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[1] The influence of convergent plate boundary curvature on the stress distribution in an
overriding plate is explored using analytical and numerical modeling techniques. Trench‐
parallel compression can be produced near the symmetry axis of a seaward‐concave plate
boundary if the interplate friction is high and/or if the subducting lithosphere has a low
flexural rigidity, which produces little nonhydrostatic normal stress on the plate boundary.
This situation favors the formation of trench‐parallel thrusts with minor trench‐parallel
component of slip. Trench‐parallel compression is reduced along the most oblique parts of
the plate boundary, which favors the formation of strike slip faults with major trench‐
parallel slip. Both the stress conditions on the interplate zone and the 3‐D geometry of this
zone control whether the trench‐parallel stress in the center of a seaward‐concave
curvature is a tension or compression. Low dip angle and high convergence obliquity angle
favor trench‐parallel compression. In the central Andes, N‐S minor shortening in the
center of the Arica bend and strike slip systems north and south of the symmetry axis
suggest that the effect of shear traction dominated during Cenozoic time when the
curvature of the plate boundary was forming. This result suggests that the processes
responsible for the formation of the plate boundary curvature were assisted by enhanced
interplate friction and/or reduced compressive nonhydrostatic normal stress. For a
geometry resembling the present‐day South American plate margin, estimations of normal
and shear stresses on the plate boundary suggest that the trench‐parallel stress in the center
of the curvature is compressive.

Citation: Boutelier, D. A., and O. Oncken (2010), Role of the plate margin curvature in the plateau buildup: Consequences for
the central Andes, J. Geophys. Res., 115, B04402, doi:10.1029/2009JB006296.

1. Introduction

[2] A number of active convergent continental plate
boundaries have experienced long‐lived shortening resulting
in the formation of fold‐and‐thrust belts. The eastern margin
of the Pacific Ocean constitutes the best example with the
North and South American cordilleras extending over sev-
eral thousands of kilometers along plate boundaries
[Dickinson, 2004; Hyndman et al., 2005; Franz et al.,
2006]. However, within these zones, the central Andes are
significantly different because the fold‐and‐thrust belt
evolved into a plateau belt in Cenozoic time [Allmendinger
et al., 1997; Oncken et al., 2006]. The Altiplano‐Puna
plateau in the central Andes (Figure 1) reaches a high average
elevation of ∼4000 m resulting from important crustal
thickening combined with lithospheric thinning through
thermal erosion and/or delamination/convective removal of
the mantle root [Isacks, 1988; Kay and Kay, 1993; Beck and
Zandt, 2002]. Crustal thickening is mostly due to the gener-

ally east‐west tectonic shortening of the South American
western margin and magmatic underplating [Isacks, 1988;
Allmendinger et al., 1997; Haschke and Günther, 2003;
Hindle et al., 2005].
[3] The buildup of the Altiplano‐Puna plateau in the

central Andes has required more intense shortening of the
continental crust near the oroclinal bend than elsewhere
along the plate boundary. The total horizontal E‐W crustal
shortening is estimated to be ∼300 km in the center of the
plateau (i.e., at 19°S) but only ∼140–160 km at the northern
and southern edges of the plateau [Kley and Monaldi, 1998;
Oncken et al., 2006]. This observation suggests a focusing
of the plate‐boundary push along the Andeanmargin between
10 and 33°S. A number of mechanisms have been suggested
to be responsible for this pattern. They include latitudinal
variations of the initial and boundary conditions, such as the
variations of push on the plate boundary [Molnar and
Atwater, 1978; Jordan et al., 1983] or a preexisting struc-
tural segmentation of the margin [Kley and Monaldi, 1998;
Kley et al., 1999]. Similarly, spatial and temporal climate
variations have also been proposed as possible mechanisms
[Raymo and Ruddiman, 1992; Horton, 1999;Montgomery et
al., 2001; Hartley, 2003; Lamb and Davis, 2003]. However,
most of these mechanisms take a 2‐D perspective. They
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rarely take into account the observation that the plateaus of
the central Andes are located near the bend of the orogen
marked by a symmetry axis [Gephart, 1994] (Figure 1).
Russo and Silver [1994, 1996] and Schellart et al. [2007]
have proposed 3‐D models of the formation of the oro-
cline due to the large‐scale interaction between the sub-
ducted slab and the upper mantle. In these studies the
curvature of the plate boundary is a result of the model. We
investigate the idea that this seaward‐concave curvature also
participates in generating more shortening in the central
Andes and is therefore an additional driving factor of the
plateau buildup. Crustal volume balancing has revealed
that the shortening mechanism is fundamentally three‐
dimensional [Hindle et al., 2005], and the position of the
plateau near the symmetry axis of the plate boundary is not
fortuitous but is a fundamental characteristic of the orocline
bending process.
[4] Because of the in‐plane curvature of the trench, the

convergence between the Nazca and South American plates
is oblique both north and south of a line of zero‐obliquity
that corresponds approximately to the symmetry axis of the
present‐day plate boundary (Figure 1). Oblique plate con-

vergence produces a trench‐parallel shear drag on the fore
arc [Fitch, 1972; McCaffrey, 1991, 1992, 1996; Chemenda
et al., 2000]. For relatively high values of the obliquity
angle, the convergence can be partitioned between a less
oblique slip on the plate boundary and a trench‐parallel
displacement of a fore‐arc sliver [Jarrard, 1986a, 1986b;
McCaffrey, 1991, 1992]. Consequently, to accommodate the
fore‐arc lateral motion, the overriding plate margin under-
goes trench‐parallel extension or shortening [Ave Lallemant,
1996; McCaffrey and Nabalek, 1998]. In the case of the
central Andes, the obliquity changes sign across the sym-
metry line. Therefore north of this line the arc/fore arc is
dragged southward while south of the line it is dragged
northward (Figure 1). In other words, material is being
pulled toward the axis of the bend from the oblique sections
of the orogen, north and south of the axis. This lateral
traction may be the cause of the north‐south shortening of
the fore‐arc and back‐arc domains near the symmetry line.
In the fore arc, the N‐S shortening is evidenced by a suite of
E‐W pure dip slip thrusts in the Coastal Cordillera between
19 and 21.6°S [Allmendinger et al., 2005]. Further inland
the N‐S shortening is documented in kinematic models

Figure 1. (a) Map of the South American plate margin between 0 and 50°S showing the curvature of the
plate margin at 20°S and the topography of the Andes. The vectors along the plate margin represent the
NUVEL1A convergence velocity between the Nazca and South American plates [DeMets et al., 1994]
(velocity in mm yr−1). The direction perpendicular to the trench is plotted with thin dotted lines to
highlight the obliquity of the convergence. The heavy dashed line represents the line with zero plate
convergence obliquity. It also roughly corresponds to the present‐day symmetry axis of the orogen
[Gephart, 1994]. Thin solid lines represents the slab isodepths from Gudmundsson and Sambridge [1998]
(contours every 50 km). (b) Zoom‐in on the central Andes with the kinematic model by Kley [1999] and
the geological strain rates by Hindle et al. [2002] showing trench‐parallel shortening in the vicinity of the
symmetry axis in the Eastern Cordillera. South of the symmetry line, paleomagnetic rotations are gen-
erally clockwise, while north of this line paleomagnetic rotations are generally counterclockwise. Right‐
lateral sense of displacement is observed in trench‐parallel faults in the fore arc south of the symmetry line
(A‐FS, Atacama fault system), while left‐lateral sense of motion is observed north of the line (IEC‐FS,
Incapuquio‐El Castillo fault system).
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[Dewey and Lamb, 1992;Kley, 1999; Arriagada et al., 2008].
The displacement field, derived from paleomagnetic data,
shortening estimates from balanced cross sections, and var-
iations of crustal cross‐sectional area, suggests that material
from the Eastern Cordillera, Interandean zone and Subandean
belt has moved toward the bend [Kley, 1999; Arriagada et al.,
2008]. The bulk strain rates computed from the kinematic
model by Kley [1999] reflect this observation [Hindle et al.,
2002]: geological rates derived from data averaged over the
last 10 or 25 Ma both reveal a slow (1 × 10−16 s−1) orogen
parallel (N‐S) shortening in the Eastern Cordillera near the
bend (Figure 1b). Despite being minor compared to the oro-
gen‐perpendicular shortening (1 × 10−15s−1), this N‐S
shortening is significant since it allows crustal volume bal-
ancing [Hindle et al., 2005] and provides a constraint on the
mechanism responsible for the bending of the orocline and
buildup of the plateaus that we investigate in this study. The
hypothesis that the N‐S shortening included in the kinematic
models is due to the horizontal drag of the fore arc toward the
bend is further supported by paleomagnetic studies showing
Cenozoic clockwise block rotations south of the bend and
anticlockwise block rotations north of it [Beck, 1998;
Roperch et al., 1999, 2000; Lamb, 2001; Rousse et al., 2003,
2005].
[5] This portrait is however the opposite of that actually

