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Building the central Andes through axial lower crustal flow
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[1] The orogen‐scale morphology of the central
Andes, which are longitudinally symmetric at ∼19°S,
correlates with the modern geometry of the subducting
Nazca slab but is largely independent of local bedrock
geology or precipitation. Crustal thickness, as measured
by the cross‐strike width of the orogen above 3000 m
and the cross‐sectional area of the crust, is not well cor-
related with observedmagnitudes of upper crustal short-
ening. In our interpretation, the large‐scale morphology
is instead correlatedwith and controlled by lithospheric‐
scale processes and subduction dynamics. Using a semi-
analytic, three‐dimensional Newtonian viscous flow
model, we produce Andean‐like topography and distri-
bution of upper crustal shortening during subduction of
an oceanic lithosphere eastward beneath the Andes pro-
vided that (1) the more steeply dipping slab segment be-
neath the central Andes is overlain by the weak lower or
middle crust, (2) the flat slab subduction segments to the
north and south of this zone are overlain by the strong
middle and lower crust, and (3) the steeply dipping cen-
tral slab segment is overlain by a narrow, centrally local-
ized zone of increased crustal shortening. The resulting
model orogen displays substantial orogen‐parallel flow
in the weak lower crust above the steep slab zone. Oro-
gen‐parallel flow does not penetrate into the regions of
stronger lower crust above the flat slab segments, result-
ing in a broad, plateau‐topped orogen above the central
slab segment and narrow but high orogenic segments
above the flat slab region. Redistribution of material
through lower crust flow can account for the observed
mismatch between crustal volume and upper crustal
shortening in the central Andes and may explain young
(<10 Ma) crustal thickening and surface uplift that has
been argued for in some regions. Citation: Ouimet, W. B.,
and K. L. Cook (2010), Building the central Andes through
axial lower crustal flow, Tectonics, 29, TC3010, doi:10.1029/
2009TC002460.

1. Introduction
[2] The development of high topography in the central

Andes, including development of the Altiplano and Puna

plateaus, has resulted from Tertiary shortening of the South
American plate during eastward subduction of the Nazca
plate beneath South America [Isacks, 1988]. The mechan-
isms that contribute to crustal thickening and surface uplift
remain enigmatic, and much of the plateau exhibits a mis-
match between crustal volume and estimates of upper crustal
shortening. The thick crust and high topography in the
northern Altiplano and the Puna coincide with significant
deficits in measured upper crustal shortening [Kley and
Monaldi, 1998], while the central Altiplano coincides with
substantially more upper crustal shortening, perhaps even an
excess [McQuarrie, 2002]. The central Andes also display a
remarkable symmetry in orogen width and cross‐sectional
area, despite a pronounced asymmetry in precipitation and
upper crustal lithology. The transition from a wide plateau to
a narrower mountain range to both the north and south of the
Altiplano coincides with changes in the modern dip of the
subducting Nazca slab, from a steeply dipping slab under-
neath the Altiplano to a flat slab underneath the regions to the
north and south. Such observations suggest that the overall
morphology of the central Andes is largely independent of
local geology, upper crustal shortening, and precipitation and
may be largely controlled by orogen‐scale dynamics of the
lithosphere and underlying subduction systems.
[3] Lower crustal flow has been proposed to explain

crustal thickening and surface uplift in the absence of upper
crustal shortening in a number of orogens, most notably
beneath the eastern Tibetan Plateau and its margins [Clark
and Royden, 2000]. Some authors have proposed that in the
central Andes, ductile flow within the lower crust redis-
tributes crustal material along strike, translating material
away from areas with greater magnitudes of upper crustal
shortening and toward areas with lesser magnitudes of upper
crustal shortening [Kley and Monaldi, 1998; Hindle et al.,
2005]. Mass transfer in the lower crust has also been cited
as a potential explanation for crustal thickening and surface
uplift in the eastern Cordillera of the Bolivian Andes and in
the western Altiplano of southwest Peru starting at ∼10 Ma
[Barke and Lamb, 2006; Schildgen et al., 2007]. In this paper,
we explore the potential role of lower crustal flow in con-
trolling the morphology and development of high topography
in the central Andes.

2. Central Andes (12°S–30°S)
[4] The Andes mountains define the western edge of

South America. The orogen is more than 8000 km long and
displays large along‐strike variations in width, mean ele-
vation, geomorphic character, and style of upper crustal
deformation. The highest and widest parts of the orogen are
in the central Andes between 12°S and 30°S, culminating in
the Altiplano‐Puna plateau of southern Peru, Bolivia, and
northern Chile (Figure 1). In this region, average elevations
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of 3.5–4 km persist over an area of ∼600,000 km2 (300 km ×
2000 km) [Isacks, 1988]; maximum orogen widths are on
the order of 600–700 km, and crustal thicknesses are as
large as 60–70 km [Beck et al., 1996]. The highest eleva-
tions throughout this region are typically mountain peaks
associated with Cretaceous‐Tertiary volcanic rocks, which
rise above the plateau to elevations greater than 6000 m.
[5] The Altiplano‐Puna plateau, together with the Western

