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Effect of the brittle-ductile transition on the topography
of compressive mountain belts on Earth and Venus
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Abstract. The Coulomb critical taper model has been very successful in explaining the large-
scale topography of a number of terrestrial accretionary wedges; however, this model is limited
to cases of purely brittle-frictional deformation. In this paper we extend the range of applicabil -
ity of the critical taper model by explicitly including the effects of temperature-dependent ductile
deformation. The new model includes temperature-dependent power law flow, an assumed ve-
locity field, and linear thermal gradients in the atmosphere and within the crust. Flexural
isostasy is also incorporated so that the decollement geometry is computed as a response to the
applied load of the wedge material. We assume that ductile deformation within the decollement
zone is controlled primarily by diffusion flow, whereas ductile deformation within the wedge it-
self is controlled by dislocation creep. The topographic profiles predicted by the model are very
similar to those of a number of fold-and-thrust belts on both Earth and Venus. A typical wedge
profile includes three distinctive topographic regions: a narrow taper toe, where both the wedge
and the decollement zone deform in a brittle-frictional manner; a region of relatively steep slope,

where the wedge base deforms ductilely and the decollement zone is still frictional; and a flat
plateau region, where both the wedge base and the decollement zone are deforming by ductile
flow. We have applied the model to two fold-and-thrust belts on Venus (Maxwell Montes and
Uorsar Rupes) and to the Andes on Earth, and we find good agreement between observed and
predicted topography using reasonable parameter values. The model accounts for the observed
positive correlation between relief and elevation of Venusian fold-and-thrust belts on the basis of
different thermal environments at different elevations. It is also able to explain the first-order
differences between terrestrial and Venusian fold-and-thrust belts; fundamentally, this difference
is due to a combination of the lower temperatures and the presence of water on Earth.

Introduction

Fold-and-thrust belts are commonly observed at the margins of
compressive mountain belts and as submarine accretionary
wedges on Earth, and recent analysis of data from the Magellan
mission has revealed similar features on Venus [Suppe and
Connors, 1992]. These structures display distinctive large-scale
topographic signatures. Nearly all active fold-and-thrust belts
exhibit a gently sloping toe region, which may be interpreted as a
critical taper Coulomb wedge [ Davis et al., 1983]. Many of these
structures are also characterized by a region of somewhat steeper
slope followed by a relatively flat plateau. The latter two mor-
phologies cannot be explained by a brittle-frictional Coulomb
model. The essential premise of the Coulomb model is that de-
formation within a fold-and-thrust belt occurs only by brittle-
frictional failure, an assumption that is obviously not true at high
temperatures. To correct this limitation, we have extended the
critical taper model to include the effects of temperature-depen-
dent ductile creep. The topographic profiles predicted by this
extended model bear a remarkable similarity to observed profiles.
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The steep slope and the plateau region are found to be related to
the transition from brittle to ductile behavior within the base of
the wedge and within the decollement zone, respectively.

The gross mechanics of the brittle-ductile critical taper model
are the same as that of the Coulomb model: the wedge taper
(decollement dip plus surface slope) is roughly proportional to
the ratio of the applied basal shear stress to the strength of the
material in the base of the wedge. The qualitative effect of the
brittle-ductile transition is demonstrated in Figure 1. Near the toe
of the wedge, deformation is dominated by frictional sliding and
brittle failure. Both the wedge material and the decollement zone
behave in a brittle-frictional manner, yielding the classic narrow
taper wedge shape described by the critical taper Coulomb model
(zone I). At greater depths and higher temperatures, the base of
the wedge deforms in a ductile rather than a brittle manner. This
causes the ratio of applied shear stress to basal strength to de-
crease, resulting in a larger taper, and thus producing a steep sur-
face slope (zone II). At still greater depths, the decollement zone
also becomes ductile, reducing the ratio and causing the surface
slope to flatten (zone III). This is precisely the morphology that
we observe in many fold-and-thrust belts on both Earth and
Venus, as seen in Figures 2a, 2b, 2¢, and 2d. Figure 2ais a topo-
graphic profile across the castern margin of the Andes near 21°8,
and Figure 2b shows the topography of the Himalayas and Tibet
near 85°E. Venusian fold-and-thrust belts reveal a similar topo -
graphic character, as demonstrated by Uorsar Rupes, a fold-and -
thrust belt at the margin of the Itzpopalot! tessera plateau north of
Freyja Montes (Figure 2c), and Maxwell Montes, a fold-and-
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Figure 1. Representation of the brittle-ductile critical taper model. The wedge taper is controlled by the relative
strengths of the wedge base and the decollement zone. In a typical configuration, the wedge is divided into three
regions: a narrow taper toe, where both the decollement and the wedge base behave in a brittle-frictional manner
(zone I); a steep rise, where the decollement is still frictional but the wedge base is ductile (zone II); and a flat
plateau region, where both the wedge base and the decollement behave in a ductile manner (zone III). (a) The
maximum shear stress in the wedge base and the decollement zone. The rightmost curve represents the strength
of the wedge base. (b) The geometry of the wedge corresponding to the strength curve. The dashed line repre-

sents the brittle-ductile transition within the wedge.

thrust belt on the eastern margin of Lakshmi Planum in the north-
ern latitudes of Venus (Figure 2d). Although the details differ, all
of these regions display similar topographic profiles, consisting
of a gently sloping toe, a steep rise, and a flat plateau. Owing to
the irregular shape of the India-Eurasia collision zone and to the
complex (and largely unknown) tectonic processes occurring
there, it is unlikely that this area can be adequately represented by
a simple two-dimensional model; however, the overall character
of this region is in good agreement with the model predictions.

Many plateaus are characterized by high topography around
their margins. This is observed on both Earth and Venus (see
Figure 2) and is not accounted for by our model. On Earth, ero-
sion may play an important role in the evolution of plateau mar-
gins. Molnar and England [1990] have shown how locally high
topography may result from the incision of deep valleys through
regions of high elevation. This causes isostatic uplift, thus in-
creasing the elevations of the highest peaks, while leaving the
mean elevation relatively unchanged. Fielding et al. [1994] have
explained the high relief around the margins of the Tibetan
Plateau as the result of fluvial dissection. Erosion is unlikely to
be an important factor in the evolution of Venusian plateaus due
to the absence of water, but other explanations are possible. For
example, Head [1990] has proposed that the locally high topog -
raphy at the margin of Uorsar Rupes is due to the imbrication of
crustal slices. We are presently only able to account for the first-
order characteristics of accretionary wedges, inasmuch as our
model does not allow specifically for either erosion or laterally
heterogeneous material properties within the wedge.

The critical taper concept is not new. Early analyses of this
type include those of Elliott [1976] and Chapple [1978]. These

models were later modified by Davis et al. [1983] and Dahlen
[1984] to include brittle-frictional behavior. A related model, us-
ing plastic slip line theory and a von Mises yield criterion, was
proposed by Stockmal [1983]. A Newtonian viscous wedge
model has been developed by Emmerman and Turcotte [1983]
and a similar model has been applied by Vorder Bruegge and
Fletcher [1990] to overthrust zones on Venus. More recently,
Willett [1992] has numerically modeled the dynamics of accre-
tionary wedge deformation using a cohesionless Coulomb rheol -
ogy. All of these models assume that the steady state wedge
shape is controlled by the strength of the material composing the
wedge, although the assumed rheology varies from model to
model. It should be emphasized that the term “critical taper” ap-
plies to the long-term, steady state behavior of a wedge. If con-
ditions change (for example, if subduction ceases or pore fluid
pressure changes), the wedge will maintain the same taper as be-
fore, unless the change acts to push the wedge out of a stable state
(see, for example, Dahlen [1984]), in which case the wedge will
attain a new critical taper. Furthermore, it should be understood
that a wedge is considered critical only macroscopically: hetero-
geneities and local failure may tend to push some interior regions
out of a critical state.

The critical Coulomb model generally predicts a wedge char -
acterized by a narrow, nearly constant taper and has found wide
applicability to terrestrial accretionary wedges. The model has
been successfully applied to regions such as Taiwan and
Barbados, yielding excellent agreement between predicted and
observed topography [Davis et al., 1983; Dahlen, 1990]. Our
present work represents an attempt to extend the applicability of
the critical Coulomb model.
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Figure 2. Topographic profiles across a number of compressive mountain belts. The vertical exaggeration in
each case is 10:1. All of the belts demonstrate the characteristic features predicted by our model, consisting of a
gently sloping toe, a steep rise, and a flat plateau. The deformation front (DF) is indicated by an arrow for each
profile (for the Himalayas, the deformation front occurs outside the bounds of the figure). The important differ-
ences between the terrestrial examples (Figures 2a and 2b) and their Venusian counterparts (Figures 2¢ and 2d)
are that the Venusian belts have a shorter toe region, and the rise is much more pronounced. (a) East-to-west
profile of the Andes at 20.80°S (from the digital topographic data set of Isacks [1988]). (b) Approximately
north-to-south profile of the Himalayas near 85°E [from LePichon et al., 1992]. (¢) Profile of Uorsar Rupes
(from Magellan altimetry data). (d) Profile of Maxwell Montes (from Magellan altimetry data).

The primary difference between the model described here and
other wedge models is that we explicitly include the effects of
both brittle-frictional and ductile behavior. The distinctive fea-
tures of the model, the relatively abrupt changes in slope, are due
to the transition from brittle-frictional to ductile deformation.
The other models listed above assume the same deformation
mechanism throughout the wedge and therefore predict smoothly
varying surface slopes. We should note that in a recent model,
Willett et al. [1993] have been able to achieve steep slopes when
new material is added to the rear of the wedge, rather than the
toe, similar to the sandbox experiments of Wang and Davis
[1992]. In their model, the taper attained by accreting material at
the wedge toe represents the minimum critical taper, whereas the
taper produced by adding material to the rear of the wedge repre-
sents the maximum critical taper [ Dahlen, 1984]. They are thus
able to produce a wedge with a narrow taper toe and a steep slope
region without appealing to nonbrittle behavior. This model may

prove useful in explaining wedge topography in regions where
ductile behavior is relatively unimportant. We assume explicitly
in the model to be described here that all the material that enters
the wedge is accreted at the toe.

As a further refinement of the critical taper model, we have
also incorporated flexural isostasy into our present model. The
shape of the decollement zone is no longer specified a priori but
is instead a result of the calculations. We believe that this results
in a more realistic decollement zone geometry than the constant
slope that is commonly assumed. For simplicity, we have as-
sumed an elastic flexure model, although much of the lithosphere
beneath the wedge is below the brittle-ductile transition.
Although viscous flexure might be more appropriate, such added
complexity is probably unwarranted for the present model, par-
ticularly since we are only interested in the steady state solution.
Our flexure model also assumes a constant lithospheric thickness
and thus does not take into account any additional loads due to
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lithospheric thickening. We have done this to maintain the gen-
erality of the model and because the contribution of lithospheric
thickening to the flexural load is generally not well-known.

In this paper, we present a description of the model and then
demonstrate its utility by applying it to two different fold-and-
thrust belts on Venus and to the Andes on Earth. Owing to uncer-
tainties in the model parameters, we do not attempt a quantitative
best fit analysis; however, we find very good agreement between
observed topography and our predictions using reasonable pa-
rameter values. We are able to explain the observed correlation
between wedge relief and elevation for Venusian wedges [ Suppe
and Connors, 1992] as a result of different thermal environments
at different elevations. Our model also accounts for the differ-
ences between Venusian and terrestrial fold-and-thrust belts,
based on differences in the thermal regime for the two planets
and the presence of water on Earth. Specifically, the gently
sloping frictional region of terrestrial wedges is much wider than
that of their Venusian counterparts, due to the greater depth of the
brittle-ductile transition and the effects of pore fluid pressure.

Critical Taper Model

The model is similar to the general model for a thin-skinned
wedge described by Dahlen [1990]. We have extended this
model to explicitly include the effects of temperature-dependent
power law rheology, and rather than specifying the decollement
orientation a priori, the orientation is determined by the flexural
response of the planet’s outer elastic layer to the topographic load
of the wedge. The resulting model predicts wedge shapes that are
typical of those observed on both Earth and Venus. By varying
the model parameters in a way that is consistent with the different
wedge environments, we are able to accurately predict the shapes
of a number of different fold-and-thrust belts. A simpler version
of this model, which utilizes local isostasy (or specifies a constant
slope decollement) and does not include a strain rate dependency
for viscous deformation, has been used by Price et al. [1992] to
examine fold-and-thrust belts on Venus, and good agreement was
found between observed and predicted topography. The incorpo-
ration of flexure into the model is crucial, because it allows the
support of much greater surface slopes than would be possible
with local isostasy. In earlier models, large surface slopes were
only obtainable when the decollement geometry was fixed.

