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Abstract

River networks in mountain ranges owe their existence to the competing effects of tectonic uplift and climate-controlled erosion.
However, paradoxically, the universal geometric properties of river networks are independent of both tectonics and climate. Cur-
rently, this paradox has still not been resolved. Here we propose a solution that consists in considering that the geometry of river
networks is established on the lowland margins of incipient uplifts, and is quenched into the erosion zone as the mountain belts
widen with time. In our model, the geometry of river networks simply reflects the downward coalescence of alluvial rivers on un-
dissected surfaces outside of mountain belts, and is therefore independent of erosion processes. To cite this article: S. Castelltort,
G. Simpson, C. R. Geoscience 338 (2006).
© 2006 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

Résumé

Croissance des réseaux hydrographiques dans les chaines de montagnes. Les réseaux hydrographiques dans les chaines de
montagne doivent leur existence aux actions combinées du soulévement tectonique et du climat (via les flux d’eau). Cependant,
et paradoxalement, les propriétés géométriques bien connues d’organisation des réseaux sont essentiellement indépendantes des
contextes tectoniques et climatiques. Nous proposons une explication a ce paradoxe, dans laquelle la géométrie des réseaux hydro-
graphiques s’acquiert dans les plaines aux pieds des reliefs naissants, et est ensuite progressivement piégée dans la zone en érosion
quand la chaine s’élargit. Ainsi, la géométrie des réseaux de rivieres reflete simplement la coalescence d’amont en aval des rivieres
sur des surfaces non encore incisées a I’extérieur des chaines de montagnes et est, pour cette raison, essentiellement indépendante
des processus d’érosion. Pour citer cet article : S. Castelltort, G. Simpson, C. R. Geoscience 338 (2006).
© 2006 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
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Introduction
* Corresponding author. L . N
E-mail address: sebastien.castelltort @lgs.jussieu.fr Une propriété marquante des réseaux de rivieres est
(S. Castelltort). qu’ils présentent invariablement les mémes lois d’orga-
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nisation géométrique a toutes les échelles [4,27], indé-
pendamment des contextes tectoniques et climatiques,
ainsi que du cadre géologique en général. Cela semble
en contradiction avec I’intuition selon laquelle les ri-
vieres, de par leur position a I’interface entre lithosphere
et atmosphere, devraient au contraire &tre fortement in-
fluencées par les processus tectoniques et climatiques.
En fait, malgré I’attention considérable qui a été por-
tée a I’étude quantitative des réseaux hydrographiques
(voir [27] pour une revue), il manque encore aujour-
d’hui une compréhension claire de ce qui lie la géomé-
trie des réseaux hydrographiques aux mécanismes phy-
siques responsables de leur développement [4,15,29].
Plus précisément, comment se fait-il que les réseaux
hydrographiques puissent exister grace a 1’interaction
entre tectonique et climat au sens large, d’une part, et
en méme temps présenter des propriétés géométriques
essentiellement indépendantes de ces deux parametres,
d’autre part ?

La thése que nous proposons dans cet article sou-
tient que 1I’échec a comprendre le probleme relevé ci-
dessus provient essentiellement du fait que tous les mo-
deles actuels de développement des réseaux hydrogra-
phiques, qu’ils soient conceptuels (voir [27]), analo-
giques [19,21,22,30,31] ou numériques [13,33,34,37,
38], sont similairement inadéquats de par leur structure
méme, car ils n’envisagent toujours la croissance des ré-
seaux qu’a I’intérieur de domaines aux bords fixes. Dans
tous ces modeles, le réseau est donc contraint d’envahir
la topographie soumise a 1’érosion, essentiellement en
partant des bordures et en se propageant vers 1’ intérieur
(c’est-a-dire d’aval en amont, modele headward growth
de Howard [12]). Si une telle situation peut s’ avérer adé-
quate pour la représentation de la croissance de réseaux
a petite échelle, comme des incisions sur des versants,
ou dans certains cas particuliers, comme le soulevement
en bloc d’un plateau (par exemple, le Colorado), nous
suggérons qu’elle est en revanche inadaptée en général,
des lors que la topographie soumise a 1’érosion s’étend
horizontalement au cours du temps, comme dans le cas
des chaines de montagnes, qui s’élargissent au cours de
leur évolution. Partant de cette constatation et en ana-
lysant ses implications, nous proposons dans cet article
une nouvelle vision du développement des réseaux de
drainage et des parametres qui controlent leur géomé-
trie.

