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Preface

Th rust belts and foreland basins record the main phases of orogenic evolution. 
Th ey are shaped by the coupled infl uence of deep (fl exure, plate rheology and ki-
nematics) and surfi cial (erosion, sedimentation) geological processes, at diff erent 
time scales. Th rust belts and foreland basins constitute important targets for scien-
tists interested in both fundamental and applied (fl uids, hydrocarbons) aspects. 

In the framework of a new cycle of workshops of the ILP task force on “Sedimen-
tary Basins”, a three-day meeting on “Th rust Belts and Foreland Basins” was orga-
nized in December 2005 on behalf of the Société Géologique de France and the So-
ciedad Geológica de España, hosted by the Institut Français du Pétrole near Paris. 
Th e main purpose of the meeting was to off er the opportunity for Earth scientists 
from diff erent disciplines, i.e. geologists, geophysicists and geochemists, to present 
and share their diff erent knowledge on the processes governing the evolution of 
orogenic belts and adjacent forelands. A special emphasis had been given to make 
a “bridge” between the most recent advances in surface processes, geochemistry, 
provenance studies, fi eld studies, analogue and numerical modelling, high resolu-
tion seismicity, and hydrocarbon prospect in forelands basins. Th e conference was 
successful in bringing together scientists from academia and industry from nearly 
20 countries. New contributions using the geologic information recorded in thrust 
belts and foreland basins as well as stimulating key notes provided fertile ground 
for discussion, focusing on the orogenic evolution of adjacent mountain belts, on 
the stratigraphic records resulting from the coupled infl uence of deep and surfi cial 
geological processes, on exploration strategies for hydrocarbons in foothills areas, 
and on recent methodological and technical advances that have renewed our view 
on these important targets in both their fundamental and applied aspects. 

Th e present volume addresses most of these topics. It comprises 25 key papers 
presented at the conference. Th e content of the volume refl ects the diversity of the 
presentations and the success of the workshop, and is likely to promote new con-
tacts between interdisciplinary Earth scientists. Volume architecture brings the 
reader from geodynamic considerations to general and specifi c issues of thrust 
belt description and hydrocarbon systems exploration through seismic imaging, 
fl uid fl ow studies, and structural modelling. Given the focused attention that Za-
gros/Makran and Carpathian thrust belts received during the meeting and volume 
elaboration, contributions specifi c to these two important areas were put separate-
ly. Th e varied methodologies implemented when studying these two thrust belts 
examples, and the contrasted answers they bring, stress the importance of con-
fronting independant approaches. Th ese case studies also provide to any research-
er interested by thrust belts a synthetic view on the modern techniques and recent 
advances developed for studying these major geological targets.

Olivier Lacombe, Jérôme Lavé, François Roure 
and Jaume Vergés



Aft er the „Th rust belts and foreland basins“ conference held near Paris in Decem-
ber 2005, many manuscripts were submitted for consideration in this volume. Th e 
following colleagues are sincerely thanked for their time and eff ort in increasing 
the scientifi c value of the volume by thoroughly reviewing one or more manu-
scripts within sometimes very short delays.
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Chapter 1
Coupled Lithosphere-Surface 
Processes in Collision Context

Chapter 2
On Some Geometric Prism 
Asymmetries

I

Part I of the volume comprises two chapters which deal with several large-scale 
and fi rst-order features of thrust belts and foreland basins.
Burov (Chapter 1) investigates the interactions between the surface and sub-

surface processes by means of thermo-mechanical modelling. One main point is 
that advection of material at the Earth’s surface and horizontal fl ow in the low-
er crust might be coupled so as to permit mountain growth in response to hori-
zontal shortening. Th is mechanism is investigated on the basis of semi-analytical 
and numerical experiments in which the rheological layering of the lithosphere 
and surface processes are modelled. Th ese ideas are tested on well-studied cases 
such us the Western Alps, the Tien Shan and the Himalaya. Some implications 
about the role of climate on continental tectonics and on the geomorphology of 
mountain ranges are derived.

In their paper, Lenci and Doglioni (Chapter 2) address the overall asymmetry 
of thrust belts by analyzing various convergent margins in terms of geographic 
polarity of the margin, age and composition of the subducting plate. Th ey argue 
that the asymmetry between orogens or accretionary wedges is to the fi rst-order 
global and related to geographically opposed (i.e., W- to E-NE directed) subduc-
tion zones, while local/regional stratigraphic-rheological characteristics which 
may vary along strike, such as the décollement depth, exert only second-order 
controls on each orogen

Part I
Surficial and Deep Processes in Thrust Belts



Chapter 1 1

Coupled Lithosphere-Surface Processes 
in Collision Context 

Evgueni Burov

Abstract. From the mechanical point of view, a mountain 
range that exceeds a certain critical height (of about 3 km in 
altitude, depending on rheology and width) should fl atten 
and collapse within few My as a result of gravitational spread-
ing of its ductile crustal root. Even if the crustal root does not 
collapse, the mountain range would be levelled by gravity 
sliding and other surface processes that, in case of static to-
pography, lead to its exponential decay with a characteristic 
time constant on the order of 2.5 My. However, in nature, 
mountains grow and stay as localized tectonic features over 
geologically important periods of time (> 10 My). To explain 
the paradox of long-term persistence and localized growth of 
the mountain belts, a number of workers have emphasized 
the importance of dynamic feedbacks between surface pro-
cesses and tectonic evolution. Indeed, surface processes 
modify the topography and redistribute tectonically signifi -
cant volumes of sedimentary material, which acts as vertical 
loading over large horizontal distances. This results in dynam-
ic loading and unloading of the underlying crust and mantle 
lithosphere, whereas topographic contrasts are required to 
set up erosion and sedimentation processes. Tectonics there-
fore could be a forcing factor of surface processes and vice 
versa. One can suggest that the feedbacks between tectonic 
and surface processes are realized via two interdependent 
mechanisms:

1. Slope, curvature and height dependence of the erosion/
deposition rates

2.  Surface load-dependent subsurface processes such as iso-
static rebound and lateral ductile fl ow in the lower or in-
termediate crustal channel. 