obtained from numerical computations where the non-
hydrostatic normal stress generated by subduction is im-
posed on a seaward‐concave interplate zone [Boutelier,
2004]. Trench‐parallel tension is then observed near the
symmetry axis in the overriding plate instead of the com-
pression that one would expect in order to produce the N‐S
shortening. A similar result is also obtained when the sub-
duction process is fully modeled in 3‐D, and both the
nonhydrostatic normal stress and shear stress due to oceanic
subduction are imposed on a seaward‐concave interplate
zone [Bonnardot et al., 2008]. The reason may be that the
lateral drag of the fore arc is due to the shear traction on
the plate boundary, but this effect may be overcome by the
action of the nonhydrostatic normal stress on the interface.
The latter is perpendicular to the oblique segments of the
plate boundary and therefore produces diverging compres-
sive stress trajectories in the overriding plate. This diver-
gence results in a trench‐parallel tension and dynamic
subsidence in the overriding plate near the curvature sym-
metry axis [Boutelier, 2004; Bonnardot et al., 2008]. These
results suggest that either the trench‐parallel shortening
observed in the central Andes is not an effect of the plate
boundary geometry but is generated by another unknown
process, or the stress conditions along the interplate zone
and/or the geometry of this zone allowed the effects of the
nonhydrostatic normal stress to be counterbalanced. This
latter interpretation leads to an important question: Under
which conditions can the seaward‐concave geometry of the
plate boundary produce a trench‐parallel (N‐S) shortening
near the symmetry line of the bend?
[6] Using a combination of analytical and numerical

methods, we investigate the role of the interplate dip angle,
the plate convergence obliquity angle, and the level of in-
terplate coupling in producing trench/orogen‐parallel com-
pression. We show that the location of such trench/orogen‐
parallel compression in the center of a seaward‐concave
bend of the plate boundary can be reconciled with the effects

of subduction‐induced stresses on curved convergent plate
boundaries. In order to produce larger trench‐parallel com-
pression near the symmetry line of the curvature than else-
where along the plate margin, the level of interplate
coupling must be high, the dip angle of the interplate zone
must be low, and the plate convergence obliquity should be
relatively important.

2. Analytical and Numerical Approach

2.1. Stress Boundary Conditions

[7] During oceanic subduction, the interface between the
subducting and overriding plates is submitted to a non-
hydrostatic normal stress and a shear stress. Horizontal
tectonic stresses are then generated inside the overriding
plate, producing back‐arc opening/spreading when the tec-
tonic stress in the convergence direction is tensile, or arc/
back arc shortening with formation of a fold‐and‐thrust belt
or subduction of the fore‐arc/arc plate if the tectonic stress in
the convergence direction is compressive.
[8] The total force applied on the interplate zone can be

written as

Fp ¼
Z

S

PhdS þ
Z

S

�ndS þ
Z

S

�dS ð1Þ

where Ph is the hydrostatic pressure, sn is the nonhydro-
static normal stress, and t is the shear traction on the in-
terface between the plates S. Because t is believed to be
small for subduction zones [Tichelaar and Ruff, 1993;
Peacock, 1996; Hassani et al., 1997], the integration of sn
over the surface area S produces the main tectonic force
acting on this zone, Fn. The nonhydrostatic normal stress is
caused by the flexural rigidity of the subducting lithosphere,
the slab pull force, and the viscous force due to the inter-
action with the asthenosphere [Shemenda, 1993; Scholz and
Campos, 1995; Royden and Husson, 2006; Boutelier and
Cruden, 2008]. Assuming that the interplate zone has a
dip angle a constant with depth, the force Fn resulting from
the application of the depth‐averaged nonhydrostatic normal
stress � is perpendicular to this zone and can be decomposed
into horizontal and vertical components, the magnitudes of
which depend on the dip angle (Figure 2a). In the case of
compressive oceanic subduction, the horizontal component
of the force Fn is oriented toward the interior of the over-
riding plate and is locally perpendicular to the direction of
the trench, while the vertical component drives the fore‐arc
area upward. The variation of the components of Fn with a
is then simply given by

Fnð Þh¼ ��� S � sin �ð Þ ð2Þ

Fnð Þv¼ ��� S � cos �ð Þ ð3Þ

[9] The upward vertical component (Fn)v generates a
positive gravity anomaly in the fore‐arc area [Shemenda,
1993]. Computation of the free‐air gravity anomalies
derived from deformed numerical models [Tang and
Chemenda, 2000; Tang et al., 2002] allowed the estima-
tion of the magnitude of the depth‐averaged nonhydrostatic
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normal stress on the interplate zone. The magnitudes of the
gravity anomalies in the trench and the fore arc in a
compressive subduction zone are reproduced with a depth‐
averaged nonhydrostatic normal stress of ∼100 MPa [Tang
and Chemenda, 2000; Tang et al., 2002]. For tensile sub-
duction zones, the depth‐averaged nonhydrostatic normal
stress becomes negative (i.e., trench suction) but its magni-
tude remains uncertain [Shemenda, 1993].
[10] The interplate zone is generally lubricated by sub-

ducted fluids and/or sediments, and the mean shear stress is
estimated to be small, on the order of ∼15 MPa [Tichelaar
and Ruff, 1993; Peacock, 1996; Lamb, 2006]. However, if
the interface between the plates is poorly lubricated, the
friction coefficient may increase significantly, and the mean
shear stress is estimated to be in the range ∼40–100 MPa
[Molnar and England, 1990; Lamb and Davis, 2003;
Husson and Ricard, 2004; Lamb, 2006]. The force Ff re-
sulting from the application of the depth‐averaged shear
traction can also be decomposed into vertical and horizontal
components (Figure 2b). The vertical component of this
force drives the fore arc downward. Because the horizontal
component (Ff)h is parallel to the direction of the plate
convergence, we further decompose it into a trench‐normal
component (Ff)hn, similar to the horizontal component (Fn)h
of the force due to the nonhydrostatic normal stress, and a
trench‐parallel component (Ff)hp (Figure 2b). Finally, the
components of the force generated by the shear stress also
depend on the convergence obliquity angle �. With higher
obliquity, the apparent dip angle a′ of the interplate zone
decreases, and consequently, (Ff)hp increases, while (Ff)hn
decreases:

�0 ¼ arctan cosð�Þ � tanð�Þð Þ ð4Þ

Ff

� �
hn¼ � � S � cosð�0Þ � cosð�Þ ð5Þ

Ff

� �
hp
¼ � � S � cosð�0Þ � sinð�Þ ð6Þ

[11] We used the decomposition of the forces due to the
nonhydrostatic normal stress and shear stress to compute the
magnitude of the normal and tangential stresses imposed in
a 2‐D numerical model in order to investigate the generated
horizontal stress field in the overriding plate. The plate
boundary is composed of multiple segments, each charac-
terized by a dip angle a, convergence obliquity angle �, and
the level of coupling on the interface between the plates
(� and �). The horizontal force components are computed for
each individual segment whose length is normalized. The
trench‐parallel force component (Ff)hp is imposed via an
oriented tangential stress applied on the segment, while the
sum of the trench‐normal force components, (Fn)h + (Ff)hn,
is imposed via a normal stress.

