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the Andean margin is a result of isostasy, tectonic accretion, and erosional
processes. The resulting excess mass of the Andes gives rise to frictional stresses on the seismogenic plate
interface that resist the sinking of the subducting slab into the upper mantle. Thus, subduction rates should
be sensitive to the time-dependent dynamics of a back-arc orogen, as well as erosional or accretional
processes that affect orogen growth. Here we develop a two-dimensional coupled orogen–slab model that
allows for the prediction of orogen size and plate motion in response to both tectonic and erosional forcing.
We find that the frictional force exerted by the orogen on the subducting slab grows quadratically with
orogen width and that the frictional resistance typically balances 10–50% of the slab pull force. The time
evolution of the coupled orogen-subduction zone system is largely controlled by the rate of orogen growth,
which is controlled by the rate of convergence and the erosivity of the climate state. In the case of the Andean
margin, our models show that Miocene aridification leads to reduced erosion, increased orogen growth,
greater frictional resistance to subduction, and, ultimately, to a ~50% reduction in the convergence rate
between the Nazca and South American plates.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction

The highest mountains on Earth are found in orogens at
convergent plate margins that are characterized by the great relief
(N7 m), active shortening (N20 m/yr), and widespread seismic activity
(MWN8) associated with either shallowly dipping crustal thrust faults
(e.g., India–Asia collision zone) or major subduction zone interfaces
(e.g., Andean margin). Over the last two decades quantitative models
have been developed in an effort to understand how these dynamic
boundaries develop in response to variations in tectonic accretion and
erosional mass removal rates. Quasi-static two-dimensional analytic
models have provided first-order descriptions of the kinematics of
mass transport and energy partitioning within an orogen as well as
the characteristic scalings that describe the magnitude of the orogenic
response to tectonic and erosional forcings (Barr and Dahlen, 1988;
Whipple andMeade, 2006; Hilley and Strecker, 2004; Roe et al., 2006).
Computational methods have allowed for the direct solution of the
equations of motion in an orogenic system including the effects of
strong variations in material properties and spatially variable surface
e), clintc@hawaii.edu

l rights reserved.
processes (e.g., Willett, 1999; Beaumont et al., 2001; Stolar et al.,
2007). While all of thesemodels have focused on orogen development
in response to external forcing, the potential feedbacks between
orogen size and the tectonic convergence rate have been largely
neglected.

The premise that the growth of the Andes might give rise to a force
that slows the convergence between the Nazca (NAZ) and South
American (SAM) plates has been discussed in a few recent papers
(Norabuena et al., 1999; Garzione et al., 2006; Iaffaldano et al., 2006;
Husson et al., 2008). Both Garzione et al. (2006) and Ghosh et al.
(2006) exploited oxygen isotope paleo-thermometers and estimates
of the adiabatic lapse rate to estimate the paleo-elevation of carbonate
paleosols preserved in the Bolivian Altiplano finding that at least
~2.5–3.5 km of surface uplift occurred between ~10.3 and 6.8±0.4 Ma.
This rapid surface uplift has been argued to result from the isostatic
adjustment of the crust in response to mass loss at depth due to a
Raleigh–Taylor instability, and the foundering of eclogitic lower crust
(Garzione et al., 2006; Ghosh et al., 2006; Molnar and Garzione, 2007).
Garzione et al. (2006) demonstrated that the resulting topographic
gradient from the high Altiplano to the Nazca plate would result in an
increase in the compressional force (per unit length) of 0.6×1012 N/m
and suggested that this additional force may have contributed to the
late Miocene deceleration of the NAZ–SAM convergence rate.
Iaffaldano et al. (2006) used a thin shell lithosphere model coupled
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Fig.1. Illustration of the components of the coupled orogen-subduction system. The boxed
area shows the geometry at the orogen-subduction zone interface that corresponds to the
upper right hand corner (shaded) of the convecting upper mantle cell in the lower panel.
The red arrows indicate the sense ofmotion, the gray arrows indicate the length extents of
the labeled features, and the variables are defined in the text.
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to a global mantle circulation model to quantify the magnitude of
deceleration that results from the sudden emplacement of the Andes.
These models predict a linear decrease in NAZ–SAM convergence
(from ~10 to ~7 cm/yr) and a linear increase in Altiplano elevation
(from ~1.5 to ~3.8 km) over the last ~10 Ma. Finally, Husson et al.
(2008) suggested that westward push from Andean growth could
initiate a net westward drift of the entire Pacific basin, but did not
examine the time-dependent development of this system.

To better understand the Andean margin in particular and the
behavior of an orogen-subduction system in general, we developed a
two-dimensional model of a coupled orogen-subduction zone system.
The sizes of both the orogen and the subducting slab evolve in a
kinematically consistent manner in response to changes in plate
convergence rate and the removal of orogenic material by erosional
processes. This model allows us to make quantitative predictions for
the time evolution of both orogen size and plate convergence rate as a
function of the most important factors that describe the system:
orogen geometry, plate geometry, mantle viscosity, erosivity of the
climate state, isostatic compensation, and the frictional behavior of
the subduction zone interface. Because the force balance evolves over
orogen evolution time scales (1–10 Ma, Whipple and Meade, 2006),
plate motions can change rapidly in response to orogenic growth
modulated by changes in climate state.

