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Deformation of the Central Andes (15°-27°S) Derived From a Flow Model

of Subduction Zones
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A simple viscous flow model of a subduction zone is used to calculate the deformation within
continental lithosphere above a subducting slab. Our formulation accounts for two forces that
dominate the deformation in the overriding lithosphere: tectonic forces and buoyancy forces. The
tectonic forces arise from the subduction of oceanic lithosphere and produce minor extension in the
lithosphere near the trench and compression farther inland. Buoyancy forces can induce horizontal
pressure gradients due to variations in crustal thickness, which cause lithospheric extension where
the crust is thick. Numerical solutions, obtained by using a finite element technique, are compared
with observations from the central Andes (15°-27°S). The model predicts the observed deforma-
tion pattern of extension in the forearc, compression in the Western Monocline (corresponding to
magmatic activity), extension in the Altiplano, compression in the Eastern Monocline and Suban-
des, and no deformation in the Brazilian Shield. By comparing the calculated solutions with the
large-scale tectonic observations we are able to evaluate the forces that govern the deformation in
the central Andes. The approximately constant subduction velocity in the past 26 m.y. suggests
that the rate of crustal shortening in the Andes has decreased with time due to the thickening of

the crust.

INTRODUCTION

In recent years, studies of continental tectomics have
treated the continental lithosphere as a continuum and have
successfully described large-scale continental deformation
[e.g., Tapponier and Molnar, 1976; Bird and Piper, 1980;
England and McKenzie, 1982, 1983; Vilotte et al., 1982,
1986]. Some studies assumed that the continental litho-
sphere overlies an inviscid asthenosphere [e.g., England and
McKenzie, 1982, 1983; Houseman and England, 1986] or
have imposed shear tractions at the base of the lithosphere
[e.g., Bird and Baumgardner, 1984] and investigated the de-
formation independent of asthenospheric flow. Similarly,
studies of mantle convection either ignored the overlying
lithosphere [e.g., McKenzie et al., 1973] or assumed a rigid
lithosphere [e.g., Hager and O’Connell, 1981] and studied
mantle flow independent of lithospheric deformation. (Be-
cause the asthenosphere refers to a small part of the mantle,
some studies prefer to use the term mantle, rather than as-
thenosphere, to describe the region beneath the lithosphere.)
Independent studies of the two systems (continental litho-
sphere and asthenosphere) are reasonable as long as the in-
teraction between the two is limited. When continental de-
formation and asthenospheric flow strongly influence each
other, one must consider the two systems together.

Continental lithosphere overlying a subduction zone is an
environment of major interaction between continental litho-
sphere and asthenospheric flow. Previously, Wdowinski et
al. [1989] treated the problem as a superposition of two lin-
ear models: a thin viscous sheet model to calculate the defor-
mation of the overlying continental lithosphere and a corner
flow model to calculate the asthenospheric flow underneath.
In this study we take a somewhat different approach, and
investigate the lithosphere and the asthenosphere as a single
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system by using a plane strain flow model of the upper 700
km of the Earth. Furthermore, we use numerical methods,
which enable us to investigate more complex and perhaps
realistic models.

The Andes presents the best example of a mountain belt
overlying a subduction zone, and is the type locality of ac-
tive plate boundaries (Andean-type), which represent a tec-
tonic environment of compressional deformation and moun-
tain building above a subduction zone. Many studies have
used the present-day Andean topography and tectonics as a
possible analog of mountain building processes above sub-
duction zones in the past (e.g., the Laramide Orogeny in
the western United States during Late Cretaceous and Early
Tertiary time [Hamilton, 1969; Burchfiel and Davis, 1975)).
The present-day tectonic activity in the central Andes (15°-
27°8) exhibits regions of large-scale compression and exten-
sion and of magmatic activity that are continuous along
strike of the mountain belt (Figure 1). Surface extension
is found in the forearc region near the trench and in the
high Altiplano plateau; however, there are no constraints to
indicate whether the deformation at deeper levels is exten-
sional as well. Compression is found in the eastern part of
the Andes, about 600-900 km east of the trench.

The high topography of the Andes is supported by a thick
crust [James, 1971] and possibly by a thermally thinned
lithosphere underlain by low-density asthenosphere [Froide-
vauz and Isacks, 1984]. The extension in the forearc region
has been explained by tectonic erosion, that is, shearing and
undercutting of the overriding plate by the subducting slab
[Karig, 1974; Coulbourn, 1981]. The extensional deforma-
tion in regions of high topography is attributed to excess
vertical stress under high mountains [Dalmayrac and Mol-
nar, 1981]; whereas the compression at the eastern flanks of
the Andes is attributed to horizontal shortening in the E-W
direction caused by underthrusting of the Brazilian Shield
westward [Sudrez et al., 1983; Isacks, 1988]. The close prox-
imity of extensional and compressional stress regimes at the
edge of the Altiplano has been explained by combined ef-
fect of tectonic and buoyancy forces [Froidevauz and Isacks,
1984; Molnar and Lyon-Caen, 1988].
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Fig. 1. Schematic cross section showing the tectonic activity of the central Andes (15°-27°S). VE is vertical

exaggeration.

