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Chapter 25

Mechanism of the Andean Orogeny:
Insight from Numerical Modeling

Stephan V. Sobolev - Andrey Y. Babeyko - Ivan Koulakov - Onno Oncken

Abstract. The Andes were formed by Cenozoic tectonic shortening
of the South American plate margin overriding the subducting
Nazca Plate. Using coupled, thermo-mechanical, numerical model-
ing of the dynamic interaction between subducting and overrid-
ing plates, we searched for factors controlling the intensity of the
tectonic shortening. From our modeling, constrained by geologi-
cal and geophysical observations, we infer that the most important
factor was fast and accelerating (from 2 to 3 cm yr™') westward drift
of the South American Plate, whereas possible changes in the con-
vergence rate were not as important. Other important factors are
the crustal structure of the overriding plate and the shear coupling
at the plate interface.

The model in which the South American Plate has a thick
(40-45 km at 35 Ma) crust and relatively high friction coefficient
(0.05) at the Nazca-South American plate interface generates more
than 300 km of tectonic shortening over the past 35 million years
and replicates well the crustal structure and evolution of the high
Central Andes. However, modeling does not confirm that possible
climate-controlled changes to the sedimentary trench-fill during the
last 30 million years might have significantly influenced the upper-
plate shortening rate. The model with initially thinner (less than
40 km) continental crust and a lower friction coefficient (less
than 0.015) results in less than 40 km of shortening in the South
American Plate, replicating the situation in the Southern Andes.

During upper-plate deformation, the processes that cause a re-
duction in lithospheric strength and an increase in interplate cou-
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pling are particularly important. The most significant of these pro-
cesses appears to be:(7) delamination of the lower crust and mantle
lithosphere, driven by gabbro-eclogite transformation in the thick-
ening lower crust, and (2) mechanical failure of the foreland sedi-
ments. The modeling demonstrates that delaminating lithosphere
interacts with subduction-zone corner flow, influencing both the
rate of tectonic shortening and magmatic-arc productivity, and
suggests an anti-correlation between these two parameters. Our
model also predicts that the down-dip limit of the frictional cou-
pling domain between the Nazca and South American Plates
should be ~15-20 km deeper in the Southern Andes (south of
28°S) compared to the high Central Andes, which is consistent
with GPS and seismological observations.

25.1 Introduction and Key Questions

The South American Plate is drifting westwards, at a rate
that has increased from ~2 to 3 cmyr~! over the last
30 million years (Silver et al. 1998), over the Nazca Plate,
which is subducting eastwards at about 5 cmyr~!
(Fig. 25.1). The Andean mountain belt stretches along the
entire western margin of the South American Plate where
it overlies the subducting Nazca Plate. There is a dramatic
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difference between the central part (~17-27°S) and the
rest of the Andes. The Altiplano-Puna Plateau of the Cen-
tral Andes is the second greatest plateau in the world (af-
ter Tibet) and has an average elevation of about 4 km and
an area of more than 500 000 km? (Fig. 25.1). The plateau
has resulted from up to 300 km of late Cenozoic, crustal
shortening at the western edge of the South American
Plate. This shortening generated unusually thick, hot and
felsic, continental crust (Isacks 1988; Allmendinger and
Gubbels 1996, Allmendinger et al. 1997; Lamb et al. 1997;
Kley and Monaldi 1998; Giese et al. 1999; Lucassen et al.
2001; Yuan et al. 2002; Beck and Zandt 2002; Lamb and Davis
2003). In contrast to the Central Andes, no high plateau ex-
ists in the Northern and Southern Andes (Fig. 25.1), where
only minor (less than 50 km) tectonic shortening has been
reported (e.g., Allmendinger etal. 1997; Lamb et al. 1997;
Kley and Monaldi 1998). The tectonic shortening was not
only much less intensive in the Southern Andes than in
Central Andes but also started much later (Vietor and
Echtler 2006, Chap. 18 of this volume).

In addition to this first-order difference between the
central and Southern Andes, somewhat subordinate, al-
though still very important, is the difference between the
structure and deformation style in the Altiplano and Puna
segments of the Central Andes (Allmendinger and
Gubbels 1996; Kley and Monaldi 1998). North of 23°S, in
the Altiplano segment, the tectonic shortening started
early (at about 50 Ma) and was most intensive during the
last 10 million years, forming a broad, thin-skinned
Subandean thrust belt. South of 23°S, in the Puna, tec-
tonic shortening started later, was much less intense and
generated a thick-skinned deformation pattern (Allmen-
dinger and Gubbels 1996; Kley and Monaldi 1998).

Perhaps the key question about Andean orogeny is why
the high plateau has developed only in the Central Andes
and only in Cenozoic times (mostly during the last 30 mil-
lion years), even though the Nazca Plate has been sub-
ducting along the entire western margin of South America
for more than the last 200 million years (e.g., Isacks 1988;
Allmendinger et al. 1997; see Oncken et al. 2006, Chap. 1
of this volume, for a review of the deformation history of
the Central Andes).

Several ideas have been proposed in answer to this ques-
tion. Isacks (1988) suggested that before about 25-30 Ma,
large parts of the Central Andes were underlain by a shal-
low-dipping slab that became steeper at ~25 Ma, causing
thermal weakening and intensive tectonic shortening in
the compressed lithosphere of the overriding plate. In
another hypothesis (Mégard et al. 1984; Pardo-Casas and
Molnar 1987; Somoza 1998), the beginning of intensive
tectonic shortening in the Andes was associated with
major reorganization of plate motion followed by an in-
crease in the Nazca-South American convergence rate at
~25-30 Ma. Russo and Silver (1994) attributed the Andean
orogeny to the Cenozoic increase in the westward drift

rate of the South American Plate and associated mantle
flow, whose north-south heterogeneity determined the
difference in the intensity of deformation between the
center and the rest of the Andes. Lamb and Davis (2003)
proposed that the high shear stress at the interface be-
tween the Nazca and South American Plates, caused by
sediment starvation in the Central Andean trench, was
crucial for the deformation of the upper plate. Based on
the correlation between the shortening rate in the Cen-
tral Andes and the global temperature of the ocean, these
authors have also suggested that this sediment starvation
was caused by global climate change beginning at 30 Ma
and, therefore, climate was the sole factor responsible for
the formation of high Andes.

In relation to the different deformation styles of the
Altiplano and Puna segments of the Central Andes,
Allmendinger and Gubbels (1996) noticed the striking
correlation between the deformation styles and the dis-
tribution of thick, Paleozoic, sedimentary basins. These
basins are abundant in the foreland of the Altiplano but
absent in the foreland of the Puna. Another clear differ-
ence in the lithospheric structure beneath the Puna and
Altiplano segments are the much higher seismic-wave
attenuation and seismic velocities beneath the Puna re-
gion (Whitman et al. 1996; Koulakov et al. 2006), indicat-
ing significant north-south variations in lithospheric tem-
perature and, hence, in the mechanical strength of the
foreland. These observations suggest that the shortening
style of the whole system might be controlled by lateral,
north-to-south variation in the mechanical properties of
the lithosphere.

Another key question related to the Andean orogeny
is what happened to the mantle lithosphere under the pla-
teau. A simple argument of mass conservation suggests
that the entire lithosphere must be doubled in the places
where the crustal thickness has also been tectonically
doubled. The consequence would be low crustal tempera-
ture and reduced surface heat flow for at least a few tens
of millions of years (e.g., Babeyko et al. 2002). However,
this contradicts the high values of surface heat flow in the
Altiplano (Springer and Forster 1998) and the evidence
of partial melting in the Altiplano mid-crust (Yuan et al.
2000). Kay and Kay (1993) suggested that the mantle litho-
sphere might have been delaminated, but found evidence
for this process only for the Puna Plateau and not for the
Altiplano. Pope and Willet (1998) postulated the ablative
subduction scenario for the Central Andes in which the
thickening mantle lithosphere of the upper plate was
eroded by the subducting plate. However, this condition
was kinematically predefined in their model and, to date,
its validity has not been tested by a dynamic model.

Another striking feature of the Andean orogeny is the
remarkable correlation between surface topography and
the dip of the slab, and their symmetry with the symme-
try axis at ~19°S (Gephart 1994), at the so-called Boliv-
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ian orocline. Based on these observations, Gephart (1994)
stated that the relationship between these parameters
suggests that the surface topography of the Andes strongly
depends on subduction dynamics, but he did not specify
a mechanism.

The diversity of the suggested hypotheses reflects the
complexity of the deformation processes responsible for the
Andean orogeny, and also indicates the lack of quantitative
understanding of these processes. One way to improve such
understanding is to study the temporal correlation between
tectonic shortening and those processes that possibly con-
tribute to the deformation of the upper plate (Oncken et al.
2006, Chap. 1 of this volume). Such analyses show that the
shortening rate in the Central Andes correlates well with
the westward drift velocity of the South American Plate,
whereas it does not correlate with the convergence rate be-
tween the Nazca and South American Plates. As mentioned
above, the shortening rate also correlates well with the glo-
bal ocean temperature (Lamb and Davis 2003; Oncken et al.
2006, Chap. 1 of this volume), apparently suggesting a strong
relationship between the Andean orogeny and changing
global climate (Lamb and Davis 2003). However, close ex-
amination of this issue using geological arguments (Oncken
etal. 2006, Chap. 1 of this volume) and our modeling re-
sults, presented below, suggest an illusive character to this
relationship, reminding us that good correlation between
processes does not necessarily mean there is a genetic rela-
tionship.

