficient to determine the exact critical taper and the slip
lines orientation in every part of the stability field diagram as
a function of surface slope o and basal dip p (Figure 2).

oa+B=y,-y (1)

Yo = -;- arcsin(s:l::) - % ¥ )
3 % *»

V=3 arcsin(%) A ®)

with the effective angle of basal friction,

1-2A
0p* = arctan [”'*T._;Tb)]'

and the "modified" slope angle,
a - p./p)

* = .
o arctan‘((l_—M tano.)

Variables ¢ and ¢, are the internal and basal friction angles.
The internal and basal friction coefficients are | = tan ¢ and p,
= tan ¢,. Variables A and A, are the internal and basal pore fluid
pressure ratios corresponding 10 (Py - Pyegnoe)! (O; = Pocaionr) s Py
is the pore fluid pressure and ©, is the lithostatic pressure
along an axis normal to the seafloor. Variables p,, and p are
the densities of water and rocks respectively.

Discussion About Some Characteristic Parameters

The reliability of the characteristic parameters previously
described need to be discussed, as there exists an infinity of
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solutions (M, p*, = tan ¢*,, L) which account for the stability
of a given wedge. Furthermore, it is very difficult to measure
these parameters in situ. Table 1 summarizes the few
measurements that are presently available.

Variables p and p*, are deduced from structural
considerations of conjugate thrust faults occurring at the toe of
some wedges. Hafner [1951] has shown that the Coulomb
criterion is satisfied along two conjugate slip planes inclined
about the 0, axis at angles 8 = +(45° - ¢/2). Thus the sum of the
basal step-up angles of newly formed conjugate thrusts
corresponds to 90° - ¢ (Figure 3). From these data, we can

easily derive p = tan ¢ and y,,, which allow us to calculate p*,
according to equation (3). Davis and von Huene [1987] used
this method for the first time to derive these parameters from
Aleutian accretionary prism data. We also applied this method
for the Oregon and Nankai accretionary prisms, which exhibit
pop-up structures at the toes of their accretionary wedges
assuming that forethrust and backthrust are conjugate and
newly formed. The data we used were multichannel seismic
lines NT 62-8 [Moore et al., 1990a] for the Nankai wedge and
WO76-4 [Moore et al., 1990b] for the Oregon wedge. Most of
the values of pore fluid pressure ratio A were derived from
already published well measurements [Davis et al., 1983].

Our mean values of p and p*, are both based on three
measurements and are obviously only representative for some
accretionary wedge toes. As these values differ considerably
from the mean value for Taiwan of 1.03 used, for example, by
Davis et al. [1983], assuming that Byerlee's law is valid at the
base (,= 0.85), we will adopt the value of p = 0.52 averaged
among three in situ measurements with an uncertainty of about
20 %, rather than any other empirical value deduced from
laboratory experiments [Byerlee, 1978]. Furthermore, the
method used by Davis and von Huene [1987] allows p*, to be
determined directly without knowing W, A and A,. In the same
way, the mean value of A = 0.88 is averaged from five well
measurements with an uncertainty of about 10 % (Table 1).

Table 1. Summary of Available Characteristic Parameters

Measured Values m ¥ =g (1-A)/(1-A) A
Taiwan - - 0.675 + 0.05 *
Aleutian 045+ 0.09 t 0.28 £0.07 1 =087%
Nankai 0.50 + 0.310 0.20 + 0.10 -
Guatemala - - high §
Oregon 0.62 + 0.10 0.23 + 0.10 0.85 + 0.03"
Barbados - - =19
Makran - _ -1
Mean values 0.52 + 0.10 0.24 + 0.09 0.88 + 0.08

Variables 1, p*, and A were measured in accretionary wedges and partly published by Davis et al. [1983].

* From well measurements [Suppe and Wittke, 1977],
* From structural considerations of conjugate thrust faults at the toe of the wedge [Davis and von Huene,

19871,
* From well data [Hottman et al., 1979],

§ This was deduced from well data [Aubouin et al., 1982],

* From well data [Moore and von Huene, 1980],

From well measurements (packer) [Moore et al., 1982],
** From well data, private communication to Davis et al. [1983].
The values in bold were calculated by the authors from structural considerations of conjugate thrust faults at
the toe of wedges using the method of Davis and von Huene [1987].
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Décollement _"’bo ¢_ sin ¢*
6 =45° 32 2y, = arcsin ( B) - %)
8¢+ 8p=90°-¢ sin
=g
8 | S |w | 1 |1
Aleutian |22°| 44° | 14° | 0.45| 0.28
Oregon |23°| 35°| 6°| 0.62]| 0.23
Nankai [24°] 39° | 7°] 0.50] 0.20

Figure 3. Sketch showing the method used by Davis and von Huene [1987] to determine, for the Aleutian
Trench, the "internal” and "basal effective” coefficient of friction at the toe of a wedge. We have used the same
method to calculate these parameters in the Oregon and Nankai trenches where pop-up structures are observed

at the toe of the wedges.

