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Abstract. A numerical model of the coupled processes of tectonic defonnation and surface erosion in 
convergent orogens is developed to investigate the nature of the interaction between these processes. 
Crustal deformation is calculated by a two-dimensional finite element model of deformation in response 
to subduction and accretion of continental crust. Erosion operates on the uplifted surface of this model 
through fluvial incision which is taken to be proportional to stream power. The relative importance of 
the tectonic and erosion processes is given by a dimensionless "erosion number" relating convergence 
velocity, rock erodibility, and precipitation rate. This number determines the time required for a system 
to reach steady state and the final topographic shape and size of a mountain belt. Fundamental 
characteristics of the model orogens include asymmetric topography with shallower slopes facing the 
subducting plate and an asymmetric pattern of exhumation with the deepest levels of exhumation 
opposite to subduction. These characteristics are modified when the regional climate exhibits a 
dominant wind direction and orographically enhanced precipitation on one side of the mountain belt. 
The two possible cases are dominant wind in the direction of motion of the subducting plate and 
dominant wind direction in the opposite direction ofthe subducting plate velocity. Models of the fonner 
case predict a broad zone of exhmnation with maximum exhumation in the orogen interior. Models of 
the latter case predict a focused zone of exhumation at the margin of the orogen and, at high erosion 
number, a reversal in the topographic asymmetry. Natural examples of these two cases are presented. 
The Southern Alps of New Zealand exhibits the climate and exhumation asymmetry characteristic of 
wind in the direction opposite to motion of the subdueting plate. The asymmetry of topography 
suggests that erosion is not efficient enough to have reversed the topographic asymmetry. The 
contrasting example of dominant wind in the direction of subduction motion is provided by the 
Olympic Mountains of Washington State. In this case, exhumation of deep levels ofthe Cascadia 
accretionary wedge shows a broad domal pattern consistent with the observed orographic precipitation. 

1. Introduction 

Surface processes and erosion play an important role in 
modifying the geologic expression of orogenic processes. 
Convergent orogcns exhibit the highest rates of surface uplift 
on Earth, and it is not surprising that they are also the site for 
the highest rates of erosion. Erosion is frequently the 
principal mechanism for exhuming deeper levels of a 
convergent orogenic belt, thereby providing the surface 
exposure of metamorphism at depth. In addition, erosion 
modifies or even destroys the excess topography of a mountain 
belt, thereby modifying the size, fonn, and internal deformation 
of an orogen. Deformation, surface uplift, and erosion comprise 
a system with feedback in which deformation leads to surface 
uplift, but surface uplift leads to an increase in erosion through 
orographic enhancement of precipitation (Figure 1). Mountain 
topography in convergent orogens is thus the result of the 
balance between tectonic uplift and uplift-enhanced 
precipitation and erosion. 
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There are two primary mechanisms by which erosional 
feedback affects defonnation in orogenic belts. First is the 
influence on mass balance between material accreted by 
convergence and material lost by erosion and subsequently 
removed from the orogenic system. Given the climatic feedback 
between surface uplift and erosion rates, it is possible that 
small orogenic belts with high erosion rates reach a steady 
state in which erosional mass flux out of a system balances 
accretionary flux into the system. This has been proposed for a 
number of orogens including the arc-continent collision in 
Taiwan [Suppe, 1980, 1981; Barr and Dahlen, 1989; Barr et 
a!., 1991], for the Southern Alps of New Zealand [Adarns, 
1980; Norris et aI., 1990; Koons, 1989] and for the Cascadia 
foreare high in the Olympic Peninsula [Brandon et al., 1998]. 
Even if these small orogenic belts are not in a steady state, it is 
clear that erosion has strongly affected their size and structure. 

The second mechanism by which erosion affects crustal 
deformation is through perturbations to the gravitational 
stresses within the orogen. Modern models of the mechanical 
processes of orogenesis are strongly rooted in the concepts of 
critical fonn proposed by Chapple [1978] and extensively 
developed by Davis et al. [1983], Dahlen [1984, 1990] and 
others. Although these critical wedge models were originally 
developed for application to accretionary wedges and fold
and-thrust belts, it has been recognized that they also apply to 
orogenic belts at a larger scale [Jamieson and Beaumont, 
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Figure 1. Conceptual view of the feedbacks inherent to the 
tectonic, surficial, and climatic processes in orogenesis. 
Convergence leads to crustal thickening and isostatic uplift. 
Increased elevat ion perturbs local climate, increas ing 
precipitation and increasing eros ion. 

1988; Wi/lett et al., 1993]. In a critical wedge model the large
scaJe topographic shape of an orogenic belt reflects a balance 
between gravitat ional stresses arisi ng from the surface slope 
and basal shear stresses resulting from underthrusting of 
stronger material beneath the wedge. Surface slopes, and hence 
excess topography, develop to increase stresses to the point 
that material throughout the wedge is at the point of plas tic 
failure. Continued accretion induces deformation throughout 
the wedge, leading to se lf-similar growth, that is, an increase in 
the size of the wedge without a change in the cross-sectional 
shape. The concepts of suborogen subduction, critical shape, 
and self·similar growth also apply at larger scales. At the scale 
of an orogenic belt, the deforming domain does not take the 
simple form of a wedge but has a sectional shape that refl ects 
[he strength and physical properties of the entire deforming 
crust. Initially, this might take the fonn of back-to-back 
doubly.vergent wedges, but larger orogens representing 
greater convergence reach a maximum elevat ion and fonn high, 
interior plateaus [Willett and Beaumont, 1994; Royden, 
1996]. However, the principle of a critical topographic fonn or 
the entire orogen sri!! holds even at this largest scale. 

Surface processes that perturb the critical topographic fonn 
will have an effect on the internal stresses and the distributi on 
of defo'rmation. If surface processes redistribute mass in the 
near surface, stresses change throughout the critical region and 
self-similar growth may no longer be possible. Deformation 
must reorganize in order to "correct!! the perturbed topographi c 
shape back to its criti cal fOlTll. This is a well-recognized 
principle of critical wedge theory [Dahlen, 1984; Willett, 
1992] with consequences at the orogen scale where eros ional 
processes are clearly important. 

The processes of eros ional feedback described above operate 
primarily through mass redistribution and consequent changes 
in grav itational stresses. In addi tion, crusta] deformation can 
be influenced by the redistribution of heat caused by erosion, 
As low-temperature upper crustal material is removed by 
erosion, it is replaced by higher temperature and hence weaker 
material from depth, potentially leading to localized 
defonnation associated with regions of enhanced erosion. 

In this paper I investigate the coupled system of uplift and 
erosion through the use of a finite element model of deformation 
and erosion. Finite element models of convergent orogenes is 
have been based on thin sheet, planform models [B ird, 1989; 

England and McKenzie, 1982; England et ai., 19851, a plane 
st rain assumption [Wi/leu, 1992; Beaumont et 01., 1992; 
Wdowinski and Bock, 1994; Fill/sack, 19951, or fully three
dimensional [Bralln and Beaumont, 1995]. Plane strain 
models of crustal deformation driven by mantle subduct ion 
[Willett, 1992; Fullsack, 19951 provide the theoretical link to 
critical wedge theory [Willetl el al., 1993; Willelt , 19991 and 
have been applied in a variety of settings [Beaumont and 
Quinlan, 1994, Willett and Beaumont, 1994, Beaumont et al .• 
1996a; Beaumonl et al., I 996b]. 

These models have also investigated, to a limited extent, the 
role of eros ion and surface processes. Beaumant et al. [1992] 
developed a two-dimensional C2-D), pJanform surface process 
model which they coupled to a finite element model of 
deformation of the Southern Alps of New Zealand in order to 
predict the evolution of the topography. The tectonic model 
used by Beaumont et al. [1 992] was relatively simple 
compared to the models of later papers, including this one, but 

was adequate to demonstrate how topography develops in 
regions of high uplift and eros ion. Other studies have 
continued to use the Southern A lps as the type example and 
have used simpler erosion models, but more sophisticated 
tec tonic models in order to investigate the importance of 
erosion to patterns of exhumation, topography, and cooling 

rates [Beaumont et ai, 1996b; Batt and Braun, 1997]. Other 
~rogenic belts that have been the subject of similar 
investigations include the European Alps [Beaumont et a/., 
1996a; Schlunnegger and Willett, 1999], the Pyrenees 
[Beaumont et aI., 1999b]. the Andes, [Masek et al., 19941 and 
the Himalayas [Jamieson et aI., 1996]. 

In this paper, I use a plane strain model coupled to a one
dimensional erosion model based on a fluvi al, bedrock 
incis ion process to systematically document the effects of 
erosion on orogenic belts to a degree not attempted by the 
studies cited above. The coupled model is lIsed to demonstrate 
the dependence of the size, structure. and deformation in the 
orogen to erosional parameters through the mass balance and 
criti ca l-topography mechanisms discussed above. The 
orographic enhancement of precipitation and hence erosion 
rates is included in the erosion model through the collection of 
precipitation as river discharge and is important in two 
aspects. First, the overall increase in eros ion rate with an 
increase in mean elevation tends to bring the system into a 
stable steady state. Second, orographic perturbation of the 
regional climate frequently produces an asymmetric pattern of 
precipitation in systems which have a dom inant stonn track or 
wind direction by drawing moisture from storms on one side of 
a mountain range, leading to the familiar "rain shadow" on the 
leeward side of mountain ranges (Barry, 198 1]. 1 invest igate 
these aspects of orography through two series of models. In 
the fi rst series, I demonstrate how erosional efficiency affects 
the overall morphology (size and shape) of a mountain belt and 
what the resultant patterns of exhumation are. In the second 
seri es. 1 investigate asymmetry in the eros ion process and 
aga in note the effect on mountain belt morphology and 
exhumation patterns. Finally, 1 present wo examples of acti ve 
mountain belts, the Southern Alps of New Zealand and the 
Olympic Mountains of Washington State to demonstrate how 
asymmetric precipitation and erosion rate affect the structure · of 
these orogenic belts. These examples were se lected because 
each has been studied extensively and because they provide 
oppos ing examples of the effects of the precipitation asymmetry 
with respect to the polarity of subduction. 
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2. The Model 