Cordillera, an active volcanic arc, and the Eastern Cordillera,
a Tertiary thrust belt, defines a broad zone with average
elevation greater than 3000 m (Figure 1). Near ∼19°S, the
central Andes reachmaximumwidth. Here the eastern margin
of the Andes includes the sub‐Andean zone, an active, thin‐
skinned fold‐thrust belt, and is bordered by an active foreland

basin in the Chaco plain. In the northern Altiplano (∼14°S)
and in the southern Puna (∼28°S), the plateau and cordillera
are less well defined. This coincides with a transition to dif-
ferent styles of deformation postulated to result from the
presence of flat slab subduction beneath the northern and
southern parts of the orogen [Isacks, 1988]. From 2°S to
∼14°S and 28°S to 34°S, the Nazca plate subducts shallowly
beneath the Andes (at <10°). This contrasts with subduction
beneath the central Andes, where the Nazca plate subducts
at a steeper angle (∼30°) [Jordan et al. 1983; Isacks, 1988;
Cahill and Isacks, 1992]. These dips reflect the modern
subduction geometry of Nazca slab; throughout the Cenozoic
this geometry has undergone changes. It has been suggested
that the central Andes were underlain by shallow‐angle

Figure 1a. Topography of the central Andes (GTOPO30) and Pacific Ocean bathymetry (ETOPO5)
rotated, such that the dominant plate convergence direction for the past 25 Myr is oriented left/right to
illustrate the large‐scale symmetry in the topography. Note the shaded regions of flat slab subduction
bounding the northern and southern margins of the central Andes, accentuating the symmetry. The axis
of symmetry is at ∼19°S. WC, Western Cordillera; EC, Eastern Cordillera; SA, sub‐Andean Ranges.
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subduction prior to steepening in the last 25 Myr [Isacks,
1988], and the present‐day shallow‐angle subduction south
of the Altiplano is argued to have developed only in the last 5–
10Myr, in associatedwith an oceanic ridge on theNazca plate
being subducted beneath South America [Ramos et al., 2002].
[6] The timing of shortening, crustal thickening, and

surface uplift in the central Andes remains enigmatic. Early
studies suggested that the deformation and crustal thickening
responsible for building the central Andes occurred largely
during the past 25 Myr [Isacks, 1988; Allmendinger et al.,
1997], but more recent studies have documented that a sig-
nificant amount of the shortening, particularly in the eastern
Cordillera, occurred between 40 and 20 Ma [Gillis et al.,
2006; Ege et al., 2007; McQuarrie et al., 2008; Barnes et
al., 2006]. Exactly when the uplift responsible for the high
topography of the Andes observed today occurred, however,
continues to be debated. A growing number of studies indi-
cate that a significant part of the Andes began to be uplifted at
∼10 Ma [Lamb and Hoke, 1997; Gregory‐Wodzicki, 2000;
Barke and Lamb, 2006; Garzione et al., 2006; Ghosh et al.,
2006; Schildgen et al., 2007], but there are also many stud-
ies that suggest uplift occurred prior to 10Ma [Gubbels et al.,
1993; McQuarrie, 2002; Victor et al., 2004; Elger et al.,
2005; Ehlers and Poulsen, 2009].
[7] In the vicinity of the central Andes, the present rate of

convergence between the Nazca and South American plates
is ∼8 cm/yr (NUVEL‐1A [DeMets et al., 1994]). Shortening
estimates from GPS data in the sub‐Andean zones are ∼1.5–
2 cm/yr [Norabuena et al., 1998]. The pre‐Tertiary crustal
thickness is believed to have been ∼30–35 km, requiring an

approximate doubling of the crust to reach the current
crustal thickness of the central Andes [Sempere et al., 2002].

2.1. Estimates of Upper Crustal Shortening

[8] The cross‐sectional area and orogen widths observed
in the central Andes are inconsistent with current estimates
of upper crustal shortening. Structures that accommodate
shortening vary along strike (Figure 2). The sub‐Andean
thrust belt, which accommodates much of the shortening in
the central part of the Bolivian orocline, disappears to the
south, where it is replaced by a series of uplifted basement
blocks. To the north, the sub‐Andean thrust belt narrows
and disappears into an undifferentiated package of sedi-
mentary rocks metamorphosed to low grade. This makes it
difficult to measure accurately the total magnitude of upper
crustal shortening. Near the axis of symmetry in the central
Altiplano between 17°S and 22°S, many researchers have
documented large magnitudes of upper crustal shortening
(200–300 km), with some estimates reaching as high as
∼530 km [Kley and Monaldi, 1998; McQuarrie, 2002]. The
higher estimates suggest that there may be an excess of
upper crustal shortening in the central Altiplano (see Figure 3g),
but because of the wide range of shortening estimates for
this region, the degree to which there is an excess amount is
debated. In contrast, measured shortening estimates in the
Puna, between 22°S and 28°S, range from 70 to 120 km. In
the northern Altiplano, between 17°S and 14°S, the few
existing estimates are even lower, suggesting only ∼50 km of
shortening [Kley and Monaldi, 1998].