2.2. Setup of Numerical Modeling

[12] Using the finite element code ADELI [Hassani et al.,
1997], we compute the horizontal stress field in an over-
riding lithosphere submitted to various stress conditions
along the interplate zone. The model lithospheric plate is
reduced to a 2‐D horizontal plane with dimensions 1500 ×
3000 km (Figure 3). Vertically averaged stresses are applied
to the interplate zone, which corresponds to the western
edge of the plate in the 2‐D plan view. The model plate
possesses a simple elastic rheology with a Young modulus
of 1011 Pa and a Poisson coefficient of 0.25 since we do not
compute the large deformation. A free‐slip boundary con-

Figure 2. Sketches of the decomposition of (a) the force Fn due to the nonhydrostatic normal stress and
(b) the force Ff generated by the shear traction acting on the interface between the plates. (Fn)v and (Fn)h
are the vertical and horizontal components of the force Fn; sn is the nonhydrostatic normal stress on the
plate boundary, whose magnitude and sense vary with depth [Shemenda, 1993; Tang et al., 2000]; � is the
obliquity of the plate convergence represented by the vector V; a is the true dip of the plate boundary
(assumed to be constant with depth for simplicity); a′ is the apparent dip, the dip of the plate boundary in
the horizontal direction of the convergence; t is the shear traction on the plate boundary. Integration of t
on the surface area of the interplate zone gives the force Ff whose horizontal and vertical components are
(Ff)h and (Ff)v, respectively. The horizontal component (Ff)h is composed of a trench‐parallel component
(Ff)hp and a trench‐normal component (Ff)hn.
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dition is applied to the three remaining edges of the model
plate (northern, southern, and eastern edges). This setup
represents the case where subduction is toward the east and
convergence direction is perfectly E‐W. The plate boundary
is curved, and therefore the convergence obliquity angle
varies along the strike of the trench. We used the decom-
position of the forces presented above to compute the nor-
mal and tangential stresses on the plate boundary (in plan
view) depending on the assumed global value of a, � and �
(i.e., assumed to be true for the whole length of the plate
boundary) and the local value of �. The seaward‐concave
curved area near the symmetry axis of the model and the
two seaward‐convex curved areas (north and south of the
model symmetry axis) have the same curvature radius of
250 km (Figure 3). In between the curved areas the obliquity
angle is constant (45°, 20°, or 10°). These geometries do not
represent the Andean plate boundary as we aim at under-
standing the effects of the parameters in a simplified and
symmetrical system.
[13] The employed technique allows the computation of

the horizontal stress field generated by the application of the
horizontal components of the forces acting on the plate
boundary. However, the passage from 3‐D to 2‐D using
depth‐averaged parameters on the plate boundary prevents us
frommodeling the stress field in the fore‐arc area because this
zone is collapsed into the edge of the 2‐D model.
[14] The interplate dip angle, the averaged nonhydrostatic

normal stress and shear traction are assumed to be constant
along the strike of the plate boundary. This simplification
allows differentiating the effect of the plate boundary
geometry from that of the lateral variations of these
parameters, which can occur independently [Molnar and
Atwater, 1978; Jordan et al., 1983; Kley et al., 1999].

Shear traction can change dramatically along strike be-
cause of the presence or absence of sediment input in the
trench due to the variations in local climate. Subducting
ridges can also inhibit sediment flux in the trench, and
therefore the lateral or trench‐parallel variations in the
level of coupling can certainly be sharp. The nonhydro-
static normal stress depends on the flexural rigidity of the
subducting lithosphere, the slab pull force, and the flow
in the asthenosphere which are not expected to vary
significantly on short spatial scales, except, however, for
the subduction of oceanic ridges and plateaus and the
existence of tears in the subducting lithosphere. Subduc-
tion of ridges and plateaus is a well‐acknowledged feature
of the subduction history along the South American plate
margin [Jordan et al., 1983]. We voluntarily ignore these
spatial variations in order to focus on the effect of the
plate boundary geometry.
[15] For each stress boundary condition applied on the

subduction zone, we computed the orientations and mag-
nitudes of the main stresses and the distributions of J2, the
second invariant of the deviatoric stress tensor. J2 is a scalar
function of the principal deviatoric stress tensor compo-
nents, which remains identical regardless of the coordinate
system and quantifies the shear stress.

3. Results

3.1. Run 1: Influence of the Nonhydrostatic Normal
Stress

[16] In run 1 (Figures 4a–4c) a normal stress of 10 MPa is
imposed on the plate boundary. This corresponds to the
horizontal component of the force generated by the appli-
cation of a 10 MPa non‐hydrostatic normal stress [Tang and

Figure 3. Schematic representation of the numerical model setup. The plate is modeled in the horizontal
plane (no thickness). The model plate boundary contains two seaward‐convex areas, one seaward‐con-
cave area, and two segments of constant maximum obliquity �m. The stresses (normal and tangential)
applied on the plate boundary vary along the strike with the convergence obliquity. W is the width of
the oblique part of the plate boundary, and R is the curvature radius of the convex and concave areas.
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Figure 4. Experimental results for runs 1 and 2. In run 1 (Figures 4a–4c), a normal stress due to the
horizontal component of the force Fn is applied to the plate boundary, while there is no shear traction
(perfectly lubricated subduction zone). (a) The boundary conditions do not depend on the obliquity of
the convergence. The dashed line represents the normal stress, while the solid line represents the tangen-
tial stress (positive in the trigonometric sense). (b) Main stresses. (c) Second invariant of the deviatoric
stress tensor J2 (pattern1). In run 2 (Figures 4d–4f), normal and tangential stresses due to the horizontal
components of the force Ff are imposed on the plate boundary. (d) The boundary conditions change along
strike because of the variations of �. (e) Main stresses in run 2. (f) Second invariant of the deviatoric stress
tensor J2 (pattern 2). The black arrows show the strike‐slip sense of shear in areas of high horizontal shear
stress (high values of J2). See text for details.
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Chemenda, 2000; Tang et al., 2002] on a plate boundary
inclined at 30° (Figure 4a). The plate boundary is assumed
to be perfectly lubricated, and the shear traction is zero. Near
the plate boundary, the most compressive horizontal stress
sHmax is perpendicular to this zone (Figure 4b), while the
least compressive stress sHmin is parallel to it. The latter
changes sign along the margin (Figure 4b). Near the inter-
section of the plate boundary and symmetry axis, sHmin is
oriented N‐S and is tensile. Elsewhere along the margin,
sHmin is parallel to the trench, and compressive (Figure 4b).
The second invariant of the deviatoric stress tensor J2 also
reflects this spatial distribution: it is maximal near the in-
tersection of the trench and symmetry axis of the curvature,
and two branches of higher values of J2 (i.e., higher hori-
zontal shear stress) start from this location and join the NE
and SE corners of the model plate (we hereafter refer to this
distribution as pattern 1, Figure 4c). The relative values of
the horizontal stresses allow us to predict the style of de-
formation in specific parts of the model. In this run, we
obtained a N‐S horizontal tension in the center of the sea-
ward‐concave curvature of 10.5 MPa together with a strong
E‐W compression of 9.7 MPa (Figure 4b). In this area,
sHmax naturally corresponds to the most compressive stress
s1. Because sHmin is tensile we can also conclude that it
corresponds to the least compressive stress s3. This situation
does not favor the buildup of thrusts and vertical thickening
in this area but rather the development of strike‐slip faults (i.
e., the branches of higher values of J2), allowing the hori-
zontal extrusion of the plate. In the most oblique sections of
the plate boundary, sHmin is highly compressive (∼ 8.9 MPa)
and thus may correspond to the intermediate main stress s2
rather than s3.

