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[11 Plate coupling between oceanic and continental plates in convergent margins of
Andean type is analyzed from the continuum mechanics approach. We postulate a simple
mechanism that accounts for the compressive regime in Andean-type environments. In this
mechanism, deformation in the continental lithosphere is split into two distinctive
domains: The forearc domain and the arc-foreland domain. The forearc deformation is
controlled by the balance between buoyancy forces associated with the trench and
continental slope relief and the stress transferred from the convergence velocity through
the age- and velocity-dependent slip zone. The arc-foreland deformation is controlled by
the absolute plate velocity of the continental plate and the resistance at the slip zone.
Strength of the coupling zone is determined by analyzing the dynamic trench topography
along the active margin of South America between 0 and 55°S. Using this approach, we
found strength values in the range of 20—95 MPa, in strong direct correlation with the
age of the subducting plate. The slip layer strength observation has been successfully
tested against a thermal- and strain rate-dependent rheological model. From this theoretical
result we define an empirical relationship between strength of the slip zone and the age and
convergence velocity. Applying this plate coupling model, we reproduce shortening
rates in the order of 1—-10 km/Myr, in agreement with those reported for the late Tertiary
evolution of the Andes. Model results reproduce some first-order features of the geological
evolution of the margin, such as the shape of the trench, the overall Andes relief, the
Altiplano buildup, and block rotation patterns. In addition, the model provides a
mechanism to explain the evolution of the Central Depression, the inversion of Tertiary
basins under slow convergence rates during the Miocene, and the segmentation of the
margins tectonic erosion.  INDEX TERMS: 8120 Tectonophysics: Dynamics of lithosphere and
mantle—general; 8149 Tectonophysics: Planetary tectonics (5475); 8150 Tectonophysics: Plate boundary—
general (3040); 8159 Tectonophysics: Rheology—crust and lithosphere; 8164 Tectonophysics: Stresses—crust
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1. Introduction

[2] Distributed deformation along noncollisional orogens
has traditionally been attributed to oceanic plate subduction
underneath the much weaker continental lithosphere [Dewey
and Bird, 1970]. The Andes, in particular (Figure 1),
has been regarded as the classical-type example of this
kind of plate interaction because of the high degree of
coupling between oceanic and continental plates [Uyeda
and Kanomari, 1979]. Such a strong coupling has been
genetically associated with a high convergence rate and
relatively young and buoyant oceanic plate [e.g., Jarrard,
1986]. Although the Andean-type compressive regime is
clearly different from the Mariana-type extensional regime
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as a result of controlling factors such as convergence rate
and age of the subducting plate [Uyeda and Kanomari,
1979], such a simple mechanism alone cannot account for
the marked along strike differences in the late Tertiary
tectonic evolution of the central and southern Andes (10—
40°S). Thus, in contrast with common beliefs based upon
this simple model, the greatest late Tertiary deformation
occurs in the Altiplano region of the central Andes [e.g.,
Lamb and Hoke, 1997] in close spatial association with the
oldest subducting plate of the margin (40—50 Ma). Total
estimated shortening amounts for the Altiplano-Eastern
Cordillera-Subandean zone from ~40 Ma are in the range
of 250-300 km [e.g., McQuarrie, 2002a; Muller et al.,
2002]. In contrast, the southern central Andes (south of
30°S) shows evidence of much smaller shortening amounts
(less than ~100 km) during the same time span [e.g.,
Ramos, 1985; Allmendinger et al., 1990; Jordan et al.,
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Figure 1. Location map of South American active margin
and main offshore and onshore tectonic features as
discussed in the text. Note the age of subducting Nazca
Plate in white.

2001], in close spatial association with a significantly
younger oceanic plate, toward the triple junction at the
Taitao Peninsula (47°S). Considering the Andean oro-
genesis as the result of crustal shortening through folding
and faulting under a roughly common convergence regime
[e.g., Jordan et al., 1983; Ramos, 1989], the observed
along-strike variations must be linked to either rheological
heterogeneities within the continental plate and/or different
degrees of stress transference from the oceanic to the
overriding plate. For instance, previous authors have relied
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upon the intrinsic properties of the continental lithosphere to
explain the origin of the Altiplano plateau [e.g., Lamb and
Hoke, 1997; Isacks, 1988], or inherited conditions from
previous evolutions of the margin as a whole [e.g., Jordan
et al., 2001]. The role of interplate coupling through
episodic subduction of flat slab segments, has been largely
emphasized [e.g., Jordan et al., 1983; Gutscher, 2002].
However, seismicity at the interplate contact is essentially
equivalent to nonflat slab segments [see, e.g., Gutscher,
2002]. The larger seismic moment release of flat slab
segments is associated with intraplate seismicity, due to
the presence of a cool slab in the flat segment. Thus the
overriding plate total amount of shortening through time is
not necessarily incremented within flat slab segments.

[3] In order to assess the role of intraplate coupling in the
Andes, we develop a simplified 2.5-dimensional (2.5-D)
deformation model using the thin viscous sheet approxima-
tion [England and McKenzie, 1982], with a localized
traction along the Benioff plane (section 2). In this model
the localized traction represents the weak interplate zone or
slip layer [e.g., Jischke, 1975; Wdowinski, 1992; Daniel et
al., 2001]. Using the relationship between the slip layer and
the dynamic trench topography [Wdowinski, 1992], in
section 3 we address the along-strike variations of the slip
layer parameter in the Andes. This was achieved by
determining the appropriate plate coupling that equilibrates
tectonic and buoyancy forces at the trench. In section 4 we
study the rheology of the slip zone considering its thermal
(age) and strain rate (convergence velocity) dependence,
postulating an empirical relationship for the strength of the
coupling zone. This empirical relationship for the plate
coupling, is incorporated into the proposed 2.5-D deforma-
tion model, and used later on to study the late Tertiary (25—
0 Ma) evolution of the Andean margin (section 5). We
focused the analysis on this time period because kinematics
of convergence is well constrained [e.g., Tebbens and
Cande, 1997].

2. Plate Interaction at Andean-Type
Subduction Zones

[4] One fundamental constraint for the orogenic processes
in the Andes is that the active margin of South America was
basically under noncompressive to extensional regime prior
to the opening of the south Atlantic (Late Jurassic to Early
Cretaceous) [e.g., Mpodozis and Ramos, 1990; Aberg et al.,
1984]. However, magmatic products associated with sub-
duction were widely distributed along the margin since the
Triassic [e.g., Parada et al., 1991]. Thus subduction by
itself cannot account for the so-called ““Andean-type oro-
genesis” in which the mountain building process is largely
controlled by shortening of the crust through folding and
faulting, that is driven by oceanic continental plate conver-
gence [e.g., Jordan et al., 2001]. In addition, the geological
record indicates that the margin tectonics is clearly seg-
mented along strike. Furthermore, from the Altiplano region
northward and southward, there is a marked decrease in the
total amount of shortening, without an obvious direct
correspondence with either the slab age [Jordan et al.,
1983; McQuarrie, 2002a], or convergence rates [Jordan et
al., 2001]. One way to confront and reconcile geological
observations with plate tectonics is to incorporate oceanic
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crust age heterogeneity in large-scale deformation models.
Oceanic plate age heterogeneity is quite common in con-
vergent margins, and is caused by different factors such as
oblique convergence, fracture zones with large age offset,
and collision of active or passive ridges.