Figure 1b. Comparison of cross sections at analogous locations north and south of the axis of symme-
try. Note the similarities in width and elevation.
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[9] The small magnitude of apparent upper crustal short-
ening in the northern and southern sections of the central
Andes is not sufficient to explain current crustal thicknesses
(>50 km) and orogen widths (>300 km) observed here
(Figure 3), which correspond to more than ∼200 km of
upper crustal shortening.We therefore see amismatch between
crustal volume and upper crustal shortening throughout the
plateau, with a substantial amount of shortening in the center
of the Altiplano (possibly an excess), and a deficit in the
northern Altiplano and Puna (Figure 3g). We use the pattern
of measured shortening to support a model setup that
includes a narrow, localized zone of increased crustal short-
ening in the middle part of the central Andes near the axis of
symmetry. We also consider that there could indeed be an
“excess” amount of shortening in the central Andes, even
though this is not agreed upon in the literature. One alter-
native explanation for this apparent excess is that the felsic
composition of the crust underlying the central Altiplano

could have resulted from mafic lower crust turning to
eclogite and foundering, thus accounting for some of the
excess thickened crust [Babeyko et al., 2002].

2.2. Orogen Morphology

[10] The longitudinal symmetry of the Andes can be
observed visually (Figure 1) but is highlighted by quanti-
tative analysis of topographic swath profiles constructed
perpendicular to the trench (Figures 1b and 2) [also see
Isacks, 1988]. The profiles show maximum, minimum, and
mean elevations averaged across 80 km wide swaths. Using
the mean topography from each swath profile, we compiled
the cross‐sectional area (area under the mean topography
profile and above sea level), the orogen width at 3000 m
elevation, and the highest mean elevation (Figure 3). The
along‐strike symmetry in cross‐sectional area and orogen
width is clear when compared to the same data inverted
about the axis of symmetry (at ∼19°S, where cross‐sectional
area and orogen width are a maximum). North and south of
19°S, cross‐sectional area and orogen width are relatively
uniform above the region of steeper slab subduction (from
∼14°S to 28°S). At the transition to flat slab subduction to
the north and south, there is a pronounced decrease in these
values. The maximum peak elevations are largely invariant
along the length of the orogen and appear unrelated to
underlying slab geometry. Relatively small, local variations
in width and cross‐sectional area, such as occur around 16°S,
are probably related to local processes but do not signifi-
cantly affect the large‐scale symmetry of the orogen or the
clear changes in width and cross‐sectional area that occur
near 14°S and 28°S. It is likely that the local variations in
orogen morphology are related to variable precipitation and
drainage patterns along strike.

2.3. Regional Bedrock Geology and Structure Style

[11] The bedrock geology and style of structural deforma-
tion on the eastern flanks of theAndes vary significantly along‐
strike and are highly asymmetric (Figure 2) [Allmendinger et
al., 1997; Schenk et al., 1998]. The northern region is com-
posed mostly of low‐grade Paleozoic metasediments, with a
small amount of Precambrian and Mesozoic metasediments
in a few locations. The central region is dominated by a thick
sequence of Paleozoic sedimentary rocks that make up the
thin‐skinned sub‐Andean fold‐thrust belt. The southern
region is distinguished by Precambrian basement rocks and
Paleozoic intrusives deformed in a thick‐skinned thrust belt
[Schenk et al., 1998]. The geology west of the Eastern Cor-
dillera is more consistent along strike. Most of the plateau
region is covered by Quaternary sediments and Cretaceous to
Tertiary volcanic rocks. Mesozoic to Cenozoic intrusive
rocks are found mainly in the coastal cordillera to the west of
theWestern Cordillera and in the northern peaks of the central
Andes.

2.4. Annual Precipitation

[12] Annual precipitation in the central Andes is also
highly asymmetric (Figure 3f) and varies along strike by an
order of magnitude. The highest values occur on the steep
topographic escarpment abutting the northeastern edge of

Figure 2. Simplified geologic map of the central Andes.
Geology generalized from Schenk et al. [1998].
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Figure 3
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the plateau in Peru and Bolivia (centered on 15°S–17°S),
and low values occur in all other areas of the plateau and
associated high topography [Peterson and Vose, 1997]
(Figure 3f). Some studies have suggested that increased
erosion in areas of high precipitation in the Andes has af-
fected the geomorphic, metamorphic, and structural char-
acteristics of the orogen [Masek et al., 1994; Horton, 1999;
Montgomery et al., 2001], but variations in precipitation
do not appear to significantly affect the large‐scale mor-
phology of the central Andes, particularly at elevations above
3000 m.

