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Fig. 3.12 – Modèle Numérique de Terrain du front Himalayen au Sud de Katmandou. A
gauche, topographie, à droite, pentes calculées.

dégradées afin d’approcher au mieux la taille du maillage utilisé dans les modélisations.

En dégradant la résolution du MNT, on observe des pentes de plus en plus faibles

(Figure 3.13). En effet, cette dégradation a pour effet de lisser les reliefs, de gommer

les petites irrégularités très sensibles avec le pas original de 20m. On observe de plus

pour les faibles résolutions (200m ou 400m) l’apparition d’une pente critique. Pour

de meilleures résolutions, l’histogramme est beaucoup plus étalé et il est plus difficile

de déterminer réellement une pente critique (à part peut-être la pente maximale ob-

servée). Pour une résolution de 400m, qui est celle du maillage de départ du modèle,

les pentes maximales observées sont de 28˚(contre 47˚pour une résolution de 40m).

L’histogramme des pentes permet de déterminer une pente critique d’environ 20˚pour

une résolution de 400m et d’environ 25˚pour une résolution de 200m. Ceci permet

donc de calibrer grossièrement le modèle de glissements de terrains.

Il faut toutefois se rappeler que la résolution du modèle est anisotrope. En effet,

la résolution initiale est de 400m en abscisse et en ordonnée, mais la tectonique de

convergence a pour effet d’affiner la résolution en abscisse au niveau de la structure

anticlinale due au pli de rampe, sans changer la résolution en ordonnée. Cette anisotro-

pie de résolution aura donc très probablement des conséquences en ce qui concerne les

glissements de terrains puisque pour une pente critique constante, les glissements de
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Fig. 3.13 – Histogramme des pentes de la Figure 3.12 pour différentes résolutions

terrains se produisant perpendiculairement à la structure seront favorisés par rapport

aux glissements de terrains se produisant parallèlement à celle-ci. Pour tenir compte

au mieux de cette particularité du modèle, il faudrait donc en toute théorie utiliser une

pente critique variable selon la résolution. En pratique, ceci serait très lourd à gérer,

et j’ai donc choisi d’utiliser une pente critique unique.

3.2.4.2 Anticlinal de Pakuashan (Täıwan)

L’anticlinal de Pakuashan (Täıwan) est dû à un pli par propagation de faille [Del-

caillau et al., 1998] se propageant du Nord au Sud. Un MNT de résolution de 20m

(réalisé et fourni par Luc Floissac) m’a permis d’étudier les pentes dans cet environne-

ment, et ce pour différentes résolutions de 40m à 400m (Figure 3.14).

On peut faire les mêmes remarques que dans le cas précédent, c’est-à-dire que l’on

observe une diminution des pentes maximales et moyennes lorsque la résolution se

dégrade. Les pentes sont cependant dans cette région plus faibles qu’au front hima-

layen. Ceci peut être dû à une différence de lithologie (molasses Cénozöıques dans le

cas précédent contre sédiments marins du Pléistocène moyen ici), mais aussi à une

différence de vitesses tectoniques (2 cm/an précédemment, 2 mm/an à 3 cm/an ici

selon des résultats GPS).
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Fig. 3.14 – Modèle Numérique de Terrain de l’anticlinal de Pakuashan (Täıwan) et histo-
gramme des pentes pour différentes résolutions.
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ABSTRACT
We have studied drainage development on active folds by using a numerical model that

couples the kinematics of fault-propagation folding to a physical description of surface
processes. Modeling results suggest that the dip of the underlying detachment exerts a
major control on drainage development. For a nonzero detachment dip, the lateral dis-
placement gradient sets up an axial slope behind the growing fold that diverts drainage
so that the fold is shielded from rivers with large incision capacity. In this case, the
characteristic fault-segment length, rather than the relative rates of fold uplift and inci-
sion, may control the spacing of transverse streams. We apply our model to the foothills
of the Nepal Himalayas and suggest that striking differences in drainage patterns between
central and western Nepal are controlled to a first order by variations in the dip of the
underthrusting Indian plate.

Keywords: fault-propagation folding, river dynamics, numerical surface process models, active
tectonics, landscape evolution.

INTRODUCTION
Understanding the processes that control

drainage development on tectonically active
structures is important because drainage pat-
terns may be used to establish the presence
and activity of blind thrusts, and may thus
provide valuable information for seismic risk
assessment (Boudiaf et al., 1998; Keller et al.,
1999). Moreover, the initial tectonic growth
phase is a key event that controls long-term
drainage patterns in collisional mountain belts
(Oberlander, 1985; Gupta, 1997). The drain-
age patterns in the uplifting and eroding active
fold-and-thrust belt control sediment supply to
the forelands; modern examples can thus aid
the interpretation of ancient foreland-basin de-
posits (Gupta, 1997).

Drainage patterns in regions of active fault-
related folding display distinctive features,
such as the diversion of preexisting transverse
rivers to an axial course and the development
of a series of wind gaps at the loci of ante-
cedent transverse streams (e.g., Jackson et al.,
1996; Gupta, 1997; Burbank et al., 1999). A
conceptual model for the development of
these features involves the competition be-
tween tectonic uplift and river incision: in or-
der to maintain an antecedent course, a river
must incise at a rate at least equal to the tec-
tonic uplift rate. If its incision rate is lower, it
will be outpaced and reversed by the growing
fold (Burbank et al., 1999; Tomkin and Braun,
1999). Because the capacity of a river to incise
bedrock depends on its local slope and dis-
charge as well as bedrock lithology (e.g.,
Whipple and Tucker, 1999), the spacing be-
tween adjacent water gaps should be a func-
tion of the relative rates of thrust-controlled

surface uplift and river incision: streams will
be reversed and captured by adjacent ones
until their common drainage area, and thus
discharge, is large enough to provide suffi-
cient stream power to cut through the grow-
ing fold (Tomkin and Braun, 1999). Alter-
native models have stressed the importance
of both drainage entrenchment within easily
eroded lithologies (Oberlander, 1985; Tucker
and Slingerland, 1996) and fluvial aggrada-
tion behind the fold (Humphrey and Konrad,
2000).

In this paper we study the development of
drainage on active fault-propagation folds by
using a numerical model that couples fold ki-
nematics and surface processes. Our models
suggest that a parameter that has hitherto been
overlooked exerts a major control on the evo-
lution of drainage patterns on active fault-
propagation folds; i.e., the dip of the under-
lying detachment fault. We apply our model
to drainage patterns observed in the Siwalik
foothills of the Himalayas in central and west-
ern Nepal, where observed lateral variations
in drainage deflection are not easily explained
by varying tectonic uplift rates or lithologies.

NUMERICAL MODEL
We have developed a three-dimensional nu-

merical model for the interaction between fold
growth and surface processes that extends ear-
lier models (e.g., Chalaron et al., 1995; Tucker
and Slingerland, 1996; Tomkin and Braun,
1999) by including both a realistic description
of the tectonic velocity field, based on obser-
vations of fold geometry, and physically based
surface-process algorithms.

The tectonic component of our model is

based on Suppe and Medwedeff’s (1990) geo-
metric analysis of fault-propagation folds (Fig.
1), in which fold geometry is controlled by
the dips of the basal detachment (w) and fault
ramp (u), as well as the depth to the step-up
point (P). We translate the geometric descrip-
tion of Suppe and Medwedeff (1990) into a
kinematic model by calculating the horizontal
and vertical velocities of material points on
the surface as a function of horizontal short-
ening rate (Vt). Lateral propagation of the fold
is modeled by introducing a delay time for the
onset of fold growth that depends on the lat-
eral propagation velocity (Vy), so that the dis-
placement gradient is constant along the fold
(Wilkerson et al., 1991). A complete descrip-
tion of the model will be published separately
(Champel et al., 2002).

We have coupled this fold-growth model to
a modified version of the Cascade surface-
processes model (Braun and Sambridge, 1997)
that includes numerical formulations for flu-
vial incision and bedrock landsliding (Fig. 1).
The fluvial-incision law in Cascade is based
on the ‘‘undercapacity’’ model (Beaumont et
al., 1992), which has the advantage of treating
transport-limited and detachment-limited be-
havior within a single algorithm. Although
this formulation differs from the more gener-
ally used stream-power models (e.g., Tucker
and Slingerland, 1996; Whipple and Tucker,
1999), its use does not affect the first-order
model predictions we describe here. The mod-
els shown here exclude hillslope diffusion for
reasons of numerical efficiency. In tectonically
active regions, bedrock landsliding appears to
be by far the most important hillslope process
in operation (Hovius et al., 1997; Densmore
et al., 1998), and is required for the growing
ridge to attain topographic steady state
(Champel et al., 2002). We employ a simple
stochastic bedrock-landsliding algorithm in
which the probability of landsliding on slopes
above a critical angle depends on the elapsed
time since the last landsliding event.

Figure 1 shows the initial model setup,
which consists of a preexisting half-ridge
(simulating a previously active, more internal
ridge) in front of which a gentle topographic
slope (a) simulates the surface of the foothill
deposits. The active ridge starts to grow 15
km in front of the preexisting one and prop-
agates in the positive y direction. The topo-
graphic evolution depends on the tectonic and



472 GEOLOGY, May 2002

Figure 1. Numerical model components, showing model setup, irregular
100 3 75 node grid, and significance of different input parameters. Pa-
rameter notations are explained in Table 1, which also gives adopted
values.