2. Force balance in a coupled orogen-subduction system

To understand the behavior of a coupled orogen-subduction
system, we consider a simple two-dimensional model where an
orogenic wedge sits atop the oceanic lithosphere in the upper right
hand corner of a convecting upper mantle cell (Fig. 1). Previously, the
effect of the orogen has been neglected, and the motion of the
subducting plate has been determined from a force balance between
the slab pull driving force Fs, resisting forces associated with viscous
drag from upper mantle deformation Fv, and bending of the
subducting plate Fb (Forsyth and Uyeda, 1975; Conrad and Hager,
1999; Buffett, 2006). To these resisting forces, we add the force
exerted by the orogen on the subducting plate, Fo, which we define
below. Thus the complete force balance gives,

Fs ¼ Fv þ Fb þ Fo: ð1Þ

The forces Fs, Fv, and Fb have been defined previously. The driving
force exerted by negative buoyancy of the slab sinking into the upper
mantle is, Fs=ΔρgHD, where Δρ is the average difference between slab
andmantle densities, g is the acceleration of gravity, H is the thickness
of the subducting oceanic lithosphere, and D is the depth to which the
subducting slab acts as a stress guide (Elsasser, 1969; Forsyth and
Uyeda, 1975; Conrad and Hager, 1999), which typically consists of the
upper mantle portion of the slab (Conrad and Lithgow-Bertelloni,
2002; Conrad et al., 2004). The viscous drag force, Fv=ηmUL/D, results
from upper mantle shear generated by the motion of a subducting
plate of length L moving across the upper mantle of viscosity ηm with
speed U (Conrad and Hager, 1999). The resistance to plate bending at
the subduction zone can be expressed as a force, Fb=2ηbU (H/R)3 /3,
where H is the plate thickness (assumed equal to the value used to
define Fs), R is the radius of curvature of bending, and ηb is the effective
viscosity of the bending lithosphere (Buffett, 2006).

The total resistive shear force exerted by the orogen on the slab is
given by the integral of the normal stress, σn, exerted by the orogen's
weight on the plate bounding fault, multiplied by the effective
coefficient of friction, µ. Here we treat the orogen as a brittle frictional
wedge (Chapple, 1978; Davis et al., 1983; Dahlen, 1984; Dahlen and
Suppe, 1988) with cross-sectional area, A, surface slope, α, and basal
dip, β. Orogen size is controlled by the balance between tectonic
accretion and erosional mass removal (Barr and Dahlen, 1988; Willett,
1999; Whipple and Meade, 2004). Material accretes into the orogen at
a rate that is proportional to the convergence rate, U, multiplied by the
thickness of the accretionary aperture, h, which is typically smaller
than the thickness of the incoming lithosphere, H. In general, orogens,
such as Taiwan (Suppe,1980) and the Andes (e.g., Isacks,1988), accrete
material from the landward side of the subduction zone interface
though there are exceptions such as the Himalayan range front at the
India–Asia collision zone (e.g., Lave and Avouac, 2001). For self-similar
two-sided orogens (e.g.,Whipple andMeade, 2004), both sides grow in
width proportionally so that accretion on the non-subducting side
causes growth of the entire orogen. For the case of the Andeswhere the
Eastern and Western Cordillera are separated by the flat Altiplano,
material accreted along the eastern margin may contribute to the
surface uplift of the western margin through the transport of material
along deep low angle thrust faults (McQuarrie, 2002), or ductile flow
(Lamb and Hoke, 1997) in the lower crust underlying the central
plateau. Thus, accretion on either side of the orogen contributes to an
increase in overall cross-sectional area, and thus the width, W, of the
orogenic wedge that is in contact with, and frictionally coupled to, the
subduction zone interface (1). Thewidth of the frictional (seismogenic)
subduction zone interface does not grow but is limited to the region
above the brittle–ductile transition depth, Dt so that the maximum
width is W=Dt/tan(β) which is typically in excess of 200 km for
shallowly dipping (βb10°) subduction zones. Further, we assume that
the elevation of the Altiplano is coupled to, and can never be greater
than, its active eastern and western margins.

For a wedge-shaped orogen where the normal stress at the
subduction zone-orogen interface is lithostatic, the shear stress grows
geometrically with the width of the orogen, Fo=µpcgW2(tan α+tan β).
In two-dimensions, or per unit trench length, the width of an orogen
in contact with a slab is related to the cross-sectional area of the
orogenic wedge as W ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2A tanα ρm−ρcð Þ=ρc tanα
p

: Here the shear
stress exerted by the orogen on the slab grows quadratically with
width. This contrasts with the linear force-width scaling assumed in
models that neglect the wedge-shaped geometry of the orogen and
subduction zone interface by assuming that a thin shell representation
of the lithosphere accurately predicts stresses exerted by the orogen
on the top of the convecting mantle cell (Iaffaldano et al., 2006).
Combining our expressions for Fs, Fv, Fb and now Fo into the force
balance (Eq. (1)), we obtain an expression for the slab-orogen interface
width at steady state,

Ws ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΔρgHD−2ηbU H=Rð Þ3=3−ηmUL=D

μρcg tanα þ tanβð Þ :

s
ð2Þ
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The rate of subduction convergence, which is equivalent to the
subducting plate speed U relative to the stationary wedge, for a given
geometric configuration, is,

U ¼ ΔρgHD− μρcg tanα þ tanβð Þð ÞW2

2ηb H=Rð Þ3=3þ ηmL=D
: ð3Þ

Note that these relationships technically apply only for the quasi-
static case where the orogen is at mass flux steady state because we
have ignored the inertial terms in the force balance (Eq. (1)). However,
these terms are unimportant for low Reynold's number systems such
as themantle. Therefore,we can assume that geological rates of change
ofWs or U are so slow that Eqs. (2) and (3) apply evenwhen the orogen
is growing or shrinking. As we shall see, themagnitude of the resisting
force Fo associated with orogens such as the Andes can be a significant
fraction of the slab pull force Fs. Thus, Fo can significantly slow the
subducting plate speed U by diminishing the numerator of Eq. (3).