Figure 4 is an example of a stability field diagram based on
equations (1), (2) and (3), using mean values of characteristic
natural parameters (see Table 1). The mean rock density has
been taken as 2300 kg/m3. The tectonic regimes
(compressive, extensive) of critical tapers along the envelope
are labeled on Figure 4. Two restrictions can be made
concerning this averaged stability field. First, mean values
were deduced from parameters measured in typical accretionary
wedges. Consequently, the proposed mean envelope is not
necessarily representative of nonaccretionary wedges. Second,
the error bars for each parameter are significant. We have
indicated the uncertainty on each characteristic parameter
within smaller diagrams (Figure 4) drawn for some realistic
sets of values (-4° < o < 14°, 0° < B < 20°). The uncertainties
are those mentioned in Table 1, i.e. p + 20%, p*, + 40% and A
+ 10%. We note that the locus of the stability field in an (c,
B) diagram is not very sensitive to variations of friction p and
p*,, but is highly sensitive to variation of pore fluid pressure

A.

Lessons from natural wedges
Taper variations

Before examining the mechanical control of accretion or
erosion, let us consider the present distribution of convergent-
margin tapers on a mean stability diagram. For that purpose,

we have studied 28 well-constrained transects of "typical
accretionary,” "intermediate” and “nonaccretionary” wedges
that are listed in Table 2 (see location on Figure 5). We chose
nine transects representative of typical accretionary wedges
(according to the literature). Five of these are located in the
Lesser Antilles area to examine latitudinal variations of taper
within a given subduction zone. We have classified 11 other
transects as “intermediate” accretionary wedges characterized
by small accretionary prisms. Five of these transects are
located along the Japan Trench to examine lateral variations.
Finally, eight transects were selected among wedges without
accretionary prism and generally characterized by tectonic
erosion. Five of these are located in the Tonga - northern
Kermadec Trench.

We have plotted the mean representative tapers for each of
the 28 transects on a mean stability field diagram (Figure 6)
similar to those of Figure 4. Table 2 summarizes the different
frontal tapers considering mean o and B measured from the
trench back to a vertical line corresponding to a décollement
depth of 10 km below seafloor. We have used published depth
sections (sources are given in Table 2) for estimating the dip
angle of the décollement. Because of the time/depth
conversion uncertainty, we consider that the error on B can
reach + 20%. Inasmuch as the stability field is elongated in the
B direction, variations in B do not severely affect the
conclusions.

We observe that typical accretionary wedge tapers are close

Figure 4. Stability field diagram for critical wedges (surface slope o versus basal dip B) using mean measured
friction angles and pore fluid pressure ratio, i.e., i = 0.52; p*p = 0.24; A = 0.88; py, = 1030 kg/m3 and p =

2300 kg/m3 (mean density for a 0- to 10-km wedge thickness [Lallemand et al., 1992a]). Slip lines are plotted
along the stability field envelope which coincides with critical tapers. The box outlines the set of reaiistic

values of (c, B) for natural wedges. We have plotted the error estimates of the three characteristic parameters:

+ 20%; u*p + 40%; A £ 10% in the top three diagrams.

Solid circles correspond to the mean tapers of the 28

natural transects listed in Table 2 and labeled in Figure 6. Note the high sensitivity of the area of the stability
field to the pore fluid pressure variations and conversely the low sensitivity of the coefficients of friction.
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Figure 6. Enlarged view of the observed stability field (see Figure 4 for location), with the mean tapers of
the 28 transects plotted and labeled (see values in Table 2). The three groups of wedges are clearly distinct on
that diagram except some wedges such as Nankai, Aleutian and Costa Rica. See the text for further explanation.

to each other (0.6° < o < 1.1° and 1.5° < B < 4.1°) except the
Nankai and Aleutian wedges where basal tectonic erosion is
suspected further back from the trench [Lallemand, 1992 .
Seven tapers representative of typical accretionary wedges
form a cluster around the lower stability mean envelope. This
probably means that their friction angles and pore fluid
pressure ratios are similar. Small lateral variations are noted
along the Lesser Antilles subduction zone (Al to AS; Figure 7)
despite the increasing size of the accretionary wedge from
north to south due to the sediment input from the Orinoco
river. At smaller wavelength (20 km instead of 150 km), we
always observe very smooth topographic slopes (0° < o <
1.9°) along each of the five Lesser Antilles transects.
"Intermediate” and nonaccretionary wedges are scattered in
regions of higher o and B, the largest tapers corresponding to
nonaccretionary wedges. Most of them are located in the
vicinity of the upper extensional envelope, two of them (12
and I9) are clearly located in the mean stability field, and three
of them (N3, N4 and N7) are located in the unstable
extensional field. Such a dispersion can be interpreted in two
ways. If we assume that characteristic parameters are similar in
every subduction zone, then we can conclude that half of
intermediate to nonaccretionary wedges are stable/passive
when tectonic erosion occurs and half are characterized by
extensional faulting. Altematively, if we assume that the
characteristic parameters of “intermediate” and
nonaccretionary wedges are significantly different, then
several stability envelopes can be adjusted to account for the

observed tectonic regimes: compressional, stable or
extensional (see Figure 4). Unless we obtain measurements of
friction angles or pore fluid pressures in those areas, we can
only conclude that tapers are large and very scattered.