The coupled model has a deformation component and a 
surface-process component. These components are imbedded 
into a model of orogenesis which assumes that convergent 
orogens [ann by crus tal detachment and shortening above a 
subducting substrate consisting of the lithospheric mantle 
and, in some cases, parts of the lower crust [Willett et aI., 
1993]. This mechanical model can explain the large-scale 
structure of mountain belts which are fanned primarily by 
structural thickening as occurs in subduction foreaTes [Silver 
and Reed, 1988; Brandon et al., 1998], small convergent 
orogens such as the European Alps [Schmid et al. , 1996; 
Beaumont et al., 1996a] the Pyrenees [Morris et al., 1999; 
Beaumont et aI., 1999b] orJhe Southern Alps of New Zealand 
[Beaumont et aI., 1996b]. In its simplest form, this process can 
be represented by deformation of a single layer with boundary 
conditions as shown in Figure 2. The subducting plate moves 
with velocity Vp towards the overriding plate, which is held 
fixed in this reference frame. At point S, the substrate of the 
moving plate detaches and is subducted. The overriding 
crustallayer is thereby forced to shorten and thicken, resulting 
in surface uplift by isostatic compensation of the thickened 
crust. This assumption regarding the kinematics of the 
lithospheric mantle isolates the crust as a mechanical system 
dependent only on the motion of the underlying mantle (Figure 
2). The full boundary conditions thus consist of an imposed 
velocity of Vp for x< 0 and zero for x>O with the origin taken to 
be at S. The upper surface of the layer is free of shear stress but 
may have a mass flux across it in response to erosion. The left 
and right boundaries are taken to be fur removed from the 
domain of interest. The upper and lower boundaries move in 
response to crustal thickening and isostatic compensation. 
The upper surface is free to move in response to crustal 
thickening or mass removal and addition by surface erosion 
and deposition. The lower surface moves in response to 
changes in crustal thickness through a flexural model of 
isostatic compensation. The flexural isostatic compensation 
mechanism is implemented by calculating the increased load 
due to crustal thickening and analytically calculating the 
resulting deflection of a continuous elastic plate under plane
strain conditions [Turcotte and Schubert, 1982]. A flexural 
rigidity of 1022 N m was used in all models. The deformation 
and erosion models are described in more detail below. 

2.1 Deformation Model 

Models of the mechanical and thermal evolution of 
convergent orogens have increasingly relied on numerical 
methods such as finite element methods because of the 
flexibility afforded by the techniques. Complex domain 

X2 
aij=O 

J g x, 1 h I ---- ) 

v1= Vp x1<o S v,= 0 x1>o 

Figure 2. Boundary conditions for the mechanical model. 
Substrate subduction is inferred to be down to the right, 
imposing a constant tangential velocity Vp at the base of a 
crustallayer of thickness h, left of the origin at S. Tangential 
velocity is zero to the right. Stress on the upper surface is zero. 

geometry and constitutive laws describing rock deformation 
are easily incorporated into finite element algorithms. In 
addition, the large strains inherent to convergent orogenesis 
are efficiently modeled by techniques such as the arbitrary 
Lagrangian-Eulerian technique described in detail by 
Fullsack [1995]. With this technique, the instantaneous 
deformation of viscous or plastic materials is modeled in an 
Eulerian (spatial) frame of reference, while the time-integrated 
deformation is calculated on a Lagrangian (material) grid 
which is passively tracked through the time-dependent 
velocity field. Two of the main advantages of this technique 
are (1) the virtually unlimited degree of deformation attainable 
with no degeneration of the numerical solution, and (2) an 
efficient means for dealing with material fluxes in or out of the 
model domain. 

With the Eulerian formulation, determination of the velocity 
and deformation requires solution of the Navier-Stokes 
equation and a conservation of mass equation. The 
nondimensional form of the Navier-stokes equation, simplified 
for quasi-steady, momentum free flow is 

ocr 1 0 [OV; oVj J '---+-- --+-- +C j2 =O, }-1,2 
ox j ArOXi ox j oXi 

(1 ) 

where a is the pressure, Vi are the two components of velocity 
and Ar is the Argand Number. Summation is implied over 
repeated indices, and 0 j2 is defined to be zero for j= 1 and 1 for 
j=2, representing gravity in the Xl direction. The definition of 
Ar depends on the constitutive behavior of the material. For a 
linear viscous material, Ar is defined as 

(2) 

where p is the density, g is the acceleration of gravity, and J1 is 
the viscosity. Vp and h are a characteristic velocity and length, 
respectively, obtained from the domain and boundary 
characteristics (Figure 2). For plastic materials obeying a 
Coulomb yield criterion, Levy-Mises plasticity theory leads to 
a strain-rate dependent definition of the viscosity, but by 
assuming that the characteristic strain rate of the system scales 
with hlVp we obtain a Coulomb plastic definition of A r 
[Willett, 1999J: 

2 
Ar=-

tancp , 
(3) 

where G> is the angle of friction of the material. Equation (3) 
does not completely define the deformation problem, but it 
demonstrates that the scaling behavior of the plasticity 
problem depends only on the yield stress of the material, not 
on the velocity or length scale. To solve the full deformation 
problem with plastic materials, it is necessary to use the Levy
Mises definition of the plastic viscosity [Willett, 1992; 
Fullsack, 1995J. 

For the models in this paper, both plastic and viscous 
deformational mechanisms are included. Viscous deformation is 
temperature dependent through an activation energy 
[Kohlstedt et aI., 1995]. Temperature is assumed to be one
dimensional and steady state. Heat production is assumed to 
vary exponentially with a depth constant of 10 km. A geotherm 
can be calculated analytically for these assumptions and is time 
invariant. This model is simplistic but adequate for the 
purposes of this study, since rheological parameters are not of 
primary interest. The temperature-dependent viscosity implies 
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a variab le Ar for the crust, although a depth-averaged va lue can 
be used to characterize the strengtb of the crust [Ellis er ai., 
1995). A Coulomb yield cr iterion is used for the uppermost 
crust. Plastic and viscous deformation is laken in series so that 
both mechanisms contribute to strain at any material point , 
although one mechanism typically dominates. The two fonns of 
the Argand number «2) and (3)) are thus both applicable at any 
point in the domain and the effective Ar becomes the sum of the 
plastic and viscous Argand numbers. The domain and 
boundary conditions (Figure 2) define the appropriate scaling 
parameters in AI'. The characteristic velocity [or the problem is 
the convergence velocity, Vp and the characteristic length is 
the layer thickness h. These are the appropriate values in the 
Argand number and are used to nondimensionalize space 
(x'~x!h) and time (1' ~IV~h) in (I). The scal ing of the 
deformation problem has been investigated elsewhere {Ellis el 
al., 1995; Willelf, 1999], but these scaling relat ionships will 
be used for analys is of the erosion model of the next section . 

a 
Pro-

Subducting Plate 

b 

c 

Strain Rate 

.001 .01 .1 1 

The boundary va lue problem defined by these conditions and 
material properties is solved by a finite element method as 
described by Fulisack [1 995]. 

With no erosion, the boundary conditions of figure 2 
produce convergence, crusml thickening and hence 
topography as shown in Figure 3. Figure 3 shows a model 
result in a fonnat that will be followed throughout the paper. 
I nstantaneous and net deformation are shown at three stages of 
evolution as denoted by the nondimensional time, t*. 
Nondimensional time units correspond to total convergence in 
units of the layer thickness, so that a nondimcnsional time of 
two (t* =2) corresponds to convergence of twice the layer 
thickness. Instantaneous defonnation is shown by the shaded 
levels of nondimensional strain rate; the second invariant of 
the rate of deformation is the scalar quantity shown. Ne t 
deformation is given by the Lagrangian mesh. Deformation in 
the model of Figure 3 is initially loca lized at the . plate 
boundary (point S in Figure 2). Wi th increas ing convergence, 

Retro- t*= 0 

Fixed Plate 

t*= 2 

t*= 6 

Figure 3. finite clement model for viscous-plastic deformat ion during convergence with no erosion and the 
boundary conditions shown in Figure 2. Model results are shown at nondimensional times 1* of 0, 2 and 6. The 
following features apply to this and all subsequent models. Substrate detachment point is given by the grey 
rectangular block. Crust deforms according to a temperature-dependent viscous constitutive law below the 
Coulomb yield stress. Viscous strength is characterized by an Argand number of 0.5 at the base of crustal layer 
prior to deformation. A Coulomb friction angle of 15° is used. Instantaneous deformation is given by shaded 
levels of the second invariant of nondimensional strain rate. Tota l deformation is shown by the Lagrangian 
tracking mesh. Note that no calculations are made on the Lagrangian mesh. The upper surface of the model is 
indicated by the top of the shaded region and the bold line. Surface does not coincide with the top of the 
Lagrangian mesh in the presence of erosion or sedimentation. 
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the region of deformation propagates outward with the 
formation of back-ta-back orogenic wedges characteristic of 
this type of model (Figures 3b and 3c). The taper angles and 
surface slope angles of these wedges depend on the rheological 
parameters as described above. For dominantly Coulomb 
plastic crustal rheology, the orogenic wedges attain the 
theoretical critical wedge geometry [Davis et al., 1983; 
Dahlen, 1984]. However, in the early stages of development, 
the wedge above the downgoing plate (prowedge) (Figure 3, 
left) attains the minimum taper angle, whereas the wedge above 
the overriding plate (retrowedge) is steeper with a taper angle 
at the maximum critical taper [Willett et al., 1993; Wang and 
Davis, 1996J (Figure 3b). This different mechanical behavior 
on either side of the detachment point motivates the use of the 
pro- and retro- prefixes that are used in this paper to refer to 
features of the respective wedges. With increasing 
convergence, crustal thickening leads to wanning of the lower 
crust and reduction of the lower crusta} viscosity. The lower 
viscosity produces two effects. First, it decreases the 
asymmetry in the topography, resulting in similar slopes on 
the flanks of the orogen, and second, it results in a maximum 
elevation of the orogen and the formation of a high-elevation 
plateau in the orogen interior [Willett and Beaumont, 1994}. 
This latter effect is a direct consequence of lateral flow in the 
lower crust preventing any additional increase in crustal 
thickness and elevation [Bird, 1991: Royden, 1996]. The 
degree of convergence at which the orogen begins forming a 
plateau depends on the Argand number of the system. 
Although the temperature dependence of the viscosity 
precludes the specification of a constant Ar, using the minimum 
viscosity in the initial configuration of the crust in the model 
of Figure 3 gives Ar less than 0.5, implying a strong crust 
[Willett, 1999]. 

