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Sie begriffen, daß die Vernunft nur das einsieht, was sie selbst
nach ihrem Entwurfe hervorbringt, daß sie mit Principien ihrer Ur-
theile nach beständigen Gesetzen vorangehen und die Natur nöthi-
gen müsse auf ihre Fragen zu antworten, nicht aber sich von ihr
allein gleichsam am Leitbande gängeln lassen müsse; denn sonst
hängen zufällige, nach keinem vorher entworfenen Plane gemachte
Beobachtungen gar nicht mit einem nothwendigen Gesetz zusam-
men, welches doch die Vernunft sucht und Bedarf...

Immanuel Kant, Zweite Vorrede zur Kritik der reinen Vernunft, Königsberg, 1787
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Summary

Mountain belts result from the interaction between
deformation, flexure and surface processes. Previ-
ous research has either focused on the mechanics
of orogenic evolution and thereby paid special at-
tention to its shape, or on the influence of surface
processes on deformation. Thus, both attempts
follow the bird‘s eye view. However, conceptual
models such as the Critical Coulomb Wedge con-
cept or the forward- and the backward-breaking
model of thrust propagation provide only little to
no predictive power with respect to the magnitude
and location of deformation and surface uplift. We
therefore aim to elucidate the spatio-temporal evo-
lution of strain-partitioning within and the associ-
ated surface uplift of bivergent wedges. However,
such a methodological approach would require the
view from below.

This challenge is addressed with two series of
sandbox experiments, each with a specific pur-
pose. The 1st experimental series was designed
to analyse the influence of flexure, the mechanic
stratigraphy as well as the strength contrast be-
tween the lower and the upper plate on the ratio be-
tween internal deformation versus foreland-ward
propagation of deformation. With the 2nd exper-
imental series, special emphasis was devoted to
the effect of the location of erosion with respect to
the convergence geometry as well as the mode of
erosion on the tectonic mass transfer in bivergent
wedges.

We introduce a setup, which allows for the first
time in sandbox experiments, the simulation of
load-driven flexure. Incorporation of Particle Im-
age Velocimetry provided time-series of the incre-
mental displacement field and its derivates such as
horizontal shear-strain. To facilitate interpretation
and to successfully communicate results, two new
display types, i. e., the surface uplift and the evo-
lution of deformation map are introduced.

Based on the 1st experimental series we sug-
gest a four-staged evolutionary model for biver-
gent orogenic wedges. An initial crustal scaled
pop-up (stage I) or backfold is followed by a proto
pro-wedge, in which frontal accretion dominates
(stage II). Basal accretion commences if a mid-
crustal detachment is present (stage III). Frontal
accretion within the retro-wedge occurs during
stage IV.

We propose the conceptual model of an ac-
cretion cycle. Each accretion cycle consists of
a thrust initiation, an underthrusting and a re-
activation phase, where the first and the third
phase of two consecutive accretion cycles are co-
eval. It follows that strain transfer between thrusts
is a gradual process. Furthermore, each accre-
tion cycle initiates a surface uplift and a strain
wave at the toe of the pro-wedge and both mi-
grate coevally towards the retro-wedge. Thereby,
strain accumulation and surface uplift depend on
the phase within the accretion cycle and thus vary
predictably in space and time. Although Mohr-
Coulomb is time-independent, strain hardening
and strain softening processes within fault zones
determine the timing and magnitude of slip. We
therefore consider the accretion cycle as an inter-
nal clock of orogenic deformation.

We strongly emphasise that this conceptual
model combines previously unrelated observa-
tions, such as the periodicity of thrusting, the topo-
graphic evolution of bivergent wedges and the cu-
mulative slip history of thrusts. Additionally, this
conceptual model highlights farfield connections
between the initiation of a new thrust within the
pro-layer (cause) and the resulting “strain- and up-
lift pulse” at the retro-shear zone (response). How-
ever, the degree of “strain communication” be-
tween the pro- and the retro-wedge decreases, as
the former grows laterally.

Surface uplift of the pro-wedge is highly
episodic and reflects individual accretion cycles.
Thereby, re-activation of thrusts leads to order-
of-magnitude variations in surface uplift. Thus,

iii
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iv Summary

changes of the kinematic or mechanic boundary
conditions as well as surface processes should not
necessarily invoked to explain the observed vari-
ability.

Continuous vertical stacking and retro-ward
translation of basally accreted duplexes results in a
smooth and dome-like shape of the axial-zone and
the retro-wedge. We therefore question the possi-
bility to detect basal accretion episodes within the
surface uplift signal.

This conceptual model indicates further that
geodetic, paleoseismologic and geologic estimates
of fault slip are not necessarily the same. It fol-
lows that interpolation of slip rates from different
temporal scales and resulting predictions of earth-
quake recurrence intervals can only be successful
if the phase within the accretion cycle is known.
In addition, each structure might have its own b-
value, which changes through time as accretion
proceeds. We finally explore further implications
of the accretion cycle model with respect to kine-
matic modeling as well as fluid flow and hydrocar-
bon maturation studies.

Experimental results additionally suggest an
end-member scenario in which either thrust spac-
ing or the timing of thrust initiation is constant and
the respective other parameter variable. Thus, one
should be very careful while deriving one infor-
mation from the other. This end-member model
is thought to resemble the time- and the slip-
predictable earthquake model, but on a larger spa-
tial and temporal scale.

Based on the 2nd experimental series, we found
that retro-wedge erosion amplifies the displace-
ment of the basally accreted material, whereas
pro-wedge erosion accelerates and additionally
redirects the particle flow of the frontally accreted
material. Pro- and retro-wedge erosion retard the
propagation of deformation into the foreland. This
effect is stronger for pro-wedge erosion. Retro-
wedge erosion amplifies vertical growth and leads
to increased strain accumulation along the retro
shear-zone and the mid-level detachment. Thus,

cause (retro-wedge erosion) and response (defor-
mation within the pro-wedge) are significantly off-
set in space. Since pro-wedge erosion evokes a
complete decoupling of the retro-wedge from the
pro-wedge, cause and response are spatially more
closely related. Both results highlight the need for
orogen-wide climate-tectonics studies. We also
found that more focused erosion is associated with
a more focused tectonic response.

Experimental results do further indicate that the
kinematics of bivergent wedges are robust with re-
spect to erosion. We therefore propose that only if
erosion determines the active detachment, erosion
has taken the lead.

Peripheral foreland basin systems form in direct
response to orogenic loading. We therefore analyt-
ically explore the implications of the above results
on the spatio-temporal evolution of foreland basin
systems. Based on the observation that bivergent
wedge growth follows a power law, we propose a
kinematic model for the Flysch to Molasse tran-
sition. The latter would be thus an emergent re-
sult of the imposed kinematic boundary condi-
tions. There would be thus no need to invoke a
halt of convergence or a slab break-off.

We also found that retro-wedge erosion influ-
ences the spatio-temporal evolution of the pro-
foreland basin system and should be thus taken
into account. In addition, forebulge unconformi-
ties are preferred sites for Mississippi Valley Type
deposits. Their formation might be controlled by
an eroding orogen, hundreds of kilometers away.

Finally, boundary conditions do matter. The
perception of how nature works commonly guides
the setup of simulation studies. The results how-
ever, mirror only the interaction between the pre-
scribed boundary conditions and thus influence the
way nature is perceived. We therefore strongly
suggest to examine the transferability of all bound-
ary conditions to nature and to compare experi-
mental with natural time series.
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Zusammenfassung

Die räumlich-zeitliche Entwicklung von Kolli-
sionsorogenen wird durch das Zusammenwirken
von Deformation, Isostasie und Oberflächen-
prozessen kontrolliert. Bisherige Studien zur
orogenen Entwicklung, welche im Wesentlichen
auf dem kritischen Keil-Konzept beruhen, un-
tersuchten einerseits den Einfluß der Material-
eigenschaften auf die orogene Geometrie und
analysiertten andererseits den Einfluß von Erosion
und Sedimentation auf die Verteilung von Defor-
mation. Trotz der zum Teil sehr weitreichenden
Implikationen des kritischen Keil-Konzepts hin-
sichtlich der Verteilung von Materialpfaden und
Metamorphosegraden in orogenen Keilen, besitzt
es nur eine begrenzte Vorhersagekraft bezüglich
der räumlichen und zeitlichen Verteilung von De-
formation und Oberflächenhebung.

Ziel der vorliegenden Arbeit ist es, die räum-
liche und zeitliche Verteilung von Deformation
und Oberflächenhebung in bivergenten Keilen
zu analysieren, gegebenenfalls Muster zu erken-
nen und diese in einen Prozesszusammenhang zu
stellen. Letzteres würde nicht nur das Verständ-
nis der geologischen Vergangenheit verbessern, es
könnte auch zur genaueren Vorhersagbarkeit von
Naturkatastrophen führen.

Dieser Herausforderung soll mit Hilfe zweier
Serien skalierter 2D Simulationen begegnet wer-
den. Dabei dient die erste Experimentserie der
Klärung des Einflusses von Isostasie, mecha-
nischer Stratigraphie und eines Festigkeitskon-
trastes zwischen Ober- und Unterplatte auf das
Verhältnis von Interndeformation zur Propagation
der Deformation. In der zweiten Experimentserie
soll der Einfluß des Ortes maximaler Erosion
hinsichtlich der Kollisionsgeometrie auf den tek-
tonischen Massenfluß und die daran geknüpfte
topographische Entwicklung bei jeweils zwei ver-
schiedenen Erosionsmodi untersucht werden.

Der hierfür notwendige Experimentaufbau
greift zum einen bestehende Konstruktions-
ansätze auf, erlaubt aber auch erstmalig die
Simulation von auflastabhängiger Flexur. Der
Einsatz von Particle Image Velocimetry er-
möglicht die Berechnung des inkrementellen
Partikelverschiebungsfeldes und seiner Ablei-
tungen, inklusive der horizontalen Scherdefor-
mation, als auch die Extraktion von Zeitreihen
der Oberflächenhebung und der Störungsentwick-
lung. Diese Daten werden mit Hilfe zweier neu
entwickelter Abbildungstypen, der Hebungs- und
der Deformationskarte visualisiert.

Resultate der ersten Experimentserie belegen
die gute Übereinstimmung mit bereits publizierten
Ergebnissen hinsichtlich der generellen Entwick-
lung bivergenter Keile. Darüber hinausgehend
postulieren wir ein Vier-Phasen Modell der oro-
genen Entwicklung, welches sich am Auftreten
bestimmter Akkretionsmodi orientiert. Phase I
ist durch die Bildung eines krustalen pop-up
gekennzeichnet. In Phase II führt frontale Akkre-
tion zur Herausbildung eines Proto-Prokeiles.
Sofern ein interner Abscherhorizont vorhanden
ist, kommt es in Phase III zur basalen Akkretion.
Frontale Akkretion im Retrokeil markiert den Be-
ginn der Phase IV.

Eines der Hauptresultate dieser Arbeit ist
die Entwicklung des konzeptionellen Modelles
Akkretionszyklus (accretion cycle). Dem-
nach besteht jeder Akkretionszyklus aus einer
thrust initaion, einer underthrusting und einer
re-activation phase, wobei die letzte und
die erste Phase zweier aufeinander folgender
Akkretionszyklen zeitgleich sind. Dies belegt,
daß der Transfer von Deformation zwischen
zwei Überschiebungen ein gradueller und kein
abrupter Prozess ist. Des Weiteren wird mit
jedem Akkretionszyklus eine Hebungs- und
Deformationswelle initiiert, welche sich durch
den gesamten bivergenten Keil bis hin zum
Retrokeil bewegt. Somit lassen sich Magnitude
und Ort von Deformation und Oberflächen-

v
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vi Zusammenfassung

hebung in Abhängigkeit von der Phase im
Akkretionszyklus vorhersagen. Diese Zeitab-
hängigkeit resultiert aus strain softening und
strain hardening Prozessen in den Scherzonen.
Der Akkretionszyklus kann somit als internes
Metronom orogener Deformation angesehen
werden. Es sei ausdrücklich darauf hingewiesen,
daß das Akkretionszykluskonzept bisherige
Einzelbeobachtungen nicht nur verknüpft sondern
auch in einen Prozesszusammenhang stellt.
Darunter fallen die Episodizität von Akkretion,
die Oberflächenhebung und auch die Versatzent-
wicklung von Überschiebungen. Weiterhin
zeigt dieses konzeptionelle Modell Kausalbezie-
hungen zwischen räumlich und zeitlich getrennten
Phänomenen auf. So erzeugt die Initiierung
eines neuen Überschiebungskörpers während
der underthrusting phase einen Hebungs- und
Deformationspuls entlang der Retroscherzone.
Der Grad der Deformationspartitionierung zwi-
schen Pro- und Retrokeil nimmt jedoch einer
gedämpften Oszillation gleich, mit zunehmender
Länge des Prokeils ab.

Die räumlich-zeitliche Entwicklung der Ober-
flächenhebung im Prokeil trägt einen episodischen
Charakter, welcher sich durch die einzelnen
Akkretionszyklen ergibt. Dabei kann es durch
die Reaktivierung von Überschiebungen zu Ände-
rungen der Hebungsbeträge um eine Größenord-
nung kommen. Somit müssen Änderungen
der kinematischen oder dynamischen Randbe-
dingungen als auch Änderungen im Erosions-
Sedimentationsregime nicht notwendigerweise
angenommen werden, um diese hohe Variabilität
zu erklären. Im Gegensatz dazu erzeugt die kon-
tinuierliche Stapelung basal akkretierter Duplexe
in der axialen Zone und im Retrokeil ein eher
domähnliches Hebungssignal, wobei sich die Bil-
dung einzelner Duplexe nicht nachweisen ließ.

Weiterhin impliziert das konzeptionelle Mo-
dell des Akkretionszyklus, daß geodätisch, paläo-
seismologisch und geologisch ermittelte Über-
schiebungsraten nicht zwangsläufig übereinstim-

men müssen. Daraus folgt, daß die Inter-
polation von Versatzraten zwischen verschie-
denen Zeitskalen und die sich daraus ergebenden
Wiederkehrintervalle von Erdbeben nur erfolg-
reich sein kann, wenn die Phase im Akkretions-
zyklus bekannt ist. Demnach könnte jede Struktur
mit einem unterschiedlichen b-Wert behaftet sein,
welcher sich im Laufe des Akkretionszyklus än-
dert. Des Weiteren werden die oben vorgestell-
ten Ergebnisse hinsichtlich ihrer Implikationen für
kinematische Modellierungen, Fluiduntersuchun-
gen als auch Kohlenwasserstoffgenese beleuchtet.

Die Ergebnisse der ersten Experimentreihe
deuten außerdem ein Szenario an, in welchem
entweder der zeitliche oder der räumliche Ab-
stand zwischen zwei aufeinander folgenden Über-
schiebungen konstant ist und der jeweils andere
Parameter erheblich variiert. Es scheint daher
nicht möglich aus der Beobachtung eines Pa-
rameters, Schlußfolgerungen hinsichtlich eines
anderen Parameters ziehen zu können. Ähn-
lichkeiten dieses Modells mit Erdbebenmodellen
(time-predictable versus slip-predictable) sind be-
absichtigt und kennzeichnen möglicherweise ähn-
liche Prozesse auf unterschiedlichen Zeit- und
Längenskalen.

Ergebnisse der zweiten Experimentreihe
zeigen, daß Prokeilerosion den Massenfluß des
frontal akkretierten Materials beschleunigt und
zu einer deutlichen Versteilung der Partikel-
pfade im Prokeil führt. Hingegen beschleunigt
Retrokeilerosion den Massenfluß der basalen
Akkretion. Sowohl Pro- als auch Retrokeilerosion
verzögern die Propagation von Deformation
in das Vorland, wobei dieser Effekt verstärkt
bei Prokeilerosion auftritt. Retrokeilerosion
steigert das vertikale Wachstum bivergenter Keile
und führt zu einer erhöhten Akkumulation von
Deformation entlang der Retroscherzone und
des internen Abscherhorizontes. Somit evoziert
Retrokeilerosion eine räumliche Entkoppelung
von Ursache (Retrokeilerosion) und Wirkung
(Deformation im Prokeil). Da Prokeilerosion
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Zusammenfassung vii

den Prokeil vom Retrokeil entkoppelt, stehen Ur-
sache und Wirkung in einer engeren räumlichen
Beziehung. Beide Resultate verdeutlichen, daß
Klima-Tektonik-Studien immer das Gesamtsy-
stem „Orogen“ in Betracht ziehen sollten.

Die Resultate deuten aber auch an, daß
die Kinematik bivergenter Orogene sehr robust
gegenüber der Erosion ist. Wir postulieren, daß
ein Orogen nur dann in seiner Kinematik von der
Erosion gesteuert wird, wenn letztere in der Lage
ist, das aktive Abscherniveau und somit die Größe
der Materialzufuhr zu bestimmen.

Periphere Vorlandbecken sind integraler Be-
standteil kontinentaler Kollisionszonen. Im letz-
ten Abschnitt werden die Auswirkungen der
oben vorgestellten Ergebnisse auf die zeitlich-
räumliche Entwicklung von Vorlandbecken unter-
sucht. Basierend auf der Beobachtung, daß biver-
gente Orogene ein Höhen- und Längenwachstum
zeigen, welches einem Potenzgesetz gehorcht,
postulieren wir ein kinematisches Modell für den
Flysch-Molasse Übergang. Letzterer wäre dem-
nach ein Resultat der kinematischen Randbedin-
gungen und nicht notwendigerweise ein Ergeb-
nis der abklingenden Konvergenz oder eines slab
break off. Weiterhin zeigen die Berechnungen,
daß auch Retrokeilerosion einen erheblichen Ein-
fluß auf die räumlich-zeitliche Entwicklung der
Pro-Vorsenke hat. Überlegungen zur tektono-
stratigraphischen Position von Mississippi Valley
Type Lagerstätten schließen sich an.

Ceterum censeo, daß die Vorstellung des
Beobachters von der Natur seine Wahl der kine-
matischen und dynamischen Randbedingen von
physikalischen als auch numerischen Modell-
studien beeinflußt. Die gewonnenen Resul-
tate spiegeln jedoch nur das Zusammenwirken
der Eingangsparameter wider und werden somit
einschließlich ihrer Interpretation indirekt von
der Vorstellung des Beobachters beeinflußt. Es
scheint daher von großer Bedeutung die Über-
tragbarkeit aller experimentellen Randbedingun-
gen und Zeitreihen auf die Natur zu prüfen.
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1 Introduction

Mountain belts have always attracted human at-
tention. They provide shelter against enemies and
supply the economy with natural resources such
as building materials or precious ores. Moun-
tain belts are also a preferred site for recreation
in a beautifully shaped landscape, although they
are prone to devastating earthquakes and bedrock
landslides. However, and most importantly for
this study, mountain belts like the European Alps,
the Pyrenees, the Himalayas, the Southern Alps
of New Zealand, Taiwan or Borneo are a mag-
nificent and impressive realisation of the proba-
bly subtle interplay between endogenic and exo-
genic geo-processes. Considerable amount of re-
search, focussing on the kinematic and dynamic
evolution of mountain belts in the broadest sense,
has been carried out during the last two centuries
and is still undertaken. Meanwhile our under-
standing of and our perspective on mountain belts
has changed from the opening and closure of geo-
synclines to the collision of two continental plates
and the partial subduction of one beneath the other
(Fig. 1.1). The currently held concepts of conti-
nental collision zones involve a kinematic and a
dynamic assumption. The former proposes that
collisional orogens result from the partial subduc-
tion of continental lithosphere and accretion of
crustal material (e. g., Willett et al., 1993; Storti
et al., 2000). The dynamic assumption, which is
commonly known as critical taper theory suggests
that this subduction-accretion process leads to the
formation of an orogenic wedge with a geome-
try controlled by the basal and internal mechanical
properties (e. g., Davis et al., 1983; Willett et al.,
2001). The reader is referred to chapter (3) for a
more detailed description of both concepts.

With respect to the interplay between tecton-
ics and climate, it has long been recognised that
deformation in collisional orogens is a key fac-

tor in controlling the magnitude and location of
erosion. Orogenic growth leads to topography,
which may enhance monsoonal circulation, pro-
vide a rain-shadow and guides or even deflects the
drainage pattern or the course of glaciers. Changes
in topography may induce the rise or fall of the
regional base-level to which rivers and glaciers
adjust (Kutzbach et al., 1993; Hay, 1996). Fol-
lowing this view, erosion responds primarily to
deformation. In contrast, recent field studies in
the Southern Alps of New Zealand (Koons, 1990,
1995; Tippett and Hovius, 2000), in the Euro-
pean Alps (Schlunegger and Willett, 1999), in
the Chugach/St. Elias Range of Southern Alaska
(Meigs and Sauber, 2000; Sheaf et al., 2003),
in the Andes (Horton, 1999; Montgomery et al.,
2001), in Taiwan (Lin, 2000), in the Tien Shan
(Pavlis et al., 1997; Strecker et al., 2003), and in
the Himalayas (Zeitler, 1985; Zeitler et al., 2001;
Wobus et al., 2003; Thiede et al., 2004) have
shown that “the concentration of erosional energy
leads to a similar concentration of mechanical en-
ergy” (Koons, 1990). These field studies indi-
cate thus, that erosion influences the distribution
of deformation within orogenic belts. This conclu-
sion derives support from the critical taper theory,
which links topography and tectonics in a conver-
gent wedge and predicts that deformation should
be very sensitive to mass redistributions by sur-
face processes (e. g., Davis et al., 1983). In a more
general perspective, mountain building and the in-
fluence of surface processes on deformation can
also be understood in terms of the minimum work
theory (Gutscher et al., 1998; Hardy et al., 1998;
Masek and Duncan, 1998; Gerbault and Garcia-
Castellanos, 2005). Within this concept, a thrust is
either initiated or re-activated, if this process con-
sumes the least gravitational and frictional work to
accommodate convergence. Erosion for example
decreases the load upon a thrust and reduces thus
the gravitational and frictional work, which either
promotes prolonged slip along or the re-activation
of this thrust. Consequently, the formation of a
new thrust within the foreland is retarded.

1
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Pre-orogenic sediments

Syn-orogenic sediments

Figure 1.1: Conceptual model of a collisional orogen. Modified after McClay and Whitehouse (2004).

Numerical simulations (Beaumont et al., 1992;
Willett et al., 1993; Avouac and Burov, 1996;
Willett, 1999; Beaumont et al., 2001), which are
based on the kinematic and the dynamic concepts
outlined earlier, tested and verified the observa-
tions from the above mentioned field studies. The
location of erosion with respect to the conver-
gence geometry as a first order parameter control-
ling orogen-scale deformation has been identified
by Beaumont et al. (1992), Willett et al. (1993)
and Willett (1999). Accordingly, the asymmetry
of erosion would have a profound influence on
the distribution of deformation as well as on the
amount and location of exhumation within a biver-
gent orogen (Fig. 1.2).