Loading/unloading of the surface due to surface processes re-
sults in lateral pressure gradients, that, together with low vis-
cosity of the ductile crust, may permit rapid relocation of the 
matter both in horizontal and vertical direction (upward/
downward fl ow in the ductile crust). In this paper, we over-
view a number of coupled models of surface and tectonic 
processes, with a particular focus on 3 representative cases:

1. Slow convergence and erosion rates (Western Alpes)
2. Intermediate rates (Tien Shan, Central Asia)
3. Fast convergence and erosion rates rates (Himalaya, Cen-

tral Asia).

1 Introduction

Continental mountain belts, such as, for example, 
Tien Shan (Central Asia, Figure 1a), are character-
ized by highly localized topography elevations persis-
tently growing over tens of millions of years. Th e fact 
that gravitational potential energy per unit surface 
0.5ρgh2 scales as h2 implies that a thrust belt should 
grow more easily in width than in height (Molnar and 
Lyon-Caen, 1988, h is the mean topography elevation 
above sea level, ρ is density and g is acceleration due 
to gravity). A portion of continental crust submitted 
to quasi-static horizontal shortening should tend to 
thicken homogeneously. Th is can be put another way 
around by considering that a range results from thrust-
ing on faults that cut through the upper crust and root 
into the lower crust. Uplift  of the range implies an in-
crease in the vertical stress acting on the fault. Th is 
acts to oppose further frictional sliding on the fault, 
inhibiting further thrusting. A new fault will then 
form farther away from the range front leading to wid-
ening of the range. In addition, erosion and sedimen-
tation at the surface, together with fl ow in the lower 
crust, should favor smoothing of topographic irregu-
larities. At the pressure and temperature conditions of 
the lower crust, most crustal rocks are thought to fl ow 
easily at very low deviatoric stresses (e.g., Brace and 
Kohlstedt, 1980; Wang et al., 1994, Fig. 2a). Th e devia-
toric stresses associated with slopes of the topography 
and of the Moho (e.g., Fleitout and Froidevaux, 1982) 
should therefore be relaxed by viscoplastic fl ow in the 
ductile lower crust inducing decay of topographic ir-
regularities (Kusznir and Matthews, 1988; Gratton, 
1989; Bird, 1991, Fig. 1b). 

Th e growth and maintenance of topographic fea-
tures at the surface of continents might be taken to in-
dicate that the strength of the crust exceeds the devia-
toric stresses associated with slopes of the topography 
and of the Moho. Yet, as mentioned above, laborato-
ry experiments indicate that at the pressure and tem-
perature conditions of the lower crust, most crustal 
rocks should fl ow easily. Irregularities of the topog-
raphy and of the Moho boundary should therefore be 
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relaxed by viscoplastic fl ow in the ductile lower crust 
and decay with time (Kusznir and Matthews, 1988; 
Gratton, 1989; Bird, 1991). Consider, for example, the 
Tien Shan range, which is, except for the Himalayas, 
the largest and most active intracontinental range in 
the world (Fig. 1a). Tien Shan (translated as “Heaven-
ly Mountains”) is 300–400 km wide in its central area, 
with a mean elevation of about 3500 m and local peaks 
of up to 7500 m, in a zone of relatively thick and tec-
tonized crust (Moho depths from 50 to 70 km) (e.g., 
Avouac et al., 1993). Th e Tien Shan is a continuously 
growing range, that has started to rise 10–15 My ago. 
A simple dimensional analysis (Gratton, 1989) as well 
as numerical simulations (Bird, 1991; Avouac and Bu-
rov, 1996; Burov and Watts, 2006) show that the to-
pography of such a range should, instead of growing, 
be reduced by half in a few My (Fig. 1b). Th is estimate 
is based on the assumption of ductile rheology of the 

Fig. 1a.  Actively growing intercontinental belts and plateaux: an example showing a schematic map of India-Eurasia collision with 
its main features such as the Himalayan mountain belt, Tibetan plateau, Tarim basin, Pamir and Tien Shan mountain belt. Insert 
shows a digital elevation map of the same area. Th e topography peaks to 8800 m in the Himalayas (Everest) and 7500 m in Tien 
Shan (Pobeda Peak). Modifi ed aft er (Avouac and Tapponier, 1993)

Fig. 1b. Erosional and gravity collapse of a mountain range (e.g., 
Gratton, 1989; Bird, 1991). In the conceptual model shown here, 
there is no balance between surface and subsurface processes. 
Even if such range was created somehow, it will not persist, as 
its root and topography will be fl attened in about 2 My in the 
absence of some compensating mechanisms. Tectonic conver-
gence may not solely compensate this fl attening; it may only 
grant an overall thickening of the crust; some additional local-
izing mechanisms are needed to concentrate thickening in a 
narrow range.

a

b



Chapter 1  ·  Coupled Lithosphere-Surface Processes in Collision Context 5

lower crust, which is supported for this area by multi-
ple data starting from seismic data (Vinnik and Saip-
bekova, 1984; Makeyeva, 1992; Roecker et al., 1993; 
Vinnik et al., 2006) and ending by gravity-fl exur-
al analysis (Burov et al., 1990, 1993; Avouac and Bu-
rov, 1996). Only the short topographic wavelengths, 
typically less than a few tens of kilometers that can be 
supported by the strength of the upper crust would be 
maintained over geological periods of time, yet pro-
vided that they are not wiped out by erosion, which is 
faster on short wavelength features. In addition, sur-
face processes might be thought to contribute to an 
even more rapid smoothing of the topography. Sim-
ilarly, in the absence of strong rheological heteroge-
neities or of strain localization processes, a portion of 
a continental crust submitted to horizontal shorten-
ing should tend to thicken homogeneously, so that no 
mountain should form. Th e growth and maintenance 
of an intracontinental mountain range over long peri-
ods of time must therefore involve dynamical process-
es allowing for long-term localization of lithospheric 
strain below the mountain.