Espacement régulier des rivieres dans les orogenes
linéaires

On peut voir, dans de nombreuses chaines de mon-
tagnes relativement linéaires, que les rivieres trans-

verses (perpendiculaires a I’axe de 1’orogeéne) sont
espacées de maniere remarquablement réguliere. Ho-
vius [10] a quantifié cette régularité et montré que le
rapport de forme (R) entre la largeur de la chaine (W, du
front a la créte principale) et I’espacement des drains (.S,
mesuré au front de la chaine) est toujours proche d’une
valeur médiane R ~ 2,1, et cela pour onze chaines de
montagnes différentes et montrant des régimes clima-
tiques et tectoniques différents. Cette «loi de Hovius »
correspond en fait a la «loi de Hack» [6], de forme
Ly = cAf), des lors que 1’on considere des bassins de
drainage rectangulaires et que 1’on remplace 1’espace-
ment (S) par la largeur des bassins (W), et la largeur de
la chaine (W) par la longueur des bassins (L) (Fig. 1).
L’intérét de 1’observation de Hovius [10] par rapport
a la loi de Hack [6] (m&me si les deux sont équiva-
lentes) est qu’elle montre bien que le rapport R (ou
rapport longueur/largeur des bassins de drainage) doit
étre conservé au cours de 1’élargissement des chaines,
puisqu’on I’observe identique dans des chaines de lar-
geurs bien différentes. Un équilibre doit donc étre main-
tenu au cours du temps entre élargissement d’une chaine
et élargissement des bassins de drainage. Selon la vi-
sion actuelle en géomorphologie, cet élargissement des
bassins s’effectue essentiellement par érosion, via des
processus tels que la capture latérale d’autres bassins
ou I'effondrement des lignes de séparation entre bas-
sins [14,35]. Cette vision implique donc une réorgani-
sation majeure des réseaux au cours de la croissance
des chaines de montagnes, qui n’a été pourtant que peu
ou pas documentée, et dont on n’observe pas une trace
évidente dans les chaines [11,35]. Dans la suite, nous
proposons un modele plus simple, qui permet de rendre
compte simplement des observations.

Croissance des réseaux dans un orogene en
développement

Si nous supposons que la réorganisation des réseaux,
en vue de maintenir un R proche de 2,1, n’est pas un
processus dominant au cours de 1’élargissement d’une
chaine de montagnes, il s’ensuit logiquement que la
géométrie en plan des réseaux de drainage doit exis-
ter avant que ne commence 1’érosion et ensuite étre
préservée. Nous proposons que la géométrie dendri-
tique des réseaux de drainage résulte essentiellement
de la coalescence des rivieres a 1’extérieur de la zone
en érosion, dans les plaines (alluviales ou juste récem-
ment émergées) situées au pied des chaines de mon-
tagnes qui recoivent les rivieres venant de 1’amont et
ou elles deviennent libres de divaguer latéralement et
ainsi de se rejoindre. La géométrie dendritique ainsi ac-
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quise est ensuite «figée» (quenched ou trempée) dans
la topographie, lorsque la chaine s’élargit et absorbe les
zones précédemment en sédimentation ou en transfert
(Fig. 2). En coalesgant de cette maniere, les rivieres de-
viennent plus espacées les unes des autres, quand elles
s’éloignent de la chaine. Cette vision fournit donc un
mécanisme simple par lequel une relation entre espa-
cement des drains et distance a la source émerge na-
turellement. De plus, selon ce modele, 1’organisation
géométrique des réseaux prend place a 1’extérieur de
la zone en érosion et est ainsi, de fait, essentiellement
indépendante des conditions tectoniques et climatiques
observées dans I’orogene.

Controles sur la géométrie des réseaux

De nombreux modeles existent déja, qui reprodui-
sent la géométrie observée des réseaux de drainage
[12,13,15,16,24,26,27,34,38]. Dans cette section, notre
but est d’apporter un complément a ces modeles, en
essayant de comprendre comment les rivieres trouvent
leur chemin sur une surface non incisée qui s’étend
horizontalement au cours du temps et qui est progres-
sivement absorbée par la croissance d’une chaine de
montagnes.

La distance a laquelle deux cours d’eau se rencon-
trent sur une surface inclinée est principalement dépen-
dante de 1’angle moyen selon lequel ces deux cours
d’eau s’écoulent par rapport a la direction de la pente
régionale. Nous suggérons que cet angle est contrdlé
par le rapport entre la valeur de la pente régionale de
la surface et sa rugosité. Une surface rugueuse peu in-
clinée verra probablement se développer des réseaux
tres arborescents pouvant former des angles forts avec
la direction de la pente régionale, alors que des surfaces
fortement inclinées auront plutdt des réseaux étirés ou
méme paralleles dans les cas extrémes. Nous proposons
une relation analytique simple qui lie I’angle moyen
d’écoulement o au rapport @ entre la pente locale S;
due 2 la rugosité et la pente régionale Sg (@ = tan™! @).
Cette relation est confirmée par des simulations numé-
riques d’écoulement d’eau sur des surfaces rugueuses
simples non érodibles (Fig. 3a et b).

