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Abstract. Erosional escarpments are common features of high-elevation rifted 
continents. Fission track data suggest that these escarpments form by base level 
lowering and/or marginal uplift during rifting, followed by lateral retreat of an 
erosion front across tens to hundreds of kilometers. Previous modeling studies 
have shown that this characteristic pattern of denudation can have a profound 
impact upon marginal isostatic uplift and the evolution of offshore sedimentary 
basins. Yet at present there is only a rudimentary understanding of the geomorphic 
mechanisms capable of driving such prolonged escarpment retreat. In this study 
we present a nonlinear, two-dimensional landscape evolution model that is used 
to assess the necessary and sufficient conditions for long-term retreat of a rift- 
generated escarpment. The model represents topography as a grid of cells, with 
drainage networks evolving as water flows across the grid in the direction of steepest 
descent. The model accounts for sediment production by weathering, fluvial 
sediment transport, bedrock channel erosion, and hillslope sediment transport 
by diffusive mechanisms and by mass failure. Numerical experiments presented 
explore the effects of different combinations of erosion processes and of dynamic 
coupling between denudation and flexural isostatic uplift. Model results suggest 
that the necessary and sufficient conditions for long-term escarpment retreat are 
(1) incising bedrock channels in which the erosion rate increases with increasing 
drainage area, so that the channels steepen and propagate headward; (2) a low rate 
of sediment production relative to sediment transport efficiency, which promotes 
relief-generating processes over diffusive ones; (3) high continental elevation, which 
allows greater freedom for fluvial dissection; and (4) any process, including flexural 
isostatic uplift, that helps to maintain a drainage divide near an escarpment crest. 
Flexural isostatic uplift also facilitates escarpment retreat by elevating topography 
in the vicinity of an eroding escarpment, thereby increasing channel gradients 
and accelerating erosion which in turn generates additional isostatic uplift. Of all 
the above conditions, high continental elevation is common to most rift margin 
escarpments and may ultimately be the most important factor. 

Introduction 

In the past, most studies of large-scale topography 
have treated erosion as a secondary modification of 
what was thought to be a tectonically produced phe- 
nomenon. Recent investigations, however, have re- 
vealed that the rearrangement of mass at the Earth's 
surface by weathering and sediment transport also ex- 
erts a first-order control on large-scale patterns of tec- 
tonic and isostatic uplift [e.g, Gilchrist and Summer- 
field, 1990; Beaumont el al., 1991; Hoffman and Grot- 
zinger, 1993]. In this paper, we investigate the role 
of surface erosion and interactions between erosion and 
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isostasy in generating the asymmetric topography char- 
acteristic of many high-elevation rifted margins. 

The world's rifted continental margins can be divided 
into two morphometric types: those with major ero- 
sional escarpments and those with relatively subdued 
relief. Margins with escarpments consist of a band of 
high local relief separating coastal plains from a low- 
relief interior plateau. Examples of this type of mar- 
gin include southern Africa, eastern Australia, western 
India, eastern Brazil, and eastern Madagascar [Ollier, 
1985; Weissel, 1990]. In some locations, such as the 
Drakensberg Escarpment in southeastern Africa, the es- 
carpment takes the form of a high, steep, abrupt face of 
rock [Ollier and Marker, 1985]. In others, such as the 
Namaqualand region of South Africa and Namibia, the 
escarpment occupies a wide (~70 km) zone of rugged, 
incised topography that lacks an easily identifiable es- 
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carpment face. For purposes of this paper, all these 
cases will be called a Great Escarpment, defined simply 
as a belt of high local relief marking the transition from 
coastal plains to a low-relief interior plateau. 

Rift margin escarpments are commonly associated 
with a marginal topographic upwarp JOllier, 1985; 
Weissel and Karner, 1989]. This association has 
led to the speculation that these escarpments origi- 
nate through a combination of base level lowering and 
marginal uplift during rifting, then subsequently retreat 
great distances inland across variable lithologies JOllier, 
1985; Partridge and Maud, 1987]. The long-term persis- 
tence of marginal upwarps has been variously explained 
as residual (nonthermal) rift-related uplift [Weissel and 
Karner, 1989], isostatic uplift in response to denudation 
[King, 1955; Gilchrist and Summerfield, 1990; $tuwe, 
1991], or a combination of the two [ten Brink and 
Stern, 1992]. In any case, the presence of erosional es- 
carpments long after rifting (~150 Ma in the case of 
southwestern Africa [Gerrard and Smith, 1982])and 
tens to hundreds of kilometers from the rift hinge zone 
[e.g., Gilchrist and Summerfield, 1990] implies a mode of 
denudation involving parallel retreat on a grand scale 
[King, 1953, 1955] rather than a more uniformly dis- 
tributed pattern of denudation [Davis, 1899]. That such 
differential denudation has occurred following rifting in 
southwestern Africa is supported by fission track data 
[Brown et al., 1990]. Fission track data from eastern 
Australia [Moore et al., 1986] and southwest Saudi Ara- 
bia [Bohannon et al., 1989] suggest similar patterns. 

Previous models of escarpment retreat and isostatic 
uplift have either assumed a mode and rate of geo- 
morphic development a priori [e.g.,Gilchrist and Sum- 
merfield, 1990; $tuwe, 1991] or have been based on 
simple parameterizations that fail to capture impor- 
tant geomorphic processes such as fluvial erosion. Ex- 
amples of the latter are models based on linear diffu- 
sion, which have been widely used to explore large-scale 
erosion-geodynamic interactions [e.g.,Moretti and Tur- 
cotte, 1985; Koons, 1989; Flemings and Jordan, 1989]. 
In the case of rift margin escarpments, linear diffusion 
models would predict a gradual relaxation of tectoni- 
cally produced relief rather than prolonged escarpment 
retreat. Thus, to explain long-term escarpment retreat 
on rifted margins, one needs to invoke either inherent 
nonlinearities in the processes of surface erosion (as sug- 
gested by Weissel [1990]), external factors such as vari- 
able lithology or isostatic uplift, or a combination of 
these. 