Several mechanisms have been advocated to ex-
plain localization of major thrust faults and, by its 
proxy, stability of mountain belts. Intrinsic strain 
soft ening properties of rocks could sustain local-
ized thrust faulting at the crustal scale. Alternative-
ly, a range could result from shear stresses at base of 

the crust induced by lithospheric under-thrusting or 
by mantle dynamics (e.g., Beaumont et al., 1994; Ellis 
et al., 1995). Such a mechanism may be suggested for 
mountains associated with subduction zones or with 
hotspots (Vogt, 1991), but seems inappropriate to ex-
plain most intracontinental mountains. In the case 
of, for example, the Tien Shan belt, a particular man-
tle dynamics has been inferred from gravity model-
ling (Burov et al., 1990, 1993) and seismic anisotropy 
(Makeyeva, 1992; Roecker et al., 1993), but we contend 
that it might not be the key factor. Our point is instead 
that coupling between surface processes and fl ow in 
the lower crust could provide an alternative and more 
general explanation (Avouac and Burov, 1996; Burov 
and Cloetingh, 1997). 

To explain the paradox of long-term mountain per-
sistence and localized growth, a number of workers 
have emphasized the importance of dynamic feed-
backs between surface processes and tectonic evolu-
tion (e.g., Molnar and England, 1990; Masek et al., 
1994a; Avouac and Burov, 1996; Molnar, 2001). In-
deed, surface processes modify the topography and 
redistribute tectonically signifi cant volumes of sedi-
mentary material (vertical, or normal loads) over large 
horizontal distances. Th is may result in dynamic load-
ing and unloading of the underlying crust and man-
tle lithosphere, whereas topographic contrasts are re-
quired to set up erosion and sedimentation processes. 

Fig. 2. a) Typical rheology profi les for continental lithosphere 
indicate the possibility for lower-crustal fl ow: (1) geotherms 
that yield YSEs shown in the middle and on the right; (2) yield 
stress envelope (YSE) for quartz-rich upper and lower crust and 
olivine mantle; (3) yield stress envelope (YSE) for quartz-rich 
upper crust , diabase lower crust, olivine mantle.  EET – equiv-
alent elastic thickness of the lithosphere computed for each of 
YSEs. b) Solution to the problem stated in Fig. 1b: a conceptual 
model of continental collision in which strong feedback be-
tween surface processes, isostatic reaction and subsurface 
crustal fl ow results in accelerated growth of topography in the 
area of strongest subsurface uplift 

b

a
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Tectonics therefore could be a forcing factor of surface 
processes.

In this paper, we fi rst review the existing models of 
surface processes and the thermo-mechanical prop-
erties of the lithosphere that condition its response 
to surface and tectonic loading-unloading. We then 
review our own and other previous modelling stud-
ies that show that surface and tectonic processes are 
not independent processes and can interact. We show 
in particular that advection of material at the Earth‘s 
surface and horizontal fl ow in the crust might be cou-
pled so as to permit mountain growth in response to 
horizontal shortening. Th is mechanism is then val-
idated and investigated on the basis of semi-analyti-
cal and numerical experiments in which the rheolog-
ical layering of the lithosphere and surface processes 
are modelled. We then fi nd that, depending of the ero-
sion rate compared to horizontal shortening, fl ow in 
the lower crust can be “outward“ (from under the high 
topography) or “inward“ (toward the crustal root of a 
high topography). When inward fl ow occurs, a moun-
tain range can actually grow and no other mechanism 
is required to explain localized uplift . Some implica-
tions about the role of climate on continental tecton-
ics and on the geomorphology of mountain ranges are 
then derived.

We suggest an additional feedback mechanism by 
lateral crustal fl ow (Fig. 2b). According to this mecha-
nism, erosional removal of material from topograph-
ic heights (dynamic unloading) and its deposition in 
the foreland basins (dynamic loading) should result in 
horizontal ductile crustal fl ow that may oppose grav-
itational spreading of the crustal roots and may even-
tually drive a net infl ux of material towards the orog-
eny. We fi nally test our ideas on three representative 
and well-studied cases:

1. Slow convergence and erosion rates (Western 
Alpes), 

2. Intermediate rates (Tien Shan, Central Asia), and 
3. Fast convergence and erosion rates rates (Himalaya, 

Central Asia). 

2 Interplays Between Surface
 and Tectonic Processes

2.1 Tectonic Forcing on Surface Processes

Surface topography elevations are required to set up 
erosion and sedimentation processes. Tectonics is 
therefore a forcing factor of surface processes. Fol-
lowing Ahnert (1970), and Pinet and Souriau (1988), 
Summerfi eld and Hulton (1994) have compiled rates 
of denudation at the scale of major river basins. Th ese 
studies indicate that denudation is primarily infl u-

enced by basin topography so that rates of denudation 
appear to be systematically high in areas of active tec-
tonic uplift . Common values of mean denudation rates 
in such areas would be of the order of a few 0.1 mm/y 
to about 1mm/y at the scale of large drainage basins. 
Such rates are generally consistent with estimates de-
rived from balancing sediment volumes over geolog-
ical periods of time (Leeder, 1991; Summerfi eld and 
Hulton, 1994). Th ermochronologic studies indicate, 
however, local values as great as 1 mm/y (see Leeder, 
1991 and Molnar and England, 1990, for critical re-
views). Th e discrepancy between local and basin av-
eraged estimates is due to the fact that tectonic uplift  
is probably distributed in brief pulses over localized 
domains within a drainage basin (Copeland and Har-
rison, 1990). In the absence of any tectonic feedback, 
common values of denudation rates should lead to the 
disappearance of a major mountain belt like the Alpes 
or Tien Shan in a few million years. Pinet and Souriau 
(1988) demonstrated that denudation leads to an expo-
nential decay of the topography of a range with a char-
acteristic time constant of the order of 2.5 m.y.