On peut montrer simplement que, dans un modele
géométrique simple de bassins de drainage rectangu-
laires, I’angle o contréle la forme des bassins, donc
le rapport R et le coefficient ¢ dans la loi de Hack
(Fig. 4a et b). Ainsi, la similarité de forme des bas-
sins de drainage observée sous différents climats et dans
différents contextes tectoniques, telle qu’elle est expri-
mée par les lois de Hack [4,6,18] et de Hovius [10],
résulte donc de la croissance des réseaux par coales-

cence des rivieres sur des surfaces ayant des propriétés
géométriques similaires (pente régionale et rugosité) qui
impliquent statistiquement des angles d’écoulement si-
milaires. En effet, ces surfaces sont encore non incisées
lorsque les rivieres s’y rejoignent et ont donc par défini-
tion peu de chances de présenter (1) de forts contrastes
de rugosité (surtout s’il s’agissait précédemment de
surfaces de sédimentation), (2) de forts contrastes de
pentes, car il est peu probable qu’une pente ait le temps
de se développer avant que 1’incision ne débute (et des
lors la surface n’est plus non incisée).

Cependant, les déviations a ces lois existent (par
exemple, bassins trop étroits ou, au contraire, trop
larges) et nous renseignent donc utilement sur des
conditions spécifiques liées a la tectonique ou au climat,
qui prévalaient lors de 1’organisation du réseau avant
qu’il ne soit figé dans la zone en érosion.

Conclusions et implications

Nous présentons un nouveau modele conceptuel de
développement des réseaux de drainage, basé sur deux
points principaux : (1) les rivieres coalescent a 1’exté-
rieur de la zone en érosion quand elles sont libres de di-
vaguer latéralement, donnant naissance a un réseau den-
dritique non incisé, et (2) cette géométrie dendritique est
ensuite piégée et figée dans le paysage quand la chaine
de montagnes s’élargit. Dans ce modele, la géométrie
du réseau reflete I’angle selon lequel se rejoignent les
rivieres et est donc fonction du rapport entre pente ré-
gionale et rugosité de la surface. Nous proposons que
I’homogénéité de forme des bassins de drainage, expri-
mée par les lois de Hack et de Hovius, reflete la simi-
larité des surfaces sur lesquelles s’organisent générale-
ment les réseaux. Cette similarité des surfaces découle
naturellement de leur nature non incisée. Dans le cadre
de ce modele, les rivieres déviant par rapport aux lois
normales deviennent ainsi des marqueurs fondamentaux
des conditions spécifiques, en particulier tectoniques,
qui prévalaient dans I’avant-pays des chaines au cours
de leur développement.

1. Introduction

Water flows over the Earth’s surface and transports
sediments from mountains to basins resulting in a den-
dritic network of river channels. Beyond the complex
patterns they display in plan view, river networks are
of fundamental interest, because they are a primary re-
sult of the interaction between tectonics, which raises
the Earth’s surface, and climate, which provides input
of water [17,28]. Thus, river networks potentially bear
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signatures of the lithospheric and atmospheric processes
that lead to their formation. However, paradoxically, one
of the most striking properties of natural river networks
is that they invariably follow the same geometric scaling
rules [4,27]. These scaling laws are independent of geol-
ogy, climate and tectonic setting. For example, Hack’s
law [6] relates the length (Lp) of a main stream or a
drainage basin to its drainage area (Ap) by a relation
of the form Ly, = cAlb), where ¢ and b are observational
constants that hold for a large range of scales, regardless
of climate and tectonics [3,25]. Despite the consider-
able amount of attention given to the quantitative study
of river networks (see [27] for an exhaustive review),
there is still no clear understanding of the links between
their geometry and the physical mechanisms responsi-
ble for their development [4,15,29]. Specifically, how
is it that river networks, on the one hand, owe their
existence to the interaction between tectonics and cli-
mate, whereas, on the other hand, they exhibit geomet-
rical properties independent of both? An understanding
of this issue has been hindered by the impossibility of
observing drainage network formation at large scales
because network evolution takes place over millions of
years. As a consequence, drainage network develop-
ment is investigated either in small scale outcrops such
as the badlands [30], where it occurs rapidly enough
to be directly observed, or in analogue [19,21,22,31]
and numerical [13,33,34,37,38] experiments. The two
main models of network growth invoked in these studies
are (1) the ‘headward-growth’ model of Howard [12],
in which the network develops from the edges of an
undissected area as a wave of dissection penetrates the
landscape at channel heads, leaving behind a mature
network as it proceeds, and (2) Horton’s model [9], in
which a series of parallel rills first develops on a steep
surface and subsequently evolves into a full network
by piracy and cross-grading among rills. Despite their
differences, all currently existing models of drainage
network growth, whether conceptual or numerical, are
similar in that the river network develops inside uplifted
topography. In this view, the scale of the final drainage
network is set by the size of the initial surface submit-
ted to erosion. While this is true for networks developed
at the hillslope scale or in experiments, it certainly is
not at larger scales, where the surface initially submitted
to erosion progressively increases in lateral dimensions
with time (e.g., growing mountain ranges). The present
paper is mainly a conceptual essay in which we try to
explore this largely ignored point and discuss its impli-
cations for our understanding of the development and
organisation of natural drainage networks. This leads us