In this study we investigate quantitatively the effects of
tectonic and buoyancy forces on the deformation of the en-
tire Andean region, by using a plane strain flow model of the
Nazca-South America subduction zone. In order to keep the
model simple, we consider only the mechanical and neglect
the thermal aspects of the deformation. As a result the
model may be less applicable to regions where thermal pro-
cesses play an important role, such as in the magmatically
active Western Monocline. Elsewhere, where the deforma-
tion is dominated by mechanical processes, the model can
explain many aspects of the complex Andean tectonics that
have heretofore not been explained by other models.

MoDEL

Our region of interest is the continental lithosphere over-
riding a subduction zone, between the trench and the end of
the subducting slab (Figure 2). However, a larger region is

considered, because the overriding continental lithosphere,
the subducting oceanic lithosphere, and the asthenosphere
are dynamically interactive. The flow in the asthenosphere
that affects the deformation within the overlying lithosphere
is predominantly driven by the subducting slab and is con-
fined to the upper mantle. The flow in the lower mantle,
whether or not flow penetrates the 670 km discontinuity, has
little influence on the deformation of the overlying continen-
tal lithosphere and hence is omitted from our calculations.
We consider a simple model of a subduction zone com-
prised of continental lithosphere (composed of crust and
mantle), subducting oceanic lithosphere, and asthenosphere.
In the model, the continental lithosphere is strong, the as-
thenosphere is weak, and the strength of the subducting slab
varies in different computations, from very strong (rigid) to
as weak as the asthenosphere. In order to keep the model
simple, the strength for the continental lithosphere is as-
sumed to be uniform even though it is comprised of crust and
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Fig. 2. Schematic diagram of the model showing the subduction zone geometry based on the Nazca—South America
Benioff zone in the segment 15°-27°S. The geometry of the subducting slab (planar with 30° dip) is defined from
seismic activity in the Benioff zone. The crustal thickness is derived from the Andean topography, which is assumed
to be isostatically supported (long-dashed lines). A slip layer of finite thickness (exaggerated here) accommodates
most of the deformation between the subducting slab and the overriding continental lithosphere.
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mantle. The contact between the continental lithosphere
and the descending subducting slab is a narrow zone of in-
tense shearing and heat generation by viscous dissipation
[Turcotte and Oxzburgh, 1968; Jischke, 1975]. As a result,
the strength of this region is significantly weaker than that
of the continental lithosphere or of the subducting oceanic
lithosphere. Correspondingly, we define a very weak slip
layer that accommodates most of the shear deformation be-
tween the subducting oceanic lithosphere and the overlying
continental lithosphere.

The geometry of the subducting slab and the crustal
thickness are important parameters that affect the defor-
mation in the overriding continental lithosphere [ Wdowinski
et al., 1989)]. In order to minimize the number of {ree param-
eters in the model, we use the geometry of the Nazca-South
America subduction zone and the Andean crustal structure
in the region between 15°S and 27°S. Seismic studies of
the Benioff zone indicate that the Nazca plate is being sub-
ducted beneath this segment at an angle of 30° for a hori-
zontal distance of about 700 km east of the trench [Stauder,
1975; Barazangi and Isacks, 1976]. The Andean topography,
as any other large extensive topographic feature, is compen-
sated by low-density mass at depth. We use the observed
topography, the principle of isostasy, and assume uniform
crustal and mantle densities to derive a simple crustal struc-
ture that is shown in Figure 2. Other crustal structures,
which can be derived by assuming a more complicated den-
sity structure, such as low density asthenospheric root be-
neath the Altiplano [Froidevauz and Isacks, 1984], are not
considered in this study.

Mathematical Formulation

The continental lithosphere and the asthenosphere are as-
sumed to behave over long time intervals as incompressible
viscous fluids. The lateral extent of the Nazca-South Amer-
ica subduction zone allows us to neglect along strike vari-
ations and to use two-dimensional plane strain calculations
(the flow is everywhere parallel to the zz plane and is in-
dependent of the y axis (uy = 0)). There are three sets of
equations that govern the two dimensional flow. First, the
force balance equation

V. (r—Ip)=pga (1)

where 7 is the deviatoric stress tensor, I is the second rank
identity tensor, p is the pressure, p is the density, g is the
acceleration due to gravity, and a is the vertical unit vec-
tor. Second, the continuity equation for an incompressible
material

V-u=0 (2)

where u is the velocity. Finally, linear constitutive relations

(3)
where 7 is the deviatoric stress tensor, 7 is the viscosity, and

¢ is the strain rate tensor (é,, = 1 (ui,; +9,,)). These equa-
tions yield the following dimensionless governing equation:

T = 27¢é

7V2u — Vp = paGr (4)
where Gr is the Grashof number
2
Gr = IP0%0 (5)
oo

To, Ug, 7o, and po are the characteristic length, velocity, vis-

12,247

cosity, and density, respectively. The dimensionless strain
rate ¢ is scaled by ug/zo and the dimensionless pressure p is
scaled by zo/nouo. The Grashof number represents the ra-
tio of buoyant to viscous forces [ Turner, 1973]. Zero Grashof
number (Gr = 0) indicates that buoyancy forces are negli-
gible, while infinite Grashof number (Gr — 00) represents a
flow that is dominated by buoyancy forces. In this study, the
characteristic length, velocity, and density are fixed; thus the
Grashof number is sensitive only to the characteristic viscos-
ity. The characteristic parameters (Table 1) yield values of
the Grashof number in the range 0.1-10.