2.1. Conceptual Model

[s] The proposed model incorporates two complemen-
tary approaches: The thin viscous sheet approximation
(originally developed by England and McKenzie [1982]
and also by Bird [1988]) and the slip layer concept
developed by Wdowinski [1992]. The thin viscous sheet
approximation has been used to reduce 3-D deformation
problems into 2.5-D, assuming plane strain deformation
and integrating rheological and density heterogeneity with
depth. In the original formulation of England and
McKenzie [1982], shear traction at the base of the
lithosphere was neglected, assuming an inviscid astheno-
sphere coupling. However, in subduction environment,
traction at the plate coupling zone cannot be neglected.
In fact, we postulate that interplate coupling actually
drives the overriding plate deformation. On the other
hand, the plate coupling behavior can be studied using
the slip layer concept [Wdowinski, 1992] and its relation-
ship with the dynamic trench topography. According to
Wdowinski [1992] and further extended by Wdowinski
and Bock [1994], the trench topography is the result of a
dynamic balanced between tectonic and buoyancy forces.
In this approach, the slip layer strength represents the
degree of plate coupling that deforms the forearc (and, in
particular, the trench region) to equilibrate tectonic forces.
As we will show in section 3, using present-day tectonics
and trench topography in the Andes, we can estimate the
strength of the slip layer and derive an empirical rela-
tionship that allows its incorporation as shear traction in
the 2.5-D deformation model. One important conclusion
of Wdowinski [1992] is that after a transient period (1-—
10 Ma), the dynamic trench topography absorbs almost
all the deformation associated with the subduction pro-
cess. On the basis of this observation we postulate that
the continental-scale deformation problem in Andean-type
convergence zones can be separated into two large
tectonic domains: (1) a forearc domain, in which the
dynamic trench topography is basically controlled by the
difference between the oceanic and forearc plate velocities
(Una-Upa: Modified convergence velocity), and the slip
layer strength, and (2) an intra-arc-foreland domain, in
which deformation is controlled by intrinsic rheological
properties of the medium, the strength of the slip layer
and the absolute velocity of the continental plate. A
schematic cartoon of the proposed model is shown in
Figure 2a.

[6] According to this model, deformation of the forearc
region can be modified by changes in the modified conver-
gence velocity and by the age of oceanic crust being
subducted. Their effects on the foreland region would be
only transient phenomena while equilibrium of the dynamic
trench topography is reached. Wdowinski [1992] suggests
that equilibrium is reached in 5—10 Myr for a new subduc-
tion zone; therefore changes in already formed subduction
zones would reach equilibrium in a fraction of this time. In
contrast, deformation in the intra-arc and foreland regions is
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controlled by the absolute velocity of the continental plate
(Usa) and the traction at the slip layer that resists thrusting
of the continental plate over a static oceanic plate. Normally,
traction at the slip layer is not capable to resist the whole
plate motion, and therefore there is an absolute forearc
velocity (Uga) in the trenchward direction. The difference
between the continental plate velocity and the forearc
velocity is the shortening absorbed in the deforming arc
and foreland zone. One interesting characteristic of this
model is that given the fact that Ugy, is essentially the same
for the whole margin, deformation in the arc and foreland
region is basically controlled by the traction at the slip layer.
As we will show in section 3, traction at the slip layer is not
only a function of the convergence velocity but most
important the age of the oceanic crust at the trench,
providing in this way a transient dependence beyond the
plate tectonic fate. In addition, isolating the tectonic control
of the continental deformation in the Ug, component of the
convergence, we can also explain the already mentioned
observation of noncompressive regime prior to the opening
of the South Atlantic.

[7] One difficulty arising from the previous conceptual
model is that forearc velocity (Uga) cannot be determined a
priori. However, given the fact that Ug, would be a fraction
of the continental plate velocity, which is ~20% of the
oceanic plate velocity, its influence in the slip layer resist-
ance is probably <10% and with minor differences along
strike. Therefore, as a first approximation, we neglect its
effect in the modified convergence velocity for the purpose
of estimating the slip layer viscosity.

2.2. Viscous Domains

[8] The central role of power law mechanisms of conti-
nental lithosphere deformation has been largely recognized
in continuum approaches [e.g., England and McKenzie,
1982; England, 1983; Bird and Piper, 1980]. Deformation
in this strain-dependent rheology allows a better fit for high
strain rate regions. In order to keep our model as simple as
possible but retaining the essentials of the position-depen-
dent rheology, we define four viscous domains as (1) slip
zone, (2) forearc, (3) arc-foreland, and (4) cratonic, with
distinctive but constant (Newtonian) rheological properties.

[¢] The slip zone represents the coupling between the
oceanic and the continental plate. Its power law rheology
and thermal (oceanic plate age) dependence will be covered
in section 4; however, for a given convergence segment its
value is basically constant. In terms of effective viscosity
this domain represents the weakest part of the deforming
system, with values in the range of 10'? to 5 10%° Pa s, for
an arbitrary slip layer thickness of 10 km. Similar numbers
have been used in the literature to characterize the slip layer
[e.g., Wdowinski and Bock, 1994; Daniel et al., 2001].

[10] In the postulated conceptual model the forearc
deformation balances the tectonic and buoyancy forces
through the dynamic trench topography. If this equilibrium
is reached in timescales shorter than 5—10 Myr (a critical,
and poorly constrained, condition that depends on the
rheology of the forearc region itself), the rheology of this
domain is dominated by a low strain rate asymptotic behav-
ior [e.g., Ranalli, 1995]. In fact, following Christensen’s
[1992] formulation, effective viscosity (megr) can be
expressed in terms of two competing effects: A strain rate-
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Figure 2. (a) Cartoon representation of the boundary conditions for the proposed model. (top) Overall
representation of the problem. Tectonic forces are expressed in terms of the absolute plate velocities of the
oceanic (Una,ca) and continental plate (Uga). The three tectonic domains are shown (forearc, deforming
zone, and cratonic-oceanic) and the slip layer zone at the interplate contact. (bottom) Problem splits into two
zones. (left) Forearc zone, in which the deformation is controlled by the velocity of the oceanic plate, the
slip layer, and forearc viscosities. (right) Bulk deformation in the arc and foreland zone controlled by the
“ridge push”-driven continental velocity, the rheology of the deforming zone, and the resistance at the slip
layer. In this arc-foreland zone the oceanic plate is kept fixed, as the continental plate overthrusts it at a rate
which is a function of the resistance at the slip layer zone. (b) Mesh definition, boundary conditions, and
material properties for a generalized arc-foreland-deforming zone. Horizontal and vertical dimensions
correspond to units of 100 km; thus the mesh has a dimension of roughly 5400 by 3000 km. Viscosities of
the three domains deﬁned in the text represent the forearc (5 x 10% Pa s), deforming zone (5 x 10*? Pas),
and cratonic-oceanic (10°* Pa s), respectively. The applied boundary conditions are indicated on the edges
of the mesh domain. Also included is the age-dependent resistance body force in the interplate contact with
the oceanic plate.
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dependent nonlinear component (m,,;) and a constant com-
ponent (1,):
sl
n=|—+—| -
Tt Mo

At high strain rates the power law rheology conditions a
reduction in the nonlinear viscosity, thus dominating the
effective viscosity. In contrast, under low strain rates, such
as the equilibrium condition in the dynamic trench
topography of the forearc domain, the nonlinear viscosity
becomes larger than the constant component; therefore the
effective viscosity is dominated by the constant component.
Following literature estimates [e.g., Wdowinski and Bock,
1994; Daniel et al., 2001], we adopt a forearc viscosity of
5 x 107 Pa s that allows a dynamic trench equilibrium in
less than 5—10 Myr [Wdowinski, 1992].

[11] In the arc-foreland and cratonic domains the strongest
mantle lithosphere and the associated thermal field control
the power law rheology [e.g., England and McKenzie,
1982]. According to England [1983] the strength of
the continental lithosphere can be approximated by
~(Be'" T} nRIOv)exp(Q/nRTy,), where B, n, and Q are
rheological parameters, R is the universal gas constant
(8.31 T mol™' °K™"), ¢ is the strain rate, vy is the thermal
gradient, and T, is the absolute temperature at the Moho.
Dividing this expression by 2 times the strain rate and the
lithospheric thickness (L), we obtain an approximate esti-
mate of the effective viscosity in the lithosphere:

Be'V/"TnR 0
Nefr ~

20vL nRTM) ‘

Using the rheology of the olivine to characterize the
strongest layer in the lithosphere [e.g., England and
McKenzie, 1982; England, 1983; Bird and Piper, 1980], B,
n, and Q, become 7.9 Pa s34, and 500 kJ mol !,
respectively. Average thermal gradients for the arc and
cratonic regions are ~16 and ~10°C/km, respectively,
which means a temperature at the Moho (40—60 km deep
in the arc and 35 km in cratonic regions) of 600—700°C
and 450°C, respectively. From geological estimates [e.g.,
Isacks, 1988; Lamb and Hoke, 1997] the strain rate is
probably in the range of 107" to 10~'° s~'. Evaluating
the previous expression with 7), = 600°C and a strain rate
of 107" s, as the characteristic parameters in the arc-
foreland domain, we obtain an effective viscosity of
10* Pa s. The critical parameter in this estimate is the
Moho depth, which evolves from about 35 to 55 km
during orogenesis, with a progressive reduction in the
effective viscosity. The adopted reference viscosity of 10*
Pa s overestimates the real values at the initial stages of
crustal thickening, but later on, real values are under-
estimated, such that the net result is about right if we are
not concerned with local-scale deformation processes. In
the cratonic zone, strain rate, the thermal gradient, and the
temperature at the Moho condition an effective viscosity
which is at least 2—3 orders of magnitude higher than the
appropriate numbers for the arc-foreland domain. In the
following computations we adopt a rather conservative
reference number of 10°* Pa s, which means that
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deformation is basically accommodated in the arc-foreland
region, with a virtually rigid cratonic area.