Here we provide a general description of our brittle-ductile
critical taper model. The details of the mathematical derivation
are given in Appendix A; we will make frequent reference to the
appendix equations in this section.

The general wedge geometry is shown in Figure 3. Figure 3a
depicts the geometry used in the derivation of the critical taper
equation (A8), with axes locally aligned with the surface of the
wedge. Figure 3b represents the geometry used in computing the
wedge shape, where we ignore the slight variable tilt of the x and
z axes. The wedge shape is described by the dip of the decolle-
ment f and the surface slope ¢ The wedge taper is equal to the
sum of the decollement dip and the surface slope, @ + . In the
initial model, the decollement dip is regarded as a specified func-
tion of the horizontal distance x; we will later assume that f§is
controlled by flexural-isostasy. The wedge thickness is h, and the
thickness of the material at the toe of the wedge is hy. The den -
sity of the wedge material is p,, and the density of the overlying
fluid or dense gas is py (in general, for a subaerial wedge on
Earth, p; = p,;, = 0). The decollement zone has thickness 4, and
the frictional and ductile properties within this zone are generally
different from the corresponding properties within the wedge.
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The abrupt changes in wedge taper for our model are a conse -
quence of the transition from brittle-frictional to ductile behavior
within the wedge and along the decollement zone. Within the
wedge, the differential stress (A= 03 - 0;) in the brittle regime
Abit s controlled by the uniaxial compressive strength C, the pore
fluid pressure ratio A, and the angle of internal friction ¢:

sin ¢
1—sin¢n) M

A" = C+2p,gz(1- l)[
This relationship is identical to equation (4\13). The frictional
shear stress within the decollement zone 77 is controlled by the
cohesion S, the coefficient of friction j; and the decollement
pore fluid pressure ratio A4, as given here and in equation (A15):

;¢ =5, ‘Uid(l -y )Prgh . @

In the ductile regime, we assume that the differential stress in
both the decollement zone and the wedge base is controlled by a
thermally activated power law relationship, as in equation (A17):

1
Lp ;
Adu<:1= £s ( Q J
[ A ] xp nRT )

The quantity £ is the effective strain rate, A is the generalized
viscosity coefficient, n is the stress power law exponent, Q is the
activation energy, s is the grain size, p is the grain size exponent,
R is the ideal gas constant, and T is the absolute temperature.
This is a general equation, which includes the possibility of either
dislocation creep or grain size dependent diffusion creep.

Most published results on rock rheology, such as those sum -
marized by Kirby [1983] and Kirby and Kronenberg [1987], have
been concerned primarily with dislocation creep mechanisms, in
which the strain rate is relatively insensitive to grain size and is
instead proportional to a power of the differential stress. Several
recent studies, however, have concentrated on the diffusion creep
regime. Analysis of the deformation of synthetic olivine aggre-
gates by Karato et al. [1986] have shown that diffusion creep is
enhanced by lower stress, smaller grain size, and presence of
water. Unlike dislocation creep, diffusion creep is sensitive to
grain size and is linearly proportional to the applied differential
stress. For the case of synthetic olivine aggregates, Karato et al.
[1986] found the stress exponent n to be equal to one, and they
found the grain size exponent p to be 2 for “dry” olivine aggre -
gates and 3 for “wet” aggregates. In the dislocation creep regime,
they found the grain size exponent to be zero, and the stress ex-
ponent to be 3.5 for “dry” samples and 3.0 for “wet” samples.

Rutter and Brodie [1988] have proposed that the most signifi-
cant tectonic displacements may occur across major, localized
shear zones. Owing to dynamic recrystallization, the grain size
within the shear zone is reduced, thus moving the deformation
mechanism from the dislocation creep to the diffusion creep
regime, and thereby weakening the material within the shear
zone. Although quantitative results exist so far only for olivine
aggregates, Tullis and Yund [1991] have found experimental evi-
dence for diffusion creep in feldspar aggregates. In their experi-
ments on albite aggregates of 2-10 um grain size, diffusion flow
was only observed when the sample contained ~0.9 wt % water;
however, with continued reduction in grain size, it is likely that
diffusion flow could also occur in “dry” aggregates (J. Tullis,
personal communication, 1992).
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Figure 3. Schematic cross section of a thin-skinned critical taper wedge, adapted from Dahlen [1990]. The vari -
ables are d, the depth of the overlying fluid or dense gas; Py, the density of the fluid or dense gas; p., the density
of the material composing the wedge; h,, the wedge thickness at the deformation front; A, the thickness within the

wedge interior; o, the surface slope; f3, the decollement dip; and &, the thickness of the decollement zone. (a) In

the derivation of our critical taper model, the local x axis is aligned parallel with the upper surface of the wedge
and the local z axis is perpendicular to the upper surface. (b) In applying the brittle-ductile critical taper equation
(equation (A33)) it is permissible to employ horizontal and vertical x and z axes, thus ignoring the slight tilt of the
upper surface. The horizontal distance from the deformation front is thus given by x, while z represents the verti-

cal distance below the upper wedge surface.

These rheological studies have important implications for our
model. In a localized shear zone, such as the decollement zone of
our model, grain size would decrease, and diffusion creep would
likely be the dominant ductile deformational mechanism. Thus,
even though the strain rate within the decollement zone is greater
than within the wedge, its ductile strength can still be less than
that of the wedge because of the weakening effects of dynamic
recrystallization. This is an important attribute because if the
decollement zone were stronger than the wedge, the fault would
change its position and move into the weaker zone. Dynamic re-
crystallization offers a simple mechanism for maintaining a
“steady state” shear zone over an extended period of time.

We should emphasize that our model results are not dependent
on the specific deformation mechanisms that we use. The only
requirement of our model is that the decollement zone remain
weaker than the wedge base at all depths. Although the evidence
presented above lends some support to the idea of a dislocation
creep mechanism in the wedge itself and a diffusion flow mecha-
nism within the decollement zone, the actual situation is probably

more complex. It is possible, for instance, that the decollement
zone may be weakened by dynamic recrystallization, even with-
out a transition to the diffusion flow regime [Tullis and Yund,
1985], or by one of several other strain weakening mechanisms
(see, for example, the review by Evans and Dresen [1991]). We
should also caution against a literal interpretation of the parame-
ters used in our rheological models. There are large uncertainties
associated with these parameters and with the extrapolation of the
parameter values to geologic environments [Paterson, 1987;
Strehlau and Meissner , 1987; Rutter and Brodie, 1991]. Thus,
although we employ laboratory results on rock rheology in our
models of terrestrial and Venusian wedges, it is quite possible
that a different set of parameters might be more suitable.

The model requires us to specify the absolute temperature T
and the effective strain rate €. For simplicity, we assume linear
temperature gradients in the atmosphere and within the planet’s
surface, given by VT, and VT, respectively. We also specify the
surface temperature at the wedge toe T, yielding equation (A19)
as the differential stress for viscous flow. To obtain the effective
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Figure 4. Assumed velocity field for our critical taper model
(equations (A20)). We assume that the horizontal velocity is in-
dependent of depth, that mass is conserved, and that the flow is
incompressible. The velocity of the incoming material and the
velocity below the decollement zone are both equal to ug. This
should give a velocity field that is parallel to the wedge bound-
aries at the upper and lower surfaces. Slight departures from
boundary-parallel flow result from the small-angle approximation
used in our calculations (vertical exaggeration is 10:1).

strain rate, we assume a velocity field as shown in Figure 4. The
horizontal velocity is assumed to be independent of depth, mass
is assumed to be conserved, and the flow of rocks within the
wedge is assumed to be incompressible. The movement of the
wedge material is parallel to the decollement at the wedge base
and parallel to the wedge surface at the top boundary (the latter
condition ignores the possibility of erosion). The slight depar-
tures from boundary-parallel flow seen in Figure 4 are due to in-
accuracies in the small-angle approximation (note that the vertical
exaggeration is 10x). At the bottom of the decollement zone, the
velocity is simply equal to the convergence velocity u,. Given
the velocity field (equations (A20)), it is then possible to deter-
mine the effective strain rate in the wedge (equation (A23)) and
within the decollement zone (equation (A27)). The ductile
strength within the wedge is thus given by equation (A24) and the
basal shear traction in the ductile regime is given by equation
(A28). Both relationships involve a preexponential factor that in-
cludes the strain rate dependence (related to geometry) and the
grain size dependence, as well as an exponential factor to account
for the temperature dependence.

Our assumed thermal model is an obvious simplification, since
it does not include advective heat transfer within the wedge. To
determine what effect this might have on our results, we need to
estimate the degree to which advective heat perturbs a linear tem-
perature gradient. The efficiency of advective heat transfer
within an accretionary wedge with our assumed velocity field
may be characterized by the Peclet number [ Wang et al., 1993],

Pe = “Lhﬂﬂx(__o”m, @

where K is the average thermal diffusivity of the wedge material.
If P2 « 1, the thermal field reequilibrates more quickly than the
wedge thickening perturbs it, and the effect of advective heat
transfer is negligible. For the models presented in this paper, the
maximum product of uyand hy is approximately 6.3 x 107 m /s,
and the maximum wedge taper for our models is about 16°.
Assuming a specific heat ¢ of 1200 J/(kg °K) [ Oxburgh, 1980], an
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average density of 2600 kg/m?, and a thermal conductivity k of
2.6 W/(m °K) [ Chapman, 1986], we obtain an estimate for the
thermal diffusivity, x= k/(pc), of 8.3 x 107 m?¥s. With these val -
ues, we obtain a Peclet number of 0.22, indicating that advected
heat will have some effect on the thermal gradients in the most
extreme cases. The results of Wang et al. [1993] indicate that for
the range of parameters used in our models, the perturbation of
surface heat flow due to advected heat is no more than about 5%.
Thus, for this study, the assumption of linear thermal gradients
seems justified. For larger values of u, and hy, it might prove
necessary to include advected heat in the thermal model.

The general expression for a brittle-ductile critically tapered
wedge is given by equation (A33). The important terms in the
equation are the applied basal shear stress 7, the strength of the
material in the base of the wedge A,, and the term J, which is the
vertically integrated horizontal strength gradient within the
wedge. In the brittle-frictional portion of the wedge, J =0 be-
cause the brittle strength is independent of x (see equation (A13)).
Because of our assumed velocity field, the ductile wedge strength
is dependent on x, and J is given by a fairly complicated expres-
sion (equation (A31)). Although Jis by no means a second-order
term, its influence is generally less than that of either 7, or A
and the essential ideas of the model may be grasped by consider-
ing equation (A33) with J = 0. Making this approximation, and
normalizing by the gravitational stress, we see that the wedge ta-
per h”is primarily dependent on the ratio between the basal shear
stress and the strength of the material in the wedge base:

.3+Td/[[.0c-9f)gh]

a+f=h'= 1+A,,/[(pc—pf)gh]-

®

In general, the decollement dip 8 changes fairly slowly with
respect to the other parameters, unless the effective elastic thick-
ness is very small. Abrupt changes in the wedge taper and the
surface slope, as exhibited in Figure 2, are therefore produced by
abrupt changes in either 7, or A,. We believe that such changes
can occur when the dominant deformational mechanism changes
from brittle-frictional to ductile in the wedge base or within the
decollement zone. If the wedge base becomes ductile, we would
expect an increase in surface slope; if the decollement zone be-
comes ductile, the surface slope should decrease.

In equations (A33) and (5), we can see that the decollement
dip B appears on the right-hand side of the equation. As men -
tioned before, B can be any specified function of x, and one
method of solving the critical taper equation would be to com -
pletely specify f before solving the problem. This would be a
reasonable approach in cases where the decollement geometry is
well-determined by seismic or other data; however, this is gener-
ally not the case, particularly on Venus, where we have no direct
information on subsurface structure. For that reason, we chose to
make the decollement dip a product of the calculations. We as-
sume that decollement position is controlled by flexural isostasy.
We should emphasize that the concept of an effective elastic
thickness is not related to any specific mechanical discontinuity
within the planet but instead represents an integrated average of
the lithosphere beneath the wedge over geologic timescales.