TABLE 1. Values of the Characteristic Parameters That Are
Used to Evaluate the Grashof Number in Calculations

Parameter value

g gravitational acceleration 10 m s—2
o characteristic length 100 km
ug characteristic velocity 100 mm yr—!
Po characteristic density 3270 kg m—3
Mo characteristic viscosity 1022-10%% Pa s
Gr Grashof number 0.1-10

The governing equation (4) is solved numerically via a fi-
nite element method by using 200-500 (in various numerical
experiments) 8-noded quadrilateral isoparametric elements.
We solve for the velocity field by using a penalty function
and selective reduced integration technique [Zienkiewicz,
1977]. Various patch tests have been conducted to ensure
that our code is free of zero-energy and propagating spurious
modes [Zienkiewicz, 1988].

Parameter Ranges

The strengths of the continental lithosphere, the astheno-
sphere, and the slip layer are represented by their effective
viscosities, which are specified a priori (Figure 3). Studies of
asthenospheric viscosity from postglacial rebound, assuming
a linear rheology, yield an average asthenospheric viscosity
1a of ~10%* Pa s [Cathles, 1975; Peltier and Andrews, 1976).
The effective viscosity of oceanic and continental (shield)
lithosphere is 1022-10%* Pa s, estimated from the flexural
response to long-term loads [Walcott, 1970]. However, ac-
tively deforming continental lithosphere may have a lower
effective viscosity, of the order of 10?2 Pa s [Wdowinski et
al., 1989]. Jischke [1975] has estimated the slip layer vis-
cosity 1. to be 10°°-10%! Pas. We choose the lithospheric
viscosity 1 as the characteristic viscosity (no = 10%2-10%*
Pa s). The density structure that determines the pressure
gradients induced by the buoyancy forces must be specified
as well. We consider a simple case of a buoyant crust overly-
ing a heavier mantle; the crustal density p. is assumed to be
15% less then the mantle density pm (2780 kg m™ versus
3270 kg m™3).

The ability of the asthenospheric flow to influence the
deformation within the lithosphere is determined by the
viscous coupling between the asthenosphere and the litho-
sphere (7a/mt) and the thickness of the lithosphere (L). The
ratio of these two parameters is defined as the astheno-
spheric parameter ({a = %a/mL), which is similar to the
small parameter of the perturbation solution that was used
by Wdowinski et al. [1989]. Similarly, the slip layer param-
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Fig. 3. Schematic diagram of the model showing the parameters
and boundary conditions of the flow within the subduction zone
for (a) whole mantle convection and (b) layered mantle convection
with the parameters 7;, lithospheric viscosity; 74, asthenospheric
viscosity; 1,1, slip layer viscosity; pc, crustal density; pmm, mantle
density; u,, subduction velocity; u:, vertical velocity; and 7zz;
the shear component of the stress tensor.

eter, which determines the ability of the slip layer to affect
the lithospheric deformation, is defined as ({s1 = 1.1/ .Sat1);
where (7a/m) is the viscous coupling between the slip layer
and the lithosphere and S, is the thickness of the slip layer.
Using the above viscosity estimates and the dimensionless
thicknesses of the lithospheric and the slip layer (Table 2),
we estimate the asthenospheric and the slip layer parameters
to be in the range 10~'-103.

TABLE 2. Values of the Dimensionless Parameters Used in the

Calculations

Parameter value

L lithospheric thickness 1.00

So normal crustal thickness 0.35
S thick crustal thickness 0.60
St slip-layer thickness 0.01-0.10
o angle of subduction 30°
Ca asthenospheric parameter 10—1-10-3
(sl slip layer parameter 10-1-10-3
Pc crustal density 0.85
Pm mantle density 1.0

Boundary Conditions

The upper and lower boundaries represent natural bound-
aries in the Earth that can impose some constraints of the
flow. The upper boundary is fixed at sea level (z = 0), which
represents the Earth’s surface without topogtaphy, and the
lower boundary is fixed at depth of 700 km, which represents
the boundary between the upper and lower mantle. The ver-
tical boundaries of the model, however, are chosen arbitrar-
ily because, at the regional scale of the problem (1000-2000
km), there are no natural vertical boundaries that can im-
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pose any constraints on the flow. In order to minimize the
effects of these arbitrary boundaries, their horizontal loca-
tions are chosen to be significantly far from our region of
interest, the deformed part of the continental lithosphere
between the trench and the slab tip.

Two types of boundary conditions (Figure 3), which coz-
respond to whether or not the flow penetrates the 670 km
discontinuity, are considered. These are referred to as either
whole mantle convection or layered mantle convection. In
either case, the boundary conditions along the upper surface
and the subducting slab are identical. We impose zero verti-
cal motion (u; = 0) and zero shear traction (r:; = 0) along
the upper boundary, the location of which is fixed at sea level
(z = 0). In reality, the Earth’s surface moves vertically and
generates surface topography (up to 5 km of relief). Nev-
ertheless, the vertical velocity of the Earth’s surface is very
small (< 1 mm yr~') and hence negligible at the velocity
scale of the problem (100 mm yr~!). The advantage of zero
vertical velocity (u; = 0) boundary conditions is that they
allow us to investigate the effects of the tectonic forces in-
dependent of the buoyancy forces (see below). The vertical
component of the tectonic forces (subduction), which in real-
ity is balanced by buoyancy forces, is balanced in this case by
surface forces along the upper boundary. The disadvantage
of these boundary conditions is that they are less applicable
to the region close to trench, where the trench topography
and tectonics are dominated by the vertical component of
the subduction [Wdowinski and O’Connell, 1990].