2.3. The 2.5-D Thin Viscous Formulation for
Subducting Margins

[12] Applying the conceptual model described above, we
now formulate a theoretical adaptation of the thin viscous
sheet approach in terms of the slip layer strength. The thin
viscous approximation of England and McKenzie [1982]
reduces the 3-D problem into a horizontal domain by
integration of the vertical component and takes into account
the body forces associated with crustal thickness (2.5-D).
Kinematic and/or dynamic boundary conditions are then
applied at the boundaries. Although the general formulation
of England and McKenzie [1982] considers a power law
rheology, the Newtonian approach used in this case keeps
the basics of a position-dependent rheology under the
definition of distinctive viscous domains (section 2.2).
The traction at the base of the lithosphere is neglected in
the formulation of England and McKenzie [1982]. However,
in subduction environments it represents the interplate
coupling, which is limited by the inclined Benioff plane;
therefore L is a function of the position L(x). Following
England and McKenzie [1982] approach, but considering
the traction at the base Benioff plane, the thin viscous
problem can be written in the following compact form:

B Ou; 0 [n (0w  Ow\| s Ly T
axl[n(z +8x/~)}+3xj {2 (axf+6x,- =5, L

where index i, j represents the x or y component (when i = x
then j = y, and vice versa), u; is horizontal velocity, ) is
effective viscosity, g is gravity acceleration, L, is litho-
spheric thickness; Ar is Argand number, equal to [gp. (1 —
pe/Pm)L2 1 Mottos Mos U, are reference viscosity and velocity,
respectively. In addition to the Navier-Stokes equation, the
time-dependent continuity equation is also considered: S =
—SV - u (horizontal strain rates are accommodated by
changes in crustal thickness).

[13] In the Navier-Stokes equations, tectonic force ap-
plied at the boundary is balanced by body force associated
with crustal thickness gradients. The degree of balance is a
direct function of the Argand number (4r) and the effective
viscosity of the medium. In this modification of the original
thin viscous approach the traction at the base of the
lithosphere in the forearc region is incorporated as a new
body force. Considering the proposed conceptual model, the
traction at the interplate contact is expressed in terms of the
slip parameter and the corresponding velocity component:
Tiz = nslip”i/leip =10 {u: V} nslip/Lo-

[14] The problem is solved using the PDE2D6.0 package
for finite element partial differential equations, using sparse
lineal system solvers, with 3000 triangular elements, and
cubic element types. Material properties and boundary
conditions are described in Figure 2b. Mesh geometry
considers a hypothetical initial configuration of the margin
tilted in the NW direction. Effective viscosity of the
continental lithosphere is characterized by the four domains
described in section 2.2. For the slip layer viscosity we
consider the end-members numbers of 5 x 10" and 5 x
10?° Pa s, which represent high and low interplate coupling.
Given its low effective viscosity, the arc-foreland domain

u;
6x i
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Table 1. Convergence Rate and Dip Angles for the Transects Defined in Figure 2

Normal Near Trench Asthenosphere
Profile Convergence Age at the Dip Angle, Dip Angle, Reference for
Profile Latitude Rate, cm/yr Trench, Myr deg deg Dip Angle

15 3°N 5.2 13 17 43 Gutscher et al. [1999]
14 0°S 5.5 11 19 6 Gutscher et al. [1999]
13 4°S 5.9 30 17 22 Gutscher et al. [2000]
12 7°S 6.1 28 18 8 Gutscher et al. [2000]
11 11°S 6.4 29 20 7 Gutscher et al. [2000]
10 15°S 6.7 38 21 39 Gutscher et al. [2000]
9 18°S 7.0 43 21 44 David et al. [2002]

8 21°S 7.1 47 23 44 David et al. [2002]

7 24°S 7.3 45 23 36 Gutscher et al. [2000]
6 28°S 7.6 39 24 9 Pardo et al. [2003]

5 33°S 7.8 35 24 32 Pardo et al. [2003]

4 35°S 7.9 33 22 38 Pardo et al. [2003]

3 41°S 8.2 22 16 38 Gutscher et al. [2000]
2 46°S 8.2 0 13 25 Jarrard [1986]

1 52°S 2.7 14 13 40 Rubio et al. [2000]

concentrates the deformation, its width is set up constant
along the convergent margin (1 unit = 100 km in the
numerical model), but in practice, it is highly likely that it
varies along strike. For instance, in flat slab segments [e.g.,
Yariez et al., 2002] it is likely narrower and further inland.

[15] Model response will be discussed in section 6, within
the framework of the long-term Cenozoic evolution of the
active margin of South America. However, previously, we
have determined the appropriate parameters of the plate
coupling for the Andean convergence. In order to do so, we
have to determine the slip layer viscosity that equilibrates
the present topography along the trench.

3. Present-Day Plate Coupling From the Dynamic
Equilibrium of the Trench Topography

[16] Negative free-air gravity anomaly along convergent
margins [e.g., Smith and Sandwell, 1994] demonstrates that
this first-order topographic feature is not compensated
isostatically. Wdowinski [1992] clearly shows that plate
margin topography is the result of a dynamic equilibrium
between two competing forces: (1) the tectonic force pulling
the overriding plate downward and (2) body or buoyant
force acting in the opposite sense (see details of this model
in Appendix A). From Wdowinski [1992] the dynamic
trench topography is controlled by three factors: The Gra-
shof number, the slip layer parameter, and the dip angle of
the Benioff plane. The Grashof number is the ratio of the
buoyancy and tectonic forces, and it is mostly controlled by
the overriding plate viscosity and the convergence plate
velocity. The slip layer parameter is the ratio of the slip
layer viscosity and thickness. If multiplied by the conver-
gence velocity, it represents the interplate coupling in terms
of the stress transferred to the continental plate. In the
Andes, plate velocities and dip angles are fairly well con-
strained, whereas the slip layer parameter and the continen-
tal plate viscosity are poorly known. Kinematic plate
models, such as NUVEL-1 [DeMets et al., 1994], provide
a good control of the along-strike variations of the conver-
gence velocity. Dip angle of the Benioff plane can be
determined from different seismological studies [Gutscher
et al., 1999, 2000; David et al., 2002; Pardo et al., 2003;
Rubio et al., 2000] or extrapolated from empirical relation-

ships [Jarrard, 1986]. The dip angle of the Benioff plane is
not regular; in fact, in the Andes, it is possible to identify
two different angles, the near-trench dip angle (from the
trench down to the base of the continental lithosphere), and
the asthenosphere dip angle downward. Given the null role
played by the asthenosphere in Wdowinski’s formulation,
the angle that matters is the near-trench dip angle. In Table 1
we include the dip angles and convergence velocities for the
15 transects defined to examine the plate coupling along the
Andes, also included in Table 1 are the oceanic plate age at
the trench (its relevance will become evident later on). As
we pointed out in section 2, the near-trench overriding plate
viscosity at the dynamic equilibrium is, to a first-order
approximation, constant along the Andean margin. There-
fore we can isolate the plate coupling problem by deter-
mining the along-strike variations of the slip layer
parameter, with a constant overriding plate viscosity and a
given slip layer thickness of 10 km. We ran a series of
experiments using a wide range of overriding plate viscos-
ities (1—5 10** Pa s) finding that the equilibrium slip layer
viscosity is essentially insensitive to variations in the
strength of the continental plate. Overriding plate viscosity
will become important in the given rate to reach the
dynamic equilibrium, being larger when the overriding plate
viscosity is smaller. From Wdowinski [1992], trench topog-
raphy equilibrium is reached after 5—10 Myr, after the onset
of subduction regime starting from a flat relief. Therefore it
is fair to assume that trench topography is essentially in
quasi-static equilibrium, although subduction of active or
passive ridges may locally perturb this assumption. Con-
sidering published estimates [Wdowinski and O’Connell,
1990; Daniel et al., 2001], we adopted an average of
10?* Pa s for the overriding plate viscosity.