The assumed geometry for our flexure model is shown in
Figure 5. A reference column at a point x,, far away from the de-
formed portion of the wedge, is balanced against a column
through an arbitrary position within the wedge. The depth of
overlying water or dense atmosphere is d(x), and its density is py
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Figure 5. Assumed geometry for computing the flexural re -
sponse of the lithosphere to the load of an accretionary wedge.
Loads are computed by comparing a reference section at x = x, to
sections within the wedge (equation (A36)). The depth of the
overlying water or dense gas is d, and the thickness of the incom -
ing material is hj. Within the wedge the thickness is given by A
Below the decollement zone is a layer of constant thickness and
unspecified density to allow for crustal material between the
decollement and the top of the mantle.

The wedge material, with density p,, is assumed to have constant
thickness h;, from x, to the deformation front at x = 0 and thick-
ness h(x) within the wedge. The decollement zone is assumed to
have constant thickness § across the entire region of interest, and
its density is unspecified. Beneath the decollement zone is a zone
of constant thickness and unspecified density. The presence of
this zone does not affect the model; we have shown it in Figure 5
only to allow for crustal material between the decollement and
the top of the mantle. Beneath this layer is mantle material of
density p,. By balancing the two columns, we obtain the total
load (equation (A38)) and compute the flexural response of the
lithosphere to the load of the wedge material (equation (A46)).

Model Characteristics

This section describes the general characteristics of the brittle -
ductile critical taper model. A more rigorous analysis of the in-
fluence of the various model parameters on the observable wedge
characteristics may be found in Appendix B. In addition, Table
B1b provides a brief description of each of the model parameters
used in this study.

Importance of Ductile Behavior

To understand the characteristics of a brittle-ductile critical ta -
per model, we will first look at the case of a purely frictional
model. For this model, we used parameter values similar to those
used in our model of the Andes (Table 1), with the following ex-
ceptions: pA1 - A,)=0.2, (1 - Asin¢,/(1 - sin ¢,) = 1.06, log ,,A
=-3.0 (A in units of MPa™ s), and VT = VT, = 0°C/km (this
causes the wedge to remain frictional). The geometry of the
model is shown in Figure 6a, the slopes are shown in Figure 6b,
and the strength and strain rate curves are shown in Figures 6¢
and 6d, respectively. The important point to note about this
model is that the taper never decreases but instead approaches a
limiting value at distances far from the wedge toe (see Figures 6a
and 6b). We obtain a wedge of nearly constant taper, similar to
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previous models by Davis et al. [1983], Dahlen [1984], and oth-
ers. The strength curves (Figure 6¢) are straight lines, represent-
ing the brittle strength of the wedge base and the frictional sliding
strength of the decollement zone. Note that the vertical axis of
the strength curve is the wedge thickness A rather than depth.
This is because the curves indicate the strength along the base of
the wedge (solid line in Figure 6¢) and along the decollement
zone (dashed line) rather than representing the strength within a
vertical section. The limiting taper may be deduced from equa-
tions (A13), (A15), and (A16). If we assume that pr= A= A=
0, as we have done in Figure 6, the taper as h — oo is

v ﬁ+|ud
§ 1+2sing, /(1-sing, )’ ©

The term (1, controls the slope of the decollement strength curve
and the term sin ¢,/(1 - sin ¢,) controls the slope of the wedge base
strength curve. Note that the first term is always less than the
second as long as ¢, = tan? u, is less than @, thus ensuring that
the frictional strength of the decollement is always less than that
of the wedge base. The situation is altered slightly for a wedge
with pore fluids ( &, 4, # 0) or a submarine wedge (py # 0), but
the results are similar.

The strain rate curves (Figure 6d) do not affect the rheology of
a purely Coulomb model, since brittle-frictional strength is unre -
lated to the strain rate, but they serve to show the general strain
rate characteristics of our assumed velocity model. These charac-
teristics may be inferred qualitatively from Figure 4, The strain
rate in the wedge base (solid line in Figure 6d) is a maximum at
the toe and decreases with distance along the decollement, while
the strain rate within the decollement zone is a minimum at the
toe of the wedge and increases quickly to its maximum value a
short distance into the wedge.

Clearly, a wedge cannot have infinite thickness, as would oc -
cur in our Coulomb model if the x axis were extended to infinity.
This situation is rectified when ductile behavior is included in the
model, as seen in Figure 7. For this model, we used the same pa-
rameters as for Figure 6, except that VT = 25°C/km and VT, =
8°C/km. The wedge geometry in Figure 7a displays the charac-
teristic features described in the Introduction, including a narrow
taper cohesive toe, a steep rise, and a relatively flat crest. Also
shown in this plot are the brittle-ductile transition within the
wedge (dashed line in Figure 7a) and the frictional-ductile transi-
tion on the decollement, shown with a cross. Note that the brittle-
ductile transition within the wedge is closer to the surface toward
the back of the wedge. This is because the strain rate in the
wedge (solid line in Figure 7d) decreases as the wedge becomes
thicker and the taper decreases (see equation (A23)). The small
region between the point where the wedge brittle-ductile transi-
tion intersects the decollement and the point where the decolle-
ment becomes ductile corresponds to the region of steep surface
slope. Note that the sudden increase in wedge taper is reflected
primarily in the surface slope rather than in the dip of the
decollement (Figure 7b): the flexural response of the elastic layer
below the decollement prevents abrupt changes in the decolle-
ment dip. The changes in wedge taper may be understood by ex-
amining the strengths of the wedge base and the decollement, as
shown in Figure 7c. The brittle-ductile and frictional-ductile
transitions correspond to the two regions of greatest strength.
Between these two peaks, the strength of the wedge base is de-
creasing, whereas the strength of the decollement is still increas-
ing. Thus, according to equations (4) and (A33), the wedge taper
should increase. When the decollement becomes ductile and be -
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Figure 6. Predicted wedge characteristics for a purely brittle-frictional critical taper model. (a) The predicted
wedge geometry, showing the positions of the decollement and the wedge surface. (b) The surface slope o, the
decollement dip B, and the wedge taper, a + f as functicns of distance from the wedge toe. Note how the wedge
taper becomes nearly constant a short distance into the wedge. (c) The maximum shear stress along the wedge
base and within the decollement zone as a function of wedge thickness. This plot does not represent the strength
versus depth at some position within the wedge but instead represents the strength of the wedge base and the
decollement as one moves from the toe of the wedge toward the interior. (d) The effective strain rate in the
wedge base and within the decollement zone. Note that the strain rate within the wedge base is a maximum near
the toe and decreases gradually toward the wedge interior, while the decollement strain rate is a minimum at the

toe and increases rapidly to a nearly constant value.

gins to weaken, the wedge taper decreases, producing a flat
wedge crest. There is a small “kink™ in the strength and strain
rate curves for the wedge base (Figures 7c and 7d), although this
has no discernible effect on the predicted wedge geometry. This
is a numerical artifact that may occur in regions of large curva-
ture (x derivative of the wedge taper), or in regions where the
wedge thickness is very small, as explained in Appendix A.

The situation described above and depicted in Figures 1 and 7
is not unique. It is also possible that the decollement could be-
come ductile at a shallower depth than the wedge base. In this
case, a steep slope region would not develop, and the wedge pro-
file would consist of only two distinct regions: a gently dipping
toe and a flat plateau. Alternatively, either the wedge base or the
decollement (or both) could exhibit ductile behavior at the sur-

face, yielding other types of wedge morphologies. Although
these other scenarios are interesting and may be applicable to
certain situations, we have chosen to concentrate on the type of
morphology depicted in Figures 1 and 7, which we believe is rep-
resentative of a number of terrestrial and Venusian fold-and-
thrust belts. For this reason, we have selected examples (Uorsar
Rupes, Maxwell Montes, and the Andes) where we believe the
brittle-ductile transition plays an important role. Some terrestrial
accretionary wedges (Taiwan, for example) can be completely
described by a purely frictional wedge model. This may occur
because the decollement never penetrates to a sufficient depth, or
because lower frictional strengths or higher convergence veloci-
ties have pushed the brittle-ductile transitions to a much greater
depth (see equations (A24), (A25), (A28), (A29), and Figure 7c).
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Figure 7. Same plots as Figure 6 for a brittle-ductile critical taper wedge. The geometry of this model (Figure
7a) shows the position of the brittle-ductile transition within the wedge and the position of the frictional-ductile
transition along the decollement, as well as the wedge surface and decollement geometries. This model, unlike
the purely frictional model, predicts a sharp increase in the wedge taper and surface slope at the point where the
wedge brittle-ductile transition intersects the decollement, followed by a sharp decrease at the point where the
decollement becomes ductile (Figure 7b). These points correspond to peaks in the strengths of the wedge base

and the decollement zone, respectively (Figure 7c).

First-Order Wedge Characteristics

The observable features of a wedge (particularly on Venus) are
the widths of the frictional and steeply sloping portions of the
wedge (zones I and II in Figure 1a) and the maximum surface
slopes of these two regions. The general wedge characteristics
can be understood in terms of the brittle-ductile and frictional -
ductile transitions within the wedge base and the decollement.
The primary factors controlling wedge shape are the depths to the
two transitions and the relative strengths of the wedge base and
the decollement within the brittle portion of the wedge and at the
decollement transition.

The width of the narrow-taper region (zone I in Figure 1a) cor -
responds to the distance of the wedge base transition from the
wedge toe. In general, this distance will be closely related to the
depth to the brittle-ductile transition within the wedge. The width
of the steeply sloping region (zone II in Figure 1a) is equal to the
horizontal distance between the wedge base transition and the

decollement transition and is thus likely to be related to the dif -
ference in depths between the two transitions. The taper within
the frictional portion of the wedge will vary slightly but will ap-
proach the limiting value given by equation (6). The closest ap-
proach to this limiting value will generally occur at the transition
from brittle to ductile behavior within the wedge base, where the
frictional portion of the wedge is thickest. This is true because
the uniaxial compressive strength of the wedge material generally
has some finite value, whereas the cohesive strength of the
decollement is usually negligible. As the wedge becomes thicker,
the increase in gravitational stress reduces the relative importance
of the wedge cohesion, until the limiting case of a noncohesive
wedge is attained (equation (€)). The maximum wedge taper is
controlled by the relative magnitudes of the decollement strength
at the brittle-ductile transition (the maximum decollement
strength) and the wedge base strength at the same location: a
large taper occurs if the strength of the decollement at its fric-
tional-ductile transition (the dividing line between zones II and
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Figure 8. Plot of wedge crest elevation versus wedge toe eleva-
tion from Suppe and Connors [1992]. The relief of fold belts (the
difference between the elevation of the toe and the crest) on
Venus is a maximum at the highest elevations and decreases lin-
early to near zero at the lowest elevations. Most fold-and-thrust
belts display a characteristic altimetric profile including a flexural
foredeep and low-taper toe, a narrow zone of steep slopes and a
relatively flat crest or plateau, as seen in Figures 2¢ and 2d.
These belts are plotted as solid symbols. Other fold-and-thrust
belts that do not display the characteristic flexural foredeep and
have less relief than the linear trend are plotted as open symbols.

I1I in Figure 1a) is nearly equal to the strength of the wedge base
at the same position.

Application to Venus
Observations

The Magellan mission has provided a wealth of information on
the topography of Venus (in the form of radar altimetry) and on
the structure of Venusian surface features from synthetic aperture
radar (SAR) imagery. Among the many features that have been
identified are several that exhibit surface structures characteristic
of fold-and-thrust belts. Several such structures have been recog-
nized by Suppe and Connors [1992], who have observed parallels
between these features and terrestrial accretionary wedges. A
viscous wedge theory has also been applied to the margin of
Itzpopalotl tessera by Vorder Bruegge and Fletcher [1990].

Suppe and Connors [1992] have discovered that Venusian
fold-and-thrust belts at higher elevations display a greater amount
of relief than do wedges at lower elevations. We here define re-
lief as the vertical distance between the wedge toe and the wedge
crest. This correlation is seen in Figure 8, which is plot of wedge
toe elevation versus wedge crest elevation. At the lowest eleva-
tions are the ridge belts, which typically have less than 1 km of
relief. At somewhat higher elevations are the fold-and-thrust
belts at the margins of tessera blocks, which generally display 4
km or less of relief. The mountain belts occur at the highest ele-
vations, and these can have relief of 6 km or more.