3. Time evolution of a coupled orogen-subduction system

The temporal evolution of the force exerted by the orogen on the
subducting plate is proportional to the mass of the orogen above the
frictional interface. Orogen size evolves in response to the difference
between the rate at which material is accreted into an orogen by
tectonic processes and the rate at which it is removed by erosional
processes. The rate of mass accretion per unit width is equal to the
convergence rate multiplied by the thickness of the accreting layer h
that is incorporated into the orogen. Based on Hack's law describing
the shape of drainage basins (Hack, 1957), characteristic hydraulic
geometry, empirically constrained relationships for erosion rate as a
function of local channel slope, and the assumption that most relief in
an orogen is generated by fluvial processes, Whipple and Meade
(2004) derived an orogen-scale erosion law for the mean erosion rate
of an orogen as εo=CWatan αb, where C is the erosivity due to the
combination of climate state and effective rock strength. Combining
the orogen scale erosion law with the assumption of self-similar
wedge geometry, the temporal evolution of the cross-sectional area A
is given by,

dA
dt

¼ Uh−KAp ð4Þ

where h is the thickness of the accreting layer (Fig. 1) and p describes
how erosion rates grow with orogen width due to the orogen-scale
erosion law described above (Whipple and Meade, 2006). Additional
sources of mass input including tectonic underplating (e.g., Dahlen
and Barr,1989) and the recycling of erodedmaterial (e.g., Whipple and
Meade, 2004) are neglected here. Barr and Dahlen (1989) assumed
p=1/2 (i.e., mean erosion rate is not a function of orogen width)
whileWhipple andMeade (2006) showed that the combination of any
channel erosion law that is a monotonically increasing function of
local slope and a drainage network geometry scaling that follows
Hack's law (Hack, 1957) gives 0.7≤p≤1.2. Here we use an intermediate
value, p=1, throughout. The coefficient K in Eq. (4) is the effective
erosional efficiency (Whipple andMeade, 2006) and is proportional to
the erosion coefficient derived from stream power and shear stress
dependent erosion laws, K′. These studies model channel incision
rates, ε, as a function of erosivity of climate/rock resistance K′,
drainage area AD (which serves as a proxy for discharge Q), and slope
S, such that ε=K′ AD

mSn, (where m and n are the discharge and slope
exponents respectively) and found K′=10−5–10−7 (e.g., Seidl and
Dietrich, 1992; Whipple and Tucker, 1999; Kirby and Whipple, 2001;
Wobus et al., 2003). In general, the discharge Q is given by the integral
of the precipitation (e.g., mean annual) distribution over the drainage
area, so for the case of spatially uniform precipitation, P0, the
discharge is then Q=P0kaxbH where x is the downstream distance,
ka~6, and bH~1.8 are the Hack coefficient and exponent, respectively
(Hack, 1957). Using this explicit representation of the precipitation
rate, an orogen-scale erosion law, and assuming isostatic compensa-
tion of the orogen, the erosional efficiency is,

K ¼ K V P0kað Þm ρm−ρcð Þ
ρm

1−
hm
n

� �n

: ð5Þ

In general K has been parameterized as a variable whose
dimensions depend on other empirically derived scaling relationships
such as Hacks law, and the value ofm. Bothfield and theoretical studies
have constrained the ratio of these exponents tom/n=0.35–0.60 (e.g.,
Whipple and Tucker, 1999; Wobus et al., 2003). For the case of
detachment-limited incision, n=2 and m=1 so that the incision rate
scales linearly with precipitation rate, and Eq. (5)) reduces to K=(0.33–
10−3)×K′ where the quantity (P0ka) is treated as dimensionless and K
has dimensions of yr−1. Interestingly, the effective erosion coefficient
scales linearly with the mean annual precipitation rate only for m=1
and the smaller values of the discharge (or more commonly, drainage
area) exponent, which predicts a damped response to precipitation
forcing. The relationships for steady state orogen width and conver-
gence rate (Eqs. (2), (3)) can be written in terms of the erosivity by
applying dA/dt=0 to Eq. (4) to get U=KW2ρc/(2h(ρm−ρc)tan α).

The second component of the model that evolves geometrically in
time is the depth of the subducting slab, D. For the models presented
here, the slabdepthD increasesmonotonically and at a rate proportional
to the convergence rate,

dFs
dt

¼ ΔρgHUsinδ ð6Þ

where δ is the mean dip of the slab. For the examples that follow,
δ=90° so that we can make clear the behavior of the system with
the strongest possible subduction driving force. We also limit the slab
to the upper mantle (thus D≤670 km) because lower mantle slab
weight is thought to be supported by viscous stresses, rather than
guiding stresses within the slab that generate slab pull (Conrad and
Lithgow-Bertelloni, 2002; Conrad et al., 2004). By substituting Eq. (3)
into Eqs. (4) and (6) we have a closed system of two coupled ordinary
differential equations that describes the time evolution of orogen size
and convergence rate. To understand the behavior and sensitivities of
this system, we now consider several forward models. In the sections
that follow we will apply this model to the Andes and the Nazca–
South America plate boundary and so we utilize a parameter range
appropriate for that locale for these examples. A discussion of
applicable values of K0 for the Andes is presented in the next section
though characteristic values are used in the examples that follow. We
consider four hypothetical cases of how this system evolves in time: 1)
uniform erosivity (constant K), 2) uniform erosivity with delayed
orogen initiation, 3) a step-like change in erosivity, and 4) continually
varying erosivity where no steady state is reached. In all of these cases
we start with the initial condition that there is no orogen. For cases 1)
and 2) we show the development as a function of three initial slab
depths D0=(200, 400, 670) kmwhile for cases 3) and 4) D0=670 km. In
all models, L=3000 km to approximate the distance between the East
Pacific Rise and the South American Trench, α=2°, β=8° (Vietor and
Oncken, 2005), ρm=3300 kg/m3, ρc=2700 kg/m3, ηm=5×1020 Pa·s
(Mitrovica, 1996), µ=0.4 (e.g., Bird and Kong, 1994), and the effective
plate bending viscosity is ηb=300 ηm Pa·s (Conrad and Hager, 1999;
Buffett, 2006) with R=200 km, H ¼ 2

ffiffiffiffiffiffi
κT

p
where κ is the thermal

diffusivity of basalt and T=40 Ma is the age of the oceanic plate at the
subduction zone.