[17] In the following approach, the corresponding equi-
librium slip layer viscosity is the one capable of reproduc-
ing the observed dynamic trench topography in each
transect defined in Table 1. Details of the modeling tech-
nique are shown in Appendix A. The model of each
transect proceeds in the following way: We fixed the slip
layer thickness in 10 km and incorporated the cor-
responding convergence velocity and dip angle from
Table 1 and the trench topography from Figure 3. With
these parameters we computed the velocity field of the
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Figure 3. Trench topography for 15 profiles along the Andes between 3°N and 56°S. (left) Topography/
bathymetry from Smith and Sandwell [1994], overlapped by the shallow seismicity (0—30 km) for the
1970-2000 period (extracted from the Data Center Council of the National Seismic System database).
(middle) Dip of the Benioff plane at 1:1 scale. (right) Topography/bathymetry profiles derived from the
15 sections analyzed with an enhancement of 10 in the vertical axes (see details in Table 1).

overriding plate for a range of slip layer viscosities (be-
tween 0.003 and 0.03 x 10%* Pa s). If the slip layer
viscosity is too small, buoyancy force dominates, and the
flow field is trench-orthogonal and upward. In contrast, for
a large slip layer viscosity, tectonic force dominates, and the
flow field is trench-orthogonal but downward. Therefore
the equilibrium slip layer viscosity is the one that achieves
the smaller flow field for the range of computed slip layer
values. Figure 4 shows the model results for three selected
transects. In the three cases we see how the flow field
converges to a minimum amplitude for a given slip layer
viscosity. In some profiles the minimum velocity field is
better achieved than in others, probably as a consequence of
a better equilibrated dynamic trench topography.

[18] In Figure 5 we summarize the model results in terms
of the equilibrium slip layer viscosity for all transects. In
Figure 5 the convergence velocity and the age of the
subducting plate also are also shown for further correlation.

[19] The model results from the equilibrium of the
dynamic trench topography along the central and southern
Andes shown in Figure 5 indicate that the viscosity of
the slip layer varies along strike of the trench axis in the
range of 0.45 to 2.1 x 10°° Pa s. According to the
modeling effort the slip layer viscosity shows a direct
correlation with the age of the subducting slab in the
Nazca Plate. Somewhat surprisingly, the lowest coupling
is spatially associated with the active ridge collision zones
at the Taitao Triple Junction (TJ) and the Carnegie Ridge.
On the other hand, the oldest oceanic crust near the Arica
elbow (45 Ma) shows the maximum slip layer viscosity.
Passive ridges, contrary to the common belief [e.g.,
Gutscher et al., 1999], do not show large slip layer
viscosity numbers; in fact, there is a tendency toward
smaller values than the surrounding areas (the most
remarkable case is that of profile 15 at the Carnegie
Ridge subduction). This first-order age correlation with
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the slip layer viscosity suggests that relative coupling
reduction of passive ridge subduction implies a thermal
(age) resetting in those zones.

[20] The thermal (age) dependence of the plate coupling
is developed in detail in the next section, providing an
empirical rule to determine the resistance at the slip zone as
a function of the oceanic plate age at the trench and the
convergence velocity. This result is used in section 5 in the
2.5-D deformation modeling for the Late Cenozoic evolu-
tion of the Andean margin.

4. Thermal and Strain Rate Dependence of the
Plate Coupling

[21] The slip layer age dependence described in section 3
suggests a significant thermal influence in the rheology of
the weak coupling between the oceanic and continental
lithosphere. The thermal field at subduction zones has been
thoroughly reviewed by different authors [e.g., Davies and
Stevenson, 1992; Daniel et al., 2001]. Following Davies
and Stevenson’s [1992] formulation, we investigated the
thermal field at the slip layer zone, varying the age and the
convergence rate according to the constraints of the present
Andean convergence. Details of the modeling technique are
described in Appendix B.

[22] The strength of the slip layer zone is the result of two
competing mechanisms [e.g., Ranalli, 1995]: (1) brittle
behavior at shallow levels (low temperatures) [Ao,], and
(2) dislocation creep under high-temperature regimens
[Ac,]. Details of both deforming mechanisms are given
in Appendix C. The strength of the slip layer zone at a
certain depth is given by minimum energy condition (Ao =
min(Aoy, Aoy)). The yield strength for the whole slip zone
of length L, will be

L
oyzz/Acsdz.
S O

Using the corresponding thermal gradient and conver-
gence velocity, the yield strength envelope for each
profile of Figure 3 was determined. Results of this
computation are shown in Figure 6a. Obtained yield
strength envelops confirm the expected result of a larger
strength in older transects (e.g., profiles 8 and 9). As
pointed out by several authors [e.g., England, 1983], the
strength is largely controlled by the strength of the mantle
rheology, when the isotherm is sufficiently low. To
compare this theoretical formulation with the observed
slip layer viscosities, we computed the effective viscosity
by the following approximate formula [e.g., Ranalli,
1995]: Meomp = 0,/2¢. In Figure 6b (top) we compare the
equilibrium slip layer viscosity and the computed
effective viscosity. Despite the limitations and simplicity
of the proposed model, the agreement between observa-
tions and theory are quite remarkable. In Figure 6b
(bottom) we compare the observed strength of the slip
layer (derived from the product of the slip layer
parameter and the convergence velocity) and the com-
puted yield strength. Again, both curves agree quite well,
showing a maximum of ~100 MPa for older oceanic
crust (profiles 8 and 9) and a minimum <20 MPa for
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young oceanic crust (profiles 1-3). This stress range
represents a direct measure of relative plate coupling at
the Wadatti-Benioff region, which is in good agreement
with natural stress estimates obtained from different lines
of reasoning [e.g., Scholz and Campos, 1995; Molnar and
England, 1990; Froidevaux and Isacks, 1984].

[23] Major controls on the strength of the slip layer are
the mantle flow law, the temperature at the Moho, and
the strain rate [England, 1983]. According to England
[1983] the depth-integrated strength of a power law
material will be proportional to &""T,.exp(4/nRT,,), where
T,, is the absolute temperature at the mantle. In our
problem this proportionality implies the following depen-
dence with the convergence velocity and the age of the
oceanic crust at the trench ~CV"*age®, where C and «
are constants to be determined. A simple regression
was performed on the 15 profiles of Figure 3, obtaining
the following empirical relationship for the slip layer
strength: ogy, [MPa] = 0.587"*age'?? where V is given
in cm/yr and age is given in Myr. This empirical
relationship was tested by evaluating its response at each
profile along the Andes. Model results shown in Figure
6b (bottom) indicate the good correspondence of this
empirical relationship and observations. In Figure 6¢c we
show a theoretical response of this empirical strength of
the slip layer in terms of a family of plate velocities and
age at the trench. Figure 6¢ shows clearly that major
control on the slip layer strength is the age of the oceanic
crust at the trench, ranging from <20 MPa to >100 MPa
in a time span of 50 Myr, whereas velocity dependence
only becomes important for age at the trench greater than
30—-40 Myr. Figure 6¢ also shows the effective viscosity
at the slip layer considering a slip thickness of 10 km. In
this case the slip resistance is larger for older oceanic
crust but more dramatic with a decrease in the conver-
gence velocity, given the fact that the effective viscosity
is inversely proportional to /**. The empirical relation-
ship obtained in this section is used in section 7 as the
resistance force for the 2.5-D deformation model of the
Andes. Given the age and velocity dependence of this
resistance force, in section 5 we estimate the appropriate
parameters for the late Cenozoic evolution of the Andean
margin.