In this paper, we use a nonlinear landscape evolu- 
tion model to define the necessary and sufficient con- 
ditions for long-teton, long-distance escarpment retreat. 
We begin by describing the model and presenting a se- 
ries of simple one-dimensional sensitivity experiments 
designed to elucidate model behavior. We then ap- 
ply the model in two dimensions to a high-elevation, 
escarpment-bounded plateau loosely patterned after the 
Great Escarpment of southern Africa. Starting with 
this simple topographic configuration, numerical exper- 
iments are presented which explore the role of (1) vary- 

ing erosion "laws" that represent transport-limited and 
supply-limited behavior, respectively, and (2) flexural 
isostatic uplift in response to denudation. These numer- 
ical experiments suggest that headward propagation of 
steep bedrock channels, assisted by (and contributing 
to) flexural isostatic uplift, provides a viable driving 
mechanism for prolonged escarpment retreat. 

Landscape Evolution Model 

Conceptual Overview 

The landscape evolution model used in this study 
represents topography as a grid of cells with varying 
elevations (Figure la). Cell elevations evolve accord- 
ing to computed fluxes of material among cells. As 
in the model of Ahnert [1976], the model landscape is 
composed of two basic materials: "rock", which rep- 
resents consolidated or jointed but otherwise unweath- 
ered bedrock, and "sediment", which represents stream 
sediment, colluvial deposits, and weathered residuum. 
Rock may be subdivided into different strata with vary- 
ing resistance to weathering, erosion, and slope fail- 
ure. Model equations are listed in Table 1. The model 
maintains continuity of rock and sediment (equations 
(T1), (T2), and (T3)), plus continuity of water •equa- 
tion (T4)). 

A, 

Figure 1. Conceptual illustration of the landscape evo- 
lution model. (a) Model representation of topography 
and drainage. Each cell is Ax by Ax in its horizontal di- 
mensions and consists of one or more lithologies capped 
by a variably thick sediment cover (stippled). Streams 
flow in the direction of the steepest slope. (b) Illustra- 
tion of processes incorporated in the model. Adapted 
from $trahler [1978]. 
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Table 1. Processes represented in the landscape evolution model 

Process Governing Equation Table Equation 

Continuity of rock 

Continuity of sediment 

Elevation changes 

Continuity of water 

Drainage routing 

Bedrock weathering 

Fluvial sediment transport 

Lowering rate of a cell due to 
bedrock channel incision 

Shallow landsliding (qLs) 

Rock mass failure (EMF) 

Diffusive hillslope transport 

Lithosphere flexure 

OR/Or = U(x, y, t) - JEw + E•4F + Ess] 

OC/Ot = Ew + EMr + EBR -- V(qs + qLs + qm) 

= o/m + oc/o 

(T1) 

(T2) 

(T3) 

Q = AP (T4) 

steepest descent algorithm (see text) 

Ew = k,.. exp(-m•.C) (TS) 

qs=k•qS (T6) 

Ess = (kb/Az)QS (T7) 

oversteepened sediment masses instantaneously collapse 

oversteepened rock masses instantaneously collapse 

qD =-kaVh (flux cannot exceed available sediment) 

D(d•tw/dx 4) + (Pra -- pi)gw = l(x) 

(T8) 

(T9) 

The landscape evolution model accounts for the fol- 
lowing processes (Figure lb and Table 1): the routing 
of surface water into drainage networks, weathering of 
bedrock to create a moveable sediment cover, sediment 
transport by streams, stream incision into bedrock, 
slope failure, diffusive hillslope transport, and flexural 
isostatic uplift in response to denudation. While this 
list does not capture all the processes known to geo- 
morphologists, we think it is the minimum that should 
be considered. The following sections describe how each 
process is modeled. 

Drainage Networks 

The present model addresses landscape evolution on 
a regional scale, with cells of the order of I km 2 or more. 
Thus model cells conceptually contain both channel and 
hillslope elements, with multiple low-order channels or 
hollows in addition to an explicitly modeled major chan- 
nel. Hillslope processes are conceived to occur on both 
the macroscale and on the subgrid scale. In the lat- 
ter case, it is assumed that sediment delivery from hill- 
slopes to channels occurs on a short timescale relative 
to the timescale for channel erosion, so that all of the 
sediment within any given cell is available for trans- 
port by the fluvial system. This assumption is justified 
by noting that in high-relief areas hillslope transport is 
likely to be dominated by landsliding, a process which 
tends to maintain slopes near a materially dependent 
equilibrium value and thus promotes a short response 
time. 

During each time step, water flows from each cell in 
the direction of steepest slope toward one of eight sup- 

rounding cells (Figure la). The discharge at any point 
on the grid is then computed as the integral of precipi- 
tation over all cells that drain to that point. If uniform 
precipitation is assumed, this implies that discharge is 
linearly proportional to drainage area (equation (T4)). 
The precipitation value used for these models represents 
an "effective" precipitation, analogous to the effective or 
dominant discharge concept [Wolman and Miller, 1960], 
rather than a mean annual value. 

Sediment Production 

This model differs from several proposed recently 
[Willgoose et al., 1991; Chase, 1992; Beaumont et al., 
1992] by explicitly addressing the role of sediment pro- 
duction. The term "weathering" is used herein to refer 
to the instantaneous production of moveable, uniform- 
ly-sized sediment from solid bedrock, after the manner 
of Ahnert [1976] and Anderson and Humphrey [1990]. 
While variable grain size could be taken into account, 
such a treatment greatly complicates the numerical so- 
lution to the governing equations. At present, grain size 
is assumed to be constant. 

It is commonly understood that low sediment produc- 
tion rates strongly influence the rate and style of land- 
form erosion in arid regions [e.g.,Anderson and Hum- 
phrey, 1990]. This may also be the case in steep, hu- 
mid landscapes where sediment transport rates equal or 
exceed production rates [e.g.,Iida and Okunishi, 1983]. 
We assume that sediment production rates decay ex- 
ponentially as the sediment mantle becomes thicker. 
We therefore follow Ahnert [1976] and Anderson and 
Humphrey [1990] in adopting equation (T5) (Table 1) 
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to describe the rate of descent of a weathering front. 
Note that isovolumetric weathering is assumed, imply- 
ing that the change in density upon conversion of rock 
to sediment is compensated for by removal of mass in 
solution. The same assumption is made for the two 
other sediment-generating processes in this model, bed- 
rock channel erosion and rock mass failure. 