2.2 Coupling Between Denudation 
 and Tectonic Uplift due to Isostasy

Many recent models have investigated coupling be-
tween the isostatic reaction and surface processes (e.g., 
Kooi and Beaumont, 1994; Snyder et al., 2000; Basile 
and Allemand, 2002; Garcia-Castellanos, 2002; Garcia-
Castellanos et al., 2002; 2003; Simpson and Schluneg-
ger, 2003; Persson et al., 2004; Casteltort and Simp-
son, 2006). Redistribution of surface loads by erosion 
and sedimentation must induce tectonic deformation 
to maintain isostatic balance. Vertical uplift  is expect-
ed to partly compensate unloading in the area sub-
jected to denudation while subsidence should occur in 
response to loading by sedimentation. Th is feedback 
mechanism may lead to some coupling between denu-
dation and tectonic uplift  (e.g., Ahnert, 1970). A fi rst 
consequence is that the time needed to erode a topo-
graphic relief must take into account removal of the 
topographic relief and of the crustal root. If local isos-
tasy is assumed and if horizontal strains are neglect-
ed, denudation is dynamically compensated by uplift  
and the characteristic time of decay of the topography 
would then be of the order of 10 m.y. (Leeder, 1991). In 
addition, it has been argued that a positive feedback 
may arise (Molnar and England, 1990; Masek et al., 
1994b). If the slopes of valleys steepen during river in-
cision, isostatic readjustment following denudation in 
a mountain range may result in a net uplift  of the high-
er summits in spite of the average lowering of reliefs. 
Alternatively regional compensation due to the elas-
ticity of the lithosphere might lead to the uplift  of the 
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eroded edge of a plateau. Erosion might therefore in-
duce some uplift  of topographic summits leading in 
turn to enhanced erosion. Th e uplift  of the Himalayan 
belt during the last few million years may have resulted 
from such a coupling rather than from thrusting at the 
Himalayan front (Burbank, 1992; Burbank and Verg-
es, 1994). Note however that, while the peaks might 
reach higher elevations following isostatic adjustment, 
the net eff ect of erosion is crustal thinning. Th us, these 
models cannot explain the growth of mountains over 
long time periods. 

Th e strongest feedback between erosion and isostat-
ic reaction would be obtained for local isostasy. It will 
be mitigated in case of more regional compensation 
and become negligible for lithospheres whose equiv-
alent elastic thickness exceeds 60 km. Th is is another 
reason to support the idea that more effi  cient mecha-
nisms should also take place in collisional settings.

2.3 Coupling Between Surface Processes 
 and Horizontal Strains

As mentioned in the introduction, small lateral vari-
ations of the crustal thickness should drive horizon-
tal fl ow in the lower crust. Some studies have already 
pointed out to the importance of such a process in con-
tinental tectonics (e.g., Lobkovsky, 1988; Lobkovsky 
and Kerchman, 1991; Burov and Cloetingh, 1997). For 
example, Kruse et al. (1991) have shown that horizon-
tal fl ow in the lower crust has regulated isostatic equi-
librium during extension in the Basin and Range. Th e 
lower crust would have been extruded from under the 
high topography during that process. Following West-
away (1994) we will call this sense of fl ow “outward“. 
On the other hand, Gregory and Chase (1994) inferred 
“inward“ fl ow, toward the crustal root, during the 
Laramide orogeny of the Frontal Range, Colorado. Th e 
characteristic time associated with fl ow in the lower 
crust induced by the topography of a range a few thou-
sands of meters high, a few hundreds of km wide, is in 
the order of a few m.y. Th e characteristic times of ero-
sional decay of the topography of a range and of later-
al collapse of a crustal root are thus of the same order 
of magnitude. Since both processes are driven by top-
ographic slopes, some coupling may arise. Although 
it is not oft en pointed out, it has long been recognized 
that this kind of process might play a major role in ele-
vation changes within continents (see Westaway, 1994 
for an review of historical development of these ideas). 
Westaway (1994) made a case for such a coupling, with 
inward fl ow, in the context of extensional tectonics in 
western Turkey. He proposed that sediment loading in 
the sedimentary basins would have driven fl ow toward 
the uplift ed area. Th is kind of process was fi rst mod-
elled by King and Ellis (1990), who modelled crustal 

extension using a thin elastic plate (upper crust) over-
lying an inviscid fl uid (lower crust).

We propose that this kind of coupling might also 
appear in a compressional context. Let us consider a 
portion of a lithosphere, loaded with some initial range 
topography in regional isostatic balance, and submit-
ted to horizontal compression. Horizontal stress gra-
dients, resulting from the slopes of the topography 
and of the Moho, must drive horizontal fl ow. Th e lith-
osphere in the region of the range is weakened, since 
the crust is thick and hot, and because bending of the 
lithosphere beneath the mountain load tends to reduce 
its strength (Burov and Diament, 1992; 1995; Ranalli, 
1995). Higher strain rates in the area below the range 
should therefore be expected. A low viscosity channel 
in the lower crust beneath the high topography might 
therefore allow lateral fl ow. In the absence of horizon-
tal shortening and erosion, the lower crust below the 
range would be extruded laterally as discussed by Bird 
(1991). If erosion takes place, a regime may be estab-
lished in which horizontal shortening would be pref-
erentially accommodated by crustal thickening in the 
area below the range:

a) Surface processes remove material from the range 
and feed the adjacent fl exural basins inducing iso-
static imbalance. 

b) Th is imbalance produces a temporary excess of 
normal stress below the foreland basins and defi cit 
below the range favoring fl ow in the lower crust to-
wards the crustal root. Th e range uplift s and the ba-
sins subside.