The mixed plastic and viscous rheology precludes the 
calculation of an analytical solution to the stresses and 
geometry of the model orogenic wedges, but the principle of 
critical topography is still applicable. The topography 
developed in the model is "critical" in the sense that the 
topographic slopes are the minimum required to allow 
deformation to persist throughout the wedge and propagate 
outward with continued convergence. The viscous 
deformational mechanism introduces velocity dependence into 
this topography through the Argand number. The internal and 
topographic structure of the orogen at all scales of growth 
depends on the polarity of subduction. Deformation of the 
crust results from continued accretion of material from the 
underthrusting plate onto the overriding plate, i.e., through 
the prowedge into the retrowedge. This mass flux by accretion 
results in net motion, or advection, of structure to the right 
into the retrowedge and produces the asymmetric internal 
structure apparent in Figure 3. This horizontal velocity field 
also produces topographic advection contributing to the 
topographic asymmetry, a mechanism discussed in more detail 
with the coupled models. 

2.2 Erosion Model 

Although many erosional processes are important in 
evolving landscapes, in high relief, high uplift areas such as 
active mountain belts, the number of important processes is 
limited. In the Southern Alps of New Zealand, Hovius [1995} 
and Hovius et af. [1997] found that two processes could 
account for all mass eroded and removed from the system: 

fluvial incision and bedrock landslides. Fluvial incision 
dissects actively uplifting regions and creates local relief in 
the form of deep mountain valleys. Mass wasting in the form of 
bedrock landslides moves material from hillslopes onto the 
valley floors, where rivers can transport it out of the system. 
Densmore et al. [1998] came to a similar conclusion based on 
numerical modeling of Basin and Range topography; realistic 
model topography was only obtained for a model that included 
landsliding and fluvial incision as the dominant mechanisms. 

Bedrock landslides and other hillslope processes are 
responsible for the size and shape of interfluves separating 
river valleys. However, it is the rivers that control the regional 
rate of erosion through the process of bedrock incision. As 
rivers incise valleys, local relief increases, thereby accelerating 
the rate of hillslope erosion. River and hillslope erosion rates 
quickly achieve a balance, particularly at high uplift rates so 
that characterizing the rate of fluvial incision is equivalent to 
characterizing the downcutting rate of the entire landscape. For 
this reason, I limit consideration of erosion to the fluvial 
incision process. This assumption restricts the predictive 
capability of the models in that they cannot address 
geomorphic characteristics of the landscape such as the shape 
and size of interfluves, the development and topology of 
drainage networks, or the specific shape of longitudinal river 
profiles, but does not limit the prediction of orogen-scale 
erosion rates and distributions. 

The process of fluvial incision into uplifting bedrock is not 
well understood, but geomorphologists have long proposed 
that incision will depend primarily on channel slope, river 
discharge and rock type [e.g.,Gilbert, 1877]. Howard and 
Kerby [1983] cast this into a quantitative erosion law in an 
empirical form with the erosion rate e defined as 

(4) 

where A is the drainage basin area taken as a proxy for river 

discharge, 1:1 is the magnitude of the local river slope, and ka' 

n, and m are empirical parameters. The exponents n and m take 
specific values for theoretical cases such as erosion rate 
proportional to bed shear stress (m=l/3, n=2/3) [Howard and 
Kerby, 1983] or stream power (m=n=1 with river discharge, Q 
proportional to A), but more commonly, parameters are 
determined by empirically fitting models to river longitudinal 
profiles. The exponent on area, rn, also attains different values 
depending on whether erosion rate varies with mean annual 
discharge (m is close to 1) or peak discharge during flood 
events (m is typically less than 1) [Leopald et ai, 1964]. It 
might also reflect a downstream increase in channel width, 
reflecting the reasonable assumption that erosion rates increase 
with discharge per unit width rather than total discharge. 
Unfortunately, there are virtually no data on the systematic 
variations of width of bedrock channels, particularly in 
actively uplifting regions. The proportionality constant ka 
reflects the physical erodibility of the channel bed and the 
average precipitation rate in the drainage basin, although the 
specific interpretation of ka, as well as its dimension, varies 
depending on the specific physical processes represented by 
(4). 

The physical parameters in (4) have been estimated by 
several mcthods in a varicty of settings. Howard and Kerby 
[1983] analyzed badland channels and found a best fit m=0.45 
and n=O.7. Seidl and Dietrich [1992] presented data from the 
Oregon coast ranges that support an nlm ratio of 1. In a later 
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study of river profiles in Kauai, Seidl et af. [1994] concluded 
that erosion rates were proportional to stream power (n=l, 

m=l). More recently, Stock and Montgomery [1999] reviewed 
a number of studies and reanalyzed data from a number of sites 
to estimate erosion parameters. They concluded that most 
rivers supported an area exponent, m of 0.3 to 0,5 and a slope 
exponent, n, of 1.0. In addition, using these exponents, they 
found that ka varied from 10-7 to 10-2 

mO.
2/yr, depending on rock 

type. 
A remaining question involves the dependence of incision 

processes on sediment load in a river. With high suspended 
sediment conceritrations and bed load, it is expected that, all 
else being equal, river incision rates should decrease due to 
the increased bed coverage by temporarily stationary sediment. 
This has been included in some formtJiations by modeling 
fluvial incision rate proportional to excess-stream power 
[Chase, 1992; Beaumont et aI., 1992; Densmore et aI., 1998; 
Braun and Sambfidge, 1997], defined as the difference 
between river capacity which is dependent on stream-power 
and local sediment flux, qs: 

(5) 

The first term inside" the parentheses is the carrying capacity of 
the river; so that as the sediment flux approaches capacity, the 
incision rate goes to zero. There is a second theoretical 
dependence of incision rate on sediment load due to the 
abrasion of the bed by sediment. Theoretically this process 
implies an increase in incision rate with increased sediment 
load (opposite in sign to the effect described in (5)) [Sklar et 
al., 1996; Slingerland et aI., 1997]. There are few or no data on 
this process, although it is likely to be most important at 
relatively low values of sediment flux. 

Lacking a well-accepted and well-calibrated model for 
fluvial incision is problematic for modeling studies which 
depend on a quantitative erosion model. In the absence of a 
definitive model, most mode ling studies have simply included 
a linear dependence on stream power (n=l, m=I)[Chase, 1992; 

Beaumont et al., 1992; Anderson, 1994; Kooi and Beaumont, 
1994; 1996; Tucker and Slingerland, 1994; Densmore et al., 
1998]. Although simplistic, the linear model captures the 
important physical processes and parameter dependencies. 
Most important for this study, it provides the feedback 
mechanisms between orogen growth and erosion. Tectonic 
uplift of the surface increases slope; outward growth of 
elevated topography increases drainage area and hence 
discharge. Either case leads to an increase in erosion rates. 

h,=-In(x') 
Ne 

Ne = kUu 

,-------

4 

3 

2 

Other values of m or n lead to differences in river profiles, but 
all reasonable values predict concave-up profiles so that for a 
river basin of given scale, these parameters are of second-order 
in1portance. 

The behavior of the stream-power erosion law can be 
illustrated by the analytical solution to the simple problem of 
a finite width block with constant surface uplift rate (Figure 4). 
If the discharge increases linearly downstream, as occurs with a 
rectangular drainage basin and a constant precipitation rate, 
the linear form of(4) is, 

e=kxldhl r dx ' 
(6) 

where xr is the distance from the water divide and k, the 
proportionality constant, is a function of precipitation rate and 
has a dimension of iltime. 

Given a block of width 2L uplifting at a constant rate of u, 
the elevation is described by solution of the nondimensional 
equation: 

dh' =N x' dh' +1, 
dt* e dx· 

(7) 

where h* and x* are nondimensional height and distance, each 
normalized by L; t* is nondimensiona1 time, defined as t* 
=utIL, and Ne is a characteristic number, Ne=kLlu, which I will 
refer to as the erosion number. The erosion number Ne is a ratio 
of the rates of erosion and tectonic uplift, thereby 
characterizing the effectiveness of the fluvial incision process 
relative to the uplift. With boundary conditions of h *=0 at 
x*= ± I, the solution of (6) is 

At steady state this reduces to simply 

* 1·,. 
h =--In(x ), 

N, 

(8) 

(9) 

as shown in Figure 4. The logarithmic function for the 
longitudinal profile of transverse rivers is typical, although 
not universal, in active mountain belts [Hovius, 1995]. 

--- SS Elevation 
- - - uplift rate 

,...- -u- - - - - -

o x*=1 

Figure 4. Fluvial lllClSlOn model demonstrated for case of constant uplift rate of u over a domain of width 2L. 
Erosion rate is proportional to stream power with a linear downstream increase in discharge. Steady state 
solution is a logarithmic function of x* scaled by the erosion number Ne. 
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3. Coupled Model Results 

Combining the erosion model and the mechanical inodel is 
straightforward. The I-D erosion model (6) is applied to the 
upper surface of the 2-D finite element model, which provides 
vertical and horizontal components of velocity. In all models, 
it is assumed that there is a series of transverse rivers on each 
side on the topographic divide. These rivers flow from the 
point of maximwn elevation to the edge of the model. In the 
event that there is a closed basin, as occurs in the flexural moat 
surrounding the uplift, these basills arc filled to the elevation 
of the basin lip. This permits the rivers to cross the basins and 
transport sediment out of the system. No attempt is made to 
conserVe or calculate the eroded mass; it is assumed that the 
volume of the eroded sediment is large enough to fill the 
surrounding foreland basins, with much of the material 
bypassing these to an unspecified deposition site. 