Alluvial and Bedrock Channels 

Central to the model's treatment of fluvial processes 
is the distinction made between bedrock and alluvial 

channels. Recent studies [Howard and Kerby, 1983; 
Seidl and Dietrich, 1992] confirm the view of Gilbert 
[1877] that these two channel types represent very dif- 
ferent physical processes. Bedrock channels have been 
defined as those "which lack a coherent bed of active 

alluvium" [Howard, 1987]. It has been suggested that 
the erosion of bedrock channels may be described as a 
simple function of slope and drainage area: 

Oh 

0-• cr AaS • (1) 
where h is channel bed elevation, t is time, A is drainage 
area, $ is channel bed slope, and c• and fl are constants 
[Howard et al., 1992, this issue]. If discharge is linearly 
proportional to drainage area, this becomes 

Oh 

where Q is an effective or dominant discharge [Wok 
man and Miller, 1960]. Analysis of slope/area ra- 
tios at bedrock channel tributary junctions in the Ore- 
gon coast ranges [Seidl and Dietrich, 1992] suggests a 
stream power dependent erosion law, with exponents 
c• = fl = 1. This equation forms the basis for the treat- 
ment of bedrock channel erosion in the model (equation 

(T7), Table 1). The details of its implementation on a 
planform grid are described below. 

Most of the equations for sediment entrainment and 
transport in alluvial channels [Yalin, 1977] can be sim- 
plified to the general form 

q, cr qmSn (3) 

where q, is volumetric sediment transport rate per unit 
channel width, q is discharge per unit channel width, 
and m and n are constants [Howard, 1980]. If channel 
width is assumed to vary systematically with discharge 
as W cr Qp [Leopold et al., 1964], this becomes 

Qs - k•,Q (p+m-mp) Sn -- kfQ mJ S•J (4) 

where Q, is volumetric sediment flux, k! is a constant, 
and m! incorporates both m and p. The exact values of 
these exponents are not critical parameters for the pur- 
poses of this study. Values for m! and n! vary around 
1; in this study, they are both set equal to 1, thereby 
approximating the Baghold [1966] bed load equation. 

Because transitions between channel types in na- 
ture appear to be abrupt [Howard, 1980], the bedrock- 
alluvial transition is here modeled as a threshold phe- 
nomenon. During each time step, a pass is made from 
the highest through the lowest cells. For each cell, po- 
tential fluvial erosion or deposition is calculated accord- 
ing to a simple continuity of mass equation: 

_ - At - Ax • 

where Ah describes the change in a cell's elevation over 
a time interval At and Ax • is the surface area of the cell. 
If the net sediment flux out of a cell is less than the to- 

tal sediment available, the cell elevation is adjusted and 
the outward sediment flux is delivered to the adjacent 
downstream cell (Figure 2a). If the net potential sedi- 

A, 

Figure 2. Sediment fluxes in model cell with horizontal dimension Ax and sediment cover 
thickness C. (a) Transport-limited case: the rate of change in elevation is equal to the sediment 
flux in minus the flux out, divided by the area of the cell. (b) Supply-limited case: the rate of 
change in elevation is equal to the bedrock weathering rate plus the flux due to bedrock channel 

ß 

erosion. 
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ment flux from a cell is greater than the total sediment 
available (Figure 2b), the cell is flagged as containing 
a bedrock channel and the outflux is set equal to the 
total sediment in the cell at the start of the time step 
plus the flux due to bedrock channel erosion (equation 
(T7), Table 1). The operational definition of a bedrock 
channel therefore is one in which the fluvial carrying 
capacity (integrated over a time step) is greater than 
the total sediment supply, which consists of both sedi- 
ment delivered from upstream and sediment produced 
and/or previously deposited within a cell. Where the 
amount of excess carrying capacity is less than the po- 
tential sediment flux due to channel erosion, channel 
erosion is limited to that amount which just satisfies 
the fluvial carrying capacity. 

Some consideration needs to be given to the way in 
which equation (2) is applied across an entire cell, in as 
much as it describes the erosion rate in a channel irre- 
spective of surrounding hillslopes. Unless channels and 
hillslopes are modeled separately [Howard el al., 1992, 
this issue; Anderson, this issue], there are two obvious 
approaches. The first is to assume that hillslopes are 
perpetually in equilibrium with the rate of channel low- 
ering, so that an entire cell will lower at the same rate 
as its principle channel. While this approach might be 
valid for near-steady-state topography, in other cases 
it fails to capture important time lags between chan- 
nel bed erosion and hillslope response. For the type of 
problem considered in this study, this approach would 
tend to overpredict denudation rates, with the degree of 
overprediction being dependent upon grid cell size. A 
second approach, and the one employed in this study, is 
to view channel incision in terms of mass flux. Consider 

a square region of dimensions Ax by Ax containing a 
single major channel. The average lowering rate across 
that region due to channel incision is 

Oh 1 ]i œ at = Ax • W(1) E(1) dl (6) 
where 1 is distance downstream, L is the total length of 
the channel within the region of interest, W is channel 
width, and E is the channel bed erosion rate. Substi- 
tuting equation (2) for E and assuming constant W, Q, 
and S along the reach, equation (6) becomes 

Oh _ LW kQ•S p (7) Ot- Ax 2 

where k is a proportionality constant. If channel length 
is proportional to Ax and assuming a - b - 1, the 
average lowering rate of a cell due to channel erosion is 
proportional to local stream power, scaled by the width 
of the cell (equation (T7), Table 1): 

Oh k• 
at = Qs (8) 

Hillslope Processes 

The model recognizes two types of hillslope process' 
slow, continuous mass movement, and mass failure. 

Slow hillslope processes include soil creep, rain splash, 
and bioturbation. We model these as diffusion pro- 
cesses (equation (T8), Table 1), modified so that sedi- 
ment flux does not exceed sediment supply [Anderson 
and Humphrey, 1990]. Thus, if sediment thickness is 
zero, the diffusive sediment flux is also zero even though 
slopes may be large. Diffusive sediment transport is 
considered in only one of the model experiments pre- 
sented below. 

The basic idea behind the model's treatment of mass 

failure is that any slopes that become steeper than a 
specified threshold angle will fail, initiating a "land- 
slide" that cascades downhill until a stable slope an- 
gle is reestablished. During the course of a time step, 
this slope failure algorithm is repeated until no over- 
steepened slopes remain, ensuring that cases of multiple 
oversteepened cells and cases in which one collapse trig- 
gers others are handled correctly. In so far as the ma- 
terial strength of rock masses is typically much greater 
than that of unconsolidated hillslope debris [Carson and 
Kirkby, 1972], separate slope failure angles may be de- 
fined for sediment and for bedrock. So we are really 
modeling two types of mass failure: shallow debris land- 
sliding and rock mass failure. The same basic algorithm 
is used to compute both types of mass failure, with two 
differences: (1) "sediment slides" are limited by mate- 
rial availability (i.e., a slide can only happen if sediment 
is present), and (2) in the case of bedrock mass failure, 
"slope" is considered to be the average slope from the 
bedrock-sediment contact in one cell to the surface of 
an adjacent cell. The behavior of this slope failure al- 
gorithm is illustrated in the model examples described 
below (Figures 6b-6d). 