In addition, results from sandbox simulations
suggest that synkinematic erosion promotes out-
of-sequence thrusting in the axial-zone and the
persistence of retroverging thrusts (Merle and
Abidi, 1995; Mugnier et al., 1997; Storti et al.,
2000; Marques and Cobbold, 2002; Del Castello
et al., 2004; Persson et al., 2004).

Despite this considerable amount of research
little is known about the influence of flexure, the
mechanic stratigraphy or erosion on the kinematic
evolution of bivergent wedges, or more specifi-
cally: (i) how is strain partitioned in time and
space within a bivergent wedge; (ii) is there a
strain pattern either in time or in space or even in

both domains, which can be predicted; (iii) what
controls the relative magnitudes of in-sequence,
synchronous and out-of-sequence thrusting and
can that be predicted as well and (iv) what is the
relation between the topographic evolution of and
the strain history within a bivergent wedge.

Before these challenges are addressed in later
chapters, an account on orogen-scale erosion is
given first followed by a summary of concepts,
which describe the kinematic and dynamic evolu-
tion of bivergent wedges. Based on these obser-
vations and concepts, constraints are identified to
(i) respectively modify a 2D sandbox setup used
in the Geodynamic Laboratory of the GFZ Pots-
dam and (ii) to generate an erosion model which
can be incorporated into the sandbox simulations.
Additionally, factors which support and justify the
above approach, i. e., the scale invariance of brit-
tle deformation as well as the similarity of the
mechanic behaviour between upper crustal rocks
in the brittle filed and sand are discussed and the
limitations of 2D sandbox experiments are indi-
cated. An optical monitoring system, Particle Im-
age Velocimetry, which provides time-series of
the displacement field and all its derivates such
as the horizontal shear-strain (exy), is used to em-
ploy a quantitative comparison between experi-
ments (section 4.3).
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Figure 1.2: Influence of steady-state erosion on the distribution and magnitude of exhumation in a bivergent wedge. (a) Retro-
wedge erosion. (b) Pro-wedge erosion. Lines are material trajectories; dots are progressive equal-time positions of points
initially aligned vertically. Schematic metamorphic grade is for surface rocks assuming initial equilibrium conditions. Modi-
fied after Willett et al. (1993).

In chapter (5) the first set of five experiments
aimed at investigating the influence of the im-
posed boundary conditions on wedge kinematics
is presented. Experimental results suggest that the
spatio-temporal distribution of deformation fol-
lows a distinct pattern, which is referred to as ac-
cretion cycle. Thereby, each accretion cycle con-
sists of three phases: the thrust initiation, the un-
derthrusting, and the re-activation phase, which
determine the magnitude of strain on any given
thrust within the bivergent wedge. Thus, the ac-
cretion cycle is considered as an internal clock for
wedge-scaled deformation.

Changes of the boundary conditions evoke only
minor modifications with respect to the duration
and magnitude of individual phases. This under-
lines the robustness of the accretion cycle and al-
lowed the derivation of a conceptual kinematic
model. Thus, the spatio-temporal variability in
strain accumulation is an emergent phenomenon
of bivergent wedge-growth and there would be no
need to invoke plate-kinematic changes or major
climatic shifts to explain this variability. It is fur-
ther highlighted that each accretion cycle is asso-
ciated with a surface uplift wave. Thus, the strain
wave migrating through the wedge is mirrored in a
likewise surface uplift wave, which therefore pro-
vides a predictive potential.

Experimental results indicate also that bound-
ary conditions, which can be considered as de-
grees of freedom, determine the relative mag-
nitude of in-sequence, synchronous and out-of-
sequence thrusting. Within this respect, I shall
demonstrate that an increase of the number of de-
grees of freedom results in a likewise increase of
synchronous and out-of-sequence thrusting. Thus,
if the former is known, the latter is predictable.
This issue derives its importance from the ob-
servation that only a limited number of different
setups is in use and that they provide only few
degrees of freedom (GeoMod 2004). It has only
recently been shown that out-of-sequence thrust-
ing within a foreward breaking thrust-sequence is
more common than previously assumed (McClay
and Whitehouse, 2004). This emphasises, how
models can guide one’s perception of nature.

The above results are also discussed in the light
of the link between geodetic, paleoseismologic
and geologic estimates of fault slip (section 5.3).
Limiting factors of the prediction of the timing and
location of the next slip event are explored as well.

The second set of five experiments is used to
investigate the influence of the location of ero-
sion with respect to the convergence geometry on
bivergent wedge kinematics. Thereby, special em-
phasis is devoted to the relative magnitude of in se-
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4 1. Introduction

quence and out-of-sequence thrusting, to the topo-
graphic evolution and to the geometry of parti-
cle paths (chapter 6). Experimental results reveal
that retro-wedge erosion accelerates the existing
mass flux through the bivergent wedge and that
pro-wedge erosion additionally redirects it. These
experiments do also demonstrate that retro-wedge
erosion enhances strain accumulation within the
pro-wedge, thus pointing to a significant spatial
offset of cause and response.

Erosion in mountain belts by rivers, glaciers
or bedrock landslides can be considered to be ei-
ther distributed over a wide area or to be very fo-
cused in space. Given the sensitivity of crustal
wedges to erosion as outlined above, both erosion
modes, which are considered as end-members,
should evoke a characteristic deformation style
(section 6.3). The respective experiments support
the above cited quote from Peter Koons (1990)
that the concentration of erosional energy leads
to a similar concentration of mechanical energy.
These results have been accepted for publication
for the GSA Special Paper 398 ,Tectonics, Climate
and Landscape Evolution, edited by S. Willett, N.
Hovius, M. Brandon and D. Fisher.

It is further evident from the above observations
that each erosion scenario is associated with a dif-
ferent orogenic load distribution, which in turn
controls the spatio-temporal evolution of the adja-
cent foreland basins (chapter 8). This bears some
implications for their respective facies architec-
ture, especially the Flysch to Molasse transition,
and the distribution of natural resources such as
base metals or hydrocarbons. Within this respect,
it can be noted that the migration of the forebulge
and the associated unconformities, which are a
preferred site for Mississippi Valley Type Deposits
(MVT) is controlled by an eroding orogen hun-
dreds of kilometres away.

Finally, we would like to emphasise two key
points of the modelling approach followed dur-
ing the course of this study. The first key target
has been and still is the reduction of the number

of kinematic boundary conditions to allow a more
self-organised growth of bivergent sand-wedges.
In places where boundary conditions are neces-
sary, explanations are given or natural pendants
are provided. While writing these lines, a study is
undertaken by Nina Kukowski, Jo Lohrmann and
myself, which demonstrates that push and pull ex-
periments with everything else being the same dif-
fer significantly with respect to the relative mag-
nitudes of in sequence, synchronous and out-of-
sequence thrusting. This observation emphasises
again how models can guide one’s perceptive of
nature.

The second key target of this study is to pro-
vide testable predictions of observations to be
made in natural orogens. Sandbox simulations are
thus understood as an investigative tool to iden-
tify process chains, which can either, be proven
or disproved in nature. The sandbox simulations
presented here with their intermediate spatial scale
in terms of their structural resolution may finally
help to link results from lithospheric scaled nu-
merical simulations with those from local to re-
gional field studies.
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2 Orogen-scale erosion

Definitions. The term denudation, which is de-
rived from the latin denudare, means to make bare
(Ring et al., 1999). In a geological context it refers
to the exposure of rocks by erosion, but also in-
volves the processes of weathering and transporta-
tion (Allaby and Allaby, 1999; Ring et al., 1999).
Erosion, which is derived from the latin erodere,
means to gnaw at or to crush something. In a geo-
logical context it refers to the physical and chemi-
cal breakdown of rocks and also involves the trans-
port of the resulting materials (Allaby and Allaby,
1999). From the above definitions it is evident
that they overlap, which leads to a widely syn-
onymous use of both terms (Ring et al., 1999).
There is however a tendency to restrict erosion
to the local removal of rocks by rivers, glaciers
or bedrock landslides. Accordingly, denudation
would refer to the large scale exposure of bedrock
(Leeder, 1991; Summerfield and Brown, 1998;
Ahnert, 1999). On the contrary denudation is of-
ten used in the context of tectonic unroofing (Ring
et al. (1999) and Sean Willett pers. com., (2004)).
Given that there is no clear agreement upon the
application of both terms, I follow Sean Willett
and use the term erosion, since it is less ambigu-
ous in its reference to physical or chemical surface
processes.

Within this respect, the sediment supply system
is commonly considered to be a product of the in-
teraction between erosivity and erodibility. The
former describes the potential of a river or glacier
to remove material from a certain locality, i. e., the
amount of abrasive tools transported within either
the river, the glacier or even within the air. In con-
trast, erodibility refers to the resistance of a cer-
tain lithology to the work of the erosion agents.
Erodibility depends on the physical and chemical
composition of the lithology subject to erosion,
the mechanic properties of the lithology, the in-

filtration capacity and climatic parameters such as
temperature, temperature range, and availability of
water (Hovius, 1998).

The term uplift refers to the displacement in the
direction opposite to the gravity vector. A dis-
placement is only defined when both, the object
displaced and the frame of reference are speci-
fied. Accordingly, surface uplift is the displace-
ment of Earth‘s surface with respect to the geoid
(Fig. 2.1). Similarly, rock uplift is defined as the
displacement of rocks with respect to the geoid.
Displacement of rocks with respect to the surface
is referred to as exhumation, where the exhuma-
tion rate equals the erosion rate or the rate of re-
moval of overburden by tectonic processes. The
above relation can also be written as:

surface uplift = rock uplift− exhumation. (2.1)

It is emphasised here that the often implicitly
made assumption that rock uplift equals surface
uplift is equivalent to the assumption that the ex-
humation is zero – often a difficult assumption to
justify (England and Molnar, 1990).
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Figure 2.1: Graphic definition of key parameters describing
vertical movements within Earth‘s crust. Taken from Bur-
bank and Anderson (2001).

Erosion patterns. One implication of the sub-
duction-accretion process is the tectonic advection
of material towards the surface of a collisional oro-
gen. The way of how the resulting topography is
counteracted by rivers, glaciers, and bedrock land-
slides depends on a number of factors. Among

5

Scientific Technical Report STR 06/06 GeoForschungsZentrum Potsdam



6 2. Orogen-scale erosion

the most important ones are latitude and altitude
of an orogen, its position with respect to global
atmospheric and oceanic circulation systems, the
erosivity of antecedent rivers, channel slope, ori-
entation of topographic slope with respect to geo-
logic structures, water discharge, erodibility, and
rate of uplift (Selby, 1982; Seidl and Dietrich,
1992; Howard et al., 1994; Sugai et al., 1994;
Hay, 1996; Schmidt and Montgomery, 1995; Hov-
ius, 1998; Meigs and Sauber, 2000; Zeitler et al.,
2001).

Given sufficient precipitation, a drainage net-
work will cover the entire orogen up to the chan-
nel heads or the snow line. Thereby, the spacing
of the transverse streams, which transport most of
the material eroded within an orogen, is very reg-
ular and is linearly correlated with the half-width
of the orogen (Hovius, 1996). This spacing does
not differ significantly between young and old oro-
gens and is thus independent of the age or the de-
gree of maturity of an orogen, i. e., the collision
stage. Nearly all orogens show at least in parts
such a drainage network among them: the South-
ern Alps of New Zealand, Central Range in Tai-
wan, the Apennines in Italy, the Peruvian Andes,
and the European Alps (Hovius, 1996). This reg-
ular organisation of drainage networks and the as-
sociated erosion is envisaged to be characteristic
for a distributed erosion pattern (Fig. 2.2).

In contrast, monsoon derived precipitation may
focus erosion as demonstrated by Wobus et al.
(2003), Hodges et al. (2004), and Thiede et al.
(2004). According to Thiede et al. (2004),
more than 80% of the annual precipitation
(> 2000mm/a) of the Indian summer monsoon is
forced out along the High Himalayan mountain
front in NW India at elevations between ∼ 2 and
3.5km. This altitudinal band corresponds with an
approximately 50 – 70km wide zone of high ex-
humation rates (Fig. 2.3). Furthermore, Thiede
et al. (2004) and Bookhagen et al. (2005) showed
that where monsoonal circulation reaches major
N – S oriented valleys in the High Himalayas,

moisture is channeled farther into the orogen and
may lead to higher erosion rates along these val-
leys. A similar observation is derived from field
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Figure 2.2: Drainage patterns in mountain belts, taken from
Hovius (1996). Ranges: (a) Southern Alps, New Zealand; (b)
Finisterre Range, Papua New Guinea; (c) Maoke range, Irian
Jaya; (d) Barisan Range, Sumatra; (e) Central Range, Tai-
wan; (f) Himalaya, India/Nepal. Trunk streams: 1 Turnbull;
2 Styx; 3 Surinam; 4 Buham; 5 Ukemupuko; 6 Lorentz; 7 Ba-
jang; 8 Manna; 9 Ta wu; 10 nameless; 11 Beas; 12 Manas.
Arrow points to North.

studies in the Toro basin, which belongs to a
series of intra-montane basins within the East-
ern Cordillera. Hilley and Strecker (2005) pointed
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Figure 2.3: Example of focused erosion in the Himalayas. Modified after Thiede et al. (2004). (a) Compiled data illustrate the
coupling between surface processes and deformation in the Sutlej Region. Topographic (grey) and precipitation - distribution
(blue) swath profiles for the Sutlej area are oriented perpendicular to the SHF. Swath profiles: 250km long, 100km wide, thick,
lines indicate mean values, shaded areas denote ±2σ . Distribution of orographic precipitation is focused between elevations
of ∼ 2 – 3.5km in a ∼ 50 – 70km-wide zone. (b) Simplified geologic cross-section parallels swath profile. (c) AFT cooling
ages (blue) parallel to the geologic cross-section and estimated exhumation rates (black); lines indicate mean values, shaded
areas denote± 2 σ . (d) Metamorphic grade of the rocks along the profile line. Based on AFT cooling ages (c), the coincidence
between rapid erosion and exhumation is focused in a ∼ 50 – 70km-wide sector of the Himalayan orogenic belt. Enhanced
and focused orographic precipitation (a) localized erosion and exhumation over geologic time and resulted in exhumation of
high-grade metamorphic rocks (d) by motion along a back-stepping thrust to the south (MT) and normal fault zone (KNFZ) to
the north (b). TH, Tethyan Himalaya; HHCS, High Himalayan Crystalline Sequence; LHCS, Lesser Himalayan Crystalline
Sequence; LH, Lesser Himalaya; SUBH, Sub Himalaya; STFS, Southern Tibetan Fault System; MCT, Main Central Thrust;
KNFZ, Karcham Normal Fault Zone; MT, Munsiari Thrust; MBT, Main Boundary Thrust; MHT, Main Himalayan Thrust.
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8 2. Orogen-scale erosion

out that the meridional orientation of the Eastern
Cordillera concentrates moisture along its eastern
flank, which leads to a steep precipitation gradient
between the humid foreland (∼ 1200mm/a mean
annual precipitation) and the arid intra-montane
Toro basin (∼ 260mm/a mean annual precipita-
tion). However, the outlet of the Rio Toro in the
foreland allows penetration of moisture into the re-
spective gorge and ultimately into the Toro basin
itself (Hilley and Strecker, 2005).

In a likewise manner, the Southern Alps of New
Zealand form an orographic barrier to the moisture
laden, north-westerly winds moving off the Tas-
man Sea. Mean annual precipitation rates reach
as much as 15m on the steep western flank of the
orogen and resulted in erosion rates by landslides
of up to 9mm/a and of likewise high rock uplift
rates approaching 7mm/a (Hovius et al., 1997).

Antecedent rivers with high erosivity, which
cross an orogen, might also focus erosion. Both
the Indus and the Tsangpo river were capable of
cutting steep gorges with several thousand me-
ters relief into the massifs of Nanga Parbat and
Namche Barwa, respectively (Zeitler et al., 2001;
Koons et al., 2002). This focused erosion lead to
the rapid exhumation of Quaternary metamorphic
rocks and granites (Zeitler et al., 2001) and may
also have attracted channel flow within the middle
to lower crust (Zeitler et al., 2001; Beaumont et al.,
2001). A further example of an antecedent river
focussing deformation is provided by the Surkhob
river (Pavlis et al., 1997). Since Late Miocene to
Pliocene times the Surkhob river takes its course
right above the northern deformation front of the
Pamir and removed nearly all material delivered to
this deformation front. According to Pavlis et al.
(1997) this has lead to a halt in deformation front
advance, to a build up of excess topography along
the deformation front and to backthrusting as well
as out-of-sequence thrusting.

Orogen-scale glacial erosion can also be consid-
ered as focused. Glacial erosion is at its maximum
along the mean position of the Equilibrium Line

Altitude (ELA), where the net mass balance of
glaciers is equal to zero (i. e., accumulation equals
ablation), the sliding velocity of glaciers is highest
and so is the erosion rate. Below the ELA, glacial
erosion decreases and fluvial processes start to
dominate (Fig. 2.4). Due to the transition from
warm-based to cold-based glaciers, the latter are
frozen to their beds, at higher altitudes, glacial ero-
sion decreases above the ELA (Meigs and Sauber,
2000; Burbank, 2002). One prominent example
for this scenario is the Chugach/St. Elias Range in
Southern Alaska, where high deformation and ex-
humation rates are confined to an altitudinal band
spanned by the ELA (Meigs and Sauber, 2000;
Sheaf et al., 2003; Spotila et al., 2004).

Based on the above observations we propose
that orogen-scale erosion can either be envisaged
as distributed or focused. These modes are consid-
ered as two alternatives of the spatial distribution
of erosion. Given the sensitivity of crustal wedges
to erosion as outlined in the preceding chapter,
both erosion modes should evoke a characteristic
deformation pattern.

Simulation of orogen-scale erosion. Several
methods have been suggested to incorporate ero-
sion into either numerical or physical simulations
(e. g., Koons, 1995; Mugnier et al., 1997; Wil-
lett, 1999; Persson et al., 2004). In essence four
classes of orogen-scale erosion models can be dis-
tinguished:

i. Erosion rate is constant through time and
space (Fig. 2.5a)

ver =−dH
dt

= constant (2.2)

where ver is the erosion rate, H is the eleva-
tion and t is time.

ii. Erosion rate is proportional to elevation
(Fig. 2.5b)

ver =−dH
dt

=−H
tE

(2.3)
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where the erosion parameter tE (in units of
time) describes how long it takes to erode a
mountain of the elevation H.

iii. Erosion rate is proportional to slope
(Fig. 2.5c)

ver =−dH
dt

=−udH
dx

(2.4)

where x is a horizontal spatial coordinate and
dH/dx is the topographic gradient, i. e., the
slope. The proportionality constant u is the
horizontal rate of displacement of the slope.

iv. Erosion rate is proportional to surface curva-
ture (Fig. 2.5d)

q =−DdH
dx

(2.5)

where q is the rate of down slope transport of
mass (mass flux), dH/dx is the topographic
gradient, the slope and D is the erosional dif-
fusivity.

The constant erosion approach (Eq. 2.2) is the
most dramatic simplification of real erosion
processes, but has been very successfully used
to explain the clockwise shape of metamorphic
PT paths (Stüwe, 2000). In sandbox simulations
this model was applied by Mugnier et al. (1997),
Leturmy et al. (2000), and Persson and Sokoutis
(2002), who did not distinguish between pro- and
retro-wedge erosion.

The elevation dependent erosion model
(Eq. 2.3) is a variant of an assumption made by
Ahnert (1970), which states that erosion rates
increase with increasing local relief and that the
latter is in turn positively correlated with elevation
(Milliman and Syvitski (1992), Summerfield
and Hulton (1994), Fig. 2.6). From a causal
perspective this relation is generally invalid, since
it is incompatible with fluvial incision laws. Also
elevation by itself cannot be a determining factor
(Peter Koons pers. com., (2004)). Additionally,
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Figure 2.4: Model illustrating relationship between sliding
velocity and the ELA across an orogenic belt. An orographi-
cally induced rise in ELA leads to a higher mean ELA (solid
back) line. Smaller amplitude fluctuations of the ELA be-
tween glacial (blue) and interglacial (red) are shown schemat-
ically. Assuming that bedrock erosion rate scales with basal
sliding velocity (Hallet et al., 1996), the model suggests con-
centration of erosion in a topographic band whose height is
dictated by glacial/interglacial altitudinal limits to the ELA
and whose width is a function of the concomitant glacial
expansion/retraction in the landscape. The windward band
width and height are likely to be greater than those of the lee-
ward flank. The range crest is defined by a topographic peak
that corresponds spatially with a zone of low glacial erosion.
Modified after Meigs and Sauber (2000).

a)
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d)

Figure 2.5: Influence of different erosion models on the
shape of an asymmetric mountain belt. The light shaded
area shows the mountain belt before, the dark shaded area
after erosion. (a) Constant erosion rate. (b) Erosion rate pro-
portional to elevation. (c) Erosion rate proportional to slope.
(d) Erosion rate proportional to surface curvature. Note that
the highest point of the topography remains laterally fixed in
erosion models (a) and (b). Modified after Stüwe (2000).

an elevation dependent erosion model does not
take other parameters like uplift or precipitation
rates into account and thus contradicts with ob-
servations from recent field studies. Dadson et al.
(2003) showed that the highest erosion rates in
Taiwan are found where rapid deformation, high
storm frequency and weak substrates coincide,
despite low topographic relief. Nevertheless, an
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[3] Summerfield and Hulton (1994); [4] Hallet et al. (1996); [5] Milliman and Syvitski (1992); [6] Filizola et al. (2002).

elevation dependent erosion model is a closer
approximation of nature when compared with the
constant erosion model (Stüwe, 2000).

The model, which states that erosion rates are
proportional to slope (Eq. 2.4) was used to de-
scribe many landforms such as the geomorphic
evolution of passive margins (Stüwe, 2000).

The diffusion model (Eq. 2.5) assumes propor-
tionality between temporal change and spatial cur-
vature. Despite its simple form, it summarises a
range of physical processes such as fluvial inci-
sion, hillslope creep and even bedrock landslides.
The diffusion model has been very successfully
applied in a variety of numerical simulations con-
cerned with the interaction of deformation and
erosion (Koons, 1995; Tucker and Slingerland,
1996; Densmore et al., 1998; Willett, 1999; Simp-
son and Schlunegger, 2003; Simpson, 2004). Pers-
son et al. (2004) used a combination of numerical
and sandbox simulations to investigate the topo-
graphic evolution of bivergent sand-wedges.

From the above erosion models the elevation
dependent erosion law was chosen and imple-

mented to simulate erosion during the sandbox ex-
periments presented in this study. As a second or-
der approach (Stüwe, 2000) it allows to account
for results from Willett et al. (1993), who sug-
gested that the location of erosion with respect to
the convergence geometry has a significant influ-
ence on the distribution and propagation of defor-
mation as well as on the outcrop pattern of meta-
morphic facies belts. Also, it is emphasised that it
was not intended to model the process of erosion
itself. Instead, this study is aimed at simulating
the effect of erosion on orogenic belts, i. e., un-
loading with a certain distribution perpendicular
to orogenic strike.