With an erosion rate that is constant in time, K=10−7 yr−1, and the
initial condition of no orogen, both the orogen width and the plate
convergence rate evolve to steady state values in ~10 Ma (Fig. 2a, b).
This time scale is weakly sensitive to the initial slab depth with the



Fig. 2. Time histories for orogen width (left-hand column) and plate convergence rates
(right hand column). The upper two panels (a, b) show the evolution when K0 is
constant in time and equal to 10−7 yr−1. The black, blue, and red lines represent the
initial depths (D0=200, 400, and 670 km respectively) of the slab at the time that the
orogen starts to grow. Note that the convergence rate approaches a steady state value
from both faster and slower rates depending on D0. Panels c and d show time histories
for orogen width and plate convergence rates with a delay in the onset of orogen
growth, again for constant K0=10−7 yr−1 and varying initial depths D0 as in (a, b). In this
case, orogen development is initiated at 7.5Ma in eachmodel run. Note that the absence
of an orogen allows the plate convergence rate to increase with no additional resistance
until orogen growth is initiated at 7.5 Ma. Panels e and f show time histories for orogen
width and plate convergence rates with a sudden change in the erosivity of climate at
7.5 Ma. Initially K0 is constant in time and equal to 10−7. At 7.5 Ma the erosivity doubles
(red), halves (blue), and remains constant (black). Panels g, h show time histories for
orogen width and plate convergence rates with time-variable erosivity. The three cases
are: 1) K1, constant, K=10−6, 2) K2, linear increase from K=5×10−7 to K=5×10−6, and 3)
K3, linear decrease from K=5×10−6 to K=5×10−7.

Fig. 3. a) Cross-sectional orogen area (left axis, red), calculated using Eq. (4), that
develops as a response to a sinusoidal variation in erosivity K (right axis, blue) around a
background erosivity of K0=10−5. The erosivity is modulated harmonically with a
1 million year periodicity, the tectonic influx is constant in time, and the orogen
response is measured as the perturbation from the original steady state, A0. Note that
the orogen response is out of phase with the climate forcing by ϕ, which is about 90
degrees in this case. A increases during periods of low erosivity (small K) because more
mass is added to the orogen by tectonic accretion than is removed by erosional
processes. b) A comparison of orogen cross-sectional area from numerical integration of
Eq. (4) and the approximate analytic solution Eq. (8). Here, as in a), K0=10−5, the
erosivity is modulated harmonically, the tectonic influx is constant in time, and the
orogen response is measured as the perturbation from the original steady state, A0. The
approximate analytic solution underestimates the magnitude of the peak response of
the orogen, but does capture 90% of the cross-sectional area evolution including the
initial exponential decay.
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shallowest (200 km) initial slab depth model taking the longest time
to approach steady state due to the relatively low initial value of the
slab pull force. While the time scales for the evolution to steady state
do not vary substantially as a function of D0, the primary direction
fromwhich these models approach the steady state convergence rate
is relatively distinct (Fig. 2b). If orogen growth initiates when the slab
is already at a depth of 670 km, then the growing orogen exerts a shear
traction that decelerates the plate convergence rate. In contrast, the
D0=200 and 400 km initial conditions give rise to an initial increase in
convergence rate due to the fact that the slab pull force initially
increases faster than does the resisting shear stress of the nascent
orogen. A 7.5 Ma, delay in the onset of orogen growth allows the
D0=200 and 400 km slabs to reach the 670 km transition zone before
orogen growth is initialized. These slabs achieve a temporarily steady
convergence rate after ~5Ma (Fig. 2c, d). Note that the last 7.5Ma of all
three models shown in (Fig. 2c, d) are identical to the D0=670 km case
in Fig. 2a, b. For a basal dip of β=8°, the maximum depth of the
assumed orogen–slab interface is ~20 km and so is within the regime
of observed frictional deformation (Pritchard et al., 2006).

If the mechanically coherent slab extends to a depth of 670 km
throughout the period of observation, both orogen size and plate
convergence rate may evolve non-monotonically as a result of
changes in the erosivity of the climate state. Consider the case where
K=10−7 yr−1 for the first 7.5 Ma of each model run then either
doubles (to K=2×10−7 yr−1), halves (to K=0.5×10−7 yr−1), or remains
constant (Fig. 2e, f). In all cases the orogen initially grows and slows
the plate convergence rate. When the erosivity is increased at 7.5 Ma,
the orogen shrinks because orogen mass is removed more rapidly for
a given orogen width. This results in the development of both a
smaller orogen and an increase in the plate convergence rate. The
converse occurs when the erosivity is reduced by a factor of two at
7.5 Ma. In this case the orogen grows and widens until orogen
material is removed rapidly enough to reach steady state. As this
occurs, the width of the orogen increases by ~25% and the
convergence rate drops by ~40%. Abrupt changes in erosivity can
result from changes in global or local climate state. In fact, changes
to the local climate state may result from orogen growth itself via
enhancement of orographic precipitation (Roe and Baker, 2006). An
increase in orographic precipitation may have the effect of increasing



Fig. 4. Variation in perturbed cross-sectional area, A′ as a function of erosivity, K0, and
frequency of climate oscillations, ω. Panels a and b show the magnitude of the sine and
cosine terms in Eq. (8) Note that the contours are of the base 10 log of the coefficient in
Eq. (8). For the range of parameter values K0=10−7–10−4 yr−1, ω=10−3–10−6 yr−1, the
maximum perturbations from the initial cross-sectional area occur when K0 is relatively
large (so that the orogen can respond quickly) and ω is small (long periods) giving the
orogen time to evolve.