Treatment of Drainage Divides 

Modeling fluvial erosion in drainage networks is a 
moving boundary problem in which the moving bound- 
aries are drainage divides. At a drainage divide, drain- 
age area and thus discharge are zero by definition, so 
that by equation (T7) (Table 1) channel erosion will also 
be zero at a divide. As discussed above however, cells in 
the model conceptually contain both channel and hill- 
slope elements, and drainage divides are really subgrid 
scale features. We deal with this by tracking both a 
mean elevation and a peak elevation for divide cells. 
The difference between these is that the peak elevation 
is not subject to bedrock channel erosion. (This is simi- 
lar but not identical to the "pinned divide" technique of 
Kooi and Beaumont, [this volume]). The peak elevation 
is used for all computations, including computation of 
flow routing. The mean elevation is plotted. For pur- 
poses of this study, a "divide cell" is one which forms a 
surface convexity in either principle grid direction. Di- 
vide cells therefore include saddles as well as peaks and 
ridges. Alternatively, divide cells could be defined as 
those which receive flow only via precipitation. This 
method produces similar results, but the algorithm is 
more complicated. Other processes, including fluvial 
sediment transport, are allowed at divide cells. For any 
cell whose channel is fed only by precipitation, the mass 
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SEDIMENT LOADING 

ß ......::i:f:.:"•ii • 

DENUDATIONAL 

UNLOADING 

110 km 150 km 350 km 

Figure 3. Illustration of the coupled denudation-flexural isostasy model, showing the distribution 
of isostatic loading and unloading. The model domain is 150 km by 50 kin. Surface loads are 
applied to the one-dimensional flexure model by averaging in the direction parallel to the fixed 
coastal boundary. Sediment delivered to the coastal boundary is uniformly distributed across a 
110-km-wide shelf. 

flux out due to fluvial sediment transport (as long as 
sufficient sediment is available) is therefore 

Q•- Az 2 = k y PS (9) 
where P is the precipitation rate (dimensions of L/T). 

Flexural Isostasy 

As denudation progresses, elevations in the model 
grid can respond according to the equation for deflec- 
tion of an elastic beam overlying an inviscid fluid (equa- 
tion (T9), Table 1)[Turcotte and Schubert, 1982]. No 
horizontal forces are considered. Because this study ad- 
dresses cases in which denudation tends to vary strongly 
only in one direction (perpendicular to the strike of an 
eroding escarpment), a one-dimensional flexure model 
is used. Loads are calculated by averaging in a direction 
parallel to the fixed model boundary. Although flexural 
rigidity typically varies across passive margins [e.g.,ten 
Brink and Stern, 1992], for the sake of simplicity it is 
treated as spatially constant here. The effect of this as- 
sumption will generally be to underpredict the degree of 
flexure near the margin relative to that in the interior. 

For the passive margin experiments presented below, 
offshore sediment loads are calculated by summing the 
total sediment load reaching the coastal boundary. This 
load is uniformly distributed across a shelf 110 km wide 
[Brcmner et al., 1988]. Because natural flexural wave- 
lengths are typically larger than the 150-km region in 
which surface processes are modeled in these experi- 
ments, the flexure model extends an additional 350 km 
beyond the surface model grid (Figure 3). For pur- 
poses of flexural calculation, the denudation rate be- 
yond the landward erosion model boundary is assumed 
to be equal to the average denudation rate near that 
boundary. 

Numerical Implementation 

During each time step, drainage directions are recom- 
puted, and a pass over the grid is made from the high- 

est to lowest cells. To improve accuracy and stability, 
computation of fluvial sediment transport and bedrock 
incision is broken up into one or more sub-time steps 
using a recursire algorithm, with the size of the smaller 
steps based on an estimated maximum stable time step 
size. Sediment production during each time step is com- 
puted using an analytical solution to equation (T5) (Ta- 
ble 1), which is considerably more accurate and stable 
than a simple finite difference approximation. Diffusive 
hillslope transport is computed using a forward extrap- 
olation finite difference method. The model has been 
extensively tested for convergence and robustness and 
is virtually insensitive to time step size as long as time 
steps are sufficiently small relative to the process rate 
coefficients. 

Model Results' One-Dimensional 
Models 

Starting from the premise that rifting creates a topo- 
graphic asymmetry, our aim is to identify the necessary 
and sufficient conditions for the preservation of this ini- 
tial asymmetry. Clearly, one requirement must be that 
the processes which undercut and steepen an escarp- 
ment are more efficient than those which dampen and 
diffuse it. A simple static model (Figures 4a-4c) illus- 
trates the tendency of diffusive models based on the 
continuity equation to dampen relief. The bedrock ero- 
sion model (equation (T7), Table 1, and Figure 4d), by 
contrast, predicts not only perpetuation but also steep- 
cuing of slope discontinuities through time. While such 
behavior may be unrealistic at the scale of small knick- 
points [e.g., Gardner, 1983], there is no a priori reason to 
reject this model at larger scales. The nature of equa- 
tion (T7) (Table 1) already suggests that lateral mi- 
gration of relief may be a common behavior in supply- 
limited fluvial systems dominated by bedrock channel 
incision. 

We begin by considering the simplest case in which 
the effects of flow convergence and divergence are ig- 
nored, so that the problem may be reduced to one 
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Instantaneous Rates of Erosion/Deposition Across an Escarpment 
for Different Laws 

A 3h 32h 
DEPOSITION •__••___• - o•-- • oc o•x 2 EROSION 

B •h o• •x (xS) DEPOSITION •_.....•.• -•._• 
EROSION 

DEPOSITION • C •h EROSION -• oc •x (x2S) 

DEPOSITION D •h 

EROSION •...• -•--• oc x S 

Idealized Escarpment Profile 

Figure 4. Static model showing instantaneous rate of A. 
erosion/deposition across an idealized escarpment (bot- 
tom) for various erosion laws. (a) Erosion/deposition 
rates for diffusion equation. (b) Erosion/deposition 
rates for stream power transport law, assuming dis- õ 
charge Q proportional to distance from divide x. (c) 
Erosion/deposition rates for stream power transport 
law, assuming discharge proportional to x2. (d) Ero- 
sion rates for stream power erosion law, assuming Q 
proportional to •. 

dimension. An idealized representation of a high- 
elevation rifted continent (profile t = 0 in Figure 5a) 
is used as an initial condition. This initial topogra- 
phy consists of a plateau that gently slopes to the east 
(1 m/km, or -0.06 ø) and terminates in a steep slope 
(600 m/km, or -31 ø) at the western edge. The western 
boundary at • = 0, representing a nonprograding shore- 
line, remains fixed throughout each simulation. The 
eastern (interior) boundary at • = 150 km is continually 
adjusted to maintain a finite slope, equal to the slope 
immediately adjacent to that boundary. The plateau's 
maximum elevation is 1200 m, based on an estimate of 
the prerift elevation of southwestern Africa [Gilchrist 
and Summerfield, 1990]. 