5. Nazca Plate Age at the Trench and the
Associated Slip Layer During the Late Cenozoic

[24] A significant fraction of the present-day Andean
relief is definitively younger than ~25 Ma [Murioz and
Charrier, 1996; Baby et al., 1997; Jordan et al., 2001,
Muller et al., 2002]; therefore, using this time window we
have the chance to test the model against the basic
observation of the Andean relief evolution. In order to
apply the slip layer approach to constrain the plate
coupling in the long-term evolution of the Andean oro-
genesis, we need to know temporal variations of the
convergence velocity and age at the trench. This task
cannot be fully addressed for two reasons. The age of
the oceanic crust at the trench prior to 25 Ma is poorly
constrained because relevant isochrons have been already
subducted. In addition, given the deformation of the
margin, it is highly likely that the shape of the continental
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(a) Yield strength envelope along the slip plane for the 15 profiles defined in Figure 3.

(b) (top) Comparison between the observed and computed slip layer viscosities. (bottom) Same results as
Figure 6b (top(but expressed in terms of the fault strength. We also include the empirical model response
of the fault strength (light heavy line). (c) Empirical model response. (top) Fault strength and (bottom)
slip layer viscosity for a family of convergence velocity and age of the oceanic plate at the trench.

plate has been modified with time. Despite these limita-
tions, we can attempt a rough estimate of the oceanic plate
age and velocity at the trench, considering the absolute
and relative plate reconstruction for the Late Cenozoic
[Gordon and Jurdy, 1986; Somoza, 1998] and a backward
extrapolation of present-day magnetic isochrons [7ebbens
and Cande, 1997]. The absolute poles of rotation and
angular velocities for Nazca/Farallon-Antarctic and South
America plates used in the plate reconstruction are given
in Table 2. Margin plate age reconstruction for the last
25 Myr is shown in Figure 7. The main characteristic of
this reconstruction is the age segmentation, with a rela-
tively old central segment facing the Altiplano zone (older
than 50 Ma), and a transition to younger oceanic crust
both northward and southward. This transition toward
younger oceanic crust has a greater slope north of the
Altiplano. However, the southern segment increases its age
gradient south of 35°S, where there is a large age contrast
across the Challenger Fracture Zone. Looking backward in

time, the age at the trench exhibits two important transient
behaviors. The central, old segment reduces its N-S
wavelength in >400 km in the last 25 Myr. On the other
hand, the northward motion of the Taitao TJ (see present
location in Figure 1) conditions a progressively decrease
in the age at the trench northward and an increase
southward. As we will discuss in section 7.2, these
transient phenomena may have important implications in
the forearc evolution of the margin. In the same time
period (25—-0 Ma), the Nazca-South America convergence
velocity shows an almost steady 40% decrease, from 14 to
8 cm/yr. A second-order feature of the Nazca-South
America plate interaction is the 20% northward reduction
in convergence rate, which is even higher at 25 Ma,
whereas to the south of the Taitao TJ, the Antarctic-South
America convergence is kept essentially constant at rates
in the order of 2 cm/yr.

[25] The age-dependent convergence velocities and plate
age at the trench, shown in Figure 7, are introduced into
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Figure 6. (continued)

the empirical relationship derived in section 4 in order to
determine the time and space varying slip layer strength
along the Andes. The computed slip layer strength is also
included in Figure 7. One important feature of these
parameters is the greater sensitivity to high temperatures,
and therefore the transition from old to young oceanic
plate age is more dramatic than in the opposite direction.

One important characteristic of the slip layer viscosity
shown in Figure 7 is the concentration of high values
between latitudes 18 and 28°S, roughly coincident with
the Altiplano and Puna region (Figure 1). Such high
viscosity values are restricted to the last 10—15 Myr,
suggesting a stronger coupling focused on this region in
the late Tertiary only. The obtained slip layer strength will
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Table 2. Poles of Rotation and Angular Velocities for Nazca/
Farallon and South American Plates

Nazca/Farallon Plate South America Plate

Time, Latitude, Longitude, Velocity, Latitude, Longitude, Velocity,
Ma deg deg deg/Myr deg deg deg/Myr
64 —26 —62.7 —1.08 41.8 524 —0.308
56 —50.4 -27 —1.266 58.8 47.7 —-0.297
48 —40.6 —51.8 —1.026 78.9 43.8 —-0.392
43 —43.8 —26.6 —0.694 77.6 26.8 —0.187
25 —57.5 80.1 —0.742 80.5 —12.9 —0.119
10 —47.4 84.2 —0.856 79.1 —15.7 —0.113

be used as boundary conditions in the long-term deforma-
tion modeling of section 6.

6. Long-Term Deformation Evolution of the
Andean Margin

6.1. Synthetic Slip Layer Viscosity
Boundary Condition

[26] In order to gain some insights on the model
response, modeling results are first carried out for a
prescribed slip layer distribution. Figures 8a—8c show
the 28—0 Ma time-dependent 2.5-D arc-foreland deforma-
tion for a slip layer viscosity transition, from low to high
plate coupling, that resembles the transition from young
(~0 Ma) to old (~60 Ma) oceanic plate age at the trench.
Despite the roughness of the model, we can distinguish
some interesting features of the deformation process. At

Age at Trench
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Conv. Velocity [cm/yr]
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the beginning, the shortening velocity is maximum for
both end-member coupling zones (Figure 8a). When
continental crust thickens in the highly coupled zone, the
associated buoyancy force starts to counterbalance the
shortening velocity. At this point the forearc velocity
(Ura) approaches the continental plate velocity (Ugyp),
increasing in this way the trenchward motion of the
overriding plate. The differential shortening velocity across
the transition zone implies strike slip displacement, with
right-lateral or clockwise sense of displacement in this
case. In addition, when the crust thickens (Figure 8b), the
outflow from buoyant zones (thickened crust) migrates to
low relief zones, with a more trench parallel deformation.
The strain rate (Figure 8c) is highly compressive at the
beginning of the experiment, with numbers in the order of
the observed deformation in the Andes. However, as long
as the crust thickens, negative strain rate is reduced and
concentrated into the transition to the cratonic region. The
differences in age-dependent slip layer viscosities imply a
concave shape of the margin for subduction of old oceanic
crust, like in the Altiplano orocline. Conversely, for
subduction of young oceanic crust the margin shape
approaches a convex form, like in the Taitao Triple
Junction in the southern Andes.

6.2. Age-Dependent Slip Layer Viscosity
Boundary Condition

[27] The strength of the slip layer, expressed empirically
in terms of the age at the trench and the convergence

Slip Viscosity x 10?° [Pas]
0
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Figure 7. Age, convergent plate velocity, and slip layer viscosity at the margin for a time window of 0—
25 Myr. (left) Oceanic plate age at the trench. (middle) Convergence velocity. (right) Slip layer viscosity.
Horizontal axis corresponds to the time at which these parameters are evaluated. Vertical axis is the