Fig. 5. Upper panel: Nazca–South America plate convergence rates. The five data sets
are: 1) Pardo-Casas andMolnar (1987), PCM87; 2) Norabuena et al. (1999), N99; DeMets
et al. (1994), D94; Gordon and Jurdy (1986), GJ86; Somoza (1998), S98. Convergence
rates increase from a minimum of 5–7 cm/yr at the Oligocene–Miocene boundary to a
maximum of ~15 cm/yr between 10 and 25 Ma, then decrease to the present-day value
of ~7 cm/yr. Lower panel: Altiplano paleo-elevations. The two sets of observational
constraints are an analysis of clumped oxygen isotopes, Ghosh et al., (2006), G06; and a
paleo-botanical compilation from Gregory-Wodzicki (2000), GW00. The four models in
both panels are for a constant K=10−7 with the initial of orogen growth at 5, 10, 15, and
20 Ma (M5, M10, M15, and M20, respectively).
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the local erosion rate (Eq. (5)) thus decreasing the orogen area, and
increasing the plate convergence rate. This is the case if precipitation
increases on the side of the orogen that overlies the subduction zone
interface. Alternatively, if an increase in orogen elevation enhances
precipitation on the side of the orogen away from the subduction
zone interface, then the coupled side of the orogen may dry out and
increase in width, thus decreasing the convergence rate.

Changes to the erosivity may be driven by changes in the local
amount of precipitation (Eq. (5)). To understand the effects of gradual
changes in climate-modulated erosivity, consider models where the
erosivity either increases (from K=5×10−7 to K=5×10−6 yr−1) or
decreases (from K=5×10−6 to K=5×10−7 yr−1) by an order of
magnitude (Fig. 2 g, h). As long as the erosivity continues to evolve,
a steady state orogen size and convergence rate will not achieve a
steady state due to the fact that mass removal rate from the orogen
continually varies. Both plate convergence rates and orogen widths
can vary by 30–40% as a result of both step-like and gradual climate-
modulated changes in erosivity.

Changes in climate state (e.g., precipitation rates) may occur much
more rapidly than orogen response time scales. To quantify how
sensitive the orogen evolution law is to perturbations of K=K0+K1 at
different frequencies, we calculate the perturbed response of cross-
sectional area A=A0+A1. Substituting these perturbed quantities into
Eq. (4) with p=1, we obtain,

d A0 þ A1ð Þ
dt

¼ Uh− K0 þ K1ð Þ A0 þ A1ð Þ: ð7Þ

We solve for the perturbed cross-sectional orogen area by
neglecting higher order terms, noting that Uh−K0A0=0, and assuming
that the climate coefficient varies harmonically, K1=K0 sin(2πωt). This
reduces Eq. (7) to dA1/dt=−A0K0 sin(2πωt)−K0A1 which has the
solution,

A1

A0
¼ K0 2πω cos 2πωtð Þ−K0 sin 2πωtð Þ−2πωe−K0t

� �
K2
0 þ 4π2ω2

: ð8Þ

For typical values of K0 and ω there is a ~90° phase lag between
the climate forcing and the orogen response. This is because tan−1

(−2πω/K0) is ~90° for ωNN1 yr−1, K0bb1 yr−1 (Fig. 3a), which is
well approximated by Eq. (8) (Fig. 3b). After the initial exponential
response, the cross-sectional orogen area perturbation is, A1/
A0b10−3 for K0 =10−6 yr−1 and ω≈105 yr−1 (Fig. 4). Thus oscillations
in the effective erosivity due to climatic changes at sub-million
year time scales do not perturb the mean climate state for a long
enough period of time to either enhance or retard the fluvial
removal of orogenic material and change the cross-sectional area
of the orogen more than 20% (Fig. 4). Thus for the examples
described below we consider the evolution of W and U in the
presence of relatively slow change in climate state.

4. The Andean orogeny and the evolution of Nazca–South America
plate motion

One of the type locales that allows for the application of this theory
is the Andean margin at the boundary between the Nazca (NAZ) and
South American (SAM) plates. This plate boundary zone margin has
been the locus of active deformation, at least as a volcanic arc, since
the Jurassic (e.g., James, 1971) and largely convergent plate kinematics
have persisted for at least the last 30Ma (e.g., Pardo-Casas andMolnar,
1987). The combination of pre-existing estimates of convergence rates
and paleo-elevations as a function of timemakes this an ideal locale in
the sense that we have metrics constraining both the convergence
rate, U, and the size of the orogen. NAZ–SAM convergence rates over
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the past 30 Ma have been estimated by Pardo-Casas and Molnar
(1987) and Somoza (1998) based on sea-floor spreading rates. DeMets
et al. (1990) and Gordon and Jurdy (1986) used similar data and plate
circuit closure to estimate single interval convergence rates over the
past 3 and 10 Ma respectively. Over the past 10 Ma all of these
estimates are faster than the present-day convergence rate of 6.7±
0.2 mm/yr constrained by Global Positioning System measurements
(Norabuena et al., 1999; Kendrick et al., 2003) (Fig. 5). Convergence
rates increase from a minimum of 5–7 cm/yr at the Oligocene–
Miocene boundary to a maximum of ~15 cm/yr between 10 and
25 Ma. The exact pattern of the velocity decrease since 10 Ma is
somewhat ambiguous, although it has been interpreted as linear in
time (e.g., Iaffaldano et al., 2006). In the late Oligocene and early
Miocene there is clear evidence for the opposite trend, that is an
increase in convergence rates in time from ~5 to ~15 cm/yr (Fig. 5).