to propose a new conceptual model of river-network de-
velopment.

2. Regular spacing of rivers in linear orogens

Many linear mountain belts display strikingly regu-
lar patterns of drainage transverse to their main struc-
tural trend. Hovius [10] quantitatively assessed this reg-
ularity by showing that the ratio (R) of mountain-belt
width (W) to the mean spacing () of the main streams
measured at the range front takes a median value of
R =W/§ ~ 2.1 for 11 mountain belts worldwide, span-
ning a range of different climates and tectonic settings.
In a subsequent study, Talling [35] measured this spac-
ing ratio for extensional fault blocks in the Basin and
Range Province and found a similar value of R ~ 2.5.

By replacing the width of topography (W) with basin
length (L) and the product of width and spacing (WS)
with the basin drainage area (Ay), Hovius [10] showed
that the linear relation between the width of topography
and the spacing of main streams is equivalent to Hack’s
law (Fig. 1). Given that mountain belts and topogra-
phy associated with fault blocks are recognized to widen
during their evolution, the inference of a constant spac-
ing ratio for topographies with different widths can be
interpreted as evidence that, as topography grows, a bal-
ance must be maintained between the lengthening of the
main streams and the enlargement of drainage basins.
According to the current view on drainage network evo-
lution, this enlargement of the drainage basins is gener-
ally believed to take place by erosion through processes
such as sideward capture of streams and drainage divide
collapse [14,35]. It thus implies a major reorganisation
of the drainage network during, or after, the widening of
the mountain belt.

We bring two arguments against this view. First,
such reasoning neglects the considerable variation of
basin shape observed in nature. Indeed, an analysis of
all published individual spacing ratios [10,35] shows
a distribution ranging from 0.4 to 19.3 around a mean
of 3.0, with a standard deviation of 2.29. Thus, replac-
ing this variability with a constant mean or median value
places artificially unnecessary constraints on how one
views the organisation of drainage networks in widen-
ing topography. Second, although processes such as
sideward capture and divide collapse are occasionally
observed in analogue experiments [8,21] and numerical
simulations [23,33], evidence for their past occurrence
in nature is rare [11]. It is thus doubted whether they are
relevant for the organisation of river systems at large
scales [35].
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Fig. 1. Recasting of mountain half-width (W) and river spacing ()
data into a log—log plot of basin length (Ly, = W) versus basin area
(Ap, = WS) for linear topographies. Data include linear mountain
belts [10] (white circles, N = 205), extensional tilt blocks [35] (light
gray circles, N = 183), growth folds [35] (black circles, N = 175)
and old linear topographies [35] (white squares, N = 105). Regres-
sion analysis gives a relation Ly, = 1.7OA8'48 (R? = 0.96) similar to
Hack’s law for different drainage basins [18].

Fig. 1. Réinterprétation des données de largeur de chaine (W) et es-
pacement des rivieres (S) en termes de relation longueur (Ly, = W)
versus aire drainée (Ap, = WS) des bassins pour les topographies li-
néaires étudiées par Hovius [10] et Talling [35]. Les données sont pour
les chaines de montagnes linéaires [10] (cercles blancs, N = 205),
les blocs faillés [35] (cercles gris clair, N = 183), les plis de crois-
sance [35] (cercles noirs, N = 175) et les topographies linéaires an-
ciennes [35] (carrés blancs, N = 105). La régression linéaire donne
une relation Ly, = 1.704048 (R? = 0.96) équivalente a la loi de Hack
pour différents bassins mondiaux [18].

3. Network growth in a growing orogen

In this section, we propose a simple model aimed
at explaining how drainage networks develop in grow-
ing orogens and how a relationship between spacing of
rivers and distance to the main divide emerges.