TABLE 1. MODEL PARAMETER VALUES

Parameter Description Unit and Value

V t Convergence rate 2–20 mm·yr 21

V y Lateral-propagation rate 100 mm·yr 21

w Dip of detachment 0–5 8
u Dip of fault ramp 28 8
P Depth to step-up point 5 km
a Initial topographic slope 0.2 8
l Axial slope 8
b Angle of drainage deflection 8
K f Fluvial-transport parameter 0.05
v R Precipitation rate 1 m·yr 21

L f Length scale for fluvial incision 20 km
q Fluvial-sediment flux m 2 ·yr 21

q eq Fluvial-transport capacity m 2 · yr 21

A Contributing drainage area km 2

S Local topographic gradient
S c Critical slope for landsliding 0.38
k 0 Probability constant for landsliding 10 24 yr 21

p sl Landsliding probability 0–1
Dt sl Time since last landsliding event yr

geometric parameters Vt, Vy, w, u, a, and P,
as well as on the parameters controlling fluvial
incision and landsliding. For this study, we
concentrate on variations in the tectonic pa-
rameters, presenting model results for a single
set of surface-process model parameters (Ta-
ble 1). Parameter values are estimated from
field observations in western Nepal (Leturmy,
1997; Mugnier et al., 1999); Champel et al.
(2002) present a more detailed exploration of
the model parameter space. We run the model
until the master thrust breaks through the sur-
face and the tectonic mechanism changes to
fault-bend folding.

MODEL RESULTS
Figure 2 shows drainage development for

three models with varying convergence veloc-
ities and detachment dips. In models with a
flat detachment (w 5 0), drainage evolves in

a manner consistent with the conceptual mod-
el outlined previously: rivers are reversed by
the growing ridge, and adjacent catchments
join until a stream with sufficient incision
power to keep pace with tectonic uplift is pro-
duced. For the model with a relatively low
convergence velocity (Fig. 2A), this process
leads to the establishment of one water gap
and a series of regularly spaced wind gaps at
the loci of abandoned streams. If the conver-
gence velocity is high (Fig. 2B), the upstream
drainage area in our model is insufficient to
produce a river that is able to cut through the
ridge. In both cases, the absence of an axial
slope leads to fluvial aggradation behind the
fold and allows drainage to be deflected either
in the direction of propagation or in the op-
posite direction. When varying the detach-
ment angle (w) from 08 to 58 (a moderate angle
for near-surface detachments), drainage devel-

opment changes dramatically (Fig. 2C):
streams are diverted well to the back of the
growing fold, and major axial streams develop
between the two ridges. No wind or water
gaps develop on the ridge, and an axial slope
of ;18 is formed behind it. Deflected rivers
to the back of the fold do not aggrade (Fig.
2D); the axial slope is therefore a tectonic
feature.

To understand this evolution we have to
look at the geometry of the system in more
detail. Shortening at a rate Vt leads to uplift
to the back of the fault-propagation fold at a
rate u̇ (Fig. 1):

u̇ 5 V (tan w 1 tan a).t (1)

Because the system propagates laterally at a
rate Vy, an axial slope l is created:

V (tan w 1 tan a)tl 5 arctan . (2)1 2Vy

The direction of steepest descent in the region
behind the growing fold will therefore be at
an angle b with the antecedent drainage such
that tan b 5 tan l/tan a:

V (tan w 1 tan a)tb 5 arctan . (3)1 2V tan ay

Figure 3 shows predicted values of b for a
5 0.2 and different values of w, Vt, and Vy.
For slow lateral propagation rates (Vy/Vt # 5),
the angle b increases extremely rapidly even
for moderate detachment angles (w # 58); e.g.,
for the parameters in Figure 2C, u̇ 5 1.8
mm·yr21, l 5 18, and b 5 798. Drainage will
be strongly diverted in these cases, indepen-
dent of the rate of tectonic uplift on the fold.

Diversion through uplift to the back of the
fold therefore appears to be a very efficient
mechanism that will only be negligible for flat
detachments (w ø 0) and/or rapid lateral-
propagation rates (Vy k Vt). In other cases,
we predict that as long as the fault propagates,
drainage will not be able to cut through the
ridge, simply because the rivers do not reach
it but are diverted to the back of it.

COMPARISON WITH THE FRONTAL
HIMALAYA, NEPAL

The Siwalik fold-and-thrust belt (Fig. 4) is
formed by a succession of linear ridges, vary-
ing in altitude between 600 and 1500 m and
uplifted at the hanging walls of thrusts that
branch off a basal detachment at 5–6 km
depth (DeCelles et al., 1998; Mugnier et al.,
1999). The belt consists of sandstones and
conglomerates with relatively little vertical or
lateral variation in lithology (e.g., DeCelles et
al., 1998). Global Positioning System data in-
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Figure 2. Maps of model topography and drainage for various convergence rates and
detachment-fault dips. A: Slow convergence rate and flat detachment, after 250 k.y. B:
Fast convergence rate and flat detachment, after 150 k.y. C: Dipping detachment, after
150 k.y. Angle of drainage deflection (b) is annotated. D: Amount of erosion for dipping-
detachment model. Thick zero contour encloses depositional areas; rivers incise every-
where except where exiting ridges. Values for Vt and w are annotated; all other parameters
are as in Table 1.

Figure 3. Predicted angle (b) between pre-
existing transverse drainage and direction
of steepest descent to back of fault-propa-
gation fold, as function of detachment dip
(w), for a 5 0.28 and different Vy/Vt ratios (see
Table 1). Squares represent angles of drain-
age deflection for model experiments where
Vy/Vt 5 5.

dicate short-term convergence rates of 18 6 2
mm·yr21 across the Nepal Himalaya (Bilham
et al., 1997; Larson et al., 1999); active fault-
propagation and fault-bend folding associated
with the Main Frontal thrust take up a signif-
icant part of this convergence on geologic
time scales (Lavé and Avouac, 2000; Mugnier
et al., 2002). The Main Frontal thrust is
formed by segments that branch on lateral
ramps or die out laterally in propagating folds.

Drainage patterns within the Himalaya are
remarkable in that numerous large rivers are
deflected along the traces of the major thrusts
(Gupta, 1997). Along-strike river offsets be-
tween the deformation front and the internal
thrusts, as well as the spacing of rivers that
cross the frontal ridge, display distinctive re-
gional variations (Fig. 4). In western Nepal,
several rivers are deflected for more than 100
km by the most external ridge. The Rapti Riv-
er, for example, has been deflected by the
Dundwa ridge and follows an axial course for
;130 km before exiting the Siwaliks (Fig.
4B). The axial segment of the Rapti River has
a slope between 0.28 and 0.88 (Fig. 4C) and is

currently incising both bedrock and previously
aggraded sediments (Leturmy, 1997).

In contrast, maximum deflection is only 37
km in central and eastern Nepal. Similarly, the
mean spacing between drainage outlets cross-
ing the frontal range is 60 km west of
848309E; the mean spacing is 21 km east of
this longitude (Fig. 4D). Nonetheless, the
stream power of the rivers involved is of the
same magnitude; the contributing drainage
area of the strongly diverted Rapti River
where it exits the Siwaliks is greater than most
of the much less diverted rivers of eastern Ne-
pal. Long-term shortening rates of the outer
ridges, derived from section balancing and the
deformation of fluvial terraces, vary minimal-
ly between 14 6 4 mm·yr21 for western Nepal
(Mugnier et al., 2002) and 21 6 1.5 mm·yr21

for central Nepal (Lavé and Avouac, 2000);
shortening rates increase from west to east.
Moreover, similar and uniform lithologies are
exposed in the two areas.

From the results of our modeling, we sug-
gest that the major control on the difference
in drainage patterns observed between western

and central Nepal is the dip of the detachment.
Detachment angles have been estimated in
both regions from flexural models (Lyon-Caen
and Molnar, 1985), section balancing and seis-
mic profiles (Mugnier et al., 1999; Lavé and
Avouac, 2000), and dislocation modeling of
geodetic data (Jackson and Bilham, 1994;
Jouanne et al., 1999; Larson et al., 1999).
These data suggest that, whereas w 5 1.58–38
in eastern Nepal, it may reach 4.58–88 in west-
ern Nepal, with a transition zone located near
long 848E (Larson et al., 1999). To a first order,
these variations support our model inferences
that drainage patterns are strongly controlled by
the dip of the underlying detachment.

DISCUSSION AND CONCLUSIONS
Our modeling suggests that the interpreta-

tion of drainage patterns in regions of actively
growing fault-propagation folds may be more
complex than previously suggested. Concep-
tual models for drainage development in these
settings (e.g., Jackson et al., 1996; Burbank et
al., 1999; Keller et al., 1999) have concen-
trated on the growing fold, overlooking the
evolution of the upstream region, which was
assumed stable. Humphrey and Konrad (2000)
suggested that fluvial-sediment flux and ag-
gradation rate may play an additional role in
controlling drainage patterns behind actively
uplifting structures. We show that this area is
also affected by lateral displacement gradients
that tend to divert drainage and limit fluvial
aggradation. For a detachment dip of a few
degrees and relatively low rates of lateral
propagation, drainage will be efficiently di-
verted to the back of the growing fold, which
will thus be shielded from rivers having high
stream power. If active folds are capable of
efficiently diverting drainage behind them,
then the observed drainage spacing cannot be
simply linked to a competition between tectonic-
uplift and fluvial-incision rates. The observed
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Figure 4. A: Simplified structural and drainage map of Nepal Himalaya (modified from Chal-
aron et al., 1995; Mugnier et al., 1999), showing major thrusts (MCT—Main Central thrust,
MBT—Main Boundary thrust, MDT—Main Dun thrust, MFT—Main Frontal thrust), fault-prop-
agation folds (arrows), rivers, and Quaternary piggy-back basins (Su—Surkhet, Da—Dang,
De—Deukhury, Ch—Chitwan). Inset shows location of B. B: Detail of SPOT (Satellite Pro-
batoire pour l’Observation de la Terre) image showing termination of Dundwa ridge in two
active fault-propagation folds and diversion of Rapti River around active structures. C: Long
profile of axial segment of Rapti River; arrows indicate locations where it crosses major
thrusts or folds, and shaded bars indicate previously aggraded alluvial basins (after Letur-
my, 1997). D: River spacing (upward y-axis) and diversion (downward y-axis: white—at Main
Frontal thrust, black—at Main Dun thrust) for streams traversing Siwaliks, as function of
longitude.

spacing may rather reflect aspects of the thrust
geometry, such as a characteristic length of
the lateral fault segments.
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Received 8 May 2001; revised 17 August 2001; accepted 22 August 2001; published 12 June 2002.