Furthermore, an elevation dependent erosion
scheme provides a minimum estimate of ero-
sion rates, since Montgomery and Brandon (2002)
pointed out that the relation between relief and
erosion rate might be better described by a power
law. A higher than a minimum estimate of the
erosion rates might have exaggerated the effect of
erosion on deformation, which was not intended.
In addition, an elevation dependent erosion model
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has also been successfully applied to (i) numer-
ically simulate the kinematic evolution of biver-
gent orogens (Pfiffner et al., 2000); (ii) to inves-
tigate the effect of erosion on forebulge uncon-
formities (Crampton and Allen, 1995) and (iii) to
calculate particle paths trajectories in either biver-
gent orogens or accretionary wedges (Dahlen and
Suppe, 1988; Dahlen and Barr, 1989; Dahlen,
1990; Whipple and Meade, 2004).

The constant erosion model would have been
simpler to simulate and considerable experience
within sandbox simulations exists. However, this
model does not account for the gradient depen-
dence inherent in erosion which should find an
expression in the model. Both the slope and the
surface curvature dependent erosion models are at
present beyond the resolution of this work. At this
stage sandbox simulations might be limited by hu-
man determined accuracy. We speculate that it
would be a key challenge to find a compromise
between erosion model (Eq. 2.3) and (Eq. 2.5) to
incorporate it in sandbox simulations.
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3 Continental collision
zones

The following chapter provides a summary of con-
cepts and models thought to describe bivergent
wedges. Thereby, special emphasis is devoted to
the ability of these models to predict the spatio-
temporal distribution of deformation and surface
uplift.

3.1 Kinematic concepts of bivergent
orogens

Lithosphere-scaled profiles across natural biver-
gent orogens such as the European Alps, the Pyre-
nees or Taiwan (Fig. 3.1) have several phenom-
ena in common, which result from the asymme-
try associated with the convergence geometry, i. e.,
the presence of a downgoing and an overriding
plate. This asymmetry forms the basis for the
key kinematic assumption that collisional orogens
result from the partial subduction of continental
lithosphere and accretion of crustal material (Wil-
lett et al., 1993; Ellis et al., 1995; Ellis, 1996).
According to Willett et al. (1993) a velocity dis-
continuity (singularity) separates the subducting
(lower) plate from the overriding (upper) plate and
forms thus the lower limit of accretion (Fig. 1.2).
The asymmetry of the subduction process evokes a
polarity in the resulting crustal mass transfer, i. e.,
all crustal mass moving into an orogen is derived
from the subducting plate and moves towards the
overriding plate. This in turn leads to the forma-
tion of two crustal sub-wedges. The pro-wedge lo-
cated upstream of the singularity grows by frontal
and basal accretion of lower plate material. In con-
trast, the retro-wedge located downstream of the
singularity develops by translation of pro-wedge
material towards the upper plate. The axial-zone
is defined as the topographic culmination of the

bivergent wedge and changes its position with re-
spect to the singularity through time. Furthermore,
both the pro- and the retro-wedge differ also with
respect to their topographic gradients. Thereby,
the former has a lower and the latter a higher topo-
graphic gradient (Willett et al., 1993; Beaumont
et al., 1996).

The asymmetry of the convergence geometry
evokes also a distinct temporal distribution of de-
formation. During early stages of collision, de-
formation is dominantly located within the pro-
wedge, but migrates towards the upper plate dur-
ing a late collisional-stage (Willett et al., 1993;
Beaumont et al., 1996). A further key obser-
vation, which emerges from the above cross-
sections, is the flexural downbending of the in-
volved lithospheres during continental collision.
Thus, a successful simulation of bivergent wedges
should provide the key characteristics indicated
above.

3.2 Kinematic models of fold and
thrust belts

One of the critical issues in the analysis of fold and
thrust belts, is the timing of thrusting and several
models have been put forward to explain the vari-
ability found in nature (Storti et al., 2000; Butler,
2004). These are:

i. Forward breaking piggy-back thrusting
(Boyer and Elliott, 1982), where displace-
ment is transferred onto a new thrust initiated
in the footwall of the previously active
thrust (Fig. 3.2a). The latter is abandoned
and passively carried in the hangingwall
of the former (Butler, 1987). Thus, defor-
mation propagates systematically from the
hinterland towards the foreland.

ii. Break-back thrusting (Butler, 1987), where
a sole thrust propagates into the foreland,
followed by the formation of major thrusts

13
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3.2. Kinematic models of fold and thrust belts 15

above it (Fig. 3.2b). Thereby, successively
younger thrusts are formed towards the hin-
terland (Morley, 1988).

iii. In-sequence thrusting, where a thrust se-
quence has formed progressively in one di-
rection, which can either be a forward- or a
break-back sequence (McClay, 1992).

iv. Out-of-sequence thrusting (Morley, 1988;
McClay, 1992), where the sequence of thrust-
ing does not conform with either a progres-
sive forward- or break-back sequence. Mor-
ley (1988) distinguished three modes of out-
of-sequence thrusting: the re-activation of an
older thrust (Fig. 3.2c), synchronous thrust-
ing (Boyer, 1992; Storti et al., 2000), where
two or more thrust accumulate displacement
at the same time (Fig. 3.2d) and the forma-
tion of a new thrust which cuts through and
displaces pre-existing thrusts (Fig. 3.2e).

Whether forward breaking, break-back, in se-
quence or out-of-sequence thrusting occurs is
commonly attributed to local factors such as me-
chanic stratigraphy, syntectonic erosion, sedimen-
tation or basement fabrics (Storti et al., 2000).
Storti et al. (2000) showed also that several of the
above “thrust-modes” can act at the same time.
This is thought to result from the complex me-
chanical balance, which varies through time.

Although, not clearly stated, the above concep-
tual models involve some predictions of how dis-
placement is partitioned in space and time. Henry
Cadell (1888) was probably the first to note that
the slip along the deformation front depends on
the phase within the accretion cycle, a term not
known in his days. Cadell (1888) showed that at
one point, the brittle strata snapped, i. e., a thrust
was formed, and all the movement was concen-
trated along the line of weakness thus produced.
The whole mass above this thrust-plane moved
obliquely upwards and forwards, and all intersti-
tial movement ceased. Similarly, Mulugeta and
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Figure 3.3: Displacement versus bulk shortening of four
thrusts taken from Koyi (1995). Evolution of displacement of
all imbricates follows a similar pattern; starting with a sharp
increase as the imbricate begins to form, followed by little
or no additional displacement before the formation of a new
imbricate in front of the former. This in turn is followed by a
gentler increase in displacement that decreases significantly
with progressive deformation.

Koyi (1992) found that lateral growth of an accre-
tionary wedge is episodic and Koyi (1995) sug-
gested that each accretion episode is predated by a
stepwise increase of the height of the wedge. Fur-
thermore, Koyi (1995) demonstrated that displace-
ment rate along thrusts is not constant through
time and that three phases can be distinguished.
During the first phase, i. e., the initiation of an im-
bricate, displacement rate is high, followed by a
period of quiescence, during which a new thrust
is formed in the foreland. In the third phase a
slight increase of the displacement rate, which is
lower than the one in the first phase can be ob-
served. Finally, displacement rate approaches zero
with continued convergence (Fig. 3.3). This result
suggests thus that displacement is partitioned in
space and time. Experimental observations and
minimum work calculations by Gutscher et al.
(1998) provided additional support for the cyclic
nature of accretion. Similar to Koyi (1995) they
found that (i) the maximum uplift migrates sys-
tematically backwards during an accretion cycle
and that (ii) the main backthrust accommodates
most of its slip at the end of each accretion cy-
cle, which lead Gutscher et al. (1998) to con-
clude that each accretion cycle consists of two
phases: the thrust initiation and the underthrust-
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16 3. Continental collision zones

Modes of out-of-sequence thrusting
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Figure 3.2: End-member modes of thrust sequences, modified after Morley (1988). (a) Forward or piggy-back breaking se-
quence, where deformation propagates toward the foreland with time. (b) Break-back sequence, where deformation propagates
toward the hinterland with time, numbers indicate sequence of activity. Modes of out-of-sequence thrusting: (c) Re-activation
of an older thrust located within the wedge. (d) Synchronous thrusting of two or more thrusts. (e) Creation of a new thrust,
which cuts across and displaces older ones.
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3.3. The Critical Coulomb Wedge concept 17
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previously entrained
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Figure 3.4: Bipartite evolution of an accretion cycle, taken
from Gutscher et al. (1998). (a) Frontal accretion with
shearing of imbricate slices at a mid-level detachment.
(b) Underthrusting with frontal uplift. (c) Underplating of
entrained duplexes associated with backthrusting and uplift
at the rear of the wedge (vertical arrows indicate maximum
uplift). Gutscher et al. (1998) used a high basal friction,
i. e., µb = 0.5, which is similar to the one used in this study
µbdynamic = 0.54.

ing phase respectively (Fig. 3.4). Such a bipartite
evolution has also been documented from sandbox
experiments, which simulate oblique convergence
(Hoffmann-Rothe et al., 2004). Therefore, both
terms, i. e., the thrust initiation phase and the un-
derthrusting phase are adopted in this study.

3.3 The Critical Coulomb Wedge
concept

The fundamental dynamic assumption is that a
subduction-accretion process leads to the forma-
tion of an orogenic wedge with a geometry gov-
erned by the relative magnitude of the frictional
resistance along the base and the compressive
strength of the wedge material (Dahlen, 1990).

Although, considerable natural variations exist
among crustal wedges, they exhibit several com-
mon properties in cross section. Chapple (1978)
pointed out that accretionary wedges as well as
fold-and-thrust belts show: (i) a basal detach-
ment or décollement, which dips towards the in-
terior of the mountain belt; (ii) large horizontal
compression in the material above and little de-
formation within the material below the detach-
ment and (iii) a characteristic wedge shape of
the deformed material, tapering towards the fore-
land of the mountain belt. These observations in
conjunction with sandbox experiments formed the
basis for the critical taper theory (Davis et al.,
1983), which was later adopted by various phys-
ical and numerical simulation studies for accre-
tionary wedges (Byrne et al., 1993; Kukowski
et al., 1994; Lallemand et al., 1994; Gutscher et al.,
1996, 1998; Lohrmann et al., 2003), for fold-and-
thrust belts (Storti and McClay, 1995; Nieuwland
et al., 2000; Cobbold et al., 2001), as well as for
doubly vergent wedges (Malavieille, 1984; Wang
and Davis, 1996; Willett, 1999; Storti et al., 2000,
2001; Persson et al., 2004; Hoth et al., 2006). In
principle, provided crustal deformation is driven
by convergence and basal shear stresses are signif-
icant, the deforming crust attains a ‘critical’ bal-
ance between gravitational stresses, basal shear
stresses and the strength of the crust at the scale
of the entire crust, thus resulting in the formation
of an ‘orogenic wedge’ (Platt, 1986).

The overall mechanics of critical Coulomb
wedges are commonly considered to be analogous
to the mechanics of wedges that form in front of
a moving bulldozer or snow plow (Davis et al.,
1983) and both models are often cited for intu-
itive understanding. Accordingly, if a snow plow
starts to move through a fresh layer of snow two
scenarios can be envisaged. Given that the inter-
nal strength of the snow is higher than the fric-
tion with the road, e. g., if the snow is icy and
the road is warm, then the snow will be moved
as an undeformed slab in front of the plow. If
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18 3. Continental collision zones

however, the internal strength is smaller than the
friction with the road, which is usually the case,
then the snow deforms internally and its surface
will become inclined. According to the Mohr-
Coulomb failure criterion, the strength of the snow
will increase as the thickness of the snow wedge
increases until a critical taper between the surface
slope and the basal detachment (i. e., the road) is
reached. At this stage, the strength of the snow is
exactly as large as the basal traction and the snow
wedge can now move along its base without inter-
nal deformation. It follows that a critically tapered
snow wedge is the thinnest body that can be thrust
over its detachment without internal deformation.
While sliding over its base, accretion of new ma-
terial to a critically tapered snow wedge promotes
internal deformation to accommodate the respec-
tive influx and to restore the critical taper.

From the above analogy it is evident that the pa-
rameters, which determine the failure criterion of
the wedge material and its base, control the shape
of the wedge. Thus, a failure law must be spec-
ified both within the wedge and along its base in
order to solve for the state of stress within and for
the critical taper of the respective wedge (Dahlen
and Suppe, 1988). Generally, stress within the
lithosphere is thought to be limited by frictional
sliding (Byerlee, 1978) at low confining pressures
and by thermally activated processes, especially
dislocation creep (Brace and Kohlstedt, 1980) at
high temperatures. Therefore, brittle behaviour is
thought to be satisfactorily described by the Mohr-
Coulomb failure criterion and is considered as the
stress-limiting factor (Davis et al., 1983; Dahlen
and Suppe, 1988). It can be written as:

τ = µ(σN − p f )+C0 (3.1)

where τ is the shear strength, C0 the cohesive
strength, µ is the coefficient of internal friction,
which relates to the angle of internal friction (φ )
by µ = tanφ , σN is the normal stress and p f

the fluid pressure. The form (σN − p f ) describes
the effective normal stress (Hubbert and Rubey,

1959). It follows from equation (3.1) that the
Mohr-Coulomb failure criterion is strongly (fluid)
pressure-dependent but is largely independent of
temperature or strain rate (Byerlee, 1978).

The effect of cohesion on the magnitude of the
resulting shear strength and finally on the geome-
try of the wedge depends on the vertical and hor-
izontal position within the wedge under consider-
ation. At depths on the order of a few kilometers,
the effect of cohesion, which is in the order of
1 to 150MPa (Dahlen and Suppe, 1988), is neg-
ligible in comparison with the pressure-dependent
term in the failure equation (3.1). According to
Davis et al. (1983) the main effects of cohesion on
wedge geometry will be observed near the toe of
the wedge, where cohesion can add significantly
to the total strength and produce a critical taper
smaller than the corresponding cohesionless taper.
Farther from the toe where the wedge is thicker,
the pressure-dependent term dominates, and the
critical taper will asymptotically approach the co-
hesionless value (Davis et al., 1983).

Furthermore, Byerlee (1978) demonstrated that
µ is largely independent of lithology but depends
on the magnitude of normal stresses. For normal
stresses below 200MPa, the shear stress required
to induce sliding is given by τ = 0.85σN ; above
200MPa, τ = 0.6σN (Byerlee, 1978).

As indicated above, fluid pressures play a cru-
cial role in controlling the mechanics of thrust
faulting. Fluids cannot support shear stresses and
their respective pressure has the same magnitude
in all directions. Therefore, fluid pressure reduces
the magnitude of the principal stresses, but the de-
viatoric stress remains constant. It follows that the
Mohr circle is shifted towards the origin – brittle
failure sets in at lower shear stresses. The corre-
sponding angle between σ1 (highest normal stress)
and the failure plane is reduced with respect to the
case, where no fluid pressure was present.

From the above description of the controlling
failure law it is evident that the lower limit of the
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3.3. The Critical Coulomb Wedge concept 19

Critical Coulomb wedge (CCW) theory is the mid-
dle to lower crust, where pressure and temperature
become sufficiently high that common rocks begin
to display a temperature-dependent plastic behav-
iour (Davis et al., 1983). Although the CCW con-
cept was originally formulated for a non-cohesive
Mohr-Coulomb type rheology (Davis et al., 1983;
Dahlen et al., 1984) presented a solution involving
cohesion and Platt (1993) extended this theory to
involve perfectly plastic materials.

In the following a short derivation of the critical
taper equation is provided. A Cartesian coordinate
system is employed, where x is parallel to the base
of the wedge and z increases upward (Fig. 3.5).
The local thickness of the wedge is given by Hw,
measured along the z-axis. Neglecting along-
strike variations and assuming plane strain, Davis
et al. (1983) proposed that the critical taper of a
compressive wedge is controlled by the balance of
four forces in the x direction:

The gravitational body force which is given by:

Fg =−ρgHwdxsinβ (3.2)

where ρ , assumed constant, is the density of rocks,
g is the acceleration due to gravity, Hw is the height
of the wedge and β is the dip of the base with re-
spect to the horizontal. Fg is negative, since it re-
sists movement of the material uphill.

The x-component of the pressure of the water
overburden, which resists sliding:

Fw =−ρwgDdxsin(α +β ) (3.3)

where ρw is the density of water, D is the height of
the water column at x and α is the local angle of
topographic relief of the wedge.

The basal shear traction τb is negative as well,
since it resists sliding and is given by:

τb =−µb(1−λb)ρgDHw (3.4)

where µb is the basal coefficient of friction and
λb is the Hubbert and Rubey pore fluid ratio for

the basal detachment. While introducing µb and
λb one allows explicitly for the fact that the basal
detachment is a zone of weakness either because
of a lower intrinsic strength with respect to the in-
ternal strength (µ0), or because of elevated fluid
pressures. For a through-going basal detachment
to operate the condition

(1−λb)µb = (1−λ0)µ0 (3.5)

must be satisfied. Thereby, λ0 is the internal pore
fluid ratio (Davis et al., 1983).

Let σx (x,z) be the normal traction, which acts
across any face perpendicular to the x-axis. Inte-
gration of this term with respect to dz at position x
delivers the work needed to push the face at po-
sition x. However, this is counteracted (actio =
re-actio) by a force at x + dx which is somewhat
smaller, since z is lower and the respective work
resulting from integration is smaller as well. Thus,
the difference in work between the position x and
x + dx, which can be considered as the gradient
or the first derivation, is the resultant compressive
push in positive x direction. In case dx > 0 the
above gradient belongs to a secant. Therefore, the
limit of dx → 0 is needed to calculate the gradi-
ent of the tangent at position x, which is thus the
resultant compressive force at position x (Fig. 3.6).

Fs =
d
dx

∫ H

0
σx dz (3.6)

Balancing the above four forces to find the con-
dition at which the wedge can be pushed over its
base without internal deformation, results in:

0 = Fg +Fw + τb +Fs. (3.7)

Equation (3.7) implies that a critically tapered
wedge is at the verge of shear failure everywhere,
which is the key physical assumption made in the
CCW concept. In order to solve for the state
of stress within and for the critical taper of the
respective wedge, the only remaining unknown
quantity is σx, which can be determined by using
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Figure 3.5: Schematic diagram of a subaerial wedge subject to horizontal compression. Terminology used to describe the
critical taper equation is provided: α surface slope; β basal dip; µ0 coefficient of internal friction; µb coefficient of basal
friction; p0 internal fluid pressure; pb basal fluid pressure; ρ density of rocks; σ1 maximum, σ3 minimum principal stress;
Ψ0 angle between σ1 and surface slope; Ψb angle between σ3 and wedge base. The three forces, acting upon an arbitrary
wedge-column of width dx are: the gravitational body force and the basal traction resist movement of the material up hill and
the push from the rear. For stable sliding of the whole wedge to occur, the force balance has to equate to zero, i. e., a critically
tapered wedge is the thinnest body of material, which can slide over its base without internal deformation. Additionally,
external processes thought to influence the shape and growth of wedge are indicated. Figure in cap (Dan Davis) not shown to
scale. Modified after Davis et al. (1983), Dahlen (1990) and Lohrmann et al. (2003).

a Mohr circle (Davis et al., 1983). After several
rearrangements of equation (3.7), small angle ap-
proximations as well as the simplifying assump-
tion that λ0 = λb, one finally arrives at the follow-
ing equation for a submarine wedge:

α +β =
(1−λb)µb +(1−ρw/ρ)β
(1−ρw/ρ)+(1−λ )K

. (3.8)

In case of a subaerial wedge ρw is set to 0 in equa-
tion (3.8). It follows:

α +β =
(1−λb)µb +β
1+(1−λ )K

. (3.9)

In case of sandbox experiments where the sand is
dry, i. e., λ = 0 and assuming that λb = 0 as well,
one obtains:

α +β =
µb +β
1+K

(3.10)

where K describes the push from the rear.

Implications and predictions of the CCW con-
cept. The CCW concept predicts that a high ra-
tio between basal and internal friction increases,

whereas a low ratio decreases the critical taper.
Similarly, a high fluid pressure inside the wedge
decreases its strength and increases thus the crit-
ical taper, while a high fluid pressure along the
basal detachment decreases the basal strength and
thus decreases the critical taper.

A taper stability field (α − β space) is defined
by the basal and internal coefficients of friction
(Dahlen, 1984), whereby cohesion and fluid pres-
sure are neglected. Wedges in region I and III fail
by thrusting or by a combination of thrusting and
normal faulting because the frictional traction on
their base is too great (Fig. 3.7). The resulting de-
formation acts to increase the taper of wedges in
region I and to decrease it in region III. Wedges
in regions II and IV are unstable as well, since the
friction on their bases is too weak. They both fail
by normal faulting, decreasing their taper in re-
gion II by gravity spreading and increasing it in
region IV. Any wedge in the stability field is stable
as long as the basal friction remains constant. An
increase of the magnitude of basal friction causes
regions I and III to grow and regions II and IV to
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3.3. The Critical Coulomb Wedge concept 21

shrink in size. It follows that the stable regions
decreases in size and ultimately disappears as the
limit µb = µ0 is approached (Dahlen, 1984).
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Figure 3.6: Relation between x position and a hypothetical
solution of f (σx(x)) =

∫ H
0 σx dz, which is the work needed

to push a plane perpendicular to x-axis at position x. This
work is counteracted by forces acting on the plane at posi-
tion x+dx. However, the latter is somewhat smaller than the
former, since the push is coming from the thick end and the
x-face is larger in area at x than at x+dx. The resultant force
pushing the wedge towards the thin end, can be thus con-
sidered as the gradient of the secant (between A and B). If
dx → 0 is given, one obtains the gradient of the tangent at A
and thus the push from the thick end at position x.

Surface processes tend to perturb the critical
topographic form and may thus control the prop-
agation and distribution of deformation within an
orogenic wedge (Fig. 3.7). Outward propagation
of deformation towards the foreland is more likely
to occur in regions where erosion cannot maintain
the surface gradient at or below a critical taper,
or where enhanced sedimentation within intra-
montane basins adds to the thickness of the oro-
genic wedge (Schlunegger, 1999; Hovius, 2000).
In contrast, erosion decreases the thickness of
the wedge, which is equivalent to a decrease in
the strength of crustal faults and thus drives con-
tinued internal deformation until the critical ta-
per is restored (Davis et al., 1983; Dahlen and

Suppe, 1988; Willett, 1999). Correction of the per-
turbed topographic shape back to its critical state
may also lead to changes in the pre-existing mor-
phology, the pre-existing drainage pattern and the
erosion rates which may finally trigger different
modes of deformation.