3.2. Run 2: Influence of the Shear Traction

[17] In run 2 (Figures 4d–4f) the normal and tangential
stresses corresponding to the horizontal components of the
force Ff are applied on the plate boundary (Figure 4d).
These components are computed analytically using � =
10 MPa, a = 30° and the local value of � along the trench.
The most compressive horizontal stress sHmax is generally
oriented E‐W while the least compressive horizontal stress
sHmin is oriented N‐S. The latter is significantly smaller than
sHmax except near the intersection of the plate boundary and
symmetry axis of the curvature where sHmin ∼ sHmax (17
and 18 MPa, respectively). Along the most oblique seg-
ments of the plate boundary and near the two seaward‐
convex areas, sHmin reduces to zero and becomes tensile
near the seaward‐convex areas (0.5 MPa). The second in-
variant of the deviatoric stress tensor J2 is now minimal near
the intersection of the trench and symmetry axis of the
model plate and maximal along the two most oblique sec-
tions of the plate boundary (we hereafter refer to this dis-
tribution as pattern 2: see Figure 4f). Near the intersection of
the plate boundary and symmetry axis, the most compres-
sive horizontal stress sHmax must be s1, and the least
compressive horizontal stress sHmin could be s2 if the ver-
tical stress is small or s3 if the vertical stress is already large
because, for example, of intense thickening. However, since
the least compressive horizontal stress is almost as com-
pressive as the most compressive stress, we can safely assume
that the former corresponds to the intermediate principal
stress s2, and that therefore s3 is vertical. This situation

favors the development of thrust faults and thus thickening
in the center of the seaward‐concave curved area as in the
central Andes. The second invariant of the deviatoric stress
tensor is maximal along the most oblique sections of the
plate boundary (Figure 4f), which suggests the development
of strike‐slip systems locally parallel and close to the plate
boundary and less vertical thickening, a picture also re-
sembling the Andes (Figure 1).

3.3. Variations of Interplate Coupling

[18] In nature, both forces generated by the nonhydrostatic
normal stress and shear traction are acting on the plate
boundary. It is rather obvious that in order to obtain a stress
pattern similar to that generated in run 2, the amount of
shear stress on the plate boundary should be increased with
respect to the nonhydrostatic normal stress. We define W as
the ratio of the depth‐averaged shear traction over the depth‐
averaged nonhydrostatic normal stress (W = �=�). For the
employed geometry of the plate boundary (’m = 45° and a =
30°), the transition between the patterns 1 and 2 occurs for the
threshold valueWl = 0.6 to 0.7. AsW becomes closer toWl, the
lobe of high values of J2 splits into two lobes that progres-
sively migrate toward the most oblique sides of the plate
boundary (Figure 5). Correspondingly, the N‐Smain stress in
the center of the seaward‐convex curvature changes from a
tension of 8.6MPa forW = 0.4 (Figure 5a) to a compression of
2.5 MPa for W = 0.7 (Figure 5b) and 7 MPa for W = 1.0
(Figure 5c), while the E‐Wmain stress always remains highly
compressive (27 to 42 MPa).

3.4. Variations of Interplate Geometry

[19] The ratio W represents the balance of the nonhydro-
static forces acting on the plate boundary. This parameter
clearly influences the stress distribution in the overriding
plate. However, for one value of W, the geometry of the
plate margin will also influence the distribution of the force
components (see equations (2) to (6)) and thus the stress
distribution inside the plate. Both angles a and � affect the
produced stress distribution because the interplate zone is a
three‐dimensional object.
3.4.1. Interplate Zone Dip Angle
[20] Figure 6 shows the variations of the distribution of J2

associated with the variations of a. Small dip angles gen-
erate larger surface areas of the interplate zone which allow
transmitting larger forces to the upper plate. This variation
of the surface area, however, does not change the distribu-
tion of force components. In that matter the surface orien-
tation is more important because small dip angles also
promote larger horizontal components of shearing force Ff

and smaller horizontal component of the nonhydrostatic
pressure force Fn. This tends to produce the second pattern
(Figure 6a), and a larger N‐S compression in the center of
the seaward‐concave curvature. In Figure 6, the imposed
depth‐averaged shear traction and nonhydrostatic normal
stress are 5 and 10 MPa, respectively (W = 0.5). For a = 30°,
this stress conditions produce a N‐S tension of 2 MPa in the
center of the seaward‐concave curvature, which becomes a
compression of 3 and 5 MPa for a = 20 and 10°, respec-
tively. The E‐W stress in this area, however, always remains
highly compressive (38, 23 and 18 MPa for a = 10, 20, and
30°, respectively). For any value of a, there is a threshold
value of W for which the transition between the two patterns
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occurs. We investigated the variations of the threshold value
Wl when varying the dip angle. With a maximum conver-
gence obliquity angle of 45° and a dip angle of 30°, Wl is
0.6–0.7. However, when a is only 20° (as in central Chile
[Cahill and Isacks, 1992]), Wl decreases to 0.4–0.5 and
further drops to 0.2 when a is 10°. The less inclined the
plate boundary, the less shear traction is required to coun-
terbalance the effect of the nonhydrostatic normal stress.
3.4.2. Interplate Zone in‐Plane Curvature
[21] The in‐plane curvature of the plate boundary also

contributes to the stress distribution pattern. Increasing the
maximum obliquity angle �m along the sides of the curved
area locally produces a larger trench‐parallel horizontal
component of the force Ff (equations (5) and (6)) and thus
regionally promotes pattern 2. We tested the variations of
Wl when varying the maximum obliquity angle �m without
changing the width of the curved area W or the curvature
radii (see Figure 3). As mentioned above, for a maximum
obliquity angle �m of 45° and a dip angle a of 20°, the
threshold value between the two patterns is 0.4–0.5. For a
maximum obliquity angle �m of only 20° the threshold
value increases to 0.6, and further increases to 0.7 for �m =
10°. The variation of J2 also becomes smaller with smaller
maximum convergence obliquity angle (Figure 7). However,
with the imposed stresses and employed geometry pre-
sented in Figure 7c, the N‐S stress in the center of the
seaward‐concave curvature is reduced by a significant
∼10% compared to the N‐S away from the curvature. The

less oblique the plate boundary, the more shear traction is
required to counterbalance the effect of the nonhydrostatic
normal stress, and even for a very low maximum obliq-
uity angle, it is possible to produce the largest N‐S
compression in the center of the seaward‐concave curved
area if � > Wl × �.