[1] We study the controls on drainage development in tectonically active regions using a
numerical tectonic surface processes model combining tectonic uplift caused by fault-
related folding with erosion by fluvial incision, hillslope diffusion, and landsliding. Our
model shows the fundamental control exerted by the dip of the detachment underlying the
folds on drainage evolution. When the detachment is horizontal, the relative rates of
tectonic uplift and fluvial incision control the evolution. For a nonzero dip, in contrast, the
lateral displacement gradient associated with fold propagation sets up a lateral slope
behind the active structure, which deflects the stream network. We also demonstrate the
importance of landsliding for the attainment of realistic and steady state topography. In
contrast, discontinuous tectonic movements do not appear to influence the system. We
apply our model to the Dundwa fault-related fold ridge (Siwalik, Nepal). We estimate a
remarkably low mean propagation rate for different segments of the structure. This
finding, together with the structure and morphology of the ridge, leads us to propose that
the ridge developed by linkage of several component segments. The drainage evolution
predicted when modeling this scenario compares favorably with field observations. Our
models provide insights into the dynamics of fault-related fold propagation: In particular,
as a result of fault segment linkage, estimates of propagation rate of these structures may
be strongly scale-dependent, and the observed morphology and drainage patterns on fault-
related fold ridges may be controlled by fault geometry rather than by the relative rates of
tectonics and surface processes. INDEX TERMS: 8102 Tectonophysics: Continental contractional

orogenic belts; 3210 Mathematical Geophysics: Modeling; 1815 Hydrology: Erosion and sedimentation; 1824

Hydrology: Geomorphology (1625); KEYWORDS: Siwalik, river dynamics, numerical modeling, landscape

evolution, fault-related folding

1. Introduction

[2] Intracontinental mountain building in convergent
settings initiates with the nucleation, growth, and lateral
propagation of thrust faults [Elliott, 1976]. These tectonic
processes interact with erosion and deposition to create
the morphology and the long-term drainage patterns of
active convergent regions [Gupta, 1997; Burbank et al.,
1999]. The study of the landscape characteristics of these
regions therefore provides insights into the different
processes that created their morphology. Distinctive geo-
morphic features of active thrust-related fold growth
include the diversion of preexisting transverse rivers from
an axial course and the development of a series of wind
gaps at the loci of antecedent transverse streams [e.g.,
Jackson et al., 1996; Burbank et al., 1999]. The decrease
in elevation of wind gaps, together with a decrease in
relief and drainage density of the active fold crest, may
indicate the direction of lateral fold propagation [Keller

et al., 1999]. Antecedent rivers that have sufficient erosive
power to cut through the uplifting ridge will evolve into
transverse streams, which often show a characteristic
spacing [Jackson et al., 1996].
[3] Faulting is the primary mechanism for the upper

crust to accumulate permanent strain. Numerous field
observations show that as a fault accumulates displace-
ment, its size and length increase [Watterson, 1986;
Peacock and Sanderson, 1991; Dawers et al., 1993].
Moreover, faults usually occur in arrays that constitute
a fault zone by the linkage of several component seg-
ments [Dawers and Anders, 1995]. The frontal Himalayas
are a large-scale example of this arrangement: The Main
Frontal Thrust of the western Nepal Himalayas is com-
posed of three distinct segments that appear to propagate
independently [Mugnier et al., 1999; Husson et al.,
2002].
[4] Surface processes, acting on different scales and by

different mechanisms, affect the relief created by tectonics.
Short-range transport occurs on hillslopes and is usually
modeled as linear diffusion. Bedrock landsliding, which
also occurs on hillslopes, is very efficient in active
collision belts [Hovius et al., 1997]. The river network
creates the boundary conditions for hillslope processes by
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bedrock incision and evacuates the material deposited at
the base of the slopes [Anderson, 1994; Hovius et al.,
2000].
[5] The objective of this study is to understand the

mechanisms of formation and evolution of fault-related
fold ridges. The observation and comparison of large-scale
drainage patterns from tectonically active areas show that
river response to the growth of active structures may be
diverse: Some rivers maintain their initial course, cutting
through the growing relief, but others can be deflected for
several tens of kilometers [e.g., Gupta, 1997]. What are
the relations between structural setting and the evolution of
river networks? The apparent attainment of a steady state
topography observed on many active fold structures
implies a balance between tectonic growth and erosional
decay. What is the influence of the different surface
processes on the evolution to steady state topography?
Finally, many field studies have shown that faults grow by
coalescence and linkage of several distinct fault segments
[e.g., Ellis and Dunlap, 1988; Peacock and Sanderson,
1991; Dawers and Anders, 1995]. What are the effects of
such a mode of fault growth on stream development and
can we infer the growth history of faults from the drainage
pattern?

[6] Numerical modeling enables us to access the large
spatial and temporal scales associated with the processes
of mountain building, and many models have been
developed since the early 1990s to study the long-term
evolution of landscapes in different areas (see Beaumont
et al. [1999] for a review). These studies have been
concerned with different scales, from single fault scarps
[e.g., Arrowsmith et al., 1996] to entire mountain ranges
[e.g., Tucker and Slingerland, 1996; Beaumont et al.,
1999]. We focus on the intermediate scale of a single
fold ridge and develop a model that numerically combines
its growth by fault propagation and fault bend folding and
its decay by surface processes (fluvial incision, hillslope
diffusion, and bedrock landsliding). We compare the
scenarios predicted by this model to the Siwalik foothills
of the Himalayas and specifically to the active Dundwa
fold (Figure 1) in order to determine its rate and mech-
anism of propagation. In section 2, we briefly introduce
our study area. In sections 3 and 4, we review the model
and the general results that we obtain concerning the
evolution of the stream network and its tectonic and
geomorphic controls, in particular the roles played by
landsliding and by episodic tectonic displacements, as
induced by the seismic cycle. In section 5, we develop

Figure 1. (a) SPOT multispectral image mosaic of the study area, showing major thrusts and the
deflection of Rapti river. Light areas are small alluvial basins or duns. MFT, Main Frontal Thrust; MDT,
Main Dun Thrust; MBT, Main Boundary Thrust. FPF1, FPF2, and FPF3 are active fault propagation
folds at western termination of Dundwa ridge. Box shows location of Figure 7. A-A0 is the cross-section
detailed in Figure 1c. (b) Detail of SPOT panchromatic image of central Nepal, showing major tectonic
features and rivers crossing active frontal fault propagation folds. (c) Balanced cross section A-A0

showing structural style and major thrusts of the region (modified from Mugnier et al. [1999]; Copyright
1999, with permission from Elsevier Science). (d) Simplified tectonic sketch map of Nepal Himalaya
showing location of study areas. Shaded areas are Neogene intramontane basins or duns.
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a conceptual model for the evolution of the Dundwa
structure and test it using our numerical model.

2. Study Area

[7] The Ganges foreland basin fringes the Himalayan
orogen along more than 2000 km from west to east. The
Siwalik foothills constitute the northern edge of this basin,
between the Lesser Himalayas and the Ganges-Teraı̈ plain.
They are composed of continental detritic series (the Siwa-
lik Group) deposited during Miocene and Plio-Pleistocene
times [DeCelles et al., 1998]. The vertical distribution of
facies provides lithostratigraphic criteria to subdivide this
group into three units: the Lower, Middle, and Upper
Siwaliks. The foothills have been successively incorporated
into the thin-skinned thrust belt that can be compared to an
accretionary wedge [Delcaillau et al., 1987]. Three main
east-west trending thrust zones can be recognized (Figure 1).
From north to south, they are the Main Boundary Thrust
(MBT), which places the metamorphic rocks of the Lesser
Himalayas onto the Siwaliks, the Main Dun Thrust (MDT),
and the Main Frontal Thrust (MFT), which is the active
front of the Himalayas. Seismicity data [Ni and Barazangi,
1984; Pandey et al., 1999] and the deformation of fluvial
terraces [Lavé and Avouac, 2000] show that the frontal
Siwaliks are tectonically very active. Erosion rates are also
very high [Hurtrez et al., 1999]. The Siwalik region there-
fore provides an excellent opportunity to study the inter-
action between tectonics and erosion in a continental
convergent setting.
[8] The total shortening rate between India and Asia of

50 mm yr�1 [Larson et al., 1999] is accommodated by
several structures in a wide collision zone. The shortening
accommodated in the Siwalik region can be inferred from
cross section balancing [Mugnier et al., 1999], analyses of
river terraces [Lavé and Avouac, 2000] and GPS measure-
ments [Bilham et al., 1997; Jouanne et al., 1999]. These
studies all show that the mean Quaternary shortening rate is
�20 mm yr�1 in the outer belt of the Himalayas, which
concentrates the active deformation. In western Nepal,
deformation is distributed between the MBT, MDT, and

MFT; the displacement rate along the MFT is on the order
of 14 mm yr�1 from Holocene terrace uplift [Leturmy, 1997;
Mugnier et al., 2002].
[9] In section 5 we focus in particular on the Dundwa

ridge in western Nepal (Figure 1), a fault bend fold related
to overthrusting on the MFT and terminated to the west by
a series of fault propagation folds separated by wind and
water gaps. The maximum height of this structure lies
between 550 and 750 m along the 80-km length of the
ridge, whereas the amount of denudation increases east-
ward, suggesting that it has attained topographic steady
state [Husson et al., 2002] (see Figure 10). However,
regularly spaced elevation minima can be observed, which
by analogy with other structures resulting from active
folding [e.g., Jackson et al., 1996; Mueller and Talling,
1997; Keller et al., 1999] may be interpreted as wind gaps
that mark ancient river beds. At present, however, the
Dundwa ridge is not cut by transverse streams and
deflects the Rapti river (catchment area of 6200 km2)
for >100 km.