Despite the differences in observed relief, the Venusian fold-
and-thrust belts display certain structural similarities. Figure 9a,
a radar image of the western margin of Maxwell Montes at about
64°N, 001°E, displays a moderately deformed toe region and an
intensely deformed interior. Topographic profiles across this re-
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gion (Figure 9b) exhibit features typical of many Venusian
wedges, including a flexural foredeep, a gently sloping toe re-
gion, a narrow zone of steep slope, and a relatively flat crest.
Note that the toe of the wedge, characterized by less intense de-
formation, is contained within the flexural foredeep. Intense de-
formation begins at the point where the slope increases abruptly.
These characteristics may also be seen in Figure 9c, in which the
SAR image is overlaid on a three-dimensional representation of
the altimetry. Similar characteristics are displayed by Uorsar
Rupes (Figure 10). In this case, the flexural foredeep is generally
filled with lava, but the wedge still contains a narrow taper toe, a
narrow zone of steep slope, and a relatively flat plateau.

Suppe and Connors [1992] have postulated that the observed
correlation between topographic relief and elevation may be due
to a relationship between the temperature on the decollement and
the elevation at which the wedge occurs. If the temperature at the
base of the wedge is lower at higher elevations, then we would
expect to see a greater amount of relief. As discussed in
Appendix B, variations in the temperature parameters should
have a greater effect on the decollement strength than on the
wedge base strength if Q/n,;> Q/n, which is true for our models
(see Table 1). Thus, if we lower the temperature on the decolle-
ment, the ductile strength of the decollement will increase by a
greater amount than the ductile strength of the wedge base, yield-
ing a greater amount of relief (see Figure B3a).

One simple mechanism for obtaining this variation in the tem -
perature is the atmospheric temperature gradient, which is about
8°C/km on Venus [ Kliore et al., 1985; Lyons, 1991]. The surface
temperature of Venus is extremely high: about 470°C at mean
planetary radius [ Kliore et al., 1985], so that rocks close to the
brittle-ductile transition at mean planetary radius may be much
more brittle at higher elevations. As an example, Maxwell
Montes has a toe elevation approximately 5 km above mean
planetary radius, so that the surface temperature at the toe is only
~430°C. This contrasts with a temperature of ~466°C at the toe
of Uorsar Rupes, which has an elevation only about 0.5 km above
mean planetary radius. Another mechanism for lowering the
temperature on the decollement at higher elevations, also pro-
posed by Suppe and Connors [1992], is that the planetary tem-
perature gradient is isostatically coupled to the thickness of the
lithosphere. Thus the planetary thermal gradient VI will be
lower for regions of higher elevation. As mentioned previously,
the thermal environment should also be related to the effective
elastic thickness. Thus regions of lower surface temperature or
thermal gradient should also have larger values for the effective
elastic thickness, further increasing the amount of relief.

There has been some recent evidence that surface activity on
Venus may have actually ceased as long as 500 m.y. ago, based
on both morphological evidence and the observed correlation
between gravity and topography [Kerr, 1993; McNamee et al.,
1993; Solomon , 1993; Turcotte, 1993; Kerr, 1994]. If this is
true, then the compressive structures on Venus may actually be
fossil features, representing a time average of the parameters that
were appropriate at the time of their formation. The flexural pa-
rameters would represent lithospheric properties at the time the
wedge was active. To first order, the resulting wedge morphol -
ogy would depend primarily on the rates at which the conver -
gence velocity (u,) and the planetary thermal gradient (VT) de-
creased with respect to each other. If the lithosphere cooled sig-
nificantly while convergence was still occurring, the depth to the
brittle-ductile transition would increase, pushing the steep slope
and plateau regions farther back into the interior of the wedge. If,
on the other hand, convergence ceased while the lithosphere was
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Figure 9. (a) SAR image of Maxwell Montes on Venus (b) with corresponding topographic profiles. These
profiles are not quite perpendicular to strike, unlike the profile used in our modeling. (c) SAR data overlaid on
altimetry data. This region displays the characteristic pattern consisting of a flexural foredeep and a gently slop-
ing toe region (corresponding to the moderately deformed region at the left-hand side of the SAR image), a nar-
row, steeply sloping region, and a relatively flat plateau region.

still relatively hot, the depth to the brittle-ductile transition would
decrease, moving the steep slope and plateau regions toward the
toe of the wedge. We are not able to place constraints on the evo-
lution of our model parameters over time, and it should be un -
derstood that the parameters used in our models may represent
some sort of time-integrated average. Once a wedge has been
produced, however, it is possible to maintain the same wedge
shape, even when the driving forces have ceased, as long as the
wedge is still in a stable configuration [ Dahlen, 1984]. It is pos -
sible that this may presently be the case on Venus.

Parameter Values

To test our model, we computed predicted wedge shapes for
profiles across Maxwell Montes and Uorsar Rupes. We were

particularly interested to see if the observed correlation between
topographic relief and elevation could be explained purely in
terms of differences in temperature. To test this hypothesis, we
selected a set of parameters for Maxwell Montes that produced a
reasonable fit to the cbserved topography and that were relatively
consistent with independent estimates of their values. We then
used the same set of parameters to describe the shape of Uorsar
Rupes, varying only the surface temperature T, the planetary
temperature gradient VT, and the elastic thickness of the litho -
sphere H. The parameter values used are listed in Table 1. Note
that the parameters are listed in the same groupings as used in
Table Bla. Parameters that are not independently resolvable are
lumped together.

As we stated before, there are large uncertainties in the pa-
rameters of our model, but data from the Magellan and Venera
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Figure 10. (a) SAR image of Uorsar Rupes on Venus (b) with corresponding topographic profiles. (c) SAR
data overlaid on altimetry data. This region displays the same characteristic pattern of fold-and-thrust belts on
Venus as does Maxwell Montes, although the amount of relief is less. In this case, the flexural foredeep is par-

tially filled with lava.

missions allow us to place some constraints on our Venus mod -
els. The surface composition of Venus is thought to resemble
that of diabase, based on data from the Venera landers, which in-
dicated a tholeitic composition [Surkov et al., 1983].
Furthermore, the low atmospheric density (~75 kg/m? [Kliore et
al, 1985]) relative to that of water indicates that A, = 4, = p; =0
for our model. The absence of significant water vapor in the
Venusian atmosphere [ Kaula, 1990] implies that we should use
rheological properties for “dry” rock samples. Although it is dif-
ficult to ascertain the thermal gradient within the planet, Solomon
and Head [1990] have estimated gradients similar to those on
Earth (15-25°C/km) based on analysis of lithospheric flexure in
the Uorsar Rupes foredeep. There are several estimates of effec-

tive elastic thickness available for Venus. Sandwell and Schubert
[1992] have obtained estimates of 15 to 40 km for the lithosphere
beneath several Venusian topographic features.

We were able to assign several parameter values based on the
information above, and on general knowledge of rock behavior.
For the brittle-frictional rock properties, we assumed U, = [, =
0.6, S, =0, and C), = 88 MPa. The values for the friction coeffi-
cients and the cohesion of the decollement are consistent with the
results of Byerlee [1978], and the uniaxial compressive strength
of the wedge base is consistent with an estimated cohesion of 25
MPa for crust composed of lava flows, sills, dikes, and faults and
joints in nonoptimal orientations [Suppe and Connors, 1992].

There exists a fairly large volume of laboratory-derived flow
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Table 1. Parameter Values Used for This Study

Parameter Maxwell Uorsar Andes
Montes Rupes
Decollement
S MPa 0.0 00 00
Uy (1-A,), dimensionless 06 06 0.06
(Sd)p‘/‘SAd- MPa™s/m 21X 102 21x10% 23x108
Qg kJ/mol 290 290 250
ng, dimensionless 1 1 1
Wedge base
C,, MPa 8 88 20
w 1.06 1.06 0919
1-sing,

dimensionless
log ;pA, A in units of -37 -37 225

MPa™ s
@, kJ/mol 260 260 150
n, dimensionless 34 34 18

Decollement and wedge base
hy, km 05 05 20
U, cm/yr 20 20 1.0
P, kg/m3 2700 2700 2600
p..» kg/m? 0 0 0
Py kg/m? 3400 3400 3400
g, m/s? 8.61 8.61 9.80
T, °C 430 466 20
VT, °C/km 15 17 25
VT,, °C/km 8 8 8
Flexure

H,km 0 30 25
E, GPa 100 100 100
Vv, dimensionless 0.25 0.25 0.25

law parameters for rocks in the dislocation creep regime (see, for
example, the compilation by Kirby and Kronenberg [1987]);
however, difficulties arise when extrapolating these results to
geological situations. There are large uncertainties in the parame-
ters themselves, and it is also unlikely that the flow mechanisms
observed in the laboratory can be extrapolated with complete
confidence to geologic space-time scales (see Strehlau and
Meissner [1987] for a description of the problems involved with
extrapolating laboratory flow law results to geologic settings).
Nevertheless, these results provide an important means for under-
standing the mechanical behavior of planetary lithospheres. We
have therefore chosen to incorporate laboratory-derived flow
laws into our model. To describe the ductile strength of the
wedge base, we used the results of Shelton and Tullis [1981] for
dislocation creep in dry diabase.

Quantitative studies of diffusion flow in rocks are not numer -
ous at present. Most current results are for monomineralic sam-
ples, such as those of Karato et al. [1986] for synthetic olivine
aggregates. Owing to the scarcity of parameter estimates for dif-
fusion flow, we have simply chosen to use the results of Karato
et al. [1986], using values for dry olivine in our Venus models
and values for wet olivine in our Andes model. If future results
for polyphase crustal rocks are significantly different from those
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for olivine, we will have to adjust our other model parameters ac-
cordingly. We selected a grain size s, and decollement thickness
dthat placed the ductile strength in the proper range of stresses.
The preexponential factor that we used would be consistent with
a grain size s ; 0f 0.127 g m and a decollement thickness & of 100
m (or, alternatively, with values of s ; = 0.402 ym and § = 1000
m), assuming that the diffusion flow parameters are correct.

The average density of diabase is approximately 2900 kg/m *
[Turcotte and Schubert, 1982]; however, to obtain the necessary
relief for Maxwell Montes, we found that it was necessary to use
a value of about 2700 kg/m*. Maxwell Montes is located on the
high plateau of Lakshmi Planum. It may be that this plateau is
composed of a material slightly less dense than diabase (such as
anorthosite). Since no landers have sampled the plateau thus far,
the crustal density is relatively unconstrained. We assumed an
average mantle density of 3400 kg/m?3. The convergence rate u,
is virtually unconstrained, since we have no direct evidence of the
rate at which movement is occurring on the surface of Venus.
We assume that the rates are not significantly different from those
on Earth and choose a convergence rate of 2 cm/yr. Likewise, the
thickness of the incoming material at the deformation front h is
poorly constrained. Suppe and Connors [1992] have inferred a
depth of approximately 1.5 km for the decollement near the toe of
the Artemis Chasma fold belt; we assume a somewhat arbitrary
value of 500 m for all of our Venusian models.

Results

Using the parameter values described above and assuming a
surface temperature of 430°C at the toe of Maxwell Montes, a
planetary temperature gradient of 15°C/km, and an elastic thick-
ness of 30 km, we obtained the results of Figure 1la.
Superimposed on the model results is an observed topographic
profile across Maxwell Montes. Although the fit is not perfect,
we seem to have predicted the principal features of the fold-and -
thrust belt, consisting of a flexural forebulge and foredeep, a gen-
tly sloping toe, a steep rise, and a relatively flat plateau. The
primary difference between our model and the observed topogra-
phy is that we have underestimated the slope in the steep portion
of the wedge. Magellan altimetry has a horizontal resolution of
approximately 10 km at this latitude, so the exact slope of the
steep region is poorly constrained. It is possible, however, that a
different set of parameters could yield the observed steep slope.
It is also possible that the discrepancy is due to inaccuracies in
the small-angle approximation. We have found that at least for
purely frictional wedges, the small-angle approximation consis-
tently underestimates the surface slope when compared with the
exact solution for a noncohesive wedge [ Dahlen, 1984].

Our simplified velocity field also prevents the wedge from at -
taining an extremely high taper, due to the dependence of strain
rate (and thus the ductile strength of the wedge base) on the
wedge taper (see equations (A23), (A24), and (A25)). The wedge
taper increases when the ductile strength of the wedge base de-
creases relative to the strength of the decollement; however, in-
creasing the taper causes the strength of the wedge base to in-
crease, pushing the taper back to a smaller value (see equation
(A24)). The dependence of the wedge base strength on the
wedge taper acts as a type of feedback mechanism, inhibiting the
occurrence of extremely steep slopes. Despite these effects, the
model provides a fairly good fit to the observed topography.