The subduction of the oceanic lithosphere is introduced
through velocity boundary conditions along the upper sur-
face of the subducting slab. In reality the subducting slab
has a finite thickness, which is not considered in this model
because the deformation within the overriding lithosphere is
not sensitive to the flow below the upper surface of the slab.
A constant subduction velocity u, represents rigid slab sub-
duction, while variations in the subduction velocity along
the slab represent slab deformation.

In the case of whole mantle convection (Figure 3a), the
flow can pass through the bottom boundary, which in this
case does not introduce any constraints on the flow. Thus a
traction free condition (7.. = ;- = 0) and lithostatic pres-
sure (p = f pgdz) may be imposed as boundary conditions.
Similarly, a traction free condition (7sz = 7. = 0) and litho-
static pressure are imposed on the vertical side boundaries,
because they are not natural boundaries and the flow can
penetrate through them. These boundary conditions allow
these arbitrarily chosen boundaries (dotted lines in Figure
3a) to deform according to the flow within the asthenosphere
and the lithosphere. In the case of layered mantle convection
(Figure 3b), the flow is restricted to the upper 700 km of the
Earth and cannot penetrate the lower boundary (u. = 0).
Thus we impose zero shear traction (7;, = 0), which allows
horizontal flow along this boundary. Along the right vertical
boundary a traction free condition is imposed, as in the case
of whole mantle convection. Global flow models [e.g., Hager
and O’Connell, 1979] indicate that the strong upwelling be-
neath the East Pacific Rise generates a closed circulation
flow pattern between the subducting Nazca plate and the
nearby ridge. Therefore we impose a return flow, that is a
velocity boundary condition that conserves the mass of flow,
along the left vertical boundary. In layered mantle convec-
tion, all the flow that enters in the upper part of astheno-
sphere (100-300 km depth) with the subducting slab returns
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to the ridge nearby by flow in the lower part of the astheno-
sphere (400-700 km depth). In the case of whole mantle
convection, the flow can return to the ridge at depths much
greater than 700 km, and it is not necessary to impose a
return flow condition.

Results

Figure 4 shows the calculated velocity field for the whole
mantle convection and layered mantle convection boundary
conditions with subduction of a rigid slab (u, = 1}, and the
parameters v, = 1.0, (s = 5 X 1073, and ¢t = 1072,
Although the patterns of flow in the lower levels of the as-
thenosphere are different for the two cases, the flow pat-
terns within the lithosphere and in the upper levels of the
asthenosphere are very similar. Basically, the flow follows
the wedge shape of the subduction zone, which confirms
simple corner flow calculations of flow within a subduction
zone [e.g., Wdowinski et al., 1989]. The flow field within
the continental lithosphere (Figures 4c and 4d) is predom-
inantly horizontal with negligible shear. This allows us to
characterize the flow within the lithosphere by the vertically
averaged horizontal velocity u; and the vertically averaged
horizontal strain rate é;;. Because numerical solutions are
used, the vertically averaged velocities and strain rates are
not necessarily smooth functions. The average rate of litho-
spheric thickening or thinning is proportional to the average
vertical strain rate é;;. Using the incompressible condition

Whole mantle convection

wy Q0L ——>|

l<—-

l

IRt TYY
[ XA RN AR5

1
t
|<—=max 002 ——>|

2000 km —>|

[<—-

12,249

(ézz = —éz3), we can describe the state of lithospheric de-
formation as a function of the average horizontal strain rate
ézz. Lithospheric compression occurs when é;; < 0, and ex-
tension occurs when é;zz > 0. The flow in the region adjacent
to the wedge tip changes significantly with depth; hence the
vertically averaged representation of the flow is less accurate
in this area.

Figure 4 shows that the flow fields within the overriding
continental lithosphere are almost identical for the two types
of boundary conditions. Thus, to eliminate redundancy, we
choose to present only results that are calculated with whole
mantle convection boundary conditions. The two types of
forces that dominate the deformation within the overriding
continental lithosphere are tectonic forces due to the sub-
duction of oceanic lithosphere and buoyancy forces due to
variations in crustal thickness. Because a linear rheology
is used, one can investigate separately the effect of each of
the two types of forces on the overall low with an emphasis
on the deformation within the overriding continental litho-
sphere as shown by the vertically averaged strain rate. Fig-
ure 5 shows the parameters and boundary conditions used
to calculate the two separate flow fields generated by the
tectonic forces and by the buoyancy forces. The flow field
solutions for the two sets of boundary conditions (Figure 6)
have similar wedge-shaped flow patterns but are in opposite
directions. We investigate the effects of the two forces and
their combined effect on the deformation within the overrid-
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Fig. 4. Velocity solutions for subduction of a rigid plate for (2 and c) whole mantle convection and (b and d)
layered mantle convection with the parameters u, = 1.0, (s = 5 X 1073, {,; = 10~2, and Gr = 5. The flow field in
the upper 700 km of the Earth follows the wedge shape of the subduction zone (Figures 4a and 4b). The velocity
field in the upper 200 km, as magnified to see the low-magnitude lithospheric flow, is dominated by horizontal flow
and is very similar for both types of mantle convection (Figures 4c and 4d).