We believe that the best way to understand compli-
cated deformation processes at the active continental
margin is by using advanced physical-mathematical
modeling that is constrained by robust geological and
geophysical observations. In this study, we used finite-
element numerical modeling to consider the coupled,
thermo-mechanical, dynamic interaction between the
subducting and overriding plates over a few tens of mil-
lions of years at the spatial scale of the upper mantle. We
studied mass and heat fluxes associated with this inter-
action, particularly focusing on the dependence of tec-
tonic deformation in the overriding plate on: (I) conver-
gence rate; (2) overriding rate; (3) strength of mechani-
cal coupling between subducting and overriding plates;
and (4) initial lithospheric structure. We derived mod-
els consistent with observations of the central and South-
ern Andes and defined key predictions of these models.
Finally we suggest our preferred scenario for the Andean
orogeny.

25.2 Method and Model Set-Up

According to the aim of this study, the temporal scale for
our modeling is a few tens of millions of years and the
spatial scale is 1000 km. Long-term temporal analysis
requires that we fully consider coupled, thermo-mechani-

cal processes. Moreover, modeling the dynamic interac-
tion between subducting and overriding plates demands
realistic rheological models of both plates, including elas-
ticity, plasticity, as well as temperature- and stress-depen-
dent viscosity. Modeling of this type, and at this scale, is
exceptionally difficult and is not yet possible in three di-
mensions. Therefore, we have exploited the fact that the
variation in structure parallel to the strike of the Andes is
much smaller than across strike, which enabled the de-
formation processes to be modeled with practically inde-
pendent, two-dimensional (2D) cross sections oriented
perpendicular to the strike of the Andes.

25.2.1 Basic Equations

The deformation process was modeled by numerical in-
tegration of the fully coupled system of 2D conservation
equations for momentum (Eq. 25.1), mass (Eq. 25.2) and
energy (Eq. 25.3). These equations are solved together
with rheological relations (Egs. 24.4 and 25.5) including
those for a Maxwell visco-elastic body with temperature-
and stress-dependent viscosity (Eq. 25.4), and a Mohr-
Coulomb failure criterion with non-associated (zero di-
lation angle), shear flow potential (Eq 25.5). It was as-
sumed that viscous deformation consists of competing
dislocation, diffusion and Peierls creep mechanisms
(Kameyama et al. 1999).

Tax, Loxy PETD TR (25.1)
Ldp 4T _ v
Kdr dr ox, (25.2)
dT o oT R
PCPEZg[ﬂ(xi’T)§J+Tij(5ij+€5)+,0A (25.3)
1 aTij 1 .p
wa T @54
1 1 1 1
= + +
n@T)  Nue(T)  1g(0.T)  1,(7,T)
0'1—0'31+5Tn¢+2c 1+an¢=0 (25.5)
1—sing 1-sing )
8=01-0;3

Here the Einstein summation convention applies and
x; are coordinates, f — time, v; - velocities, p — pressure, T;
and &; - stress and strain-rate deviators, £} and & are
viscous and plastic strain-rate deviators, respectively,
d/dt - convective time derivative, d’L',-j/ dt - Jaumann co-ro-
tational deviatoric stress rate, p — density, g; — gravity
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vector, K and G - bulk and shear moduli, 717 - viscosity,
Nais — diffusion creep viscosity, 14, — dislocation creep vis-
cosity, 17, — Peierls creep viscosity, 7 - square root of sec-
ond invariant of stress tensor, R - gas constant, T - tem-
perature, 0, 0; — maximal and minimal principal stresses,
¢ - angle of friction, ¢ - cohesion, g~ shear plastic flow
potential, C,, - heat capacity, A - heat conductivity,and A -
radioactive heat production.

25.2.2 The Plate Interface
and Gabbro-Eclogite Transformation

The interface between the slab and the upper plate was
modeled as a 12 km-thick subduction channel with plas-
tic theology using three finite elements (two elements for
the oceanic-slab side and one element for the continen-
tal-plate side). The yield stress was defined as the small-
est of either the (Mohr-Coulomb) frictional stress:

T=c+ U0, (25.6)

or the temperature-dependent, viscous shear stress (Pea-

cock 1996):
T—%)
AT

In both equations, Tis a stress norm defined as the
square root of the second invariant of the stress tensor,

=1 exp(— (25.7)

Fig.25.2.

Model set-up and boundary con-
ditions. The subducting plate is
45 million years old. The initial
thickness of the continental
lithosphere is 100-130 km, with
the thickest lithosphere in the
eastern (right) part of the model
corresponding to the Brazilian
Shield margin. South America is
drifting to the west (left) with the
velocity increasing from 2 to

3 cmyr™ during the last 35 mil-
lion years. The lower end of the
Nazca Plate is pulled down with
the velocity changing from 5 to N
13 cmyr~!. The inlet shows the
shear stress in the subduction
channel. Note that with a lower
friction coefficient in the channel,
the friction (brittle) domain
extends deeper

gabbro

400 km

c is cohesion, 0, is normal stress, 1t is the subduction-chan-
nel, effective friction coefficient, which includes the effect
of fluid pressure, T and T, are local and reference tempera-
tures, and 7, and AT are parameters. The parameters of
Eq. 25.7, T, AT and 7, are assumed to be 400 °C, 75 °C and
60 MPa, respectively, close to the values of Peacock (1996).

With this approach, the shallow, low-temperature part
of the subduction channel has frictional (brittle) rheol-
ogy with shear stress increasing with depth (Fig. 25.2, solid
and dashed curves). At greater depth and higher tempera-
ture, the viscous flow mechanism takes over and shear
stress in the channel decreases with depth (Fig. 25.2, solid
curve). The depth where frictional rheology changes to
viscous rheology depends on the friction coefficient and
it is larger where friction is lower (compare dashed and
solid curves in Fig. 25.2). We considered the friction coef-
ficient in the subduction channel as a model parameter
and changed it from 0 to 0.15, which is in agreement with
previous estimates (Bird 1998; Tichelaar and Ruff 1993;
Peacock 1996; Hassani et al. 1997).

We also took into account gabbro-eclogite transforma-
tion in both oceanic crust and continental lower crust.
For simplicity, we used the same gabbro-eclogite phase
diagram for both crusts, calculated for the average gab-
bro composition using the free Gibbs energy minimiza-
tion technique (Sobolev and Babeyko 1994) and do not
consider neither related volume changes nor latent heat
effects. The density of the eclogite (at room conditions)
was set to 3450 kg m~® and, in all models, the kinetic
blocking temperature for the gabbro-eclogite transforma-

Dynamic subduction channel

. Pz sediments
felsic upper crust

fertile peridotite

Vo =

depletd peridotite Vi(®)




Chapter 25 - Mechanism of the Andean Orogeny: Insight from Numerical Modeling

517

tion was 800 °C for the oceanic crust and 700 °C for the
lower continental crust. We do not consider here the de-
tails of the processes in the fore-arc. Therefore we omit a
number of hydration and dehydration reactions in the
subducting lithosphere (see Poli and Schmidt 2002;
Hacker et al. 2003 for reviews), which lead to interesting
geodynamic consequences at the fore-arc scale (Gerya
et al. 2002; Gerya and Yuen 2003).

25.2.3 Numerical Method and Rheology

We integrated Eqs 25.1-25.7 using a 2D, parallel, thermo-
mechanical, finite-element/finite-difference code called
“LAPEX-2D” (Babeyko and Sobolev 2005; Sobolev and
Babeyko 2005; see also Babeyko et al. 2002, for a descrip-
tion of the previous version of the code). This code com-
bines the explicit Lagrangian algorithm FLAC (Polyakov
et al. 1993; Cundall and Board 1988) with the particle tech-
nique that is similar to the particle-in-cell method (Sulsky
et al. 1995; Moresi et al. 2001). Particles track material
properties and the full stress tensor, thereby minimizing

Table 25.1. Material parameters

numerical diffusion related to re-meshing. The method
allows the employment of realistic temperature- and
stress-dependent, visco-elastic rheology combined with
Mohr-Coulomb plasticity for layered oceanic and conti-
nental lithosphere (Fig. 25.2).

The rheological parameters were taken from published
experimental and theoretical studies and are presented in
Table 25.1. Owing to the presence of the subduction zone,
we have used rheological parameters for “wet” rocks every-
where in the model except for the slab and mantle lithos-
phere of the shield margin. In the crust, we employed fric-
tion and viscosity strain softening, which we assumed to be
more intensive in the Paleozoic sediments of the Subandean
Zone (Fig. 25.2). The viscous deformation in the mantle was
considered to be driven by competing dislocation, diffu-
sion and Peierls creep mechanisms (Kameyama et al. 1999)
and the numerical method routinely included shear heating.