Assuming that drainage reorganisation does not oc-
cur as a mountain belt widens, it follows that the ob-
served planform structure of the drainage network has to
be established in the landscape before erosion starts, and
then preserved. How can this be? In many current and
past mountainous settings worldwide, it is well known
that when rivers flow out of uplifted relief, they enter
a low slope area, where they lose their sediment trans-
port capacity, deposit instead of erode, and become free
to move laterally as alluvial rivers. Those rivers eventu-
ally coalesce as they flow on these undissected surfaces
towards the sea, and thus become more widely spaced
away from the relief (Fig. 2), giving rise to a dendritic
geometry. However, it is also widely recognized that as
the mountain front propagates and the range widens, al-

luvial foreland areas are progressively incorporated into
the uplifted, erosional topography. The model proposed
here consists in saying that the dendritic river network
organised on the plain becomes incised and thus frozen
or ‘quenched’ in the landscape (Fig. 2) when the oro-
gen widens. The resulting ‘primary’ network is formed
only by the downward continuation of streams coming
from the erosion zone. Its organization is acquired on
the lowland margins adjacent to uplifted topography and
is progressively incorporated into the erosion zone as
the mountain belt widens.

Uplift of the foreland can also lead to the develop-
ment of a new ‘secondary’ drainage network within the
undissected areas between primary channels (Fig. 2).
The secondary network differs from the primary net-
work in that it results from the initiation of new chan-
nels with channel heads contained entirely within the
newly uplifted surface, rather than continuing existing
channels sourced within previously uplifted topography.
Thus, the secondary network is always of smaller scale
than the primary network, which extends across the en-
tire orogen.

We therefore envisage two main processes respon-
sible for drainage development: the initiation of new
channels and the downstream coalescence of existing
channels. Although every drainage network ultimately
begins with channel initiation, the actual drainage
geometry is controlled largely by downstream ‘mouth-
ward’ coalescence of existing channels on undissected
surfaces. In the model proposed here, this downstream
coalescence, which results from the natural aggrega-
tive behaviour of downhill fluid flow [29] is the main
cause for dendritic drainage patterns. We emphasise
that, except for pristine topography such as an emerging
mountain belt, every surface newly submitted to ero-
sion is adjacent to pre-existing topography, and thus
receives, in addition to rainfall, an input of water in the
form of streams entering at its upstream boundary.

The coalescence of streams in lowland areas and
their progressive incorporation in the erosion zone as
mountain ranges widen provides a simple mechanism to
explain how a certain dependency between river spacing
and mountain width (‘Hovius’ law’) can be maintained
during the enlargement of mountain ranges. This view
of drainage development is consistent with a number
of natural observations. First, in many active collision
zones (e.g., Himalaya, central Apennines, Bolivian An-
des), the large-scale drainage network is made-up of
rivers that originate behind the highest peaks and flow
transversely through the orogen and across the main
structural trend. The simplest explanation for these ob-
servations is that these rivers are antecedent to defor-
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Humid climate: immediate
invasion of surfaces by the
secondary network

Arid climate: surfaces

h Coalescence of streams
left un-dissected

Fig. 2. Conceptual sketch of drainage network development in widening topography. The rivers wander and coalesce on the lowland plains outside
the range, increasing their spacing downstream (red arrows) at a rate that depends on the angle « (in plan view) with which streams flow with respect
to the regional slope (white arrow). The resulting dendritic network gets ‘quenched’ in the landscape as the range front progressively propagates
(steps 1, 2 and 3) and the foreland is uplifted. Depending on climate, a secondary network invades (right) or not (left) the surfaces between newly
incised streams. If precipitation occurs later on the left part, the secondary network that will invade these surfaces will be more elongate because of
the higher regional slope built during deformation. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

Fig. 2. Schéma conceptuel de croissance des réseaux dans une chaine de montagnes en développement. Les rivieres qui sortent des reliefs viennent
divaguer et se rejoindre sur la plaine a I’extérieur de la chaine. Ce faisant, leur espacement augmente (fleches rouges), en fonction de 1’angle
moyen « (vue en plan) avec lequel elles s’écoulent par rapport a 1’orientation de la pente régionale (fleche blanche). Le réseau dendritique ainsi
formé est ensuite piégé dans le paysage en érosion, quand la chaine s’élargit (étapes 1, 2, 3) et que les plaines d’avant-pays sont soulevées. En
fonction du climat dans les zones nouvellement soulevées, un réseau secondaire peut s’établir (a droite) ou pas (a gauche) dans les surfaces entre
les drains primaires. Dans la partie gauche ou le climat est actuellement aride, les pentes peuvent étre augmentées par la déformation, sans que
I’incision secondaire ne se produise; si le climat change ensuite, le réseau secondaire sur ces surfaces sera plus allongé (angles « faibles) que
la normale. (Le lecteur est renvoyé a la version électronique de cet article pour I’interprétation des références a la couleur dans cette 1égende de

figure.)