The CCW concept has also been employed to
predict the distribution and magnitude of fluid
pressures, the velocity field and the distribution of
metamorphic facies within accretionary wedges as
well as their thermal structure (Dahlen and Barr,
1989; Barr and Dahlen, 1989; Barr et al., 1991).
Furthermore, Hilley et al. (2004) and Hilley and
Strecker (2004) used the CCW concept in con-
junction with fluvial incision laws to show how
a critically tapered orogenic wedge, which is in
an erosional equilibrium, evolves through time.
Probably the most important implication of the
CCW concept is based on the fact that it does
not depend on the across-strike position x, which
means that critical wedges are scale invariant, i. e.,
α +β = constant (Davis et al., 1983; Dahlen and
Suppe, 1988). The mechanics of orogenic wedges
can thus be explained with the same concept used
for snow or sand wedges. The above relation also
indicates that critical wedges remain constant in
shape but grow in size. A direct link between
wedge shape and the orientation of the principle
stresses is provided by:

α +β = Ψb−Ψ0 (3.11)

where the angle between the maximum principle
stress σ1 and the rigid base or the surface slope is
denoted by Ψb for the former and by Ψ0 for the
latter (Davis et al., 1983).

A self-similar evolution of a crustal wedge im-
plies also that the depth to the basal detachment
increases with time. Such a scenario has been pro-
posed for Taiwan by Davis et al. (1983). Based
on the above result Dahlen and Suppe (1988)
showed that the width and the height of critically
tapered wedges grow proportional to convergence
or time t by t0.5 (Dahlen, 1990).
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3.4. The minimum work concept of mountain building 23

Although the predictive power and generality
of the CCW concept is evident, it “only” pro-
vides quasi-static solutions for the geometry and
stress states of wedges, but does not make any
predictions about the deformation or the kinemat-
ics within deforming wedges (Willett and Pope,
2004). Thus, the often cited modes of inter-
nal thickening such as synchronous and out-of-
sequence thrusting as well as basal accretion or
back rotation may or may not be a consequence
of the CCW concept (Boyer, 1995). As out-
lined above, the CCW concept assumes a linear
Mohr-Coulomb failure criterion, which seems to
be an oversimplification since rocks exhibit pre-
failure strain-hardening and post-failure strain-
softening (e. g., Mandl et al., 1977; Lohrmann
et al., 2003), which promotes the re-activation of
thrusts. It might follow, that the CCW concept
should only be applied to the frontal part of a
wedge (Lohrmann et al., 2003).

3.4 The minimum work concept of
mountain building

The minimum work concept provides an alter-
native view on mountain building. Its concep-
tual simplicity in combination with its potential
to predict the spatial and temporal distribution of
deformation, an issue, which cannot be resolved
with the CCW concept, has attracted many work-
ers (Masek and Duncan, 1998). This concept as-
sumes that the combined gravitational and fric-
tional work associated with each slip increment
along a set of faults is minimised. Thus, the
fault which consumes the least work to accom-
modate slip is “chosen” (Fig. 3.8). Prolonged slip
along a fault induces a negative feedback, since
the gravitational load increases with every new
slip increment. At a certain stage, the initiation
of a thrust within the foreland would consume
less gravitational and frictional work to accom-
modate further convergence. Thereby, the magni-
tude of work needed to initiate a fault depends on

the depth to its detachment, the internal and basal
properties of the material and finally on the fluid-
pressure (Davis et al., 1983; Hardy et al., 1998).

Dx

sn

s
1

s
3

t

Basal detachment

Erosion

Deformation

Future thrust
C

q

Ah

Figure 3.8: Schematic diagram of the minimum work con-
cept and the parameters used to calculate the gravitational and
frictional work. Modified after Hardy et al. (1998). C, exter-
nal displacement rate; θ , local dip of the fault; ∆x, fault par-
allel displacement; Ah, area of the fault plane projected onto
the horizontal plane; σ1, maximum; σ3, minimum principal
stress; τ , critical shear stress across the fault surface and σN ,
normal stress acting on this fault.

Although it is not appropriate to invoke a pri-
ori a minimisation principle to justify geologi-
cal modelling, several studies have successfully
demonstrated that the minimum work concept pro-
vides good approximations for specific aspects of
mountain building; among them: the evolution of
foreland duplexes (Mitra and Boyer, 1986), the
lateral expansion of plateaus (Molnar and Lyon,
1988), the formation of triangle zones in fold and
thrust belts (Jamison, 1993), the evolution of fold
and thrust belts subject to erosion/sedimentation
(Hardy et al., 1998), the initiation of thrusts within
an accretionary wedge (Gutscher et al., 1998) and
the interaction between erosion and plateau forma-
tion (Gerbault and Garcia-Castellanos, 2005).
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4 Experimental method

The application of analogues to understand nature
might be as old as man. One prominent exam-
ple is the use of balls, instead of apples or cars
to study the laws of conservation of either en-
ergy or momentum. The simplification of nat-
ural processes inherent in analogues enables the
identification of the principles and the quantifica-
tion of parameters that control nature and as such
geodynamics. More specifically, mountain build-
ing is thought to depend on a multitude of para-
meters. Among the most important are deforma-
tion, erosion, sedimentation, and flexure, which
may act on various time- and length-scales. Non-
linear feedback processes are therefore likely to
occur. As noted earlier, considerable amount of
research on mountain building by either physical
or numerical simulations has been carried out dur-
ing the last decades and the respective parame-
ter space has been extensively explored. These
simulation techniques require that the overwhelm-
ing wealth of possible parameters, as they emerge
from field studies, is simplified and that those pa-
rameters are investigated in accordance to their ex-
pected importance within the geodynamic frame-
work. It is emphasised here that such a simpli-
fication is implicitly based on several model as-
sumptions outlined in previous chapters. The re-
sulting setup, i. e., the kinematic boundary con-
ditions, may guide not only the interpretation of
experimentally derived results, but also one’s per-
ception of natural processes, which might finally
evoke circular reasoning. However, a fixed refer-
ence frame in conjunction with known boundary
conditions, which can only be inferred in nature,
might also help to interpret experimentally derived
results. Despite these epistemological challenges,
physical forward modelling techniques such as
sandbox simulations have been successfully ap-
plied and provided detailed insight into the para-
meters controlling mountain building: basal fric-

tion (Mulugeta, 1988; Liu et al., 1992; Calassou
et al., 1993; Nieuwland and Walters, 1993; Lu-
ján et al., 2003); presence of several décollements
(Kukowski et al., 2002; Couzens-Schultz et al.,
2003); thickness of the incoming layer (Calas-
sou et al., 1993; Nieuwland and Walters, 1993;
Gutscher et al., 1998; Soto et al., 2002); back-
stop geometry and material (Davis et al., 1983;
Malavieille, 1984; Byrne et al., 1988, 1993; Wang
and Davis, 1996; Bonini et al., 1999; Storti et al.,
2001); pore fluids (Cobbold et al., 2001); ero-
sion and sedimentation (Merle and Abidi, 1995;
Storti and McClay, 1995; Mugnier et al., 1997;
Barrier et al., 2002; Persson et al., 2004; Hoth
et al., 2006); topography (Dominguez et al., 1998;
Marques and Cobbold, 2002; Del Castello et al.,
2004); obliquity of convergence (Burbidge and
Braun, 1998; Martinez et al., 2002; McClay et al.,
2004; Hoffmann-Rothe et al., 2004). The above
list does not claim to be complete.

The justification of the application of sandbox
simulations to the brittle deforming part within
orogenic wedges is derived from the fundamen-
tal observation that sand is characterised by simi-
lar mechanic properties as the upper brittle crust
(section 4.1) and that brittle behaviour is scale-
independent. The latter has been intuitively known
from the earliest days of geology and led to the
rule to always include a scale in drawings or
maps. In later days, the scale independence has
been more quantitatively shown by the Gutenberg-
Richter-Law or by the length-displacement ra-
tio of faults (e. g., Turcotte and Malamud, 2004).
Also, a key prediction of the CCW concept, as
outlined in section (3.3), is that the mechanics of
mountain building are scale independent and can
thus be understood while studying the mechanics
of sand-wedges. Thus, the analysis of the spatio-
temporal evolution of bivergent sand-wedges may
provide predictions for natural observations which
can be used in turn to constrain the former. In this
study, emphasis is laid upon those predictions that
are testable.

25
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26 4. Experimental method

Two additional factors supported the use of 2D
sandbox experiments. First, this method allows
large magnitudes of convergence to be simulated.
Second, a direct observation of strain localisation
and fault propagation with a high temporal and
spatial resolution, especially if monitoring tech-
niques such as Particle Image Velocimetry (sec-
tion 4.3) are applied, is possible.

Despite these advantages, sandbox simulations
are like every other method associated with limi-
tations, some with a more general and others with
a more specific character. The former comprise
the observation that subtle parameter variations,
which can be easily explored with numerical sim-
ulations, are more difficult to test on their respec-
tive influence with sandbox simulations. However,
the latter might provide trends, which can either
be tested in numerical simulations or within field
studies. Additionally, certain parameters such as
erosion, sedimentation, fluid flow or phase tran-
sitions cannot be described or implemented in a
physically correct way. In the case of erosion,
sandbox experiments are “only” capable of sim-
ulating the effect, i. e., unloading of a structure,
and not the process of erosion itself. Although,
this limits the transfer of experimentally derived
predictions to nature, we did not intend to rebuild
a certain natural structure or geomorphologic fea-
ture and aimed at broader implications. Limita-
tions, which are considered to be specific of the
setup or the experimental implementation, are out-
lined were appropriate (section 4.2).

All sandbox simulations presented in this study
were carried out at the Geodynamic Laboratory of
the GFZ Potsdam, Germany. A short visit of the
Tectonics Analogue Modelling Laboratory at the
Vrije Universiteit Amsterdam, Netherlands was
aimed at measuring the in-situ stress evolution in
front of a propagating thrust. However, technical
difficulties such as an insufficient shielding against
external currents hindered success.

4.1 Physical properties of analogue
materials

As indicated in the previous section, the knowl-
edge of the physical properties of analogue ma-
terials is crucial for the justification of the sand-
box simulation approach, to model upper crustal
processes as well as the application of the CCW
concept to laboratory sand-wedges. Since brit-
tle behaviour is thought to be scale-invariant, the
physical properties of the analogue materials were
measured to compare experimental results with
nature. Within this respect Hubbert (1937) noted
that a change of the size of a given body is as-
sociated with a change of its physical properties.
Therefore, sandbox-simulations do only unfold
their full wealth of information if they are “prop-
erly” scaled with respect to their natural pendants.

The sand in this study, is derived from a Qua-
ternary fluvio-glacial quartz sand deposit near
Königslutter, Germany and shows a unimodal
grain size distribution (Fig. 4.1). Grains are well to
moderately rounded. Glass-beads (300 – 400mm)
and mortar were used as well, whereas the latter
is characterised by a unimodal distribution with a
slight negative skewness (Fig. 4.1).
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Figure 4.1: Grain size distributions of sand and mortar.

Scientific Technical Report STR 06/06 GeoForschungsZentrum Potsdam



4.1. Physical properties of analogue materials 27

F1

F2

N

w

Figure 4.2: Ring-shear tester used to measure the mechanical
properties of the analogue materials. N is normal load; ω is
angular velocity; F1 and F2 are the measured shear forces.
Modified after Schulze (1994).

A ring-shear tester (Schulze, 1994) was uti-
lized to measure the internal and the basal me-
chanic properties of the above analogue materi-
als (Fig. 4.2). To determine the internal mechanic
properties, either sand, glass-beads or mortar was
sieved into a shear box (Fig. 4.2), which was sub-
sequently loaded with a range of normal loads
(1 – 12kg). This range is similar to those nor-
mal loads, found in experiments. While the shear
box rotated with a constant velocity, the associ-
ated shear force was measured. After an unload-
ing phase during which the direction of rotation
was reversed until the shear force dropped to zero,
a new loading cycle was applied, i. e., the direction
of rotation was again reversed. According to By-
erlee (1978), this procedure allows the measure-
ment of the frictional strength of the undeformed
material (peak friction), the strength of the pre-
viously deformed material (static-stable friction)
and the strength of active shear zones (dynamic-
stable friction). A schematic stress-strain curve is
shown in (Fig. 4.3). To asses the error associated

with the above procedure, all measurements were
carried out three times. The raw data in conjunc-
tion with REM images of the granular materials
are provided in (Fig. 4.4) and are summarised in
table (4.1).

With respect to the derivation of cohesion
values from ring-shear measurements, Schellart
(2000) demonstrated that for very small normal
stresses (< 400Pa) the Mohr envelope is charac-
terised by a convex-outward shape which con-
verges to a straight line with increasing normal
stresses. Since the lowest normal stress applied
during measurements at the GFZ Laboratory is
500Pa, it is justified to derive the respective cohe-
sion values from linear extrapolation of the Mohr
envelope. Both the coefficient of internal friction
and the cohesion obtained for the above materials
agree with Lohrmann et al. (2003), who found that
granular flow of sieved, dry quartz sand is char-
acterised by a strain-dependent deformation be-
haviour with pre-failure strain hardening and post-
failure strain softening and is therefore similar to
the non-linear deformation behaviour of crustal
rocks in the brittle field. Based on the S30T sand,
Lohrmann et al. (2003) tested different grain-size
distributions and found that the similarity between
the mechanic properties of brittle upper-crustal
rocks and the sand is highest for sieved sand with a
grain-size distribution, ranging from 20 – 630mm,
which is therefore used in this study.
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Figure 4.4: Results of ring-shear measurements. Shear stress τ is a function of the normal stress σN . Columns from left to
right, if page is turned: REM images of granular analogue materials and photo from sandpaper, measured peak friction, stable
static friction and stable dynamic friction. All measurements were repeated three-times. Respective angles of internal and basal
friction as well as cohesion were derived from linear regression. Basal properties of the conveyor belt were measured with
respect to the used sand. Note 10cm mark on conveyor belt, which was used to determine the duration of 10cm convergence.
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4.2. Experimental setup 29

Material Type Grainsize Density φpeak
∗ Cpeak φstatic

† Cstatic φdyn
§ Cdyn Strain soft.‡

[µm] [g/cm3] [◦] [Pa] [◦] [Pa] [◦] [Pa] [%]

Sand Internal 20 – 630 1.74 35.36 43.47 29.82 176.38 28.20 94.66 20.24
±0.01 ±0.34 ±44.34 ±0.19 ±24.80 ±0.05 ±6.53

Glass beads Internal 300 – 400 1.59 29.14 -6.13 25.91 78.89 22.51 42.71 13.63
±0.01 ±0.14 ±18.82 ±0.09 ±11.56 ±0.04 ±5.15

Mortar Internal 145 – 1250 1.82 34.09 118.89 35.18 164.71 31.38 53.77 7.95
±0.03 ±0.15 ±20.54 ±0.59 ±77.27 ±0.22 ±28.95

Sand paper Basal < 400 – 32.02 -63.09 30.34 61.37 28.62 65.98 –
±0.32 ±42.49 ±0.07 ±8.73 ±0.15 ±19.77

Data are derived from ring shear tests. Internal properties were measured with sieved materials, basal properties were determined
relative to sieved sand. Interpolation of the Mohr envelopes was used to calculate cohesion. The sand - S30T in industry standards -
was washed and dried at high temperature by the mining company before delivery to the laboratory.
∗ Peak friction provides the strength of undeformed material.
† Static-stable friction provides the strength of previously deformed material.
§ Dynamic-stable friction provides the strength of active shear-zones (Byerlee, 1978).
‡ Strain softening is expresses as the percentage difference between peak friction and dynamic stable friction.

Table 4.1: Physical properties of analogue materials used in experiments

In the second measurement set, which followed
the same procedure as the one described above,
the basal properties of the sand with respect to the
conveyor belt were determined. The latter is made
of linen covered with an adhesive tape which in
turn is sprinkled with sand (20 – 400mm), provid-
ing a high friction interface (Table 4.1). Based on
these results, a geometric scaling factor, following
Ramberg (1981) was calculated:

S =
Cρma
Cmρg

(4.1)

where the index m denotes the analogue model, S
is the scaling factor, C is the cohesion, ρ is the
density, g is the acceleration due to gravity in na-
ture (9.81m/s2) and a the one in the model. If all
experiment are carried out under normal gravity
conditions, equation (4.1) reduces to:

S =
Cρm

Cmρ
. (4.2)

Given that the density of sedimentary or upper
crustal rocks ranges between 2000 – 3000kg/m3

(Landolt-Börnstein, vol. I "Physical properties of
rocks" available at www.springerlink.com), ana-
logue materials: 1500 – 1800kg/m3 and provided
that the respective cohesion values are in the order

of 0.7 – 105MPa (Landolt-Börnstein), analogue
materials: 20 – 240Pa. Consequently, S equates to
a range (103 − 106), whereas 105 is the commonly
used value. Consequently, 1cm in the model cor-
responds to ∼ 1km in nature. This scaling ap-
proach has been successfully used by a multitude
of authors, among them Malavieille (1984), Mc-
Clay (1996), Storti et al. (2000), Kukowski et al.
(2002) and Del Castello et al. (2004). It is finally
concluded that the theoretical considerations made
in section (3.3), the measured mechanic properties
of the analogue materials as well as the scale in-
variance of brittle failure, justify the approach of
2D sandbox experiments.

4.2 Experimental setup

Bivergent sand-wedges have been successfully
simulated with two setups:

The mantle subduction model. Within an Eulerian
reference frame, i. e., the material moves relative
to the coordinate system, this model assumes that
the mechanical energy delivered into an orogen is
derived from the basal pull or drag of the subduct-
ing plate (Silver and Reed, 1988), since the crust
is strongly coupled to the mantle lithosphere (El-
lis et al., 1995; Ellis, 1996). This model was first
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used in sandbox simulations by Malavieille (1984)
and later adopted by Storti et al. (2000). These au-
thors used the same material on both sides of the
singularity. Within this scenario (Fig. 4.5a), upper
plate material acts as a dynamic backstop sensu
Kopp and Kukowski (2003). A rigid backstop
(Fig. 4.5b) was used by Wang and Davis (1996),
Bonini et al. (1999) and Storti et al. (2001) and
their setups thus mediate between the mantle sub-
duction and the indentor model, given below.

The indenter model assumes a strength con-
trast between the involved lithospheric plates
and a weak coupling between the crust and the
lithospheric mantle (Ellis et al., 1995; Ellis, 1996).
Thus, the mechanical energy delivered into an oro-
gen is derived from the push from the rear, which
was also assumed in the CCW concept (Fig. 4.5c).
This approach (Langrangian reference frame, i. e.,
the coordinate system moves with the material)
was applied in sandbox simulations by Merle and
Abidi (1995), Persson and Sokoutis (2002) and
Persson et al. (2004).

Both types may provide end-member scenarios
since Ellis (1996) pointed out that an orogen ini-
tially dominated by mantle subduction mechanics
may, with continued convergence, evolve into an
orogen dominated by indentor-style mechanics. If
slab pull is considered as the most important force
driving the plates (Conrad and Lithgow Bertelloni,
2004), the basal pull model was chosen. This
bears also the advantage that the results drawn
from this study can be easily compared with those
from numerical simulations, which successfully
simulated bivergent orogens with the basal pull
approach (Batt and Braun, 1999; Willett, 1999;
Beaumont et al., 2000; Pfiffner et al., 2000).

To study the most general case, collision of ma-
terial with the same mechanical properties on both
sides of the singularity was simulated (e. g., Storti
et al., 2000). The respective upper plate mate-
rial forms thus a dynamic backstop (Kopp and
Kukowski, 2003). A strength contrast across the
singularity was only simulated in one experiment.

0°< >90°f

f Rigid backstop

Base plate

Indentor modelc)

Rigid backstop

Mantle subduction model with indentorb)

Sand multilayer

Subduction slot

Dynamic
backstop

Mantle subduction model fixed ba)

Dynamic

backstop

Mantle subduction model variable bd)

Figure 4.5: Summary of setups, which have been used to sim-
ulate bivergent sand-wedges. Two end-member models, i. e.,
the mantle subduction and the indentor type model have been
put forward. (a) Mantle subduction model with a fixed β .
(b) Mantle subduction model with an indentor. (c) Indentor
model. (d) Mantle subduction model with a variable β as
used in this study. See figure (4.6) for a technical sketch.

As indicated in chapter (1), the evolution of
bivergent orogens is controlled by deformation,
erosion/sedimentation, and flexure. To date,
flexure has not been incorporated in sandbox-
simulations, although it is commonly involved in
numerical models (Willett, 1999; Pfiffner et al.,
2000). Flexure is considered to be important, since
the flexural rigidity of the involved plates con-
trols the lateral and vertical distribution of tec-
tonic loads (Allen and Allen, 2005), which in turn
influences the spatial distribution of deformation
(Boyer, 1995). Therefore, a new setup which al-
lows for load-driven flexure was invented, i. e., the
singularity migrates vertically and the dip angle β
changes through time (Fig. 4.5d).
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Figure 4.6: Technical sketch of sandbox, which allows for load-driven flexure.

The sandbox simulations were run in a glass-
sided deformation apparatus with internal dimen-
sions (length, width, height) of 340 × 21 × 60 cm
(Fig. 4.6). It consists of an upper and a lower elas-
tic wooden plate (referred to as upper and lower
plate base), which overlap in the center. They are
only fixed at their respective outward sides to al-
low for load-driven flexure. In order to minimise
the influence of the boundary conditions imposed
by the experimental device, the singularity is lo-
cated sufficiently away from the rigid back-wall.
The lower plate is supported by a spring to adjust
its stiffness. Several test experiments were car-
ried out to find an appropriate plate-spring com-
bination, which ensures a constant increase of the
dip angle β as well as a plausible magnitude for
the latter. Thereby, four parameters were tested:
(i) the distance between the free end and the point,
where flexure is zero; (ii) the position of the spring
with respect to the free end; (iii) the spring con-
stant and (iv) the material of the plate bases. In
order to find a plate-spring combination, which
satisfies the above requirements, the free end of
the lower plate was incrementally loaded with 2kg
(maximum was 20kg) and the vertical deflection
was measured (Fig. 4.7). This was carried out for
all parameter combinations listed in table (4.2).
Finally, a plate-spring combination was chosen,

for which β changes from ∼ 5 ◦ to ∼ 7 ◦ during
experiments. The scaling factor between exper-
imental and natural flexure is unknown because
Young‘s modulus of the setup could not be deter-
mined.
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Figure 4.7: Load dependent deflection and basal dip β of
lower plate. Length between the free and the point, where
the deflection is zero, is 1.6m, length between the free end
and the spring is 0.3m. Graph shows six springs, which dif-
fer with respect to their spring constants (see appendix). The
above geometry together with spring 4 was chosen for exper-
iment. During experiments load may reach up to 80kg and β
changes correspondingly from about 5◦ to about 7◦.