12,250

Tectonic forces

u! = 0 Tz: = 0
R 7
traction Nai \\\ traction
Uu
free 7 s 7a free
z]___
z traction free (a)

Buoyancy forces

u, =0 Teg = 0
el B S ——
traction s D, traction
free T I7) 7711. pm free
zl—z traction free (b )

Fig. 5. Schematic diagram of the model showing the parameters
and boundary conditions used to investigate the effect of (a) tec-
tonic forces and (b) buoyancy forces on the flow. The parameters
are the same as in Figure 3.

ing continental lithosphere by using the vertically averaged
representation.

Figures 7a and 7c show the vertically averaged velocity
and strain rate fields within continental lithosphere that is
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subjected only to tectonic forces (v, = 1; Gr = 0). Near the
trench the subducting slab shears the base of the lithosphere
along the slip layer and generates extension, which is sensi-
tive to {,1. The averaged strain rate curve near the trench
(Figure 7c) is not smooth because the vertically averaged
representation is not very accurate in that region. A more
careful analysis of the near-trench deformation shows that
the extension (tectonic erosion) near the trench is more likely
to be caused by a change of one of the model parameters
rather than depends only on (. [ Wdowinski and O’Connell,
1990]. Farther inland, the continental lithosphere overlies
the asthenosphere. The flow in the asthenosphere, which fol-
lows the subducting slab, shears the base of the lithosphere
toward the trench, causing the continental lithosphere to
move in the same direction. The magnitude of the veloci-
ties decreases toward the trench, which gives rise to increas-
ing compressional strain rates. The strain rate curve has a
spike, because the transition between the compressional and
extensional regimes occurs at a short distance from the tip
of the asthenospheric wedge. As shown in Figures 7a and 7¢,
the magnitudes of the velocity and the strain rate increase
with (a, which represents the viscous coupling between the
asthenosphere and the lithosphere.

Figures 7b and 7d show the vertically averaged velocity
and strain rate fields within continental lithosphere that is
subjected only to buoyancy forces (u, = 0; Gr = 1,5,10).
The nonuniform crustal thickness induces a horizontal pres-
sure gradients, which drives lithospheric flow from regions
of thick crust to regions of thinner crust. The vertically
averaged strain rate solution (Figure 7d) shows mainly ex-
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Fig. 6. Velocity solutions for (a and c) tectonic forces and (b and d) buoyancy forces with the parameters v, = 1.0,
€a=5x10"3, ¢,y =102, and Gr = 5. For the tectonic forces, u, = 1.0 and Gr = 0 (Figures 6a and 6c¢), and for
the buoyancy forces, us = 0.0 and Gr = 5 (Figures 6b and 6d). The flow field in the upper 700 km of the Earth
follows the wedge shape of the subduction zone but acts in opposite directions in Figures 6z and 6b. The velocity
field in the upper 200 km, as magnified to see the low-magnitude lithospheric velocity, is dominated by horizontal

flow (Figures 6¢ and 6d).
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Fig. 7. Vertically averaged velocity and strain rate solutions for (a and c) the tectonic forces and (b and d) the
buoyancy forces. The tectonic forces are sensitive to the asthenospheric parameter ¢4, and the buoyancy forces to
the Grashof number Gr. The velocity is scaled by the characteristic velocity 1o, and the strain rate is scaled by
ug fzo. The location of the wedge tip and the slab tip are indicated by w.t. and s.t., respectively.

tensional deformation along the thickened crust and minor
compression at the edges of the thickened crust. Inasmuch
as the trench location is fixed (through the boundary con-
ditions), the thick crust can extend only inland. The mag-
nitudes of the velocity and of the extensional strain rate are
proportional to the Grashof number, which represents the
ratio of buoyancy forces to viscous forces. Because the den-
sity variations are confined to the lithosphere, the role of
the Grashof number Gr in our model is similar to that of
the Argand number Ar in the thin viscous sheet model of
England and McKenzie [1982].

The seismic activity within Benioff zones indicates some
deformation within the subducting slab. Isacks and Molnar
[1971] showed that at shallow depth subducting slabs are
usually under extension in a direction parallel to the slab
dip, whereas at greater depth they are under compression
parallel to the slab dip. The rate of deformation within the
subducting slab can be as large as a few times 107* s~ [Gi-
ardini and Woodhouse, 1986; Bevis, 1988]. Figure 8 shows
the effect of various rates of slab extension on the overrid-
ing continental lithosphere. An increase in the magnitude of
slab extension tends to increase the magnitude of the com-
pression in the overriding plate, with a minor effect on the
distribution of strain rates, and has an effect similar to that
of increasing asthenospheric parameter (. We also inves-
tigate the influence of the length of the subducting slab on
lithospheric deformation. Our results shows that the overall
flow pattern, which follows the wedge shape of the subduc-

tion zone, is not sensitive to the length of the slab as long as
the slab is longer than 400 km. As a result, the deformation
within the overriding continental lithosphere (constrained by
observations) is not sensitive to changes in this parameter.
The sensitivity of the solution to other geometrical parame-
ters, such as the angle of subduction or the thickness of the
lithosphere, were studied by Wdowinski et al. {1989] and are
not investigated in this study.