3. Numerical Model

[10] We combine a kinematic description of fault-related
folding with a modified version of the surface processes
model Cascade [Braun and Sambridge, 1997], which
includes numerical formulations for fluvial entrainment,
diffusive hillslope transport, and a new bedrock landsliding
algorithm (Figure 2). Cascade adopts an irregular grid to
discretize the landscape, which is particularly useful for
modeling active tectonics in which the grid is deformed, as
in our experiments.

3.1. Tectonic Model

[11] Above thrust faults, relief is created by fault prop-
agation and fault bend folding. These folds, recognized since
the 1950s [e.g.,Gallup, 1951], have been extensively studied
from seismic data. Several geometries have been proposed
for fault propagation folds. Suppe and Medwedeff [1990]

Figure 2. Cartoon of the numerical model showing model
geometry, initial setup, and significance of tectonic para-
meters. See text for discussion and Table 1 for parameter
values.

Table 1. Model Parametersa

Symbol Explanation Value

Kf stream power constant 10�2

v precipitation 1 m yr�1

w river width 10 m
Lfa erosion length scale for sediments 103 m
Lfb erosion length scale for bedrock 2 � 103 m
kd hillslope diffusivity variable (0)
y critical slope for landsliding 21�
k0 constant in landsliding algorithm 0.01
k1 constant in landsliding algorithm 1
dtchar characteristic time step 100 y
C effective cohesion 6 � 104 kg m�1 s�2

r density 2750 kg m�3

s seismic cycle parameter 0.2
t seismic cycle parameter 0.05
a initial slope variable (0.2�)
j detachment angle variable (5�)
q ramp angle 28�
P detachment depth variable (5 km)
Vt shortening rate variable (0.02 m yr�1)
Vy lateral propagation rate variable (0.2 m yr�1)

aFor parameters that are varied in this study, default values are given in
parentheses.
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derived two quantitative geometric models, each of them
encompassing an expected property of this folding mech-
anism under brittle conditions: either conservation of layer
thickness and bed length or a fixed-front anticlinal surface.
These models, however, do not replicate the curved fold
surfaces observed in some natural environments; the trish-
ear model [Erslev, 1991; Allmendinger, 1998], in which
shear is distributed in a triangular zone, has been proposed
to take this property into account.
[12] The kinematic model we develop is based on the

geometric description by Suppe and Medwedeff [1990] for
fault propagation folding, and Suppe [1983] for fault bend
folding. We choose not to apply the trishear model because
balanced cross sections of the Himalayan foothills [Leturmy,
1997; Mugnier et al., 1999] show monoclinal forelimbs of
the anticlines that are more consistent with the geometries
predicted by the Suppe and Medwedeff [1990] models
(Figure 1). However, we doubt that the choice of an
alternative kinematic description will strongly influence
the results presented here. The major difference between
the trishear and kink band models concerns the front limb of
the structure, which represents only a small part of the
surface. Moreover, we are interested in the evolution of the
drainage pattern, which we show to be mostly controlled by
the back limb development.
[13] The geometry of a fault propagation fold is defined

by three independent parameters [Suppe and Medwedeff,
1990]: the detachment depth (P), the detachment angle (j)
and the ramp angle (q) (Figure 2) and can be described by
the location of five characteristic points. The kinematic
model is described in detail in Appendix A. In short, we
calculate the coordinates of the characteristic points as a
function of the three independent parameters for a given
amount of shortening. We translate the geometric model
into a kinematic model using the displacement of these
points in response to accumulated shortening through time.
[14] When the fault tip reaches the surface, the mode of

deformation changes from fault propagation to fault bend
folding. At this stage, the geometry can still be described as
a function of P, j, and q [Suppe, 1983]. The kinematic
model derived by Suppe [1983] is based on the existence of
axial surfaces: Between two axial surfaces, the velocity is
constant and given as an expression of the shortening rate
and the three independent parameters (see Appendix A).
[15] Our initial models reproduce the self-similar growth

of a single fault with a constant shortening rate Vt and
propagating laterally at a constant rate Vy. In order to
describe the structure at a distance �y of the initial position,
we introduce a delay time �ty = �y/Vy [Wilkerson et al.,
1991]. At a time t, the length of the fault is thus L = Vyt and
the (maximum) displacement at its center is D = Vtt. The
displacement profile of such a fault is linear, as was
suggested by Elliott [1976], but which differs from the
more generally observed elliptical form [Walsh and Watter-
son, 1989]: We choose this form because it is simplest to
implement in the numerical model. However, we will show
(section 5.1) that a linear displacement profile is consistent
with field observations on the Dunwa ridge.

3.2. Surface Processes Model

[16] The topography created by tectonics is affected by
different surface processes, the most important of which

are fluvial incision, diffusive hillslope transport, and land-
sliding [e.g., Merritts and Ellis, 1994]. Different models
with various levels of complexity have been used to model
fluvial entrainment [Hancock et al., 1998; Howard et al.,
1994; Sklar and Dietrich, 1998]. Beaumont et al. [1992]
model fluvial incision and transport as a first-order kinetic
reaction:

@h

@t
¼ � 1

wLf
q
eqb
f � qf

� �
; ð1Þ

in which the length scale Lf reflects the erodability of the
substrate, w is river width, qf is the local sediment flux, and
qf
eqb is the equilibrium sediment flux, which is calculated

from the linear stream power law:

q
eqb
f ¼ Kf vAS; ð2Þ

in which Kf is a nondimensional scaling parameter, v is
precipitation, A is drainage area, and S is local slope. When
qf < qf

eqb, the river incises the substrate; when qf > qf
eqb, it

deposits sediments. This ‘‘undercapacity’’ model differs
from the more generally used stream power models
[Tucker and Slingerland, 1996; Whipple and Tucker,
1999]. It has the advantage, however, to treat detach-
ment-limited (qf � qf

eqb), transport-limited (qf 	 qf
eqb), and

alluvial (qf > qf
eqb) behavior within a single algorithm.

[17] Short range transport on hillslopes is usually mod-
eled as linear diffusion [Carson and Kirkby, 1972; Heimsath
et al., 1997]:

@h=@t ¼ �kd�h; ð3Þ

where kd is diffusivity, h is elevation and � is the
Laplacian operator. However, there is growing evidence
that the importance of landsliding rapidly increases with
increasing hillslope relief [Roering et al., 1999, 2001].
Several studies [Hovius et al., 1997; Densmore et al.,
1998, Ellis et al., 1999] have shown that the major
hillslope transport process in tectonically active regions is
bedrock landsliding. This process has long been neglected
in numerical models because of its complexity. Some
authors have incorporated it through a modification to the
linear diffusion transport rule [e.g., Anderson, 1994;
Roering et al., 1999]. We choose to develop a separate
algorithm for bedrock landsliding in order to study its
influence in more detail.
[18] Following Densmore et al. [1998], we model land-

sliding using Cullman theory, which holds that a landslide
will occur when the topographic slope is greater than a
critical slope (depending principally on the material and its
alteration). Landsliding will occur on the plane on which the
shear stress is equal to the sliding resistance, that is, where
the effective cohesion is maximized (Figure 3). The effec-
tive cohesion C can be expressed as [Cullman, 1875]

C ¼ 1

2
rgH

sin b� wð Þ sin w� yð Þ
sin b cosy

; ð4Þ

where r is density, g is gravitational acceleration, H is the
slope height, b is the topographic slope, w is the dip of the
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potential failure plane and y is the critical friction angle.
The derivative of C with respect to w is

@C

@w
¼ 1

2
rgH

sin bþ y� 2wð Þ
sin b cosy

; ð5Þ

and therefore the angle wc, for which the effective cohesion
is maximized, is

wc ¼
1

2
bþ yð Þ: ð6Þ

The failure plane will thus be the plane bisecting the
topographic tangential and the critical plane.
[19] In order to take the stochastic character of land-

sliding [Hovius et al., 1997] into account, this determin-
istic mechanical model is coupled to a probabilistic
algorithm: When a node is instable (that is, its topographic
slope is greater than the critical failure angle), it does not
necessarily induce a landslide. The probability of land-
sliding ( p) depends on the time elapsed since the last
landsliding event and the height on which the topographic
slope is greater than the critical slope [Densmore et al.,
1998]:

p ¼ H

Hc

þ k0
�tslide

dtchar
; ð7Þ

where �tslide is the time elapsed since the last landsliding
event at this point, dtchar is a characteristic time step, k0 is a
dimensionless scaling parameter, and Hc is a critical slope
height that can be found by substituting wc for w in (4) and
solving for H:

Hc ¼
4C

rg
sin b cosy

1� cos b� yð Þ

� �
: ð8Þ

By definition, Hc is always greater than H. To eliminate
the artifact introduced by variable time steps in our model

runs, we modulate the landsliding probability by the time
step (dt):

p0 ¼ 1� 1� pð Þk1dt=dtchar : ð9Þ

Following Densmore et al. [1998], we set a maximum size
for each landslide that is linked to the time elapsed since
the last landslide: only the nodes situated within this
specified distance from the initiating point and whose
vertical position is above the sliding plane will slide.
These nodes, considered unstable, are lowered so that their
new position is on the sliding plane. The volume of
material removed by this operation is calculated and
dispatched below the initiation node with a fixed slope of
2� following the route of steepest descent.
[20] The two scaling parameters k0 and k1 have no

physical significance outside the model context. We explore
the dependence of the landsliding model on these input
variables in Appendix B.

3.3. Parameter Values and Boundary Conditions

[21] The initial topography for our models consists of a
preexisting ridge, in front of which is a plain, characterized
by a very low depositional slope (Figure 2). This initial
condition induces a parallel drainage pattern, with rivers
flowing down the preexisting ridge and into the plain. A
second ridge grows in front of the first by fault propagation
folding followed by fault bend folding, induced by tectonic
shortening. Our models are 40 km long and 30 km wide.
Because of the limited size of our models, we neglect
isostatic rebound.
[22] The parameter values we adopt are given in Table 1.