latitude of the plate margin.
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velocity (section 5, Figure 7), is used now as a boundary
condition to run a numerical experiment for the long-term
deformation of the active margin. Initial conditions for some
poorly known parameters, like the shape of the margin, the
crustal thickness, and the width of the deforming zone, are
kept as simple as possible in order to minimize their
influence on the model output. We chose a margin with a
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linear slope of —20% N-S, trying to resemble the first-order
trend of the present-day margin. Crustal thickness and its
along-strike variation are very important for the buoyancy
force condition, and some lines of reasoning indicate a
relatively thin crust during the early Miocene [e.g., Isacks,
1988; Gregory-Wodzicki, 2000; Jordan et al., 2001]. In the
models we fixed the initial crustal thickness to a constant
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number of 33 km. The width of the deforming zone is
probably linked to the asthenospheric wedge underneath
[e.g., Isacks, 1988] and the spatial distribution of a more
competent cratonic zone eastward. The development of a
warm asthenospheric wedge depends on the dip of the
subducting slab [e.g., Gutscher, 2002]. Flat slab segments
are present in the northern and central part of the study area
(north of the Arica elbow at 18°S, in association with the
Nazca and Carnegie Ridge subduction; and between 28 and
33°S linked to the subduction of the Juan Fernandez Ridge).
In addition, the southward migration of the Juan Fernandez
Ridge and the associated flat slab segment [Ydriez et al.,
2001, 2002] introduces a time-dependent thermal perturba-
tion that must be considered in more thorough studies. The
shape of the western edge of the craton is less clear,
although geological evidences [e.g., Jordan et al., 2001;
Lamb and Hoke, 1997] suggest a wider preexisting foreland
basin in the Altiplano region in comparison to the southern
segments. We chose a 600-km-wide constant deforming
zone along the entire margin, trying to resemble the initial
conditions of the Altiplano-Eastern Cordillera region, the
better constrained and more outstanding segment of the
central Andes. In this initial attempt to understand the main
driving mechanism of deformation along the margin, per-
turbations associated with the episodic effect of flat slab
segments were not considered. The remaining parameters of
the problem, such as the effective viscosities of the over-
riding lithosphere, were kept with the same values as in the
previous experiments: 5, 1, and 100 x 10?* Pa s for the
forearc, arc-foreland, and cratonic-oceanic segments,
respectively. The “ridge push” (Atlantic Ridge) velocity
was kept constant at 2 cm/yr, in agreement with the mean
plate velocity in a hot spot reference frame [Schult and
Gordon, 1984] for the same time span. The problem is
solved numerically, considering a time span of 28 Myr.
Model results are presented in Figures 9a—9c.

[28] Shortening velocities of Figure 9a indicate an E-W
flow pattern in early times, progressively reduced as the
crust thickens later on (Figure 9b). Shortening rates are
higher in the Altiplano region and decrease to the north and
south. Shortening rates in excess of 1.2 cm/yr are later on
reduced to <0.8 cm/yr. Reported shortening rates for
the Altiplano-Eastern Cordillera region are in the order of
~200 km for the last 25 Myr [e.g., Isacks, 1988; Lamb and
Hoke, 1997; McQuarrie, 2002a; Muller et al., 2002]. This
means a roughly average of 1 cm/yr, in agreement with
model predictions. In the central zone at 30°S, Ramos
[1985] and Jordan and Allmendinger [1986] reported
~100 km/25 Myr, which is also comparable with a mean
value of 0.5 cm/yr obtained in the models. From the
discussion by Jordan et al. [2001], we can infer a rate less
than 50 km/25 Myr in the southern Andes, again in good
agreement with model predictions in the order of 0.2 cm/yr.

[20] When the crust thickens (Figure 9b), the increment of
the buoyancy forces induces a clockwise rotation south of
the high relief Altiplano region and counterclockwise north-
ward, in good agreement with paleomagnetic data on
rotations affecting late Tertiary ignimbrites of the region
[e.g., Roperch et al., 2000]. Rotation becomes more pro-
nounced as a direct result of escape tectonics associated
with buoyancy forces. In the southern segment the progres-
sively younger oceanic crust at the trench and the associated
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reduction in the slip layer viscosity induce a nearly north-
south flow in the deforming zone, with an almost fixed
forearc region (latitude 40—50°S). Such a flow pattern can
be interpreted as a right lateral arc-parallel displacement, in
good agreement with well-documented Late Cenozoic intra-
arc deformation at the southern Andes [Lavenu and
Cembrano, 1999; Cembrano et al., 2000]. In recent times
(8—4 Ma) the forearc region of the southern segment shows
a southwestward flow which is also reflected in the strain
rate pattern of Figure 9c as transition from negative (trans-
pression) to slightly positive (transtension) domain (the first
2 units = 200 km, at latitudes 40—50°S). This transtensional
domain is spatially correlated with the Central Depression
of the forearc region south of 33°S.

[30] The crustal thickness of Figure 9b is in good first-
order agreement with the observed margin relief and shape.
Certainly, the observed bending at the Arica elbow (20°S) is
much more pronounced than the one predicted by the
model. However, the model run for a period of 28 Myr
only, but the ridge push force from the South Atlantic Ridge
was active for at least four times during this time window.
During the early Tertiary, mean velocity of the continental
lithosphere almost doubled the present level of 2 cm/yr
[Schult and Gordon, 1984], predicting a much stronger
shortening at that time. This argument is supported by
restorations of the Bolivian orocline implying total short-
ening amounts in excess of 500 km for the last 50 Myr
[McQuarrie, 2002b]. In addition, Somoza [1998] shows that
convergence rate prior to 28 Ma is considerably lower than
present rates, indicating a much stronger coupling (see
model predictions of Figure 6¢). In fact, Arriagada et al.
[2003] show that the Arica elbow was mostly produced
during early Tertiary times.

[31] South of the Taitao Triple Junction (~ 45°S) we can
also observe an incipient eastward bending as in the Tierra
del Fuego Orocline. Crustal thickness in the Altiplano
region reaches the present-day topography in the appropri-
ate time span [e.g., Isacks, 1988; Murioz and Charrier,
1996]. South of this region, there is a dramatic reduction in
the crustal thickness and less focused relief than observed,
probably as a direct response of the predefined wider
deforming zone.

[32] The strain rate field of Figure 9c shows a pervasive
compressive regime in the order of 0.5 x 10715 57! at early
stages, in agreement with the average geological estimates
for that time [e.g., Hindle et al., 2002]. Later, the action of
buoyancy forces tends to balance the tectonic forces, in this
way reducing the compressional strain rate, which is then
focused onto the eastern flank of the deforming zone.
Active tectonism is, in fact, restricted to the Precordillera
zone [e.g., Dewey and Lamb, 1992]. In contrast, the already
mentioned extension in the southern flank is focused on
the western flank of the deforming zone, with amplitudes
1 order of magnitude less than the compressive regime of
the early stages (0.5 x 107'° s™"). Implications of the mode
results are further discussed in section 7.

7. Discussion

[33] In this paper we developed a conceptual mechanism
that tries to explain large-scale tectonic processes associated
with Andean-type active margins. This mechanism is based
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Figure 9. Long-term deformation modeling of the arc-foreland region of the active margin of South
America for the last 28 Myr, using the slip layer viscosity derived in Figure 7. Details are the same as in

Figure 8. (a) Flow velocity in terms of absolute contours and flow field in white arrows. (b) Crustal
thickness. (c¢) Horizontal principal strain rate. Compression is shown in dark gray and extension (or
transtension) in light gray.

on the concept of an age- and strain rate-dependent plate

coupling. The derived strength of the plate coupling is on the
order of 30—90 MPa, which is consistent with independent
natural estimates in subduction environments. The numerical
application of this mechanism enables us to predict some

first-order features of the late Tertiary Andean evolution,
among them, the formation of the Bolivian Orocline in the

15 of

proper time frame and the onset of counterclockwise and
clockwise rotations to the north and south of the Arica elbow.
In addition, the model provides a mechanism to explain
oroclinal bending but considering timescales of several tens
of' million of years and mostly during the Late Cretaceous and
early Tertiary in agreement with paleomagnetic results
[Arriagada et al., 2003]. The success of this conceptual
21
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approach suggests its application to explain other relevant
elements of the Andean geological record, which are beyond
the time span and length scale analyzed in section 6.

7.1. Role of Convergent and Absolute Plate Velocity

[34] The proposed model splits plate convergence into its
natural absolute plate velocities (hot spot referenced). Under
this concept, oceanic plate velocity has two relevant effects:
(1) it equilibrates the dynamic trench topography in time
periods in the order of 5-10 Myr and (2) through the
convergence velocity it modulates the resistance to the
westward motion (and deformation) of the overriding plate.
However, deformation of the continental margin can only be
achieved if the “ridge push” from the Atlantic is present.
Under this mechanism the resistance at the slip zone can
either enhance or prevent the shortening process. Along-
strike variations in age of the oceanic crust at the trench may
explain also why the orogenic process has not been uniform
and continuous during the Andean cycle [e.g., Mpodozis
and Ramos, 1990]. Major cycles of deformation, including
clockwise block rotations, have been described for the early
Tertiary period in the Cordillera de Domeyko [Arriagada et
al., 2000], in agreement with a period of faster continental
plate motion [Schult and Gordon, 1984] and slow Nazca-
South America convergence in the early Tertiary [Somoza,
1998]. Furthermore, the pervasive clockwise rotation, in
space and time, south of the Altiplano region during the
Andean Cycle [Beck et al., 1994; Roperch et al., 2000;
Arriagada et al., 2000, 2003], can be interpreted in terms of
the proposed model. A continuous process of southward
escape tectonics may be triggered by a deformable segment
in the Altiplano region and the quasi-steady presence of a
relatively older oceanic crust at the trench.