The lateral variations of each taper among the five transects
crossing the Japan Trench margin (I4 to I8; Figure 8) are
significant but remain close to the upper stability field
envelope. At smaller wavelength (10 km instead of 80 km), we
observe large variations of a (0.1° < o < 8.6°) along each of
the five Japanese transects, attesting either that characteristic
parameters vary along a transect or that the wedges may be
stable. This can be explained by the long history of tectonic
erosion that shaped the Japan Trench margin during Neogene
time, which was followed during Quaternary time by some
accretion [von Huene et al., 1982; von Huene and Lallemand,
1990; Lallemand et al., 1992a]. Lateral variations from one
transect to another are of the same order of magnitude as
variations along a single transect. We note that transect 17,
which was used as a reference profile for demonstrating
tectonic erosion processes [e.g., von Huene and Culotta,
1989], can be distinguished from the other transects by a
higher surface slope angle at the toe of the prism.

Similar remarks can be made concerning the five transects
of the Tonga-northern Kermadec Trench margin (N2 to N6;
Figure 9) but with a larger scattering of mean tapers, even
greater when considering variations along each of them at
smaller wavelength (0.2° < o < 25.9°!). This very steep
extreme surface slope was measured along a 4-km-long
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Figure 7. Location of the five transects off Lesser Antilles.

segment of transect N4. Again, it indicates either that
characteristic parameters vary along a transect or that the
wedge may be stable. The steepness of the surface slope for the
two transects N3 and N4 is probably related to the recent
subduction of the Louisville Ridge [Lallemand et al., 1992b].
Extensional faulting has been documented north of the
collision zone [Pelletier and Dupont, 1990] and is in
agreement with the tapers' distribution on the mean stability
diagram (Figure 6). Pelletier and Dupont [1990] have shown
that the tectonic regime in the Kermadec Trench changes near
32°S from erosion in the north to accretion in the south. We
thus decided to classify the southern Kermadec transect I3 in
the "intermediate” accretionary wedge group. The surface slope
of this transect is far smoother than those of N2 to N6.

From the observed variations of 28 convergent margins, we
conclude that margins characterized by large accretionary
wedges are homogeneous regarding their small tapers (cluster
of points on Figure 6). The location of the cluster along the
lower stability mean envelope is compatible with the process
of continuous frontal accretion. The wedges swing between a
compressional tectonic regime and stability close to the
critical taper. Surface slopes are generally smooth compared
with other margins. On the other hand, nonaccretionary
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margins exhibit scattered and larger tapers with large
variations in surface slope along one transect. This rough
morphology may reflect some tectonic activity such as basal
removal of upper plate material, which steepens the surface
slope. Depending on the tectonic regime of such margins,
deduced from seismic interpretations or diving observations,
it is possible, for example, to provide some estimates of the
fluid pressure ratio A within the wedge, making some basic
assumptions (e.g., keeping the two other parameters p and p*,
constant; insets of Figure 4). Increasing A narrows the
stability field and consequently brings the compressional and
extensional domains closer.

Other variations of specific parameters

In addition to the tapers, we compare the following
parameters in Table 2: the trench sediment thickness T,, the
orthogonal convergence rate v, the vertical offset of oceanic
faults V, and an estimate of the oceanic seafloor roughness
along the 28 selected transects. We define an "oceanic seafloor
roughness” coefficient (R.) which is a factor proportional to
the total volume of oceanic positive and negative features such
as grabens, ridges or seamounts within 200 km from the
trench axis, integrated over the three sets of transects (Lesser
Antilles, Japan and Tonga) and then normalized. Figure 10
summarizes the mean specific parameters (o, B, T, v, V,, R)
for each group of convergent margins. The product T, x v
corresponds to the "modern input sedimentary flux” (arbitrary
unit in Table 2; 10! km?/Ma). The correlation between the
different groups of wedges for each specific parameter is

142°
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Figure 8. Location of the five transects off northeast Japan.
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Figure 9. Location of the five transects off Tonga Islands
and the one off Southern Kermadec Islands.

obvious, bat there is no clear correlation with T, x v. Typical
accretionary wedges are characterized by thick trench scdiment
(average: 2.4 km), low convergence rates (average: 3 cm/yr),
almost no oceanic fault scarps and a small seafloor roughness
coefficient. Non-accretionary wedges are characterized by thin
trench sediment (average: 0.4 km), high convergence rates
(average 11.7 cm/yr), larger oceanic faults offsets (0.7 km)
and a high seafloor roughness coefficient. In contrast,
variations in input sediment budgets do not clearly correlate
with any type of accretionary wedge.

These observations are compatible because low
convergence rates allow greater trench deposit, assuming a
constant trench sedimentation rate. Thick trench fill favors
frontal accretion and a wide accretionary wedge (with a gentle
surface slope) would deflect the subducting plate less than a
margin characterized by a larger taper [Karig et al., 1976].
First, we can reasonably postulate that the type of the margin
(i.e., accretionary or nonaccretionary) does not influence the
convergence rate v or the occurrence of seamounts and ridges
on the oceanic plate V,,. Consequently, v and V, both are good
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candidates as primary causes for frontal accretion or tectonic
erosion. Second, we also observe good correlations between
the type of the margin and two other parameters, the taper
angle and the oceanic faults vertical offset. Thus we will try to
clarify in this paper the type of interaction which accounts for
these observations.