At high strains, rocks may mechanically weaken ow-
ing to a number of processes (Handy et al. 1999). We con-
sidered this in the model by introducing plastic and vis-
cous strain-softening behavior. For felsic and mafic conti-
nental rocks, we assumed that cohesion and friction angles

Parameter Sediments  Felsic crust  Gabbro Mantle litho- Mantle litho-
continent/ocean  sphere of slab sphere/asteno-

and shield sphere

Density at room conditions, p (kg m=)? 2670 23800 3000 3280 3280/3300

Thermal expansion, & (K™)° 37%107° 3.7%107° 27%107° 30%107° 30%107°

Elastic moduli, K, G (GPa)® 55,36 55,36 63,40 122,74 122,74

Heat capacity, G, U kg ' K™)° 1200 1200 1200 1200 1200

Heat conductivity, 4 (WK m™) 2.5 2.5 25 33 33

Heat productivity, A (uW m™3) 13 13 0.2 0 0

Initial friction angle, ¢ (degree) 30 30 30 30 30

Initial cohesion, C;, (MPa) 2 20 40 40 40

Diffusion creep preexp.factor, log(A) (Pa™" s - - - -10.59 -10.59

Diffusion creep activation energy (kJ mol™) - - - 300 300

Grain size (mm), (Grain size exponent) - - - 0.1 (2.5) 0.1 (2.5)

Dislocation creep preexp.factor, log(A) (Pa™ sy -280 -28.0 -15.4/-25.9 -16.3 -14.3

Dislocation creep activation energy (kJ mol™) 223 223 356/485 535 515

Power law exponent, n 4.0 4.0 3.0/4.7 3.5 3.5

Peierls creep preexp. factor, log(A) (Pa™” s

Peierls stress, op (GPa) - - - 8.5 85

Peierls creep activation energy (kJ mol™) 223 223 445 535 535

2 (Lukassen et al. 2001). b(Sobolev and Babeyko 1994). Sources for dislocation creep laws - sediments and felsic crust: weakened
(Aincreased by 10 times) quartzite by Gleason and Tullis (1995); mafic crust of continent: wet plagioclase by Rybacki and Dresen (2000);
mafic crust of ocean: dry Columbian basalt by Mackwell et al. (1998); mantle lithosphere of slab and shield: dry peridotite by Hirth and
Kohlstedt (1996); mantle lithosphere of South America (except shield) and asthenosphere: dry peridotite by Hirth and Kohlstedt (1996).
Source for diffusion and Peierls creep laws in mantle:Kameyama et al. (1999).
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linearly decrease by a factor of three when accumulated plas-
tic strain changes from 1 to 2. For sediment, the softening
was assumed to be faster; the friction angle decreases by a
factor of ten when the accumulated plastic strain changes
from 0 to 0.5. The viscosity of all continental crustal mate-
rials was assumed to decrease by a factor of ten (log lin-
early) when finite strain changes from 0.5 to 1.0.

25.2.4 Model Set-Up

We modeled the initial crustal structures expected for the
central and Southern Andes at 35 Ma. The initial crustal
structure for the Central Andes (Fig. 25.4a) contains thick,
felsic, upper crust and thinner, mafic, lower crust, with a
total crustal thickness of 40-45 km, assuming that the
crust was already significantly shortened by 35 Ma
(Allmendinger et al. 1997; Lamb et al. 1997). The initial
crust for the Southern Andes (see below Fig. 25.4c) con-
sists of equally thick, upper felsic and lower mafic layers
and has a total thickness of 35-40 km.

The geometry and boundary conditions incorporated
into all our models are schematically shown in Fig. 25.2.
In all models, we explored the interaction of the 45 mil-
lion-year-old, subducting Nazca Plate with the 100 to
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25.3 Modeling Results

25.3.1 Model for the Central Andes
(Latitude of the Altiplano)

Firstly, we sought the model that best fits the observations
from the Central Andes (latitude of the Altiplano) for the
time between 35 Ma to the present day. To do that, we as-
sumed thick (40-45 km) crust as a starting model and used
kinematic boundary conditions that mimicked subduction
and overriding velocities according to the plate-tectonics
reconstructions (Somoza 1998; Silver et al. 1998), as shown
in Fig. 25.2. With this set-up, we performed several numeri-
cal experiments by changing the friction coefficient in the
subduction channel “4”. All model-runs with £ > 0.10 re-
sulted in slab break-off and the termination of subduction
(Fig. 25.3,see also animation 1 on the Supplementary DVD).
When 1 was in the range of 0.05-0.10, subduction survived
but large interplate coupling led to shortening in the over-
riding plate that was too strong.

Fig. 25.4.

Time snapshots of the evolution
of tectonic shortening for the
models of the Central Andes (a,b)
and Southern Andes (¢, d). Color
codes correspond to rock types.
In the Central Andes’ model,
about 60% of the South American
westward drift is accommodated
by trench roll-back and about
40% by tectonic shortening at the
South American margin. Note 0
the intensive thickening of the
felsic upper crust (yellow, orange)
and the loss of mafic lower crust
(green) in the South American
Plate in the Central Andes. Note, -200
also, that mantle lithosphere

The model replicates the case of the Central Andes
most closely when u is about 0.05 (Fig. 25.4b). In this
model, 58% of the westward drift of South America
during the last 35 million years is accommodated by
trench roll-back and the remaining 42% by tectonic
shortening (37%) and subduction erosion (5%) of the
South American margin. During shortening, the felsic
crust almost doubled its thickness, while the thickness
of the mafic lower crust and mantle lithosphere actually
reduced (compare Fig. 25.4a,b). The reason for this is
delamination of the lower crust and mantle lithosphere
driven by gabbro-eclogite transformation in the lower
crust, first discussed in the Andean context by Kay and
Kay (1993).

During the thickening of the crust to more than 45 km,
the mineral reactions in the mafic lower crust generated
dense garnet and omphacite at the expense of low-den-
sity plagioclase, thus increasing the rock density to val-
ues higher than that of mantle peridotite (3300 kg m™).
The bodies of the dense lower crust and entrained mantle
lithosphere tend to sink into the less dense asthenosphere.

Friction coefficient 0.05, initial crust 40-45 km
a 35Ma

South America drift

Thinskinned
deformation

Underthrusting
shield

Delaminating

(light green) in the South Ameri-
can Plate in the Central Andes
becomes thinner during tectonic
shortening. At about 10 Ma, the
sedimentary cover of the shield
margin (red) fails and the shield
begins to underthrust the growing
plateau. In the Southern Andes’
model, 95% of the South Ameri-
can westward drift is accommo-
dated by trench roll-back and
the South American Plate re-
mains largely undeformed

Q.
=}
=
Q
S

Trench roll-back

7000 7200 |ithosphere

Friction coefficient 0.01, initial crust 35-40 km
€ 35Ma
0

-100

Depth, km

800 1000

. 600
Distance, km

—

400

South America drift




520

Stephan V. Sobolev - Andrey Y. Babeyko - Ivan Koulakov - Onno Oncken

35 Ma
T
1250
1100
E 850
% 00
£ 650
oy 500
2 250
200
50
0 TC
1260
: 1100
= 100 950
:. 800
:;.‘ =200 ggg
S 350
£ 200
50
-400
0
20 Ma
0 T*C
1250
- 1100
" 100 ks
: B 800
= -
= 350
-300 200
s 50
-400
0
0 _Te
1250
% 1100
E 100 950
Z 8 800
£ -200 850
@ 500
(=] a
- 50
-300 200
s 50
-400D
10 Ma
0 i
B 1250
4 . 1100
&0 _ 950
:. I = 800
E -200 | :gg
a ] o 380
. 200
= 5
-400
5 Ma
0 T™C
g 1250
4 1100
reh 950
;‘. 800
£ 200p e
= | ™ 350
-300 200
50
-400
0 _Te
1250
2 1100
= 100 %co
:. 1 800
§ -200 igg
= 5 350
-300 B 200
=

-400 g

1 1
500 1000
Distance, km

35 Ma
Density, kaim?
3700
3550
. -1oo 3400
= 3250
£ 3100
3 200 2850
a 2300
-300 2550
-400
25 Ma
0 ~m— D2y, kgim3
3700
3550
g 100 3400
= 3250
£ : 3100
3 200 2050
a 2800
-300 2650
00, 500 1000
20 Ma
0 Density, kgim3
= 3700
3850
& too 3400
2 3250
¥ 3100
% =i 2050
e 2800
-300 2650
-4000 500 1000

Density, kgim3

= 3700
3550
3400
3250
3100
2850
2800
2650

Depth, km

Density. kgim3

B 3700
3550
3400
3250
3100
2050
2800
2650

Depth, km

Density, kgim3
= 3700
3550
3400
3250
3100
2350
2500
2850

Depth, km

Density, kg/m3
aroo
3550
3400
3250
3100
2050
2800
2650

Depth, km

00
Distance, km

Fig. 25.5. Time snapshots of the evolution of temperature (left) and density (right) for the Central Andes’ model

While sinking, most of these bodies are moved by corner
flow towards the trench, join the slab and are then sub-
ducted into the mantle (Fig. 25.5, see also animations 2,3

and 4 on the Supplementary DVD).

The model shows at 10 Ma that tectonic shortening
generated high topography near the magmatic arc and in
the back-arc close to the shield margin (Fig. 25.6, orange
curve). These large topographic gradients initiated inten-
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sive flow in the lower and middle crust. They also evened
out crustal thickness and surface topography and pro-
duced a 4 km-high plateau during the last 5-10 million
years (Fig. 25.6). At the same time, tectonic shortening
reached 350 km, in agreement with the geological esti-
mations of the maximum shortening in the Central Andes
(Kley and Monaldi 1998).

The model also predicts failure of the foreland sediments
at about 10 Ma followed by underthrusting of the shield
margin and a switch from a pure-shear to a simple-shear
mode of shortening. This concurs with both the geological
model by Allmendinger and Gubbels (1996) and the back-
arc-focused numerical study by Babeyko and Sobolev
(2005). Figure 25.7 demonstrates the evolution of tectonic
deformation, showing calculated, finite-strain distribution
at 18 Ma and 0 Ma. At 18 Ma, deformation is moderate
and it is dominated by pure shear. In contrast, the final
stage of deformation is dominated by simple shear, which
is accommodated by underthrusting of the shield mar-
gin and lower-crustal flow beneath the plateau.