Ultimately this coupled regime might lead to some dy-
namic equilibrium in which the amount of material 
removed by erosion would balance the material sup-
plied to the range by subsurface deformation. 

Apart of the direct mechanical eff ect of erosion/sed-
imentation (loading-unloading) on the lithosphere, it 
also has very important thermal, and, by proxy, me-
chanical consequences, because the removal and ac-
cumulation of sedimentary matter modifi es surface 
heat fl ux and thermal conditions in the upper crust 
(e.g., England and Richardson, 1977). Accumulation 
of sediments in the forelands leads to (1) cooling of the 
accretion wedge at a short term, in case of rapid ad-
vection/fi lling (initial stages of collision when the con-
vergence rate is highest); (2) heating of the accretion 
wedge at a long term in case of slow advection (when 
collision rate slows down), due to heat screening (sed-
iments have low thermal conductivity) and the abun-
dance of heat producing radiogenic elements in the 
sedimentary matter. Furthermore, penetration of the 
mechanically weak sediment in the subduction chan-
nel should serve as lubrifi cation and may enhance the 
conditions for subduction processes. 
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2.4 Coupling of Surface Processes 
 and Tectonic Input/Reaction
 in Full Scale Mechanical Models: Major Stages 

A number of earlier modelling studies (e.g., Beaumont, 
1981; Beaumont et al., 1992; 1995; Willet, 1999) have 
investigated various relationships between erosion and 
tectonic processes. However, tectonic reaction was not 
fully accounted for, as most of these models that have 
exploited semi-kinematic formulations for the crust or 
the mantle lithosphere. One of the fi rst full-scale para-
metric semi-analytical models was developed by Av-
ouac and Burov (1996) in order to validate the coupled 
regime between surface and subsurface processes. For 
this purpose this model accounted for:

1. Surface processes.
2. Th e eff ect of topographic loads and variations of 

crustal thickness on the mechanical behavior of the 
lithosphere.

3. Ductile fl ow in the lower crust.
4. Depth-and-strain dependent rheology of the litho-

sphere.

In the following sections we fi rst discuss the compo-
nents needed to build a coupled tectonic model of oro-
genic building:

1. Th e existing models of surface processes. 
2. Th e rheology data needed for proper account of the 

mechanical response of the lithosphere. 
3. Th ermal models of the lithosphere needed for prop-

er account of thermally dependent ductile rheolo-
gy.

We then describe the design and major results of the 
coupled semi-analytical model of Avouac and Burov 
(1996). Th is semi-analytical model has a number of 
limitations in terms of model geometry and its inabil-
ity to account for some key deformation modes such 
as formation of major thrust faults. For this reason, in 
the fi nal sections of this study, we go further by in-
troducing an unconstrained fully coupled numerical 
thermo-mechanical model of continental collision/
subduction similar to that used by Burov et al., (2001); 
and Toussaint et al. (2004a,b). Th is model takes into 
account more realistic (than in the previous studies) 
geometry of the convergent plates, accounts for large 
strains and brittle-elastic-ductile rheology including 
localized brittle (faulting) and ductile deformation.

3 Surface Processes Modelling: 
 Principles and Numerical Implementation

3.1  Basic Models of Surface Processes

A growing amount of fi eld and experimental stud-
ies have investigated and validated various forms of 
long-and-short range erosion and sedimentary trans-
port laws and models (Ahnert, 1970; Beaumont, 1981; 
Beaumont et al., 1992;2000; Burbank, 1992; Burbank 
and Verge, 1994; Ashmore, 1982; Mizutani, 1998; Lavé 
and Avouac, 2001; Lague et al., 2000, 2003; Davy and 
Grave, 2000; Lague et al, 2000; Molnar, 2001; Grave 
and Davy, 2001; Densmore et al., 1997;1998; Pinet and 
Souriau, 1988).

Short-range erosion. A simple two-dimensional law 
may be used to simulate erosion and sedimentation 
at the scale of a mountain range. Th e evolution of a 
landscape results from the combination of weather-
ing processes that prepare solid rock for erosion, and 
transportation by hillslope and stream processes (see 
Carson and Kirkby, 1972 for a review). Although many 
factors, depending on the lithologies and on climate 
(e.g., Fournier, 1960; Nash, 1980), may control this 
evolution, quite simple mathematical models describ-
ing the geometrical evolution of the morphology at the 
small scale have been proposed and tested successfully 
(e.g., Kirkby, 1971; Smith and Bretherton, 1972; Chor-
ley et al., 1984; 1986; Luke, 1972; 1974; Kirkby et al., 
1993). For example, the two-dimensional evolution of 
a scarp-like landform can be modelled assuming that 
the rate of downslope transport of debris, q, is pro-
portional to the local slope, —h (Culling, 1960; 1965; 
Hanks et al., 1984; Avouac, 1993; Kooi and Beaumont, 
1994; 1996; Braun and Sambridge, 1997). 

q = –k—h (1)

where k is the mass diff usivity coeffi  cient, expressed in 
units of area per time [e.g., m2/y]. Assuming conserva-
tion of matter along a 2-D section and no tectonic de-
formation, h must obey:

dh/dt = –—q (2)

With constant k, Eqs. (1) and (2) lead to the linear dif-
fusion equation:

dh/dt = k—2h (3)