Lessons From Sandbox Modeling

Sandbox modeling is especially useful because we can
measure directly the internal and basal friction angles as well
as the step-up angles of faults. Furthermore, we can observe
the dynamic evolution of the wedge and its internal
deformation during experiments.

A glass-sided rectangular deformation box roughly
reproduces the geometrical conditions and kinematics of a
subduction zone. A polyvinyl chloride (PVC) medium which
simulates the oceanic crust with its sedimentary cover is pulled
at a constant rate. Sand units are progressively stacked against
a rigid backstop, analogous to the island arc or continental
basement against which sediments are accreted, to generale an
accretionary prism. It was demonstrated by Malavieille et al.
[1991] that a 30°t 5° dipping backthrust forms within the sand
when the backstop inclination differs from this critical angle,
which is close to the angle of friction of dry sand.

Isotropic models are built by forming horizontal sand
layers, which include colored passive marker beds, on the
moving plate. Dry quartz sand of aeolian origin, with a grain
size of less than 300 pum, is used as an analogue for the oceanic
sediments that make up accretionary wedges. The sand is
essentially cohesionless and its deformation is time-
independent. This material satisfactorily simulates the brittle
Coulomb behavior of shallow crustal rocks in laboratory
experiments [e.g., Hubbert, 1937; Horsfield, 1977, Davis et
al., 1983; Mc Clay and Ellis, 1987, Mandl, 1988; Mulugeta,
1988]. To a first approximation, we assume that sedimentary
rocks of accretionary prisms behave as a single layer with an
internal friction angle of 27 + 5° (this study). Their cohesion,
Cy, is negligible compared with common shear stresses
recorded in nature (about 107 to 108 Pa). For the sand used in
our experiments, cohesion Cg = 20 Pa is also negligible and
the internal angle of friction, ¢ = 30° (L = tan ¢ = 0.57), is
similar. Thus the main difference with nature is the absence of
pore fluid and hydrostatic pressures. The general Coulomb
criterion for shear traction t at failure becomes

1=Cy+(0, - PYtan¢ @

where C, is the cohesion, G, is the normal stress, and P, is
the fluid pressure (= 0 in sandbox experiments). Variables o*
and ¢,* simplify into & and ¢,, in equations (2) and (3) because
A=2,=0andp, =0 too.

Density of sprinkled sand is about 1.7 g/cm? and the mcan
density of accreted rocks is about 2.3 g/cm?. The deformation
in these experiments occurs in a normal gravity field.
Considering a mean cohesion of 10-15 MPa in incompletely
lithified sediments [Hoshino et al., 1972] and a measured
cohesion of 20-170 Pa at the interface between the dry sand
and the various basal mediums, the scaling of the experiments
[Hubbert, 1937, Ramberg, 1981] is such that 1 cm in the
model is more or less equivalent to 1 km in nature. The scaling
factor of 10° is calculated by the ratio (C/Pg) i narre / (C/P8) i

the experiments®
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Figure 10. Mean parameters characterizing each group of wedges as described in Table 2. Abbreviation A.
W. means accretionary wedges. See the text for further explanations.

High basal friction

Low basal friction

10 cm

Figure 11. Two modeled critical wedges obtained after the
same shortening and same incoming sand thickness but using
two different values of basal friction. Variable pp, = 0.33 in
experiment 1 and 0.50 in experiment 2. For the same
horizontal décoliement, the topographic slope is steeper for a
higher basal friction.

Five experiments have been conducted using the same
apparatus and sand, but different boundary conditions. Several
authors have discussed results from sandbox modeling when
simulating an accretionary wedge [Davis et al., 1983; Dahlen
et al., 1984; Malavieille, 1984; Mulugeta, 1988; Colletta et
al., 1991; Huiqi et al., 1992; Malavieille et al., 1993]. We
briefly illustrate this type of experiment and propose some
simple mechanical explanations for the results. In contrast,
experiments simulating the wedge deformation when ridge or
seamount subduction occurs have not been intensively studied
[Biagi, 1988; Malavieille et al., 1991; Robion, 1991;
Lallemand et al., 1992b; Lallemand and Malavieille, 1992].
We examine in detail some of this second type of experiment.

Mechanics of Accretionary Sand Wedges

We have tested different values of basal friction for the
same thickness of accreted sand. We have used for that purpose
several basal media such as polished PVC which is
characterized by a low coefficient of basal friction (i, = 0.33
and C, = 170 Pa); mylar sheet (i, = 042 and C, = 160 Pa) and
two types of gummed paper which are characterized by higher
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coefficients of basal friction (U, = 0.46 - 0.50 and C, = 110 -
130 Pa).

Figure 11 illustrates two wedges obtained after the same
shortening and same incoming sand thickness but using two
different values of basal friction. For the same horizontal
décollement, the topographic slope is steeper for a higher
basal friction. This is easily explained by Coulomb theory
using equation (30) of Davis et al. [1983]:

K ®

o+p=

where the dimensionless integral K is a function of p and p,,
which is close to 1.8 according to the values obtained by
numerical calculation with p = 0.57 (K = 1.9 for p, = 0.33 and
K = 1.65 for p, = 0.50). This equation is apparently not
correctly dimensioned, but this is because Davis et al. [1983]
used the small-angle approximation in which sina = a and
sinP = B. Variable B = 0 in the experiments, so that o = p/(1 +
K). The predicted values of o = 6.5° and 10.8°, respectively,
for the previous low and high coefficients of friction are close
to the measured values of 6.5° and 10°.