3. Crustal Flow Modeling
[13] The data summarized above suggest that the topog-

raphy of the central Andes is tied primarily to the dynamics
and modern geometry of the Nazca/South America sub-
duction boundary rather than to variations in properties such
as surface geology or climate. This conclusion, originally
discussed and argued by Gephart [1994], motivates us to
consider processes that may relate slab geometry and crustal
strength variations to morphology via crustal deformation
and whether these processes could explain the shortening
deficit, described above, of the Puna and northern Altiplano.
[14] The role of the lower crust in the development of

orogenic plateaus has been discussed in the context of the
Altiplano [Kley and Monaldi, 1998; Hindle et al., 2005;
Husson and Sempere, 2003; Yang et al., 2003] and the
Tibetan Plateau [Bird, 1991; Royden, 1996; Beaumont et al.,
2006], as well as in theoretical models of plateau develop-
ment [Vanderhaeghe et al., 2003]. Central to this discussion
is the assumption that the crust may, under appropriate
conditions, become weak enough to enable ductile channel
flow in response to lateral pressure gradients resulting from
variations in crustal thickness. This enables a lateral flux of
deep crustal material beneath the plateau with minimal
deformation of the upper crustal layer and may effectively
decouple the motion of the upper crust from that of the
mantle. Experimental, observational, and theoretical studies
suggest that the strength of continental crust can decrease
significantly at high temperatures and/or in the presence of
fluids or partial melt [Kohlstedt et al., 1995; Rosenberg and
Handy, 2005].
[15] Previous modeling studies of lower crustal flow in

the Andes have focused on east‐west lower crustal flow from
Eastern and Western cordilleras into the Altiplano [Husson

and Sempere, 2003] or have examined only north to south
lower crustal flow with a prescribed geometry for the
Andes topography and an imposed distribution of deforma-
tion [Yang et al., 2003]. Our approach employs a three‐
dimensional viscous flow model to explore the relationships
between slab dip, crustal strength, lower crustal flow, and the
topography, uplift, and orogen‐scale symmetry of the central
Andes.

3.1. Model Framework

[16] The modeling approach adopted in this paper is
identical to that of Cook and Royden [2008] [see also
Royden, 1996; Shen et al., 2001]. The crust is treated as an
idealized incompressible Newtonian viscous fluid with two
layers representing the upper and lower crust. Viscosity is
allowed to vary laterally in both layers but is depth invariant
within each layer. Deformation is fully described by the
Stokes and continuity equations. With appropriate boundary
conditions, we obtain analytical expressions for velocity at
the surface of the crust and the change in crustal thickness
over time at length scales that are similar to and longer than
the thickness of the crust. A detailed discussion of the
methods, parameters, and assumptions is given by Cook and
Royden [2008].
[17] In this study, we do not model the thermal state of the

crust explicitly. The relationship between temperature and
the bulk strength of the crust is neither straightforward nor
well constrained, requiring assumptions about composition,
hydration, and temperature at depth. Instead, the model
specifies the viscosity in the lower crust directly as a response
to the evolving crustal thickness. Initially, the crust has a
uniform viscosity throughout; when it thickens beyond a
specified value, the viscosity of the lower crust is reduced as
the lower crustal layer thickens and is a function of crustal
thickness. Once the total crustal thickness reaches a critical
value, the viscosity stabilizes at a prescribed minimum value.
If the crust subsequently thins to be less than this critical
value, the viscosity of the lower crust is again allowed to
depend on crustal thickness, increasing as the crust thins.
Alternatively, viscosity of the lower crust can be keep con-
stant during thickening and never lower. The implication
being that some crustal columns are relatively weak, sus-
ceptible to a lowering of viscosity during crustal thickening,
while others are strong, able to keep a high viscosity despite
increasing temperature during crustal thickening.

Figure 3. Topographic analysis of the central Andes. (a) Example of one of the topographic swath profiles used in our
analysis (cross section 27, at ∼19°S), showing how cross‐sectional area, width, and peak elevations were calculated. The
topographic data used for all swaths are GTOPO30 data, 888 m grid spacing. The profiles for maximum, minimum, and
mean elevations are based on a 80 km wide window. (b) Location and key for 59 topographic swath profiles, showing
the axis (parallel to the trench) from which profiles were extracted perpendicularly. Profiles were analyzed to investigate
specific trends along the orogen length, such as (c) cross‐sectional area above sea level, (d) width of the 3000 m contour,
and (e) highest mean elevation. Shaded regions on each plot are the respective beginnings of the flat slab regions. Each trend
is plotted N‐S and flipped S‐N at the axis symmetry. (f) Plot showing maximum annual precipitation variation along strike,
N‐S. Maximum annual precipitation values were calculated from swaths of precipitation data equal in extent to the topo-
graphic swaths. The interpolated DEM of peak annual precipitation (not shown) was derived from GHCN Version 2 Global
Precipitation data set [Peterson and Vose, 1997]. (g) Shortening estimates along strike, N‐S. Gray shading indicates the
range of shortening estimates based on geologic data; black line indicates the amount of shortening expected based on
cross‐sectional area [after Kley and Monaldi, 1998, Figure 2].
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3.2. Model Setup