Th is model of surface processes holds only for partic-
ular conditions. Th e regolith must form more rapid-
ly than it is removed by surface transport and slopes 
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must not exceed the frictional angle of the material. 
Even for scarps formed in loose alluvium some com-
plications arise when high scarps are considered. 
Scarps with height typically in excess of about 10 me-
ters in arid climatic zones, tend to have systematical-
ly sharper curvatures at crest than at base (e.g., An-
drews and Bucknam, 1987). Gravity-driven erosion 
processes such as hillslope landsliding impose strong 
limitations on the applicability of the diff usion equa-
tion since the processes are rather slope- then curva-
ture-dependent, which basically requires to introduce 
slope-and-height dependent terms in the equation (3). 
At the larger scale, hillslope and stream processes in-
teract and the sediment transport then depends non-
linearly on the slope and on other factors such as the 
slope gradient, the area drained above the point, the 
distance from the water divide, so that the simple 2-D 
linear diff usion does not apply in general (e.g., Goss-
man, 1976). In spite of these limitations, we have cho-
sen to stick to a linear diff usion law to model erosion 
in the upland. Th is model does not accurately mim-
ic the spatial distribution of denudation in the moun-
tain range but it leads to a sediment yield at the moun-
tain front that is roughly proportional to the mean 
elevation of the basin relative to that point (a rough 
approximation to the sediment yield resulting from a 
change of elevation h over a horizontal distance d is 
k×h/d) and therefore accounts for the apparent corre-
lation between elevation and denudation rates (Ahn-
ert; 1970, Pinet and Souriau, 1988; Summerfi eld and 
Hulton, 1994). We did not apply the diff usion model 
to the whole system, however. We felt that we should 
take into account the major discontinuity in surface 
processes that occurs at the mountain front. As a river 
emerges into the adjacent basin its gradient is sharp-
ly reduced and deposition occurs. Th e streams shift  
from side to side and build up alluvial fans and tend 
to form a broad gently sloping pediment at the base of 
the mountain range. In addition, a lateral drainage of-
ten develops along the foothills of mountain ranges. 
Th e Ganges along the Himalayan foothills, the Para-
na along the Andes, or the Tarim along the Tien Shan 
are good examples. Altogether the formation of the 
pediment and lateral drainage tend to maintain gentle 
slopes in the foreland. Th ere is therefore a sharp con-
trast between river incision that maintains a rugged 
topography with steep slopes in the mountain range 
and widespread deposition of alluvium in the fore-
land. Th is discontinuity of processes must be consid-
ered to model the sharp break-in-slope at the moun-
tain front that is generally observed on topographic 
profi les across mountain belts. In order to simulate 
this major change in surface processes, sedimentation 
in the lowland is modelled assuming fl at deposition by 
fl uvial network: we assume that conservation of mat-
ter along the section and the sediment at the moun-

tain front is distributed in order to maintain a fl at hor-
izontal topography in the foreland. We arbitrarily set 
the change from diff usional erosion to sedimentation 
(“fl at deposition“) at a diff erential elevation of 500 m, 
which is, however, representative for the transition 
from highlands to forelands. 

We considered values for k varying between 102 to 
104 m2/y that yield denudation rates of the order of 
a few 0.01 mm/y to 1 mm/y for a 200–400 km-wide 
range with a few thousand meters of relief. In order to 
test the sensitivity of our model on the assumed ero-
sion law we also considered non linear erosion laws of 
the form: 

dh/dt = k*(x,h,—h)—2h (4a)

where k*(x,h,—h)= k(x)(—h)n (e.g., Gossman, 1976; An-
drews and Bucknam, 1987). We will refer to the cas-
es with n = 1, 2 as fi rst-and second-order diff usion, 
respectively. In these cases we did not introduce the 
change in regime at the mountain front since the non-
linear eff ects already tend to form relatively smooth 
pediments. It should be noted that Eq. (4) diff ers from 
the one obtained assuming a non linear diff usion co-
effi  cient in Eq. (1). In that case conservation of mass 
would lead to an additional term —k*—h : 

dh/dt = k *(x,h,—h) —2h +—k*(x,h,—h)—h (4b)

However, Eq. 4a is a phemenological one and may re-
fl ect the possibility of material loss from the system. 
It is also noteworthy that the existing nonlinear ero-
sion laws are not limited to Eq. 4a (e.g., Newman, 1983; 
Newman et al., 1990), which only presents the simplest 
way to account for dependence of erodibility on the 
morphology.

Long-range surface processes. Th e long-range sur-
face processes are associated with fl uvial transport, 
i.e., with river incision, slope geometry, character of 
sediment matter, and conditions for deposition (Flint, 
1973; 1974; Sheperd and Schumm, 1974; Hirano, 1975; 
Schumm et al., 1987; Seidl and Dietrich, 1992; Govers 
1992a,b; Hairsine and Rose, 1992; Sklar and Dietrich, 
1998;2001; Howard et al., 1994; Howard, 1998; Smith, 
1998; Davy and Crave, 2000; Snyder et al., 2000; Sny-
der, 2001; Hancock and Willgoose, 2001; Simpson, 
2004). Th e characteristic laws for this range are dif-
ferent as these mechanisms are dependent on the inci-
sion and transport capacity of the fl uvial network, lo-
cal slope, and type of sediment. Deep steep rivers can 
carry sediment longer distances as it can be caught in 
turbulent fl ow layer. Shallow rivers would deposit sed-
iment rapidly resulting in rapid river blockage and fre-
quent change of the direction of the fl uvial network. 
Th ere is also a strong dependence of transport capaci-
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ty on the grain size and climate episodicity (e.g., Davy 
and Crave, 2000). Th e long-range fl uvial models were 
used with success by Kooi and Beamount (1994; 1996), 
Garcia-Castellanos (2002), Garcia-Castellanos et al. 
(2002; 2003), Persson et al. (2004). Th e cumulative ma-
terial fl ow, qfe, due to the fl uvial transport can be pre-
sented, in most simple form, as:

qfe = –Kr qr dh/dl (4c)