During tectonic shortening, the temperature of the
crust markedly changes (Fig. 25.5). The delamination of

w
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Fig. 25.6. Evolution of surface topography in the Central Andes’
model. Note the formation of high topography followed by a pla-
teau growth during the last 10 Myr

Fig. 25.7.
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Central Andes’ model at 18 Ma
and 0 Ma. Note the clear signa-
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the lower crust and mantle lithosphere results in strong
heat input into the crust, which leads to partial melting
and then convection within the thick, felsic crust (Babeyko
et al. 2002). As the resolution of the current model was too
low to reproduce small-scale convection in the crust, we
emulated such convection by increasing the heat conduc-
tivity of the felsic material by ten times if its temperature
exceeded 750 °C. The result of this process is a zone of high
temperature (higher than 750 °C) rapidly growing in the
thickened crust (Fig. 25.5, see also animation 3 at Supple-
mentary DVD) in accordance with present-day high heat
flow in the Altiplano (Springer and Forster 1998).

400

400

25.3.2 Sensitivity of Tectonic Shortening

Here we examine the sensitivity of tectonic shortening to
potentially important factors such as the overriding rate,
the strength of mechanical coupling between the subduct-
ing and overriding plates, the initial lithospheric structure,
and the convergence rate. To do that, we modified the Cen-
tral Andes’ model described above by “switching off” dif-
ferent factors and examining the consequences for tectonic
shortening over the last 35 million years of evolution.

The shortening curve corresponding to the Central
Andes’ model is shown in Fig. 25.8b by black solid circles.
Firstly, we “switched off” the acceleration of the South
American westward drift in the Central Andes’model (e.g.,
drift velocity remained 2 cmyr™! instead of increasing
from 2 to 3 cmyr!), leaving all other parameters un-
changed. This modified model (curve denoted by open
boxes in Fig. 25.8b) generated only about 60% of the short-
ening achieved in the original Central Andes’ model.
Moreover, if the drift velocity was decreased to 1 cm yr’l,
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Fig. 25.8.a Variation over time in the convergence rate and overrid-
ing rate implemented in the model through boundary conditions;
b Resulting tectonic shortening versus time for different models.
Numbers near the models indicate the subduction-channel friction
coefficient (first number) and the South American westward drift ve-
locity (second group of numbers). Also shown are the time ranges of
some critical processes in the Central Andes’ model

there was no tectonic shortening at all. This indicates that
in the case of the low-angle subduction and relatively high
subduction-channel friction which we consider here, the
overriding velocity is among major factors effecting de-
formation of the overriding plate.

Next, we “switched off” the relatively high, subduction-
channel friction in the Central Andes’ model by setting
U to 0.015 instead of 0.05. The resulting model (Fig. 25.8,
curve indicated by open circles) still generated a large
amount of tectonic shortening, i.e. 74% of the shortening
achieved in the original model. This model shows that
large changes in the friction coefficient (by three to four
times) alone do not lead to dramatic changes in the rate
of tectonic shortening. Now, if in addition to the change in
the friction coefficient, we adopt a thin-crust (35-40 km)
initial model instead of a thick-crust (40-45 km) model,
then the tectonic shortening at 0 Ma is reduced to less
than 40 km (Fig. 25.8b, filled diamonds). The reason for
such behavior is discussed in the next section.

From the shape of the shortening curve for the Cen-
tral Andes’ model (Fig. 25.8b), it can be seen that the high
convergence rate of 13-15 cmyr™' achieved between 30
and 25 Ma had little effect on the shortening rate. This is
a typical feature in all our models, demonstrating that

large changes in the subduction rate (leading to large
changes in the convergence rate) do not intesify shorten-
ing in the overriding plate.

In several numerical experiments, we changed the ge-
ometry of the subducting plate and kept all other param-
eters fixed. As expected, we observed an increase in the
compression stress in the overriding plate when the sub-
duction angle decreased (flatter subduction). Although
these effects clearly deserve a more systematic investiga-
tion, it is clear that at low interplate friction (coefficient
about 0.01), relatively small changes in the subduction
angle can result in changes to the stress field of the over-
riding plate from slight compression to slight tension.

In addition to the factors considered above, some other
processes can also influence the rate of tectonic shorten-
ing. As previously discussed, the clear increase in the
shortening rate in the Central Andes’model at about 10 Ma
(Fig. 25.8b) is associated with the failure of the foreland
sediments followed by underthrusting of the shield mar-
gin and a switch from a pure-shear to a simple-shear mode
of shortening. Another important process leading to the
weakening of the upper plate, and also to a periodic
change in the strength of viscous coupling between the
upper and lower plates, is delamination of the lower crust
and mantle lithosphere of the upper plate, which we dis-
cuss in the following section.

25.3.3 Consequences of Mantle Delamination

Before delamination takes place, mineral reactions result
in a density increase in the thickening, lower, mafic crust
of the overriding plate (Fig. 25.5). The consequence is that
little surface uplift occurs despite the increasing thick-

Trend

shortening rate, mm/yr

0 T T ' T '

10 20 30
Time, Min years

Fig. 25.9. Variation in the shortening rate with time in one version of
the Central Andes’model. The general tendency for increased short-
ening is due to the rising rate of the South American westward drift.
The reason for periodic variation is explained in Fig. 25.10
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ness of the crust (see Fig. 25.6, blue and green curves cor-
responding to the model time of 30 and 20 Ma respec-
tively). This, in turn, makes tectonic shortening energeti-
cally very efficient because no mechanical work is spent
against gravitational spreading of the rising surface to-
pography. (For more discussion concerning this process
see Babeyko et al. 2006, Chap. 24 of this volume).

To look at the effect of mantle delamination in more
detail, we considered a modification of the Central Andes’
model, which has a slightly different distribution of ini-

tial crustal thickness than the model discussed above. This
modified model shows basically the same features as the
Central Andes’ model presented below, but delamination
and related processes are more pronounced in this par-
ticular model. Figure 25.9 shows the evolution of the tec-
tonic shortening rate computed for this particular model
which has two prominent peaks at ~13 and 29 Ma.

The origin of the first peak is illustrated by Fig. 25.10
(see also animation 7 at Supplementary DVD), which
shows a sequence of snapshots of the modeled thermal
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Fig.25.10. Time snapshots of the temperature distribution in a version of the Central Andes’ model (right column). The left column of
figures shows the shortening-rate with arrows indicating the time of the corresponding temperature snapshots. Note that the maximum
shortening rate corresponds to the blocking of the asthenospheric wedge by delaminating mantle material
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structure. It is seen that when the tip of the corner flow is
occupied by hot asthenospheric material (white), the
shortening rate of the upper plate is relatively low. How-
ever, when delaminated mantle material, moving by cor-
ner flow, blocks its tip, the shortening rate of the upper
plate is at a maximum. This behavior is caused by in-
creased viscous coupling between the plates when the
asthenospheric wedge is blocked by the cool, delaminated
mantle material. Increased mechanical coupling increases
the upper plate’s resistance to overriding, which intensi-
fies its deformation.

Another important consequence of mantle delami-
nation is heating of the crust. Figure 25.10d shows that
after the delaminated material is transported down by
the slab, the hot asthenosphere (white) rises almost to
the level of the Moho. This creates a strong heating im-
pulse that partially melts the crust and may also trigger
convection in the felsic crust (Babeyko et al. 2002). The
mechanical consequence of this process is the weaken-
ing of the crust (Babeyko et al. 2006, Chap. 24 of this
volume).

Overall, the consequence of mantle + lower-crust
delamination and the preceding mineral reactions in the
mafic lower crust of the overriding plate is a significant
increase in the susceptibility of the upper plate to tectonic
shortening. This result leads to an important conclusion
about the possible evolution of tectonic shortening in the
upper plate: Because mantle delamination is driven by
gabbro-eclogite transformation and the latter occurs only
when crustal thickness exceeds some 45 km, the shorten-
ing rate may be expected to be relatively low before the
crust of the upper plate reaches this critical thickness.
After the critical thickness is achieved, the shortening rate
increases.

25.4 Addressing Key Questions
of the Andean Orogeny

25.4.1 Why Has the High Plateau Developed Only
during the Last 30 Million Years?

There are many arguments for the idea that the most im-
portant condition for creating the Altiplano-Puma Pla-
teau was crustal thickening caused by extensive tectonic
shortening that occurred in the Central Andes during the
Cenozoic (Isacks 1988; Allmendinger and Gubbels 1996,
Allmendinger et al. 1997; Lamb et al. 1997; Kley and
Monaldi 1998; Giese et al. 1999). Therefore, the question
about plateau formation is subdivided: (I) Why has the
extensive tectonic shortening occurred only during the
last 30 million years? and (2) How has tectonic shorten-
ing created the high plateau?

As shown in the previous section, a modeled increase
in convergence rate from 6 to about 15 cmyr~! did not

change the shortening rate of the overriding plate signifi-
cantly (see Fig. 25.8). Moreover, our modeling shows no
correlation between the shortening and convergence
rates (compare Fig. 25.8a,b). This concurs with data for
the Central Andes, which also lacks such a correlation
(Oncken et al. 2006, Chap. 1 of this volume), and for sub-
duction zones in general (Heuret and Lallemand 2005).
An increase in subduction rate does not lead to upper
plate shortening because subduction driven by slab pull
induced by slab negative buoyancy always leads to trench
roll-back (Christensen 1996). If the subduction rate in-
creases the trench roll-back rate should also increase, re-
sulting in extension, rather than compression of the over-
riding plate. From this, we infer that it is unlikely that an
increased convergence rate caused by the faster subduc-
tion of the Nazca Plate could have led to the intensive orog-
eny in the Central Andes.