However, two disadvantages are associated with
this new setup. First, the curvature of the plates
hampers the preparation of the sand multilayer
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Distance from free end and the point, where flexure is 0 [m] Distance from spring to free end [m]

0.2 0.3 0.5 0.7 0.8
1.5 X X X
1.6 X X X
1.9 X X X

The thickness of the plywood was chosen to be 20.7mm. A thicker or thinner plate would have provided either too
little or too much deflection, respectively. The above parameter combinations were tested for six different springs. See
appendix C for spring specifications.

Table 4.2: Parameters tested to find an appropriate plate-spring combination for the lower plate.

with a constant thickness, which is accounted for,
by normalising all experimentally derived values
with respect to the thickness of the incoming layer
(H0). Second, the glass panels had to be tangent
to the base plates. Otherwise, sand grains would
have fallen inbetween and would have resulted in a
blurred profile view. It follows, that with respect to
the above test experiments, the downward move-
ment is retarded, whereas the upward movement
is significantly delayed. Both features are not crit-
ical as long as the kinematic interpretation is not
tightly linked with the magnitude of flexure, which
is not intended and a net mass-gain of the biver-
gent sand-wedges is observed. The latter condi-
tion is satisfied for all, but one experiment. Addi-
tionally, reproducibility was successfully tested.

Lower-plate subduction and basal shear is sim-
ulated by a conveyor belt, which only covers the
lower plate and is drawn by a motor (∼ 9cm/min)
beneath the tip of the upper plate. In order to
ensure a strong mechanical coupling between the
conveyor belt and the sand layer, a sand paper with
a grain size < 0.4cm was chosen. The resulting
basal friction (Table 4.1) is in the same range as
published values for similar experimental devices
(Wang and Davis, 1996; Kukowski et al., 2002).
A lower basal friction would have resulted in a
bivergent sand-wedge, which is wider and shows
a lower α . In order to study the most general and
simplest scenario, a 6cm thick sand layer covers
the upper and lower plate base equally. We there-
fore did not account for (i) the variety of materials
with differing frictional properties found in con-
tinental collision zones; (ii) the progressive fore-

landward decrease of the thickness of the sedimen-
tary succession and (iii) inherited zones of weak-
ness commonly found in orogenic forelands. The
influence of the latter two factors on model re-
sults would have been a change in the spacing of
thrusts (Bombolakis, 1986; Boyer, 1995; Hardy
et al., 1998; Macedo and Marshak, 1999).

Most orogens, e. g., Pyrenees and European
Alps, show a variety of possible detachment hori-
zons, which can lead to orogen-scale frontal and
basal accretion (e. g., Beaumont et al., 2000;
Pfiffner et al., 2000). Such weak layers are sim-
ulated with dry glass-beads, which are charac-
terised by a Mohr-Coulomb type rheology, but
show significantly lower frictional properties as
sand (Fig. 4.8, Table 4.1). In addition, Kukowski
et al. (2002) found that an internal weak layer
serves only as a detachment if its internal friction
is significantly lower than the friction of the basal
detachment. This imposed another constraint to
use a high basal friction interface.

In order to promote frontal accretion within the
retro-wedge, a basal glass-bead layer was placed
above the upper plate base. Such an approach is in
accordance with numerical simulations of biver-
gent wedges (e. g., Pfiffner et al., 2000).

Convergence is v 150cm, i. e., ∼ 150km in na-
ture and is therefore similar to medium-sized oro-
gens like the European Alps or the Pyrenees.
Thus, the applied kinematic boundary conditions
resemble those in numerical and other physi-
cal simulations (Willett, 1999; Beaumont et al.,
2000; Pfiffner et al., 2000; Storti et al., 2000;
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Figure 4.8: (a) Detailed mechanic stratigraphy with one internal glass-bead layer. The sand above is frontally, the sand below is
basally accreted. (b) Calculated strength profile for mechanic stratigraphy in (a). (c) Calculated strength profile for a mechanic
stratigraphy with two glass-bead layers. (d) Calculated strength profile for a mechanic stratigraphy with no glass-bead layer.
(d) was used as the reference experiment for the 1st , (a) as the reference experiment for the 2nd experimental series. Strength
profiles were calculated after Corti et al. (2003): σ1−σ3 = [2(C + µρgz)]/[(µ2− 1)1/2− µ], where C is cohesion, µ is the
coefficient of internal friction, ρ is the density, g is the acceleration due to gravity, and z is the depth.

Del Castello et al., 2004) and mimic the geometry
of numerous published sections through small oro-
gens (Beaumont et al., 2000; Pfiffner et al., 2000;
Schäfer et al., 2000; Kummerow et al., 2004).

In erosion experiments, the sand wedge was al-
lowed to produce an initial topography during the
first 40cm of convergence before incremental ero-
sion was simulated. The convergence prior to ero-
sion ensured that the bivergent sand-wedge was
fully established. In order to unequivocally detect
the influence of the location and the mode of ero-
sion on the kinematics of bivergent sand-wedges,
five simplifying assumptions were made:

i. Either the pro- or the retro-wedge is eroded.

ii. To ensure comparison between experiments,
erosion was simulated at a constant interval
(10cm of convergence). The reader is re-
ferred to section (6.3.2) for a detailed dis-
cussion on the continuous deformation versus
discrete erosion challenge.

iii. Both erosion modes were investigated sepa-
rately despite the observation that most nat-
ural bivergent orogens undergo distributed
and focused erosion at the same time.

iv. During experiments all eroded material left
the model system and sedimentation either
in the foreland or in piggy-back basins was
neglected. This procedure is justified by the
following observations: Morris et al. (1998)
showed that along-strike variations in sedi-
ment discharge, calculated from apatite fis-
sion track ages, may reach up to 500% be-
tween drainage basins in the Pyrenees. They
further pointed out that temporal variations of
sediment discharge from individual drainage
basins are greater than 300%.

A similar observation was made by Kuhle-
mann (2000) for the European Alps. Based
on mass budget calculations, he pointed out
that since the Oligocene, the temporal varia-
tions of sediment supply are in the order of
550% for the Swiss and Western Alps and
up to 1000% for the Eastern Alps. His data
do also suggest that only ∼ 50% of the de-
bris derived from the European Alps were
deposited in the peripheral foreland basins.
The remaining ∼ 50% were shed either into
the Gulf of Lyon (Rhône fan), the Adriatic
and Ionian basins or in the Pannonian basin.
Results from balanced crustal-scale cross-
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sections from the Eastern Pyrenees (Vergés
et al., 1995) and the Swiss Alps (Adrian
Pfiffner pers. com., (2003)) suggest that
one half to two thirds of the eroded material
was either shed into the Atlantic during mid-
dle Lutetian to late Oligocene times (Eastern
Pyrenees) or into the Gulf of Lyon (Swiss
Alps), which agrees thus well with Kuhle-
mann (2000).

v. The key assumption made for the experi-
ments involving erosion is that erosion rate
is positively correlated with elevation (chap-
ter 2). Accordingly, distributed erosion is
simulated as follows. Erosion increases lin-
early from the toe of either the pro- or the
retro-wedge towards the top of the bivergent
sand-wedge, where it reaches its maximum
of 1cm per 10cm of convergence (Fig. 4.9).
Erosion in the focused mode reaches its max-
imum of 1cm per 10cm of convergence at the
middle of either the pro- or the retro-wedge
slope and decreased toward zero at the re-
spective tops and toes.

In order to compare the magnitude of erosion
with natural examples we calculated the erosion
efficiency parameter r = ve/vc, where ve is the ero-
sion rate, i. e., 1cm of erosion per 10cm of con-
vergence and vc is the convergence velocity, i. e.,
10cm of material input per 10cm of convergence.
It is highlighted here that the velocity with which
the conveyor belt is drawn (∼ 9cm/min) is of no
importance for the above calculation since de-
formation of a Mohr-Coulomb material like sand
is not time-dependent. We further assume that
the instantaneous removal of sand, as simulated,
reflects a continuous removal of 1cm per 10cm
of convergence. The resulting value r = 0.1 is
thus well in the range of natural values obtained
from currently deforming orogenic wedges such
as Taiwan: 0.03 – 0.18 (Dadson et al., 2003),
New Zealand: 0.5 – 1.3 (Hovius et al., 1997;
Koons et al., 2003), Southern Alaska: 0.02 – 0.94

Max. 1 cm erosion
per 10 cm convergence

SingularityConvergence

Focussed pro-wedge
erosion

Axial-zone Distributed retro-wedge
erosion

Figure 4.9: Distribution of incremental erosion, either dis-
tributed or focused.

(Meigs and Sauber, 2000), and the Himalayas:
0.07 – 0.25 (Bilham et al., 1997; Thiede et al.,
2004). It is emphasised again, that it was not in-
tended to accurately simulate the process of either
distributed or focused erosion. Instead, the dif-
fering magnitudinal distributions across orogenic
strike of both erosion modes, as they emerge from
field studies (chapter 2), were used.

Finally, during all experiments either with or
without erosion, the internal and basal mechanic
properties were held constant. Examination of
both cross sections during and after each experi-
ment revealed that the plane strain assumption is
valid. Reproducibility is justified by the repetition
of experiments and the comparison of emerging
trends and mutual relations of different data sets
such as the propagation of deformation, particle
paths and the amount of erosion, with the ones de-
rived from similar experimental series.

4.3 Data acquisition and processing
with Particle Image Velocimetry

Particle Image Velocimetry (PIV) is based on
an adaptive cross correlation algorithm, which
compares successive images and enables thus the
calculation of the incremental displacement field
within sand-wedges, the corresponding horizontal
and vertical components as well as the incremental
shear-strain (Adam et al., 2005).

The PIV system at the Geodynamic Laboratory
of the GFZ Potsdam, Germany is made up of two
high speed, digital cameras (2000×2000pixels),
which were used to monitor all experiments. The
resolution of both cameras is sufficiently high to
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Figure 4.10: PIV workflow. Every image is divided into interrogation windows (IW), which are associated with an intensity
value. During cross-correlation IW(n,m) at time t + dt is shifted incrementally by dx and dy with respect to IW(n,m) at time t.
For each position a correlation coefficient between both intensities is calculated with Fast Fourier Transformation. Respective
results are stored in a correlation map. The coordinates of the maximum correlation peak reveal the most likely position of the
local displacement vector to match the pattern of IW(n,m) at t +dt to IW(n,m) at t. Modified after LaVision Göttingen.

image individual sand-grains. Images were taken
every 2s during experiments with erosion and with
one exception at every 1s for experiments with-
out erosion. The higher temporal resolution of the
latter was chosen to ease comparison with other
standard experiments carried out within the labo-
ratory. The software DaVis developed by LaVi-
sion GmbH, Göttingen, Germany was used to op-
erate both digital cameras and to finally process
and analyse the respective images. Acquisition
and processing of the images involves four steps:

i. Prior to image acquisition both cameras are
calibrated and a mapping function is calcu-
lated to correct the images for distortions, re-
sulting from the view angle of the cameras.

ii. According to the mapping function the im-
ages are corrected during acquisition.

iii. Both images are stitched together and the
scale of the images [pixel] is converted to
millimeter using again the mapping function.

iv. Based on an adaptive cross correlation algo-
rithm, successive images are compared and
the incremental displacement field is calcu-
lated as explained below (Fig. 4.10).

Cross correlation of successive images (image 1
at time t, image 2 at time t + dt) involves the di-
vision of each image into interrogation windows
(IW 1, IW 2), which were assigned an intensity
value. With respect to IW 1, the second interro-
gation window is now shifted incrementally by dx
and dy in both x and y direction. For each posi-
tion a correlation between both intensities is calcu-
lated with Fast Fourier Transformation and results
are stored in a correlation map (Fig. 4.10). The
coordinates of the maximum correlation peak re-
veal the most likely position of the local displace-
ment vector of this sub-sample to match the pat-
tern of IW 1 to IW 2 (Adam et al., 2005). It fol-
lows that the local displacement vector is a spa-
tial average for the entire interrogation window.
The corresponding spatial resolution can be im-
proved by using adaptive multi-pass correlation
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(Flow Master© Manual by LaVision; Adam et al.
(2005) and references therein). This algorithm cal-
culates a vector field based on a large interrogation
window size. In the next step the size of the inter-
rogation window is half the previous size and the
first vector field is now used as a reference. Thus,
the shift of the interrogation windows is adaptively
improved and the calculated vectors become more
reliable. Accuracy of the displacement measure-
ment is ∼ 0.5mm and is thus equal to ∼ 50m in
nature (Adam et al., 2005).

The incremental vector field forms the basis for
the calculation of its derivatives such as its hori-
zontal and vertical components and the associated
components of the strain tensor, e. g., exy. Thereby,
exy denotes the change of the x-component of the
velocity vector in the y-direction and is thus re-
ferred to as horizontal shear strain. However, a
complete description of the state of plane strain
within the bivergent sand-wedges would require
the calculation and analysis of horizontal and ver-
tical shortening (exx and eyy). Given that the strain
field in orogenic wedges results from the lateral
shortening and vertical thickening (Ranalli, 1995),
exy is thus considered as a good measure of biver-
gent wedge deformation.

4.4 Data mining and its limitations

The digital images recorded by PIV provide an ex-
cellent possibility to extract time series data for
several geometric features such as the propagation
of deformation, the height above the singularity or
the length of thrusts (Fig. 4.11). These geomet-
ric features are commonly thought to be indica-
tive for the kinematic evolution of bivergent sand-
wedges. They also allow a quantitative compari-
son between experiments and may finally provide
a link to data from natural bivergent orogens.

All geometric data derived from PIV analysis
were normalised with respect to H0, the height of
the undeformed multilayer, to account for slight
variations in its thickness. These geometric data

were taken at every fifth image which corresponds
to a convergence interval of 1.5cm. Since the geo-
metric data were collected in the time domain [s],
they had to be transferred to the convergence do-
main [cm] to ensure comparability between exper-
iments. The respective conversion procedure bears
some error as indicated below. During experi-
ments marks drawn at every 10cm on the conveyor
belt passed an external reference frame, while
the corresponding PIV image number, which pro-
vides the time in [s] was taken. Although the mo-
tor runs at a constant velocity (9cm/min), the ve-
locity of the conveyor belt increases with time, as
the radius of the engine shaft plus the winded con-
veyor belt increases. However, significant devi-
ations from this linear trend occurred (Fig. 4.12).
As a first-order approach the linear increase was
used to convert time to convergence and the asso-
ciated error is ∼ 5%. The accuracy of measured
lengths within PIV images is in the order of four
to six pixels, which are ∼ 2 – 3mm.
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Figure 4.12: Change of the duration of 10cm of convergence
during the reference experiment. Deviations from linear de-
crease (see text) may either result from human error or from
wedge kinematics, but no relation could be established.

In order to elucidate the spatio-temporal evo-
lution of deformation within, and of the associ-
ated surface uplift of a bivergent wedge, three new
display-types were invented. To ensure successful
communication the reader is provided with a how
to read guide:
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Figure 4.11: Measured parameters, which describe bivergent wedge evolution. (i) Propagation of the deformation front of
frontal accretion in the pro-wedge [L f p], (ii) Propagation of the deformation front of basal accretion in the pro-wedge [Lbp],
(iii) Topographic height above the singularity [H], (iv) propagation of the deformation front of the retro-wedge [Lr], (v) Length
of individual thrusts [D1...8] , (vi) Erosion [E] and (vii) Incremental surface uplift [U]. Index p relates to the pro-wedge, index
r to the retro-wedge, index f to frontal accretion and index b to basal accretion. H0 is the height of the undeformed multilayer.
All geometric features are normalised with respect to H0 to account for slight variations in the thickness of the multilayer.

Topographic envelopes. Every pixel in a PIV
image is assigned with an intensity value (counts).
Pixels of the background or the setup are set to 0,
pixels of the sand-wedge are set to 1 count. This
leads to a black (background and setup) and white
(sand-wedge) image, which forms the basis for all
later calculations (Fig. 4.13a, b). At this stage two
sources of error may occur. First, the PIV cam-
eras have a perspective view on the sand wedge,
i. e., they image the third dimension, which can
result in an overestimation of the wedge area. Sec-
ond, the definition of background and sand wedge
is ambiguous with respect to the number of counts,
since a certain cut off had to be chosen. This may
also lead to an over- or an underestimation of the
wedge area. The respective black and white image
is exported as a bitmap (another source of error)
and is finally automatically digitised. Especially
the latter procedure can lead to an over- or an un-
derestimation of the wedge area. Thus, some care
should be taken while analysing the topographic
envelopes (Fig. 4.13c). Nevertheless, they show
first and second order features, thought to be valid
[see section 5.1] but may have some inconsisten-
cies, especially with respect to the thickness of the
incoming layer. Topographic envelopes were gen-
erated at every 10cm of convergence.

Incremental Surface Uplift (ISU) maps. To cal-
culate ISU , an increment is 10cm of convergence,
the area of a sand wedge at time t is subtracted
from the area of a sand wedge at time t + 10cm of
convergence. This results in secondary black and
white image, which shows the spatial distribution
of ISU (Fig. 4.13d). Its magnitude is measured at
the scale of a pixel and an uplift curve is generated.
Finally, all uplift curves are grided and displayed
as a map, which indicates the spatial and tempo-
ral distribution of ISU in an Eulerian reference
frame (Fig. 4.13e, f). The sources of error asso-
ciated with ISU maps are similar to the ones de-
termined during the derivation of the topographic
envelopes. But again, ISU maps are thought to in-
dicate first and second order phenomenons. There-
fore, subtle variations of ISU were not interpreted.
Nevertheless, ISU maps provide a wealth of infor-
mation and can be read at least in two ways. Time-
lines (horizontal) indicate the spatial distribution
of ISU for a certain stage during wedge evolution.
Location lines (vertical) provide the change of ISU
through time at a given position. The spatial reso-
lution of ISU maps depends on the mapping func-
tion, but is generally around 0.5mm. The temporal
resolution is 10cm of convergence. Narrower in-
tervals have not provided more information.
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4.4. Data mining and its limitations 39

Evolution of Deformation Maps (EDM). The in-
corporation of PIV into sandbox simulations re-
sulted in an overwhelming wealth of data with re-
spect to the spatio-temporal distribution of incre-
mental strain. Therefore, the need emerged to dis-
play these data in a way that facilitates the detec-
tion of trends or patterns. In a first step the scalar
of exy was extracted. In a second step, exy is mea-
sured along a profile parallel to the base plates
(Fig. 4.14a). A likewise processing of all images
results in exy profiles, which are finally displayed
(Fig. 4.14b). The EDM provides thus the spatio-
temporal distribution of exy in an Eulerian refer-
ence frame and allows the analysis of strain trans-
fer patterns. Since material moves through the
profile line and the angle between the latter and
the ramp segments is not constant due to contin-
ued accretion and flexure, several EDM were cal-
culated for different positions of the profile line.
The resulting exy pattern was similar, although the
magnitudes differed. Note that the position of the
profile line determines the visibility of the back-
thrusts associated with the major thrust imbricates.

Strain histories for individual thrusts. First, the
finite Lagrangian exy after 140cm of convergence
is calculated (Fig. 4.4a). Then, all particles and
their associated finite exy magnitude are restored
back to their original position prior to convergence
(Fig. 4.4b). Similar to the procedure described
above the scalar of exy is extracted from every im-
age and exy is measured along a profile line, paral-
lel to the base plates. The resulting map indicates
thus the accumulation of finite strain through time
for every position along the profile line (Fig. 4.4c).
Now, the finite exy history is derived for a point,
located within a ramp segment through a vertical
profile (Fig. 4.4d). If this is done for all ramp seg-
ments, strain transfer patterns can be identified.
They compare well with the ones recognised in the
EDM. In the final stage incremental exy histories
for a certain point located within a ramp segment
are derived from the finite ones (Fig. 4.4d, e).
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Figure 4.14: Derivation of EDM. Incremental exy is extracted
along profile I - II (a) for every image and is finally displayed
as a map (b). Labels a© to e© refer to forethrusts within the
pro-wedge. i© denotes the pro-shear of the initial pop-up,
ii© the respective retro-shear and iii© the accretion within the

retro-wedge. Only the approximate x position is given, since
the raw data are enlarged during extraction from PIV.

Finally, four conventions are made. The term
pro-shear is used for all shear zones, which dip
towards the upper plate, whereas shear zones with
retro-shear dip towards the lower plate. In exy im-
ages, the former is coloured in green to red, the
latter in blue to purple. The term retro shear-
zone is taken only for the shear zone bounding the
retro-side of the initial pop up (section 3.1). The
term incremental refers to a convergence interval
of 10cm, if used to describe the topographic evo-
lution of the bivergent wedges. If however incre-
mental is used in conjunction with strain informa-
tion, than this term describes the time between two
successive PIV images.
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5 Kinematic boundary
conditions and their
influence on bivergent
wedge evolution

The following chapter intends to elucidate the in-
fluence of imposed kinematic boundary conditions
such as a strength contrast across the singular-
ity, different mechanic stratigraphies, and the de-
gree of flexure on the kinematic evolution of biver-
gent sand-wedges. Special emphasis shall be laid
upon the strain transfer between the pro- and the
retro-wedge as well as the timing and magnitude
of strain accumulation within the pro-wedge. An
account on the kinematic evolution of the refer-
ence experiment is provided first, followed by a
description of four other experiments which dif-
fer with respect to their kinematic boundary con-
ditions (Fig. 5.1).