Strain rate

0 500

1000 1500 2000

Distance from the trench (km)

Fig. 8. Vertically averaged strain rate solutions showing the sen-
sitivity of the tectonic forces to extension within the subducting
slab. The strain rate is scaled by ug /z¢. The location of the wedge
tip and the slab tip are indicated by w.t. and s.t., respectively.
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TECTONIC ACTIVITY IN THE CENTRAL ANDES
Observations

The topography of the central Andes between 15°S and
27°S is characterized by a broad intermontane plateau (>
400 km wide) of elevation exceeding 3 km. The topography
is supported by a thick crust with an average thickness of
60 km [James, 1971]. The tectonic activity, however, ex-
tends over a region up to 900 km wide from the trench in
the west to the Subandes in the east (Figure 1). Although
the Andean mountain belt represents a tectonic environment
of compression and mountain building above a subduction
zone, broad zones of extensional tectonism are located in
the forearc region and in the Altiplano. Interestingly, the
eastern limit of the Benioff zone seismicity coincides with
the eastern limit of the deformation in the overriding South
American plate [Jordan et al., 1983].

The extensive normal faults observed in the forearc re-
gion, mostly below sea level, represent an extensional tec-
tonic environment [Kulm et al., 1981; von Huene et al.,
1988]. Active normal faults are also observed inland, along
the Pacific coast [Sébrier et al., 1985]. The Western Mono-
cline (Cordillera Occidental) is a region of magmatic activity
and is covered by recent volcanic flows. There are no sur-
face observations, nor seismic activity, to indicate whether
this region is currently under compression or extension. Far-
ther inland, the Altiplano overlies a thick continental crust.
Although the crust had presumably thickened under a com-
pressional stress regime, at present the northern and south-
ern parts of the plateau are extending by normal and strike-
slip faults [Sudrez et al., 1983; Sébrier et al., 1985]. It is
not clear whether the observed extension in the northern
and southern sections of the Altiplano represents the state
of deformation throughout the entire Altiplano lithosphere,
especially if we consider the lack of observations in deeper
levels of the lithosphere. Compressional tectonic activity is
observed in the eastern part of the mountain belt, in the
Eastern Cordillera (Cordillera Oriental) and in the Suban-
des. The seismic activity is concentrated in a narrower re-
gion, along the eastern flanks of the mountain belt in the
Subandes [Sudrez et al., 1983). East of the Subandes, in the
Brazilian Shield, no large-scale deformation or significant
seismic activity is observed.

Model Results

Many aspects of the complex tectonic environment of the
Andes can be explained by the combined effects of tectonic
and buoyancy forces. The tectonic forces, which arise from
the subduction of oceanic lithosphere, cause minor extension
near the trench and compression farther inland (Figure 7c¢).
The buoyancy forces, which arise from relaxation of over-
thickened crust, extend the lithosphere in regions of thick
crust and cause minor compression near the edges of the
thickened crust region (Figure 7d). The distribution of the
combined deformation depends on the choice of parameters
and velocity boundary conditions, which are shown in Ta-
ble 1 and Table 2.

Figure 9 shows a solution with the parameters (s =
3 x 1073, ¢ = 1072, and Gr = 3 that best matches the
observations. The vertically averaged strain rate field of the
overriding lithosphere shows five distinct provinces, which
can be correlated with the observations (Figure 1). The
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Fig. 9. A combined solution for the tectonic and buoyancy forces
(us = 1.0, (a = 3x 1073, (ot = 1 x 1072, and Gr = 3). The
location of the wedge tip and the slab tip are indicated by w.t.
and s.t., respectively. The vertically averaged strain rate solution
shows five distinct provinces of extensional and compressional de-
formation, which are in a good agreement with the observations
from the Andes (Figure 1).

characteristics of the five provinces are extension in the fore-
arc, compression in the Western Monocline, extension in
the Altiplano, compression in the Eastern Cordillera and
Subandes, and no deformation in the Brazilian Shield. The
low magnitude of the calculated strain rate (of the order of
107" 571) is in good agreement with the seismic strain rate
in the Subandes [Sudrez et al., 1983]. The calculated exten-
sional strain rates for the Altiplano (Figure 9) are compa-
rable in magnitude to the compressional strain rates in the
Subandes. This may be an overestimate of the extensional
strain rates in the Altiplano, which are not well constrained,
but it demonstrates well the phenomena of exiensional de-
formation in regions of thick continental crust. A similar
deformation pattern is obtained when extension within the
subducting slab is included. As shown in Figure 9, slab ex-
tension of the order 3 x 1075 s~! with (s = 2 x 10™2 and
Gr = 3 generates a vertically averaged strain rate curve that
is very similar to that for rigid slab subduction.

The largest discrepancy between the observations and the
model’s predictions occurs in the Western Monocline, where
the observations of magmatic activity do not indicate any
particular deformation, whereas the model predicts major
compression. Because our model does not account for ther-
mal processes, such a discrepancy might be expected. How-
ever, the magmatic activity and the major compression may
be related if the magmatic activity represents redistribu-
tion of the crustal material due to compression and crustal
thickening. Indeed, geochemical studies of volcanic rocks
from the Western Monocline show a strong crustal signa-
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ture, suggesting that a significant portion of the magma was
generated within the crust [e.g., Thrope et al., 1981].