3.1 Erosional Efficiency 

As the simple analytic solution of (9) demonstrates, the 
equilibrium size and shape of a mountain belt reflect the 
balance between uplift rate and the efficiency of the erosion 
(fluvial incision) process. This is reflected in the definition of 
the erosion number Ne, the characteristic number for the uplift
erosion problem defined in (7). For the 2-D coupled problem, 
Ne takes a slightly different fonn. Nondimensionalizing the 
erosional problem using the layer thickness h as the 
characteristic length scale and h/V as the characteristic time 
as was done for the deformation problem yields 

N ~ kh 
, V' 

p 

(l0) 

with Vp and h defined in Figure 2 and k reflecting the bedrock 
incision efficiency and the precipitation rate. However, there 
is an alternative analysis, as there is a second length scale 
introduced into the problem through the erosion law which 
depends on the length of a drainage basin which is 
approximately half the width of the orogen. Defining the 
orogen width as 2L as in the analytic solution above, there are 
two characteristic fluxes in the system: the accretion mass flux 
reflecting convergence, 

and the erosional flux out the upper surface, which from (6), 
scales as 

The erosion number Ne can be interpreted as reflecting the ratio 
of these fluxes: 

(11 ) 

Ne* differs from Ne by the inclusion of a horizontal length 
scale. However, this horizontal length scale is problematic in 
that, in general, it is not constant with time. Orogen width is a 
function of time so that although initially L will be of the order 
of h, it will increase with convergence and the accretion of new 
material into the orogen. The length scale L is only constant if 
the system is in steady state. The time dependence can be 

isolated in a nondimensional parameter by using the ratio of 
the crustal thickness and the horizontal length scale: 

giving, 

(12) 

The two forms of the erosion number given by (10) and (11) 
represent the same scaling behavior of the system but are used 
slightly differently. Equation (10) has an explicit definition in 
terms of time-independent tectonic parameters and so provides 
a useful characterization of a model or other system where time 
dependence is treated explicitly. This form of Ne will be used to 
characterize all models in this paper. The second fonn of Ne 
(11) is more appropriate if the orogen width is large compared 
with the crustal thickness and where Ne is to be used to 
characterize erosional fluxes. With either definition, Ne 
reflects the scaling behavior of the coupled problem in that a 
small Ne reflects a convergence and uplift dominated system in 
which erosion rates are low either due to incision-resistant 
rock or low preCipitation rate. A large Ne reflects an 
aggressive erosional environment in which uplift is unlikely 
to produce high elevation topography. The model with no 
erosion (Figure 3) represents the case of Ne= O. In the limit as 
Ne--7co ,no topography can exist; erosion is efficient to the 
point of destroying any increase in elevation above base level. 

In practice, Ne lies in a small range of values; convergent 
tectonics creates topography with elevations over a kilometer 
but under 10 km, suggesting that under typical conditions, the 
tectonic accretionary flux does not greatly exceed the erosional 
flux. This small range is the result of the local feedback 
between uplift and climate. Larger topography results in 
higher orographic precipitatiori rates and hence increased 
erosion rates reflected in a higher value for Ne. In addition, an 
increase in topography also results in an increase in orogen 
width and hence catchment size. A larger catchment increases 
river discharge and thereby enhances erosion rates in 
downstream reaches. There is also a mechanical limit to 
topography, but this seems to be reached only for very large 
orogenic belts such as the India-Asia collision, which has 
resulted in the formation of the Tibetan Plateau. Relief of 
smaller orogenic systems appears to be limited by erosion or 
the duration and magnitude of shortening. 

A coupled model with Ne=2 is shown in Figure 5. 
Mechanical parameters are the same as in Figure 3; the only 
change between the models of Figure 3 and Figure 5 is the 
addition of surface erosion. Erosion is applied according to 
(6) with k constant across the entire model, implying a 
constant precipitation rate as well as uniformly erodable 
material. The amount of material eroded is given by the 
projection of the Lagrangian mesh above the ground surface; 
this surface is given by the bold line at the top of the Euleriah 
mesh. The actual position of the nodes of the Lagrangian mesh 
above the model surface is not significant, since. there is no 
meaningful way to calculate material point motion above the 
surface, but the intersection of the Lagrangian mesh and the 
upper surface of the Eulerian mesh provides a measure of the 
exhumation that would be observed at the surface. Exhumation 
is defined in these models as the original, predefonnation depth 
of material currently at the surface and is calculated by 
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Figure 5. Coupled deformation and erosion model characterized by an erosion number Ne of 2.0. Precipitation 
rate is constant across the model. Total exhumation is indicated by the extension of the Lagrangian mesh above 
the model surface which is given as the top of the grey-shaded domain. Bottom row of Lagrangian elements has 
been omitted for clarity. Results are shown at nondirnensional times t* 0[6, 10, and 20. See Figure 3 caption for 
additional model description. 

interpolating the upper (Eulerian) surface onto the Lagrangian 
grid and determining the original depth of the material point. 
It is not therefore a measure of the maximum depth of burial as it 
does not account for any increase in burial that occurs as 
material is transported through the deforming orogen. This 
calculation of exhumation 'is sometimes problematic, as 
defonnation of the Lagrangian mesh can be extreme, particularly 
in the vicinity of the retrodeformation front, where individual 
elements might actually fold over themselves or other elements. 

This presents no numerical problems, as the Lagrangian mesh 
is not used for any calculations, but it can make reconstruction 
of the depth of burial difficult, and specific estimates of 
exhumation in these regions of high strain should be treated 
with some caution. 

Figure 5 shows the evolution of the model through three 
stages at nondimensional times of 6, 10, and 20. The surface 
elevation reaches a steady state after a nondimensional time of 
about 12. Tt is important to note that steady state implies no 
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change in elevation with respect to the datum with time. This 
is an Eulerian definition in that any specific material point can 
still be moving in either dimension, either tangential to the 
surface in the absence of local erosion or toward the surface in 
the presence of erosion. In two or higher dimensions, steady 
state is not defined by the condition of surface uplift and 
erosion rates being equal because of the possibility of 
horizontal mass transport balancing erosion or vertical rock 
uplift. Rock uplift or exhumation is an independent function 
and therefore reaches a steady state at a time independent of the 
surface elevation. In this case, exhumation is not in steady 
state until the lowermost crust is exposed at the surface, which 
occurs at a time of about 20 (Figure 5, bottom). The 
development toward steady state can be seen more clearly in 
Figure 6, which shows the evolution of the surface elevation 
and exhumation. Each of these evolves toward a steady state 
which is attained sooner by the surface elevation. 

The elevation in this model exhibits the concave-up, 
logarithmic shape characteristic of the analytical solution to a 
constant uplift, stream-power erosion law (Figure 4). 
However, the profile is not symmetric. The retrowedge retains 
the steeper slope that was also characteristic of the noneroding 
case (Figure 3). Note also that the entire orogen is offset to the 
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Figure 6. Nondimensional exhumation and elevation as a 
function of nondimensional time and distance for the model 
shown in Figure 5. Nondimensional time increment is 2. Bold 
curves represent final, near steady state conditions. Note that 
elevation reaches steady state before exhumation. 

right from the detachment point S. This is the result of the 
overall left-to-right sense of motion within the system. 

The pattern of exhumation also reflects this left-to-right (pro
to-retro) motion of material. This pattern is highly asymmetric, 
with a gradual left-to-right increase in the original depth 
exposed at the surface and a much sharper rate of increase from 
the right edge of the orogen to the deepest exposed material. 
Material from the greatest depth, representative of the highest 
grade metamorphic rock in an orogen, is exposed at low 
elevation at the retrodeformation front. This pattern of 
exhumation reflects the sense of subduction and mass accretion 
and is a fundamental characteristic of this type of model. 

An increase in the efficiency of erosion predictably leads to a 
system that reaches steady state much more quickly (Figure 7). 
With an erosion number Ne of 10, the elevation reaches a 
steady state after a nondimensional time of under 2. 
Exhumation again takes longer to reach steady slate but has 
equilibrated after a time of about 6. The increase in erosional 
efficiency also decreases the total elevation, from a maxumnn 
elevation of 0.25h with Ne= 2 to a peak elevation of O.15h 
with Ne= 10. The cross-sectional shape is again sharp, with 
concave-up slopes and is slightly asymmetric with a steeper 
retrowedge. 

It is not surprising that the surface of this model develops a 
structure similar to the analytic solution of Figure 4 given the 
small size of the orogen in Figure 7. With little outward 
growth of the orogen, there is little internal deformation of the 
triangular block between the limiting shear zones, which is 
thus passively uplifted and transported to the right at a near
constant rate. In fact, it is close enough to a constant uplift rate 
to compare the elevation directly to the analytic solution of (7) 
although Ne must be adjusted by the ratio oforogen width to 
thickness, y, as described in (12), In this model, 1""'1.6. The 
numerical and analytical solutions (Figure 8) differ primarily in 
the asymmetry introduced by the horizontal motion but agree 
in overall magnitude of elevation and general shape. 

A decrease in Ne to 1.0 represents a relative decrease in 
erosional efficiency, leading to a much larger orogen which 
requires much longer to achieve steady state (Figure 9). Even 
after total convergence of 30h (Figure 9) exhumation patterns 
are still changing, albeit slowly. This model was run to a 
dimensionless time of 60 and was still showing small changes 
in exhumation, although the elevation appeared to be steady. 
The steady state elevation indicates that the low erosion rate 
results in a broadening of the orogen and an increase in the 
drainage basin size, particularly on the prowedge, as the 
topographic divide migrates far to the right in Figure 9. The 
increase in drainage basin size increases the discharge and 
hence total erosional flux until steady state is achieved. It is 
important to note that the erosional flux might also have 
increased through an increase in elevation and hence slope. 
The fact that the steady state balance was achieved largely by 
basin area increase is likely a result of the mechanical limit to 
total elevation that was apparent in the model of Figure 3. 
With stronger material, an orogen might reach higher elevation 
and thereby achieve steady state by the increase in average 
slope. 