The style of deformation also differs when basal friction
changes. For example, backthrusts are more abundant when
the basal friction is low. The reason is that the o, axis dips
toward the foreland at an angle y, that increases with
increasing coefficients of basal friction [Davis and Engelder,
1985]. When the basal friction is very low, v, approaches
zero. The potential slip planes are then almost symmetrical
about the horizontal and backthrusts are thus common. When
the basal friction is high, y, increases. The forward verging
plane then dips at ® — y,, and the backward verging plane at 0
+ Y, with @ = 45° - 6/2 = 15° [Hafner, 1951]. The shallower
dip may be favored because of bedding strength anisotropy
[Davis and Engelder, 1985].

Mechanics of Sand Wedges During
Seamount/Ridge Subduction

Tectonic erosion is a process which is very difficult to test
using sandbox models because of the limited possibilities of
experimental boundary conditions. On the other hand, it is
easy to examine wedge deformation related to asperity
subduction. This simple approach neglects factors such as
sediment anisotropy or fluid pressure that strongly influence
the process in nature, but we will see in the following section
that the basic conclusions obtained by the experimental
approach are consistent with the natural observations. We use
these experiments as simple illustrations of natural processes.

Three experiments have been conducted with 2 cm of
continuous accretion of sand above a low frictional medium (p,
= 0.33). The accretionary wedges were first built and then
indented by various positive features, a smooth truncated cone
simulating a seamount, a rigid body normal to the sidewalls
with a rounded cross section simulating an aseismic ridge and a
seaward vergent basement slice also normal to the sidewalls
simulating an active basement thrust slice. The first
experiment (seamount subduction) is illustrated in Figure 12
[Biagi, 1988]. The two other experiments (ridge and slice
subduction) are illustrated in Figure 13 [Lallemand et al.,
1992b].
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The first effects of asperity subduction are the indentation
of the wedge and consequent active compression/shortening in
front of the indenter, the uplift of the wedge above the
subducting feature and the blocking of the basal décollement
propagation. The second effect which is of great interest when
looking at potential tectonic erosion is the path of the
décollement in the vicinity of the asperity. The asperity is
fixed on the basal medium, so that the décollement is
necessarily forced upwards within the sand. This phenomenon
was described at the Tonga Trench by Ballance et al. [1989] as
"tunnelling process."”

We observe on cross section 4 (Figure 12) that a sand wedge
is isolated in front of the indenter, which is limited arcward by
a 30° dipping slip plane (o, is supposed to be horizontal). The
slip plane acts as a ramp while the new décollement
propagates forward and the wedge is passively pushed arcward
by the subducting seamount. A similar sand wedge is not
formed in the ridge experiment (Figure 13) because its flank
already dips at about 30°. Neither does it appear in the slice
experiment (Figure 13) because the arcward flank of the slice
dips only a few degrees and the décollement just follows the
basal plane of weakness.

From the top of the asperity (Figures 12 and 13), a new
décollement forms subparallel to the basal plate because it is
inherited from the first stages of asperity subduction. We
noted that this newly formed "décollement” (called the "top
décollement” in the following discussion) was forced to
propagate arcward at the same rate as the asperity subduction.
Its level within the sand wedge thus appears to be controlled
by the height of the asperity before subduction of the
basement slice (Figure 13), except in the slice experiment,
where the " top décollement” is initiated as a thrust dipping
about 25°.

We observe in experiment 5 (Figure 13) that the top
décollement becomes inactive after about 10 cm of slice
subduction [Lallemand et al., 1992b] as evidenced by the
generation of a new accretionary wedge at the toe of the older
deformed wedge. As long as the top décollement is active, the
entire thickness of incoming sand is underthrusted beneath the
deformed wedge. As soon as the décollement jumps from a
high level in the wedge to the basal plane of least mechanical
resistance, a new thrust appears within the incoming sand unit
and generates a new accretionary wedge. The path of the basal
décollement shields a domain where sand is trapped and then
subducted in the wake of the asperity.

The jump of the décollement to the bottom of the wedge
occurs only in experiment 5, probably because the height of
the basement asperity was less than in the two other
experiments and because of a sufficient amount of penetration
(subduction). One may argue that the décollement uses the
least energetic path, but the complexity of the system makes
estimates of energy requirements overcomplicated. Such an
energetic approach has been already discussed [Lallemand,
1992; Schniirle, 1994]. Further experiments need to be
performed in order to quantify the amount of penetration which
is enough, according to a given height of asperity, to produce
such a jump.