In addition to plate convergence rates, important aspects of the
vertical evolution of the plate boundary zone, and the size of theAndes,
are revealed by estimates of the paleo-elevation of the Bolivian
Altiplano between the Eastern and Western Cordillera. Here the
average present-day elevation is 3.8 km though the peak elevations of
the orogenicwedges on the east andwest of the plateau exceed 5 km. It
seems unlikely that the altitude of the Altiplano could be greater than
that of the bounding orogenic wedges, sowe consider Altiplano paleo-
elevations as minimum elevation estimates. There are constraints on
the paleo-elevation of the Bolivian Altiplano (Fig. 5) from both paleo-
botanical (Gregory-Wodzicki, 2000) and oxygen isotope paleo-tem-
perature measurements (Ghosh et al., 2006; Garzione et al., 2006). It
should be noted that these estimates have generated significant debate
but it appears that the remaining controversy is focused on the
interpretation of these measurements rather than the questions
regarding possible diagenetic modification of ancient surface paleo-
temperature signals (Sempere et al., 2006; Eiler et al., 2006; Hartley et
al., 2007; Garzione et al., 2007). The two separate oxygen isotope
paleo-thermometer estimates suggest rapid surface uplift from near
sea level to ~3.5 km over the time interval from ~10.4 to ~6.8 Ma
(Ghosh et al., 2006; Garzione et al., 2006). Elevation estimates based on
paleo-botanical proxies are generally complimentary (Gregory-Wod-
zicki, 2000). Taken as awhole, these paleo-altimetry estimates suggest
that the Andes were no higher than 1.4 km between 13 and 22 Ma but
may have been as low as sea level at 10 Ma. Assuming a monotonic
surface uplift history, the Andes then grew to nearly their present
elevation over a period of about 4 Ma starting at 10–11 Ma. Prior to
22 Ma there are no direct paleo-altimetry constraints. If minimum
incision estimates derived from Calama Basin records (Rech et al.,
2006) are interpreted as a characteristicmeasure ofmass removal near
the southeastern margin of the Altiplano, this would imply that
elevationsmayhavebeen as high as 2.0–2.4 km in the earliestMiocene,
requiring a non-monotonic surface uplift history for the Andes.

These observations of both convergence rate and surface uplift
history can be explained by a coupled orogen-subduction zone model.
Prior to 23 Ma NAZ–SAM convergence appears to have accelerated but
there are currently no direct paleo-altimetric constraints for this period.
Though poorly constrained, the early increase in convergence rate
appears to be associated with a period of low to no significant Andean
topography. Thus it seems that increases in convergence rate here
cannot be explained by a variation in the resisting force of the orogen.
Instead, the increase of convergence rate could be driven by the growth
of a negatively buoyant subducting slab that ismechanically coherent to
depth of ~200 km at 30 Ma. We note that short slabs may form after
episodes of slab detachment (e.g.Wortel and Spakman, 2000), although
there is noevidence of suchanevent beneath SouthAmerica at 30Ma. In
the absence of an orogen to resist subduction, this short slab accelerates
due to its increasing negative buoyancy until a steady state velocity of
~15 cm/yr is reached when the slab encounters the 670 km phase
transition. With regard to the initial geometry of the slab, there are
trade-offs between the initial depth and dip. The results presented thus
far are for the δ=90° case. For more realistic slab dips of 15°–30°, very
similar accelerations are predictedwith deeper initial slab depths. Given
the absence of clear evidence for, or against, a relatively short slab at
30 Ma, and the possibility that mantle dynamics (for example, slab
deflection and subsequent penetration of the 670 phase transition (van
der Hilst, 1995)) can also induce accelerated flow, we consider the short
slab model to be one possible hypothesis that may explain the early
Miocene acceleration of Nazca–South America convergence. We focus
the rest of the paper on themore recent andbetter-constrained record of
Andean margin evolution.

The approximate temporal coincidence of Andean surface uplift and
the deceleration of NAZ–SAM between 10 and 20 Ma (Fig. 5) has been
considered as possible evidence of a direct feedback between orogenic
growth and platemotions (Garzione et al., 2006; Iaffaldano et al., 2006).
To incorporate the effect of a growing orogen, we need to estimate the
value of the effective erosion coefficient K0. Our strategy is to use the
linear scaling with respect to precipitation rates (Eq. (5)) to understand
howchanges in climate state can lead to changes in the effective erosion
coefficient. Previous work in Taiwan, where mean annual precipitation
can exceed 2 m/yr, has constrained K0=1.9×10−5 yr−1 (Whipple, 2001).
Present-day mean annual precipitation in the Calama basin of the
Altiplano are at least two orders of magnitude lower (b20 mm/yr, (e.g.,
Rechet al., 2006)). Thus, relative toTaiwan, Eq. (5) suggestsK0~10−7 yr−1

for the present-day Altiplano. Prior to the mid to late Miocene
aridification, mean annual precipitation rates appear to have been an
order of magnitude higher (~0.2 m/yr, (Rech et al., 2006)). Thus for the
models considered here we analyze the response of the coupled orogen
system to variations in the effective erosion coefficient of an order of
magnitude ranging from ~10−6 to ~10−7 yr−1.

We consider two classes of models with variable timing for the
initiation of Andean growth and compare these to the observations of
both NAZ–SAM convergence rate and Altiplano paleo-elevation time
histories. The first class of model has no orogen at all until it is
artificially allowed to grow at a prescribed time with a fixed erosivity
of 10−7 yr−1 (Fig. 5). The four possible dates that we use for the sudden
initiation of orogen growth are 5, 10, 15, and 20 Ma (M5, M10, M15, M20

respectively). The second most recent of these dates (10 Ma) fits both
the convergence rate and paleo-elevation data quitewell. Earlier dates
for the onset of orogenic growth predict a rapid increase in surface
elevation before this is actually observed. Also, the 15 and 20Ma initial
models predict convergence rates between 5 and 10 Ma that are
slower than estimates from three independent studies (Gordon and
Jurdy, 1986; Pardo-Casas and Molnar, 1987; Somoza, 1998). While the
predictions of the model with orogen growth starting at 10 Ma
account for much of the observed behavior of the Andes, the model is
compatible with only the absolute minimum elevation estimates prior
to 15 Ma (Gregory-Wodzicki, 2000) and does not suggest a physical
mechanism for the sudden triggering orogen growth.