4. Discussion

4.1. Comparison of the Two Model Types With
Geological Data

[22] The South American plate boundary has been clas-
sically presented as the typical example of a compressive
oceanic subduction zone because of the observation of in-
tense shortening of the arc/back‐arc area [Uyeda and
Kanamori, 1979]. This compressive oceanic subduction
regime can be produced in analog and numerical modeling
experiments when the subducting oceanic lithosphere is not
significantly denser than the surrounding mantle [Shemenda,
1993; Hassani et al., 1997]. In that case, the flexural rigidity
of the downgoing plate produces a compressive nonhydro-
static normal stress on the interplate zone, which generates a
trench‐normal compressive horizontal stress in the overrid-
ing plate. The horizontal compression can also be obtained
in 2‐D simulations by a combination of both nonhydrostatic
normal stress and high interplate friction [Hassani et al.,
1997; Sobolev and Babeyko, 2005; Sobolev et al., 2006].
However, in nature the shortening of the arc/back arc in the

Figure 5. Variations of the distribution of the second invariant of the deviatoric stress tensor J2 with
variations of the ratio W of the shear traction � over the nonhydrostatic normal stress � . In the three runs,
the geometry of the plate boundary is constant with a maximum convergence obliquity angle �m of 45°
and a dip angle a of 30°. In the three runs, the depth‐averaged shear traction � is 10 MPa. (a) The depth‐
averaged nonhydrostatic normal stress � is 25 MPa (W = 0.4); (b) � is 14 MPa (W = 0.7); (c) � is 10 MPa
(W = 1). For low values of W, the pattern of J2 is similar to that obtained in run 1 (generated by �) with the
maximum located in the center of the curvature (see Figure 4c). For high values of W, the pattern becomes
similar to that obtained in run 2 (generated by �) with the maximum of J2 located along the most oblique
parts of the plate boundary (see Figure 4f). A transition between the two patterns occurs for this geometry
(�m = 45° and a = 30°) for Wl = 0.6 to 0.7 (Figure 5b).
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central Andes is three‐dimensional, and the observation of
N‐S shortening in the center of the seaward‐concave cur-
vature and significant horizontal component of slip along
the most oblique parts of the plate boundary suggest that the
shear traction along the interplate zone plays an important
role in the shortening mechanism. What can this N‐S
shortening tell us about the mechanisms of orocline bending
and plateau buildup? To answer this question, we investi-
gated the effects of several key parameters thought to con-
trol the distribution of tectonic stresses in the overriding
plate. We obtained two main stress fields (associated with
the pattern 1 and 2 of J2) which can be compared with
geological data in the Andes.
[23] Imposed along a seaward‐concave plate boundary,

the nonhydrostatic normal stress produces a trench‐parallel
tension near the intersection of the curvature axis and plate
margin (Figures 4a–4d). In our experiments, this tension
extends hundreds of kilometers away from the point of
application of the boundary conditions toward the interior of
the plate. However, this point of application represents the
whole width of the interplate zone, and thus the stress re-
gime in the fore‐arc area cannot be properly modeled (this
area was collapsed into the edge of the model). However, it
is clear that a trench‐parallel tension is produced near the tip
of the plate, which possibly includes the fore‐arc and the arc
areas. This is in clear opposition with the N‐S shortening
derived from kinematic models [Kley, 1999; Arriagada et
al., 2008], but in agreement with the strain rates derived
from GPS data [Hindle et al., 2002]. The stress regime
obtained when only the nonhydrostatic normal stress is
imposed on the plate boundary favors the development of
strike‐slip faults radiating from the center of the curvature

and the extrusion of the lithospheric plate rather than the
formation of thrust faults (Figure 4c). Furthermore, the
stress field does not favor the formation of the trench‐par-
allel strike‐slip systems north and south of the bend along
the most oblique parts of the plate boundary since the sec-
ond invariant of the deviatoric stress tensor J2 is minimal in
these locations (Figure 4c). This type of stress field is also
obtained when both the nonhydrostatic normal stress and
shear traction are imposed but the ratio of the shear stress
over the nonhydrostatic normal stress is under a threshold
value which depends on the 3‐D geometry of the interplate
zone.
[24] When the ratio of the shear stress over the non-

hydrostatic normal stress is over the threshold value for the
geometry of the plate boundary, the generated stress field is
similar to that obtained when only the shear traction is im-
posed on the plate boundary in that a maximum trench‐
parallel compressive stress is generated near the center of
the curvature and plate boundary (Figures 4d–4f). This is in
agreement with the trench‐parallel shortening structures in
the fore‐arc area in the center of the curvature [Allmendinger
et al., 2005], but the location of these structures in the
coastal cordillera makes the comparison with experimental
results difficult. In the arc and back‐arc domains, no trench‐
parallel shortening has been clearly documented. GPS dis-
placement pattern, fold and fault trends, as well as strike slip
systems mostly exhibit radial shortening toward the foreland
[Hindle et al., 2005]. However, kinematic models of the
orocline based on rotations from paleomagnetic data,
shortening estimates from balanced cross sections, and
variations of crustal cross‐sectional area show convergence
of the finite displacement vectors toward the axis of the

Figure 6. Variations of the distribution of the second invariant of the deviatoric stress tensor J2 with
variation of the dip angle a. W is constant in these runs at 0.5 (� = 10 MPa, and � = 5 MPa), and the
maximum convergence obliquity angle �m is constant at 45°. (a) For low values of the dip angle a,
the applied stresses produce the pattern of J2 obtained in run 2 (generated by �). (c) For high values
of the dip angle, the pattern of J2 becomes similar to that obtained in run 1 (generated by �). (b) A tran-
sition between the two patterns is obtained for this curvature angle and stress conditions with � = 20.
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bend [Kley, 1999; Arriagada et al., 2008]. The first kine-
matic model [Kley, 1999] was also used to compute bulk
strain rate tensors for long‐term geological rates [Hindle et
al., 2002] and to perform crustal volume balancing
[Hindle et al., 2005]. The geological strain rate tensors agree
with GPS‐derived values for the direction of compression
but reveal orogen‐parallel shortening in the center of the
bend in the arc/back‐arc area, while GPS data show orogen‐
parallel extension. This dissimilarity could be interpreted as
an artifact of the model, but the recent kinematic model by
Arriagada et al. [2008] confirms this N‐S shortening.
Another interpretation is that the N‐S deformation changed
from compression to extension since the rise of the orogen,
which suggests an increasing role of the body forces from
the rise of the plateau or a more fundamental change in the
tectonic regime of the orogen. However, one must also keep
in mind that GPS data describe the actual displacement field
at the surface of the orogen and may not represent the dis-
placement field at depth. Our computations of the stress
field are depth‐averaged and thus rather correspond to
stresses at depth. Comparison with the World Stress Map
data [Zoback et al., 1989; Zoback, 1992; Fuchs and Müller,
2001] is inconclusive since the map reveals both N‐S ex-
tension and compression in the same areas of the central
Andes. A possible reason may be that different methods
used to assess the tectonic stress sampled the stress field at
various depths. The orogen‐parallel shortening in the arc
and back‐arc area of the central Andes, however, remains

minor compared to the radial shortening. The estimated
geological strain rates [Hindle et al., 2002] are generally 1
order of magnitude lower in the trench parallel direction
than in the trench‐normal direction. Therefore the conver-
gence of the finite displacement vector could be accom-
modated by a relatively minor trench‐parallel slip
component on generally N‐S striking thrusts.
[25] Our models with the second pattern of J2 (i.e., gen-

erated by � ; see Figures 4f, 5c, 6a, or 7a) also produce the
most intense J2 value along the most oblique edges of the
plate boundary. In these areas, the least compressive hori-
zontal stress becomes slightly compressional, and therefore
a transpressional regime with a major horizontal slip com-
ponent is expected. This corresponds to the generally NNE‐
SSW dextral faults (Atacama fault system [Dewey and
Lamb, 1992; Pelz, 2000; Gonzales et al., 2003], Pre-
cordilleran fault system [Scheuber et al., 1995; Reutter et
al., 1996], Liquine‐Ofqui fault system [Cembrano et al.,
2000, 2002; Rosenau, 2004]) observed south of the bend
and the generally NNW‐SSE sinistral faults (Incapulquio‐El
Castillo fault system [Jacay et al., 2002; Sempere et al.,
2002]), north of it (Figure 1). In addition, the model pre-
dicts a rapid decrease of the second invariant away from the
plate margin, which matches the position of these faults
zones west of the arc and in the arc area.
[26] The model of the stress field generated by the shear

traction thus matches several characteristic large‐scale me-
chanical features of the central Andes (i.e., large E‐W