It is argued (Lamb and Davis 2003) that another pos-
sible cause of the Cenozoic tectonic shortening is late
Cenozoic aridization of the global climate, which resulted
in reduced sedimentary fill in the trench that, in turn, led
to an increase in interplate coupling. This idea looks at-
tractive at first glance because it is consistent with two
independent and remarkable correlations: (I) the tempo-
ral correlation between global ocean temperature and the
shortening rate in the Central Andes during the last
25 million years (Lamb and Davis 2003; Oncken et al. 2006,
Chap. 1 of this volume) and (2) the spatial correlation
between the magnitude of tectonic shortening and the
thickness of the sedimentary trench-fill off the south-
Central Andes (Lamb and Davis 2003; see also Fig. 25.1).
Oncken at al. (2006, Chap. 1 of this volume) discuss the
Lamb and Davis (2003) hypothesis from a geological view-
point, whereas we discuss it here based on the results of
our modeling.

As seen in the previous section, a three- to fourfold
change in the interplate (subduction-channel) friction co-
efficient at constant other model parameters, may result in
a change in the magnitude of tectonic shortening by about
30% (~100 km) in the Central Andes (see Fig. 25.8b). This
result shows that if a climate-controlled increase in the sub-
duction-channel friction coefficient were of the order of five
times or more, then climate would indeed be an important
control on the tectonic shortening rate.

According to the geological data (Oncken et al. 2006,
Chap. 1 of this volume), the average thickness of the sedi-
mentary trench-fill was less than 0.5 km off the Central
Andes between 30 and 50 Ma, and less than 0.2 km since
30 Ma. Our calibration of the relationship between sub-
duction-channel friction and the thickness of the trench-
fill (Fig. 25.12, see Sect. 25.5.1 for explanation) translates the
above values into interplate friction coefficients of 0.03-0.05
between 30 and 50 Ma and close to 0.05 since 30 Ma. Ac-
cording to our modeling results, such small changes in
the friction coefficient (by 1.6 or less) cannot significantly



Chapter 25 - Mechanism of the Andean Orogeny: Insight from Numerical Modeling

525

Fig. 25.11.

Models and observations for two
cross sections in the Central Andes:
(a) the Altiplano and (b) the Puna.
Geological sections are from Kley |
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etal. (1999) and modeling results
from Babeyko and Sobolev (2005).
Gray colors in the model cross
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Note the significant difference in
the deformation styles between
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change the tectonic shortening rate. From this, we con-
clude that it is unlikely that climate was the primary rea-
son for the increased rate of tectonic shortening in the
Central Andes during the Cenozoic, as suggested by Lamb
and Davis (2003). However, although our modeling does
not support this part of the Lamb and Davis (2003) hy-
pothesis, we agree with these authors that the large dif-
ference in interplate friction between the Central Andes
and rest of the Andes might have contributed to the dif-
ferent magnitudes of tectonic shortening in these regions.

Of all the factors considered in our models, tectonic
shortening appears to be the most sensitive to the over-
riding rate of the upper plate (Fig. 25.8). With a low over-
riding rate of 1 cm yr~! or less,and other parameters fixed,
we did not observe any shortening. With a constant over-
riding rate of 2 cm yr~}, the shortening reached 180 km at
0 Ma and when the overriding rate increased from 2 to
3 cmyr~!, the tectonic shortening reached 350 km. These
results strongly suggest that the late Cenozoic accelera-
tion of the westward drift of the South American Plate
might have been a primary cause of the Central Andean
orogeny, in agreement with the earlier proposal of Russo
and Silver (1994). This also concurs with the observed
correlation between the overriding velocity of South
America and the shortening rate in the Central Andes
(Oncken et al. 2006, Chap. 1 of this volume),and with such
correlations for subduction zones in general (Heuret and
Lallemand 2005).

Our models show that large amounts (over 300 km)
of tectonic shortening that are accompanied by delami-

Felsic crust plateau

e B crust
e Mantle

100 200 300
Distance (km)

nation of the mantle lithosphere and mafic lower crust,
always generate a high plateau. The exclusion from this
rule may be those cases where an exceptionally large ero-
sion rate exists (Babeyko et al. 2006, Chap. 24 of this vol-
ume). This does not apply, however, to the Central Andes.
One reason that large amounts of tectonic shortening
generates high plateau is that the weak, felsic, middle-
lower crust cannot maintain the high stresses associated
with the large gradients in surface topography created
by the tectonic shortening. The consequence is middle-
lower crustal flow that tends to flatten the Moho and sur-
face topography, which has also been demonstrated in
earlier models (e.g., Royden 1997, Husson and Sempere
2003). Additionally, the basins-and-ranges structure cre-
ated by the buckling of the shortened lithosphere is
smoothed by internal erosion and drainage, which also
contributes to the formation of the plateau-like surface

topography.

25.4.2 Why Are the Central and Southern Andes
so Different?

While the high and increasing overriding rate of the South
American Plate during the last 30 million years can ex-
plain the most extensive tectonic shortening over that
time, it does not explain the large amounts of shortening
in the Central Andes and the small amounts in the South-
ern Andes. Russo and Silver (1994), suggested that South
America’s trenchward motion is driven by deep mantle
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flow coupled to its base which “collides” with the Nazca
Plate; the stagnation point and maximum compression
stress occur in the Central Andes. However, in this model
it remains unclear how the stresses would differ (if at all)
between in the center and periphery of the South Ameri-
can leading edge. Moreover, recent seismic data (Helffrich
etal. 2002) argue against the mantle flow pattern pre-
dicted by the Russo-Silver model (Russo and Silver 1994).
We do not think that these arguments allow a rejection of
the mantle-flow model by Russo and Silver (1994), but
they indicate the possibility of alternatives.

Leaving this decision for further three-dimensional
numerical analysis, we suggest here another explanation
for the concentration of deformation in the Central
Andes. We note two important differences in the crustal
structure of the central and Southern Andes. Firstly, the
thickness of the sedimentary fill in the trench off the
Southern Andes is more than 1.5 km, whereas it is less
than 0.5 km off the Central Andes (see Fig. 25.1), and a
similar situation could be expected for the entire Ceno-
zoic (Oncken et al. 2006, Chap. 1 of this volume). Accord-
ing to our model (see Sect. 25.5.1), this corresponds to
an interplate friction coefficient that is three to five times
lower in the Southern Andes than in the Central Andes.
Secondly, in the Southern Andes, the thickness of the
crust is, even now, less than 40 km and it has a relatively
thick, mafic, lower part (Liith and Wigger 2003; Tassara
2004). In the Central Andes, however, the crust is likely
to have already significantly thickened (probably to more
than 40-45 km) by 35 Ma (Lamb et al. 1997), and even at
that time it might have been rather felsic (Lucassen et al.
2001; Tassara 2004).

The numerical model that lowers the interplate fric-
tion coefficient by five times in the Southern Andes and
also uses a thinner crust there, compared to the Central
Andes at 35 Ma, generates less than 40 km of tectonic
shortening at the present time, even with a high, and in-
creasing, overriding rate for the South American Plate
(Fig. 25.8b). In this model, most of the South American
Plate’s drift is accommodated by roll-back of the Nazca
Plate (Figs. 25.4¢,d). As a result, the South American Plate
overrides the Nazca Plate more than 300 km further in
the Southern Andes’ model (Fig. 25.4d) than in the Cen-
tral Andes’ model (Fig. 25.4b).

Another explanation for the difference between the
central and Southern Andes was suggested by Yanez and
Cembrano (2004). These authors proposed that the
younger age of the subducting Nazca Plate in the South-
ern Andes results in regionally lower, shear coupling be-
tween the plates, which, in turn, leads to the smaller
amount of deformation in the Southern Andes upper plate.
Our modeling does not confirm this suggestion. If a sub-
duction channel is introduced in the model, then shear
coupling between the plates is controlled by the mechani-
cal (mostly frictional) properties of the rocks within the

channel rather than by the age-dependent temperature
of the deeper part of the slab. Therefore, it may be ex-
pected that the presence or absence of a lubricant (trench
sediment) is much more important in determining the
magnitude of shear coupling between the plates than the
age of the slab. This does not mean, however, that the slab
age cannot affect deformation of the overriding plate.
Such dependency might in fact exist is because trench roll-
back also requires deformation (bending) of the subduct-
ing slab, which may well depend on slab age. Therefore,
the trench could roll back more easily when the slab is
younger, with consequently less deformation of the over-
riding plate.

25.4.3 Why Are the Altiplano and Puna Segments
of the Central Andes Different?

We have run several numerical experiments focused on
the deformation in the Andean back-arc (Babeyko and
Sobolev 2005). In this model set-up, we prescribed the
total magnitude of tectonic shortening with an eye to the
factors that control deformation styles. We varied the
temperature of the lithosphere and the strength of the
sediments in the foreland. The finite strain distribution
of two models replicates well the deformation patterns
in the Altiplano (Fig. 25.11a) and Puna (Fig. 25.11b) seg-
ments of the Central Andes. Also shown are correspond-
ing geological cross sections by Kley et al. (1999). The
significantly different deformation styles result from the
two segments differing in upper crustal strength (weak
sediment in the Altiplano foreland and no such sediment
in the Puna foreland) and lithospheric temperature (cold
lithosphere in the Altiplano foreland and warm in the
Puna foreland). For more details see Babeyko and
Sobolev (2005).