The effects of the mechanical limit to elevation are apparent in 
a comparison of the steady state elevation profiles (Figure 10). 
At large Ne, the elevation profiles are dominated by the fluvial 
erosion process and take the form of the concave-up river 
profile inherent to this process. However, as Ne decreases to 
1.0, this fonn is lost, and the broad, more plateau-like form 
characteristic of the mechanical process is attained. In the 
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Figure 7. Cpupled deformation and erosion model characterized by an erosion number Ne of 10. This is an 
erosion-dominated system with little excess elevation. Results are shown at nondimensional time t* of 10. 
Elevation and exhumation have reached steady state. See Figure 3 caption for additional model description. 

complete absence of erosion, no steady state can be achieved, 
so the model with Ne =0 is shown at 4 times and would 
continue to grow outward with increasing time without a large 
increase in maximum elevation. 

3.2 Orography and Rain Shadows 

The models of the previous section demonstrate the effects of 
erosional feedback in the sense of enhanced erosion rates in 
regions of high elevation, but this effect is typically not as 
uniform as is applied in these models. The models in the 
previous section include only erosional enhancement due to 
the increase in drainage basin size and the increase in slope 
but do not consider the effects of spatially variable 
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Figure 8. Comparison of steady state elevation of model of 
Figure 7 and analytical solution of Figure 4. Nondimensional 
domain length L of 1.6 is used for the analytic solution. Note 
asymmetry in the numerical solution resulting from the 
horizontal velocity. 

precipitation rates. Orographic precipitation effects commonly 
include an asymmetric distribution resulting from the 
disruption of a storm track by high elevation mountains. 
When storm systems encounter a topographic barrier, moisture
laden air is forced to rise, leading to decompression, saturation, 
and precipitation [Barry, 1981]. Much of the moisture in the 
air mass is lost during this initial rise so that precipitation on 
leeward slopes of a mountain range is much reduced. The result 
is a mountain range with a wet climate on the windward side 
and a dry climate, commonly referred to as a rainshadow, on the 
opposing leeward side. The geologic effects of rainshadow 
systems have been noted in the Southern Alps of New Zealand, 
where the orographic asymmetry is very pronounced 
[Welimon, 1979; Koons, 1989; Beoumont et aI. , 1992]. In 
other cases, orographic precipitation may be enhanced in 
magnitude but without the asymmetry in distribution, as for 
example, in Taiwan, where uplift has led to very high 
precipitation and erosion rates but no clearly defined 
rainshadow. 

The interaction of an asymmetric orographic system with the 
mechanical orogen modeJ described above is particularly 
interesting because of the polarity inherent to a subduction
driven system. Given the two possibilities for orogen wedge 
mechanics, retrowedge on the overriding plate or prowedge on 
the subducting plate, and the two possibilities for orographic 
climate (wet and dry sides), there are two asymmetric 
combinations: wet retrowedge or wet prowedge. 

The case with precipitation focused on the retrowedge is 
simulated in the model of Figure 11. This model represents the 
end-member case of infinitely efficient precipitation extraction 
so that all precipitation is on the windward slope and there is 
no precipitation to the left of the topographic divide. On 
windward slopes the precipitation rate is constant. A 
characteristic erosion efficiency Ne of2 is used. Although this 
is the same value of Ne as used in the model of Figure 5, the 
orogen in this case is much larger because the erosion is 
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Figure 9. Coupled deformation and erosion model characterized by an erosion number Ne of 1.0. This is an uplift 
dominated system with low erosion rates. Results are shown at nondimensional time, t* of 30. Steady state has 
not yet been achieved. See Figure 3 caption for additional model description. 

applied over only half (the windward side) of the system, The 
morphology shows some influence of the asymmetric erosion 
(Figure 12), alt_hough at these erosion rates, topography does 
not differ greatly from the symmetric case. Exhumation shows 
the influence of the erosion distribution more clearly. With 
exhumation confined to the steep retrowedge and erosion rates 
high enough to match convergence flux, the entire crustal layer 
is exhumed over a relatively short distance. Although the 
exhumation still exhibits the pattern of gradual increase on the 
prowedge side and rapid increase on the retrodeformation front, 
the entire pattern is highly compressed relative to the previous 
models. In particular, the exhumation front at the 
retrodefonnation front is very sharp, with deeply exhumed 
material closely juxtaposed with undeformed, surface material. 
Exhumation is zero on the prowedge, left of the divide, and in 
fact, the small amount of deposition that occurs in the foreland 
depression in front of the deformation front is carried into the 
orogen by the horizontal motion; this is seen as the upper 
section of the prowedge with no Lagrangian mesh. 

The contrasting case of the windward, wet climate applied to 
the prowedge side of the orogen is shown in Figs. 13 and 14. 
The focusing of precipitation and incision on the prowedge 
leads to an increase in catchment area on the windward side of 
the orogen as the topographic divide migrates away from the 
direction of precipitation. This divide migration is in the same 
direction as the tectonic motion, so the divide moves rapidly 
to the right (Figure 14), further increasing catchment area and 
discharge. This increases erosion rate, particularly near the 
prodeformation front, where continued accretion keeps the 
surface slope high. By t*=18 nearly all erosion is occurring 
near the toe of the prowedge, so that the system is nearly in 
steady state with the accreted mass nearly balanced by the 
erosion occurring within a short distance of the deformation 
front (Figure 13, bottom). With deformation and surface uplift 
focused at the prodeformation front, the orogen interior and 
retrowedge become detached from the tectonically driven 
deformation. The strain rate in the retrowedge has decreased 
nearly an order of magnitude over the duration of the model. 
Erosion rates are also quite low at distances greater than about 
2/1 right of point S, but left of the divide. However, this model 
never quite reaches steady state, even after a time of 32. The 
topography develops a high plateau with a very low slope and 

low erosion rates. Deformation rates in this plateau and the 
retrowedge to the right are very low but never zero. This is 
likely the result of the artificial boundary conditions that 
allow no erosion to the right of the divide, thereby allowing it 
to continue migrating to the right, . increasing the catchment 
area. Note also the decrease in maximum elevation as the 
catchment size increases and lower slopes are required to 
achieve the same erosion rate. Presumably a steady state 
would be achieved eventually, but this would require that the 
excess elevation near the divide be removed by mechanical or 
erosional processes, leaving a broad, low slope catchment 
across the prowedge and most deformation focused at the 
deformation front. At steady state, the retrowedge would be 
completely nondeforming, as it would be isolated from the flux 
of material in the accretion-erosion system which is confined to 
the prowedge. 

The most important difference between the models in Figures 
13 and 11 is the pattern of exhumation relative to the orogen 
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Figure 10. Comparison of steady state elevation profiles as a 
function of erosion number Ne. Corresponding models are 
shown in Figures 5, 7, and 9. Dashed lines show elevation 
profiles in the absence of erosion for model in Figure 3 at 
nondimensional time increments of 2.0. 
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Figure 11. Model with precipitation focused on retrowedge. Retrowedge is characterized by an eros ion number 
Ne of2.0. Prowedge has no erosion (Ne = 0). Resul ts are shown at nondimensional times 1* ofS and 15. Steady 
state has been achieved by It: of 15. Bonom row of elements has been omitted for clarity_ See Figure 3 caption for 
additional model description. 

structure and topography. In the case of prowedge erosion 
(Figures 13 and 14) erosion result., in a broad domal 
exhumation pattern distributed across the prowedge interior. 
There is no clear exhumation front, at least in the model of 
Figure 13, but exposure of the deepest rocks is clearly in the 

interior of the orogen. This is in contrast to the model of 
Figure 11 , which exhibits a clear, strong exhumation front at 
low elevation at the retrodeformation front. Even in the 
absence of any topography. for example, in an ancient, 
fu l1ycrodcd orogenic belt, this difference should be evident in 
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Figure 13. Model with precipitation focused on prowedge. Prowedge is characterized by an erosion number Ne 
of2. Retrowedge has no erosion (Ne = 0). Results are shown at nondimensional times t* 0[8, 18, and 32. Lower 
figure is near steady state. See Figure 3 caption for additional model description. 

the distribution of exhumation relative to the orogenic 
deformation. 

These characteristic patterns of exhumation are illustrated 
more clearly by considering orogenic systems in which 
erosion is more aggressive. With a higher erosional efficiency, 
reflected in an Ne of 10, and the same asymmetrical 
precipitation function, we obtain the contrasting models of 
Figure 15. Regardless of whether erosion is confined to the 
retrowedge (Figure ISa) or the prowedge (Figure ISb), the 
exhumation pattern remains the same, with a gradual increase in 
exhumed depth from left to right and a well~defined exhumation 
front at the far right of the exhumed region. This sharp front is 
associated with a distinct shear zone in each model marked by 
high strain rates. Although the exhumation patterns are 
similar, the position within the orogen is very different. The 
model with retrowedge erosion (Figure lSa) has exhumation 
focused at low elevation at the retrodeformation front, whereas 

the maximum exhumation in the prowedge erosion model 
occurs at high elevation in the orogen interior, just below the 
topographic divide. As in the previous prowedge erosion 
model (Figure 13), the focusing of erosion on the prowedge 
reduces the accretionary growth of the retrowedge and strain 
rates and surface uplift in the retrowedge decrease to near zero. 

Topography also shows the effects of a high erosion rate 
with significantly subdued steady state topography, which is 
reached quickly (t*= 5). More important, the high incision 
rates have allowed the eroding surfaces to incise back into the 
orogen in the wind direction. This is evident in Figure lSa, 
where the topographic divide is offset from S, the plate 
detachment point, in the direction opposite of the tectonic flux. 
In this case, the erosional incision is more important to the 
topographic fmm than the horizontal motion due to the 
convergence. However, it should be kept in mind that 
individual material points in this system continue to move left 
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Figure 14. Nondimensional exhumation and elevation as a 
function of nondimensional time and distance for the model 
shown in Figure 13. Nondimensional time increment is 4. 
Bold curves represent final, near steady state conditions. 

to right; the upper surface including the topographical divide 
is an Eulerian surface which moves independently of the 
material passing through it. 