[18] A schematic cross section (Figure 4) illustrates the
setup and parameters used in this study. Crustal deformation
is driven by “plate‐like” mantle velocities imposed at the
base of the crust. Topography evolves in response to the
interaction between this forcing and the pressure gradients
created by the evolving topography itself. Isostatic equilib-
rium is assumed everywhere. We present topography in our
model results instead of crustal thickness simply because the
topography of the Andes is better constrained and easier to
visualize. We assume a uniform initial continental crustal
thickness of 35 km and an initial oceanic crustal thickness of
1 km. The 1 km of oceanic crust represents an estimate of
material incorporated into the Andean orogen from the
subducted slab while the rest of the oceanic crust is sub-
ducted. The incorporation of oceanic crust into the modeled
South American plate is required for model stability, and the
converging oceanic crust must have a nonzero thickness.
The crust is assigned an initial viscosity of 1021 Pa s. We
explore crustal strength variations along the modeled Andean
margin by specifying which regions of the South American
plate are allowed to weaken and achieve lower viscosity
values (as low as 1017 Pa s) during crustal thickening.
[19] Crustal thickening within the South American plate

is imposed on the model by assigning westward motion
(underthrusting) to the South American plate and by
advancing the subduction zone eastward through time. The
resulting convergence of continental crust represents defor-
mation (i.e., shortening) within the South American plate
above the subduction zone. In the model, the subduction zone
advances eastward through time by assigning a positive
(eastward) velocity to the base of the continental crust at
the subduction boundary, and underthrusting of the South
American plate is accomplished by assigning a negative
(westward) velocity to the base of the entire South American
plate. In most regions, the velocity of the advancing sub-
duction zone is 0.75 cm/yr, while the South American plate
velocity is −1.5 cm/yr. More rapid eastward motion of the
advancing subduction zone (up to 3.75 cm/yr) and slightly
more rapid westward underthrusting of the South American
plate (up to −3 cm/yr) are applied to the region that will

develop into the center of the Bolivian orocline, enhancing
the shortening of the SouthAmerican plate in this region (e.g.,
Figure 5b). We refer to this zone as the orocline zone.
The subduction boundary is not straight, and convergence is
specified to be parallel to the axis of symmetry, which is
similar to the observed direction of convergence between the
Nazca and South American plates (Figure 1). The total far‐
field convergence between the Nazca plate and South
American plate in the model is specified at 8 cm/yr. This
8 cm/yr of total convergence gets balanced along the
modeled Andean margin by the velocities imposed at the
base of the crust, such that velocities underlying the Nazca
plate range from 5 to 6.5 cm/yr and velocities underlying the
South American plate range from −1.5 to −3 cm/yr.

3.3. Model Results

[20] We evaluated many different subduction zone geom-
etries, basal velocities, shortening patterns, and viscosity
structures before arriving at the model results illustrated in
Figures 5–9. The most Andean‐like results occur with a
subduction boundary that is divided into several regions
related to the modern slab geometry (Figure 5b). In the oro-
genic segment underlain by a more steeply subducting slab
(between 14°S and 28°S), the viscosity of the lower crust
begins to drop when the crust reaches a thickness of 50 km
and arrives at its minimum value of 1017 Pa s when the crust
reaches a thickness of 65 km. In the orogenic segments
underlain by flat slab subduction (north of 14°S and south of
28°S) the lower crust is not allowed to weaken, and the vis-
cosity remains uniform throughout the crust. Embedded in
the center of the steep slab zone is a narrower oroclinal zone
where there is more shortening within the South American
plate than to the north and south (while total convergence
remains uniform). This corresponds to the area where the
eastward advance of the Nazca subduction boundary is more
rapid than in the areas to the north and south and where the
magnitude of westward underthrusting of the South Ameri-
can plate is also greater. The more rapid underthrusting of the
South American plate in the center of the orogen results in
greater crustal thickening in this region, as more continental
lithosphere is incorporated into the orogen from the east. This

Figure 4. Schematic cross section of the Andes at ∼19°S showing basic parameters used in the model
(crustal thicknesses, viscosities, convergence velocities, etc.).
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model setup effectively generates topography with mor-
phology generally similar to that of the central Andes
(Figure 5c). For a full list of the model parameters related to
this preferred model setup, see Table 1.
[21] The seven addition model runs presented in Figure 6

highlight the sensitivity of our most Andean‐like results to
changing key model parameters. These additional runs
include model setups that have different subduction zone
geometries and associated viscosity structures (Figures 6a,
6b, and 6c), a nonadvancing subduction zone (Figure 6d), no
underthrusting of the South American plate (Figure 6e),
uniform underthrusting of the South American plate (i.e., no
zone of increased underthrusting in the center) (Figure 6f),

and a much thinner oceanic crust (Figure 6g). Each model
result, in its own way, produces topography that is not as
Andean as that generated from the preferred model setup
discussed above (see Figure 6 caption for more details). These
additional runs emphasize that our model produces Andean‐
like topography provided that (1) the more steeply dipping
slab segment beneath the central Andes is overlain by weak
lower or middle crust, (2) the flat slab subduction segments to
the north and south of this zone are overlain by strong middle
and lower crust, and (3) the steeply dipping central slab
segment is overlain by a narrow, centrally localized zone of
increased crustal shortening.