Therefore, our modeling supports the idea of Allmen-
dinger and Gubbels (1996) that the presence of thick Pa-
leozoic sediment in the Altiplano foreland and the higher
lithospheric temperature in the Puna foreland might have
been the major cause of the different styles of tectonic
shortening in these regions. To accomplish this, the sedi-
ments had to become very weak (their effective friction
angle must drop below 10°) at about 10 Ma. For discus-
sion of the effects of the weakening lithosphere see
Babeyko and Sobolev (2005) and Babeyko et al. (2006,
Chap. 24 of this volume).

25.4.4 Which Scenario Is Most Plausible
for the Andean Orogeny?

From our modeling, we infer the following scenario for
the tectonic evolution of the Andes. The South American
Plate has a long history of westward drift with its velocity
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of 1-1.5 cm yr~! increasing to 2-3 cm yr! during the last
30 million years (Silver et al. 1998). With these conditions,
the dipping angle of the relatively young slab (younger
than 50 million years in our case) decreases with time (von
Hunen et al. 2004) increasing coupling of the slab with
the overriding plate. Maximum coupling was achieved in
the Central Andes, where the arid climate caused a lack
of sediment in the trench (no lubrication), resulting in a
relatively high, interplate friction coefficient of about 0.05
during the entire Cenozoic. With this high friction, the
stress in the overriding plate became compressional when
the overriding velocity exceeded 1-1.5 cm yr~L. Therefore,
the upper plate in the Central Andes was subjected to sig-
nificant shortening at ~70 Ma (the Peruvian shortening
phase) and in the late Cenozoic, beginning from some
50 Ma (Oncken et al. 2006, Chap. 1 of this volume). At the
same time, in the Southern Andes, the upper plate was
still under extension because of the lower interplate fric-
tion (i = 0.01) caused by the extensive inflow of lubricat-
ing sediment into the trench.

Long-term westward drift combined with high inter-
plate friction in the Central Andes has resulted in ~200 km
of continental crustal erosion since the Jurassic (Scheuber
etal. 1994). Despite the upper plate in the Central Andes
being under compression since ~50 Ma, its deformation
rate was relatively low before ~30 Ma (Oncken et al. 2006,
Chap. 1 of this volume). We suggest that there were two
major reasons for this. Firstly, the crust was still relatively
thin (< 45 km), which did not allow for eclogitization
mineral reactions in the lower crust. In such a case, the
mechanical work required to shorten the crust remains
very high (Babeyko et al. 2006, Chap. 24 of this volume).
Secondly, the overriding velocity was still too low to cre-
ate the high compression needed for extensive deforma-
tion of the strong lithosphere.

At about 30 Ma, after the establishment of a “flat slab”
in the Central Andes (Altiplano latitude) and after the as-
sociated episode of enhanced tectonic shortening (Isacks
1988), the crustal thickness in a large part of the Central
Andes reached the threshold value (of about 45 km) when
eclogitization reactions become activated. At this critical
point, the lithosphere of the upper plate was effectively
weakened (Babeyko et al. 2006, Chap. 24 of this volume)
and continued to shorten extensively, even after the slab
became steeper again at about 25 Ma (Isacks 1988).

At the same time, westward drift of the South Ameri-
can Plate had begun to accelerate, increasing compres-
sion and the rate of tectonic shortening in the upper plate.
The tectonic shortening was concentrated in the Eastern
and Western Cordilleras, where the lithosphere was rela-
tively weaker and where the crustal thickness first reached
the threshold value of 45 km. Continuing tectonic short-
ening, accompanied by the eclogitization of the thicken-
ing lower crust, triggered delamination of the lower crust
and mantle lithosphere. The delamination was followed

by the thickening, heating, and partial melting of the felsic
part of the crust (Babeyko et al. 2002). Finally, the ductile
flow in the heated, and weak, felsic crust evened out the
Moho and surface topography and created the high pla-
teau in the Central Andes.

The above scenario applies to the Altiplano seg-
ment of the Central Andes. Tectonic evolution of the
Puna segment was different most likely because of the
following factors: (1) the flat slab episode in the Puna
occurred some 10 to 20 million years later (Kay et al.
1999), so the crust only reached the critical thickness of
45 km at about 10-15 Ma; (2) the higher temperature in
the foreland lithosphere in the Puna allowed thick-
skinned tectonic shortening in the foreland; and (3) the
absence of thick and weak Paleozoic sediment in the
Puna foreland prevented thin-skinned deformation. As
a result, tectonic shortening in the Puna and its fore-
land was not as intensive and occurred later than that
at the latitude of the Altiplano. The consequence was a
sig-nificantly smaller magnitude of the total shortening
(Kley and Monaldi 1998) and a more recent episode of
lower-crust + mantle-lithosphere delamination (Kay and
Kay 1993).

The shortening rate in the Central Andes has gener-
ally tended to increase with time since about 50 Ma be-
cause of the increasing overriding velocity of the South
American Plate. However, the shortening rate has varied
owing to several processes that led either to the weaken-
ing of the upper plate (such as failure of the foreland sedi-
ment) or an increase in interplate coupling caused by,
for example, delaminating mantle material blocking cor-
ner flow.

In contrast to the Central Andes, in the Southern Andes,
the high overriding rate of the South American Plate was
almost entirely accommodated by the roll-back of the
Nazca Plate. This was possible because of the combined
effect of low friction in the well-lubricated (by sediment)
subduction channel and the relatively strong lithosphere
with a thin (< 40 km) crust. The upper plate was in a low-
stress regime during the entire Cenozoic. Changes in the
stress field from little extension to small amounts of com-
pression in the Southern Andes (Vietor and Echtler 2006,
Chap. 18 of this volume) might have been caused by the
increasing overriding rate of the South American Plate
and by changes in the geometry of the subducting plate,
with the latter probably related to the concurrent processes
in the Central Andes.

Finally, the combined effect of the different, late Ceno-
zoic, trench roll-back distances (> 300 km difference) and
the amount of Cenozoic, upper-plate erosion (about
200 km difference) in the central and Southern Andes is
the spectacular Bolivian orocline. This orocline, accord-
ing to our model, marks the region of maximum mechani-
cal coupling between the plates during the last 100 mil-
lion years.
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25.4.5 Why Do Andean Surface Topography
and Slab Geometry Correlate?

Although the Nazca slab dips at rather low angle everywhere
beneath the South American Plate, there are significant
north-south variations (Isacks 1988; Gephart 1994). Inter-
estingly, the slab is steepest beneath the highest surface to-
pography in the Central Andes, and it is less steep, or even
flat,beneath the lower Southern and Northern Andes (Gep-
hart 1994). This correlation is counter-intuitive because the
strongest coupling between the plates, and the most defor-
mation in the upper plate, could be expected to occur at a
shallow dipping angle and, therefore, has a large coupling
interface with the upper plate. Gephard (1994) suggested
that the observed correlation indicates that slab geometry
controls deformation of the upper plate. However, based
on our modeling results, we suggest that the situation may,
in fact, be vice versa, i.e. that the deformation of the upper
plate may significantly influence the slab geometry.

The results of numerical models for the central and South-
ern Andes show the importance of upper-plate crustal struc-
tureand the interplate friction. The boundary conditions (e.g.,
slab pull rate and South American-plate push rate) and the
initial geometry of the slab are exactly the same in both
models. After 35 million years of evolution, the slab in the
Central Andes’ model became steeper (Fig. 25.4a,b), while
in the Southern Andes’ model, the slab became less steep
(Fig. 25.4c,d). The present-day slab beneath the strongly
shortened crust of the high Central Andes (Fig. 25.4b) is
dipping at significantly larger angle than beneath the much
less deformed crust of the low Southern Andes (Fig. 25.4d).

This is because the geometry of the subducted plate is
largely controlled by the rate of trench roll-back (e.g., von
Hunen et al. 2004); the higher the roll-back velocity, the
less steeper the plate becomes. In the Southern Andes’
model,almost the entire rate of upper-plate westward drift
was accommodated by trench roll-back, and therefore the
plate became less steep with time. In the Central Andes, a
large part of the drift rate was accommodated by the short-
ening of the upper plate and, therefore, the rate of trench
roll-back was lower than in the Southern Andes’ model,
with the consequence of a more steeply dipping slab.
Moreover, as suggested by the numerical model of von
Hunen et al. (2004) it is much easier to create a “flat slab”
regime for a fast trench roll-back, than for a slow trench
roll-back. This may explain the appearance of flat slab
segments in the Southern and Northern Andes.

25.5 Deriving and Testing Model Predictions

A number of testable predictions can be derived from the
model of the Andean orogeny described above. We dis-
cuss these predictions below.

25.5.1 Magnitude and Along-Strike Variation
in Interplate Friction

Our modeling suggests that the friction coefficient in the
subduction channel must be lower than 0.1 to allow the
subduction zone to survive. Moreover, the friction should
be even lower to fit the observed magnitudes of tectonic
shortening in the Central Andes (1 = 0.05) and Southern
Andes (1 = 0.01). These values are in good agreement with
estimates of the subduction zone’s friction coefficients
based on geothermal constraints (Tichelaar and Ruff 1993,
Peacock 1996). However, they are well below the lowest
friction coefficients measured for rocks in laboratory ex-
periments (0.1-0.15 for clay minerals according to Kopf
and Brown 2003). This means that additional factors de-
crease the friction coefficient, such as hydrostatic fluid
overpressure in the subduction channel rocks.