7.2. Transient Evolution of the Forearc Region:
Tectonic Erosion and the Development of the
Present-Day Central Depression

[35] Tectonic erosion is an important issue in the building
of the Andes. To the north of 33°S, the Meso-Cenozoic
magmatic arc migration has been interpreted as a quasi-
steady tectonic erosion of the margin [Stern, 1991]. Tec-
tonic erosion at subducting margins requires high friction at
the interplate zone [e.g., Jarrard, 1986]. However, the same
segment that shows tectonic erosion to the north of 33°S is
also affected by pervasive extensional tectonism in the
coastal and offshore area [Gonzdlez et al., 2003; von Huene
and Ranero, 2003]. This apparent contradiction can be
explained under the age- and strain rate-dependent slip layer
mechanism. At least during the Tertiary, the northern
segment of the Andean convergence zone shows a stronger
coupling due to the older subducting plate at the trench and
the slow down in the convergence velocity (Figure 7). In the
framework of the model, large coupling implies larger
downward bending and extension of the forearc region
and at the same time larger compression in the arc-foreland
region (see Figures 9a—9c).

[36] Another important first-order feature of the margin,
probably associated with a transient evolution of the age at
the trench, is the Central Depression to the south of 33°S.
Figure 7 shows the progressive reduction in slab age
because of the northward migration of the Taitao TJ. In
the frame of the proposed model, two competing effects are
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present in the late Tertiary tectonic evolution of the seg-
ment: (1) an increase in coupling due to the reduction in
convergent velocity and (2) coupling reduction due to the
younger oceanic crust at the trench. The age-dependent
effect dominates in this case due to its grater sensitivity to
very young oceanic crust (see discussion in section 4).
Therefore the less resistive force at the slip layer in the
southern Andes probably triggers a more effective forearc
decoupling and growth of the Central Depression.

7.3. Reduction in Convergence Rate and the Inversion
of Sedimentary Basin in the Southern Andes

[37] One key element when analyzing the orogenic pro-
cess in the Andes is the role of the convergence velocity,
which is often reduced to the fate of oceanic plate kinemat-
ics. However, different authors [e.g., Jordan et al., 2001;
Hindle et al., 2002] have pointed out the lack of obvious
direct correspondence between the geological record and
oceanic plate kinematic history. In fact, in the southern
central Andes the Oligo-Miocene volcanic deposits were
accumulated during a period of high convergence rate, and
later on uplifted when convergence decreased [Jordan et al.,
2001]. The proposed model can simply explain this behav-
ior in terms of the strain rate and age dependence of the
coupling. When convergence is high, the plate coupling is
low as a result of the much younger oceanic crust at the
trench and the associated high strain rate. This low coupling
period, compared with the previous stages, favors an
extensional regime (likely further incremented due to the
vigorous asthenospheric flow) and the basin infill with
volcanic products. When the convergence regime is modi-
fied to a much lower rate in the late Miocene, the opposite is
predicted by the model, older oceanic age at the trench and
low strain rate conditions a higher plate coupling and the
inversion of the basin.

7.4. Nature and Origin of ENE and WSW
Deep Structures

[38] Another pervasive tectonic feature of the western
margin of South America is the widespread distribution of
oblique-to-the-orogen crustal lineaments [e.g., Katz, 1971;
Yariez et al., 1998], which cut the well-organized roughly N-S
architecture of the Andean orogen. Such a disruptive array of
structures can be well understood in a bulk compressive
environment dominated by different shortening rates. In the
proposed model, changes in the degree of coupling under
constant convergence regime should be controlled by differ-
ences in age at the trench. Such a tectonic configuration is
shown in the deformation model of Figure 8, in which the
large coupling contrast generates an E-W flow pattern.
Although this continuum approach cannot predict faulting
patterns in the brittle domain, along-strike differences in
shortening rate should be associated with E-W deformation
zones as observed in different areas, and times, of the Andean
convergence. Large age contrasts at the trench may be the
result of the collision of fracture zones with a large age offset
across them, like the Challenger and Mocha Fracture Zones
in the Nazca Plate [see Tebbens and Cande, 1997]. In the
present Nazca-South America plate configuration the Chal-
lenger Fracture Zone is almost coincident with the develop-
ment of the Melipilla Fault zone [ Yariez et al., 1998] and the
northern end the southern Andes Central Depression (33°S).
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On the other hand, the Mocha Fracture Zone is coincident
with a dramatic reduction in the width of the Central
Depression at 38°S [Lavenu and Cembrano, 1999]. In both
cases the oceanic plate is younger northward to the fracture
zone, and the model properly predicts a northward increment
in the compressive regime under this configuration. Another
disruptive element that may have driven E-W trending
deformation zones is the collision of passive ridges such as
the Juan Fernandez Ridge at 33°S [Ydriez et al., 2002]. In this
case, two competing mechanisms are present: (1) the rough
topography of volcanic edifices that should tend to increase
friction at the base of the overriding plate and (2) the thermal
resetting and implied lowering of the slip layer viscosity that
acts in the opposite sense. According to the dynamic trench
topography analysis carried out in section 3 (Figure 5) the slip
layer viscosity on passive ridge zones is lower than the
surrounding zones, suggesting that the reduction in strength
associated with the thermal effect is more important than the
rough topography in the long-term at the larger scales
considered by our model. This segment of the convergence
is interesting because it is also associated with the flat slab
zone (Figure 1), where plate coupling should be stronger,
given the larger seismicity of the zone [e.g., Gutscher and
Peacock, 2003]. However, such a large seismic activity is
mostly concentrated within the cold oceanic plate rather than
in the plate contact (M. Pardo, personal communication,
2003), as a direct result of the depressed asthenospheric
wedge in the flat zone.

8. Conclusions

[39] 1. A conceptual model for the plate coupling and the
associated continental deformation in the Andes is pro-
posed. In this model, large-scale deformation of the forearc
zone is mostly controlled by the absolute velocity of the
oceanic plate, whereas the continental plate deformation is
driven by convergence rates and age of the oceanic plate.
Deformation of the arc and foreland region is ultimately the
result of the ridge push force from the Atlantic and the
resistance at the Benioff plane.

[40] 2. According to this model, plate coupling is mostly a
function of the age at the trench and the convergence rate,
throuz%h the following empirical relationship: o;, = 0. 58" i

age ~° [MPa].

[41] 3. Plate coupling is expressed in terms of the slip
layer parameter. Assuming a slip layer thickness of 10 km,
the effective slip layer viscosity varies in the range of 2—
0.2 x 10°° Pa s. Larger values are observed in the Arica
elbow at 20°S, whereas minimum slip layer viscosity is
obtained at the Taitao TJ at 46°S. Given the power law
dependence of the slip layer viscosity, there is an inverse
relationship with the convergent velocity.

[42] 4. For present-day convergence at the Andes the
model predicts a coupling strength in the range of 30—
90 MPa, in agreement with previous estimates of thrust
faults in subducting environments.

[43] 5. The conceptual mechanism for the arc-foreland
long-term deformation is applied to the last 28 Myr tectonic
evolution of the southern Andes. The model predicts some
relevant first-order features of the margin’s morphology and
tectonics, such as the present-day trench morphology; the
observed shortening rate and the crustal thickness of the
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Altiplano region; and the clockwise and counterclockwise
rotations to the north and south of the Andean orocline.

[44] 6. The model also accounts for other first-order
tectonic features of the Andean convergence, e.g., the
segmentation of tectonic erosion, the development of the
Central Depression, basin inversion during slow conver-
gence, and the ubiquitous occurrence of ENE and WSW
oblique-to-the orogen deformation zones in the central and
southern Andes.