The default values for the geometrical parameters are
estimated from field observations in western Nepal
[Leturmy, 1997; Mugnier et al., 1999]. The erosional
parameters are consistent with the values inferred by pre-
vious studies [van der Beek and Braun, 1998; Tomkin and
Braun, 1999] and precipitation is from Rao and Piya
[1996]. The landsliding parameter values are estimated by

Figure 3. Two-dimensional representation of the landsliding algorithm showing relationships between
topographic slope b, critical friction angle y and dip of sliding plane w. Ve is total volume of eroded
material; Va is volume of deposited material. Material conservation implies that Ve = Va. Inset shows
Mohr circle representation of the angles involved. See text for discussion.
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trial and error; the critical slope is estimated from a
statistical analysis of slopes in a digital elevation model of
the Siwaliks (Appendix C).

4. Model Results

4.1. Controls on Drainage Patterns

[23] A general explanation for the distinctive drainage
development on active fault-related folds is given by the
competition between tectonic uplift and river incision: In
order to maintain an antecedent course, a river must incise at
a rate at least equal to the tectonic uplift rate; if its mean
incision rate is lower, it will be outpaced and reversed by the
growing fold [Burbank et al., 1999; Tomkin and Braun,
1999]. The ability of a river to incise bedrock depends on its
local slope and discharge as well as bedrock lithology
(equations (1) and (2)). The spacing between adjacent
transverse streams should thus be a function of the relative
rates of thrust-controlled surface uplift and river incision:
Streams will be reversed and captured by adjacent ones until
their common drainage area, and thus discharge, is large
enough to provide sufficient stream power to cut through
the growing fold [Tomkin and Braun, 1999]. Conditions that
favor the deflection of initial streams by the growth of a
ridge are therefore (1) high rates of uplift on the fold,
controlled by high shortening rates, (2) a large width of the
growing ridge, (3) small upstream catchment areas, and (4)
low initial river gradients. Alternatively, the spacing of
transverse streams may reflect temporal, climatically con-
trolled, variations in discharge, or the propagation of distinct
fault segments [Jackson et al., 1996; Burbank et al., 1999].
[24] In order to quantify these conceptual model predic-

tions we first use our model to study how the geomorphic
evolution of fault-related folds responds to variations in
parameter values, for the case of a single propagating fold.
Figure 4 shows characteristic drainage patterns predicted for
different parameter combinations that control the tectonic
velocities and structural geometry of the system. Figure 4
shows that varying these parameters has a profound influ-
ence on drainage development in terms of how and where
streams are deflected. In order to study these controls more

systematically we have performed a sensitivity analysis by
running models in which only one parameter was changed
at a time (Figure 5). For each run we characterize the
predicted drainage pattern by a variable R that we term
the ‘‘drainage spacing ratio’’: R is the ratio between the
number of transverse streams cutting through the uplifted
ridge and the initial number of streams. It varies between 0
(all rivers deflected) and 1 (all rivers cut through the
growing ridge).
[25] Our results are consistent with the conceptual model

outlined above: the incision of the ridge is favored by low
tectonic rates (Figure 5a) and a high initial slope (Figure 5b),
indicating that the relative importance of tectonic and ero-
sional process rates will control the model drainage spacing.
Because incision rates in our model scale linearly with the
‘‘fluvial erosion efficiency’’ (Kf v/Lf) [van der Beek and
Braun, 1998], R will scale linearly with the ratio Kf v/Vt Lf
[Tomkin and Braun, 1999]. Our model also shows that the
width of the growing ridge (which is controlled by the depth
of the step-up point P) exerts a negative control on the
ability of rivers to cut through the ridge (Figure 5c).
[26] The distance between the preexisting and the active

ridge has a more complex influence: R is maximized for an
intermediate distance (Figure 5d). We interpret this as the
competition between two effects in our fluvial entrainment
model. On the one hand, an increase in the area drained by a
river increases its stream power. On the other hand, the
sediment flux of a river is positively correlated with its
length: its incision power, which depends on the local
undercapacity (qf

eqb � qf), therefore decreases with increas-
ing drainage area. The two effects being opposite, the
specific distance for which incision is most efficient is a
compromise between them.
[27] The ratio of the lateral to frontal propagation rate

Vy /Vt is clearly positively correlated with R (Figure 5e).
The explanation for this correlation requires a more
detailed look at the geometry of the structure; we will
come back to this in the next paragraph.
[28] These results provide general insights into what

should control drainage spacing on actively growing ridges.
This numerical approach can be tested in the field by

Figure 4. Examples of landscape development for different shortening velocities and detachment
angles. Predicted topography and drainage pattern after 40,000 years of shortening (Vy = 500 mm yr�1)
are shown for (a) slow convergence rate, horizontal detachment (Vt = 2 mm yr�1; j = 0); (b) fast
convergence rate, horizontal detachment (Vt = 20 mm yr�1; j = 0); and (c) fast convergence rate, inclined
detachment (Vt = 20 mm yr�1; j = 5�). Other parameters are as in Table 1.
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comparison with observations of the drainage pattern when
rivers cross the frontal structures of the Himalayas in Nepal.
At the scale of single propagating folds the frontal structures
of Nepal display the two end-members of the interactions
expected between fault propagation folding and drainage
development. The Someshwar and Parsi Hills in central
Nepal (Figure 1d) are presently active fault propagation
folds in front of the MFT that have not deflected even low-
order streams [Leturmy, 1997]. They are characterized by a
drainage spacing ratio of �0.8, a shallow step-up point of
1–2 km, as deduced from the tight geometry of the
structure, and interseismic uplift rates of �2 mm yr�1,
deduced from the projection of spirit leveling data [Jackson
and Bilham, 1994]. The preservation of antecedent streams
must imply a very low shortening rate. We therefore expect
the geodetically determined interseismic deformation rates
to be close to the long-term average, implying that coseis-
mic motion does not reach these structures but rather leads
to rupture on the MFT itself. In western Nepal, in contrast,
the growth of fault-related folds strongly affected the fluvial
network: Rivers are diverted around the active structures
that are characterized by wind or water gaps at their
terminations (Figure 1b).

[29] On the scale of the entire Himalayan front, however,
the extreme and highly variable drainage diversion cannot be
explained by along-strike variations in the relative rates of
tectonic uplift, propagation, and incision because these appear
tobe relatively constant along-strike [Lavé andAvouac, 2000;
Kirby and Whipple, 2001;Mugnier et al., 2002].

4.2. Influence of the Basal Detachment

[30] Our modeling results show that the dip of the
detachment exerts a major control on drainage development
(Figure 4c). Drainage development above a dipping detach-
ment is radically different from that in the previous models:
Streams are diverted well to the back of the growing fold
and major axial streams develop between the two ridges. No
wind or water gaps develop on the growing ridge. The
reason for this is that the detachment dip induces a lateral
surface slope in the direction of propagation as a result of
the lateral displacement gradient. The rivers, which flow in
the direction of the steepest descent, will be deflected in this
direction to the back of the growing structure. The lateral
slope also inhibits fluvial aggradation to the back of the fold
ridge [van der Beek et al., 2002], making deflection even
more efficient.

Figure 5. Plots of drainage spacing ratio R as a function of different input parameters: (a) ratio of
tectonic rates/incision rate (characterized by the value of shortening rate Vt; line shows best fit R � 1/Vt

relation), (b) initial topographic slope (a), (c) width of growing ridge (controlled by depth to step-up
point P), (d) distance between preexisting and active ridges, and (e) ratio of lateral propagation rate Vy/
shortening rate Vt. See text for discussion.
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[31] The angle d between the line of steepest descent and
the initial direction of streams can be expressed as a
function of the geometry and tectonic velocities of the
system [van der Beek et al., 2002]:

tan d ¼ Vt tan jþ tan að Þ
Vy tan a

: ð10Þ

Figure 6 plots this relationship and shows that the results
of our numerical models are consistent with this analytical
prediction. Field observations also support this model

result. Figure 7 shows a detail of the drainage pattern to
the back of the Dundwa ridge. A systematic clockwise
deflection of low-order streams that incise uplifted
terraces is obvious on this aerial photograph. The average
angle of deflection is 40� (Figure 7b) and can, in
principle, be used to provide constraints on Vy /Vt and j
(but see section 5).
[32] We can now also interpret the effect of lateral

propagation rate on the drainage spacing ratio for flat
detachments (e.g., Figure 5e). For j = 0, equation (10)
simplifies to d = atan (Vt /Vy). For high Vy /Vt ratios the
axial slope is low and transverse drainage is maintained,
leading to relatively high R. For low Vy /Vt ratios, in
contrast, diversion to the back of the fold inhibits high
stream power rivers to reach and incise the active ridge,
thereby decreasing R.

4.3. Role of Landsliding and Attainment of Steady
State Topography

[33] The ridge crest elevation of the Dundwa ridge is
relatively constant along-strike (see Figure 10b in section
5.2.2), suggesting an equilibrium between tectonic uplift
and erosion rates for this structure [Husson et al., 2002]. In
this section we investigate under what circumstances the
model reaches a steady state topography comparable to that
observed. In order to do so, we have run models including
different combinations of surface processes. Figure 8 com-
pares a model including fluvial incision only, a model with
fluvial incision and hillslope diffusion, and a model with
fluvial incision and landsliding.
[34] The first model predicts a continuously growing ridge

with a morphology that is almost exclusively induced by
tectonics and little affected by erosion; its back and front
slopes are extremely steep (Figure 8a). The rivers alone are
thus not efficient enough to balance tectonic growth because
of the small catchment areas on the growing ridge. We can
show that steady state will not be reached for a model that
includes only fluvial incision from a simple evaluation of

Figure 6. Plot of deflection angle of rivers (d) versus
detachment angle (j) from analytical prediction (equation
(10)) for different parameter combinations. Squares indicate
model results for Vy /Vt = 5, a = 0.2� and show that the
model conforms to the theoretical prediction.