The position of the initial drainage divide at the es- 
carpment crest is based on the assumption that rift 
flank uplift early in a margin's evolution would divert 
drainage inland away from the margin [Summerfield, 
1991], as is the case today, for example, in the north- 
western Red Sea region. Modern drainage divides lie at 
or near the crest of the Western Ghats escarpment in 
India, most of the Great Escarpment of southern Africa, 
and parts of the eastern Australian escarpment (as dis- 
cussed below). In the absence of significant post rift 
margin uplift, we find it highly unlikely that these di- 
vides could have migrated seaward after the cessation of 
rift-related uplift. Thus it is reasonable to assume that 
in most of these cases the principal drainage divide at 
the time of rifting was not located very far inland. How- 
ever, the effects of rapid divide migration following base 
level drop will be explored below. 

Transport-Limited Models 

When escarpment erosion is modeled by a simple dif- 
fusion equation (Figure 5a), the initial relief is smoothed 
out, and denudation is distributed over a wide area. 
Lateral retreat does not occur. When sediment trans- 

port across an escarpment is modeled as a function of 
local stream power (Figure 5b), with discharge propor- 
tional to distance from the drainage divide so that 

Oh Oq• OxS 02h Oh 
at cr •xx cr O x = •O-•x +aT (10) 

then the dependence on distance from the drainage di- 
vide leads to amplified erosion and deposition away from 
the divide (Figure 4b). Nonetheless, the process retains 
a strong diffusive component (first term in equation 
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Figure 5. Evolution of initial escarpment profile (a) 
by linear diffusion and (b) by a stream power-dependent 
transport law. Model domain consists of 750 nodes with 
Ax = 200 m. The insets show an enlargement of the 
left most 5 km for comparison with Figures 8 and 9. 
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(10)) which tends to dissipate sharp concavities (and 
convexities, except near the drainage divide). Divide 
migration in this example results from differential de- 
nudation on either side of the divide. One of the crucial 

assumptions here is that in the transport-limited case, 
removal of mass by channelized flow is the limiting fac- A. 
tot for divide migration. If this were not the case (if, 
for example, hillslope transport above channel heads 
were highly inefficient relative to first-order channels) 
then the slopes above channel heads would steepen un- 
til a new equilibrium was established Thus treating > . 

fluvial transport as the limiting factor for divide mi- "' 
gration in the transport-limited case is equivalent to 
assuming that equilibrium is always maintained at the 
hillslope scale. This assumption is reasonable as long as 
the time scale for adjustment is short relative to overall El. 
denudation rates. 

Supply-Limited Models 
o 

Supply-limited models based on weathering-limited 
diffusive hillslope transport have been explored by An- 
derson and Humphrey [1990]. Here, we begin by exam- 
ining the extreme case in which weathering rates are 
zero, so that sediment production and removal occurs 
only through fluvial channel erosion (Figure 6). Since C. 
Q - A - 0 at drainage divides, channel erosion alone is 
incapable of moving a divide. Thus, in the first example 
(Figure 6a) the drainage divide remains fixed. Immedi- 
ately downstream from the divide, the profile steepens 
as a result of increasing stream power. Near the fixed > 
boundary, the bed slope is reduced to the point at which "' 
it becomes just sufficient to transport the total sediment 
flux and no more. As the upper portion of the profile 
continues to steepen, this lower graded reach propagates D. 
upstream. The graded reach is technically a bedrock 
channel, because it is actively eroding. However, the 
erosion rate in this case is limited by the channel carry- 
ing capacity. The transition from ungraded to graded 
reach coincides with a concave break in slope. Simi- 
lar slope breaks that appear to coincide with a change 
in process have been observed in the field [e.g.,Howard 
and Kerby, 1983; Seidl and Dietrich, 1992], although 
the cause and effect relationships in these instances are E. 
not clear. 

In the absence of other processes, the upper profile 
in this simple model will continue to steepen until a 
vertical face is created at the drainage divide. In re- 
ality, we would expect that some form of mass flow or 
failure would be activated as the channel gradients in- 
crease. Here, we model this effect by simply assum- 
ing that slopes above a threshold gradient will collapse, 
shedding mass downslope until the threshold gradient is 
reestablished. When this type of rule is imposed (Fig- 
ures 6b-6d), parallel retreat commences as soon as the 
channel profile reaches the threshold gradient. The re- 
treat rate is governed by the maximum channel erosion 
rate, which occurs near the slope break. Since the rate 
of lowering at this point is in part a function of slope 
length (distance from the divide), it turns out that the 
retreat rate is inversely proportional to the threshold 
gradient. 

This simple model of channel profile evolution has 
much in common with the conceptual slope models of 
Penck [1953]. If the tendency for bedrock channels 
to steepen through time is real, then such steepening 
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Figure 6. Evolution of escarpment profiles by bedrock 
channel erosion. Sediment production by weathering is 
zero for each run. Model domain consists of 250 nodes 

with Ax - 20 m. In each simulation except Figure 6e, 
k! -0.1 (dimensionless)and kb- 10 -5 m -•. (a) Bed- 
rock channel erosion only. (b) Bedrock channel erosion, 
with slope failure at 45 ø. (c) Bedrock channel erosion, 
with slope failure at 32 ø. (d) Bedrock channel erosion, 
with slope failure at 70 ø. (e) kb -- 10 -q m -I, slope 
failure at 450 . 
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should ultimately trigger slope failure, resulting in par- A. 
allel retreat. We have not considered the role of debris 

flows, which in many instances may become important 
agents of channel erosion at high gradients [e.g.,$eidl 
and Dietrich, 1992]. However, the effect of debris flows, 
which require a finite drainage area, should be similar 
to that of other bed erosion processes' steepening head- 
water slopes to the point of collapse. Thus this model 
suggests that when hillslope sediment production rates 
are low, drainage divide migration will be driven by a ill. 
form of parallel retreat involving channel downcutting 
and slope failure. • 