mation [20] and extended progressively downward as
the mountain range widened, rather than cutting back-
ward across the range (headward growth model). This is
also true at smaller scales, when rivers are observed cut-
ting across anticlines [32] for instance. Second, in some
mountain belts (e.g., Pyrenees, European Alps) where
alluvial bodies deposited in the now uplifted foreland
are preserved, it has been shown [14,36] that the posi-
tion of the rivers that were feeding these systems has not
changed notably over significant time periods (107 yr).
This clearly indicates that large modern rivers deeply
incised into now uplifted forelands were once alluvial
rivers depositing at the range front. Third, it is often ob-
served that rivers cutting into bedrock at the front of
orogens (e.g., Oregon Coast Range, Taiwan) have a me-
andering course similar to that of meandering alluvial
channels. Although the possibility that bedrock mean-
ders form in situ [1] cannot be excluded, a more simple
explanation is to view them as inherited from an earlier
alluvial stage, as is the case in our model.

4. Controls on network geometry

Many existing models produce dendritic river net-
works that satisfy the geometrical properties of natural

drainage basins [12,13,15,16,24,26,27,34,38]. In this
section, we intend to complement these models by in-
vestigating how streams find their path on an expanding
surface and how the model we propose is quantitatively
consistent with the observed drainage spacing relation-
ships in mountain ranges.

The coalescence of streams on undissected surfaces
requires that streams flow at a certain angle with respect
to the direction of the regional slope. This angle dictates
the rate at which streams merge in the downstream di-
rection and therefore the dependency of river spacing
on the distance to the main divide (range width). At
first order, it can be intuitively suggested that this an-
gle might be controlled by the geometry of the surface,
and in particular, by both its slope and its roughness.
This is consistent with observations that steep surfaces
usually develop near-parallel drainage patterns (small
angles of stream flow), whereas relatively flat surfaces
present more branched river networks (higher flow an-
gles). On a simple surface having a constant regional
slope and a randomly distributed roughness described
by a characteristic amplitude A, and wavelength A, the
topographic contour lines possess a mean orientation
whose normal makes an angle o with respect to the
direction of the regional slope. This angle is given ap-
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proximately by the following relation:

a:tan_liztan_lfp (1)
SR

where SR is the regional slope and S; is the local slope
due to surface roughness (S; = 2A;/A;). Because wa-
ter normally flows perpendicularly to contour lines, this
angle largely controls, and corresponds to the devi-
ation of the water flow with respect to the regional
slope (Fig. 3a). However, when @ > 1, the local slope
is greater than the regional slope, and the angle at
which water flows on the surface becomes dominated
by the geometry of the local roughness, and thus can-
not be described by this simple relation. The validity
of Eq. (1) for predicting mean flow angles over simple
synthetic rough surfaces with 0 < @ < 1 is confirmed
with numerical simulations of water flow over a non-
erodible surface (Fig. 3b). Based on these results, we
suggest that streams flowing out of uplifted relief on a
yet undissected surface will deviate from the regional
slope with a characteristic angle controlled by the geo-
metrical properties of the surface, and in particular by
D =5;/5Rr.

In order to further investigate how the geometrical
properties of the drainage network are related to the
stream flow angle « (and therefore to the geometry of
the surface via @), we consider a simple geometrical
model of stream coalescence within rectangular basins
(Fig. 4a). If the angle o with which streams flow is con-
stant, basins grow self-similarly. As expected from a
cursory dimensional analysis [6], this leads to a value
of 0.5 for the exponent b in Hack’s law following:

_log Ly, —log Ly,

= 2
log Apz — log Ay
Ly =2Lyp
=b=05 3
Apy = 4Ap) } )

A value of b = 0.5 is consistent with studies that have
considered data from a range of drainage basins [4,18].
In particular, Montgomery and Dietrich [18] found the
relation Ly, = 1.78Ag'49 based on a global data set span-
ning six orders of magnitude in basin length. Their re-
lation is especially relevant to our geometrical model,
because they considered the basin length instead of
the actual stream length, therefore avoiding effects due
to (1) channel sinuosity and (2) difficulty in defining the
actual headward extent of networks on maps of vary-
ing scales. These effects are thought to be at least partly
responsible for the variability in Hack’s exponent (typ-
ically between ~0.4 and ~0.7) found in many other
studies that have focussed on the area-length scaling
within individual basins [18]. This value (b = 0.5) is

a
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Fig. 3. Influence of surface roughness on the orientation of water flow
over random topography. (a) Angle of flow « (in plan view) with
respect to the regional slope as a function of the relative surface rough-
ness @ (ratio between local slope, due to local roughness, and regional
slope). Analytical predictions (solid curve) are confirmed by numer-
ical simulations (grey circles) using the shallow-water equations to
compute water flow over randomly perturbed, non-erodible, surfaces.
(b) Detail of a numerical simulation of water flow on an inclined
plane showing calculated water-flow velocity vectors and topographic
contours. The grey circles on (a) represent mean flow orientations cal-
culated for 11 surfaces with different roughness.