The complete geometry of our preferred model for Maxwell
Montes is shown in Figure 12a, and the corresponding strength
curve is shown in Figure 13a. The model predicts brittle behavior
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Figure 11. Observed and predicted surface elevations for (a)
Maxwell Montes and (b) Uorsar Rupes. The deformation front
(DF) is indicated with an arrow for each case. The only differ-
ences between the two models are the surface temperature (430°C
for Maxwell Montes and 466°C for Uorsar Rupes) and the plane -
tary thermal gradient (15°C/km for Maxwell Montes and
17°C/km for Uorsar Rupes). The principal difference between
our model results and the observed topography is an underesti-
mation of the slope in the steeply-sloping portion of the wedge.
This is probably due to the small-angle approximation used in our
solution, which tends to underestimate the wedge taper.
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within the upper 2 or 3 km of the wedge (Figure 12a), and the
decollement becomes ductile about 2 km below the point where
the wedge brittle-ductile transition intersects the wedge base
(Figure 13a). The strain rate within the decollement is fairly
high, ranging from about 102 to 10" s, whereas within the
wedge the strain rate varies from about 107% s at the toe to 107
s! near the back. To obtain the relatively steep surface slopes
and high relief, it was necessary for the decollement strength to
nearly equal the wedge base strength (Figure 13a). We accom-
plished this by varying the preexponential factor for the decolle-
ment ductile strength until an appropriate value was found.

We used the parameter values for our preferred Maxwell
Montes model as the basis for our model of Uorsar Rupes. The
elevation at the toe of Uorsar Rupes is about 0.5 km, yielding an
estimated surface temperature of 466°C. We used the same elas-
tic thickness as for Maxwell Montes, but increased the planetary
thermal gradient to 17°C/km to obtain the results of Figure 11b.
In this case we seem to have overestimated the depth of the fore-
deep; however, since the foredeep appears to be filled with lava,
our predicted model is probably not too badly in error. The
model geometry is shown in Figure 12b, and the corresponding
strength curves are shown in Figure 13b. An interesting feature
of this model is that due to our assumed velocity field, the brittle -
ductile transition within the wedge intersects the surface at some
distance back from the wedge toe. If we were to interpret this lit-
erally, we would expect the surface in the wedge interior to dis-
play a different style of deformation (i.e., nonbrittle); however,
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owing to the uncertainties in our assumed velocity field and in the
other model parameters, we are reluctant to attach any special
significance to the predicted ductile behavior at the surface of the
wedge. The predicted-strength curves (Figure 13b) are signifi-
cantly different from those of our Maxwell Montes model, par-
ticularly for the decollement. The decollement strength relative
to the wedge base strength is significantly less for our Uorsar
Rupes model than for the Maxwell Montes model, and the verti-
cal distance between the two brittle-ductile transitions is less than
1 km. These factors result in a wedge with a relatively small ta-
per overall and with a fairly narrow zone of steep slope.

A comparison of Figures 11a and 11b indicates that it is en -
tirely possible that the observed correlation between the relief of
Venusian fold-and-thrust belts and the elevation at which they
occur may be due simply to differences in the thermal environ-
ment. In our models, it was only necessary to change the surface
temperature by 36°C and the planetary thermal gradient by
2°C/km to produce the observed difference in relief. The geome-
try of Venusian wedges is particularly sensitive to changes in the
thermal environment, due to the high surface temperature. Since
the brittle-ductile transitions are typically less than 5 km from the
surface (see Figures 13a and 13b), small changes in the thermal
environment can have a large effect on the predicted wedge ge-
ometry. Terrestrial fold-and-thrust belts, as typified by the
Andean example in the next section, are much less sensitive to
small changes in surface temperature.
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Figure 12. Predicted geometry of our models for (a) Maxwell
Montes and (b) Uorsar Rupes. The brittle-ductile transition
within the wedge (dashed line) remains below the surface for the
Maxwell Montes model but intersects the surface for the Uorsar
Rupes model. The frictional-ductile transition on the decollement
(shown with a cross) occurs at a greater depth for the Maxwell
Montes model, resulting in a greater amount of topographic re lief.
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Figure 13. Predicted strengths of the wedge base and the decollement for our models of (a) Maxwell Montes and
(b) Uorsar Rupes. For the Maxwell Montes model, the decollement strength at the point where it becomes ductile
is nearly equal to the strength of the wedge base, and the vertical separation between the two transitions is nearly
3 km, yielding a wedge with a large amount of topographic relief. The Uorsar Rupes model predicts that the two
Coulomb-ductile transitions occur at nearly the same depth, and the decollement strength is always significantly
less than the strength of the wedge base. The result is a wedge with moderate relief.

Application to the Andes
Observations

The Andean belt (Figure 14a) is a continuous feature along the
western margin of South America, although the character changes
along strike. Below about 27°8, the eastern margin of the Andes
is characterized by the thick-skinned tectonic style of the
Pampean Ranges [ Allmendinger et al., 1983]. Between 27° and
24°S lies the structurally complex Santa Barbara transitional
system. North of 24°S, the structural geometry is typified by the
thin-skinned style shown in geologic cross section by Mingramm
etal. [1979] (Figure 14b). In this region, the eastern margin of
the Andes displays the classic characteristics of a thin-skinned
fold-and-thrust belt and thus seems a likely candidate for the ap-
plication of critical taper wedge mechanics.

The eastern Andean margin of this region is commonly classi -
fied into different regions on the basis of tectonic style, which we
believe correspond to zones I, II, and III of our critical taper
model. These regions have been described very well by
Allmendinger et al. [1983). Farthest to the east lies the
Subandean belt, a narrow fold-and-thrust belt along the eastern
margin of the Andes which is characterized by relatively gentle
topography. The predominant deformational style appears to be
brittle-frictional failure, which would correspond to zone I of our
model. Westward of the Subandean belt lies the Eastern
Cordillera, a narrow zone characterized by complex systems of
thrust and reverse faults. The Eastern Cordillera displays much
steeper surface slopes than do the Subandes, and we believe that
this corresponds to zone II of our model. Still farther to the west
lies the Altiplano, which is also known as the Puna in Argentina.
This is a high, mountainous plateau region which we believe rep-
resents zone III of the critical taper model.

Although the eastern Andean margin is structurally complex, it
appears to be amenable to treatment by a two-dimensional critical

taper wedge model. There is considerable volcanism in the
Altiplano; however, extrusive material appears to compose a rel -
atively small volume of the plateau [[sacks , 1988], and it thus ap-
pears likely that the topography of the region can be explained in
terms of crustal shortening and thickening. In fact, the hypothe-
sized cross section of the Andes near 20.5°S by Isacks [1988]
(Figure 15) looks remarkably like our brittle-ductile model.
There are obviously some complexities not accounted for by the
model, but the large-scale features seem to be adequately ex-
plained. We have made use of the digital topographic data set of
Isacks [1988] in our modeling of the eastern Andean margin. A
gray scale representation of this data set is shown in Figure 14a.
We chose to model the region at 20.80°S, although our model
could equally well fit several profiles between 20° and 22°S.

Parameter Values

The parameters used in our Andes model are listed in Table 1.
The frictional properties of the model were constrained, for the
most part, by the extremely small slope of the Subandean fold -
and-thrust belt. We varied the frictional properties of the wedge
base and decollement until we obtained a reasonably small slope.
It is not possible to independently resolve the two parameters A,
and ¢, or the parameters (i, and A, (see equations (1) and (2)).
We used values of 1 - A,) =0.06, and (1 - A,) sin@,/(1 - sin ¢)
=0.92. These values would be consistent, for example, with val -
ues of ¢, =40°, p; =06, 4, =0.5,and A,=0.9. The frictional
strength of the decollement seems fairly low, but this was neces-
sary to match the small observed slopes. The uniaxial compres-
sive strength of the wedge base was chosen to be 20 MPa (a rea-
sonable value for sedimentary rocks), and the cohesion of the
decollement was assumed to be zero [ Byerlee , 1978].

We used the rheological properties of wet quartzite (listed in a
compilation by Strehlau and Meissner [1987]) to describe dislo-
cation creep in the wedge base. The ductile strength of the
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Figure 14. (a) The coastline, country borders, and certain geographic and tectonic provinces in western South
America overlaid on a gray scale representation of digital topography, both from Isacks [1988]. (b) A geologic
cross section constructed by Mingramm et al. [1979], located approximately at line AA’ on the map (22.5°S).

This cross section seems to typify the structure of the eastern margin of the Andes between about 24°S and 18°S,
which is characterized by a thin-skinned fold-and-thrust style of deformation. We believe that the different tec-
tonic regions in this area correspond to the three regions of our model. The Subandean belt corresponds to the
narrow taper frictional toe of our model (zone I), the Eastern Cordillera corresponds to the steeply sloping region
of our model (zone II), and the Altiplano corresponds to the flat plateau of our model (zone III).

decollement was assumed to be controlled by diffusion flow in
wet olivine [Karato et al., 1986], and the grain size s ; and
decollement thickness & were again selected to place the ductile
strength curve in the proper range of stresses. As described pre-
viously, our assumed values for the rheological properties of the
decollement are restricted by the availability of data. At present,
we are forced to use rheological properties for olivine, although
this is obviously not a reasonable rheology for a decollement
within continental crust. This may explain the relatively small
grain size we were required to use to obtain reasonable results (s ,
=0.015 pum for a decollement thickness & of 1000 m).

The eastern Andes are composed of a wide variety of sedimen -
tary and crystalline rocks, which could have a large range of den-
sities; we selected an average crustal density of 2600 kg/m? and a
mantle density of 3400 kg/m?. Molnar and Lyon-Caen [1988]
depict a scenario for the eastern Andes with a few millimeters per
year of convergence. As a rough estimate, we assume a conver -
gence rate u, of 1 cm/yr. We estimate that the minimum thick -
ness of the incoming material is about 2 km, our assumed value
for hy. The thickness of the elastic lithosphere in the Andes near
this region has been estimated to be between 20 and 55 km by
Lyon-Caen et al. [1985] and to be about 25 km by Salvador and
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Kellogg [1991]. We selected a value of 25 km. We estimate the
surface temperature at the wedge toe to be about 20°C, and we
chose a thermal gradient (VT) of 25°C/km. We selected an atmo -
spheric temperature gradient VT, of 8°C/km, based on a dry adi-
abatic lapse rate of 10°C/km and a moist adiabatic lapse rate of
6°C/km [Moran and Morgan , 1991].

Results

Using the parameters described above, we produced the pre -
dicted profile shown in Figure 16a. Although the actual topogra-
phy of the Andes is considerably more irregular, the model is able
to match the observed topography fairly well. A primary differ-
ence between the Andes model and those for Venusian wedges is
that the brittle-frictional toe of the wedge is significantly wider in
the Andes. This is due both to the lower surface temperature and
to the extremely low frictional strength of the decollement. The
features of the model may be seen more clearly in Figure 16b.
The model displays a very narrow taper, cohesive toe, corre-
sponding to the Subandes, a steep rise, corresponding to the
Eastern Cordillera, and the flat plateau of the Altiplano. The
decollement dip is very shallow, generally less than 2°. This may
be somewhat low when compared with the profile of Figure 14b;
however, the decollement dip could be increased with the proper
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Figure 16. Results of our critical taper model of the eastern Andes near 20.80°S. (a) Predicted and observed
surface elevations. The model provides a good fit to the observed topography, although the steep slopes of the
Eastern Cordillera are slightly underestimated, probably as a result of our small-angle approximation. (b)
Predicted geometry for our Andes model. This model has a very long, narrow taper toe when compared with the
Venusian models (Figure 16), due to both the smaller strength of the decollement and the greater depth of the
brittle-ductile transition within the wedge (dashed line). (c) The strength of the wedge base and the decollement
zone as a function of wedge thickness. Note that the wedge base is significantly stronger than the decollement
zone, except at the point where the decollement becomes ductile.
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selection of parameters. The thickness of the frictional portion of
the wedge is significantly greater than for the Venus models, as
expected, and there is a greater distance between the two brittle -
ductile transitions. The reason for the greater amount of separa-
tion is clear from the stress profiles of Figure 16c. The frictional
strength curve for the decollement appears to be a near-vertical
line when contrasted with the frictional strength of the wedge
base. The frictional-ductile transition for the decollement is thus
pushed downward with respect to the wedge base brittle-ductile
transition. The low value of basal shear stress at the brittle-duc-
tile transition is also responsible for the relatively modest in-
crease in surface slope of the Eastern Cordillera. The predicted
strain rates computed for this model are fairly typical of terrestrial
values. In the decollement, values range from about 10 to 1013

s!, while the strain rate in the wedge varies from 107 to 101 s

Conclusions

We have presented a generalized model that predicts the equi -
librium shape for an accretionary wedge/fold-and-thrust belt with
brittle-frictional and/or ductile deformation. The equilibrium
shape is determined by the brittle-frictional and ductile properties
of the wedge material and the decollement; the thermal environ-
ment; the elastic thickness of the lithosphere; the convergence
rate; the densities of the wedge material, mantle, and overlying
fluid (or dense gas); the thickness of the incoming material; and
the thickness of the decollement zone. The model predicts the
geometry of the wedge surface as well as that of the decollement
zone. Although the actual expressions describing the wedge
shape are fairly complex, the wedge taper is controlled, to a large
extent, by the ratio of the applied basal shear stress to the strength
of the material in the wedge base. This simple concept explains
the dramatic changes in slope that are observed in many accre-
tionary wedges. When the wedge base becomes ductile, the ratio
increases, producing a larger taper; when the decollement be-
comes ductile, the ratio decreases, resulting in a wedge with a
narrower taper. For most cases, the model predicts an equilib-
rium shape that characterizes most fold-and-thrust belts on
Venus, as well as several on Earth (although we have applied the
model only to the Andes in this study). This “stereotypical”
shape consists of a small-taper, Coulomb toe, a narrow zone of
steep slope, and a relatively flat plateau at the top of the wedge.