There is an interesting feedback relationship between • 
._o 

the efficiency of fluvial transport (parameter ky) and • 
that of bedrock channel erosion (parameter k0). The • 
ratio ky/ko governs the distance over which a chan- 
nel segment reaches its carrying capacity (in this sense 
the ratio ky/ko is somewhat analogous to the "erosion 
length scale" of Beaumont et al. [1992]). When k!/ko is C. 
decreased, the channel comes to capacity over a shorter 
distance (Figure 6e). The result is an increase in the 
length of the graded reach, as well as an increase in • 

o 

the graded slope required to transport material derived • 
from bed erosion upstream. This relationship is impor- > 
tant because the total relief on the steep ungraded reach m 
is limited by the need to maintain a certain minimum 
slope out to base level. From this finding emerges a sim- 
ple generalization: the more efficiently the fluvial sys- 
tem transports sediment, the lower the slope required 
to carry sediment from an active erosional front out to 
base level (the coastline in these examples). A lower 
transport slope allows for greater relief along the active 
erosion front. 

Low Weathering Rate Models 

So far two extreme cases have been considered: the 

transport-limited case, and the case in which sediment 
production occurs only through bedrock incision or 
mass failure. We now consider the case in which sed- 

iment is supplied to the channel by both channel in- 
cision (equation (T7) (Table 1))and weathering (equa- 
tion (T5)(Table 1)). The pattern of profile development 
in this case is intermediate between the end-member 

cases discussed previously (Figures 7a and 7b). The 
biggest impact of introducing a finite weathering rate is 
upon drainage divide migration. Recall that our rule for 
drainage divides specifies that sediment may be trans- 
ported out of divide cells but that bedrock channel in- 
cision is not allowed. Thus the introduction of weather- 

ing means that divides may now migrate by differential 
sediment transport, provided that the total sediment 
transport out of a divide cell does not exceed the bed- 
rock weathering rate. This results in a rapid rate of 
divide migration landward relative to the retreat rate 
of the steep portion of the alluvial profile (Figure 7a). 
A curious feature of these models is that any weathering 
rate, as long as it is large enough to exceed transport 
rates on the low-gradient interior, will produce rapid 
divide migration. This seems to be an artifact of the 
assumption that fluvial channel transport is the lim- 
iting factor for divide migration. Because our goal is 
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Figure 7. Evolution of escarpment profiles by weath- 
ering, sediment transport, and bedrock channel erosion. 
Model domain is the same as in the runs of Figure 6. 
For each simulation, the bedrock sediment production 
rate kw equals 5 x l0 -5 m/yr and the fluvial trans- 
port efficiency parameter, Icy, equals 0.1. (a) ]co - 10 -5 
m -x. (b) k0 -- 10 -4 m -x. (c) Same as Figure 7a but 
with lower initial elevation. The large arrows show the 
position of the drainage divide at the time of the last 
profile. 

to model landscape erosion on regional scales, we have 
not attempted to incorporate processes and properties 
appropriate to the scale of drainage divides. It may 
be, however, that drainage divide migration in the low- 
gradient uplands above an escarpment depends strongly 
on short-range hillslope processes, erosion thresholds, 
and hillslope hydrology, none of which are easily mod- 
eled at a grid resolution of 1 km 2 or more. 

When the rate of drainage divide advancement is 
greater than that of the steep channel profile, the 
steep reach essentially becomes a kilometer-scale knick- 
point (Figure 7). The behavior of knickpoints for a 
stream power-dependent erosion law has been explored 
by Howard et al. [1992, this issue]. The added complex- 
ity in this situation is that channel discharge increases 
as the knickpoint propagates upstream. In this model, 
its behavior will depend critically upon the balance be- 
tween fluvial transport efficiency (parameter kf) and 
bed erosion efficiency (parameter k0). Where transport 
is relatively efficient (Figure 7a), the steep reach will 
continue to steepen, ultimately perhaps to the point of 
triggering other processes. Where bed erosion is rela- 
tively efficient (Figure 7b), the increased sediment flux 
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from upstream will cause the graded reach to overtake 
the knickpoint, decreasing its gradient and eventually 
eliminating it. This same behavior ought to be gener- 
ally true for any process which increases the sediment 
flux in the channel. 

The tendency of bedrock channel profiles in these 
models to steepen and propagate laterally through time 
suggests a basic mechanism for long-term escarpment 
retreat. Parallel retreat of a steep channel profile will 
occur if that profile steepens to the point at which some 
threshold-dependent, slope-driven process is activated. 
In this case, we would expect to find drainage divides 
near the head of steep channel.reaches. Alternatively, 
lateral retreat of a steep channel profile can still oc- 
cur according to this model if drainage divides in the 
uplands migrate faster than the steep channel reach. 
In this case, steep channel reaches essentially behave 
as kilometer-scale knickpoints. In either scenario, the 
ratio of sediment production to sediment transport ca- 
pacity emerges as an important variable. At some point 
downstream, the sediment feed rate will become large 
enough and the gradient low enough that the channel 
will approach its transport capacity and the rate of bed 
erosion will be reduced. Where capacity is large rel- 
ative to the feed rate, the slope on this graded reach 
will be low, thus allowing for greater relief between the 
uplands and the base of the ungraded reach. Although 
we have focused on transport capacity rather than com- 
petence, grain size characteristics clearly influence the 
shape of graded river profiles [Snow and Slingerland, 
1987]. Were these models to account for a downstream 
increase in competence (due to decreasing particle size 
and increasing flow energy), the effect would be to pro- 
duce a more concave profile and thereby amplify the 
tendency for headwater steepening and parallel retreat. 

So far, we have discussed some possible controls on 
lateral retreat of river channel profiles. In the follow- 
ing section, we explore the conditions under which the 
migration of channel profiles might produce escarpment 
retreat, in the sense of lateral progression of a coherent 
band of high local relief. First, it is worth noting that 
the tendency for prolonged migration of a steep chan- 
nel profile is also a function of initial relief. Where, for 
example, the initial plateau is lower, profile steepening 
is.inhibited (Figure 7c). This suggests that high initial 
relief is an important factor in determining whether pro- 
longed retreat will occur. 