Fig. 3. Influence de la rugosité relative des surfaces sur I’orientation
des écoulements. (a) Angle d’écoulement « (en plan) par rapport a
I’orientation de la pente régionale, en fonction de la rugosité rela-
tive @ (rapport entre la valeur de la pente locale, due a la rugosité, et la
valeur de la pente régionale). Les prédictions analytiques (trait plein)
sont confirmées par des simulations numériques (cercles gris) d’écou-
lement d’eau sur des plans inclinés rugueux simples et non érodables
(équations d’écoulement en eau peu profonde). (b) Détail d’une si-
mulation numérique montrant les vecteurs vitesse de I’écoulement et
les contours topographiques. Les cercles gris sur (a) représentent la
moyenne des orientations des écoulements pour 11 surfaces de rugo-
sités relatives différentes.



S. Castelltort, G. Simpson / C. R. Geoscience 338 (2006) 1184-1193 1191

also consistent with recasted width-to-spacing data that
give a Hack exponent of b = 0.48 (Fig. 1). However, we
stress that since area-length scaling relations are statis-
tical in nature, a value of b = 0.5 for Hack’s exponent
only illustrates the common tendency of different basins
to grow self-similarly on average, i.e. streams have, on
average, a constant angle of flow with respect to the re-
gional slope.

The angle with which streams flow in basins also
determines the basin shape and thus both Hack’s coeffi-
cient and the spacing ratio (Fig. 4b) following:

W Ly |1
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In a study of 38 of the world’s largest basins [4],
Hack’s coefficient was reported to vary between 1.3 <
¢ < 6.6, which, when considered together with the data
shown by Montgomery and Dietrich [18], leads to a
conservative estimate for the range of values for Hack’s
coefficient of 0.8 < ¢ < 7. Along with the range of val-
ues observed for spacing ratios (0.4 < R < 19.3), these
values for Hack’s coefficient reflect the wide variety
of basin shapes encountered in nature, i.e. with mean
stream flow angles comprised between 1 and 70 degrees
(Fig. 4b). However, most spacing ratios [10,35] are in a
range between 1 and 5 around a mean of 3 (Hack’s coef-
ficient of 1.78 [18]). These values correspond to stream
flow angles between 45° and 10°, respectively, around
a central value of 18°, and to a narrow range of relative
roughness @ between 0.17 and 1. This indicates that the
normally observed values for the exponent and coeffi-
cient in Hack’s law, and the average width-to-spacing
relationship in linear topography, result from drainage
organisation on surfaces with similar geometrical prop-
erties (roughness and slope). This is consistent with our
model, in which drainage organisation (1) occurs on
yet undissected surfaces that are intuitively expected to
have similar roughness (especially those surfaces out-
side the erosion zone that were previously receiving sed-
imentation), and (2) takes place rapidly following uplift
of the surface, and thus before tectonics can increase
slopes significantly prior to drainage organisation.

However, there are deviations to the average Hack’s
law and width-to-spacing relationships. Spacing ra-
tios greater than 5 indicate unusually elongated basins
formed on surfaces with a lower relative roughness

Fig. 4. Geometric model of river coalescence and predicted basin
shape parameters. (a) Plan view of rectangular basins defined by a
master stream that deviates from the direction of the regional slope
with an average angle «. This angle determines the shape of basins
(e.g., Ly/wy). (b) Spacing ratio and Hack’s coefficient analytically
computed on the basis of this model (a) as functions of the angle of
flow « (see text, Egs. (4) and (6)). On each curve, the grey circles rep-
resent the maximum, mean and minimum values (from left to right,
respectively) of spacing ratios [10] and Hack’s coefficients [4,18] ob-
served in nature.

Fig. 4. Modele géométrique de coalescence des rivieres et prédiction
des parametres de forme des bassins. (a) Vue en plan de bassins rec-
tangulaires définis par un drain principal qui dévie de 1’orientation
de la pente régionale avec un certain angle «. Cet angle détermine la
forme des bassins (par exemple, Ly, /wy). (b) Sur la base de ce modele
géométrique, on peut calculer analytiquement le rapport d’espacement
(R) et le coefficient de Hack (c) en fonction de I’angle d’écoulement
o (voir texte, Eqs. (4) et (6)). Sur chaque courbe, les cercles gris
représentent, de gauche a droite, les valeurs maximum, moyenne et
minimum du rapport d’espacement [10] et du coefficient de Hack [4,
18] observées dans la nature.
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(® < 0.17). This can be due to a low local roughness
and/or a relatively large slope. For example, in arid
climatic settings, tectonics can increase the slope of a
surface significantly prior to its dissection, which may
give rise to anomalously elongate networks when an
increase in precipitation eventually allows incision to
start. On the other hand, spacing ratios lower than 1 rep-
resent basins in which the main streams deviate strongly
from the regional slope (o > 45°). This may be the
case when rapidly growing structures create, prior to
erosion, surface roughness at the drainage basin scale
important enough to dominate drainage organisation,
leading to abnormally wide basins (W/S < 1). Indeed,
it is common to observe rivers defeated by growing an-
ticlines as evidenced, for example, by wind gaps [2].
Spacing ratios lower than 1 have been documented
for some Himalayan drainage basins having their main
streams deflected by tectonic structures at the mountain
front [5,10].