Figure 7. Variations of the distribution of the second invariant of the deviatoric stress tensor J2 with
variation of the maximum obliquity angle �m along the plate boundary. In the three runs, the dip angle
of the plate boundary a is 20°, and the depth‐averaged stress conditions are identical with the nonhydro-
static normal stress � being 10 MPa and the shear traction � being 6 MPa (i.e., W = 0.6). The geometry of
the plate boundary is changed to test the influence of the maximum convergence obliquity angle �m, but
the radius of curvature R and width W (see Figure 3) of the oblique section of the plate boundary are
constant. (a) The maximum convergence obliquity angle �m is 45°; (b) �m is 20°; (c) �m is 10°. For each
geometry of the plate boundary there is a threshold value Wl for which the transition between pattern 1
(generated by � and obtained when W < Wl) and pattern 2 (generated by � and obtained when W > Wl)
occurs. For �m = 45° and a = 20° (Figure 7), Wl = 0.4 to 0.5; for �m = 20° and a = 20° (Figure 7b), Wl =
0.6; For �m = 10° and a = 20° (Figure 7c), Wl = 0.7.
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compression together with N‐S compression in the center of
the curvature and strike‐slip systems along the most oblique
parts of the plate boundary). Our results thus suggest that,
since the N‐S shortening is obtained in the kinematic
models for the period 25 Ma to present [Kley, 1999; Hindle
et al., 2002, 2005; Arriagada et al., 2008], the shear traction
has dominated the stress conditions along the plate bound-
ary (i.e., � > Wl × �) since 25 Ma.

4.2. Constraints on the Present‐Day Interplate Stresses

[27] With an interplate zone geometry resembling the
present‐day South American plate boundary (Figure 9), the
ratio between the shear traction and the nonhydrostatic
normal stress must be greater than 0.6 to generate the
trench‐parallel compression in the center of the convex
curvature. The present‐day depth‐averaged nonhydrostatic
normal stress and shear traction can be estimated using the
buoyancy stress generated by the high plateaus [Froidevaux
and Isacks, 1984; Lamb and Davis, 2003; Husson and
Ricard, 2004; Lamb, 2006] and the observation of a little
positive gravity anomaly in the fore‐arc area. For the Andes,
computations yield a buoyancy stress of ∼100 MPa [Husson
and Ricard, 2004; Lamb, 2006]. The gravity anomaly in the
central Andes presents a small positive gravity anomaly
(∼20 mGals) in the fore arc (Figure 8) [Schmidt and Götze,
2006]. This is significantly less than in the Kurils where a
large positive anomaly in the fore arc (200 mGals) was
interpreted as the signature of a high compressive non‐
hydrostatic normal stress on the plate boundary [Shemenda,

1993; Tang and Chemenda, 2000; Tang et al., 2002]. It is,
however, higher than in the Marianas where a negative
gravity anomaly (∼ −20mGals) is observed in the fore arc and
was interpreted as a high tensile nonhydrostatic normal stress
on the plate boundary [Shemenda, 1994]. These signatures
were, however, investigated for subduction zones with little
shear traction because of the lubrication by sediments and
fluids. In the central Andes, the weak positive gravity
anomaly (Figure 8) can be interpreted as either the signature
of a weakly compressive nonhydrostatic normal stress, or of a
moderate to high compressive stress counterbalanced by the
high shear traction. The vertical component of the force Fn

generated by the nonhydrostatic normal stress drives the fore‐
arc area upward and thus produces the positive gravity
anomaly. However, the vertical component of the force Ff due
to the shear traction drives the fore arc downward and can
therefore counterbalance the vertical effect of the nonhydro-
static normal stress.
[28] The isostasy residuals show a little positive peak

suggesting that the vertical component of Fn may be greater
than the vertical component of Ff, but the low magnitudes of
the gravity anomaly and isostasy residuals suggest that the
vertical force components must be of the same magnitude
(Figure 8). This interpretation is in agreement with the ob-
servation of a correlation between the trench‐parallel low in
the gravity signal, long‐term subsidence in the fore‐arc area,
and the occurrence of large earthquakes along the plate
boundary, interpreted as areas of higher levels of coupling
between the plates [Song and Simons, 2003]. With a

Figure 8. Geophysical profiles across the central Andes. (a) Map showing the location of the profiles.
(b) Topographic profile marked by the deep trench and the high elevation of the Altiplano. (c) Gravity
anomaly (mGal) composed of the free air anomaly offshore and the Bouguer anomaly onshore, revealing
a large gravity low associated with large crustal thickness and thinned lithospheric mantle in the arc/back‐
arc area. (d) Isostasy residuals (mGal) showing that the main area not fitting the structural model is the
fore arc where a small positive anomaly is present (gravity anomaly and isostasy residuals are from the
SFB267 project [Schmidt and Götze, 2006]).
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buoyancy stress sb of ∼100 MPa [Lamb, 2006], we found
that a depth‐averaged shear traction of 31 MPa and a depth‐
averaged nonhydrostatic normal stress of 11 MPa allow
balancing of the horizontal stresses and vertical force
components on a plate boundary inclined at 20°:

ðFf Þhn=S þ ðFnÞh=S ¼ �b

ðFf Þv þ ðFnÞv ¼ 0

[29] These values are in agreement with previous esti-
mations [Husson and Ricard, 2004; Lamb, 2006]. The stress
distribution obtained with these values is presented in
Figure 9. The ratio of the shear traction over the non-
hydrostatic normal stress (W = 2.8) is well above the
threshold ratio (Wl = 0.6) and thus generates a pattern of J2
of the second type with large horizontal shear stress along
the most oblique part of the plate boundary and N‐S com-
pression of 75 MPa together with a E‐W compression of
97 MPa in the center of the seaward‐concave curvature
(Figure 9).
[30] Our results thus suggest that the buoyancy stress

generated by the plateaus is supported by a large shear
traction on the plate boundary and a little compressive
nonhydrostatic normal stress. This situation must generate

today a N‐S compression in the center of the seaward cur-
vature of the plate boundary.