3.3 Discussion of Models 

These models provide some valuable insights into the 
interaction between erosion and deformation in orogenic belts. 
First, the existence of a steady state in which tectonic accretion 
and uplift are balanced by erosion is intuitive and is 
illustrated by these models. The importance of the 
characteristic scaling number Ne representing the relative 
efficiency of the erosion system is also demonstrated by these 
models. Although the specific definition of Ne and the specific 
results obtained are model dependent, any system with 
elevation, slope, or relief dependent erosion rates will have 
similar behavior. The models make specific predictions of 
topographic cross-sectional form of convergent orogens. These 
are less likely to be robust. The use of a one-dimensional 
surface process model is limited in that it restricts analysis to 
the streambed profile and neglects the independent fonn of the 
interfluves. The average elevation acrosS a mountain belt will 
not be equivalent to the average longitudinal profile of the 
transverse rivers, and since gravitational stresses in the 

mechanical system are a function of the average elevation, this 
is clearly a limitation of this modeling approach. Addressing 
this problem would require the use of a 2-D surface process 
model [Kooi and Beaumont, 1996; Beaumont et al., 1999aJ, a 
development that would add considerably to the complexity of 
the model. The model assumptions can be justified in that, first, 
the erosional fluxes will not be significantly different with a 2~ 
D surface process model, provided the system is near steady 
state [Kooi and Beaumont, 1996] and second, many features of 
the topography, such as the large-scale a">ymmetry, are 
controlled by the mechanical processes. However, the 
elevation profiles generated by these models should be 
regarded as approximate and do not resolve the fluvial profile 
from the average topographic profile. 

The exhumation derived from these models does not suffer 
from such severe limitations. The observed asymmetric 
exhumation pattern characterized by a sharp exhumation front 
on the retroside of the system is a function of the subduction 
polarity. The exhumation pattern is the direct result of the two
dimensionality of the tectonic velocity field and reflects the 
fact that mass is accreted into the orogen from the subducting 
plate. For settings in which this orogenic model is applicable 
[Willett et ai., 1993; Beaumont and Quinlan, 1994; Willetl 
and Beaumont, 1994, Beaumont et al., 1996bJ, this 
exhumation pattern becomes a primary characteristic of the 
kinematic asymmetry of the orogenic process. Surface 
processes modify the spatial extent of the exhumation and its 

position relative to topography and deformation but do not 
alter the overall asymmetry of this pattern. Thus, while effects 
such as orography and erosional efficiency have notable, 
predictable effects, the mechanical system still dominates the 
orogen structure and patterns of exhumation. 

4. N a tu raJ Systems 

Although many first-order characteristics of an orogenic 
system are determined by tectonic processes, the effects of 
orographically controlled precipitation are also important to 
observed uplift and exhumation. This is demonstrated by 
looking at two modern orogenic systems, the Southern Alps of 
New Zealand and the Olympic Mountains of the northwest 
United States, and interpreting these systems in terms of the 
processes illustrated in the first half of this paper. These 
orogens were selected for a number of characteristics. First, 
each is an active tectonic system with high rates of 
convergence, accretion and uplift. Second, each has a strong 
orographic climate system with high precipitation and erosion 
rates linked to the increased elevation. Third, each has been 
studied extensively so that defonnation, structure, 
metamorphism and degree of exhumation are reasonably well 
known. Fourth, these two mountain belts provide contrasting 
examples of orographically enhanced precipitation relative to 
the polarity of subduction. As such, differences between the 
orogens come close to isolating the effects of this primary 
erosion parameter in the same manner that the models in the 
previous scetion did. 

It should be noted that no attempt will be made to model 
these orogenic systems in detail. The most robust 
characteristics of the models are, first, the spatial patterns of 
exhumation, and, second, the large-scale asymmetry of the 
resultant topography. These characteristics have a fundamental 
dependence on tectonic and climatic parameters, and it is these 
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Figure 15. Model with orographic focusing of precipitation at high erosion number (Ne=10): (a) precipitation 
and erosion focused on retrowedge, and (b) precipitation and erosion focused on prowedge. Results are shown at 
nondimensional time t* of 8 which is at steady state. Note similar patterns of exhumation but offset relative to 
topography. See Figure 3 caption for additional model description. 

characteristics and parametric relationships that will be 
investigated in the latter half of this paper. 

4,\ The Southern Alps of New Zealand 

4.1.1 Background and geological setting. The Southern 
Alps of New Zealand have often been used as an example of a 
young, small collisional orogen with high erosion rates 
[Walcott, 1978: 1998: Adorns, 1980; Whitehouse, 1987; 
Kamp et aI., 1989; Koons, 1989; Norris et aI., 1990; Tippet 
and Kamp, 1993; Beaumont et aL, 1996b; Batt and Braun, 
1997]. Several factors make this a good example of 
deformational and erosional processes including the youth of 
the system, the lack of a long subduction history prior to 
convergence, and the extremely wet climate that results from the 
unidirectional moisture flow off the Tasman Sea. 

The Southern Alps lie just east of the Alpine fault which 
marks the boundary between the Australian and Pacific Plates 
(Figure 16). The Alpine fault is primarily a transform fault that 
connects the west dipping Hikurangi subduction zone in the 

north to the east dipping Puysegur subduction zone to the 
south. Prior to about 10 Ma, the Alpine fault accommodated 
pure strike-slip motion, but following a change in the relative 
plate motions at about anomaly 5 (9.8 Ma), the plate boundary 
became obliquely convergent [Stock and Mo/nar, 1982]. 
Currently, the Alpine fault must accommodate approximately 
11 mmlyr of convergence in addition to about 38 mm/yr of 
transcurrent motion [Norris et al., 1990]. The consequence of 
this relative convergence is crustal shortening, thickening, 
and the formation of the Southern Alps. 

Measured displacements and slip rates across the Alpine 
fault are systematically less than the relative plate motion 
[Walcott, 1978, 1984; Cooper and Norris, 1994] indicating 
that some fraction of the relative motion is taken up as 
distributed strain across the Southern Alps. This is evident in 
surface l!plift, with rates ,in the Southern Alps estimated to be 
as high as 10 mmlyr and the highest surface uplift and 
exhumation rates observed along the western mountain front a 
few kilometers east of the Alpine fault (Wellman, 1979; 
Waleott, 1984; Tippet and Kamp, 1993J. 
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Figure 16. Plate boundary setting of New Zealand (inset) and general geology of the South Island. The Southern 
Alps lie directly east of the Alpine fault. Metamorphic zones indicating Cenozoic exhumation are also shown. 
Figure modified from Beaumont et al. [1996a). 

How the shortening and crustal thickening are 
accommodated with depth is more difficult to ascertain. 
Gravity across South Island shows a large negative anomaly 
[Reilly and Whirford, 1979] suggesting the formation of a 
crusta! root, although this inferred root is centered to the east 
of the range crest. Although there is no seismic evidence for 
subduction or mantle subduction beneath the Southern Alps, 
the kinematic pattern is consistent with middle to lower 
crustal detachment of the Pacific plate with down-to-the west 
subduct ion, and the orogen has been interpreted in tenns of 
Ihis model [Wellman, 1979, Norri.er al. , 1990; Koons, 1989; 
Beaumonr et al., 1996b] (Figure 18b). This model leads 10 

shonening and thickening of tht: crust by accretion of Pacific 
plate material. 

4.1.2 Exhumation rates. High Late Cenozoic exhumation 
rates are observed in the Southern Alps based 0 n 
thermochronometric data and metamorphism. Greywackes of 
the Permo-Triassic TCirlesse terrane comprise most of the 
Southern Alps and serve as the protolith for the Otago schist 
and the Alpine schist (Figure 16) which crop out in the south 
and west of the Southern Alps. These metamorphic units 

exhibit increasingly higher grades of metamorphism from the 
southeast to northwest. The Torlesse terrane experienced 
Jurass ic metamorphism of pumpellyite-actinolite grade, and the 
Otago schist exhibits Mesozoic metamorphism up to chlorite 
greenschist facies [Adarns and Gabiles, 1985], but all units 
exhibit Late Cenozoic metamorphism and exhumation. The 
Alpine sch ist is exposed in a narrow belt just east of the 
Alpi ne fault and exhibits the highest grade rocks in the 
Southern Alps with oligoclasc and garnet zone amphibolite 
facies present (Figure 16) [Tippet and Kamp, 1993 ]. 

Tbermochronometric data indicate a pauern of increas ing 
grade and depth of exhumation toward the Alpine fault fium the 
southeast. Apatite and zi rcon fiss ion track ages decrease 
sys tematically from the southeast towards the Alpine fau lt 
[Kamp et al., 1989; Tippet and Kamp, 1993 ]. The younges t 
zircon ages obtained from near the Alpine fault are less than 7 
Ma and were interpreted by Tippet and Kamp [1993] as reset 
ages representing cooling due to exhumation from a maximum 
depth of over 20 km and at rates of up to 10 mmlyr. Other 
thermochronometers such as K-Ar IAdams and Gabites, 1985; 
Batt et al., 1999] indicate similar patterns of Late Cenozoic 
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exhumation with high rates close to the Alpine fault. The zones 
of complete annealing for zircon and apatite are shown in 
Figure 18b. 

4.1.3 Topography and orographically enhanced 
precipitation. The high rates of exhumation are due in large 
part to the strong orographic forcing of precipitation by the 
high topography of the Southern Alps which forms a barrier to 
moist air flowing eastward from the Tasman Sea. Although the 
Southern Alps are not extremely high, with an average divide 
elevation of around 2 km, this is sufficient to produce 
precipitation that can locally exceed 10 m annually (Figure 
17). The precipitation is strongly asymmetric with much of the 
west coast receiving annual precipitation in excess of 5 m. In 
contrast, most of the east side of the range receives under 2 ID 

annually (Figure 17). 
The geomorphology of the Southern Alps reflects these 

climatic conditions. The west side of the range is characterized 
by transverse rivers with steep gradients and high discharge 
rates separated by steep interfluves [Adams, 1980; 
Whifehouse, 1987; Koons, 1989] (Fig 18). Erosional 
processes on the wet, western side of the range are dominated 
by the fluvial valley lowering and mass wasting off these 
interfluves. Sediment discharge from the rivers is sufficient to 
account for the 5 to 10 mmlyr estimated exhumation rates 
[Griffiths, 1979; Hovius et al., 1997: Tippet and Hovius, 
1999]. The longitudinal profiles of these rivers are remarkably 
unifonn and show the characteristic concave-up shape 
representative of bedrock incision processes [Hovius, 1995]. 
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Figure 17. Mean annual precipitation for the South Island of 
New Zealand. 