A second class of model (Fig. 6) invokes a time-dependent
parameterization of K to initiate orogen growth, which represents
the mid to late Miocene change in the mean annual precipitation
associated with aridification of the Altiplano and Western Cordillera
(e.g., Rech et al., 2006). The four possible dates thatweuse for the onset
of aridification are 5,10,15, and 20Ma (M5,M10,M15,M20 respectively).
In all of these cases, the orogen is allowed to develop from an initial
condition of no elevation at 30Ma. Atfirst the orogen growth is limited
by a relatively erosive climate (wet) with K0=10−6 yr−1 and a relatively
slow convergence rate associated with the sinking of the subducting
slab to the 670 km phase transition. Once a steady state is reached at
~21 Ma, the orogen has a modest elevation of ~1 km. Notably this
prediction is, in general, more consistent with both the paleo-
botanically derived elevation estimates that range from 0 to 1.4 km
(Gregory-Wodzicki, 2000) and the timing of thermochronologic rock
exhumation estimates (e.g. Barnes and Pelletier, 2006), than it is with
the case where there is no orogenwhatsoever. Decreasing the erosion
coefficient at 10Ma (M10, Fig. 6) provides the bestfit to trends of orogen



Fig. 6. Same as Fig. 5 but the models include an order of magnitude decrease in erosivity
associated with aridification of the western margin of the Andes. Note that for these
cases the orogen approaches steady state more slowly and the predicted present-day
convergence rates are slower as the less erosive climate allows a larger orogen to grow
and slow the descending slab.
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growth and plate convergence slowdown, and predicts present-day
elevations close to, though above, the observed value of 3.8 km.

Currently, estimates for the onset of aridification of the western
Cordillera range from 10 (Hoke et al., 2004) to 25Ma (Dunai et al., 2005)
making thehypothesized link to climatically-drivengrowthof theAndes
somewhat ambiguous. However, coupled atmosphere and ocean
models predict that elevation-induced aridification of the western
slope scales linearly with elevation up to ~3 km; above this level there
are only modest additional elevation effects (Takahashi and Battisti,
2007a,b). Thus, as the Andes increase in elevation, aridification
increases, and air parcels are drawn down across theWestern Cordillera
to the Pacific Ocean, where their relatively low water content enhances
evaporative cooling of the local sea surface temperature. Thus, if Andean
topographyhad alreadygrown to1.4 kmby13Ma (themaximumbound
frompaleo-botanical estimates, (Gregory-Wodzicki, 2000) the low lying
mountains would induce a cycle of accelerating aridification and
orogenic growth, mitigated only by the concomitant deceleration of
NAZ–SAM convergence. While this scenario is consistent with the set of
observations presented here, it is not explicitly predicted by ourmodels
due to the fact that we do not consider the coupled evolution of
precipitation above a growing orogenic wedge. Currently, the exact role
of maximum and mean topography in the coupled atmospheric
circulation andoceanmodels is not clear (Takahashi andBattisti, 2007b).

An additional mechanism for the surface uplift of the Altiplano is
the isostatic response of the upper crust to the detachment of dense
eclogitic material from the lowermost crust (Garzione et al., 2006;
Molnar and Garzione, 2007). The model presented here does not
explicitly require the detachment and removal of lower crustal
material in order to rapidly grow the Andes. It instead suggests that
a change in the rate of removal of orogenic material allowed for a
massive increase in the residence time, and thus elevation, of Andean
orogenic material. One of the main arguments for the necessity of the
lower crustal detachment hypothesis is that estimated crustal
thickening rates are insufficient to uplift the entire surface of the
Altiplano over a period of ~4 Ma. It should be noted clearly that our
model does not explicitly consider the growth of a plateau but rather
assumes that the maximum plateau elevation should scale with the
elevation of the orogenic wedge. Thus, in the context of crustal
thickening rate arguments, our model would be most consistent with
the case where the Altiplano was not raised uniformly but rather the
case where what is now recognized as the high plateau grew inwidth,
and thickness, over the last 10 Ma. In fact, Garzione et al. (2006),
demonstrated that it would take ~10 Ma to isostatically raise the
entire Altiplano by crustal thickening and this is nearly identical to the
predictions of our model (Figs. 5 and 6). In the southern Altiplano
Elger et al. (2005) have estimated the cessation of significant
shortening in the eastern Cordillera at 7–8 Ma. Our model does
predict continued post-Miocene shortening, though at a b25% rate
between 7 and 10. The suggestion of an isostatic response to the loss of
negatively buoyant lower crustal material may be a promising means
for generating a small amount of initial elevation that could raise the
surface of the Andes from their predicted ~1 km steady state elevation
prior to 13 Ma to an excess of 2 km. This increase in surface elevation
could trigger a decrease in the local mean annual precipitation, which
would lead to rapid orogenic growth.