4.3. Geodynamical Significance of the Stress
Conditions Along the Interplate Zone Generating the
Trench‐Parallel Compression

[31] We first assume that the plate boundary is charac-
terized by an existing seaward‐concave curvature. In this
case, we found that the ratio W of the shear traction to
nonhydrostatic normal stress is a major parameter control-
ling whether the trench‐parallel stress in the center of the
curvature is a tension or compression. The ratio must be
above a threshold value Wl in order to generate the N‐S
shortening in the center of the curvature. W depends on the
level of interplate coupling which modulates the magnitude
of the shear traction. Therefore a high interplate coupling
(through, for example, a lack of sediment in the trench)
indeed favors the formation of thrusts with minor strike‐slip
component in the center of an existing curvature and strike‐
slip faults along the oblique segments of this curvature. A
series of experiments with � increasing from 0 to 10 MPa,
while � is kept constant at 10 MPa (W increases from 0 to 1)
is presented in Figure 10a. For the employed geometry
(�m = 45°, a = 30°), this increase in interplate shear
traction leads to a switch from a N‐S tension in the center
of the curvature to a N‐S compression, and a switch from
the first to the second pattern of J2 with high shear stress

Figure 9. Experimental results obtained for a plate boundary geometry resembling the present‐day
South American margin with a dip angle of 20°, a depth‐averaged shear traction of 31 MPa, and a
depth‐averaged nonhydrostatic normal stress of 11 MPa. The second invariant of the deviatoric stress ten-
sor is larger along the most oblique section of the plate boundary, which is directly north of the bend. The
largest trench‐parallel compression is obtained near the center of the seaward‐concave curvature.
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along the most oblique sections of the plate boundary.
However, other mechanical properties of the subducting
plate can also change W. A low flexural rigidity of the
subducting lithosphere produces a small nonhydrostatic
normal stress, while a high slab pull force can reduce this
compressive nonhydrostatic normal stress or even generate
a tensile nonhydrostatic stress [Shemenda, 1993]. There-
fore, low flexural rigidity or high slab pull force also favor
trench‐parallel compression in the center of the curvature.

The slab pull force, however, must not be too high, oth-
erwise it would generate trench‐normal tension in the arc
area instead of compression [Shemenda, 1993]. This
threshold limit of the slab pull force has not been inves-
tigated in this study. Finally, flow in the asthenospheric
mantle around the subducting slab can also produce an
additional pressure on the upper or lower surfaces of the
slab, which would increase or decrease, respectively, the
nonhydrostatic normal stress on the interplate zone

Figure 10. Graphs of experimental runs and main mechanical results. (a) Plot of two series of experi-
mental runs for which the geometry of the plate boundary is constant and either the nonhydrostatic normal
stress or shear traction change. The runs are plotted with respect to the produced E‐W and N‐S main stres-
ses. Ratios near the points give the employed values of � and � . The gray‐shaded domain represents the
domain in which the produced stress field is similar to that produced by the shear traction. The white ar-
rows show two possible geodynamic scenarios (increase of � or decrease of �) leading to a switch to the
second pattern of J2 and establishment of N‐S compression in the center of the curvature. Figure 10 shows
that various stress conditions with similar ratios W result in similar N‐S main stress in the center. (b) Plots
of the experimental runs for a constant maximum obliquity angle �m (see Figure 3) but varying stress
conditions (W) and interplate zone dip angle (a). Circles, stars, boxes, and the gray‐shaded domain have
the same significance as in Figure 10a. The white arrow shows a geodynamic scenario in which the
interplate dip angle decreases but the stress conditions do not change (W = const), which leads to pro-
ducing the second pattern of J2 and N‐S compression in the center of the seaward curvature. (c) Similar
plot as in Figure 10b, but the dip angle is constant, and the maximum obliquity angle changes. The white
arrow shows a scenario in which the curvature increases, and therefore the maximum obliquity angle
increases, while the stress conditions are constant (W = const). This evolution leads to producing the
second pattern of J2 and N‐S compression in the center of the curvature.
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[Shemenda, 1993; Boutelier and Cruden, 2008]. A de-
crease of the nonhydrostatic normal stress with other
parameters being constant is presented in Figure 10a with
a series of experiments in which � decreases from 25 to
10 MPa while � is kept constant at 10 MPa. The decrease of
� leads to a larger N‐S compression or a smaller N‐S tension
in the center of the seaward‐concave curvature. This series
of experiments also show that a decrease of � generates a
decrease of the E‐W compression in the center of the sea-
ward‐concave curvature (Figure 10a), in agreement with
laboratory results [Shemenda, 1993].
[32] For a particular geometry of the plate boundary there

are multiple combinations of shear traction and nonhydro-
static normal stress generating a trench‐parallel compression
in the center of the seaward‐concave curvature (see
Figure 10a). The nature of the plate contact (lubricated or not)
is an important parameter because it influences the shear
traction. However, equally important are the dynamics of the
subducting lithosphere and kinematics of the overriding plate
which control the sign and magnitude of the nonhydrostatic
normal stress on the interplate zone.

4.4. Evolution of the Plate Boundary Geometry

[33] We interpret the N‐S shortening in the center of the
seaward concave curvature of the plate boundary in the
central Andes as the signature of a boundary condition
dominated by shear traction. However, the stress distribu-
tion is also controlled by the geometry of the plate bound-
ary, which has changed through time. The magnitudes of the
horizontal components of the forces generated by the non-
hydrostatic normal stress and shear stress depend on both
the dip angle and the obliquity of the convergence. It fol-
lows that the evolution with time of the interplate zone dip
angle induces a change of the produced stress field. For
example, if the dip angle of the interface between the plates
decreases with time, a stronger N‐S compression is pro-
duced in the center of the curvature without any other
change of the boundary conditions. At present, however,
this evolution remains largely unknown. Slab dip at depth
was shown to correlate with the shallow slab dip [Lallemand
et al., 2005], and therefore slab dip may be used as a proxy
for the dip of the interplate zone; however, slab dip evolu-
tion is also poorly known. The only temporal constraint of
slab dip evolution is obtained from the spatial distribution of
volcanism chemistry and ore deposits [Allmendinger et al.,
1997; Mahlburg Kay et al., 1999; Mahlburg Kay and
Mpodozis, 2001] and suggests a flat‐slab episode in the
central Andes at 33−26 Ma. In this scenario, the average dip
angle would appear shallower, which allows generating the
largest N‐S compression in the center of the seaward‐
concave curvature for lower values of the threshold ratio W.
This evolution of the dip angle while other parameters are
maintained constant is presented in Figure 10b. A decrease
of the averaged dip angle as proposed for a stage of flat slab
subduction in the central Andes in early Miocene would
shift the system toward the domain characterized by the
second pattern of J2 and generating a N‐S compression in
the center of the seaward‐concave curvature.
[34] The evolution of the plate convergence obliquity and

geometry of the curvature is better constrained than the
evolution of the interplate dip‐angle. Kinematic models of
the central Andes [Kley, 1999: Arriagada et al., 2008] in-

clude an increase of curvature of the plate boundary. This
evolution, which is still presently active, also induces a
change in the stress field (Figure 10c). With increasing
convergence obliquity along the sides of a growing curva-
ture, more N‐S compression is generated in the center of the
curvature, and more horizontal shearing is produced along
the most oblique parts of the plate boundary. Without in-
voking the change of any parameter other than the obliquity
of the convergence, our results show that during the for-
mation of the curvature of the plate boundary of the central
Andes, the influence of the shear traction on the stress field
generated in the overriding plate has increased (Figure 7).