On the dryer, eastern side of the range, relief is more subdued, 
and rivers are more strongly influenced by local rock type and 
geological structure [Whitehouse, 1987]. Rivers do not flow 
perpendicular to the mountain belt; they exhibit a fanning 
drainage pattern with more southerly rivers flowing more 
toward the south. The cross-sectional fonn of the mountain 
belt is highly asymmetric with much longer, and lower slope 
rivers flowing to the east and southeast (Figure 18a). 

4.1.4 Interpretation and model. The Southern Alps provide 
a valuable example of the interaction of tectonic and erosional 
processes for a number of reasons. First, the transition from 
transverse to convergent motion is simpler than the more 
common subduction to collision transition in that there is not 
a highly deformed subduction complex present in the orogenic 
belt. Second, the high precipitation and erosion rates on the 
west coast support the possibility that the system is in steady 
state. Third, the climate system in South Island is highly 
asymmetrical with distinct wet and dry sides to the mountain 
belt. In terms of the models of the first section, this represents 
an example of a wet retrowedge with a large erosion number, 

Ne· 
The pertinent observations of topography, exhumation and 

precipitation are summarized for a characteristic profile in 
Figure 18a, with the tectonic interpretation shown in Figure 
18b. The exhumation is based on the estimate of Tippet and 
Kamp [1993], which is inferred from interpretation of zircon 
and apatite fission track data (Figure 18b) and is consistent 
with other measures of exhumation in showing the deepest 
levels of exhumation on the western slopes. Precipitation is 
also highest on the western slopes. These patterns are 
comparable to the numerical models shown in Figs. 11 and 15a, 
both of which include erosion focused on the retrowedge of an 
orogen. Observations from New Zealand (Figure 18a) and 
these models (Figs. 11 and 15a) are consistent in showing 
maxirnwn exhumation near the retromountain front, and the 
Alpine fault can be interpreted as representing an exhumation 
front as in these models (Figure 18b). Topography in the 
models of Figs 11 and 15a shows a contrasting sensc of 
asymmetry with the New Zealand data comparable to Figure 11 
rather than Figure 15a, a point that is discussed below. 

The earlier models that included· asymmetric precipitation 
were end-member models in that the orographic effect was taken 
as completely effective and there was no precipitation or 
erosion on leeward slopes. This is clearly not the case in New 
Zealand, so a more appropriate model is shown in Figure 19. In 
this model the precipitation rate on the windward side is taken 
as 3 times larger than on the leeward side resulting in an 
erosion number of 1.2 for the retrowedge and 0.4 for the 
leeward, prowedge. Note that the figure has been constructed 
with the polarity of subduction reversed relative to earlier 
models to make it consistent with Figure 18b. The resulting 
elevation and exhumation are shown in detail above the model 
strain and strain rate fields. The general features of the New 
Zealand observations are simulated reasonably well by this 
model. The locus of exhumation on the windward mountain 
slope as well as the asymmetry of the exhumation pattern are 
fundamental features of the model and consistent with the New 
Zealand observations. The model elevation shows the same 
asymmetry with steeper slopes on the windward, retrowedge, 
although the asymmetry is not as pronounced as in the 
observed topography. This is the same result as obtained by 
Beaumont et al. [1996b] who demonstrated that uplift and 
excess topography could only be focused against the Alpine 
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Figure 18. (a) Average elevation, exhumation, and pre.cipitation on transect of Southern Alps. Location of 
transect is given in Figures 16 and 17. Estimate of exhumation is from Tippet and Kamp [1993], Cb) Subduction 
model for the Southern Alps. Base of the zircon and apatite partial annealing zones indicated above section. 

fault to the degree observed if the fault is significantly weaker 
than the surrounding material, a feature not included in this 
model. 

The topographic asymmetry of the Southern Alps is an 
important characteristic. Comparison of the models in Figs. 11, 
15a and 19 show that the asymmetry of the topographic profile 
is reversed at high Ne. More powerful rivers on the wet, 
windward side of the range tend to incise back into the range, 
decrease river gradients, and eventually reverse the asymmetry 
of the topography. The fact that the Southern Alps are steeper 
on the west suggests that the characteristic erosion number is 
not high and tectonic convergence is still dominating the 
topography at the largest scale. 

4.2 The Olympic Mountains of Washington State 

4.2.1 Background and tectonic setting. The Olympic 
mountains represent an anomalous segment of the forearc high 
of the Cascadia subduction zone (Figure 20). The forearc high 
consists of a scries of mountain ranges from the Klamaths of 
northern California to the Insular Range of Vancouver Island. It 
is a structural and topographic feature that separates the forearc 
lows of the Willamette Valley, Puget Sound and Georgia Strait 

from the offshore accretionary complex and perched offshore 
basins. The Olympics are anomalous in that, in contrast to the 
rest of the forearc, the deep levels of the accretionary complex 
have been exhumed and exposed, thereby providing an 
opportunity to compare long-term exhumation rates with 
modern erosion rates and climate. Elsewhere along the 
continental margin, the forearc sediments are underlain by 
laterally extensive Eocene basalt (Crescent formation and 
correlative units), which along with associated sedimentary 
units, are referred to as the Peripheral rocks [Tabor and Cady, 
1978aJ. In the Olympics the Peripheral rocks have been folded 
upward and the core of this structure has been eroded to expose 
the underlying accreted sediments (Figure 20). The formation 
of this structure has been attributed to the shallower depth to 
the Juan de Fuca slab beneath the Olympic Peninsula 
[Brandon and Calderwood, ] 990]. The Olympic Peninsula 
became subaerially exposed in the late Miocene [Brandon and 
Calderwood, 1990], significantly earlier than the surrounding 
regions, and thereby leading to a greater degree of erosion. 
Although the Olympics have not formed in response to 
collision between two continental masses as in the Southern 
Alps of New Zealand, they still represent an orogen formed by 
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convergence and accretion of continental material. In this case 
the accreted material is sediment derived from the Cordillera of 
North America and deposited in the trench and offshore basins 
on the Juan de Fuca plate [Brandon and Vance, 1992]. This 
sediment is accreted either into the front of the accretionary 
wedge or by landward underplating of the wedge (Figure 22b), 
but the result is still subduction-driven accretion and 
deformation with a kinematic pattern consistent with the 
models of the first section of this paper. 

4.2.2 Exhumation patterns and rates. Exhumation of the 
core rocks of the Olympics has been quantitatively 
demonstrated by the identification of metamorphic index 
minerals [Tabor and Cady, 1978a, bJ and, with greater 
precision, by fission track studies [Brandon and Vance, 1992; 
Brandon et ai., 1998]. Tabor and eady [1978b] identified 
metamorphic zones reflecting increasing grade from west to east 
based on the presence of laumonite, prehnite+pumpellyite, 
pumpellyite, and epidote+chlorite (Figure 20). However, 
Brandon and Calderwood [1990] argue that epidote in the 
eastmost zone is detrital rather than metamorphic, and they also 
noted the presence of lawsonite in both the pumpellyite and 
prehnite+pumpellyite zones. Based on these assemblages, they 
argued that the maxirmun pressures and temperatures are 
exhibited by the pumpellyite-bearing rocks in the center of the 
Olympic core (Figure 20). 

This pattern is also consistent with fission track studies of 
sandstone in the core. Brandon and Vance [1992] studied a 
suite of zircon samples from the Olympic peninsula and found 

that a small subset of them exhibited young ages «15 Ma), 
suggesting that they had experienced temperatures high 
enough to reset the ages. These reset ages all came from 
samples in the Mount Olympus region in the center of the 
Olympics (inner bold line in Figure 20). As well as 
delineating the region of maximum uplift, these zircon fission 
track ages provided an estimate of the erosion rate of about 1 
mm!yr [Brandon and Vance, 1992]. In a more recent study, 
Brandon et al. [1998] used apatite fission track ages to 
characterize the lower temperature systematics of the 
exhumation processes. They found that apatite ages were reset 
over a much broader area (outer bold line in Figure 20) 
consistent with exhumation of the entire core but to a lesser 
degree. Cooling rates derived from these apatite data were the 
same as those based on the zircon ages, suggesting that 
exhumation rates. have remained constant over at least the last 
12 Ma [Brandon et al., 1998]. This supports the premise that 
the exhumation rates are in steady state, and insofar as erosion 
rates depend on the topography, the topography must also be 
in steady state. 

The north-south (margin-parallel) extent of the Olympics is 
not large, calling into question the assumption of two
dimensional plane-strain. Although the topography and the 
region of metamorphic exposure appear almost radial in form, 
major structures are continuous along the margin, and there is 
little evidence of margin parallel deformation. Kinematic 
indicators within the Olympic core indicate shortening and 
kinematic motion in the direction of plate motion [Tabor and 
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Figure 20. Plate boundary setting of the Olympic Mountains (inset) and general geology [modified from Brandon 
et al., 1998]. Olympic subduction complex subdivided into upper, lower and coastal units. Bold lines indicate 
the region of total annealing for apatite (outer domain) and zircon (inner domain) from Brandon et al., [1998J. 
Dashed lines show metamorphic zones of Tabor and Cady [1978a,b] defined by laumonite (L), prehnite
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Cady, 1978b; Brandon et al., 1998]. In addition, metamorphic 
gradients within the core show the most consistent change in 
the direction of relative plate motion, consistent with a two
dimensional kinematic pattern shown schematically in Figure 
22b. 