5. Discussion and conclusions

While we have demonstrated that a coupled orogen-subduction
zone model explains the evolution of both orogen elevation and plate
convergence rates at the Andean margin, this model may also find
applicability in other convergent locales. In particular, it may be
interesting to quantify these effects around much of the western and
northern boundaries of the Pacific plate, where orogenic wedges
including Kamchatka, Japan, and New Zealand have developed in
relatively recent times. Such circum-Pacific orogenic changes may be
responsible for observed changes in Pacific basinplatemotions thathave
occurred periodically during the Cenozoic and before (e.g., Engebretson
et al., 1984; Cande et al., 1995;Wessel and Kroenke, 2007). In fact, many
of these observed changes in plate motions, including the one indicated
by the change in theHawaiian–Emperor seamount bend, occur in only a
few million years. Such changes occur too rapidly to be explained by
changes in plate-driving forces because such forces evolve with mantle
buoyancy over time scales of tens of millions of years (e.g., Richards and
Lithgow-Bertelloni, 1996). Instead, rapid plate motion changes have
previously been attributed to changes in resisting forces acting at plate
boundaries, which can evolve over shorter, million year time scales.
Although orogenic processes at subduction zones have been previously
associated with plate motions changes, it is changes in the dynamics of
subduction (e.g., seamount subduction, slab detachment) that typically
cause both the coincident plate motion changes and the accompanying
orogen response (e.g., Cloos,1993; Rubin et al.,1995; Jahren et al., 2005).
Instead, our model suggests the reverse behavior: changes in orogen
size, particularly those caused by climate-induced changes in erosivity,
can also be the drivers of rapid changes in plate motions.

While climate-induced changes in erosivity can affect back-arc
orogeny and thus subduction rates, changes in the frictional behavior
of the plate interface can as well. The effective long term coefficient of
friction, µ may vary significantly in subduction zones as a function of
sediment (e.g., Ruff, 1989) and water content (e.g., Lamb and Davis,
2003), both of which can change with time in any given location.
Recent results from rock mechanics experiments (Di Toro et al., 2004)
and numerical integrations of rate and state friction models (e.g., Liu
and Rice, 2005) have demonstrated that the coefficient of friction
becomes quite small b0.1 at intermediate slip velocities. Thus, the
connection between estimates of µ, which are observable on short
time scales, and the appropriate parameterization of long term
frictional behavior, can be challenging to understand. It is even more
difficult to infer how the coefficient of friction may have changed with
time in the past because geologic information about plate bounding
faults is largely destroyed by the subduction process.

Due to the fact that the orogen gains mass as the plate convergence
rate increases, and erodesmore quickly as it widens, the coupled model
presented here includes a buffering mechanism for the orogen to
approach amassflux steady state. The stabilizing influence of theorogen
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in the absence of climatic change may explain the apparently steady
20 mm/yr northward motion of the Arabian plate over the last 50 Ma
(McClusky et al., 2000; Chu and Gordon, 1998; Joffe and Garfunkel,
1987). By contrast, the introduction of climatic influences to the same
model can lead to relatively rapid changes in plate motion that result
from spatially localized orogen growth causedbya newstate of erosivity
or possibly large-scale river system re-organization (e.g., Clark et al.,
2004). To test the hypothesis of climate-change-induced changes in
plate motions more broadly will require applying our model in three-
dimensions to account for the finite length of an orogen around a plate
margin. However, for realistic plate geometries, b50% of the plate
margin is directly involvedwith orogen growth at any given time so that
there is a net force exerted on the plate that must be calculated by
integrating the force per unit length along the length of the frictional
interface. This approach, which has been applied recently to constrain
the degree of slab attachment (Conrad et al., 2004) and the bending
resistance at subduction zones (Wu et al., 2008), may be particularly
interesting for the Pacific platewhere the northern andwesternmargins
are surroundedbyactive orogenic systems. Additional important tests of
this model will be to compare model predictions not only with plate
motion models, paleo-altimetry, and paleo-precipitation rates, but
additionally with exhumation rate information that allows us to
constrain how quickly rocks have moved through an orogen, and time
histories of sediment packages that provide constraints on the rate of
mass removal from an orogen (e.g., Clift, 2006). The coupling of our
model to a one-dimensional atmospheric model that allows for the
calculationof vapor saturationas a functionof pressure and temperature
(Roe and Baker, 2006) would enable a more direct assessment of how
the mean annual precipitation rate is affected by mean and maximum
orogen elevation. Four additional effects that have beenneglected in this
study are partial sediment recycling (e.g., Whipple and Meade, 2004),
the hypothesized lubrication effect of subducted sediments (Lamb and
Davis, 2003; Sobolev and Babeyko, 2005), the role of dynamically
evolving mantle convection (e.g., Wdowinski and O'Connell, 1991), and
the role of variable frequency storm intensity (e.g., Snyder et al., 2003).

In summary, the coupled orogen-subduction model described here
explains both the late Miocene decrease in NAZ–SAM convergence rate
and the simultaneous growth of theAndes as a result of a decrease in the
rate of orogen erosion in theWestern Cordillera caused by a change to a
more arid local climate. The orogen and descending slab are coupled
together by the seismogenic frictional interface at the subduction zone.
The frictional resistance to subduction increases quadratically with
orogenic wedge width and has slowed convergence between the Nazca
and South American plates by ~50% over the past 10Ma. In turn, the rate
of orogen growthhas decreased andboth present-day plate convergence
rate and orogen elevations are within 15% of predicted steady state
values. Based on the behavior of this system, previous atmospheric
modeling, and the rangeof estimateddates for the onset of high aridity, it
is not clear whether widespread dry conditions preceded Andean
growth or if the sudden growth of the Andes triggered the arid
conditions. Rather, it may have been the case that the Andes were raised
relatively slowly at first in an initially relatively erosive (wet) environ-
ment but induced a runaway cycle of surface uplift and aridification that
was limited only by the decrease in the NAZ–SAM convergence rate
associated with increased frictional resistance to subduction. Future
observations of paleo-elevation, aridity and increased temporal resolu-
tion inplatemotionswill provide the observational basis for distinguish-
ing between competing geodynamic models and will determine the
extent to which climatic changes may modulate plate motions.
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