Summary of the Results of Experimental
Modeling

Five experiments were performed to illustrate the
deformation of a sand wedge when accretion and asperity
subduction occur. We conclude that the following:



SR R SR
%s \s\"\‘\&\\“«s\}z‘;}%@\&

b

Figure 12. (a) Perspective view of the final stage of the seamount subduction experiment 3. Note the two
lobes that develop in the wake of the subducting seamount involving the incoming sand layer. These reflect
the blocking of the forward propagation of the décollement against the seamount. (b) Interpreted cross
sections of the final stage of seamount subduction experiment after the model had been cut and photographed
at 2 cm intervals to observe lateral variations of the internal deformation. Note the drastic shortening of the
wedge in front of the indenter (seamount) and the lateral ramps which accomodate the development of the two
lobes (frontal imbricates).
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1. Critical tapers stabilize along the lower stability field
envelope when accretion occurs without asperity subduction
(experiments 1 and 2). In contrast, tapers increase when
asperity subduction occurs (experiments 3 to 5) in response o
the higher basal friction (sand against sand) along the top
décollement. The surface slope is locally overcritical (o = 30°
which is the angle of repose of sand) in response to the
continuous removal of sand from the front of the wedge
(tunneling effect). These experimental results are in good
agreement with previous observations.

2. In the wake of a subducting asperity, a top décollement
forms within the wedge at a height relative to the basal plate
which is almost the same as the height of the asperity. The
newly formed décollement is active over a large distance
before it jumps back to the basal plate (arresting the tunneling
effect). This distance seems to increase with the height of the
asperity. This phenomenon generales a supercritical cliff at
the front of the overriding wedge in response to continuous
reworking of the frontal part of the wedge. Furthermore, the
inactive flat top-décollement can be reactivated during
compressional phases of accretion after the downward jump to
the basal décollement.

3. After the downward jump of the décollement, some sand
is trapped under the basal décollement (shielded domain) and
dragged passively with the asperity. This process contributes
to the erosion of the overriding wedge and to the dramatic
wedge deformation which continues for a long time after
penetration of the asperity.

Mechanical Control of Accretion and Erosion:
Natural Cases

One of the basic observations in our experiments is that in
order to have tectonic erosion, the décollement is required to
migrate upwards within the wedge material. How, then, is the
décollement forced upwards in both the natural and
experimental examples? We suggest two possible
explanations:

1. A subducting ridge, seamount or horst first forces the
décollement to migrate upwards. Then, after a certain amount
of convergence, the décollement jumps downward probably to
a level of least mechanical resistance. The path of the final
smoothed décollement isolates a shielded domain of rock
which is dragged passively with the subducting feature.

2. There exists a level characterized by a lower effective
friction higher in the wedge. Dahlen [1984] has shown that a
decrease in p, will produce the same effect as an increase in A,
since they only occur in the combination py(1 - A,).
Consequently, an upward migration of the décollement to a
higher level will be possible if the frictional resistance is
lower or the pore fluid pressure higher.
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Positive Feature Effects

We are fully aware that the application of empirical laws
deduced from experiments to natural cases is not rigorous, but
these experiments provide realistic explanations of various
observations. Figure 14 represents four examples of
subducting seamounts and associated wedge deformation. It
has been demonstrated by Lallemand et al. [1989] that the
down-faulted part of the Kashima seamount, presently
subducting in the Japan Trench, pushes forward a wedge of
upper plate material. The step-up angle of the thrust that limits
the sandwiched material is close to 30°. The Bougainville
seamount in the New Hebrides Trench was also intensively
surveyed. Two dives crossed the plate boundary showing that a
wedge of material belonging both to the apron of the
seamount and to the upper plate was pushed forward [Collot et
al., 1992]. Using magnetic anomalies, a subducting seamount
was detected at the junction between the Japan and Kuril
Trenches. A gigantic scar reflects the collapse related to its
recent subduction and the trace of the plate boundary can be
followed 1.3 km above the trench floor at the level of a
midslope terrace [Lallemand and Chamot-Rooke, 1986].
Finally, Ballance et al. [1989] have pointed out a subducting
seamount: the Motuku Guyot just north of the Louisville Ridge
in the Tonga Trench, using a multichannel seismic line. The
presence of the Motuku Guyot is marked by a prominent
reflecting horizon 10 km long and a high contrast in seismic
velocities. The surface trace of the décollement can be
followed 1 to 2 km above the trench floor in the vicinity of
the subducting seamount.

Other examples of subducting seamounts are published in
the literature, all showing significant deformation of the
wedge both in front and in the wake of the indenter [e.g., Fryer
and Smoot, 1985; Fryer and Hussong, 1985; Pontoise et al.,
1986; Lonsdale, 1986, Lallemand and Le Pichon, 1987;
Collot and Fisher, 1989; Lallemand et al., 1990].

Von Huene et al. [1994] published a Hydrosweep
bathymetric map off Costa Rica where three stages of
seamount subduction are beautifully documented. Figure 15
shows an extract of this map. The first stage (1 on Figure 15)
is equivalent to the examples shown on Figure 14. It shows a
gigantic scar in the wake of the subducted seamount without an
accretionary wedge at its base, attesting that the level of the
décollement is shallower than the trench seafloor (see the
schematic cross section 1 on Figure 16). This first seamount
has already undergone 20 km of subduction. The second stage
is illustrated by another seamount (2 on Figure 15), which has
already performed 30 km of subduction counted from the
trench. A morphological scar attests to its subduction. At this
stage, a new accretionary wedge formed in its wake. This
demonstrates that the décollement jumped from a high level in
the wedge to the bottom after between 20 and 30 km of

Figure 13.