Model Results' Two-Dimensional 
Models 

A migrating channel profile is not necessarily the 
same as a retreating escarpment. One might imagine, 
for example, that headward channel advance would cre- 
ate a dissected plateau rather than a retreating escarp- 
ment. In this section, we use the full two-dimensional 
model to explore the effects of drainage convergence and 
branching. An additional experiment investigates the 
coupling between denudation and flexural isostatic up- 
lift. 

For each of these experiments, a 150 by 50 cell grid 
with i km 2 cells is used to represent a 1200-m-high 
plateau bounded on one side by a steep slope (0.3 m/m, 
or -17 ø) (Figure 8a). This slope is equal to the thresh- 
old failure angle defined below, since anything steeper 
than this would simply collapse during the first time 
step. The plateau slopes gently downward (10 -s m/m, 
or -0.060 ) away from the crest at the slope break, just 
as in the one-dimensional (l-D) experiments. This ini- 
tial surface is roughened by adding a small amount of 
fractally-distributed random noise having a standard 
deviation of-3.8 m. The west (left-hand) boundary 
is held fixed throughout the simulation, while the east 
(right-hand) boundary is adjusted to preserve the aver- 
age slope immediately adjacent to that boundary. The 
north and south (top and bottom) boundaries are joined 
together to minimize edge effects. This is done by treat- 
ing cells along the north edge of the grid as if they were 
adjacent to those along the south edge, and vice versa. 
Any flow reaching the north or south boundary is then 
rerouted to its equivalent position on the opposite edge 
of the grid. 

Transport-Limited Versus Supply-Limited 
Models 

Just as in the 1-D case, the balance between sed- 
iment supply and transport capacity has a profound 
impact on model landscape properties in the 2-D case 
(Figures 8b and 8c). In the transport-limited experi- 
ment (Figure 8b), the initial substrate consists entirely 
of sediment, just as in the one-dimensional experiment 
of Figure 5b. In the supply-limited experiment of Fig- 
ure 8c, the initial substrate consists of bedrock, with the 
bedrock weathering rate (parameter kw) set to a finite 
but small value (5 x 10 -5 m/yr). For these experiments, 
the threshold slope for failure (both rock and sediment) 
is set at 0.3 m/m. A low value is used here because 
the model cannot resolve slopes on a scale smaller than 
Ax = 1000 m. In the supply-limited case, the high 
local relief results from strong differential incision be- 
tween large and small drainages. This differential inci- 
sion occurs because of the strong dependence of erosion 
rate upon drainage area in the bedrock erosion equa- 
tion (T7) (Table 1). Recall that for capacity-limited 
alluvial channels, equation (T6) (Table 1) dictates that 
the erosion rate is a function of the spatial gradient in 
drainage area rather than its absolute value. Thus one 
of the predictions of the bedrock erosion model is that 
bedrock channels should generate much greater local 
relief than, for example, alluvial channels downcutting 
through noncohesive sediment. The predicted differ- 
ences would diminish for larger exponents on the allu- 
vial sediment transport law (equation (T6)(Table 1)) 
or smaller exponents on the bedrock channel erosion law 
(equation (T7) (Table 1)). We have presented only the 
end-member cases here. 

A second notable feature of the supply-limited ex- 
periment (Figure 8c) is the presence of a series of large 
valleys propagating headward into the interior. There 
is no escarpment here, at least in the sense of a laterally 
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Figure 8. Two-dimensional models of escarpment erosion. Grid size is 150 by 50 with 1 km 2 cells. 
For each simulation k/ - 0.1. For the simulations shown in Figures 8c and 8d, kb -- 10 -s m -• and 
k•o= 5 x 10 -s m/yr. Critical failure angle in each is 0.3 m/m, or ~17 ø. (a) Initial topography. (b) 
Simulation with initial substrate consisting of cohesionless sediment. (c) Simulation with initial 
substrate consisting of bedrock. (d) Bedrock simulation with flexural isostatic uplift in response 
to the erosional unloading. Effective elastic thickness is 15 km, with a Young's modulus of 100 
GPa and Poisson's ratio of 0.25. The dashed line in Figure 8d shows the cumulative amount of 
isostatic uplift. 

contiguous band of high relief. The relative ease with 
which large valleys can capture drainage on the plateau 
allows them to grow headward at the expense of their 
neighbors. Just as in the 1-D experiments, drainage 
capture and divide migration occur by a combination 
of differential sediment transport and slope collapse. 

Capture is made easier by the fact that the slope on 
the interior plateau is low. The result is that denuda- 
tion occurs by fluvial dissection rather than by retreat 
of a coherent escarpment. Thus, even though individual 
channels may propagate headward over large distances, 
that by itself is not a guarantee of escarpment retreat. 
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Figure 8. (continued) 

Models V•'ith Flexural Isostasy 

Flexural isostatic uplift in response to denudation is 
an important process along rifled margins [e.g.,Pazza#- 
lia and Gardner, this issue]. In the next experiment, we 
turn on flexure and isostatic adjustment (Figure 8d). 
Initially, denudation is concentrated along the margin 
where slopes and relief are greatest. This focused mass 

removal produces a corresponding isostatic uplift con- 
centrated along the margin. Because the lithosphere 
has a finite strength (elastic thickness 15 km in this 
example), the isostatic uplift extends landward so that 
the effect is to bend the plateau upward along the mar- 
gin. This tectonic warping accomplishes two things. 
First, it increases the total relief between the crest of 
the initial escarpment and base level, thus increasing 
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stream power and erosion rates. Second, it increases 
the surface slope on the plateau immediately above the 
escarpment, thereby making drainage capture by differ- 
ential sediment transport more difficult. The result is 
that marginal isostatic uplift makes it harder for the 
initially larger valleys to gain a competitive advantage 
by tapping a larger drainage area on the plateau. This 
process of "equalization" leads to a more uniform pat- 
tern of erosional retreat. This physical interpretation is 
supported by a recent study of the eastern Australian 
escarpment [Weissel et al., 1992]. The Australian es- 
carpment consists of a series of deeply incised, steep- 
walled valleys where the drainage divide is far from the 
escarpment, and a more uniform escarpment face where 
the drainage divide lies near the escarpment 's edge. 