Figure 6. Examples of model setup yielding non‐Andean‐like results. Note the different scale bars. All
runs use the same model parameters as indicated in Table 1, except for the following differences. (a) The
lower crust is allowed to weaken everywhere (i.e., there are no flat slab zones with uniform viscosity);
a plateau forms everywhere. (b) The lower crust everywhere remains strong (and viscosity never lowers);
a plateau does not develop in the central Andes. (c) The lower crust in the center is allowed to weaken
slightly, to 1020 Pa s; a wider orogen forms, but a plateau does not develop. (d) The subduction zone
boundary does not advance. (e) No westward motion is assigned to the South American plate; this results
in too little shortening in the center of the orogen. (f) A uniform westward motion is applied to the South
American plate; again there is too little shortening in the center of the orogen. (g) The oceanic crust has a
thickness of only 100 m; there is little effect on the resulting orogen (compared to Figure 5c).
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[22] The increased magnitude of crustal shortening along
the eastern side of the central orocline region in our most
Andean‐like results is accommodated by orogen‐parallel
flow of deep crust to the north and south. Orogen‐parallel
flow is restricted to the area of weak lower crust, and hence
to the hotter crust above the zone of steeper subduction.
Because the lower crust does not weaken until the crust
reaches a prescribed critical thickness, there is little axial
flow of crust during the initial stages of orogen growth. As the
crust in the steep slab region reaches the prescribed critical
crustal thickness, the lower crustal viscosity decreases, and
deep crustal material flows away from the central region of
highest shortening toward the north and south. This results in
a redistribution of crust as illustrated by cross sections
extracted from model topography (Figures 8 and 9).
[23] Flow within the low‐viscosity crustal layer occurs

under low‐pressure gradients, so that flow within the weak
crust region continues until the elevation above the weak
crust region is the nearly the same along and across strike
(Figure 9). As the lower crust flows northward and southward
from the center of the orogen, the cross‐sectional width and
integrated topography across the model orogen also become
similar throughout the weak crust region. Thus, the amount
of crust added to the orogen, as estimated from the cross‐
sectional area of the orogen, is similar along the entire weak
crust region of the orogen despite the fact that central part of
the weak crust region experiences ∼3 times as much upper
crustal orogen‐perpendicular shortening as the weak crust
regions to the north and south (Figure 10). This is consistent
with observations from the Andes, where crustal shortening
estimates above the steep slab region are much higher

between 17°S and 22°S (>300 km) and much lower to the
north (<50 km) and south (70–120 km) [e.g., Kley and
Monaldi, 1998].

4. Discussion
[24] Our results suggest that the large‐scale morphology

of the central Andes can be mostly explained by the inter-
action between subduction geometry and large‐scale varia-
tions in upper crustal shortening along the length of the
Andean belt. Figure 3 shows that this large‐scale morphol-
ogy reflects the modern dip of the subducting slab but is
largely insensitive to variations in local shortening, lithology,
and precipitation. Within the orogen, a plateau with little
along‐strike variation in width and cross‐sectional area
develops as the lower crust weakens above the steeply dip-
ping segment of the Nazca slab, while flow into the region
above the flat slab segments is blocked by the presence of a
strong lower crust. The redistribution of crust into areas north
and south of central orocline zone leads to crustal thickening
and surface uplift in the absence of significant shortening that
occurs later in the orogen’s evolution, consistent with young
(<10 Ma) crustal thickening and surface uplift that has been
argued for part of the Andes [e.g., Barke and Lamb, 2006;
Schildgen et al., 2007].
[25] In this paper, our goal is not to produce a replica of

the central Andes, in geometry nor in temporal evolution,
but rather to gain insight into the role of the deep crustal in
the development of large‐scale morphology and its rela-
tionship to subduction dynamics and lithospheric rheology.
The model presented here is simplified as compared to the
Andean orogen and ignores much of the complexity of
crustal processes and regional geology. It represents a pos-
sible end‐member model meant to highlight the importance
of a single process in orogen development. For example, we
have not fine‐tuned the model topography above the flat
slab zones, where the orogen is narrow and steep; the
high model elevations in these regions are artifacts of the
model implementation. While a combination of processes
have contributed to the evolution of the Andes, the results
presented here show that axial lower crustal flow partitioned
by large‐scale subduction dynamics is responsible for much
of the overall morphology of the central Andes. This also
presents a viable and straightforward explanation for the
discrepancies between crustal shortening estimates and crustal
volume in the Altiplano.