Limitations of the Model

The simple model we have presented used a linear rhe-
ology; as a result, temperature variations and nonlineari-
ties in rheology that can affect the deformation have been
ignored. The temperature mostly affects the strength of
rocks. The first-order effect of temperature is in fact in-
cluded by separating the upper 700 km of the Earth into a
strong lithosphere, a weak asthenosphere, and a very weak
slip layer. Second-order temperature variations may perturb
the lithospheric-asthenospheric boundary and may induce
smaller-scale deformation patterns. The magmatic activity
in the Western Monocline indicates that such a perturbation
occurs beneath that region, and indeed the model fails to
explain the observations there. Elsewhere, the length scale
of such perturbations are probably smaller than the length
scale of the observation (100-200 km) and therefore should
not significantly affect the results of the model.

Other studies of continental deformation have recognized
the importance of nonlinear rheology in calculating the de-
formation [e.g., Bird and Piper, 1980; England and McKen-
zie, 1982]. These studies assumed that the rate of conti-
nental deformation is controlled by the very strong mantle
lithosphere, which deforms by power law creep. When the
continental crust is very thick, as in the Andes, the aver-
age strength of the lithosphere decreases because a signifi-
cant portion of the mantle lithosphere is replaced by a weak
crust. The strength of the lithosphere is determined in this
case by the strong upper crust, which deforms by various de-
formation mechanisms (e.g., brittle failure, power law creep,
cataclastic flow). Thus the viscous flow assumption is in-
tended not to represent the actual deformation mechanism
but rather to relate the rate of deformation to the stress by
the effective viscosity. The average strength of the litho-
sphere, which is represented by the effective viscosity, takes
into account the respomse of the lithosphere to the various
deformation mechanisms, including the effect of the non-
linear rheology (power law creep). In regions of very high
stresses, the effect of nonlinear rheology needs to be consid-
ered, as we attempt to do by defining a slip layer of reduced
viscosity; nevertheless, calculations with nonlinear rheology
may produce somewhat different results.

DiscussioN

In this study, the interaction between the lithosphere
(plate) and the asthenosphere is investigated as a single sys-
tem, and as a result, one can evaluate the forces that act
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on the base of the lithosphere. Between the trench and the
tip of the asthenospheric wedge (Figure 10), the subducting
slab shears the base of the continental lithosphere along the
slip layer toward the wedge tip. Farther inland the conti-
nental lithosphere overrides the asthenosphere, which shears
the base of the lithosphere toward the trench. The defor-
mation that arises from these forces is minor extension near
the trench and above the subducting slab, and compression
farther inland, above the asthenosphere (Figure 7c). This
contradicts previous suggestions [e.g., Uyeda and Kanamori,
1979), suggesting that compression in the overriding plate is
a result of strong coupling between the subducting and the
overlying plates. We suggest that the compression in the
overriding plate arises from shear tractions acting on the
base of the lithosphere toward the tip of the asthenospheric
wedge from both directions.

Recent geological studies suggest that the Andean crust
has been thickened during the past 15-25 m.y. by 150-250
km of horizontal shortening [Sheffels et al., 1986; Sheffels,
1990; Isacks, 1988]. Thus the average shortening rate for
the past 15-25 m.y. is about 10 mm yr~!. However, the
rate of shortening derived from seismic activity, which is
averaged over 17 years, indicates a much slower motion of
1-2 mm yr~! [Sudrez et al., 1983). One way to explain these
differences is to assume that the present-day shortening rate
is the same as that obtained from geological observations,
about 10 mm yr~! and that the very slow shortening rate
derived from the seismic activity may be a result of short
sampling time or may indicate the presence of significant
aseismic deformation.

We propose a different explanation based on the relation
between tectonic and buoyancy forces. The tectonic forces
move the far field (the Brazilian Shield) at a constant rate
toward the trench as a response to the subduction of the
Nazca plate (negative velocity in Figure 7a). The buoyancy
forces move the far field at a constant rate in the opposite
direction, away from the trench, as the thick Andean crust
relaxes (positive velocity in Figure 7b). The shortening rate
of the continental lithosphere is the sum of the far-field ve-
locities. The convergence rate between the Nazca and the
South America plates has remained approximately constant
for the past 26 m.y. [Pardo-Casas and Molnar, 1987), which
suggests that there were no major changes in the tectonic
forces through time. However, as the Andean crust thick-
ened, the effect of the buoyancy forces increased. Thus the
shortening rate, which is the sum of the tectonic and buoy-
ancy far-field velocities, decayed with time. Before the crust
thickened appreciably, as may have been the case 15-35 m.y.
ago, only the tectonic forces drove the deformation, and the
rate of shortening (far-field motion) was high, about 10-30
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Fig. 10. A schematic illustration of the shear tractions acting on the base of the overriding continental lithosphere.
Between the trench and the wedge tip the lithosphere is sheared by the subducting slab along the slip layer.
Farther away, the lithosphere is being sheared by the asthenospheric flow toward the wedge tip.
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mm yr—'. As subduction continued, the overriding plate

was shortened by the tectonic forces, and the crust thick-
ened. The effect of the buoyancy forces increased and, as a
result, the net shortening rate decreased. In order to derive
the longterm average rate, the present-day shortening rate
must be lower than the averaged rate (< 10 mm yr~'). It
may be as low as the seismically inferred strain rate, 1-2
mm yr~! or higher, inasmuch as some of the deformation
may be aseismic.