The occurrence of the wedge shape described above requires
the wedge base to become ductile at a shallower depth than the
decollement. This is likely to be true in most cases, because the
frictional strength of the decollement is generally much less than
the brittle strength of the wedge base. Therefore, if the ductile
strength curves are not significantly different, the brittle-frictional
and ductile curves for the decollement will cross at a greater
depth than they do for the wedge base. In certain unusual situa-
tions, the decollement may become ductile before the base of the
wedge (see Figures B2 and B3). In this case, the wedge never
develops the steep surface slopes observed in our other models.

We were able to apply the model, with a large degree of suc -
cess, to two different fold-and-thrust belts on Venus and to the
eastern side of the Andes at about 21°S. For the Venusian
wedges, we were able to explain the observed variations in topog-
raphy purely on the basis of differences in the thermal environ-
ment. Wedges at higher elevations, which exhibit much greater
relief, may be explained as a result of lower surface temperature
(or possibly a lower planetary thermal gradient) and a larger elas-
tic thickness of the lithosphere. The lower-relief wedges ob-
served at lower elevations are explained by higher surface tem-
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peratures and/or planetary thermal gradients and a thinner litho-
sphere. Owing to large uncertainties in the model parameters, we
cannot presently quantify the thermal regime of the planet as a
function of elevation; however, we have demonstrated that it is
possible to explain the observed correlation of wedge relief and
elevation in terms of the thermal environment.

We were able to use the model to explain the observed topog -
raphy of the eastern Andes around 20.80°S. The three regions
predicted by the model correlate fairly well with the three
provinces of this region of the Andes. The Subandes correspond
to the low-taper toe of our model, the Eastern Cordillera repre-
sents the region of steep slope, and the Altiplano is equivalent to
the plateau region. Although we had to use an extremely small
effective coefficient of friction for the decollement to explain the
small slopes of the Subandes, the parameters we used were gen-
erally consistent with what is presently known about the Andes.

The model can also correctly predict the observed differences
between terrestrial and Venusian accretionary wedges, based on
first-order differences in the planetary environments. Two of the
principal differences between Earth and Venus are the absence of
significant amounts of water vapor on Venus and the relatively
high surface temperature. The relatively low atmospheric density
of Venus relative to that of water, combined with the absence of
significant amounts of water vapor, indicates that the effects of
pore fluid pressure are likely to be relatively small. On Earth,
pore fluid pressure is thought to play a significant role in rock de-
formation, particularly along large fault zones. Thus terrestrial
accretionary wedges, which should have significantly weaker
decollement zones than their Venusian counterparts, will have
narrower cohesive toes that require a greater horizontal distance
to achieve the same decollement depth. At the same time, the
depth to the brittle-ductile transition on Earth should be much
deeper than on Venus, due to the lower surface temperature.
These two factors, coupled together, mean that the cohesive por-
tions of terrestrial wedges have a much greater horizontal extent
than do those found on Venus.

The brittle-ductile critical taper model seems applicable to a
wide range of geologic settings. Although we have not per formed
a careful survey of parameter space, we have been able to predict
the observed topography of a number of fold-and-thrust belts
using reasonable parameter values. There are a number of
current studies devoted to quantifying the rheological properties
of rocks, both in the dislocation creep and diffusion flow regimes.
We anticipate that the incorporation of this information into our
model will provide a better representation of accretionary wedges
and should allow us to constrain the other model parameters.

Appendix A: Approximate Critical Taper of a
Thin-Skinned Brittle-Ductile Wedge

Our analysis is based on the approximate general theory for a
thin-skinned wedge given by Dahlen [1990]. We assume that the
principal stresses o, and 0y are nearly horizontal and vertical, re -
spectively, and use small-angle approximations for all terms in-
volving the surface slope « or the decollement dip . The result-
ing theory is quasi-analytical. The analysis allows for the possi-
bility of hydrostatic or nonhydrostatic pore fluid within the
wedge and water or a dense atmosphere above the wedge, as
shown in Figures 3a and 3b. The primary difference between the
present model and that of Dahlen [1990] is that we explicitly in -
clude the effects of temperature-dependent power law rheology.
The prominent features of the model can be traced to the transi-
tion from brittle-frictional to ductile behavior within the wedge
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and on the decollement. We first derive a general critical taper
equation for a thin-skinned wedge and then define specific terms
describing brittle-frictional and ductile behavior. These terms are
included in the general equation, yielding a critical taper equation
for a brittle-ductile accretionary wedge. Finally, we discuss the
incorporation of flexural isostasy into the model.

General Critical Taper Equation

We initially assume x and z axes that are locally aligned with
the top of the wedge (Figure 3a). The small-angle equations of
static equilibrium within the wedge are then

do do

Sl =0, Al
x | o P8¢ (Al
%.+a_o-{i.+pcg=0, (Alb)
ox d

where p. is the constant density of the wedge material. Our con-
vention in (A1) and elsewhere is that compressive stresses are
negative. The quantity do,,/dx can be ignored to first order in
equation (A1b) [ Dahlen, 1990]. Integration then yields the fol -
lowing result for the vertical stress due to the overlying water and
porous wedge material:
0,=0y=-p,;gd—p.gz, (A2)
where dand p; are the depth and density of the overlying water,
respectively. 7
Now suppose that the differential stress, A= ;- 0y, is a speci -
fied function of x and z In the small-angle approximation, the
horizontal stress is
Ty =0 =~pfgd_pcgz_a' (A3)
The shear traction on the basal decollement fault, in the small an-
gle approximation, is

7,=(0y-0,)(a+B)+0,,. (Ad)
The shear stress, g, is obtained from equation (Ala):
do do dA

—_— P < S A O 4 — AS

S~ pega = (pe=ps e+ (AS)

We have used the fact that d' =— o, where the prime denotes dif -
ferentiation with respect to x. We then integrate to obtain g, on
the wedge base, z = h:

A
o, z(pc—pf)gha+f%dz. (A6)
0

Substituting this relationship into (A4), the shear traction on the
basal decollement is

% 9A
1d=(pr~pf)gha+Ak(a+ﬁ)+j§;dz, (A7)
0

where A, = A(h). Solving this for the taper, i’ = o+ f, we obtain
the general critical taper equation:
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koA
(p.—py )ehB+ Td-lgdz

a+P=h'= (A8)

(p.—py)gh+a,

Having obtained this result, it is then permissible to ignore the
slight variable tilt of the x and z axes at different points in the
wedge, as shown in Figure 3b [Dahlen, 1990]. Equation (A8)
represents an approximate differential equation that can be inte-
grated to find the wedge thickness h(x), given the appropriate
boundary condition(s) at the toe of the wedge. Ignoring the last
term in the numerator, we observe that the taper is controlled
primarily by the ratio of the basal shear traction to the strength of
the material in the wedge base. In the limit, as the basal shear
traction and wedge base strength approach zero, the taper is equal
to the decollement dip S and the surface slope « is equal to zero.

Equations for a Brittle-Frictional Wedge

For the brittle-frictional case, we assume that the differential
stress within the wedge is controlled by a brittle Mohr-Coulomb
yield criterion:

A"’“=2[Scos¢+(p—pf)sin¢l, (A9)

where § is the cohesion, ¢ is the angle of internal friction, and p;
is the pore fluid pressure. The pressure p is given by

p=—%(on+0u). (A10)

A more useful form of (A9) is obtained by substituting the fol-
lowing relationship for the pore fluid pressure:

pr=psed+Ap gz, (A11)
where
-p.gd
A=PrPr8e (A12)
_O'zz_pfgd

is the generalized Hubbert and Rubey [1959] pore fluid to litho-
static pressure ratio. The brittle strength within the wedge is then

brit _ _ sin ¢
A =C+2p gz(1 A)(H—l—sincﬁ} (A13)

where C is the uniaxial compressive strength [Jaeger and Cook ,
1979, p. 80, pp. 96 - 97]:

C=2§ _Coso .
1-sing

To simplify our analysis, we assume that C, ¢, and A are constant
throughout the wedge. We adopt a simple frictional law for the
basal shear traction [e.g., Byerlee, 1978]:

(A14)

T =8, +u,(1-2,)p.gh, (A15)

where the subscript d denotes parameter values within the
decollement zone. From (A8), the critical taper equation for a
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purely frictional wedge is thus

fric

(P —py)ehB+7}
(e =py Jgh+ A%

a+f=h"= , (Al6)

fric

where A" and 75 are defined by equations (A13) (at z = h)
and (A15), respectively.

Equations for a Ductile Wedge

In the ductile portion of the wedge, we assume that the differ -
ential stress is controlled by a thermally activated power law re-
lationship [e.g., Karato et al. , 1986],

1
Aduet _ Efi " cxp( Q )’
A nRT

where £ is the effective strain rate, A is the generalized viscosity
coefficient, n is the stress power law exponent, Q is the activation
energy, s is the grain size, p is the grain size exponent, R is the
ideal gas constant, and T is the absolute temperature. Within the
wedge, we assume that viscous flow is dominated by dislocation
creep, so that n > 1 and p = 0 [Karato et al., 1986]. In the
decollement zone, we assume that the grain size is sufficiently
small that diffusion creep is the dominant deformational mecha-
nism [ Rutter and Brodie, 1988; Tullis and Yund, 1991]. For this
case, n = 1 and p> 1 [ Karato et al. , 1986].

We may include the effects of a linear temperature gradient
within the planet VT and a linear atmospheric temperature gradi-
ent VT, by introducing the following two variables:

(A1T)

k= E , (A18a)
T,

ky=La, (A18b)
Tﬂ

where T, is the absolute surface temperature at the toe of the
wedge (the beginning of the deformation front in Figures 3a and
3b). The ductile flow law, (A17), then becomes

(A19)

. p ;
Aduct = E__ ex Q ,
[ A J p[nRTO(I+kz—kAe+kAeD)

where e is the wedge elevation and e, is the elevation at the
wedge toe.