5.1 Reference experiment

Kinematic evolution of a bivergent sand-wedge.
Based on visual inspection of the reference ex-
periment, the kinematic evolution of a bivergent
sand-wedge is divided into four stages. In stage I,
initial layer parallel shortening leads to the forma-
tion of two conjugate shear zones, which nucle-
ate at the singularity and define thus a symmet-
ric pop-up (Fig. 5.2a). Further convergence leads
to rapid surface uplift associated with progressive
back tilting of this pop-up towards the upper plate.
During stage II, three narrowly spaced thrust faults
form successively within the pro-layer (Fig. 5.2b,
c). They nucleate as well at the velocity disconti-
nuity and are carried passively back- and upwards
in the hangingwall of the retro shear-zone through-
out the remaining experiment. Stage II marks thus

Sand
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4 cm

2 cm

2 cm

20 cm

85 cm

S

125 cm 108 cm

Exp. 9.15

Exp. 9.05

Exp. 9.20

Exp. 9.35

Exp. 9.25

Glass beads
2 mm

Conveyor belt

Mortar

Figure 5.1: Kinematic boundary conditions of 1st experimen-
tal series. Sand and glass-beads for all experiments were
taken from one charge. Basal friction was the same in all
experiments. Flexure was not simulated in experiment 9.25.
Experiment number is used in text.

the transition from a symmetric to an asymmet-
ric topographic and kinematic state. At this stage
surface uplift rates of the axial-zone and the retro-
wedge are still high but start to decrease (Fig. 5.3),
while rates of thrusting along the retro shear-zone
remain constant. With continued convergence, the
topographic load of the axial-zone and the retro-
wedge increases until a critical height is reached.
At this point, i. e., after ∼ 30cm of convergence
(Fig. 5.2d, e), the axial-zone and the retro-wedge
provide a sufficient load to initiate a basal detach-
ment, which ramps up through the pro-layer to fi-
nally form a flat-topped box anticline – stage III
commences. Lateral growth of the pro-wedge is
now attained by a forward-breaking sequence of
flat-topped box anticlines, which is hereafter re-
ferred to as frontal accretion. The respective basal
detachment is located within the lowermost part of
the pro-layer and thus a few millimeters above the
conveyor belt. During stage III, rates of thrusting
along the retro shear-zone remain fairly constant
(Fig. 5.3). However, rates of the lateral growth of
the pro-wedge, as well as surface uplift rates of
both the axial-zone and the retro-wedge do fur-

41
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Figure 5.2: Line drawings of sequential stages of the reference experiment (9.15). Numbers on the right are cm of convergence.
Frontal accretion within the retro-wedge occurs after ∼ 100cm of convergence (stage IV). Label a© to d© denote thrusts.
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Figure 5.3: Evolution of geometric parameters as defined in figure (4.11), taken from the PIV images at every 1.5cm of
convergence. Arrows point to times of accelerated vertical growth, which predate the formation of a new thrust within the
pro-layer. Dashed line is the best fit curve for the propagation of deformation of frontal accretion within the pro-wedge:
y = 0.79t0.48 with R2 = 0.88; y is the normalised distance between the deformation front of frontal accretion within the pro-
wedge and the singularity and t is convergence [cm]. Roman letters and vertical dotted lines indicate duration of the four stages
of bivergent wedge evolution. Graphic definition of spacing as the horizontal distance between the previous and the newly
formed deformation front; and wavelength as the time in cm convergence between two successive thrust initiations.

ther decrease. Additionally, the latter is disturbed
by discrete, short-lived accelerations, which pre-
date the formation of a new thrust within the pro-
layer. After ∼ 100cm of convergence, frontal ac-
cretion within the retro-wedge commences and
marks thus the onset of stage IV. Continued con-
vergence is now taken up by two frontal accretion
systems (Fig. 5.2f, g), indicating that the wedge
starts to regain its initial symmetric conditions.
This results in a further slowdown of the lateral
growth rate of the pro-wedge (Fig. 5.3). It fol-
lows from the above description that the propa-
gation of deformation within the pro-wedge, i. e.,
its lateral growth, is attained by the cyclic forma-
tion of flat-topped box anticlines at its toe. The re-
sulting overall trend is best described by a power
law (Fig. 5.3). Accordingly, the pro-wedge grows
proportional to the convergence (t) by t0.48 (R2 =
0.88), which is close to the theoretically predicted
value of t0.5 (Dahlen, 1990).

Topographic evolution. Given an Eulerian refer-
ence frame, two domains of the spatio-temporal
distribution of incremental surface uplift are dis-
tinguished within the bivergent sand-wedge. One

comprises the pro-wedge and one includes the
axial-zone and the retro-wedge. ISU in the for-
mer is highly variable and shows discrete accelera-
tions, while the latter is characterised by an almost
concentric growth (Fig. 5.4, Fig. 5.5). As noted in
section (4.4), several ways to read ISU maps exist:

Time- and location-lines indicate the high spa-
tial or temporal variability of ISU for a given
time interval or position in a Eulerian reference
frame. The initiation of individual flat-topped
box anticlines is associated with a maximum ISU
right above the respective ramp segment. Thus,
propagation of these ISU maxima through time
and space reflects the propagation of deformation
within the pro-wedge. While convergence pro-
ceeds, new thrust faults are formed and older ones
are abandoned. This is coeval with a decay of
ISU for a given ramp segment. However, al-
most all ramp segments identified in figure (5.5)
show a renewed increase in ISU, which suggests
their re-activation. The respective increase can
gain an order of magnitude without any modifi-
cations of the imposed kinematic boundary con-
ditions (Fig. 5.5). Therefore, lines which follow
individual ramp segments are referred to as thrust
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Figure 5.4: Topographic evolution of reference experiment. Outlines were taken at every 10cm of convergence. The first,
i. e., after 10cm and the last, i. e., after 150cm of convergence outline are given in complete form, to indicate the magnitude
of flexure. Two topographic domains mirroring two different growth modes can be distinguished. Cyclic accretion within the
pro-wedge results in distinct steps in topography, whereas continuous addition of pro-wedge derived material to the axial-zone
and the retro-wedge leads to a nearly concentric growth.
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Figure 5.5: Incremental surface uplift of reference experiment. (a) Raw data, see figure (4.13) for derivation. (b) Dashed lines
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Figure 5.6: Distribution of finite exy for the reference experiment after 140cm of convergence.

traces. It is furthermore pointed out, that at times
of maximum ISU within the pro-wedge the re-
spective magnitudes of ISU within the axial-zone
and the retro-wedge are at their minimum. This
observation led to the discovery of very subtle sur-
face uplift waves, which are intimately linked to
the accretion cycle. Thereby, the initiation of each
thrust within the pro-layer is associated with max-
imum ISU. With ongoing convergence, this maxi-
mum migrates as a wave, with decreasing magni-
tude through the entire wedge until it has reached
the tip of the retro-wedge deformation front. At
this stage a new thrust in the pro-layer is formed,
which again is followed by a similar surface uplift
wave. This observation agrees well with the find-
ing that the height above the singularity shows dis-
crete accelerations just before a new thrust within
the pro-layer is formed (Fig. 5.3).

Finally, ISU mirrors the four stages of
bivergent-wedge evolution, as outlined above. In
stage I ISU is symmetrically distributed above the
singularity, while during stage II the location of
maximum ISU shifts towards the lower plate and
results thus in a topographic asymmetry. The for-
mer is further magnified during stage III, espe-
cially, if the ISU maxima associated with the initi-
ation of the thrusts, are considered. Frontal accre-
tion within the retro-wedge (stage IV) marks the
transition to a more symmetric wedge-topography.

Strain accumulation. Based on the displacement
field derived from PIV analysis, finite strain af-
ter 140cm of convergence was calculated, to ob-
tain a wedge-scaled view on strain accumulation
(Fig. 5.6). The distribution of finite strain clearly
images the main structural elements such as the
basal detachment, the retro shear-zone and indi-
vidual thrust imbricates. Within the pro-wedge a
systematic distribution of finite strain was recog-
nised: thrusts located at either the toe or the rear
of the pro-wedge show only minor magnitudes of
finite strain. In turn, thrusts positioned close to
the prominent topographic break within the pro-
wedge show significantly higher finite strain mag-
nitudes. It is also pointed out that the magnitude
of retro shear is highest at the retro shear-zone
which separates lower plate from upper plate ma-
terial and is thus interpreted as long-lived.

A more detailed insight to strain accumulation
at the thrust-scale is derived from the EDM. Based
on the EDM, the main structural elements such
as the initial pop-up, the retro shear-zone, indi-
vidual thrust imbricates within the pro- and the
retro-wedge as well as subtle features like back-
thrusts, footwall shortcuts and out-of-sequence re-
activation of thrusts can be identified (Fig. 5.7).

The proposed four stages in bivergent-wedge
evolution can be deduced from figure (5.7) as well.
The transition from stage I to stage II can be iden-
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tified, since the life-span of the three narrowly
spaced thrusts is significantly longer, than the life-
span of the fore-thrust bounding the initial pop-
up. The transition from stage II to stage III is
more pronounced, since the flat-topped box anti-
clines have a significantly longer life-span than the
three fore-thrusts. Incremental exy along the retro
shear-zone decreases markedly as well, but shows
pulses, which predate the formation of a new
thrust within the pro-layer. These strain pulses
agree well with the ISU waves described above.
The onset of stage IV is marked by the emergence
of frontal accretion within the retro-wedge. Co-
evally, re-activated thrusts accumulate more, the
retro shear-zone less incremental exy, whereby the
latter still shows incremental exy pulses.

The accretion cycle. Further analysis of the
EDM revealed a regular, incremental exy pattern,
which is referred to as the accretion cycle. Al-

though exy was calculated from the velocity field,
exy is considered to be better suited for the de-
scription of an accretion cycle than the horizon-
tal (vx) or the vertical (vy) component of the ve-
locity field. However, key observations concern-
ing either vx or vy are indicated were appropriate.
Each accretion cycle is thought to consist of three
phases: a thrust initiation phase, which in turn is
divided into three sub-phases; an underthrusting
phase; and a re-activation phase, where the latter
is coeval with the thrust initiation phase of the fol-
lowing accretion cycle. The nomenclature of the
first two phases follows Gutscher et al. (1998) and
Hoffmann-Rothe et al. (2004), whereas the term
re-activation phase is introduced here.

During the first sub-phase of the thrust initia-
tion phase, deformation propagates outward along
the basal detachment and finally steps up to form a
symmetric pop-up. The respective backthrust ter-
minates right at the tip of the previous deforma-
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tion front (Fig. 5.8b). Although, not very well lo-
calised, this pop-up evokes a significant decrease
of vx within the pro-layer (Fig. 5.8h). Interestingly,
this pop-up has no topographic expression, but it
clearly stands out in the diagram showing the ver-
tical component of the velocity field (Fig. 5.8n).

During the second sub-phase of the thrust ini-
tiation phase, the basal detachment and the fore-
thrust of the pop-up form a continuous shear-zone
with a flat-ramp geometry. Coevally, the back-
thrust associated with the pop-up and the previous
deformation front cease in activity (Fig. 5.8c).

In the third sub-phase of the thrust initiation
phase, the initial pop-up evolves into a flat-topped
box anticline, which is associated with the forma-
tion of a backthrust. Convergence is now taken
up by the newly formed forethrust, its backthrust,
the previous forethrust, and the retro shear-zone
(Fig. 5.8d). With respect to the first sub-phase, no
significant change of the components of the veloc-
ity field occurred during the latter two sub-phases.

In the following underthrusting phase, the back-
thrust and the previous deformation front are aban-
doned and the pro-layer is considerably over-
thrusted by the pro-wedge. Convergence is
now taken up by two conjugate shear-zones,
which define a wedge-scaled, symmetric pop-up
(Fig. 5.8e). Thereby, the frontally accreted mate-
rial is continuously transferred towards the axial-
zone, rotated back and finally passively uplifted
in the hangingwall of the retro shear-zone. Con-
sequently, vx is at its maximum within the axial-
zone and decreases towards the pro- and the retro-
wedge (Fig. 5.8m, q). It follows that the location
of maximum vy has moved from the flat-topped
box anticline at the toe of the pro-wedge towards
the axial-zone. This observation agrees well with
the ISU wave documented earlier. However, the
location of maximum vy during subsequent under-
thrusting phases is systematically shifted from the
axial-zone during early accretion cycles towards
the center of the pro-wedge during later accretion
cycles (Fig. 5.8m, q).

The underthrusting phase is terminated by the
thrust initiation phase of the next accretion cy-
cle. Note again, that prior to the formation
of a new thrust imbricate within the pro-layer,
strain accumulation increases significantly along
the retro shear-zone (5.7). During the second sub-
phase of the thrust initiation phase, incremental
exy ceases to accumulate along the previous de-
formation front, but is re-activated during the re-
spective third sub-phase (Fig. 5.8f). The previous
deformation front remains active until the next un-
derthrusting phase commences. Note, that dur-
ing the underthrusting phase, the difference be-
tween both velocity components, i. e., vx− vy re-
mains nearly constant, but is highly variable dur-
ing the thrust initiation and the re-activation phase
(Fig. 5.9, Fig. 5.8a).

The evolution of incremental exy at points lo-
cated within individual ramp segments of either
the fore-thrusts or the retro shear-zone shows one
absolute and two local maxima which can be
linked with the three phases of the accretion cycle
identified above (Fig. 5.10). Within this respect,
the two local maxima correspond to the thrust ini-
tiation phase and the re-activation phase respec-
tively, whereby the former attains higher magni-
tudes than the latter. The absolute maximum is
linked with the underthrusting phase. These obser-
vations suggest that each phase within an accretion
cycle is associated with different magnitudes and
rates of strain accumulation. In addition, the strain
history of the retro shear-zone follows a pattern,
which can be best described by a damped oscilla-
tion. Thereby, local exy maxima predate the forma-
tion of a new thrust imbricate within the pro-layer,
which is concordant with the information deduced
from the EDM. It follows that the communication
or the ability to transfer strain between fore-thrusts
within the pro-wedge and the retro shear-zone de-
creases with increasing distance between them. It
is finally emphasised that the EDM and the strain
histories of ramp segments provide complemen-
tary information and have to be viewed as such.
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Figure 5.9: Evolution of the vertical and the horizontal component of the velocity field during an accretion cycle as derived
from figure (5.8a). The initial plateau of vx at 1.5mm/s is due to the velocity of the undeformed incoming layer, the negative
values of vy (−0.3mm/s) derives from the experimental setup, i. e., the sand-layer moves first downwards, as a response to the
flexural deflection and is than tectonically uplifted. Note changes of either vx or vy across thrusts. Labels: 1© Forethrust within
the pro-wedge, 2© The respective backthrust, 3© Internal thrust, 4© Retro-shear zone and 5© Forethrust within the retro-wedge.
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Figure 5.10: exy accumulation of forethrusts a© to d© and the retro-shear zone ii©. The phases of the accretion cycle are marked
in coloured to visualise strain transfer. Note that the “communication” of the pro-wedge with the retro-shear zone follows a
damped oscillation. Information in this figure is complementary to figure (5.7).

5.2 Experiments with other kine-
matic boundary conditions

A key observation is that neither changes of the
mechanic stratigraphy nor the absence of flexure
did inhibit the segmentation of the sand-wedges
into a pro-wedge, an axial-zone and a retro-wedge
(Fig. 5.11). With one exception all four bivergent
sand-wedges showed the first three stages out of
the four staged evolutionary pathway found for the
reference experiment. Experiment 9.35, where the
upper plate was made up of mortar, lacks stage II.
The kinematic similarity between these four ex-
periments is also evident from the time series data
(Fig. 5.12). However, differences with respect to

the accumulation and propagation of strain as well
as the topographic evolution of the bivergent sand-
wedges do exist and are outlined below.

Frontal accretion. Similar to the reference ex-
periment, time series data from all four exper-
iments show that the propagation of frontal ac-
cretion is composed of individual accretion cy-
cles and to a lesser degree of footwall shortcuts
(Fig. 5.12). The resulting overall trend of the lat-
eral growth of the pro-wedge, is again best de-
scribed by a power law. However, significant dif-
ferences between the respective power law coeffi-
cients are observed (Table 5.1). The closest ap-
proximation between the experimentally derived
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Figure 5.11: Photographic images of final stages of experiments: (a) Reference experiment 9.15; (b) Experiment 9.05;
(c) Experiment 9.20; (d) Experiment 9.35; (e) Experiment 9.25; after 140cm of convergence, except experiment (e), where
convergence was 120cm.
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52 5. Kinematic boundary conditions and their influence on bivergent wedge evolution

power law coefficients and the theoretically pre-
dicted value of 0.5 (Dahlen, 1990) is found in ex-
periments, where two conditions are met. First,
the respective mechanic stratigraphy is symmet-
ric with regard to a horizontal symmetry plane.
Second, no changes of the mechanic stratigraphy
across the singularity do occur (vertical symmetry
plane). Both conditions are satisfied in experiment
9.15 and 9.20. In the remaining experiments (9.05,
9.25, 9.35), where only one boundary condition
is given, significant deviations of the respective
power law coefficients from the theoretically pre-
dicted value are observed (Table 5.1). However,
the largest difference between the theoretical value
and the experimentally derived one was found for
experiment 9.35, where the upper plate was made
up of mortar. This might indicate that a strength
contrast across the singularity has a stronger influ-
ence on the propagation of deformation within the
pro-wedge, than changes of the mechanic stratig-
raphy with respect to the number and vertical dis-
tribution of weak layers. An experiment, in which
both boundary conditions are not provided, has not
been carried out but would be due to be done.

The depth to the detachment determines the
number of thrust imbricates (Table 5.1). Exper-
iments without an internal detachment, i. e., the
depth to detachment is 6cm show five imbricates
(9.15, 9.35) whereas experiments with an internal
detachment, i. e., the depth to detachment is 4cm
result in eight imbricates (9.05, 9.20). In exper-
iment 9.25 a cyclic change of the position of the
detachment was observed. The detachment was
first initiated as a basal detachment, i. e., above the
conveyor belt and jumped during the following ac-
cretion cycle to the internal weak-layer.

The spacing of frontal accretion, which de-
scribes how far deformation propagates into
the foreland (Fig. 5.12), remains fairly constant
throughout the experiments. If however, the depth
to the detachment decreases as in experiment 9.20
and 9.25, the respective spacing decreases accord-
ingly (Fig. 5.12). Interestingly, experiments where

the basal detachment of frontal accretion is located
above the conveyor belt show a higher variability
in spacing, than those where the respective detach-
ment is located in the glass-bead layer (Table 5.1).

Contrary, the wavelength, which is the time ex-
pressed in convergence between two consecutive
thrust initiation events, varies within and between
experiments and is thus more sensitive to the pa-
rameters tested. As a measure of this variability,
the sample standard deviation of the wavelength
of frontal accretion (s f w) was calculated for all ex-
periments. It is highest for experiment 9.25, which
agrees with the observation of a changing depth to
the detachment. s f w is significantly lower for the
remaining three experiments and shows a positive
correlation with the number of weak layers (Ta-
ble 5.1). Experiment 9.35 deviates from this trend
and illustrates thus the influence of a strength con-
trast across the singularity on the propagation of
deformation within the pro-wedge.

Basal accretion. During experiments, with ei-
ther one or two internal glass-bead layers, de-
coupling of the upper from the lower sand-unit
initiated after ∼ 40cm of convergence. Coeval
to frontal accretion above the glass bead-layer
the sand layer beneath it was detached from the
one above and transferred towards the axial-zone.
Here beneath the base of the pro-wedge duplexes
were formed, continuously stacked, and finally up-
lifted in the hangingwall of the retro shear-zone.
The initiation, formation, stacking and translation
of these duplexes is referred to as basal accre-
tion. In contrast to the very regular propagation
of frontal accretion, basal accretion is more ir-
regular in terms of its wavelength and its spacing
(Fig. 5.12). The respective variability expressed in
the sample standard deviation of the wavelength
(sbw) was as well calculated for all experiments.
It emerges that sbw is generally higher than s f w.
Also, the range of the latter (0.37) is nearly a third
of the former (0.97) and suggests that basal accre-
tion, as opposed to frontal accretion, is more sensi-
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Figure 5.12: Evolution of geometric parameters taken from the digital images at every 1.5cm of convergence. (a) Reference
experiment 9.15; (b) Experiment 9.05; (c) Experiment 9.20; (d) Experiment 9.35; (e) Experiment 9.25. Arrows in (a) point to
times of accelerated vertical growth, which predate the formation of a new thrust imbricate within the pro-layer. Arrows in (c)
and (e) indicate changes of the depth to the detachment. Note the associated change of the thrust spacing.
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Experiment 9.15 9.35 9.05 9.20 9.25 ∗
Observations

Flexure X X X X ∅
Number of weak layers 0 0 1 2 1
Frontal accretion in retro-wedge X X X ∅ ∅
Number of thrusts in pro-wedge after 140cm of convergence 5 5 8 8 4
Sample standard deviation of wavelength of frontal accretion† s f w 0.13 0.19 0.15 0.30 0.50
Sample standard deviation of spacing of frontal accretion† s f s 0.15 0.15 0.07 0.09 §

Sample standard deviation of wavelength of basal accretion sbw 0.47 0.90 1.44
Power law equation of lateral growth of pro-wedge yL = 0.79t0.48 1.80t0.32 1.06t0.44 0.80t0.50 0.97t0.43

Coefficient of determination R2
L = 0.88 0.76 0.89 0.90 0.82

Power law equation of height above singularity yH = 0.85t0.29 0.48t0.42 1.03t0.26 0.76t0.33 1.00t0.23

Coefficient of determination R2
H = 0.97 0.96 0.97 0.99 0.97

Out-of-sequence displacement (OOSD) index 0.62 3.95 3.73 8.1 0.46
Length ratio of pro-/ retro-wedge 2.82 2.47 3.03 2.75 1.82

∗ Only 120cm of convergence.
† Without footwall shortcuts.
§ Not determined because of cyclic change of detachment depth.

Table 5.1: Summary of experimentally derived results – 1st experimental series.

tive to the parameters tested (Table 5.1). Conver-
gence intervals, where both accretion modes are
either in or out of phase, are too short to be cor-
related over longer distances. It is finally pointed
out that the height above the singularity provides a
geometric envelope for basal accretion (Fig. 5.12).

Topographic evolution. Similar to the reference
experiment, the topography of all four experi-
ments consists of two domains: the first that com-
prises the pro-wedge and shows discrete steps and
the second that encompasses the axial-zone and
the retro-wedge with a concentric growth pattern
(Fig. 5.13). Despite this first order similarity, the
shape and evolution of both domains differ be-
tween experiments. For three experiments (9.05,
9.25, 9.35) examination of the topographic en-
velopes revealed a distinct topographic low within
the respective pro-wedges. Accordingly, exper-
iments which lack this topographic depression
have a smoother topographic envelope. This is
in agreement with a previous observation that the
power law exponents of the lateral growth of the
latter experiments are closer to the theoretically
predicted value, than it is the case for the other
three experiments (Table 5.1).

A closer analysis of the concentric growth pat-
tern found within the second topographic domain
shows that during experiments with basal accre-
tion, this growth is nearly equidistant (Fig. 5.13).
In experiments without basal accretion, the con-
centric growth pattern can be divided into peri-
ods of accelerated and slowed growth, whereas
the latter are linked with the initiation of individ-
ual frontal accretion cycles (Fig. 5.13a, d). The
relation between basal accretion and equidistant
concentric growth of the second topographic do-
main can be tested with experiment 9.25. If the
detachment is located above the conveyor belt,
topographic outlines start to merge. A more
equidistant growth pattern can be recognised dur-
ing phases, where the detachment is located within
the internal weak layer (Fig. 5.13e).