(a) Experiment 4 after Lallemand et al. [1992b]. The first illustrated stage is just before

subduction of the ridge. The second and final stage illustrates the shortening and uplift of the wedge after ridge
subduction. The active ("top”) décollement parallels the basal plate and its level equals the height of the ridge.
The subducting sand remains undeformed in the wake of the ridge. (b) Experiment 5 after Lallemand et al.
[1992b]. The first illustrated stage corresponds to the initiation of the thrusting of the basement slice before
its incorporation beneath the accetionary wedge. A pop-up is created within the sand just above the slice. The
second and final stage shows the specific wedge morphology acquired during slice subduction. The wedge was
first shortened and uplifted; a flat thrust corresponds to the propagation of the décollement during slice

subduction and a new accretionary wedge develops.
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Figure 15. Hydrosweep bathymetric map of the Costa Rican margin extracted from a larger map acquired

275°
during the R/V Sonne 76 cruise [von Huene et al., 1994]. Several seamounts on the Cocos plate are subducted
beneath the margin. Their morphological traces, parallel to the plate convergence, are easily recognized on
this map. Three stages of seamount subduction, labeled 1 to 3, are schematically illustrated on cross sections
in Figure 16.
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subduction as illustrated on Figure 16. Finally, a third scar
related to a subducted seamount is observed 50 km back from
the trench where the margin's thickness exceeds 10 km (3 on
Figure 15). This observation demonstrates that the seamount

has not been offscraped, at least not until this depth of
subduction (3 on Figure 16).

In addition to the upper plate material which is dragged
downward with the seamounts during subduction, we have seen

Figure 14. Four examples of subducting seamounts and associated deformation of the wedge. Cross
sections, without vertical exaggeration, are based on interpreted multichannel seismic lines except for the
Kuril Trench where the location of the seamount is deduced from a magnetic model. The sections are located on
the bathymetric maps to the left. The dashed circles superimposed on the bathymetric maps are the surface
projection of the subducting seamounts top. The dashed and solid lines with black triangles represent the
deformation front. Isobaths are each 250 m except for the Tonga Trench box where they are at 500 m. The
Japan Trench example (Figure 14a) is afier Lallemand et al. [1989]. The New Hebrides example (Figure 14b) is
after Fisher et al. [1991] and Collot et al. [1992]. The Kuril Trench example (Figure 14c) is after Lallemand and
Chamot-Rooke [1986) and Cadet et al. [1985]. The Tonga Trench example (Figure 14d) is after Ballance et al.
[1989] and Gnibidenko et al. [1985].
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Figure 16. Schematic cross sections without vertical exaggeration of three stages of seamount subduction
based on both morphological observations (Figure 15) and sandbox modeling results. The first stage before
seamount subduction corresponds to the area located between seamount 1 and 2 on Figure 15.

that a great thickness of frontal upper plate material is
passively transported in the wake of the trailing flank of the
seamounts over several tens of kilometers. This phenomenon
contributes to the oversteepening of the topographic slope
especially at the toe of the wedges as observed along the
previously described nonaccretionary wedges and most of the
intermediate wedges (Figure 6). Some scars may reflect the
emergence of presently inactive ancient "top décollements”
(Figures 16 - number 3 - and 17). Such a prominent reflection
paralleling the subducting plate and emerging at the base of a
scarp is observed, for example, in the northern Japan Trench
3.5 km above the present décollement [von Huene and Culotta,
1989].

Figure 10 also shows that nonaccretionary wedges are
characterized by a high amplitude of horsts and grabens.
Considering the former discussion, it seems logical that the
horsts behave like any other positive oceanic features. Their
flanks are even steeper than those of seamounts or ridges, so
that the slumped masses from the toe of the wedge and/or the
trench fill (depending on the trench sedimentation rate) are
easily trapped in the grabens and passively dragged with the
subducting plate (Figure 17). This process is clearly imaged
seismically in the northern Japan Trench [von Huene and
Culotta, 1989], the Kurile Trench (P. Schnurle et al., Tectonic
regime of southern Kurile Trench as revealed by multichannel
seismic lines, submitted to Tectonophysics, 1994), the Tonga
Trench [Ballance et al., 1989] and the Peru and New Hebrides
Trenches [von Huene, 1986].

Lower Effective Basal Friction Higher in the
Wedge?

Along nonaccretionary or intermediate margins such as
Japan, fragmentation by hydrofracturing of the upper plate
was invoked by von Huene and Lee [1983] and Platt [1990].
Rock at the base of the upper plate may disaggregale as
overpressured pore fluid invades and permeates through

fractures [von Huene, 1984; von Huene and Lallemand, 1990],
hence the level of maximum pore fluid pressure will move up
through the wedge. Moore [1989] noted that with high rates of
underthrusting, as along nonaccretionary wedges, sediment
descending beneath the décollement zone is probably buried
faster than it can dewater. From Table 2 we observe that the
critical convergence rate which marks the occurrence of
accretion is 6 £ 1 cm/yr. For fast convergence rates, the
process of upward migration of the décollement occurs
progressively beneath the part of the wedge which is
underthrusted by overpressured sediments, in other words,
mainly the frontal part of the wedge [Platt, 1990] (Figure 17).
Also, the average porosity of a thick section of incoming
sediment is less than for a thin section (because of
compaction). Consequently, the fluid potential will be higher
in regions characterized by thin trench sediment/fast
convergence rates, i.e., nonaccretionary and intermediate
margins (Figure 10). This explanation is in agreement with
the Coulomb wedge model, because the low taper predicted by
the model when the basal friction is low is only valid when
frontal accretion is active. The difference here is that basal and
frontal removal occurs instead of frontal accretion. As a
consequence, the taper adjusts itself to the downward flux of
material, with respect to the Coulomb wedge model, to become
either stable or even overcritical (Figure 6).