4.1. Crustal Temperature, Strength, and Subduction
Geometry

[26] The morphology of the Andes is strongly correlated
with the modern dip of the subducting Nazca plate, with a
wide plateau over a steeply dipping segment, and with a
narrow orogen over flat slab segments. This correlation may
arise from the effect of slab dip on the thermal structure of
the overriding plate. A gently dipping slab prevents the
formation of a mantle wedge and instead places relatively
cold oceanic crust at the base of the upper plate. This is
thought to result in crust that is colder, stronger, and less
ductile above regions of flat slab subduction [Gutscher,
2002; Pérez‐Gussinyé et al., 2008]. More steeply dipping

Figure 7. Time series depicting the evolution of topogra-
phy during one model run for 30 Myr. Model time 3 Myr
refers to 27 Ma before present, 18 Myr refers to 12 Ma be-
fore present, and so on. Each image represents a DEM of
elevations. Scale bars evolve to the final scale bar shown
in model time 30 Myr (present‐day).
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slab segments allow the development of a mantle wedge,
higher temperatures at the base of the crust, and the intro-
duction of fluids and partial melt [Gutscher, 2002]. The
higher temperatures and possible introduction of fluids or
partial melt will weaken the crust above steeply dipping
slab segments and make the lower crust more susceptible
to weakening and ductile flow [Kohlstedt et al., 1995;
Rosenberg and Handy, 2005]. The effect of slab dip can be
seen in the pattern in heat flow in the Andes, as several
studies find that heat flow is highest in the Altiplano region
and drops off to the north and to the south [Henry and
Pollack, 1988; Springer and Förster, 1998]. The correla-
tion that we see between morphology and slab dip as con-
sistent can therefore be explained by cooler temperatures
and a stronger lower crust above the flat slab zone blocking
longitudinal flow in the lower crust. An important inde-
pendent constraint on this argument concerning crustal
strength in the modern‐day Andes comes from effective

elastic thickness studies, which find higher elastic thickness
in the current flat slab regions and support a connection
between slab dip, crustal strength, and susceptibility to crustal
flow [Pérez‐Gussinyé et al., 2008].
[27] Our most Andean‐like results occur under the assump-

tion that something similar to the modern crustal strength
variations observed along the Andean margin have been in
place throughout most of the orogen’s evolution. Recent
studies have argued that the present‐day flat slab subduction
north and south of the Altiplano have developed only in the
last 5–10 Myr, in association with an oceanic ridge on the
Nazca plate being subducted beneath South America [e.g.,
Ramos et al., 2002]. Our model results indicate that the axial
lower crustal flow that thickens crust north and south of the
orocline zone and stops when it reaches the strong flat slab
segments occurs in the later stages of orogen evolution, after
significant crustal thickening in the center has occurred. We
therefore see no significant problem with the argument that

Figure 8. (a) Model topography after 30 Myr and (b) four topographic cross sections showing final to-
pography. Plateau elevations are lower within the central Andes because crust is weaker and flows.
(c) Plot showing volume/area change in each cross section through time when compared to the volume/area
that is expected from how much convergence and shortening has occurred. This is calculated by taking the
crustal volume/area at any point and subtracting by the amount of crustal volume/area expected simply
from the amount of shortening experienced. This plot shows the effect of axial lower crustal flow:
material flows away from the center toward the north and south, resulting in crustal deficits and volume
addition.
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the modern slab geometry and dip angles may have only been
established for the past 5–10Myr. Related to this discussion is
the observation that there are no topographic plateaus in the
Andes above the flat slab sections. A basic principle of the
model is that plateaus only form when the lower middle crust
is weak and can support lower crustal flow. Perhaps the fact
that there are no plateaus in the Andes above the modern flat
slab sections indicates that (1) only the central Andes are
underlain by weak crust or (2) the modern flat slab segments,
for whatever reason, have been underlain by stronger lower
middle crust for a longer period of time than can be argued to
result from oceanic ridges subducting beneath South Amer-
ica. In either case, this may justify keeping those regions

strong throughout the entiremodel evolution as we have, even
though the evidence supporting that those regions are strong
only applies over the last 5–10 Myr. Prior to 10 Ma, there
could have been a different slab geometry.

4.2. Crustal Shortening

[28] The distribution of shortening imposed in our mod-
eling is based on estimates from the central Andes, indi-
cating that the center of the Altiplano has experienced more
shortening than the regions to the north and south. There are
several proposed explanations for the inferred increase in the
amount shortening at the center of the Bolivian orocline.

Figure 9. (a) Cross sections of model topography after 6, 12, 18, and 24 Myr of orogen growth. Loca-
tions and symbology of cross‐section lines are the same as in Figure 7. (b) Mean topography from swath
profiles at analogous locations in the Andes.
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Lamb and Davis [2003] suggest that a drier late Cenozoic
climate in the central Andean region resulted in a sediment‐
starved subduction trench, causing high plate friction and
the shear stress needed to support high topography. Another
possibility is that an oceanic plateau may have collided with
the South American plate, forcing it to shorten as it was
dragged under the South American craton [e.g., Gutscher et
al., 1999]. Oblique convergence prior to 15 Ma and the
geometry of the margin may also have affected the distri-
bution of shortening [McQuarrie, 2002]. The correspon-
dence between the location of maximum upper crustal
shortening and the center of the steep slab zone hints at a
link between shortening and slab geometry.
[29] Regardless of the reasons for the increased shorting in