Incremental surface uplift of the four exper-
iments shows a high spatio-temporal variabil-
ity, similar to the reference experiment. Nev-
ertheless, the key features identified previously
can be clearly recognised: (i) two uplift do-
mains; (ii) thrust traces, i. e., different phases of
thrust activity associated with the accretion cy-
cle; (iii) the temporal coincidence between max-
imum ISU within the pro-wedge and significantly
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Figure 5.13: Topographic evolution of all experiments of the 1st series. Outlines were taken at every 10cm of convergence.
The first, i. e., after 10cm and the last, i. e., after 150cm of convergence outline are given in complete form, to indicate
the magnitude of flexure. (a) Reference experiment 9.15; (b) Experiment 9.05; (c) Experiment 9.20; (d) Experiment 9.35;
(e) Experiment 9.25. All experiments show two topographic domains: cyclic accretion within the pro-wedge results in distinct
steps in topography, whereas continuous addition of pro-wedge derived material to the axial-zone and the retro-wedge leads
to a nearly concentric growth. Experiments with an asymmetric mechanic stratigraphy show a marked topographic low within
the pro-wedge. Dashed arrows indicate narrowing of wedge outlines, which are linked with thrust initiation phases.
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Figure 5.14: Incremental surface uplift map for all experiments of the 1st series. (a) Reference experiment 9.15; (b) Experiment
9.05; (c) Experiment 9.20; (d) Experiment 9.35; (e) Experiment 9.25. Interpretation of thrust traces (dashed lines) as well as
surface uplift waves (bold lines) is only provided for (a), but can be recognised in all experiments. Labels a© to g© refer to
forethrusts within the pro-wedge. Higher magnitudes of ISU within the pro-wedge of (a), (d) and (e) result from a deeper
detachment level, i. e., 6cm.
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lowered ISU within the axial-zone and the retro-
wedge and (iv) surface uplift waves associated
with the accretion cycle (Fig. 5.14). The latter
are most pronounced in experiment 9.35, which
lacks basal accretion (Fig. 5.14d). In experiments
with basal accretion (9.05, 9.20) ISU waves re-
main a very subtle feature (Fig. 5.14b, c). Both
observations are thus concordant with the findings
from experiment 9.25. If the detachment is lo-
cated above the conveyor belt, i. e., only frontal
accretion operates, a consecutive ISU wave can be
traced. However, if the detachment is positioned
within the internal weak layer, a respective sur-
face uplift wave is hard to detect (Fig. 5.14e). It
is finally highlighted that the ISU pattern does not
mirror the accretion of individual duplexes.

Strain accumulation. Similar to the reference
experiment, finite strain was calculated for each
experiment (Fig. 5.15). The main structural ele-
ments such as the basal and the internal detach-
ment, the retro shear-zone, individual thrust im-
bricates, duplexes as well as hangingwall short-
cuts can be clearly identified. As recognised in
the reference experiment the magnitude of retro
shear is highest at the retro shear-zone, which
separates lower plate from upper plate material
and is thus again interpreted as long-lived. Back-
thrusts intimately linked with the initiation of the
flat-topped box anticlines accumulated only minor
magnitudes of incremental strain and are therefore
difficult to recognise in the finite strain images.
A similar distribution of finite strain, as observed
in the pro-wedge of the reference experiment, is
found in all four experiments, i. e., cumulative
exy magnitudes are highest for thrust imbricates
located within the central part of the pro-wedge
close to the topographic break, if present. On the
other hand thrusts positioned either at the toe or at
the top of the pro-wedge show significantly lower
cumulative exy magnitudes (Fig. 5.15). Based on
these observations a first order similarity in terms
of strain accumulation and distribution between

the reference and the experiments with varied
kinematic boundary conditions is postulated.

However, if similar structures are compared be-
tween experiments, it emerges that different mag-
nitudes of finite strain were accommodated. This
is assigned to the respective kinematic bound-
ary conditions and examples are provided below.
Thrusts, which have a common depth to the de-
tachment are characterised by similar finite strain
magnitudes. In experiment 9.15 and 9.35, where
this depth is 6cm, the finite strain magnitudes are
generally higher (Fig. 5.15a, d) than in experiment
9.05 and 9.20, where the depth to the detach-
ment is only 4cm (Fig. 5.15b, c). This trend can
also be recognised in experiment 9.25 (Fig. 5.15e).
Here, finite strain magnitudes of thrust imbri-
cates, which detach just above the conveyor belt
(6cm) are higher than the respective magnitudes
of thrust imbricates with an internal detachment
level (4cm). The former magnitudes compare well
with the ones derived from experiment 9.15 and
9.35, whereas the latter magnitudes are in a sim-
ilar range as the ones from experiment 9.05 and
9.20. This dependence of finite strain magnitude
on the depth to the detachment was found to be
independent of the relative position of individual
thrust imbricates within the pro-wedge.

Finite strain at the retro shear-zone is high-
est in experiment 9.05 and lowest in experiment
9.35. Interestingly, finite strain at the internal
detachment is also highest for experiment 9.05
(Fig. 5.15b). In experiment 9.20 and 9.25 how-
ever, this internal detachment is difficult to recog-
nise within the finite strain image (Fig. 5.15c, e).

Strain propagation and the thrust cycle. Similar
to the reference experiment, the EDM provide a
detailed insight in the spatio-temporal distribution
of incremental exy for the experiments described in
this section and the main structural elements such
as: the initial pop-up, the retro shear-zone, indi-
vidual thrust imbricates within the pro- and the
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Figure 5.15: Finite exy after 140cm of convergence. (a) Reference experiment 9.15; (b) Experiment 9.05; (c) Experiment 9.20;
(d) Experiment 9.35; (e) Experiment 9.25 with only 120cm of convergence.
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retro-wedge as well as subtle features like back-
thrusts, footwall, and hangingwall shortcuts and
out-of-sequence re-activation of thrust imbricates
are clearly recognisable (Fig. 5.16). Even the late
stage frontal accretion within the retro-wedge in
experiment 9.35, which is not recognised in the fi-
nite strain image, leaves a very subtle trace in the
EDM (Fig. 5.16c).

Furthermore, and most importantly, the regular
strain pattern identified within the reference exper-
iment and referred to as the accretion cycle, can
be clearly observed for all experiments, although
variations do exist. The latter can be related to
the number of active backthrusts and the longevity
of major thrusts. Especially, the time span and
magnitude of out-of-sequence strain accumulation
along thrusts varies between experiments. It is
highest for the experiment 9.05 and 9.20 and is
lowest for the experiments 9.25 and 9.35. Thus,
in the former experiments, several structures ac-
commodate exy at the same time, resulting in a
smoothed EDM for which experiment 9.20 is a
good example (Fig. 5.16b). Opposingly, the tem-
poral overlap of exy accommodation by several
structures is restricted to short episodes in experi-
ment 9.25 and 9.35 (Fig. 5.16c, d). Note, that all
experiments, except 9.20, show a pulsating exy ac-
cumulation along the retro shear-zone.

Similar to the reference experiment, the above
observations are reflected in the exy histories of
individual ramp segments of the fore-thrusts and
the retro shear-zone (Fig. 5.17). Again, all three
phases of the accretion cycle can be linked with
the three maxima of incremental exy. The vary-
ing degrees of contemporaneous exy accumula-
tion along several structures noted earlier can be
clearly recognised as well. Within this respect,
experiment 9.05 and 9.20 show the highest de-
gree of overlap (Fig. 5.17a, b). It is furthermore
evident from these graphs that the activity of the
retro shear-zone within all experiments follows a
pattern, similar to a damped oscillation. Inspec-
tion by eye of (Fig. 5.17) reveals that the magni-

tude of damping differs significantly between ex-
periments and is assumed to be highest in exper-
iment 9.20 (Fig. 5.17b) and lowest in experiment
9.25 (Fig. 5.17 d). exy maxima, which predate the
formation of a new thrust imbricate within the pro-
layer show a shape, which are similar to a funnel,
while using the terminology of well log analysis
(Rider, 2000). Interestingly, the response of the
retro shear-zone in terms of exy accumulation dif-
fers in dependence on the depth to the detachment
(Fig. 5.17d). As outlined above, experiment 9.25
shows two cycles, where each cycle is composed
of two accretion cycles, one with 6cm and one
with 4cm detachment depth. During the former,
the response of the retro shear-zone is similar to a
funnel, during the latter, a box-like shape is found.

Out-of-sequence displacement. Frontal accre-
tion in all experiments shows a pure forward-
breaking or piggy-back thrust-sequence, although
the corresponding displacement along each in-
dividual thrust is accumulated at several stages
during wedge evolution. The result of this
re-activation of older thrusts is termed out-of-
sequence displacement. Based on the cumula-
tive length evolution of individual thrusts, two
end-member kinematic scenarios can be identi-
fied, between which all transitions are possible
(Fig. 5.18). Thrusts, with only one phase of activ-
ity, are found in the reference experiment as well
as in experiment 9.25 and 9.35 (Fig. 5.18a, e, d).
However, careful examination of this figure re-
veals that the cumulative thrust length curves are
made up of three segments. While the first seg-
ment is characterised by a gentle slope, the sec-
ond segment shows a significantly steeper slope.
The slope of the third segment approaches almost
zero. This observation agrees with results derived
from the analysis of the spatio-temporal distribu-
tion of exy (Fig. 5.17). Within this scenario, the
first segment correlates with the postulated thrust
initiation phase and the second segment with the
underthrusting and the re-activation phase.
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Figure 5.16: EDM for all experiments of the
1st series. (a) Reference experiment 9.15;
(b) Experiment 9.05; (c) Experiment 9.20;
(d) Experiment 9.35; (e) Experiment 9.25.
Labels a© to g© refer to forethrusts within the
pro-wedge. i© denotes the pro-shear of the
initial pop-up, ii© the respective retro-shear
and iii© denotes the frontal accretion within
the retro-wedge. The accretion cycle with its
three phases can be recognised in all experi-
ments. This figure is aimed at showing maxi-
mum details. Therefore strain magnitudes are
not the same but similar. Positions of pro-
file line with respect to the ramp segments of
the forethrusts may vary within and between
experiments. Changes of the magnitude may
result, but the overall pattern is not affected.
This figure provides complementary informa-
tion to the following figure.
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5.3. Discussion 65

Figure 5.18: Cumulative thrust lengths of each thrust within
the pro-wedge, taken at every 1.5cm of convergence. (a) Ref-
erence experiment 9.15; (b) Experiment 9.05; (c) Experiment
9.20; (d) Experiment 9.35; (e) Experiment 9.25. Each curve
consists of three segments, each with a different gradient.
They correlate with the three phases of the accretion cycle.
Note that some thrusts in (b) show a temporal offset between
the underthrusting phase and the re-activation phase (arrow).

A slight difference of the cumulative length
evolution is recognised for thrusts from experi-
ment 9.05 and 9.20. They are characterised by
two distinct phases of activity, separated by a pe-
riod of quiescence. This is consistent with obser-
vations from the exy profiles (Fig. 5.17a, b), which
indicate that the re-activation phase is temporally
offset from the underthrusting phase. To quan-
tify out-of-sequence activity, an out-of-sequence
displacement index (OOSD) was derived, which is
based on the magnitude of slip accumulated out-
of-sequence. This OOSD index is highest for ex-
periment 9.20 and lowest for the reference exper-
iment (Table 5.1). The reader’s attention is fi-
nally drawn to the observation that in experiment
9.05, 9.15, and 9.20 the third thrust accumulates
the maximum finite displacement. Thus, finite dis-
placement increases from thrust one to thrust three
and decreases with later thrusts.

5.3 Discussion

5.3.1 Four-staged evolutionary model for
bivergent sand-wedges

Deciphering the influence of kinematic bound-
ary conditions, such as different mechanic strati-
graphies and the degree of flexure on bivergent-
wedge evolution was one of the key targets of
this study. In order to address this issue, scaled
2D sandbox simulations were chosen. Confidence
about the appropriateness of the selected setup
is derived from the observation that all six key
features of natural bivergent wedges (section 3.1)
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66 5. Kinematic boundary conditions and their influence on bivergent wedge evolution

were observed during experiments: (i) the asym-
metry of the convergence geometry; (ii) the po-
larity of the mass-transfer; (iii) the bivergence of
structures; (iv) the emergence of two sub-wedges,
the pro-wedge with a low and the retro-wedge
with a higher topographic gradient; (v) the dom-
inance of deformation in the pro-wedge during
early stages and migration of deformation into the
upper plate during later stages of collision and (vi)
the flexural downbending of the plates (Fig. 5.11).

All conducted experiments followed a simi-
lar four-staged evolutionary pathway: (I) initia-
tion of a symmetric pop-up; (II) formation of a
proto pro-wedge; (III) growth of the pro-wedge by
frontal accretion and, in case an internal detach-
ment layer was available, basal accretion and (IV)
emergence of frontal accretion within the retro-
wedge (Fig. 5.11, movies on DVD). The associated
evolution of the lateral and vertical growth of the
pro- and the retro-wedge is summarised in table
(5.2) and agrees well with results from other sand-
box and numerical simulations (Malavieille, 1984;
Wang and Davis, 1996; Storti et al., 2000; McClay
and Whitehouse, 2004; Willett et al., 1993; Beau-
mont et al., 1996; Naylor et al., 2005) and sug-
gests thus reproducibility despite different setups
and methodological approaches.

The proposed four-staged evolutionary model
is also supported by observations from natural
orogens. Uplift, folding and retroward trans-
lation of the initial pop-up might be envisaged
as a crustal-scale backfold (Adrian Pfiffner pers.
com.,(2003)). In the case of the Swiss Alps this
backfold is marked by the Austroalpine nappes
and is coeval with the onset of frontal accretion but
remains active throughout the collisional history
(Pfiffner et al., 2000). Based on balanced cross
sections, Pfiffner et al. (2000) showed that frontal
accretion preceded basal accretion, after collision
started during the Late Eocene. This has also been
documented for the Pyrenees (Beaumont et al.,
2000) and for Taiwan (Lacombe and Mouthereau,
2002). Therefore, similar to the transition from

stage II to stage III, as evidenced by experiments
of this study, a certain load was needed to facilitate
slip along deeper lying detachments. A late stage
frontal accretion within the retro-wedge (transi-
tion from stage III to stage IV) is observed in the
Pyrenees (Beaumont et al., 2000), the European
Alps (Pfiffner et al., 2000), the German Variscides
(Schäfer et al., 2000), and the Sunda Arc (Silver
and Reed, 1988).

5.3.2 Strain transfer in bivergent wedges

Although we found that bivergent wedge evolution
is very similar despite different kinematic bound-
ary conditions, a likewise similarity with respect
to the spatio-temporal distribution of strain was
not expected, but observed. Indeed experimental
results indicate that the accretion cycle with its
three phases is a very robust process (Fig. 5.17).
Therefore, a conceptual model of an accretion cy-
cle is proposed (Fig. 5.19), which can be viewed
as an extension of the one postulated by Gutscher
et al. (1998) and Hoffmann-Rothe et al. (2004).

In addition, this conceptual model integrates
and explains previously unrelated observations
such as (i) the periodicity of thrusting (Cadell,
1888; Mulugeta and Koyi, 1992); (ii) the topo-
graphic evolution, especially the significant in-
crease of the vertical growth rate at the rear of a
wedge prior to the formation of a new thrust (Koyi,
1995; Storti et al., 2000; Naylor et al., 2005) and
(iii) the cumulative slip evolution of thrusts (Storti
et al., 2000; McClay and Whitehouse, 2004).

An exemplified accretion cycle might evolve as
follows: during the thrust initiation phase, conver-
gence is taken up by four thrusts, i. e., the fore-
thrust, which defines the deformation front; the
associated backthrust; an internal thrust, i. e., the
previous deformation front and the retro shear-
zone. The resultant incremental surface uplift is
highest above the ramp segment of the forethrust
and lowest above the retro shear-zone.
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5.3. Discussion 67

Stage Distribution of deformation Uplift of axial-zone and retro-wedge Symmetry of bivergent sand-wedge

I∗ Pop up High Symmetric

II† Pro-wedge: high frequency thrust High, but starts to decrease Asymmetric
nucleation close to the singularity

III§ Pro-wedge: low frequency thrust low Increase of asymmetry
nucleation far from the singularity

IV‡ Pro-wedge: low frequency thrust low Asymmetric, but symmetry increases
nucleation far from the singularity

Retro-wedge: frontal accretion

Note: Bivergent wedge evolution has been described with different sequences of stages as indicated below.
∗ Corresponds to stage 1 in Storti et al. (2000) and stage 1 in Willett et al. (1993).
† Corresponds to stage 1 in Storti et al. (2000) and stage 2 in Willett et al. (1993).
§ Corresponds to stage 2 in Storti et al. (2000) and stage 2 in Willett et al. (1993).
‡ Corresponds to stage 3 in Willett et al. (1993).

Table 5.2: Summary of key characteristics of bivergent wedge evolution (Inspired by Storti et al. (2000)).

Time

Re-activation phase

Thrust initiation phase

Underthrusting phase

Figure 5.19: Conceptual model of an accretion cycle. The
three phases thrust initiation, underthrusting and re-activation
phase are colourcoded with respect to the forethrust. Vertical
arrows indicate locations of maximum ISU. The accretion cy-
cle is associated with a strain and a ISU wave. Both are ini-
tiated at the toe of the pro-wedge and migrate through the
entire bivergent wedge until the retro-shear zone is reached.
The phase within an accretion cycle controls thus the timing,
location and magnitude of deformation and surface uplift.

In the following underthrusting phase, the fore-
thrust evolves from a flat-ramp, via a ramp to-
ward a ramp-flat geometry. The latter geometry

is therefore similar to the one of the retro shear-
zone (Fig. 5.14). Thus, the asymmetry associated
with the thrust initiation phase is abandoned in
favour of a more symmetric geometry during the
late stages of the underthrusting phase. Thereby,
the entire sand-wedge shortens horizontally and
grows vertically. At the same time, a surface uplift
wave, which mirrors locations of high exy accumu-
lation, migrates through the entire wedge until it
reaches the retro shear-zone.

During the third phase, i. e., the re-activation
phase, deformation propagates outward into the
pro-layer to form a new flat-topped box anticline
and a new accretion cycle commences. The fore-
thrust under consideration is now located in the
hangingwall of the newly formed forethrust. This
implies that the third phase of an accretion cy-
cle is coeval with the first phase of the follow-
ing accretion cycle. Strain transfer between two
successive forethrusts can therefore not be consid-
ered as abrupt, i. e., one thrust is “switched” off
while the other is “switched” on. Instead, strain
is transferred gradually, i. e., the decay in activity
of a forethrust is simultaneous with the increas-
ing activity of the newly formed one (Fig. 5.16,
Fig. 5.17). Thus, exy is not only partitioned in
space but also in time. Thereby, the magnitude of
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68 5. Kinematic boundary conditions and their influence on bivergent wedge evolution

exy taken up by each thrust depends on its relative
strength, which changes predictably through time,
as outlined below (Fig. 5.20).
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Figure 5.20: Incremental exy (slip) accumulation for all
thrust, which are active during two accretion cycles. Mag-
nitudes were taken from experiment 9.15. Phase within ac-
cretion cycle determines thus the location and magnitude of
strain and slip accumulation. Therefore, strain and slip are
partitioned in time and space. Note different peak scenarios
for the underthrusting phase of two consecutive forethrusts.

Initiation of a thrust is associated with the suc-
cessive formation and growth of isolated precursor
structures, i. e., small-scaled shear zones (Nicol
et al., 2002; Crider and Peacock, 2004). At
the same time individual grains re-arrange and
the porosity decreases significantly as evidenced
by ring-shear measurements (Mandl et al., 1977;
Lohrmann et al., 2003; Adam et al., 2005). This
leads to an increase of the resistance to slip, since
more grain boundaries are in contact with each
other (strain hardening). The resultant strain ac-
cumulation is low. Coalescence of these small-
scaled shear zones during the underthrusting phase

results in a thoroughgoing shear zone with a flat-
ramp geometry. Grains are now decompacted and
more preferentially orientated with respect to the
shear direction and slip accumulation is promoted
(strain softening). However, the continuous trans-
fer of the thrust under consideration towards the
singularity, in conjunction with an increasing load
upon this thrust, leads to its final locking during
the re-activation phase. The respective exy magni-
tudes are low.

Given that exy accumulation along the retro-
shear zones mirrors this evolution (Fig. 5.17) we
postulate that the entire bivergent wedge is sub-
jected to a strain hardening – strain softening cy-
cle. Thus, during the thrust-initiation phase the
wedge is “strain softest”, but with continued con-
vergence successively strengthened. At the very
final stage of the underthrusting phase, the wedge
is assumed to be “strain hardest”. This results in
a temporal dependence of the magnitude of strain
accumulation for individual thrusts, although brit-
tle failure by itself is independent of time (Byerlee,
1978). The accretion cycle is therefore considered
as an internal clock of wedge-scaled deformation.

Differences between experiments with respect
to the duration and magnitude of individual phases
relate either to (i) the exact position of the pro-
file line from which exy data were taken; (ii) the
depth to the detachment and (iii) the number of
degrees of freedom (section 5.3.3). It is empha-
sised that the change of the geometry of the defor-
mation front from a flat-ramp, via a ramp toward
a ramp-flat, mirrors the tripartite evolution of the
accretion cycles (Fig. 5.8). This relation has lead
Hoffmann-Rothe et al. (2004) to propose that the
southern Chilean margin at 36 ◦ S is in a thrust ini-
tiation phase, but at 39 ◦ S it is in an underthrust-
ing phase. Additionally, we have shown that the
cumulative length evolution of thrusts reflects the
three phases of the accretion cycle as well and can
thus be used to constrain the latter, if strain mon-
itoring techniques, such as PIV, are not available
(Fig. 5.18, section 5.2).
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Figure 5.21: Relation of microfracture phase 1 (a) and 2 (b)
with thrust development and main fluid-source (blue arrows).
Interpretation with respect to the conceptual model of an ac-
cretion cycle is given. Modified after Travé et al. (2000).

The above postulated kinematic model of an ac-
cretion cycle derives further support from a va-
riety of field studies. Micro-structural work in
the Appalachian fold and thrust belt has led Wo-
jtal and Mitra (1986) to conclude that the em-
placement of a thrust sheet generates an array of
mesoscopic faults beneath it. These fault-bounded
blocks are displaced relative to one another and
may be viewed as mesoscopic “grain boundary”
sliding. The latter however occurs at least in two
phases, the first associated with strain hardening,
the second accompanied with strain softening.

Similarly, Travé et al. (2000) reported two mi-
crofracture phases in the El Guix anticline (South-
Pyrenees). During the first stage, a network
of discontinuous microfractures developed, which
allowed only local meteoric fluids to circulate
(Fig. 5.21a). In the second stage, a continuous
thrust fault formed, facilitating now regional fluids
to migrate (Fig. 5.21b). With respect to the termi-
nology of this study, the first microfracture stage
could correspond to the thrust initiation phase,
whereas the second microfracture stage could be
linked with the underthrusting phase.