Figure 7. (a) Aerial photograph showing streams incising uplifted fluvial terraces north of the Dundwa
ridge and being systematically deflected in the direction of fold propagation. Location indicated on
Figure 1. (b) Distribution of streamflow directions in the photograph, obtained using Intercepts image
analysis code [Launeau and Robin, 1996].
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equations (1) and (2). By writing the equilibrium conditions
@h/@t =� _u and q =�@h/@tA = _u A, where _u is tectonic uplift
rate, we can solve equations (1) and (2) for the fluvial
equilibrium slope Sf*:

Sf* ¼ 1þ wLf

A

� �
_u

vKf

: ð11Þ

Note that equation (11) is strictly only valid for spatially
constant _u, but we will use it as an approximate solution
here. By inserting the parameter values from Table 1,
_u = 0.02 m yr�1 and an average value for the catchment
areas on the growing ridge A 	 5.5 km2, we find Sf* 	 2,
which corresponds to equilibrium slopes of �60�. Since
the tectonic slope of the back limb of the fold (b, see
Appendix A) is only 23� in our model, the ridge can grow
indefinitely if fluvial incision is the only process destroying
it. In order to create a ridge that attains a reasonable steady
state topography (Sf* 	 0.25), Kf would need to be an order
of magnitude larger than in our models. However, a model
run in which Kf was increased by a factor of 10 leads to
rapid destruction of the preexisting range and complete
reversal of drainage. This result obviously depends on the
fluvial incision model that we choose. Kirby and Whipple
[2001] find parameter combinations for a stream power
model that fit observed stream profiles. However, we
suspect that extrapolating such a model to a planform
evolution will provide similar results to our ‘‘undercapac-
ity’’ model. We therefore conclude that the morphology of
the growing ridge is not controlled by fluvial incision alone.
[35] A model in which the ridge is eroded by fluvial

incision and hillslope diffusion is shown in Figure 8b, and

the resulting ridge crest elevation in Figure 8d. Such a
model does tend toward topographic steady state, but the
resulting morphology is very different from that observed in
the field. In order to restrict the topographic growth of the
ridge we need to choose a large value for the diffusion
constant kd of 100 m2 yr�1 [Leturmy, 1997], but this leads
to significant topographic smoothing and mass redistribu-
tion, leading to a very wide and rounded structure. As the
fluvial component is negligible (see above), we can predict
the steady state relief of the ridge (hd*) by combining
equation (3) with the equilibrium condition @h/@t = � _u
and integrating twice [Anderson, 1994]:

hd* ¼ _uL2

2kd
; ð12Þ

where L is the half width of the ridge. Taking L = 4000 m,
we find hd* = 1600 m, 3 times the observed elevation. The
response time kd required to reach steady state elevation is
[Anderson, 1994]

kd ¼ L2=kd: ð13Þ

We find kd = 1.6 � 105 years. Our model results, which
show that the ridge has grown �1400 m of relief after 105

years (Figure 8d), are in agreement with these predictions.
[36] Finally, when we include landsliding in our model

(Figure 8c), the ridge evolves rapidly and rather abruptly
toward topographic steady state, with a maximum relief of
�1000 m reached after 50,000 years (10 km of lateral
propagation). Tectonics creates supercritical slopes on both

Figure 8. Role of landsliding. (a–c) predicted topography and drainage patterns after 100,000 years
of shortening for fluvial incision only (Figure 8a; Kf = 10�2); fluvial incision and diffusion (Figure 8b;
kd = 100 m2 yr�1); and fluvial incision and landsliding (Figure 8c; y = 21�). All other parameters as in
Table 1. (d) Topographic profiles of crest of growing ridge for the three models. (e) Plot of landslide
loci for model in Figure 8c.
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sides of the active structure that are susceptible to land-
sliding (Figure 8e). The lateral slope on the nose of the
active ridge is subcritical, and the ridge can therefore grow
until the two landslide-induced slopes on the back and the
front of the structure join. We can therefore define a steady
state elevation hL* and a response time tL from simple
geometric arguments:

hL* ¼ LSL* ð14Þ

tL ¼ LSL*= _u; ð15Þ

where SL* is the characteristic slope formed by the landslides
(which is lower than the critical slope). Taking SL* = 0.25
and the other parameters as before, we find hL* = 1000 m
and tL = 5 � 104 years, which corresponds to our numerical
results (Figures 8c and 8d). A response time of �50,000
years is also consistent with previous model results for
similarly scaled structures [Allen and Densmore, 2000].
[37] Landsliding prevents the development of axial

streams on the nose of the growing ridge, which thins in
the direction of propagation. The eroded material is depos-
ited at the foot of the ridge from where it is carried away by
the rivers. Landslides also occur on the preexisting range
and are aligned with the rivers (Figure 8e); these are caused
by fluvial incision that steepens the base of the slopes,
creating supercritical slope angles. These landslides result
in low drainage density in the initial range when compared
to the model without landslides. The predictions for the
model including landsliding (low elevation of the growing
ridge, low drainage density, absence of axial streams on the
nose of the growing ridge, attainment of steady state

topography) show that this model is the most consistent
with field observations. This result supports previous stud-
ies that suggested that landsliding plays a crucial role in
modulating topography in tectonically active regions [Bur-
bank et al., 1996; Hovius et al., 1997; Densmore et al.,
1998, Ellis et al., 1999].

4.4. Influence of the Seismic Cycle

[38] It is well known that continental shortening is con-
tinuous at large timescales, but at smaller scales, in the
seismic regime, slip events occur episodically and short-
ening results in an accumulation of elastic strain above the
crustal detachments. Thus deformation in tectonically active
areas, and particularly in the frontal Himalayas, is discon-
tinuous [Yeats and Lillie, 1991; Larson et al., 1999; Pandey
et al., 1999]. When the accumulated elastic strain exceeds a
critical value, it is suddenly released in a large earthquake.
[39] We have developed a slip-predictable earthquake

model using a stochastic algorithm which, by analogy to
our landsliding model, predicts the probability ptect that
seismic slip will occur for each time step. This probability is
time-dependent:

ptect ¼ sþ t
dte

dtchar
ð16Þ

where dte is the time elapsed since the last earthquake. When
an earthquake occurs, the total shortening accumulated since
the last event is applied instantaneously (Figure 9a). We
scale the parameters s = 0.2 and t = 0.05 so as to
overestimate the largest possible slip event. For a short-
ening rate of 0.02 m yr�1, the maximum seismic slip in our

Figure 9. Influence of episodic tectonic movement. (a) Cumulative slip through time for continuous
motion model and slip-predictable earthquake model. (b and c) Predicted topography and drainage
pattern after 100,000 y with episodic and continuous motion, respectively.
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model is 32 m (maximum recurrence time 1600 years),
which is several times greater than the 3–10 m that
occurred during historical M � 8 earthquakes in central
Nepal (see reviews by Molnar [1990] and Bilham et al.
[1995]).
[40] The comparison of the continuous and episodic

deformation models shows that discontinuous deformation
does not affect the topographic signature and the drainage
development of the system (Figures 9b and 9c). Note,
however, that soil acceleration during earthquakes is not
incorporated and the triggering effect of earthquakes on
landslides [Schmidt and Montgomery, 1995] has not been
taken into account in this study.

5. Development of the Dundwa Ridge

[41] Now that we have established the most important
controls on the geomorphic development of fault-related
fold ridges, we will use our model to try to comprehend the
formation and evolution of the Dundwa ridge (Figure 1) in
more detail. In this section, we first estimate the lateral
propagation rate of the structure from different geomorpho-
logical and structural observations and then develop a
numerical model to simulate the development of the ridge.

5.1. Estimating Propagation Rates

5.1.1. Drainage patterns
[42] Field observations show a consistent clockwise

deviation of low-order streams that incise uplifted
terraces to the back of the termination of the Dundwa
ridge (Figure 7). Our first approach to estimate the lateral
propagation rate is to use this deflection, employing
equation (10), which relates it to tectonic rates. However,
several other parameters are important in equation (10): in
particular, the surface slope a exerts a fundamental control.
The value of a in the study area is estimated at 0.5–2%

[Mugnier et al., 2002]. For a detachment slope of 5� and a
deflection angle of 40�, Vy/Vt calculated from equation (10)
may therefore vary from 6.4 to 22. The uncertainty in a
and the sensitivity of drainage deflection to this para-
meter prevent us from using the simple equation (10)
quantitatively.
5.1.2. Structural cross sections
[43] An alternative way to estimate the lateral propagation

rate is to use balanced cross-section techniques [Hossack,
1979], which predict the shortening corresponding to
specific cross sections assuming the geometric parameters
are known and constant (Table 1). If we assume constant
shortening and propagation rates on the fault, the shortening
at a time t and at a distance L1 of the locus of fault nucleation
is D1 = Vt (t � L1/Vy). Using two cross sections, the ratio of
tectonic velocities can be expressed in terms of lengths and
differences in shortening:

Vy=Vt ¼ �L=�D; ð17Þ

where�L is the distance between the two cross sections and
�D is the difference in shortening between them. Assuming
that the shortening at the western termination of the
westernmost fault propagation fold of the Dundwa ridge
(FPF1 in Figure 10) is zero, we can calculate the mean ratio
of tectonic rates for the part of the structure situated between
the cross section studied (AA0 on Figure 1c) and the nose of
the ridge. It follows that 2 km of shortening have died out
laterally in nearly 8 km, which gives a ratio Vy /Vt = 4.
[44] The same approach is used for the Dundwa ridge

itself. We use four cross sections through characteristic
points situated in the western, younger part of the ridge
(FPF3): (1) the western termination of the ridge, (2) the
emergence of the ramp (tip line), (3) the emergence of the
stratigraphic horizon between the Lower Siwalik and Mid-
dle Siwalik Groups, and (4) the emergence of the strati-
graphic horizon between upper and lower Middle Siwalik