Conclusions

Possible Causes for Frontal Accretion

We have pointed out in this paper that typical accretionary
wedges are characterized by a low convergence rate, a thick
trench sediment thickness, a low taper and a relatively smooth
subducting seafloor (Figure 10). Consequently, we conclude,
to a first approximation, that a low convergence rate allows
the deposition of a thick trench fill, which nourishes the
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Figure 17. Sketiches showing mechanisms of tectonic erosion along convergent margins. (a) A subducted
positive feature is responsible for the dragging of upper plate material (dotted area). This situation may occur
along any type of wedge. (b) This figure was modified after von Huene and Culotta [1939]. Horst and graben
structures are subducting as happens generally along nonaccretionary or intermediate accretionary wedges.
Grabens trap upper plate material slumped from the front of the wedge. The fast convergence rate, generally
typical of nonaccretionary or intermediate accretionary wedges, is responsible for a delay in dewatering of

underthrusted sediment and thus favors the upward
corresponds to the removal of upper plate material.

accretionary wedge by partitioning of sediment at some level
within the trench fill. Many authors have already described
this mechanism of sediment partitioning [e.g., Le Pichon and
Henry, 1992]. The low taper is purely a consequence of
continuous frontal accretion maintaining the taper at the
undercritical limit with respect to the local characteristic
parameters (lower envelope on Figures 4 and 6). However, the
existence of accretion does not exclude erosional processes
being active as suggested by Le Pichon and Henry [1992].
Several examples, especially from "intermediate accretionary
wedges" (northern Japan and Peru, for example), illustrate
concomitant frontal accretion and basal tectonic erosion.

Possible Causes for Frontal and Basal Tectonic
Erosion

Figure 18 suggests possible mechanisms of tectonic
erosion and interactions between the various parameters. It
accounts for the observations made both on the studied
transects and from the experiments.

The first and most simple cause of tectonic erosion is,
without doubt, the subduction of oceanic features, which drag
upper plate material within grabens or in the vicinity of

migration of the décollement. Again, the dotted area

seamounts and ridges. The best example is probably the Tonga
trench which shortencd by about 100 km in the wake of the
subducted part of the Louisville ridge [Pelletier and Dupont,
1990; Lallemand et al., 1992b]. This erosional process related
to subducting seamounts and ridges is, a priori, independent of
the convergence rate, hence of the type of margin. A fast
convergence rate will just accelerate this type of erosional
process. This is less obvious when considering the grabens,
as shown on Figure 18.

The second cause is probably the convergence rate driving
two possible mechanisms that produce hydrofracturing of the
upper plate material by overpressuring (Figure 10). First, a
convergence rate faster than the dewatering rate of subducted
sediment would produce overpressuring which may lead to
some form of sediment stoping. Second, a fast convergence
rate does not allow the deposition of a thick trench fill because
of time considerations. Because of a low degree of
compaction, the thin section of trench sediment is
characterized by a high porosity, hence a high fluid content,
which results in overpressuring along the décollement.

We also suggest that tectonic erosion processes become
self-maintained after they are active for a sufficient time. We
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observe (see Table 2, for example) that nonaccretionary
margins are characterized by a high dip angle of their
décollement producing an increase of the amplitude of the
outer bulge and thus a larger bending of the subducting plate
before it enters the subduction zone. This generates normal
faulting in the upper part of the oceanic lithosphere, hence
horsts and grabens, which contribute to the process of erosion
as described earlier. Because of the continuous basal removal
of material at the toe of the wedge, the surface slope also
steepens. A second consequence will be the increase of the
taper, so that the subducted sediment will be buried more
rapidly beneath an increasing pile of upper plate material.
Last, it produces fluid overpressures within the subducted
sequence of sediment and hydrofracturing.

If the self-maintenance of sufficiently mature erosional
margins is real, then one could expect to find margins
characterized by a long history of continuous removal of upper
plate material. Such subduction zones may exist along the Izu-
Bonin and Mariana trenches [Lallemand, 1992]. Arresting this
process of erosion would probably require a long period of low
convergence rate.

Conditions for tectonic erosion are accumulating along the
Tonga Trench because this subduction zone records the highest
known convergence rate, the highest offset of oceanic normal
faults and because the Louisville Ridge was recently caught up
in the subduction zone. It is therefore not surprising that the
Tonga margin is typical of an erosional margin and that a
great amount of upper plate material has been removed
[Pelletier and Dupont, 1990; Ballance et al., 1989; Lallemand
et al., 1992b].
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