As discussed above, our modeling suggests that the
completely different styles of tectonic evolution during
the last 30 million years in the central and Southern
Andes could have resulted because the Central Andes had
both a ~5-10 km-thicker crust at 35 Ma and a higher (by
3-5 times) friction coefficient in the subduction channel
compared to the Southern Andes. The regionally greater
thickness of the crust in the Central Andean back-arc at
35 Ma was likely the cumulative result of a long history of
tectonic shortening, enhanced during a “flat slab” episode
(Isacks 1988) that was absent in the Southern Andes. The
difference in subduction-channel friction between the two
regions may reflect climate-controlled variations in the
supply of sediment fill to the trench (Lamb and Davis
2003). However, the question arises as to whether there is
any independent evidence for a variation (by several
times) in trench friction between the central and South-
ern Andes.

One prediction of our model is that the down-dip limit
of the frictional (brittle) domain of the subduction chan-
nel in the Southern Andes is significantly deeper than in
the Central Andes, caused by the difference in the model
friction coefficients (see inlet in Fig. 25.2). With a fric-
tion coefficient of 1 = 0.05 in the Central Andes, our model
predicts the brittle-ductile transition in the channel to
occur at ~37-40 km depth, whereas at ¢ = 0.015-0.01, this
transition in the Southern Andes occurs at 55-60 km
depth. Note, that while higher friction is applied to a nar-
rower brittle zone in the Central Andes than in the South-
ern Andes, the total coupling (shear) force in the subduc-
tion zone still appears to be two to three times higher in
the Central Andes.

Assuming that the stick-slip flow mechanism in the
seismic coupling zone is related only to the frictional
(brittle) rheology, we predict that the down-dip limit of
the seismic slip zone (constrained by seismological data)
as well as the down-dip limit of the locked zone (con-
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strained by Geographical Positioning System = GPS data)
should be significantly deeper in the southern than in the
Central Andes. This model prediction agrees remarkably
well with both seismological and GPS observations.
Tichelaar and Ruff (1993) estimated the down-dip limit
for the seismic coupling zone for large earthquakes to be
36-41 km in the Central Andes (north of the 28°S) and
48-53 km in the Southern Andes. At the same time, GPS
observations by Khazaradze and Klotz (2003) and Klotz
et al. (2006, Chap. 4 of this volume), completely indepen-
dently of the seismological data of Tichelaar and Ruff
(1993), infer maximum depths for mechanical coupling
of about 33 km in the region north of 30° S and 50 km in
the Southern Andes.

Using the GPS data (Khazaradze and Klotz 2003) and
our modeling results, we can also try to estimate the varia-
tion in the interplate friction coefficient along the trench.
From the definition of the depth to the brittle-ductile tran-
sition (see Egs. 25.6 and 25.7 in Sect. 25.2.2) and assum-
ing that the pressure and temperature change linearly with
depth in the subduction channel, we obtain:

u-H=Cexp(-yH) (25.8)
where (1 is the friction coefficient, H is the depth of the
brittle-ductile transition in the subduction channel, and
C and yare constants. We can rewrite Eq. 25.8 in the form:

H
£ H—OeXP[V(H — Hy)] (25.9)

Hoy

where index 0 denotes the reference value of the friction
coefficient and the corresponding depth to the brittle-
ductile transition. From our models, we estimate para-
meter ¥ to be 0.052. Using Eq. 25.9 and locking depths
from the GPS data (Khazaradze and Klotz 2003), we esti-
mate the ratio between friction coefficients in the central
and Southern Andes to be about 4.5. This is remarkably
close to the ratio of 3-5 which we obtained to explain the
differences in the evolution of the central and Southern
Andes over the geological timescale.

Now, we can estimate the relation between the subduc-
tion-channel friction coefficient and the thickness of the
sedimentary fill in the trench (Fig. 25.12). On the ordi-
nate, we show the friction coefficient calculated from
Eq. 25.9 and GPS data on locking depths, assuming that
the maximum friction coefficient equals 0.05. On the ab-
scissa, we show the thickness of the trench sediment at
the same latitudes as the GPS estimates of the locking
depths according to Bevis et al. (1999). Despite the lim-
ited number of data points, Fig. 25.12 demonstrates sys-
tematic and logical changes in the friction coefficient with
the sediment thickness saturated at about 1.5 km thick-
ness. We interpret this behavior that the entire subduc-
tion channel is filled by sediment (lubricant) and further
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Fig. 25.12. Estimated interplate friction coefficient versus observed
thickness of the sedimentary trench-fill between 20 and 40° S. Open
boxes: It is assumed that the depth of the brittle-ductile transition
corresponds to the bottom of the locked zone (see Khazaradze and
Klotz 2003). Solid boxes: It is assumed that the depth of the brittle-
ductile transition corresponds to the bottom of the transition zone
(see Khazaradze and Klotz 2003). Note that the friction coefficient
changes significantly with sedimentary thickness until the thickness
reaches some 1-1.5 km; thicker than this, the friction coefficient
reaches its asymptotical value of about 0.01

sedimentary addition does not change its friction prop-
erties,when the thickness of the trench sediment becomes
higher than 1-1.5 km. Interestingly, this conclusion agrees
with the observation of a global correlation between the
thickness of trench fill and the transition from erosion-
to accretion-type subduction (Clift and Vannucchi 2004).

25.5.2 Relationship between Arc Magmatism
and Tectonic Shortening

Another model prediction follows from the comparison
between the evolution of tectonic shortening and the evo-
lution of the mantle temperature beneath the magmatic
arc. As we have shown before (Fig. 25.10, see also anima-
tion 7 at Supplementary DVD), processing the delaminat-
ing material through the asthenospheric wedge by cor-
ner flow results in an increasing shortening rate. Simul-
taneously, the temperature of the asthenospheric wedge
beneath the magmatic arc decreases, which must lead to
reduced magmatic arc activity over the time period de-
pending on the volume of the delaminating material (typi-
cally a few million years). This suggests an anti-correla-
tion between the arc magmatic activity and tectonic short-
ening. Figure 25.13 shows a histogram of the magmatic
activity in the Central Andes (Trumbull et al. 2006, Chap. 2
of this volume; Oncken et al. 2006, Chap. 1 of this volume)
together with the rate of tectonic shortening (Oncken et al.
2006, Chap. 1 of this volume). Although the estimation of
magmatic activity is still rather controversial (Trumbull
et at. 2006, Chap. 2 of this volume), there is, indeed, indi-
cation of the anti-correlation between arc magmatic ac-
tivity and shortening rate.
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Our model also predicts strong heating of the overrid-
ing-plate crust some 5-10 million years after a large vol-
ume of delaminated material was processed through the
asthenospheric wedge by corner flow (Fig. 25.5, see also
animations 3 and 7 at Supplementary DVD). This may
result in the ignimbrite volcanism 5-10 million years af-
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Fig. 25.13. Histogram of arc magmatic activity in the Central Andes
(Trumbull et al. 2006, Chap. 2 of this volume; Oncken et al. 2006,
Chap. 1 of this volume) together with the rate of tectonic shortening
(Oncken et al. 2006, Chap. 1 of this volume). Note the tendency for
anti-correlation between these two curves
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ter a peak of arc activity, the latter associated with the
input of hot asthenospheric material in the wedge just
after delamination (Fig. 25.5, see also animations 3 and 7
at Supplementary DVD). The peak of ignimbrite activity
in the Central Andes at 8 Ma has indeed followed about
7 million years after the large peak of magmatic arc ac-
tivity (Trumbull et al. 2006, Chap. 2 of this volume).

25.5.3 Seismic Structure of the Crust
and Upper Mantle

Here we compare the seismic tomographic images of the
lithosphere-asthenosphere system of the Central Andes
to expectations based on our modeling results. Fig-
ure 25.14 shows depth sections through the recent tomo-
graphic model by Koulakov et al. (2006). The tomo-
graphic images of P- and S-wave seismic velocities as well
as the Q, factor show similar features that are remark-
ably different in the crust and upper mantle as well as
beneath the Altiplano and Puna Plateau. In the Altipl-
ano (north of 23° ), the dominant low-velocity and high
attenuation anomaly is located in the crust (see upper

z=25km, Qp

Fig. 25.14.

Depth slices through the recent
P- and S-wave and Q, tomo-
graphic models of the Central
Andes (Koulakov et al., in press).
Note the significant change in
the pattern from the crust to
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row of images in Fig. 25.14), but in the Puna (south of
23°S), the dominant low-velocity anomaly is located in
the mantle (see middle and lower row of images in
Fig. 25.14).

This is an expected feature based on the tectonic his-
tory of these regions and our modeling results. In the Al-
tiplano, tectonic shortening was already active for a few
tens of millions of years (Allmendinger and Gubbels 1996,
Oncken et al. 2006, Chap. 1 of this volume), which accord-
ing to our model should have already resulted in delami-
nation of the mantle lithosphere some 15 million years
ago. The model predicts that the asthenospheric wedge
should now be rather cool while the crust should be very
hot (see Fig. 25.5, time snapshot at 0 Ma). In the Puna,
most of the tectonic shortening was quite recent
(Allmendinger and Gubbels 1996) and mantle delamina-
tion also happened recently (Kay and Kay 1993). In this
case, the crust had no time to be heated, while the astheno-
spheric wedge should be occupied by hot, fresh, astheno-
spheric material that has recently replaced delaminated
mantle (e.g., see Fig. 25.10d).