Figure 10. (a) Simplified geologic map of western termination of Dundwa ridge and location of the
cross sections and characteristic points used to estimate shortening. (b) Along-strike maximum elevation
of Dundwa ridge and plot of estimated shortening at different locations.
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members (B to E on Figure 10a). The emergence of these
limits can be correlated to specific amounts of shortening
because their hanging wall cutoff has been preserved from
erosion and the stratigraphic thicknesses are known, allow-
ing a reasonable construction of the hanging wall geometry.
The ratio of lateral propagation to convergence rates
deduced from our observations is consistent for the three
points considered, between 1.1 and 1.3. Assuming a short-
ening rate of 14 mm yr�1, we infer a lateral propagation rate
of 16 to 18 mm yr�1 for FPF3. The estimates for the
tectonic ratio Vy /Vt lie outside the range of those estimated
from the stream deflection analysis. We suspect that this is
due to the lack of accuracy of the previous method that we
pointed out in section 5.1.1. If we assume that both the
shortening and the propagation rate along the fault are
constant, which is in good agreement with the observations
on the westernmost propagating fold (see Figure 10), the
tectonic ratio Vt /Vy is equal to D/L (where D is the
maximum displacement on the fault and L is its length).
This ratio is surprisingly high for this section, which may be
related to the complex structural setting of its termination,
with an incipient back thrust branching of an intermediate
detachment level to the north of FPF3 [Mugnier et al., 1999]
(see Figure 10). Unusually high D/L ratios have been
inferred for other fault-related fold terminations that involve
back thrusts [e.g., Mueller and Talling, 1997].
[45] When considering the older, eastern parts of the

structure, our results and previous studies [Mugnier et al.,
1999] indicate a nearly constant displacement in the order of
10–15 km (F to J on Figure 10a). Displacement estimates
for these sections are lower bounds because hanging wall
cutoffs have been eroded. The easternmost estimate, how-
ever, is well constrained because an unconformity trans-
ported on the back limb of the structure and linked to the
onset of shortening has been preserved from erosion [Mug-
nier et al., 1999]. Therefore the linear correlation found in
the younger part of the structure cannot be extended to the
east (Figure 10b), and the large-scale propagation of
Dundwa ridge is more complicated than our a priori
assumption of a single laterally propagating crack. Although
the data from the eastern part of the Dundwa ridge could
suggest a single fault with a bell-shaped displacement
profile [e.g., Walsh and Watterson, 1989], the complexity
of the western termination, showing three successive fault
propagation folds, incites us to propose a model in which
the Dundwa structure grows by lateral propagation and
eventual linkage of separate faults, coupled with the prop-
agation of nucleations themselves along the deformation
front. The �20 km characteristic spacing of topographic
lows along the crest of the structure (Figure 10) fits with the
wavelength of along-strike structural undulations of the
ridge (L. Husson, personal communication, 2000) and
may thus be controlled by the initial fault segment length.

5.2. AModel for the Propagation of the DundwaRidge

[46] In order to explore the consequences of the scenario
outlined above, we develop a numerical model for the
development of the Dundwa ridge, in which two fault
segments nucleate at different times and both propagate
laterally. The first fault segment nucleates at y = 30 km at
the onset of the run and propagates in the negative y
direction; the second segment nucleates after 50,000 years

at y = 10 km and propagates in both the positive and
negative y directions. The shortening and propagation rates
are 20 and 200 mm yr�1, respectively. The structures
therefore link at t = 75,000 years. Although the propagation
rate is much larger than that calculated for the Dundwa
structure, our results are qualitatively valid independently of
propagation rate.
[47] Figure 11 shows the geomorphic evolution predicted

by this model. The zone of convergence between the two
propagating fold segments forms a passage for rivers
deflected into it by the growing ranges. The slope induced
in the direction of propagation by the dipping detachment
creates a secondary drainage divide to the back of the
doubly propagating fault segment. When the two segments
link, the transverse valley is abandoned and a wind gap is
created. The topographic sink behind the transverse valley
develops into a basin behind the newly linked structure,
which persists until sedimentation within it permits axial
rivers to breach the secondary drainage divide.
[48] The resulting morphology has characteristics that

compare favorably to field observations. In particular, we
suggest that this may be a mechanism by which the small
alluvial basins (locally known as duns) that are present
behind the propagating ridges (see Figure 1) may have been
formed. Our model predicts that these basins would be
characterized by a succession of fluvial, lacustrine and
renewed fluvial sedimentation and can thus be tested in
the field.

6. Discussion and Conclusions

[49] The coupled tectonic/surface processes model that
we developed enables us to address several topical ques-
tions concerning the key processes of landscape develop-
ment in areas of active fault-related folding and the rates and
mechanisms of propagation of fault-related folds. Our
model allows us to quantify the conceptual models for the
relationships between drainage patterns, fault geometries,
and propagation rates in tectonically active areas. Results
indicate that when the detachment is horizontal and the
lateral propagation rate much larger than the convergence
rate, drainage development is controlled by the rates of
tectonic uplift on the fold relative to the efficiency of fluvial
erosion and transport. The spacing of transverse streams in
this case scales with the ratio of the parameter values
controlling fluvial incision to the convergence rate. In such
simple settings, the relative rates of convergence, lateral
fault propagation, and fluvial incision can be determined
directly from the drainage network [Tomkin and Braun,
1999]. Although these simple models compare well with
small-scale drainage patterns around single active structure,
they appear to have little relevance to the large-scale drain-
age pattern of the frontal Himalaya, which is characterized
by very large and strongly variable drainage spacing
[Gupta, 1997; van der Beek et al., 2002].
[50] Our model shows that the dip of the underlying

detachment exerts a first-order control on the stream net-
work developed in regions of active fold-related folding.
When the detachment has a nonzero dip, the lateral dis-
placement gradient sets up an axial slope behind the grow-
ing fold which efficiently diverts all drainage so that the
fold itself is shielded from rivers with large incision
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capacity. Such a mechanism is able to explain the large-
scale river deflection observed throughout the Siwalik belt.
Striking differences in drainage patterns between central
and western Nepal may be controlled to a first order by
variations in the dip of the underthrusting Indian Plate [van
der Beek et al., 2002]. This model, however, does not
explain the development of wind or water gaps on the
active structures because it predicts drainage to be deflected
continuously around them.
[51] The model also illustrates the crucial role of land-

sliding in the evolution of tectonically active areas, as has
previously been underlined in other tectonic settings [e.g.,
Burbank et al., 1996; Hovius et al., 1997; Densmore et al.,
1998]. The relatively constant elevation of many of the
Siwalik fold ridges, independent of the amounts of tectonic
uplift and denudation on them, suggests that they have
reached topographic steady state [Hurtrez et al., 1999;
Husson et al., 2002]. We show that only models including
bedrock landsliding predict a reasonable steady state top-
ography, in comparison to field data. Discontinuous tec-

tonic movements induced by the seismic cycle, on the
other hand, do not appear to influence the resulting
morphology, although we have not explored the possible
control of seismicity on landsliding.
[52] Finally, the application of the model to the Dundwa

ridge in the frontal Himalayas provides us with new insights
on the mode of propagation of this and similar structures. Our
study shows that the rate of propagation of the Dundwa
structure is of the same order as the shortening rate, and
significantly lower than previously inferred. The ridge ter-
minates in a series of three, apparently simultaneously active,
fault propagation folds. These observations, together with the
occurrence of topographic lows on the crest line of the ridge
with a characteristic spacing similar to that of the active fault
propagation folds, suggest to us that the lateral propagation of
this structure is due to the initiation and linkage of several
distinct fault segments. Such an evolution of the ridge is
consistent with dynamic models of fault growth [e.g., Cowie
et al., 1993; Cowie, 1998] in which interactions between
simultaneously growing faults lead to enhanced growth of

Figure 11. Predicted evolution of a system with complex lateral propagation: a first nucleation occurs at
the north edge and propagates southward. A second nucleation occurs after 50,000 years 20 km south of
the first one and propagates in both north and south directions. Plots show topography and drainage
pattern after (a) 25,000 years, (b) 50,000 years, (c) 75,000 years, and (d) 100,000 years of shortening.
Note development of wind gap and closed alluvial basin in Figure 11d.
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favorably aligned fault segments and eventual linkage of
these to form large throughgoing fault zones. Such a fault
growth process has also been evidenced in field studies of
normal faults (see Gupta and Cowie [2000] for a review).
[53] Numerical modeling suggests that this mode of

propagation is consistent with the observed drainage pat-
terns, wind gap spacing, and the occurrence of small alluvial
basins or duns to the back of the active structures. The
development of these basins could be due to the tectonic
dams created by simultaneous propagation on different fault
segments. The characteristic spacing of topographic lows on
the ridge (Figure 10) as well as the length of the active fault
propagation folds, suggests an initial fault segment length of
�15–20 km. The larger duns have been shown to occur in
association with tear faults that link large-scale segments of
the MFT/MDT system [Huyghe et al., 1998; Mugnier et al.,
1999]. We therefore suggest a close relationship between
fault segment boundaries and tear faults, as previously
proposed for similar but smaller-scale structures [Mueller
and Talling, 1997; Delcaillau et al., 1998].
[54] The interpretation of the elevation minima as wind

gaps requires that they have been present since the onset of
deformation on the Dundwa structure and have persisted
through the denudation of up to 4.5 km of cover material
(required to expose the Lower Siwalik Group). The along-
strike undulations of the ridge could be inherited from the
initial fault segment linkage and could act to maintain wind
gap locations. Furthermore, numerical surface process mod-
els indicate that for constant boundary conditions and
tectonic forcing, drainage patterns can indeed remain stable
throughout large amounts of denudation, although recent
analog experiments of landscape development [Hasbargen
and Paola, 2000] suggest otherwise.
[55] The effective lateral propagation rate for the entire,

linked structure is therefore much larger than what we
calculate for a single segment because it depends on the
propagation rate of nucleations themselves along the front.
Since the process of nucleation and fault linkage may
operate simultaneously at different spatial scales, we expect
the effective propagation rate to be strongly scale-dependent
and to increase with the scale on which it is examined. In
effect, whereas we estimate rates on the order of a few tens
of millimeter per year on the scale of a single �20-km-long
fault segment, Husson et al. [2002] estimate these rates to
be 150–200 mm yr�1 for the �150-km-long Dundwa ridge.
Meigs et al. [1995] and Huyghe et al. [2001] provide
evidence for extremely rapid (>500 mm yr�1) lateral prop-
agation of the MBT at �12 Ma and therefore near-cylin-
drical behavior on the scale of the entire frontal Himalayan
accretionary wedge.