the central Altiplano, our modeling suggests that it is bal-
anced by an outward flow of lower crust and can explain the
discrepancy between the central Andes and areas farther
north and south. The simple way of looking at our model is
that it shows the redistribution of crustal material following
an imposed shortening distribution. If shortening is focused
in the center and the lower crust is weak, the result is axial
flow and redistribution of material north and south. The
shortening distribution we assign is essentially a distribution
of influxing material, and what we are trying to do is predict
the resulting topography/crustal thickness distribution that
develops as a consequence. For these purposes, it is the
amount of material being added on both sides of the orogen
that matters most. We have modeled the fore‐arc side of the
orogen as an advancing subduction zone with oceanic
material scrapping off and being added to the continent and
the back‐arc side as simple underthrusting. The motion of the
South American plate ends up giving the most control over
the amount of shortening because once a weak lower crust
develops, surface deformation becomes decoupled from the
subduction zone boundary at the base of the crust and is no
longer greatly affected by the velocity of subduction zone
advance.
[30] The addition of crust from the oceanic plate is only a

small percentage of material added compared to the sub-
duction zone advance and the underthrusting. For example,
our most Andean‐like results have a maximum of ∼740 km
total shortening in the center of the orocline decreasing to
∼260 km to the north and south. The oceanic material added
over that time is the equivalent of ∼50 km of continental

crust, ∼7% of shortening in the center, and ∼20% in the
north and south. The measured shortening estimates in the
Andes (>300 km for the center and <50 km for the north and
70–120 km for the south) come mainly from the eastern
plateau edge and do not account for total shortening across
the entire orogen (i.e., from the Nazca plate to the unde-
formed part of South American plate), as is calculated in the
model. Our modeled estimates of maximum shortening,
therefore, are in agreement with what is known about total
shortening across the Andes.

Figure 10. Plan view model for axial lower crustal flow
highlighting how the discrepancy between measurements
of crustal shortening and the amount needed to account
for the current crustal volumes arises. The model predicts
that once a weak lower crustal level has developed, signifi-
cant volumes of material flow along strike, allowing cross‐
sectional area and orogen widths to be high despite low
amounts of crustal shortening experience.

Table 1. Model Parameters

Variable Definition of Variables Value/Initial Value

h total thickness of the crust initial ho = 35 km in continental crust, 1 km in oceanic crust
h1 maximum thickness of upper crust 50 km
hcrit critical thickness for viscosity transition 65 km
h − h1 approximate thickness of lower crust 15 km
m1 viscosity of upper crust 1021 Pa s
m2 viscosity of lower crust minimum value 1017 Pa s between 14°S and 28°S, 1021 Pa s elsewhere
ubase basal velocity in x direction 5–6.5 cm/yr in Nazca Plate, −3 to −1.5 cm/yr in the Brazilian Shield
vbase basal velocity in y direction 0 cm/yr everywhere
usuture velocity of suture (in x direction) 0.75–3.75 cm/yr
rc density of the crust 2700 kg/m3

rm density of the mantle 3200 kg/m3

Dt time step length 0.01 Myr
Dx grid spacing, equal in x and y directions 20 km
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4.3. Effects of Erosion and Lithology

[31] The large‐scale symmetry of the Andes, as shown in
Figure 3, appears to be unaffected by along‐strike variations
in lithology and erosion rate. The influence of lower crustal
flow is largely confined to regions of thick crust and high
topography because flow can only occur in regions with a
weak lower crust. However, the slope and width of the
lower Andean flanks may be controlled in part by properties
and processes in the upper crust. These include erosion and
upper crustal lithology. In particular, the width and slope of
the Andean flanks below 3 km appear sensitive to lithology
and precipitation and erosion rate (Figure 3). A number of
studies [Masek et al., 1994;Horton, 1999;Montgomery et al.,
2001; Allmendinger et al., 1997] have related variations in
precipitation, erosion rate, and lithology to variations in
morphology along strike in the Andes. Our modeling, and the
large‐scale symmetry described above, suggests that these
processes primarily influence the flanks of the orogen and
the regions below ∼3 km elevation, while the higher ele-
vation regions and orogen‐scale morphology remain largely
unaffected.

5. Conclusions
[32] The present morphology and axial symmetry of the

Andean belt are independent of widespread variations in
along‐strike magnitude of upper crustal shortening, bedrock
geology, and precipitation. The persistence of axial sym-

metry despite these variations and the correlation between
changes in orogen morphology and the dip of the subduct-
ing slab suggest that lithospheric‐scale orogenic processes
related to slab dip control the regional‐scale crustal evolu-
tion and morphology of the central Andes.
[33] Our simple, semianalytic, viscous flow model high-

lights the interaction between slab dip, lower crustal flow,
and the development of topography in the Altiplano region
of the Andes. As lower crust above the more steeply dipping
segment of the subducting slab becomes hot and weak, in-
creased shortening in the center of the Andes drives longi-
tudinal flow of lower crust along strike to the north and
south. Longitudinal flow does not penetrate into the flat slab
regions, presumably because the crust there is stronger
and the lower crust is unable to flow. The redistribution of
material results in an apparent discrepancy between local
crustal volume and surface shortening. Our results indicate
that lower crustal flow exerts a fundamental control on the
distribution of topography along and across the central
Andes and may explain young (<10 Ma) crustal thickening
and surface uplift that has been argued for in some regions.
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