The effect of offshore sediment loading depends upon 
flexural rigidity, as well as upon the distance of the es- 
carpment from the offshore basin. On a rigid litho- 
sphere, offshore sediment loading will create a marginal 
downwarp that will tend to dampen any erosionally- 
driven uplift. On the other hand, isostatic uplift of 
an escarpment will be amplified whenever the flexural 
bulge from offshore sediment loading comes into phase 
with the erosionally driven isostatic uplift. 

Discussion and Conclusions 

The model results presented here suggest that bed- 
rock channel steepcuing and lateral retreat are viable 
mechanisms for large-scale, long-term escarpment re- 
treat. Models based on a stream power erosion rule pre- 
dict that bedrock channels will steepen through time, 
with a downstream transition to a low-gradient graded 
reach. This tendency for slope increase is in marked 
contrast to the behavior of diffusive or transport-limited 
models, which tend to reduce both slopes and curvature. 
Thus a supply-limited system characterized by eroding 
bedrock channels that obey a slope/area-dependent ero- 
sion law is a necessary but not sufficient condition for 
large-scale escarpment retreat in homogeneous mate- 
rial. 

For lateral migration of relief to occur, a bedrock 
channel reach must either be located well downstream 

of a drainage divide, or it must be capable of driving 
secondary processes that can move a drainage divide. In 
the first case, the bedrock channel behaves as a large- 
scale knickpoint. In the second case, parallel retreat 
can occur when bedrock channel steepcuing activates 
slope failure (or accelerated erosion by other processes, 
such as debris flows) in its headwaters. In either case, 
the efficiency of lateral channel retreat in these mod- 
els depends critically upon two other factors. First, it 
depends on the balance between sediment supply and 
sediment transport efficiency. This ratio controls both 
the length over which a channel approaches its carrying 
capacity and the slope of the graded reach downstream 
of the ungraded bedrock portion of the channel. When 
the sediment supply rate is large relative to transport 
efficiency, the ungraded, actively incising reach will be 
shorter, and its tendency to steepen will be impeded. 

Second, model results suggest that the survival of a bed- 
rock channel eroding the edge of a plateau depends on 
the elevation of that plateau above base level. Higher 
relief between the plateau surface and base level allows 
a channel more freedom to steepen and propagate lat- 
erally. Thus high relief is a second necessary (but still 
not sufficient) condition. 

Two-dimensional models that incorporate drainage 
branching and convergence suggest that when drainage 
divide migration is rapid relative to the rate of channel 
steepening and lateral propagation, larger valleys be- 
come efficient flow attractors and are thus able to grow 
at the expense of their neighbors. Where divide migra- 
tion is impeded, larger drainages lose this competitive 
advantage and escarpment retreat occurs by more or 
less uniform advance of a series of closely spaced bed- 
rock channels. This provides a physical mechanism for 
the observation of Weissel et al. [1992] that the mor- 
phology of the eastern Australian escarpment varies de- 
pending on the location of the drainage divide. 

Flexural isostatic uplift provides a mechanism for im- 
peding divide migration and thereby producing a more 
linear pattern of escarpment retreat. The concentration 
of denudation along a narrow band produces a focused 
pattern of isostatic uplift. Thus there is a dynamic 
coupling between escarpment retreat and isostatic up- 
lift. This coupling will of course be most effective where 
flexural rigidity is low. The second important effect of 
isostatic uplift is to increase channel gradients between 
the top of an escarpment and base level. 

The importance of low sediment production rates 
may seem to imply that Great Escarpments can sur- 
vive only in arid regions. This is not necessarily the 
case as witnessed by the bare rock slopes of the West- 
ern Ghats escarpment [Ollier and Powar, 1985], one of 
the wettest places on Earth. Any factor that amplifies 
transport rates over sediment production rates, such 
as high relief or resistant rocks, can contribute to es- 
tablishing a supply-limited environment dominated by 
steep bedrock channels. 

Collectively, these model results suggest that the nec- 
essary and sufficient conditions for long-term escarp- 
ment retreat are (1) incising bedrock channels in which 
the erosion rate increases with increasing drainage area, 
(2) a low rate of sediment production relative to sedi- 
ment transport efficiency, (3) high relief between the 
top of an escarpment and base level, (4) any process, 
such as flexural isostatic uplift, that impedes drainage 
divide migration on the surface above an escarpment. 

The above conditions promote relief-generating pro- 
cesses that behave as traveling waves of dissection, 
rather than diffusive processes which dampen such 
waves of dissection. Of all the conditions, a high conti- 
nental elevation above sea level (base level) is common 
to most escarpment-bounded margins. For example, 
most of the interior of southern Africa '• >1000 m in 

elevation, and the Deccan Plateau abe •, the Western 
Ghats is -800-900 m in elevation. Lowei :,•vation mar- 

gins, such as the eastern United State-•. exhibit only 
smaller, discontinuous escarpments (examples include 
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the Blue Ridge and Catskill escarpments) that may be 
remnants of early rift margin escarpments. High con- 
tinental elevation, which allows for high relief between 
the interior and coastal base level, may therefore be the 
most important factor for long-term escarpment sur- 
vival. 

Notation 

A 

c 

D 

x,y 
Ax 

EBR 

EMF 

Zw 

g 

h 

k•, 

kd 
k• 
k• 

P 

q 

qs 

qL$, qD 

R 

$ 

Pro, Pi 

drainage area. 
sediment layer thickness. 
flexural rigidity. 
horizontal dimensions. 

cell width. 

average surface lowering rate of a cell con- 
taining a bedrock channel segment due to 
bedrock channel erosion. 

surface lowering rate resulting from rock 
mass failure. 

rate of descent of a bedrock/sediment weather 
ing front. 

gravitational acceleration. 
elevation. 

proportionality constant for bedrock channel 
erosion, L- 1. 

hillslope diffusivity, .L2T- •. 
dimensionless sediment transport coefficient. 
bare bedrock weathering rate, LT -•. 
weathering rate decay constant (= 1/Co, 

where Co is the depth at which the 
weathering rate reduces to 1/e times 
its surface value, k•0). 

applied crustal load (dimensions of force per 
unit area). 

effective precipitation rate, LT -•. 
channel discharge. 
channel discharge per unit width. 
fluvial channel sediment flux per unit 

channel width. 

hillslope sediment flux per unit width due 
to shallow landsliding and diffusive pro- 
cesses, respectively. 

elevation of the top of a rock column. 
surface slope. 
time. 

tectonic (rock) uplift rate. 
vertical flexural displacement. 
density of the mantle and of flexural basin 

infill, respectively. 
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