Appendix A: The 1-D Dynamic Trench
Topography Modeling

[45] Following Wdowinski’s [1992] formulation, the long-
term deformation along the Andean subduction zone can be
seen as a 2-D deformable overriding plate in contact with a
rigid subducting slab at the Wadatti-Benioff zone and the
much weaker asthenospheric layer underneath (Figure Al).
In this simple model the overriding plate is represented by a
viscous rheology (constant), interacting through boundary
conditions with the subducting slab and the asthenosphere.
The subducting slab effect is represented by a convergence
velocity transferred to the overriding viscous plate through a
narrow region that accommodates most of the associated
deformation as described by Shreve and Cloos [1986]. In this
model the narrow region parallel to the Wadatti-Benioff zone
is called the “slip layer,” characterized by a much lower
viscosity. The ratio between slip viscosity and slip thickness
times the convergence velocity represents the degree of
coupling of the subducting slab and overriding plate. At the
base of the continental lithosphere the shear traction associ-
ated with the flow in the asthenosphere is neglected because
its likely effect on the continental plate deformation affects
primarily the back-arc region with a longer wavelength. The
surface boundary condition has no effect unless it is located
below the sea level; in this case it has a positive pressure
effect scaled by the crust and water density contrast. The
remaining boundary condition corresponds to the vertical
side located far away in the foreland region of the overriding
plate, as the velocity field is naturally imposed to zero.

[46] The governing equation that represents the physics of
the problem involves the force balance equation, the con-
tinuity of incompressible materials, and a linear constitutive
law for the viscous flow and is represented mathematically
by the following normalized equation:

NV2u — Vp = paGr,

where 1 is V150051ty, u is velocity, p is pressure, p is den51ty,
& = (0%, 19), Gr is Grashof number, (gp,x2/Moi,), and g is
gravitational acceleration. In this equation, the nondimen-
sional Grashof number represents the ratio between the
buoyant and viscous (or tectonic) forces, po, X, Mo, Uo, are the
characteristic density (3300 kg/m?), length (100 km),
viscosity (1—5 10?* Pa s); and plate velocity (5—10 cm/yr),
respectively. The problem is solved using the PDE2D6.0
package for finite element partial differential equations, using
sparse lineal system solvers, with 3000 triangular elements,
and cubic element types. The problem is solved using the
penalty formulation that replaces the pressure term for an
incompressible fluid [e.g., Zienkiewicz and Taylor, 1991].
Simple Newtonian rheology is used in order to keep the
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Viscous model deformation of the trench topography. (left) Mesh grid and boundary

conditions. (right) Competing effects in the dynamic trench equilibrium. (top) Upward velocity flow
associated with buoyancy forces of the less dense water column at the trench and continental slope.
(bottom) Downward velocity flow associated with tectonic forces linked to the subducting oceanic
lithosphere. Velocity fields represented with arrows are just referential, without any quantitative meaning.

model as simple as possible, but without losing the essentials
of the mechanical problem (discussed in sections 2 and 4).

[47] The competing effects of the buoyant and tectonic
forces in the near-trench topography deformation can clearly
be observed in Figure Al. The associated velocity field,
which ultimately controls the trench topography deforma-
tion, is spread in the opposite direction: Tectonic forces
transfer the convergence velocity field downward and par-
allel to the Wadatti-Benioff plane, whereas buoyant forces
try to reestablish the zero relief condition.

Appendix B: Thermal Field at the Trench Zone

[48] In order to set some basic constraints on the thermal
field (7) developed in the slip layer zone, we solve the
equation for conservation of heat in 2-D:

or

o +v- V2T = V2T 40,
where v is the velocity associated with the plate interaction
and asthenospheric flow [e.g., Turcotte and Schubert, 2002],
k is the thermal diffusivity, and Q is a heat source term
including all types of heat/sink sources (frictional, radio-
genic, latent, etc.). Following Davies and Stevenson [1992]
and Daniel et al. [2001] suggestions, we ignored the heat
source contribution at the slip zone because it includes terms
that tend to counterbalance each other (frictional heating +
hydration versus melting + dehydration). Furthermore, heat
sources are, at best, 1 order of magnitude smaller than the
main controlling factor: The sink source associated with the
advection of cold oceanic lithosphere [ Davies and Stevenson,
1992]. We only considered the heat source in the continental
lithosphere where radioactive sources decay exponentially
with depth [e.g., Turcotte and Schubert, 2002]. In this simple
experiment our main concern was the temperature field
derived from the age-dependent advection term associated
with the age of the subducting plate; therefore the velocity

field adopted is prescribed and independent of time. We used
the total convergence velocity for the oceanic plate, the zero
velocity for the overriding continental plate, and the
associated corner flow analytical solution of McKenzie
[1967] for the asthenosphere (see details in Figure A2).
Thermal diffusivity was kept constant as k = 1 mm/s 2, the
mean value of olivine [e.g., Holt, 1975]. The thermal
boundary conditions for the problem are described in
Figure A2. We used the Davies and Stevenson [1992]
boundary conditions that include zero temperature and heat
flux on top and bottom surfaces, respectively. For the vertical
sides the imposed conditions are the geothermal plate model
for the oceanic plate, a linear geothermal for the continental
side, and an adiabatic gradient for the asthenosphere. The
age-dependent condition is controlled by the geothermal
oceanic plate model [e.g., Turcotte and Schubert, 2002].

[49] The key role played by convergence velocity in the
thermal state of the subduction region is well recognized
[e.g., Stern, 2002]. Particularly relevant is its influence on
the thermal state of the subducting slab and wedge zone
[e.g., McKenzie, 1967; Davies and Stevenson, 1992]. In this
thermal model we considered the range of convergent
velocities for the Andean convergence (Table 1).

[s0] Thermal model results are shown in Figure A3,
considering end-member situations, old (50 Ma) and young
(10 Ma) oceanic plate age at the trench, and slow (3 cm/yr)
and fast (9 cm/yr) convergent velocity. The numerical prob-
lem was solved using Femlab code with 1600 Lagrange
quadratic elements. The models were run for a period of
10 Myr until a steady condition was reached. The shape of
the forearc geothermal field is controlled by the advection
of the cold oceanic lithosphere, and therefore geothermal
lines are subparallel to the slip zone.

Appendix C: Strength of the Slip Layer Zone

[s1] Following Brace and Kohlstedt [1980], the differ-
ential stress state at fracturing is taken to be Ao, = Bgz,
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Figure A2. Mesh domain for the thermal computation of the forearc arc temperature field. Velocity
field for the advection term in the energy equation is prescribed from corner-flow analytical models
[McKenzie, 1967]. Thermal boundary conditions also are shown.

where B is a constant that depends on the pore fluid pressure
and fault nature (0.5—0.8 in subduction thrust faults [Gerya
et al., 2002]) and g and z are the acceleration gravity
and depth, respectively. Creep deformation at high temper-
atures follows a power law [e.g., Evans and Kohlstedt,
1995]: Ao, = (é/A)”” exp (E/nRT), where ¢, A, n, E, R, T

Age: 10 Ma; Convergence: 3 cm/yr

05

are the strain rate [s~'], material constant [Pa™" s~ '],
stress exponent, activation energy [kJ mol '], gas constant
(8.31 J mol™' °K™"), and absolute temperature [°K],
respectively. The appropriate rheology for the slip layer
zone is certainly not well constrained, and a thorough
analysis of this issue is beyond the scope of this commu-
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Figure A3. End-member temperature dependence of the slip layer zone. Contour lines are spaced every
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lithosphere of 10 Ma at the trench, for (left) 3 and (right) 9 cm/yr, respectively. (bottom) A subducting
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19 of 21



B02407

nication. Following Gerya et al’s [2002] discussion,
we adopt a wet olivine rheology for the mantle (4 =
102 Pa" s™', n =4, E =470 kJ mol™') and a quartz
diorite rheology for the crust (4 =2 x 10* Pa™" s ' n =
2.4, E =219 kJ mol™"). Constant B for the brittle behavior
is fixed in 0.5. The strain rate at the slip zone is the ratio
of the convergence velocity and the slip layer thickness

(fixed arbitrarily to 10 km).
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