At this point, the simplest procedure would be to assume a
constant strain rate. This is unlikely to be true in a deforming
wedge, however, and we adopt a somewhat more realistic defor-
mation field (Figure 4); we assume that the horizontal velocity is
independent of depth and that mass is conserved. If the velocity
of the incoming material is u, and flow is incompressible, the
wedge velocity field is

= Mobo A20a

e == ( )
hl

u, “0’;022 ‘ (A20b)

where h is the thickness of the incoming material at the wedge
toe (x = 0 in Figure 4).
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We would now like to find the effective strain rate,
Xz

é= —;—(éi,+éfz)+é2 : (A21)

Within the wedge, the strain-rate components are

 Ou,  —ughgh’
=Ty , A22a
Ex dx h? ( )
g, = % 4 “OZg" : (A22b)
1(Ju, Jdu ughoz( B”  h?
f == =24 |00 : A22
= 2[ 2 ax) n: [ 2 h J (A220

It is easy to see that the second term of equation (A22c) is of sec-
ond order when compared to equations (A22a) and (A22b). Itis
less obvious that the first term of this equation is also of second
order; however, we have found that the shear strain rate (equation
(A22c¢)) accounts for no more than 5% of the effective strain rate.
Thus, for our purposes, £, = 0, and the effective strain rate
within the wedge is

. h'
. “0h02| I ) (A23)
h
The differential stress within the wedge is then
1
Folh'| \n
AV = "L | exp Fy , (A24)
h F, +kz—k,e
where
P
F, = s’ (A25a)
A
F, = Q , (A25b)
nRT,
F, =1+kye, . (A25c¢)

We must now specify the shear traction along the basal
decollement 75*'. We assume a decollement zone of constant
finite thickness & (Figure 4). Within this zone, the differential
stress is controlled by power law flow (equation (A19)). At the
bottom of the decollement zone, the velocity is equal to the veloc-
ity of the incoming material, u,. To first order, the velocity dif-
ference (slip rate) between the bottom and top of the decollement

zone is, from (A20),

Auy zuo(l—%} (A26)
The effective strain rate within the decollement zone is thus
. u hy
gy =—|l-——, A2
- h\ (a27)

and the basal shear traction is
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1
g LG Bl e — G ] (azg)
2 h F, +kh—k,e
where
u(} (sd )Pd
Gy =24l A29
0 3, (A29a)
G =2 (A29b)
nyRT,

and the subscript d denotes parameter values within the decolle-
ment zone.

Equations (A24) and (A28) may now be substituted into (A8)
to find the critical taper equation for a ductile wedge:

(pc —pf)ghﬁ +17d (h,e)—L(h,z:m,e,h’,e',h”)

h'=
(P —py)gh+a5 (he,h)

, (A30)

where

1
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(A31)
and

Ei(x) = fmw [x<0],

t

—o0

(A32)

Ei(x) = lim [Tc"pt("‘)d:ﬂ:”pf_’)d:] [x>0]

e—=+)
-X

is the exponential integral [ Gradshteyn and Ryzhik, 1980]. The
term L appears since the differential stress in the ductile regime
depends on h(x) and h{(x) (equation (A24)), so that L= dA/dx is
nonzero below the wedge brittle-ductile transition, z= zJ**.
Ordinarily, the ductile portion of the wedge base strength
curve has a negative slope ( JAY/ dx < 0); however, it may have
a positive slope when h'7h’ > 2kl h (see equation (A31)), a situa-
tion that may arise in regions of large curvature and/or small
wedge thickness. This results in a “kink” in the ductile portion of
the wedge base strength curve in some cases (see Figure 7c) cor-
responding to a kink in the strain rate curve (Figure 7d).
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Brittle-Ductile Critical Taper Equation

For a critically-tapered wedge incorporating both brittle-
frictional and ductile behavior, we rewrite (A8) as

(p.-p;)ehB+1,-J

(pc—pf)gh+Aﬁ "

a+f=h'=

The value of 7, depends on whether the decollement is behaving
in a brittle or ductile manner, and the values of A, and J are de-
pendent on the mode of deformation in the wedge basal material
overlying the decollement zone. The dominant mode for each
case will be that which predicts the smallest differential stress for
a particular set of parameters; this may be determined by evaluat-
ing the following two functions:

Fy=2(tfe - 73) (A34)
for the decollement, and
Fy, =AY - A (A35)

for the wedge base. The value of h for which F ;= 0 defines the
transition from frictional to ductile behavior within the decolle-
ment. If F,;< 0, the decollement behaves frictionally, while if F,
> 0, the decollement is in the ductile regime. In a similar manner,
the wedge base is in the brittle regime for F;, < 0 and in the duc-
tile regime for F, > 0. The vertical position of the decollement
frictional-ductile transition z = z;** is defined as the value of z
for which F, = 0. Similarly, the vertical position of the wedge
brittle-ductile transition z = z.*™ is defined by F, = 0. The
wedge base brittle-ductile transition z,*", described at the be-
ginning of this paper, is the specific value of z*" where the
wedge brittle-ductile transition intersects the decollement.

The combination of positive and negative values for F,and F
lead to four possible sets of values for 7, 4,,and J. For F; <0,
7,= T3¢, while for F;>0, ;= 75°“. For F, <0, A,= A}" and
J =0, while for F,>0, A,= A" and J= L. Equation (A33) is
integrated numerically, using the appropriate values for these pa-
rameters at each point. Typically, the toe of the wedge is com-
pletely frictional (F,, F,;<0), so that it is only necessary to spec-
ify the thickness at the wedge toe, h,, When equation (A33) be-
comes second order (F,, > 0), the last known values of hand h’'
are used to begin the integration. If equation (A33) is second or-
der at the toe of the wedge, an approximate initial taper is com-
puted using (A33) without the term J. We assign a minimum
value for the decollement strain rate at x =0, since &, =0for h=
hy (see equation (A27)); otherwise, the basal shear traction would
be zero at the wedge toe (equation (A28)).

Incorporation of Flexural Isostasy

As a first step toward allowing for flexural isostasy in the
model, we consider the case of complete local isostasy. The ge-
ometry of the wedge is shown in Figure 5. The depth of the wa-
ter (or dense atmosphere) above the wedge is d and its density is
Py The density of the wedge material is p.. The wedge thickness
is h(x) = e(x) + w(x), where e (x) is the elevation of the surface of
the wedge and w(x) is the depth to the decollement. Both of these
distances are measured from a reference elevation e,, far from the
wedge toe at position x, (Figure 5). The depth of water at x, is d,
and the wedge is assumed to have constant thickness h, between
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x= x,and x = 0 (the beginning of the deformation front). Below
depth z = h, there is a layer of constant thickness and unspecified
density, and beneath this layer is mantle material of density p,,

Noting that d(x) = d,- e(x), we can isostatically balance our
reference column at x = x, against a column through an arbitrary
position in the wedge:

w(pm =Py )= h(p.

Taking the derivative with respect to x, and observing that w' = f3,
we obtain

—ps)+ho(Pm—pc)- (A36)

W(p.-p;)

(A37)

This equation may be substituted into (A33) to obtain the solution
for a locally isostatic accretionary wedge.

Turning now to the flexural problem, we must first determine
the loads acting upon the elastic plate. The total load may be de-
duced from equation (A36) and written in terms of e (x) and w(x):

o) = eglp. a3

_pf)_g(w_h(})(pm "Pc)’
where positive loads are downward. The first term of (A38) is
the topographic load, and the second term is the restoring force.

Treating the decollement surface (or its imaginary continuation
to the left of the deformation front) as the top of an elastic plate,
the equation for flexure of the plate in the absence of horizontal
loads is [Turcotte and Schubert , 1982)]

d*w
D e g(x), (A39)
where w is the vertical deflection of the plate and
3
B i
12(1-v?)

is its flexural rigidity. The thickness of the plate is H, and E and
v are its Young’s modulus and Poisson’s ratio, respectively. For
our problem, the equation may be written

d4
D——+8(w=ho)(Pm ~Pc) = eg(p.—p;).  (AdD)
Taking the derivative with respect to x, we obtain
“ﬁ
T +Bg(pn —pc)=0z(p.~py). (A42)

Turcotte and Schubert [1982] give the solution for an elastic
plate subjected to a vertical line load. This may be viewed as a
Green'’s function solution to the following problem:

da‘c
++Ge(pn—p.)=8(x). (A43)
The solution is
3 X x
G(x)= ——xp(‘ ][cos +sin|— ] (Ad4)
8D a a a
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where

(A45)

]

Applying this solution to our problem, the decollement dip may
be written as a function of the surface slope:

(pe-py) x=x'
Alx)= 2a(p,,~p.) _[,a epo a ]
[cos il 2 +sin X ¥ ]d.x’. (Ad6)
a a

The problem is solved iteratively, using the locally isostatic
solution (equations (A33) and (A37)) as a starting point. The sur-
face slopes computed from this solution are then used in (A46) to
find new values for the decollement dip. The difference between
the new and old values is computed, and a fraction of this differ-
ence is added to the old values to yield current estimates of f(x)
(using the computed new values as the current estimates proved
to be unstable). These estimates are then used in (A33), and the
process is continued until the average difference between new
and old values is acceptably small. We were usually able to ob-
tain convergence in 30 to 60 iterations, requiring 15 to 30 min of
computation time on a Sun Sparcstation 2.

Although we believe that our model provides a realistic repre -
sentation of the macroscale characteristics of fold-and-thrust
belts, there are several limitations. Since the model is steady
state, we cannot trace the evolution of a fold-and-thrust belt.
Instead, we determine its equilibrium state and are thus unable to
account for dynamical aspects, such as underplating and uplift.
Since we do not actually solve the equations of motion in our
model, we must also assume a velocity field. This is probably not
a serious limitation; however, we have not yet performed a quan-
titative comparison between our velocity field and that of other
models. A final limitation is the one-sided nature of our model.
Many fold-and-thrust belts are actually two-sided (convergence is
occurring from both directions). This may have some influence
on our model, but the effect is probably only significant deep in
the interior of the wedge. Despite these limitations, we believe
that our model offers a reasonable description of the geometry of
fold-and-thrust belts over sufficiently long length and time scales.

Appendix B: Effects of Model Parameters on
Observable Wedge Characteristics

As discussed in the model characteristics section, the first-or -
der effect of each model parameter on the predicted wedge shape
can be understood in terms of how it affects (1) the depth ( z, yrans )
at which the wedge base first becomes ductile, (2) the depth
(zJ*™) at which the decollement becomes ductile, (3) the strength
[ A4(25*™)] of the wedge base at its brittle-ductile transition, (4)
the strength [ 'rd(z,"”"“)] of the decollement at the wedge base
transition, (5) the strength [ Td(z}"’“)] of the decollement at its
frictional-ductile transition, and (6) the strength [ Ahgz;“"s)] of
the wedge base at the decollement transition. These effects may
be evaluated by examining equations (A13), (A15), (A24), (A28),
(A34), and (A35). Table Bla lists the predicted effects of posi-
tive changes in the model parameters on these six quantities, and
the resulting influence on the width of the narrow taper region,
the width of the steeply sloping region, the brittle-frictional taper,
and the maximum wedge taper. The variables used in this table
are described in Table B1b.



WILLIAMS ET AL.: BRITTLE-DUCTILE CRITICAL TAPER WEDGE MODEL

Table Bla. Predicted Effects of Parameters on Wedge Characteristics

Zone Il  Coulomb Maximum

trans trans
Pammeter g a0 @) w(=) ) W(@) QN Tdn Taer Taper
Decollement
S, —* + + - + +
Ly (1-2y) =7 + + - + +
( s ).0, / 54, + + + +
(R + + + +
Wedge base
C, - + —* + -
(l—lh)sine;&,l = + -+ + -
1-sing,
A - - - - + +? +
Q - + + + - - -
Decollement and wedge base
hy + - + + - +* - =? -
1 + ++7 + + — + +* - +*
P. - -7 + + + - - + +
T, - - - -* - - - +* ~
vr - - - —* - - - +* B
vr, - R + +* i+ ) + -? +#

Anticipated effects of an increase in parameter values on the depth from the wedge surface to the brittle-ductile transition
within the wedge base, z;*™, the depth to the decollement frictional-ductile transition, zj*™, the strength of the wedge base at
", A, ng”" , the strength of the decollement at z,*™, T, z},"““‘), the strength of the wedge base at z*™, A, zf’”?, and the
strength of the decollement at zj™™, ‘rd(z;’“’ . The probable effects on the widths of zones I and II, the brittle-frictional
(Coulomb) taper, and the maximum taper are also shown. These results are based on a simple analysis of the parameter effects on
the frictional and viscous strengths of the wedge base and the decollement zone. Test cases were used to determine whether the
predicted effects could be verified. The symbols used are as follows: blank space, no direct effect; dash, quantity is decreased,

plus, quantity is increased; double dash, quantity is decreased by a relatively large amount; double plus, quantity is increased by a
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relatively large amount; asterisk, observed trend is opposite of predicted trend; and question mark, predicted trend not verified.