4.5. Consequences for the Candidate Mechanisms for
Orocline Bending and Formation of the High Plateaus

[35] The effects of the nonhydrostatic normal stress and
shear traction on a curved plate boundary presented in this
study bring about new constraints on the candidate mecha-
nism for orocline bending and plateau formation. Clearly, a
large E‐W tectonic shortening happened in the central An-
des [Oncken et al., 2006]; however, whether this E‐W
compression was generated by an increase of the non-
hydrostatic normal stress or shear traction remained unclear.
For example, 3‐D numerical experiments have shown that
the length of the trench has a significant impact on the dy-
namics of the subducted lithosphere, and in the case of a
long trench, as in South America, the center is fixed while
the edges retreat [Schellart et al., 2007]. Combined with the
westward drift of the South American plate this leads
Schellart et al. [2007] to propose that the large shortening in
the central Andes is due to the geometry of the slab, which is
controlled by the length of the trench. However, if the in-
terplate friction is low and the main stress on the plate
boundary is a high compressive nonhydrostatic normal
stress, then only this nonhydrostatic normal stress is locally
significantly increased by the westward drift of South
America. This would generate the observed E‐W shortening
and the formation of a curvature, but it would also tend to
produce a N‐S tension in the developing seaward‐concave
area. A similar analysis can be conducted with the hypoth-
esis that westward flow in the mantle drags the slab west-
ward in the center of the plate boundary [Russo and Silver,
1994, 1996]. If this process only locally increases the non-
hydrostatic normal stress because the interplate friction co-
efficient is very low, then it would not be able to generate
the observed N‐S shortening in the center of the curvature
and the transcurrent fault systems along the most oblique
sections of the plate boundary [Jacay et al., 2002; Sempere
et al., 2002].
[36] These two mechanisms would, however, be effective

if the interplate friction coefficient was raised because, for
example, of the lack of sediments entering the trench [Bangs
and Cande, 1997; Lamb, 2006]. Slab retreat near the edges
of the plate boundary with slab anchorage near the center
[Schellart et al., 2007] or flow in the mantle [Russo and
Silver, 1994, 1996] can increase the nonhydrostatic normal
stress and thus drive the bending of the orocline. If the ratio
W of the shear traction over the nonhydrostatic normal stress
remains larger than the threshold value Wl associated with
the plate geometry, the large shear traction along the oblique
sections would produce the N‐S shortening near the sym-
metry axis of the curvature. Then with increasing curvature
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the influence of the shear traction on the developed stress
field would further increase. Finally, if the geometry of the
plate margin participates in driving the bending through
enhanced interplate friction, then it can also generate the
excess in situ rotations revealed by the reconstruction of the
plate margin geometry of Arriagada et al. [2008].
[37] Topographic features such as oceanic ridges and

plateaus carried by the subducting lithosphere have been
proposed to control the deformation regime in the upper
plate [Giese et al., 1999; Gutscher et al., 2000; Yanez et al.,
2001]. However, the large‐scale lateral continuity of the
structures accommodating the large E‐W shortening and the
synchronicity of their formations suggest that ridges and
plateaus are not capable of driving the deformation in the
arc/back‐arc domain because they lack both the lateral ex-
tend and longevity [Oncken et al., 2006]. In contrast, the
lateral variations of slab dip exhibit the proper spatial scale.
A “flat slab” subduction stage was also proposed for the
central Andes in early Miocene based on the pattern of
magmatism and ore deposits [Allmendinger et al., 1997;
Mahlburg Kay et al., 1999; Mahlburg Kay and Mpodozis,
2001]. To this period corresponds an increase in the bulk
shortening rate in the central Andes and a shift of the
shortening toward the back‐arc domain [Oncken et al.,
2006]. This eastward shift of the deformation clearly de-
monstrates that the horizontal E‐W shortening was driven
by the shear traction on the interplate zone since this zone
was then very shallow, and the force Fn resulting from the
nonhydrostatic normal stress must have been nearly vertical.
In this geodynamic framework of a flat slab or very shallow
dipping subduction zone, and of E‐W shortening driven by
shear traction, our results suggest that the largest N‐S
compression and thus shortening would have been produced
in the center of the seaward‐concave curvature even if this
curvature was mild. Furthermore, the flat slab geometry
would shift the N‐S shortening with the E‐W shortening to
the Eastern Cordillera as in the kinematic models [Kley,
1999; Arriagada et al., 2008]. This “flat slab” stage is fol-
lowed by a stage of steepening of the slab in middle Mio-
cene promoting the melting of the overlying hydrated
mantle and lower crust and thus thermal weakening of the
upper plate [Mahlburg Kay and Mpodozis, 2001]. Our re-
sults suggest that the slab steepening, if accompanied by a
steepening of the plate interface, produces a shift in the
system toward smaller N‐S compression in the center of the
curvature (Figure 10b). However, this shift may not lead to
N‐S tension if the ratio of the shear traction over the non-
hydrostatic normal stress was sufficiently high. Another
possibility is that the depth‐averaged dip angle of the inter-
plate zone did not increase sufficiently to switch from N‐S
compression to N‐S tension. The observation that subduc-
tion erosion has dominated mass transfer in the fore arc
during Cenozoic [Kukowski and Oncken, 2006], and the
present‐day relatively shallow angle of the interplate zone in
the central Andes [Cahill and Isacks, 1992], suggest that
both the ratio of the shear traction over nonhydrostatic
normal stress was high, and the reduction of the interplate
dip angle was low. Finally, the weakening of the upper plate
in the central Andes due to the heating associated with the
slab steepening would have allowed a larger E‐W shorten-
ing [Sobolev et al., 2006] and thus an increase of the cur-

vature of the plate boundary which in turn favors larger N‐S
compression (Figure 10c).
[38] Iaffaldano et al. [2006] and Iaffaldano and Bunge

[2008] proposed that the buildup of the high plateaus had
a large impact on global plate tectonics and slowed down
the convergence between Nazca and South America by in-
creasing the normal stress on the interplate zone. Our results
suggest that the subduction system had to be in a regime
where the ratio W is sufficiently high that despite this in-
crease of nonhydrostatic normal stress (and thus a decrease
of W), this ratio remained above the threshold value, and the
stress regime remained dominated by the effect of the shear
traction.

5. Conclusions

[39] In this study we have shown that a trench‐parallel
compression in the center of a seaward‐concave curved
plate boundary as observed in the kinematic models of the
Andes can be produced by the stress conditions along the
interplate zone. The trench‐parallel horizontal component of
the force due to the shear traction is responsible for the
lateral drag of the fore arc toward the center of the curvature.
It then produces a trench‐parallel compression. However, to
be dominant, this effect must be greater than the action of
the trench‐normal component of the same force, and the
horizontal component of the force generated by the non-
hydrostatic normal stress, which both act in the opposite
direction. It follows that both the stress conditions on the
plate boundary and the 3‐D geometry of the interface be-
tween the plates control whether the trench‐parallel stress in
the center of a seaward‐concave curvature is a tension or
compression. Low dip angle and high convergence obliquity
favor the realization of the trench‐parallel compression in
the center of the curvature.
[40] The observation of trench‐parallel shortening in the

center of the curvature, together with large horizontal slip
north and south of the bend in the Andes, suggest in the light
of our modeling results that the effect of shear traction along
the interplate zone was dominant during the buildup of the
orogen. This could have been achieved with a high shear
traction and/or low compressive nonhydrostatic normal
stress on the plate boundary.
[41] Estimations of the depth‐averaged shear traction and

nonhydrostatic normal stress using the buoyancy stress
generated by the high plateaus and the observation of a
weak gravity anomaly in the fore arc suggest that the
plateaus are currently supported by large shear traction on
the plate boundary and little compressive nonhydrostatic
normal stress. These stress boundary conditions imposed on
a plate boundary resembling the present‐day shape of the
South American margin generate a trench‐parallel com-
pression in the center of the curvature. We have shown that
the effect of the shear traction on the generated stress field in
the overriding plate must have increased during the buildup
of the orogeny because of the development of the curvature
of the plate boundary.
[42] Finally, our results bring a new constraint on the

proposed mechanisms for the formation of the curvature and
buildup of the orogen. An increase of E‐W shortening in the
central Andes associated with an increase of nonhydrostatic
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normal stress on the plate boundary must be moderated by
the observation of the N‐S shortening in the kinematic
models of the Andes since 25 Ma.
[43] According to our results, this observation does not

exclude the hypothesis of an increase of the nonhydrostatic
normal stress but sets a new limit to the magnitude of this
increase, as the effect of the shear traction on the interplate
zone has remained dominant.
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