where qr is the river discharge, Kr is nondimensional 
transport coeffi  cient and dh/dl is the slope in the di-
rection of the river drainage with l being the distance 
along the transporting channel. Th e diff usion equa-
tion (4a), except if it is not strongly nonlinear, provides 
symmetrical, basically over-smoothed shapes whereas 
the fl uvial transport equation (4c) may result in real-
istic asymmetric behaviors, because, locally, the direc-
tion of each bifurcation of the fl uvial network is aff ect-
ed by negligibly small factors, even though the overall 
direction of the fl ow is controlled by the regional slope 
of topography (Fig. 3). Any important change in the 
regional slope of topography, such as at the transition 
from tectonically built steep highlands to fl at sedimen-
tary built forelands, may result, at some moment, in a 
drastic change of the direction of the fl uvial network, 
which may choose a principally new stream direction 
orthogonal to the highland network (as it is the case 
for the Ganges river, for example). Th is happens when 
the sedimentary basin is fi lled to a point that the incli-
nation of its surface in the direction of tectonic conver-

gence becomes less important than that in some oth-
er direction (basically in the direction of the boundary 
between the steep highlands and fl at lowlands). 

Although river networks in mountain ranges owe 
their existence to the competing eff ects of tectonic up-
lift  and climate-controlled erosion, it was also argued 
that some universal geometric properties of river net-
works may be relatively independent of both tecton-
ics and climate (Casteltort and Simpson, 2006). Th ese 
authors have proposed that the geometry of river net-
works is established on the lowland margins of in-
cipient uplift s, and is quenched into the erosion zone 
as the mountain belts widen with time. In that mod-
el, the geometry of river networks simply refl ects the 
downward coalescence of alluvial rivers on undissect-
ed surfaces outside of mountain belts, and is therefore 
independent of erosion processes. Yet, the amount of 
the transported matter, incision rates, and other major 
dynamic parameters of the network are defi nitely tec-
tonic-and-climate dependent.

3.2 Alternative Models of Surface Processes

Th e diff usion equation refl ects an integrated eff ect 
of various processes acting at micro-and macroscale: 
chemical and physical erosion and weathering, grav-
ity hillslope sliding etc. Some of these processes, for 
example, chemical erosion, are well described by the 
diff usion equation, since it refl ects the physics of prop-
agation of chemical interactions. On the other hand, 
gravity-driven processes are not diff usive. Th ese pro-
cesses are primarily slope dependent and thus do not 
fi t well within the linear diff usion model (Densmore 
et al.,1997; 1998; Hasbargen and Paola, 2000; Roer-
ing et al., 2001; Schorghofer and Rothman, 2002; Pel-
letier, 2004). Indeed, it has been noted that the dif-
fusion equation tends to over-smooth the predicted 
topography and fails to reproduce the usually sharp 
transitions from tectonically modifi ed uplift ed land-
scape to typically fl at deposition surfaces in the fore-
land basins. To remedy this problem, either enhanced 
split (bi-mode) erosion models that discriminate be-
tween diff usion and gravity driven processes (e.g., 
Simpson and Schlunegger, 2003) or alternative sto-
chastic (based on methods of artifi cial intellect such 
as cellular automates) and analogue models were pro-
posed (Crave et al., 2000; Davy and Crave, 2000; Crave 
and Davy, 2001; Bonnet and Crave, 2003). Crave et al. 
(2001) or Tucker and Bras (1998; 2000), for example, 
used stochastic methods based on cellular automats 
that “learn” how to reproduce erosion/sedimentation 
from pre-imposed logical rules that establish relations 
between a given grid cell and its neighbors, as a func-
tion of the local slope, height, precipitation, regolith 
type and other conditions. If the rules and their rela-

Fig. 3. Example of a typical numerical morphology model with 
surface erosion and sedimentation based on linear diff usion 
erosion equation and fl uvial transport equation (Poisson, et al., 
1996). Diff usion equation, except if it is not strongly non-linear, 
provides symmetrical shapes whereas fl uvial transport equa-
tion may result in asymmetric behaviour because, locally, the 
direction of each bi-furcation of the fl uvial network may be af-
fected by negligibly small factors, even though the overall di-
rection of the fl ow is controlled by the regional slope of topog-
raphy
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tions are well established, they may form the “vocab-
ulary” and “grammar” (= “language”) for description 
of topography evolution. Th is approach may eventual-
ly produce more realistic landscapes than the common 
diff usion-fl uvial transport models. However, for each 
new application, it requires one to justify the local 
applicability of the previously established rules. An-
alogue (physical) erosion models were used to study 
erosional response to tectonic forcing (e.g., Lague et 
al., 2003). Th ese models may produce naturally look-
ing landscapes, yet their applicability is rather limited 
since it is highly diffi  cult to control, scale and interpret 
their parameters. 

Linear and nonlinear diff usion short-range mod-
els combined with fl uvial transport long-range mod-
els (Fig. 3) remain to be most widely used for tecton-
ic-scale modelling. In particular, diff usion and fl uvial 
transport equations can be generalized (Simpson and 
Schlunegger, 2003) as following:

 (5)

where c is sediment discharge, α is eff ective rainfall, 
q is surface fl uid discharge, and k + cqn has a sense 
of a variable nonlinear diff usion coeffi  cient that incor-
porates both the eff ects of diff usion-driven (k-term: 
chemical and physical erosion, weathering) process-
es and gravity-driven, i.e. fl uvial, processes (cqn term: 
slope-dependent fl ow, sliding, creep etc). Th e respec-
tive role of dispersive processes and hillslope creep 
processes is characterized by dimensionless De num-
ber (L is characteristic length scale).