4.2.3 Topography and orography enhanced precipitation. 
Unroofing of the subduction complex in the Olympics has not 
been accompanied by extreme surface uplift or high 
topography. Peak elevations in the Olympics are typically 
about 2.5 km, and although local relief can be high, this is due, 
at least in part, to recent glaciation. The limited north-south 
extent results in an almost radial drainage pattern. However, 
with the exception of the Elwa River, which runs north to the 
Straits of Juan de Fuca, the major rivers drain to the west. 
Rivers all exhibit a concave-up form, although the east flowing 
rivers are considerably steeper. Rivers on the western slope 
have different basin lengths, reflecting the changing distance 
to base level from north to south but, when scaled for basin 
size, exhibit similar shapes. The east side of the range is much 

steeper than the west, as illustrated by the average elevation 
section of Figure 22a. There is a lithologic factor that could 
contribute to this asymmetry in that the east-draining rivers 
cross out of the subduction complex and cross the basaltic 
peripheral rocks which are likely to be more resistant to 
erosion. However, most of the area of these drainage basins is 
in the subduction complex, and although specific topographic 
features such as Hurricane Ridge are associated with the 
upturned peripheral rocks, rivers that cross the contact do not 
show any distinct change in gradient. 

Regional climate is also strongly asymmetric, with high 
precipitation rates observed on the western slopes, where 
storms approaching from the Pacific first encounter rapid 
increases in elevation (Figure 21). Precipitation rates can 
locally exceed 5 m1yr. There is a distinct rainshadow so that 
thc northeast corner of the Olympic peninsula adjacent to 
Puget Sound receives as little as 80 cm of precipitation 
annually. Much of the precipitation in the high mountains 
comes as snow, which feeds the glaciers of the Mount Olympus 
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Figure 21. Mean annual precipitation for the Olympic peninsula. 

massif region, but these glaciers or the fivers they feed have 
much more erosive capacity than their east flowing 
counterparts. 

4.2.4 Interpretation and model. The orographic asymmetry 
of the Olympic mountains is opposite to that of the Southern 
Alps with respect to the polarity of subduction. The dominant 
wind direction is in the same direction as motion of the 
subducting Juan de Fuea plate (Figure 22b) resulting in a wet 
prowedge similar to the models of Figs. 13 and ISb. The 
average elevation, exhumation and precipitation for a 
characteristic transect across the Olympics is shown in Figure 
22a. The elevation profile shows steeper slopes to the east, 
and higher precipitation rates occur on the west facing slopes. 
The exhumation profile is more difficult to establish and, as in 
New Zealand, requires some degree of interpretation. In this 
case, the estimate in Figure 22a is based on the fission track 
data of Brandon and Vance [1992] and Brandon et al. [1998] 
and predicts up to about 14 km of exhumation in a domal 
pattern centered just west of the average high elevation of the 
range. Given the asymmetry in precipitation rate, the 
corresponding numerical models are those shown in Figs 1 3 
and ISb which include erosion only on the prowedge. Those 
models demonstrate the end-member behavior of the orographic 
precipitation enhancement, but a more appropriate model is 
shown in Figure 23. In this model, the precipitation rate on the 
eastern slopes is half that of the west-facing slopes as an 
approximation to the observed rates (Figure 22a). Other 

parameters in this model remain the same as in the first section 
of this paper. As was the case for Southern Alps, this model is 
intended only to show the general behavior, not to fit the data 
from the Olympics in any detail. Even so, this model shows 
some important characteristics of the Olympics. First, the 
asymmetry in the elevation is predicted. As was demonstrated 
in the modeling section of this paper, the topographic divide 
migrates in the direction of the subducting plate unless a 
strongly opposing climate system forces the ridge to migrate in 
the opposite direction (Figure ISa). Since both climate and 
subduction are operating to force landward migration of the 
topographic divide, the observed asymmetry is not diagnostic 
of the relative importance of these processes; but the asymmetry 
is consistent with the model. 

The modeled pattern of exhumation is also generally 
consistent with the observations. Both show a broad domal 
pattern in exhumation. Although the observed exhumation is 
tighter, more focused in the core of the orogen, the important 
contrast is between these domal patterns of exhumation and 
that observed in the Southern Alps and the corresponding 
models. In the Southern Alps, the exhumation is localized 
against the Alpine fault with an abrupt exhumation front. No 
comparable feature is present in the Olympics. The different 
pattern of exhumation is due to the interaction of the erosional 
processes and the horizontal motion imposed by the 
subduction and accretion. The horizontal motion is 
consistently west to east in the Olympics thereby advecting 
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Figure 22. (a) Average elevation, exhumation and precipitation for a transect of the Olympic Mountains. 
Location of transect is given in Figures 20 and 21. Exhumation estimate is based on fission track data of 
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topography to the east away from the orographically focused 
precipitation. This results in a broad region of exhumation 
with no opportunity for significant exhumation on any 
individual structure. In addition, the lack of a distinct 
exhumation front suggests that exhumation is not in steady 
state; exhumation in the model of Figure 23 is not in steady 
state although the topography is very near to steady state. 

Limitations in this model include the lack of material 
heterogeneity due to the presence of the peripheral rocks 
rin,ging the Olympic peninsula. Mechanical strength in the 
basalt of these units could tend to decrease the landward 
(retro-) propagation of deformation and this effect has not been 
included in the model. In addition, the construction of the 
accretionary wedge is not mode1ed very effectively in that, in 
reality, the accreted sediment layer is no more than a few 
kilometers thick. The offshore accretionary wedge thickens to 
about 20 km at the coastline where erosion begins to act on the 

system. The model in Figure 23 simulates the deformation of a 
full thickness crust, thereby ignoring the deformation 
processes in the offshore accretionary wedge. However, 
provided the accretionary wedge at the coastline is 
homogeneous and the later deformation is not dependent on 
the earlier history, modeling of the ~20 km thick constant
thickness layer will be equivalent to mode ling the thickened 
accretionary wedge. 

5, Summary and Conclusions 

The coupled deformation-erosion model presented in this 
paper is used to investigate the important interactions between 
tectonic deformation, surface uplift, climate, and exhumation. 
The principal assumptions of this model are, first, that 
convergent orogens fonn as the result of a subduction
accretion process and, second, that the erosion process is 
dominated by a streampower-based fluvial incision process. 
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Figure 23. Model with orographic focusing of precipitation such that the prowedge is characterized by an 
erosion number Ne of 1.6 and the retrowedge by an Ne of 0.8. Applied precipitation, predicted elevation, and 
predicted exhumation from the model are shown above the domain. See Figure 3 caption for additional model 
description. 

Subject to these assumptions and based on this model , the 
following conclusions can be made. 

1. With positive feedback between surface elevation and 
erosion rate, the height of an orogen will grow until reaching a 
steady state. Positive feedback arises from enhanced 
precipitation, increased average slope, or enlarged drainage 
basin area, all of which lead to greater stream power and higher 
rates of fluvial incision. The time to steady state and the final 
size of the mountain belt are determined by the ratio of 
convergence velocity to a characteristic erosion rate in the fonn 
of a dimension less "erosion number." A steady state is 
achieved even with low erosion rates on the leeward side of a 
mountain belt with uplift rates balanced by horizontal 
advection rates. 

2. The critical topographic profile of a mountain belt fonned 
by a subduction-accretion process is asymmetric in the absence 
of erosion with steeper slopes on the retrowedge verging 
toward the overriding plate and lower slopes on the prowedge 
verging toward the subducting plate. Erosion driven by 
symmetric precipitation and fluvial incision will sharpen this 
topographic form but will not change the asymmetry. 

3. Patterns of exhumation are distinctly asymmetric reflecting 
the polarity of the subduction. The deepest levels of 

exhumation are always opposite the subducting plate. In a 
steady state system this results in a well-defined exhumation 
front facing the stable overriding plate with a more gradual 
decrease in the level of exhumation toward the subducting 
plate. Differing climatic conditions can broaden this 
characteristic pattern or offset it relative to the surface uplift, 
but the asymmetry of the pattern is consistent. 

4. The existence of a dominant wind direction imposes a 
second asymmetry on the system. Enhanced precipitation and 
erosion rate can occur on either side of an orogen with 
significantly different effects. If erosion is enhanced on the 
retrowedge above the overriding plate, exhumation is 
increasingly localized, and a well-developed exhumation front 
develops. At steady state the erosional mass flux frail) the 
retrowedge equals the accreted mass flux, and topography of 
the prowedge is maintained by the balance between structural 
thickening and horizontal advection of mass. At high erosion 
number, fluvial incision dominates over uplift, the topographic 
divide migrates in the direction opposite the tectonic flux, and 
the topographic asymmetry of the orogen is reversed. If erosion 
is enhanced on the prowedge, the exhumation pattern is 
broadened as convergence advects structure and topography 
away from the zone of enhanced erosion. The region of 
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maximum exhumation is found in the orogen interior. At high 
erosion number and steady state conditions, the retrowedge is 
mechanically detached from the tectonic mass transport system 
and becomes inactive. 

5. Natural examples of orogens that exhibit primary features 
of these coupled models exist, demonstrating that the important 
effects of these models have geological relevance. The Southern 
Alps of New Zealand and the Olympic Mountains of 
Washington State were selected to show the end-member 
behavior of systems with asymmetric climatic effects. Although 
models can be fit to observations from these orogens and 
calibrated to estimate erosion parameters, the principle value of 
the exercise is in comparison of the spatial patterns of 
topography and exhumation of rocks presently at the surface. 

6. The Southern Alps of New Zealand provide an example of 
enhanced retrowedge erosion. Average annual precipitation 
rate decreases by a factor of about 3 across the range divide. 
Exhumation is strongly localized at the Alpine fault and 
represents approximately 10 times the maximwn present 
elevation, consistent with the exhumation pattern 
characteristic of the models with enhanced retrowedge erosion. 
The elevation profile of the southern Alps is asymmetric with 
the steeper slopes on the wet, retrowedge, suggesting that the 
erosion number is still low enough that tectonic advection 
dominates over fluvial incision in determining topography at 
the largest scale. 

7. A complementary example of enhanced erosion on the 
prowedge of an orogen is provided by the Olympic Mountains 
of Washington State. Erosion of the forearc high of the 
Cascadia accretionary wedge is orographically enhanced by 
high precipitation rates on the western slopes. Exhumation 
estimated by fission track studies shows a broad, domal pattern 
with maximmn values of about 14 km in the center of the 
orogen, consistent with a model including enhanced prowedge 
erosion. Topography is not diagnostic in this case but is 
strongly asymmetric, with steeper slopes on the dryer, 
landwardfacing retrowedge. 
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