Growing mountain ranges are not the only place
where drainage networks develop and share the same
geometric properties as the drainage networks discussed
here. A well-known case is the case of plateau up-
lift in which a nearly flat or gently sloping surface is
uplifted. In this case, the drainage geometry is set by
the path followed by water as soon as water starts to
flow on the surface and coalesce downstream. Thus
the drainage geometry is also antecedent but, as noted
above, contrary to growing mountain ranges, incision
can only progress toward the inside of the surface, i.e.
by ‘headward’ propagation. Thus, as for growing moun-
tain ranges, we suggest that the drainage geometry in
uplifted plateaus is strongly controlled by the geome-
try of the previously undissected surface, and the role of
headward erosion is limited to the dissection in the land-
scape of already existing drainage paths, independently
of tectonics and climate.

5. Conclusions and implications

In this work, we have presented a new conceptual
model of river network evolution based on two main
points. First, rivers typically coalesce on the lowland
plains outside mountain belts, giving rise to an unin-
cised alluvial dendritic river network. Second, mountain
belts widen with time and, as they widen, uplift and in-
corporate the adjacent foreland, causing the pre-existing
dendritic river network to incise and become quenched
in the landscape. As a generalization of this view, we
propose that the dendritic nature and geometric prop-
erties of drainage networks are antecedent to erosion
and result largely from the downstream coalescence

of upstream existing streams on yet undissected sur-
faces. This coalescence (and the drainage basin geom-
etry) simply results from the fact that streams flow at
an angle with respect to the regional slope, controlled
by the geometrical properties of the surface. Because
of its dependency on initial conditions and because it
is ‘quenched’ in the landscape, the general planform
geometry of drainage networks is relatively insensitive
to vertical tectonic movements and climatic events sub-
sequent to their formation. Instead, the geometry of
drainage networks bears a unique picture of the Earth’s
surface at the time of river network formation and thus
potentially carries signatures of the prevailing tectonic
and climatic conditions. However it can also acts as a
passive strain marker in regions that have undergone
significant horizontal deformation [7].

This study brings a new perspective on how one
views drainage development because we suggest that
river network organisation occurs primarily (1) in a
‘mouthward’ way, i.e. from sources to the sea, instead
of in a ‘headward’ way, as usually considered, (2) out-
side the uplifted topography where river networks are
paradoxically now observed and most commonly stud-
ied, and (3) prior to erosion even though rivers may now
be deeply incised in eroding landscapes.

The similarity of drainage networks expressed by
Hack’s law and the width-to-spacing relationship indi-
cates that the undissected surfaces on which drainage
develops generally have similar roughness (because
they are undissected) and slopes (because drainage net-
works are quenched in the landscape before tectonics
can significantly increase the slope). However, devia-
tions from the normal values observed for Hack’s law
and spacing ratios potentially tell us about extreme or
specific climatic and tectonic conditions. In particular,
since the angle with which streams flow is related to the
slope (and the roughness) of the Earth’s surface at the
time of drainage organisation, uncommon changes of
stream orientation along their course in mountain ranges
could reflect tectonically induced changes of the slope
during the development of the orogen. In this view, the
planform pattern of river networks and in particular the
orientation of rivers with respect to the main regional
slope can be viewed as a powerful geomorphic marker
of the deformation in mountain ranges.

Future tests and applications of the model include,
among others, (1) investigating growing drainage net-
works around the tips of actively growing anticlines
and normal fault-blocks to see if the incipient geom-
etry of these networks is maintained later in the up-
lifted zone, and (2) measuring average angles between
rivers on recently dissected surfaces whose slope has
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not changed significantly since dissection and trying to
connect river angles with initial slope and roughness,
in order to later assess the initial slope of virtually any
drainage network. Then, by comparing to the current
slope of the studied drainage, it could then be possible
to know if deformation has taken place, which is partic-
ularly interesting for situations where other information
is lacking, such as drainage networks on Mars for ex-
ample.
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