The model that best matches the observations (Figure 9)
uses the following parameters: Gr =3, (o =3 x 1073, and
Cst = 1x1072; however, the range of parameters that match
the observation is within a factor of 2-3 of the above param-
eters. These values can be used to estimate the lithospheric,
asthenospheric, and slip layer viscosities. The characteris-
tic viscosity can be determined from the Grashof number
because the rest of the characteristic parameters are fixed.
Thus the lithospheric viscosity, which is the characteristic
viscosity, is estimated to be 2-5 x10%22 Pa s. A different
approach for estimating the effective viscosities is from con-
sideration of the state of stress of the lithosphere. Kanamori
[1980] estimated that the strength of the lithosphere is of the
order of 100 bars. The calculated strain rates of the litho-
sphere are of the order of a few times 107! s~ (Figure 9).
The estimate of the magnitude of the stress, the calculated
strain rate, and the constitutive relations (equation 3) yield
an estimate of 1-5 x10%2 Pa s. Thus these two independent
methods give similar results.

Estimates of the asthenospheric and slip layer viscosities
can be derived from the asthenospheric parameter (, and
slip layer parameter {,, if the lithospheric and slip layer
thicknesses are known. A lithospheric thickness of 100 km
(1.0 in dimensionless units) yields an estimate of 0.5-2.5
%x10%° Pa s for the asthenospheric viscosity. Because the
slip layer thickness is not well constrained (1-10 km), our
estimate of the slip layer viscosity has a wider range of 101°-
102! Pa s. The calculated strain rates within the slip layer
are of the order of 107! — 107! s~!, The strength of the
slip layer can be estimated from the stress drop (~ 200 bars)
of large subduction zone earthquakes. Again, the state of
stress and the strain rates yield an independent estimate for
the slip layer viscosity, which is of the order of 10?°-10%
Pa s. Our estimate of the asthenospheric viscosity (0.5-
2.5 x10%° Pa s) agrees with the estimate of Wdowinski et
al. [1989], which is lower by an order of magnitude than
estimates of asthenospheric viscosity (102! Pa s) derived
from postglacial rebound [Cathles, 1975; Peltier and An-
drews, 1976], but higher by a factor of two than estimates
of the viscosity of the uppermost asthenosphere (4 x 10'°
Pa s) [Cathles, 1975]. Our estimate of the lithospheric vis-
cosity (2-5 x10%? Pa s) is higher by a factor of 2-5 than
the estimate of Wdowinski et al. [1989]. The discrepancy
between the two estimates probably arises from the consid-
eration of buoyancy forces in the calculation of this study,
which had been neglected by Wdowinski et al. [1989]. Our
estimate of the slip layer viscosity agrees with the estimate
of Jischke [1975] (10?°-10?' Pa s) for 1-5 km of slip layer
thickness, which is thinner than the 10 km suggested by
Jischke [1975].

CONCLUSIONS

We have presented a simple viscous flow model of subduc-
tion zones in order to calculate the deformation within the
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overriding continental lithosphere. The two kinds of forces
that dominate the deformation within the overriding litho-
sphere are tectonic and buoyancy forces. Because a linear
rheology is used, one is able to investigate the effect of each
of these forces separately. The tectonic forces, which arise
from the subduction of oceanic lithosphere, cause minor ex-
tension within the overriding lithosphere near the trench
and compression farther away from the trench. The mag-
nitude of the compression is determined by the ratio of as-
thenospheric to lithospheric viscosities, which represent the
viscous coupling between the asthenosphere and the litho-
sphere, and by the rate of extension within the subducting
slab. The buoyancy forces, which arise from variations in
crustal thickness, cause the overriding lithosphere to extend
where the crust is thick. The rate of extension is determined
by the Grashof number Gr, which represents the ratio of
buoyancy to viscous forces.

The model is applied to the central Andes (15°-27°S),
where the deformation within the overriding continental
lithosphere extends over a very wide region (up to 900 km).
Benioff zone seismicity indicates that the Nazca plate is be-
ing subducted beneath this segment at an angle of 30° for a
horizontal distance of about 700 km east of the trench. The
tectonic activity in the central Andes presents a complex
pattern of large-scale extension and large-scale compression
in close proximity to one another. Our model predicts exten-
sion in the forearc, compression in the Western Monocline
(corresponding to magmatic activity), extension in the Alti-
plano, compression in the Eastern Cordillera and Subandes,
and no deformation in the Brazilian Shield. The compres-
sional deformation observed in the Andes is a result of shear
tractions acting on the base of the lithosphere toward the
tip of the asthenospheric wedge from both directions. This
contradicts a common explanation that the compressional
tectonic environment of the Andes is a result of a strong
coupling between the subducting and the overriding plates.
Our results indicate that the rate of crustal shortening in
the Andes has decreased with time (duing the past 26 m.y.)
as a result of the thickening of the crust.
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