The high velocity and low attenuation anomaly in
the mantle east of 67-68° W (see middle and lower sec-
tions in Fig. 25.14) probably represents the advancing
margin of the Brazilian shield and is also clearly visible
in all our geodynamic models. Figure 25.15 shows the
results of direct, joint inversion of the P- and S-wave
travel times and attenuation seismic data for tempera-
ture and water content in olivine of the mantle wedge at
23.5° S (Sobolev et al., in prep.). Estimated temperatures
(Fig. 25.15a) are consistent with the advancing margin
of the shield and with on-going delamination of the
mantle lithosphere. The proxy for the water content in
the mantle wedge, shown in Fig. 25.15b, is the pre-expo-
nent factor in the relation for the seismic attenuation
(Sobolev et al. 1996).

a Lat: -23.5 deg

T T
-7 -70 -69 -68 -67 -66 -65

600 700 800 900 1000 1100 1200 1300 1400 1500

Temperature, °C

25.6 Looking beyond the Presented Models

The advanced numerical models presented in this paper
are still limited and incomplete. Our 2D models ignore
strike-parallel variations in structure, stress and velocity
fields. One consequence is that the 3D focusing effect of
the tectonic shortening (Hindle et al. 2005) is ignored.
This means that the magnitude of tectonic shortening
required for generating thick crust and high surface to-
pography in the Central Andes is overestimated in our
2D models by up to 40% (Hindle et al. 2005). Our Central
Andes’model requires 350 km of tectonic shortening since
35 Ma and some 100 km of shortening before that time.
After correcting for the 3D focusing effect, we estimate
the magnitude of the total tectonic shortening in the Cen-
tral Andes to be about 320-350 km. This is close to the
estimates by Oncken et al. (2006, Chap. 1 of this volume),
but significantly less than estimates by McQuarrie and
De Celles (2001).

Another consequence of our 2D approach is that we
ignore the obliquity of subduction in the Andes. Because
this obliquity was relatively small during the last 30 mil-
lion years (Somoza 1998), its effect on major compres-
sion deformation is also likely to have been small. How-
ever, it may control strike-slip deformation in the Andes
(Hoffmann-Rothe et al. 2006, Chap. 6 of this volume). A
relatively straightforward way to consider the subduction
obliquity is to apply an extended 2D modeling technique
(Sobolev et al. 2005) that takes into account the 3D vector
and tensor fields with no along-strike variation in struc-
ture and displacements, and therefore also enables the
consideration of strike-slip deformation.

It is more difficult to account for any possible effects
on trench roll-back and deformation of the upper plate
caused by trench curvature and 3D flow in the mantle.
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Fig. 25.15. Results of the direct inversion of the seismic data for temperature (a) and the inverse A factor (b) in the mantle wedge of the
Central Andes (Sobolev et al., in preparation). The colors in the crust and in the slab show P-wave velocity variations in the tomographic
model by Koulakov et al. (in press). The inverse A factor is a pre-exponent factor of the mineral physics relation for seismic attenuation as
applied to olivine-dominated, ultramafic rocks (e.g., Sobolev et al. 1996), which is believed to be proportional to the water content of olivine
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Thin-plate approximations, even extended to incorporate
lower-crustal flow and interplate coupling (Medvedev
et al. 2006, Chap. 23 of this volume), are not suitable for
such a purpose. One possibility is a simplified 3D model-
ing technique that exploits the relatively slow variation in
those parameters parallel to the strike of the Andes. Re-
cently, this kind of technique was developed and employed
for thermo-mechanical modeling of a pull-apart basin
(Petrunin and Sobolev 2006).

As mentioned earlier in this chapter (Sect. 25.4.2), we
cannot reject the possibility that the age of the Nazca slab
has influenced trench roll-back mobility and, therefore,
deformation in the overriding plate. This possibility can
be tested with 2D models similar to the models presented
in this paper. The reason we have not yet done this, is that,
in addition to the slab age (temperature), the slab rigidity
could also be affected by factors such as serpentinization
(Ranero et al. 2003). Hydration can also significantly
change rheology of the upper plate, not only switching
from “dry” to “wet” peridotite rheology in the mantle litho-
sphere implemented in our model, but also through
serpentinization of the fore-arc mantle (Gerya et al. 2002;
Gerya and Yuen 2003).

In this work, we did not explicitly model the effect of a
flat slab on deformation in the overriding plate, although
we recognize its importance for the initial thickening of
the crust to the critical thickness of 45 km. Partially, this
kind of modeling can also be done using a 2D approach.
However, our preliminary modeling results show that it
is technically very difficult (if not impossible) to return
from the flat-slab to the steep-slab configuration using
2D models (also mentioned by von Hunen et al. 2004),
which limits the application of such modeling for the
Andes.

Finally, what is still missing, is calculation of seismic
velocities from the data on composition, temperature and
pressure which all are available in our models, as recently
presented by Gerya et al. (2006), but with full consider-
ation of effects of anelasticity, water content and lattice
preferred orientation on seismic velocities and seismic
anisotropy. This is an interesting task for future studies.

25.7 Summary

We developed a coupled thermo-mechanical model of the
interaction between subducting and overriding plates that
employs realistic temperature- and stress-dependent,
visco-elasto-plastic rheology and is focused on the late
Cenozoic (last 35 million years) evolution of the Andes.
In the numerical experiments, we studied the condi-
tions under which the overriding plate was tectonically
shortened and we tested the sensitivity of shortening to
several parameters including convergence rate, overrid-
ing rate, interplate friction and crustal structure of the

upper plate. From this sensitivity study, we conclude that
the major factor that controls tectonic shortening in the
Andes is the fast and accelerating, westward drift of the
South American Plate. However, we also infer that nei-
ther this drift nor any other factor was alone responsible
for the orogeny in the Central Andes.

Our modeling suggests that the extreme orogeny in
the Andes took place, at the time and in the location, when
and where at least three major conditions were met: (1) a
high overriding rate of the South American Plate; (2) thick
crust (45 km) in the back-arc; and (3) a friction coeffi-
cient of about 0.05 in the subduction channel. The first
condition was achieved over the last 30 million years and
especially during the last 10 million years across the en-
tire South American Plate. The second condition occurred
only in the Central Andes due to tectonic shortening be-
fore 25-30 Ma, partially because shortening was enhanced
during a “flat-slab” episode at about 30 Ma. The third con-
dition was fulfilled also only in the Central Andes, where
less than 0.5 km of trench sediment was accumulated
owing to the arid climate. As a result, intensive tectonic
shortening occurred only in the late Cenozoic and only
in the Central Andes.

Our numerical models for the central and Southern
Andes explain well the major features of Andean evolu-
tion during the last 35 million years. This includes the
more than 300 km of tectonic shortening in the Central
Andes accompanied by the underthrusting of the foreland
and the formation of a 4 km-high plateau. Our models
also explain the converse situation in the Southern Andes
of less than 40 km of shortening and the absence of a high
plateau. We show that the main reason for the difference
in the late Cenozoic evolution of the central and South-
ern Andes could be the combined effect of the Southern
Andes having a 5-10 km-thinner crust at 35 Ma and about
five-times-lower interplate friction compared to the Cen-
tral Andes. The result of the different magnitude of tec-
tonic shortening and subduction erosion in the central
and Southern Andes is the Bolivian orocline and a more
steeply dipping subducting plate in the Central Andes than
in the rest of Andes.

The models also demonstrate the important role of
several processes that cause internal mechanical weak-
ening of the South American Plate during tectonic short-
ening in the Central Andes. The main processes are gab-
bro-eclogite mineral reactions in the thickened, continen-
tal lower crust followed by lithospheric delamination, as
well as the mechanical failure of the sediment covering
the shield margin.

The modeling also suggests that the reason for the
observed fluctuations in the shortening rate in the Cen-
tral Andes may be increased viscous coupling between
the plates caused when the asthenospheric wedge is
blocked by the cool, delaminating, mantle material that is
moving to the tip of the asthenospheric wedge by sub-
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duction corner flow. Increased mechanical coupling in-
creases resistance in the overriding of the upper plate
which intensifies its deformation.

Several model predictions are consistent with obser-
vations. We show that the assumption of an interplate fric-
tion that is approximately five times smaller in the South-
ern Andes compared to the Central Andes is consistent
with seismological and GPS data from the deeper
seismogenic and locking zones of these respective regions.
The model prediction of an anti-correlation between tec-
tonic shortening and magmatic arc activity is also con-
sistent with observations. And, finally, we have shown that
our model predictions agree well with the known seismic
structure of the crust and mantle in the Central Andes.
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Supplementary DVD

Animation 1 (AVI). Break-up of the slab due to high interplate fric-
tion coefficient (0.10). Colors represent rock types and arrows
show velocity vectors. At t = 3 Myr the slab (blue) breaks off. The
similar picture is observed at interplate friction coefficients higher
than 0.10.

Animation 2 (AVI). Evolution of structure for the Central Andes’ model.
Colors represent rock types.

Animation 3 (AVI). Evolution of density for the Central Andes’
model.

Animation 4 (AVI). Evolution of temperature for the Central Andes’
model. Arrows show velocity vectors.

Animation 5 (AVI). Evolution of finite strain (high strain - red) for the
thin-skin deformation model.

Animation 6 (AVI). Evolution of finite strain (high strain - red) for the
thick-skin deformation model.

Animation 7 (PDF). Sequence of snapshots showing simultaneous evo-
lution of upper-plate shortening rate, crustal and mantle tempera-
tures and magnetic activity for the version of the Central Andes’
model.