4 Structure and Rheology of the Lithosphere

4.1 Rheology

Many studies of the interplay between erosion and tec-
tonics have been conducted assuming either local isos-
tasy (Ahnert, 1970; Leeder, 1991) or thin plate fl exural 
behavior of the lithosphere (Beaumont, 1981; Flemings 
and Jordan, 1989;1990; Beaumont et al., 1992; Masek 
et al., 1994a,b; Garcia-Castellanos, 2002; Garcia-Cas-
tellanos et al., 2002; Garcia-Castellanos et al., 2003). 
Some authors have considered the possibility for duc-
tile fl ow in the lower crust and treated the lower crust 
as an inviscid fl uid overlaid by a thin elastic plate 
(King et al., 1988; King and Ellis, 1990; Avouac and 

Burov, 1996; Burov and Cloetingh, 1997; Burov et al., 
2001). Th e eff ect of variations in the surface loading 
and in the crustal thickness on the mechanical behav-
ior of the lithosphere have been oft en neglected, except 
several studies (e.g., Beaumont et al., 1992, 2000; Av-
ouac and Burov, 1996; Burov and Cloetingh, 1997; Bu-
rov et al., 2001; Toussaint et al., 2004a,b). Th e coupled 
erosion-tectonics regime described in the previous 
sections assumes that strain localization below a tec-
tonic load, range or basin, results from weakening of 
the lithosphere due to crustal thickening and bending 
stresses. In order to account for this process one can 
treat the lithosphere neither as a one-layer elastic or 
visco-elastic plate with vertically integrated properties 
overlying an inviscid asthenosphere, or as a thin vis-
cous sheet (e.g., England and McKenzie, 1983; Vilotte 
et al., 1982). We thus have to consider the lithologi-
cal and mechanical rheological layering of the litho-
sphere. For the model demonstrated here, three litho-
logical layers were defi ned: the upper crust, the lower 
crust, and the mantle (Fig. 2a). Each layer has specif-
ic properties (density, mechanical, and thermal con-
stants) that are given in Table 1. We assume no com-
positional changes due to deformation or cooling. Th e 
lithological boundary between the upper and lower 
crust lies at a fi xed depth of 20 km. Th e bottom of the 
mantle lithosphere is limited by the 1330°C isotherm 
at a depth of about 250 km. At small diff erential stress-
es the rocks behave elastically. In terms of principal 
components, the relationship between the stress ten-
sor, σ, and the strain tensor, ε, can be written:

σj = 2µeεj + λ(ε1 + ε2 + ε3) (6)

where j =1, 2, 3. λ and µe are Lamé‘s constants relat-
ed to Young‘s modulus (E) and Poissons‘s ratio ν as 
λ = E ν((1 + ν)(1 – 2ν))–1; µe = E/2(1 + ν). Typical values 
for E and ν are 6.5–8×1010 N/m2 and 0.25, respectively 
(e.g., Turcotte and Schubert, 1982).

Weakening by brittle failure or ductile fl ow occurs 
when elastic stresses reach some threshold value that 
determines the condition for failure or signifi cant duc-
tile deformation. Above this threshold rocks no longer 
behave elastically, and unrecoverable strain may grow 
without increase of stress. Th e conditions of brittle 
failure are independent of rock type and temperature, 
but strongly controlled by pressure (Byerlee, 1978):

σ3 = (σ1–σ3)/3.9 at σ3 < 120 MPa;

σ3 = (σ1–σ3)/2.1 – 100 MPa at σ3 ≥ 120 MPa
 (7)

where σ1, σ2, σ3 are principal stresses [MPa]. Th is law 
corresponds to Mohr-Coulomb plastic behavior.

Ductile fl ow in the lithosphere essentially re-
sults from dislocation creep (e.g., Kusznir, 1991). Th is 
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Table 1a. Defi nition of variables

Variable Values and units Defi nition Comments

τxx, τxy, τyy, Pa, MPa shear stress components

σxx, σxy, σyy Pa, MPa full stress components σ = τ – P Ι, σxy = τxy etc. 

P Pa, MPa pressure

v m/s, mm/y total velocity vector

u m/s, mm/y horizontal velocity x component of v

ν m/s, mm/y vertical velocity y component of v

µ Pa s eff ective viscosity 1019  to 1025 Pa s

k m2 / y coeffi  cient of erosion ~ mass diff usivity

dh m, km topographic uplift or subsidence

du m, km tectonic uplift do not mix with u

de m, km erosion or sedimentation

ψ m2/s stream function υ = ∂ψ / ∂y, ν = ∂ψ / ∂y

ξ s–1 vorticity function  ∂υ / δy – ∂ν /  ∂x = Δψ

ε strain

ε· s–1 average strain rate ε· = (½ ε· ij ε
·

ij ) ½

q m2/s integrated fl ux ductile crust

qe (m2/s) / m erosional fl ux per unit length

E 8×1010 N/m2 Young‘s modulus in the semi-analytical model

ν 0.25 Poisson‘s ratio in the semi-analytical model

λ, µe N/m2 Lamé‘s constants

A* Pa–n s–1 material constant power law

n 3 to 5 stress exponent power law

H* kJ mol–1 activation enthalpy power law

R 8.314 J/mol K gas constant power law

T C°, K temperature

γ (y) Pa/m, MPa/km depth gradient of yield stress γ(y) ∝ dσ(ε)/dy,

w m, km plate defl ection ~ defl ection of mantle lithosphere

Te, T
~

e (x, w, w‘, w“, t) m, km eff ective elastic thickness ~ instant integrated strength

Tec m, km eff ective elastic thickness of the 
crust

Te ≈ (T3
ec + T3

em)1/3

Tec ≤ hc1

Tem m, km eff ective elastic thickness of man-
tle lithosphere

Te ≈ (T3
ec + T3

em)1/3

Tem ≤ hc2 – T c

M
~

x N m / m fl exural moment per unit length

T
~

x N longitudinal force

Q
~

x N / m shearing force per unit length

p+ Pa, N/m2 surface load

p– Pa / m restoring stress per unit length

h (x, t) m, km surface topography

h
~

 (x, t) m, km upper boundary of ductile chan-
nel

hc, Tc m, km Moho depth Moho boundary

hc2 m, km lower boundary of ductile crust-
al cannel 

hc2 ≤ Tc