[56] Our models therefore indicate that as has been
previously proposed [Jackson et al., 1996; Burbank et al.,
1999; Keller et al., 1999; Tomkin and Braun, 1999], the
geomorphology and drainage patterns of actively growing
fault-related folds are rich in information on the tectonics of
the system. In particular cases, the evolution of the stream
network in the presence of an uplifting ridge is influenced
by the relative importance of tectonic and erosion rates. This
interpretation, however, appears to be significantly more
complex because of the complex roles of detachment dip
and fault linkage. In many cases, the spacing of wind and
water gaps may be controlled by these two structural
controls rather than by a simple interplay between tectonic
and erosional process rates.

Appendix A: Tectonic Model

A1. Fault Propagation Folding

[57] Suppe and Medwedeff [1990] express the geometry
of a fault propagation fold by characteristic angles that can
be linked to two independent parameters: detachment angle
(j) and ramp angle (q). The following relations enable us to
determine numerically the characteristic angles of the struc-
ture (Figure A1a):

tan q� jð Þ ¼ �sin gþ jð Þ sin 2gþ jð Þ þ sinj½ �
cos gþ jð Þ sin 2gþ jð Þ þ sinj½ � � sin g

; ðA1Þ

sin gi ¼ sin gi* sin ge

sin ge*;
ðA2Þ

dcot ge ¼ cot ge*� 2cot g; ðA3Þ

tangi* ¼ sin 2g� ge*þ geð Þ
singe

sin ge*
þ cos 2g� ge*þ geð Þ

; ðA4Þ

sin 2ge*ð Þ
sin 2gi*ð Þ ¼

cot gi*� cot geþ gi� qð Þ
cot q� cot ge

; ðA5Þ

2g ¼ p� b: ðA6Þ

Equations (A1)–(A6) are solved iteratively at the onset of
the model run to determine the characteristic angles g, b, gi,
ge, gi*, and ge*. The coordinates of the characteristic points

Figure A1. Geometry and kinematics of fault propagation folding. (a) Characteristic angles of the
model and (b) characteristic points.
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of the structure can then be calculated in the coordinate
system (O, x, z) as follows (Figure A1b):

P4 �P þ�r tanj
tang

��r; P

� �
; ðA7Þ

P 0
4 �P þ�r tanj

tan g
; P þ�r tanj

� �
; ðA8Þ

C r tan j
cos q sin gþ bð Þ
sin g sin q� bð Þ ; r tan j

sin q sin gþ bð Þ
sin g sin q� bð Þ

� �
; ðA9Þ

F

 
r tanj

cos q sin g sin q� bð Þ sin gi*þ sin g sin qþ gþ gi*ð Þ½ �
sin q� bð Þ sin 2g sin qþ gþ gi*ð Þ � sin qþ gð Þ sin gi* sin b½ �;

r tan j
sin q sing 
 sin q� bð Þ sin gi*þ sin g sin qþ gþ gi*ð Þ½ �

sin q� bð Þ sin 2g sin qþ ggi*ð Þ � sin qþ gð Þ sin gi* sin b½ �

!
;

ðA10Þ

S

�
xF þ r tan j

sin q� bð Þ �
xF

cosq

� �
cosg sin qþ gþ gi*ð Þ

singi*
;

zF þ r tan j
sin q� bð Þ �

xF

cosq

� �
sing sin qþ gþ gi*ð Þ

sin gi*

�
ðA11Þ

Pint

�
� P cotgþ cos b

sinðgþ bÞ xF sin gþ zF cos gð Þ;

P þ sin b
sin gþ bð Þ ðxF sin gþ zF cos gÞ

�
; ðA12Þ

P3 xS þ
ZPint � zS

tange*
; ZPint

� �
; ðA13Þ

P2

�
xF þ cos ge

xP3
� xFð Þ sin gþ zP3

� zFð Þ cosg
sin gþ geð Þ ;

ZF þ sin ge
xP3

� xFð Þ sin gþ zP3
� zFð Þ cos g

sin gþ geð Þ

�
ðA14Þ

P1

�
x 0
F þ cosge

xP3
0 � xF 0ð Þ sin gþ zP3

0 � zF 0ð Þ cos g
sin gþ geð Þ ;

ZF 0 þ sin ge
xP3

0 � xF 0ð Þ sin gþ zP3
0 � zF 0ð Þ cosg

sin gþ geð Þ

�
ðA15Þ

where points Pi and P
0
i are material points that correspond to

the structure with shortening r and r + �r, respectively, and

Pint is related to the geometry of the structure but is not
fixed to the material (Figure A1).
[58] Equations (A7)–(A15) allow us to determine the

geometry of the structure for any accumulated shortening
r. Our kinematic model calculates the location of points on
the surface at each time step, based on the known
displacement of characteristic points between two time
steps: the points in front of P1 do not move; the points
to the back of P4 move on the basal detachment; P3 is
fixed with respect to the material. The displacements of all
other points of the surface are linked to these displace-
ments, so that the deformation is continuous: (1) the
displacement of the points between P1 and P2 varies
linearly between P1 and P’2, (2) the displacement of the
points between P2 and P3 is equal to that of P3, (3) points
between P3 and P4 are displaced between P’3 and P 0

4 (the
x coordinate is linearly moved and the z coordinate is then
adjusted so that the points stay on the surface of the
structure), and (4) the displacement of the points to the
back of P4 is equal to that of P4.

A2. Fault Bend Folding

[59] When the fault has propagated to the surface, the
mechanism of deformation changes from fault propaga-
tion to fault bend folding. The geometry and kinematics
of fault bend folds in our model are based on the
existence of axial surfaces [Suppe, 1983] between which
the velocity is constant in direction and magnitude. The
angles characterizing these axial surfaces are again only
dependent on q and j (Figure A2):

tan q� jð Þ¼ sin g1 � jð Þ sin 2g1 � jð Þ � sinj½ �
sin g1 � cos g1 � jð Þ sin 2g1 � jð Þ � sin j½ � ðA16Þ

tan q ¼ sin 2g2ð Þ
1þ 2cos2 g2

: ðA17Þ

The kinematic description is the following:
1. The displacement of the points to the back of Q4 is

parallel to the detachment, and their velocity is

v4 ¼
vt

cos j
: ðA18Þ

2. The displacement of the points between Q4 and Q2 is
parallel to the ramp, and their velocity is

v3 ¼ v4
sin g1 � jð Þ
sin g1 � qð Þ : ðA19Þ

3. The displacement of the points between Q2 and Q1 is
parallel to the initial surface, and their velocity is

v2 ¼ v3
sin g1 � qð Þ

sing2
: ðA20Þ

4. The points in front of Q1 do not move.

Figure A2. Geometry and kinematics of fault bend folding
(angles and characteristic points).
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Appendix B. Influence of k0 and k1 Values on
the Landsliding Algorithm

[60] The parameters k0 and k1 were introduced in the
equations (7) and (9) of the landsliding model. These
parameters link the landsliding probability to the time
elapsed since the last landsliding event. Their values can,
in principle, be estimated from field observations of magni-
tude-frequency distributions of landsliding events [e.g.,
Hovius et al., 1997]. We lack the magnitude-frequency data
required to approximate these values but can restrict them to
a specific range. The study of the total volume moved by
landslides in a simple context (uplift of a half-space in
respect to the other) as a function of these parameters shows
that in order to obtain a stochastic initiation of landslides
they must not exceed a critical value (Figure B1). Other-
wise, the model is totally deterministic, and all potential
landslides at any time step are released. These numerical
results can also be found analytically.
[61] The parameter k0 is linked to the intermediate land-

sliding probability p0 in equation (7). As �tslide = dtchar, it
follows that p0 � k0. Therefore k0 must not be >1 in order to
maintain stochastic behavior. The landsliding probability
then verifies the following:

p � 1� 1� k0ð Þk1dt=dtchar : ðB1Þ

This probability will equal 1 ± 0.01 if k0 and k1 verify:

k1 �
ln 0:01ð Þ dtchar
dt ln 1� k0ð Þ ; ðB2Þ

which gives, for dt = dtchar and k0 = 10�2, k1 � 458.
Throughout this study, we use k0 = 10�2 and k1 = 1 (see
Table 1).

Appendix C. Determination of the Critical Slope
of the Landsliding Algorithm

[62] The slope distribution of our models after the
system reached steady state shows a peak for a slope
slightly lower than the critical failure angle. Inversely, the
critical failure angle used in the landsliding algorithm can
be determined from the distribution of slopes in a natural
system (Figure C1). We use a digital elevation model
(DEM) of central Nepal [Hurtrez et al., 1999; Lavé and
Avouac, 2000] to study the slope distribution in the outer
Siwalik ridges. The DEM extend from 85�050E 27�300N
(northwest corner) to 85�350E 27�100N (southeast corner).
The initial resolution of the DEM is 20 m. By degrading
this resolution we study how the apparent slope distribu-
tion scales with resolution in order to compare it to our
numerical models which have a mean spatial resolution of
400 m. The observed slope distribution peaks sharply at
20�; when degrading the resolution to 400 m, this peak
smears out and shifts to 7–12�. At the lower resolution a
clear upper limit to slopes of 21� becomes apparent; we
used this value to represent the critical failure angle in our
models.
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Pascale Huyghe, and Jérôme Lavé for numerous comments and discussions
on the manuscript and Patience Cowie, Mike Ellis, and Eric Kirby for
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de fronts de chevauchement actifs: Le cas des chevauchements intrasi-
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