Table B1b. Descriptions of Variables Used in Table Bla

Variable Description
Sa decollement cohesion
Ha decollement friction coefficient
Ay decollement pore fluid pressure ratio
5y decollement grain size
Pa decollement grain size exponent
é decollement thickness
Ay decollement viscosity coefficient
Q, generalized decollement activation energy
C, wedge base uniaxial compressive strength
o, wedge base angle of internal friction
Ay wedge base pore fluid pressure ratio
A generalized wedge viscosity coefficient
Q wedge activation energy
hy thickness of incoming material
Uy relative convergence velocity
P average wedge density
T, surface temperature at wedge toe

vr planetary thermal gradient
VT, atmospheric thermal gradient

Table Bla is subdivided into three regions: parameters that di -
rectly affect only the decollement characteristics, those that have
a direct influence only on the wedge base characteristics, and pa-
rameters that affect both the decollement and the wedge base.
None of the parameters can truly affect the strength of the
decollement or the wedge base independently of the other; the
strengths are coupled because of the dependence of A" on
wedge taper h' (see equation (A24)). Only in the case of a purely
Coulomb wedge are the strengths of the decollement and wedge
base independent of each other. Table Bla is a guide to the ex-
pected effects of the various model parameters on the predicted
wedge shape, based on the simple analysis discussed above. We
examined a number of models to determine whether the results
conformed to our expectations. Cases that failed to verify our
first-order physical predictions are indicated in Table Bla.

Parameters Affecting Decollement Strength

The first group of parameters are those that directly affect the
frictional or ductile strength of the decollement. Parameters that
are positively correlated with the frictional strength tend to de-
crease the width of zone II and increase the frictional taper and
the maximum taper. As an example, Figures Bla and B1b show
the effects of the product g, (1 - A, ) on predicted topography and
surface slope, respectively. As expected, larger values result in
steeper surface slopes and narrower steep slope regions. Figures



19,970

Bla and B1b also indicate that increasing the magnitude of the
product y, (1 - A, ) decreases the width of zone I. This behavior
would not be predicted from our simple technique of looking at
the direct effect of each parameter on the strengths of the wedge
base and the decollement; however, there is an indirect effect due
to the dependence of wedge taper on decollement strength (see
equations (4) and (A33)). An increase in the frictional strength of
the decollement causes the wedge thickness to increase more
rapidly with distance from the toe, and the brittle-ductile transi-
tion in the wedge base thus occurs closer to the toe. Parameters
that are positively correlated with the ductile strength of the
decollement tend to increase both the width of the steeply sloping
region and the maximum taper. Thus an increase in either the
preexponential factor s5* / A, or the activation energy @, would
increase the magnitude of these two wedge characteristics.

Parameters Affecting Wedge Base Strength

Parameters that are positively correlated with an increase in
the brittle strength of the wedge base tend to increase the width of
zone II and decrease the brittle-frictional taper. We might expect
that increases in these parameters would decrease the width of
zone I; however, increases in either C, or
(1-2,)sing, /(1-sing,) also result in a narrower frictional ta-
per, thus pushing the wedge base transition farther from the toe.
An increase in the generalized viscosity coefficient A of the
wedge material causes the ductile strength of the wedge base to
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Figure B1. Effects of decollement frictional properties on pre -
dicted wedge shape. (a) Predicted surface topography for several
different values of the product (1 - A,). (b) Predicted surface
slopes for the same product values. Higher values result in
steeper surface slopes and narrower regions of steep slope.
Higher values also move the steep slope region closer to the toe
of the wedge.

WILLIAMS ET AL.: BRITTLE-DUCTILE CRITICAL TAPER WEDGE MODEL

decrease, resulting in a decrease in the width of zone I and an in-
crease in the width of zone II and the maximum taper. Increasing
the wedge activation energy decreases the ductile strength of the
wedge, resulting in an increase in the width of zone I, a decrease
in the width of zone II, and a decrease in the maximum taper
(Figure B2). Larger values of activation energy also result in a
slightly smaller brittle-frictional wedge taper, although this is not
reflected in the surface slopes of Figure B2b. In this particular
case, the flexural response of the underlying elastic layer has ob-
scured some of the details of the wedge geometry. Another inter-
esting feature observed in Figure B2 is the absence of a steep
slope region for an activation energy of 165 kJ/mol. In this case,
the brittle-ductile transition within the decollement zone occurs at
a shallower depth than it does within the wedge base, as seen in
Figure B2c. As a result, the wedge taper decreases sharply be-
yond the decollement frictional-ductile transition (see Figure
B2b). As mentioned in the model characteristics section, this
type of wedge morphology may occur under certain circum-
stances, but in this study we have chosen to focus on the type of
morphology typified by Figure 1.

Parameters Affecting the Decollement and the Wedge Base

The thickness of the incoming wedge material h, and the rela-
tive velocity across the decollement zone u are both related to
the strain rate within the wedge and the decollement zone. Larger
values for hy imply higher strain rates within the wedge (see
equation (A23)), thus increasing the ductile strength of the wedge
material. Within the decollement zone, h, is negatively corre-
lated with strain rate (see equation (A27)), causing a decrease in
the ductile strength of the decollement. The net result of increas-
ing h, is a decrease in the width of zone II and in the maximum
wedge taper. The convergence velocity u, affects the strain rates
in both the wedge base and the decollement in the same way, but
the effect on the ductile strength is likely to be greater for the
decollement zone due to the differences in the assumed ductile
deformation mechanisms. The ductile strength is proportional to
u,"", where n is the power law exponent (see equations (A24) and
(A28)). Thus the effect will be greater within the decollement
zone, where n = 1 (diffusion flow), than within the wedge, where
n is typically 2 or greater (dislocation creep). The net effect of an
increase in the convergence velocity is an increase in the width of
zone I and a decrease in the brittle-frictional taper. In test cases,
the observable quantities were not found to be particularly sensi-
tive to variations in the convergence velocity.

The density of the wedge material p_ affects the frictional
strength of both the wedge base and the decollement. For a
purely brittle-frictional wedge, the density provides a length scale
for the cohesive problem. Length scales arise when the uniaxial
compressive strength in the wedge base C, and the cohesion of
the decollement S, are divided by the product p_g (see equations
(A13), (A15), and (A16)). If C,= S, =0, the problem has no nat-
ural length scale, as was found by Dahlen [1984] for a noncohe -
sive wedge. In our case, the problem has a length scale even in
the absence of cohesion due to the inclusion of ductile behavior.
Increasing the density will cause the Coulomb-ductile transition
to occur at a shallower depth for both the wedge base and the
decollement zone. The effect will generally be greater for the
decollement zone, however, since the frictional strength of the
decollement is always less than or equal to the strength of the
wedge base (see Figure 7c). An increase in the wedge density
will thus produce decreases in the widths of zones I and II and in-
creases in the brittle-frictional taper and the maximum taper.
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Figure B2, Effects of wedge activation energy () on predicted wedge shape. (a) Predicted surface topography
for several different values of wedge activation energy. (b) Predicted surface slopes for the same values. Larger
values move the steep slope region further from the wedge toe, decrease the width of the steep slope region, and
decrease the maximum surface slope. Larger values also slightly increase the slope in the brittle-frictional portion
of the wedge, although the wedge taper in this region actually decreases with increasing values of activation en-
ergy. (c) Predicted strengths of the wedge base and decollement zone for an activation energy of 165 kJ/mol. In
this case the decollement brittle-ductile transition occurs at a shallower depth than the wedge transition. The re-
sult is a sharp decrease in the wedge surface slope rather than the increase that is normally observed.

Another set of parameters affecting wedge shape are those re -
lated to temperature. Increasing either the surface temperature at
the wedge toe T or the planetary thermal gradient VT will move
the Coulomb-ductile transitions closer to the surface (see equa-
tions (A18) and (A19)). An increase in the atmospheric tempera-
ture gradient VT, will have the opposite effect. The exponential
temperature dependence is controlled by the ratio Q,/n for the
wedge base and by the ratio Q /n, for the decollement (see equa-
tions (A24), (A25), (A28), and (A29)). Since ductile deformation
within the decollement is controlled by diffusion flow (n = 1),
whereas ductile deformation within the wedge base is controlled
primarily by dislocation creep (n = 2 or greater), the ratio Q /n,
will generally be larger than the ratio Qy/n, if Q;and Q, are of
comparable magnitudes. For that reason, the thermal environ-
ment will generally have a larger effect on the strength of the
decollement than it will on the strength of the wedge base. This
also implies that decollement strength will generally fall off more
rapidly with increasing temperature than will the strength of the
wedge base. Thus, by equation (4), the wedge taper will decrease

very rapidly below the decollement frictional-ductile transition,
yielding the relatively flat plateau of our model. Increasing the
surface temperature or the planetary thermal gradient will have
the effect of decreasing the width of zones I and II, as well as de-
creasing the maximum wedge taper, as shown in Figures B3a and
B3b. Increasing the atmospheric temperature gradient will have
the opposite effect. The net result of increasing the surface tem-
perature is a decrease in the maximum elevation at the wedge
crest. Once again, there is a case (T, = 150°C) where the
decollement transition occurs at a shallower depth than the wedge
base transition. Since the decollement is nowhere able to sustain
significant amounts of shear stress, little topography is generated.

Parameters Related to Flexural Isostasy

Thus far, we have only examined the parameters affecting the
strengths of the decollement and the wedge base; however, pa-
rameters affecting the flexural isostatic response of the elastic
layer will also influence the observed wedge shape. One impor-
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Figure B3. Effects of surface temperature T, on predicted wedge
shape. (a) Predicted surface topography for several different
values of surface temperature. (b) Predicted surface slopes for
the same values. Increasing the surface temperature causes the
steep-slope region to move closer to the wedge toe and decreases
its width, as well as decreasing the maximum surface slope. Asa
result, wedges with lower surface temperatures attain a higher el -
evation. For a surface temperature of 150°C, the decollement
frictional-ductile transition occurs at a shallower depth than the
wedge base transition, resulting in a wedge with little topography.

tant parameter is the density contrast between the wedge material
and the underlying mantle (see equations (A45) and (A46)). The
larger the density contrast, the greater the amount and the steep-
ness of topography that can be supported. A second set of pa-
rameters affecting wedge geometry are those affecting the flexu-
ral response of the elastic layer to an applied load. This set of pa-
rameters includes the Young’s modulus E, Poisson’s ratio v, and
the effective elastic thickness H. By far the most important of
these is the elastic thickness, since the flexural rigidity is propor-
tional to H? (equation (A40)). An increase in the elastic thickness
decreases the amount of flexure in the plate, distributing the load
of the wedge over a larger area. A more rigid plate is able to
support greater amounts of relief and steeper surface slopes. As
described previously, we should attach no particular physical
significance to the value of the elastic thickness. It is simply a
convenient means of quantifying the average strength of the
lithosphere over geologic timescales. The influence of the effec-
tive elastic thickness on wedge topography is seen in Figures B4a
and B4b, which show the surface elevations and surface slopes
for different values of H. The effect on the maximum surface
slope is not particularly significant: the difference in surface
slope between H = 10 km and H = 40 km is only about 1 degree.
The primary effect is an increase in the overall wedge elevation.
We would expect the effective elastic thickness to be related to
the planetary thermal environment: lower surface temperatures
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Figure B4. Effects of effective elastic thickness H on predicted
wedge shape. (a) Predicted surface topography for several dif-
ferent values of effective elastic thickness. (b) Predicted surface
slopes for the same values. The principal effect of increasing the
elastic thickness is an increase in the surface elevation relative to
the wedge toe. There is also a slight increase in the maximum
slope and the slope in the brittle-frictional portion of the wedge.

and thermal gradients should yield a thicker elastic layer. Such a
correlation could have been explicitly included in our model,
such that H is determined by specifying T, and VT. For a given
T,, the elastic thickness would be approximately inversely pro-
portional to VT. We have not done this, both because of the pre -
liminary nature of this study, and because the actual correlation
between thermal gradient and elastic thickness may be much
more complicated. Molnar and Lyon-Caen [1988] have pointed
out, for example, that differences of 103 times in the estimated
flexural rigidities for plates beneath India and the Adriatic Sea
would imply a factor of 10 difference in the geothermal gradients,
an unlikely situation. Thus, for our analysis, we assume that
temperature and the elastic thickness are negatively correlated,
but we do not quantify the relationship between them. This rela-
tionship will significantly affect the predicted wedge topography.
Lower surface temperatures and/or thermal gradients result in
steeper maximum surface slopes and greater wedge topography,
as do increases in the effective elastic thickness. These effects
will therefore reinforce each other. This behavior has important
implications for the geometry of accretionary wedges on Venus,
where the thermal environment is likely to play an important role.
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