Based on micro-structural work in the Char-
treuse district of the French Alps Butler and
Bowler (1995) concluded that thrusts evolve
through a strain- or displacement-rate cycle
(Fig. 5.22). During the first phase thrust 1 is ac-
tive at high rates whereas, thrust zone 2 deforms at
significantly lower rates through an array of minor
thrusts (Fig. 5.22a). In the second phase, displace-
ment is transferred to thrust zone 2 (Fig. 5.22b).
While thrust 2 has fully developed and deforms
at a high rate, thrust 1 has moved into a slow
strain rate field (Fig. 5.22c). This evolution is
consistent with the conceptual model of an ac-
cretion cycle, which predicts low strain rates dur-
ing the thrust initiation and the re-activation phase
(Fig. 5.22a, c) and high strain rates during the un-
derthrusting phase (Fig. 5.22b).

a)

d2 d1

b)
d2 d1

c)

Dconst.

d2 d1

Figure 5.22: Strain (displacement) rate cycle of thrusts. The
bulk displacement rate D is assumed to be constant. See text
for explanation. Modified after Butler and Bowler (1995).

Meigs et al. (1996) reconstructed the displace-
ment evolution of the South-Pyrenean Sierras
Marginales thrust, which is very similar to the
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Figure 5.23: (a) Cumulative displacement of the Sierras Marginales Thrust, Southern Pyrenees. Modified after Meigs et al.
(1996). Solid squares indicate data points. (b) and (c) show cumulative displacement of thrusts derived from sandbox experi-
ments. Dashed lines in (b) and (c) mark phase boundaries. Gray line in (c) indicates temporal offset between underthrusting
and re-activation phase. Note similarity between experimentally derived thrust length evolution and natural pendant. (d) Cu-
mulative deformations paths may indicate that only paths within the dark shaded area are realised by deformation. This in turn
might suggest that deformation through time follows a diffusion law, similar to erosion.

displacement histories observed in the bivergent
sand-wedges (Fig. 5.23). They further proposed
that the displacement transfer from internal to ex-
ternal thrusts is a continuous process, rather than
a step-wise sequence of formation, displacement,
and de-activation of thrusts. This conclusion is
consistent with the one derived from the experi-
ments. Therefore, box-functions of the displace-
ment through time (Jordan et al., 2001) should be
invoked with care.

Based on balanced cross-sections Jones et al.
(2004) investigated the Eocene to Oligocene Cata-
lan fold and thrust belt. They proposed a thrust se-
quence, which is concordant with the conceptual
model of an accretion cycle (Fig. 5.24).

There are thus several lines of evidence from a
variety of methodological approaches as well as
from field studies, which provide direct and indi-
rect support for the postulated conceptual model
of an accretion cycle. Implications of this model
shall be addressed in section (5.4).
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Figure 5.24: Sequential evolution of the central part of the Catalan Coastal Range derived from balanced cross-sections. Time
interval is∼ 10Ma. Stages 1 to 5 are based on provenance analysis and other sedimentological data of syntectonic strata, taken
at the Bot and at the Pinell section. Own interpretation with respect to the phase within the accretion cycle is given in italics.
(a) Probably underthrusting phase. (b) Footwall shortcuts, i. e., the formation of the Valliplana and Lempalme thrusts. Thereby
the basal detachment propagates towards the foreland. (c) Thrust initiation phase of the Cavalls-Pandols Thrust, whereby the
previous deformation front is still active, i. e., Lempalme thrust. (d) Underthrusting phase of the Cavalls-Pandols Thrust. Note
that the hinterland lacks any thrust activity. Modified after Jones et al. (2004).
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5.3.3 The timing of thrust initiation

In the previous section the accretion cycle was
considered as an internal clock of bivergent-wedge
deformation. However, what controls the duration
of each accretion cycle and is it predictable? We
therefore introduced the sample standard deviation
of the wavelength of frontal accretion s f w, which
is thought to measure the temporal regularity of
the initiation of forethrusts within the pro-layer
(Table 5.1). s f w provides thus an estimate of the
variability of the time span taken up by individ-
ual underthrusting phases. Consequently the term
wavelength is used (Fig. 5.3). This method puts
more emphasis on the timing of thrust initiation
rather than the horizontal distance between two
successive ramp segments, commonly referred to
as thrust spacing (Marshak and Wilkerson, 1992).
A constant timing, i. e., a low s f w value indicates
that the wedge response to accretion by internal
deformation is similar for every accretion cycle, as
outlined in the previous section. High s f w values
suggest that this response varies with each accre-
tion cycle. In terms of the minimum work theory
this means that internal deformation is favoured
until the initiation of a new thrust within the pro-
layer would consume less work (section 3.4).

Introduction of one or more weak layers or the
simulation of erosion (chapter 6) reduces the inter-
nal strength of the pro-wedge and may thus lead
to prolonged internal deformation and finally to
higher s f w values. This is supported by exper-
imental observations since s f w increases as the
number of glass-bead layers increases as well (Ta-
ble 5.1). Experiment 9.25 deviates only apparently
from this trend, since the basal and the internal de-
tachment are both activated twice, which results in
a high s f w value. Further support for this interpre-
tation is derived from the OOSD index (Table 5.1).
A high OOSD index indicates more internal defor-
mation, i. e., more thrusts are synchronously active
(Fig. 5.18). Again, experimental data suggest that
the OOSD index increases if the number of glass-
bead layers increases as well (Table 5.1).

If one considers flexure and each glass-bead
layer as degrees of freedom, then a further inter-
pretation emerges. Experiment 9.15 and 9.25 with
one degree of freedom have the lowest, experi-
ment 9.05 and 9.35 with two degrees of freedom
have higher and experiment 9.20 with three de-
grees of freedom attains the highest OOSD index.
A similar trend can be recognised for s f w.

It follows from the above discussion that the
variability of the duration of each accretion cy-
cle does strongly depend on the boundary con-
ditions, i. e., the numbers of degrees of freedom.
Thus, with a given setup, one prescribes the rel-
ative magnitude of piggy-back, synchronous, and
out-of-sequence thrusting. If the number of de-
grees of freedom is low, then piggy-back thrust-
ing dominates, while more degrees of freedom
promote synchronous and out-of-sequence thrust-
ing. This conceptual model of degrees of free-
dom might explain the high variability found in
natural fold and thrust belts (Butler, 1987; Morley,
1988; Boyer, 1992; Butler, 2004), puts emphasis
on boundary conditions in nature and in modelling
techniques and finally sheds light onto what is of-
ten considered as “local conditions”.

5.3.4 The spacing of thrusts

The spacing of thrusts as defined by Marshak and
Wilkerson (1992) is fairly constant throughout the
experiments (Fig. 5.12). Its dependence on the
depth to the detachment is evidenced in exper-
iment 9.20 and 9.25. This agrees with results
from field studies (Soto et al., 2002; Morellato
et al., 2003; Marshak, 2004), analytical considera-
tions (Bombolakis, 1986; Mitra and Boyer, 1986;
Goff and Wiltschko, 1992; Panian and Wiltschko,
2004) as well as analogue simulations (Liu et al.,
1992; Marshak and Wilkerson, 1992; Mulugeta
and Koyi, 1992; Boyer, 1995; Koyi, 1995; Cor-
rado et al., 1998; Gutscher et al., 1998; Soto et al.,
2002) that thrust spacing depends on the thickness
of the incoming layer, its internal and basal prop-
erties as well as on the surface slope of the wedge.
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Furthermore, figure (5.3) indicates that the aspect
ratio of the thrusts, i. e., length (spacing) of a thrust
divided by the thickness of the incoming layer is
approximately 3, which is very similar to values
observed in fold and thrust belts (Onno Oncken
pers. com., (2005)). This finding provides addi-
tional support for the correct scaling of the me-
chanics of sand-wedges.

The variability of thrust spacing in the exper-
iments is highest for those, where the basal de-
tachment of the thrusts is located above the con-
veyor belt and lowest, where this detachment is
located within the internal glass-bead layer (Ta-
ble 5.1). The difference in peak friction between
glass-beads and sand is significantly higher (6.2 ◦

or 17.6%) than the difference in peak friction be-
tween the sand and the conveyor belt (3.3 ◦ or
9.5%). Thus, the glass-bead layer provides al-
ways the weakest zone in the incoming layer and
is thus prone to be used as a detachment. Addi-
tionally, a glass-bead layer is spatially better de-
fined, if sieved carefully, than the sand – conveyor
belt interface. The resulting shear zone is more or
less straight in the former and shows an anatomis-
ing pattern in the latter case (Jürgen Adam pers.
com., (2002)). Such irregularities of a detach-
ment surface have been observed along the Bar-
bados Ridge décollement, which crosscuts other
stratigraphic levels, but remains within a 10m to
20m wide zone of significantly increased porosity
and fluid content (Bangs et al., 1999; DiLeonardo
et al., 2002). From a broader perspective, topo-
graphic irregularities of the basement surface upon
which a wedge is thrusted can focus the nucleation
of thrusts and thus influence their respective spac-
ing (Wiltschko and Eastman, 1983; Bombolakis,
1986). On the other hand, Dixon (1982) noted
that the regular spacing of thrusts in the Idaho-
Wyoming-Utah thrust belt developed over a fea-
tureless basement surface. Similarly, Sean Willett
(pers. com., (2005)) suggested that thrust spacing
is more similar, if basal friction is low.

Interestingly, experiment 9.15 shows a low vari-
ability with respect to the temporal regularity of
forethrust formation, but shows at the same time a
high variability of thrust spacing (Table 5.1). The
opposite holds true for experiment 9.20. We there-
fore hypothesise: (i) that thrust spacing is dom-
inantly controlled by the mechanical properties
of the incoming layer and its detachment, which
agrees with previous studies (e. g., Marshak and
Wilkerson, 1992), and (ii) that the timing of thrust
initiation is controlled by wedge internal deforma-
tion, which in turn depends on the number and ori-
entation of weak zones, the degree of flexure or
erosion (section 6.3.3), i. e., the degrees of free-
dom as postulated earlier. This would further im-
ply that no direct link between the spatial regu-
larity of the spacing and the temporal regularity
of the timing exists. Therefore, neither observa-
tion can be used to infer the other and may fi-
nally point to end-member behaviour, i. e., time
predictable and spacing predictable. A similarity
with earthquake models might appear (Fig. 5.25).
However, the latter assumes a constant slip rate,
whereas the end-member scenarios derived from
the experiments does not. Accordingly, both mod-
els would describe similar observations, but at dif-
ferent spatial and temporal scales.

5.3.5 Frontal accretion in the retro-wedge

One of the critical issues associated with the strain
transfer in bivergent wedges is the occurrence
of frontal accretion within the retro-wedge (stage
IV). Factors thought to control this phenomenon,
include the geometry of the backstop (Davis et al.,
1983; Byrne et al., 1988; Lallemand et al., 1994;
Wang and Davis, 1996), the strength of the back-
stop (Byrne et al., 1993), the strength of the back-
stop base (Pfiffner et al., 2000), and finally a sub-
duction reversal (Del Castello et al., 2004). How-
ever, based on experimental results we propose
that additional factors have to be taken into ac-
count. As demonstrated in section (5.2), we found
that strain accumulation along the retro-shear zone
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Figure 5.25: Postulated end-member behaviour: (a) Timing of thrust initiation is constant but not its spacing. (b) Thrust
spacing is constant but not its timing. (c) and (d) are schematic imbricate fans, which may result from (a) and (b) respectively.
It follows that a regular geometry does not necessarily indicate a constant timing, which suggests that one cannot use geometry
to unequivocally infer a temporal regularity of thrust initiation. Both end-members bear some similarity to earthquake models:
(e) Time-predictable model is based on a constant stress level at which failure occurs. Stress drop and slip magnitude are
unpredictable, but given previous slip, time until the next earthquake with unknown slip is predictable. (f) Slip-predictable
model is based on a constant stress level at the end of an earthquake. Given time since the last rupture, magnitude of slip is
predictable. Both earthquake models assume a constant slip rate, which is not the case or only for very short time increments
within the end-member scenarios derived from the experiments. (e) and (f) are redrawn from Burbank and Anderson (2001).
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does not only depend on the phase within the ac-
cretion cycle, but also on:

i. Length of the pro-wedge. The strain history
of all monitored retro-shear zones (section
5.2) follows a damped oscillation, which can
be correlated with the lateral growth of the
pro-wedge (Fig. 5.17). The latter in turn leads
to an increasing number of weak zones, i. e.,
thrusts, between the deformation front and
the retro-shear zone. As noted earlier, these
thrusts have to be strain-hardened first, before
the entire pro-wedge and the axial-zone can
slip upon the retro-shear zone. We therefore
hypothesise that a growing pro-wedge evokes
strain dissipation.

ii. Strength of the pro-wedge. Among all ex-
periments, experiment 9.20, with its two
glass-bead layers, shows the lowest magni-
tude of incremental exy at the retro-shear zone
(Fig. 5.16, Fig. 5.17). Additionally, experi-
ment 9.20 has the highest OOSD as well as
the highest s f w index (Table 5.1) among all
experiments and shows a rather distributed
pattern of finite exy (Fig. 5.15). These obser-
vations in conjunction with the strength pro-
file (Fig. 4.8) are therefore thought to indicate
that the respective pro-wedge has a signifi-
cantly lowered integrated strength.

iii. Mechanical properties of the detachment of
frontal accretion within the pro-wedge. Fig-
ure (5.17d) reveals that the mechanical prop-
erties of the basal detachment of the flat-
topped box-anticlines within the pro-wedge
exert an influence on the respective response
of the retro-shear zone. Thus, the latter
“knows” the mechanical properties of the for-
mer.

It follows that a force balance approach sensu
Gutscher et al. (1998), to calculate the width and
the height of the axial-zone/retro-wedge necessary

to initiate frontal accretion within the retro-wedge,
would have to invoke (i) those thrust, i. e., at least
four, which are active during an accretion cycle,
(ii) a measure of the length of the pro-wedge,
(iii) a measure of the integrated strength of the
pro-wedge, and (iv) if erosion is simulated (chap-
ter 6), a measure of the topography/load through
time. This is at present not possible and it is left
for future studies to explore solutions.

It is finally pointed out, that the surface slope of
all retro-wedges remained rather uniform through-
out the entire wedge evolution and was always at
or close to the angle of repose. A lower-tapered
retro-wedge sensu Willett et al. (1993) could not
be observed since frontal accretion within the
retro-wedge started late during experiments.

5.3.6 Parameter combinations

The observation of frontal accretion within the
retro-wedge has been made for three out of five
experiments considered at this stage. In the pre-
vious section, we proposed that a decrease of the
integrated strength of the pro-wedge has at least
retarded if not inhibited this process to occur. A
similar effect is observed, if β is zero. To start
with, this observation agrees well with published
results from experiments with similar kinematic
boundary conditions, e. g., Storti et al. (2000) and
McClay and Whitehouse (2004). Although, ex-
periment 9.25 has only 120cm of convergence, a
similar experiment by U. Schönrock (experiment
11.7, GFZ Laboratory 2004) with 150cm of con-
vergence revealed the same result – no frontal ac-
cretion within the retro-wedge. Given that the only
difference between experiment 9.25 and 9.05 is
flexure, we conclude that flexure might promote
frontal accretion within the retro-wedge. Exper-
imental evolution reveals that flexure leads to a
rotation of the already steep retro shear-zone to-
wards the pro-wedge. At the same time, the glass-
bead layer, located at the base of the upper plate,
rotates as well, attaining a more inclined orienta-
tion. It follows from Mohr-circle considerations,
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Parameter Promoting upper plate failure Retarding upper plate failure

Flexure [9.15; 9.25] X
Integrated strength of upper plate [∗] If low If high
Upper plate thickness [4.06†] If thick If thin
Basal detachment [9.04§] If weak If strong
Integrated strength of lower plate [9.20] If similar to upper plate or higher If low
Amount of material addition via convergence [4.03‡] If high If low
Retro-wedge erosion [9.06] X
Pro-wedge erosion [9.09] X
∗ Numerical simulations by Beaumont et al. (2000) show that increased retro-crust strength reduces retro-thrusting.
† Upper plate is two times thicker than the lower plate.
§ Experiment 9.04 is similar to experiment 9.05 but lacks the basal glass bead-layer and also frontal accretion within the
retro-wedge. Results from Wang and Davis (1996) indicate a coincidence between a flat lying backstop covered with a plastic
sheet (µb = 0.43) and frontal accretion within the retro-wedge. In contrast, a flat lying backstop covered with sandpaper
(µb > 0.65) prohibited frontal accretion within the retro-wedge.
‡ Experiment by Jürgen Adam (1999). Setup mediates between 9.05 and 9.25. Frontal accretion within the retro-wedge
emerged after 210cm of convergence.

Table 5.3: Parameters, which either promote or retard frontal accretion within the retro-wedge.

that a higher differential stress is required to keep
the steeper retro-shear zone active, whereas it is
the opposite for the glass-bead layer. Within this
respect, Boyer (1995) found that a higher β , which
results from increased flexure, requires less inter-
nal shortening to attain a critical taper, and a larger
percentage of tectonic shortening translates into
frontal advance of a thrust belt. It is highlighted
that the role of flexure in controlling the kinemat-
ics of bivergent orogens has not been addressed
(Teresa Jordan pers. com., (2004)).

The above considerations as well as the ones
from section (5.3.5) indicate that the initiation of
the frontal accretion within the retro-wedge can-
not be assigned to a unique parameter combina-
tion. For example, the absence of flexure retards
frontal accretion within the retro-wedge, whereas
prolonged convergence promotes it (Table 5.3).
Similarly, increased flexure in combination with a
higher basal friction of the upper plate base evokes
frontal accretion within the retro-wedge, above
the glass bead-layer (Experiment 9.02, Fig. 5.26),
which is consistent with the observations of Wang
and Davis (1996).

These results do further indicate that some pa-
rameters tend to promote, others tend to retard
frontal accretion in the retro-wedge (Table 5.3).

Whether frontal accretion within the retro-wedge
occurs, depends finally on the combination of the
above mentioned and other parameters such as
fluid flow, cementation processes, sedimentation
or a polarity reversal of the convergence geometry.
Thus, the observation “frontal accretion within the
retro-wedge” can be imagined as a cloud in multi-
dimensional parameter-space, where several com-
binations of parameters lead to the same result.
This might indicate that a hierarchical order of pa-
rameters does not exist.

The only condition for frontal accretion within
the retro-wedge to occur is that the strength of the
initiation of a thrust within the upper plate is lower
than the re-activation of the retro shear-zone, pro-
vided that a sufficient stress transfer into the upper
plate takes place. How to achieve this condition is
a question of parameter combination.

5.3.7 Self-similar growth

The CCW concept predicts that only critically
tapered wedges grow in width and height pro-
portional to the convergence (t) by t0.5 (Dahlen,
1990). However, none of the bivergent sand-
wedges showed such a self-similar growth. Only
the lateral growth of two pro-wedges (Experi-
ments 9.15, 9.20) was proportional to the conver-
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No glass bead-layer
at the base

Position of spring
in exp. 9.02

Position of spring
in all other exps.

10 cm
no v.e.

Figure 5.26: Experiment 9.02 has the same mechanic stratig-
raphy as experiment 9.05, but has a 50% higher deflection of
the lower plate. The latter results from a longer distance bet-
ween the free end of the lower plate and the spring (44cm),
compared to 30cm in all other experiments. Note, that the
internal glass-bead layer within the upper plate acts as a de-
tachment, which was not observed in the other experiments.

gence (t) by t0.5 (Table 5.1). This would indicate
that all studied bivergent sand-wedges grew not
self-similar but self-affine, which agrees with ob-
servations from Koyi (1995).

Given that a self-similar growth results from the
critical state only, we suggest that the bivergent
sand-wedges within this study are not critical. In-
terestingly, a self-similar growth of sand-wedges
has, to our knowledge never been reported from
any sandbox simulations, nor from natural oro-
gens. Further support for the postulation that the
bivergent sand-wedges are not critical, is derived
from critical taper considerations. Given that a
basal shear-zone is active throughout the experi-
ment, its mechanical properties are thought to be
best described by the stable-dynamic friction. Ad-
ditionally, we follow Lohrmann et al. (2003) and
suggest that the internal mechanic properties of
the pro-wedge are as well best described by stable-
dynamic friction.

Based on these assumptions we find that the
pro-wedge of experiment 9.15 is in the stable field
throughout its evolution (Fig. 5.27), which agrees
very well with the above observations. Other as-
sumptions with respect to the material properties
would lead to the postulation that the pro-wedge
is over-critical and should fail by extension, which
was not observed. These calculations were only
made for experiment 9.15, since the knowledge
about the internal material properties of a pro-
wedge, which contains one or two glass-bead lay-
ers, is not adequate. The above observations how-

ever, could also indicate that the CCW concept,
which assumes an ideal Mohr-Coulomb mater-
ial is not sufficiently appropriate to describe the
mechanics of a sand-wedge, which clearly shows
strain hardening and strain softening processes.

5.4 Implications and predictions for
natural bivergent wedges

In this study we have investigated the influence of
the imposed kinematic boundary conditions such
as different mechanic stratigraphies or the degree
of flexure on the kinematic evolution of bivergent
sand-wedges. Given the scale invariance of brittle
behaviour, we propose that the obtained results are
applicable to (i) bivergent orogens, e. g., the Eu-
ropean Alps, the Pyrenees; to (ii) fold and thrust
belts, e. g., the Western Altiplano Thrust Belt (El-
ger et al., 2005) and to (iii) accretionary prisms,
e. g., the Sunda Arc (Silver and Reed, 1988), and
the Mediterranean Ridge (Le Pichon et al., 2002).
Accordingly, the implications derived from the ex-
periments bear no specific spatial scale and may
be tested upon their validity in all three settings.
However, some caution must be taken while trans-
ferring and applying our results to bivergent oro-
gens, since we focus only on lower temperature
orogens, where brittle behaviour prevails. High
exhumation rates may finally lead to the removal
of the highest strength part of the continental crust,
which significantly reduces its integral strength.
At this stage ductile processes might start to dom-
inate (Zeitler et al., 2001; Koons et al., 2002).

Four staged evolution of bivergent wedges.
Based on the assumption that one continental plate
descends beneath the other during orthogonal
continent-continent collision, we suggest a four-
staged evolutionary model for the growth of biver-
gent orogens. An initial symmetric, crustal scaled
pop-up (stage I) or backfold is followed by the
formation of a proto pro-wedge, where frontal ac-
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Figure 5.27: (a) Theoretical stability fields, using equation (3.10), for four combinations of frictional properties of the wedge
interior and its base. Data are taken from ring-shear measurements. µ denotes the coefficient of internal and µb denotes the
coefficient of basal friction respectively. (b) Enlargement of (a). Numbers associated with data points are cm of convergence
(Experiment 9.15). If one assumes that µ and µb are best described by the dynamic stable friction, than the entire pro-wedge
of experiment 9.15 is within the stable field throughout its evolution.
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cretion dominates (stage II). Further convergence
leads to an increase of the kinematic and topo-
graphic asymmetry. Basal accretion commences,
if a mid-crustal detachment is present (stage III).
During stage IV, frontal accretion within the retro-
wedge occurs, which may drive the orogen back
to more symmetric conditions. This model can
be tested against balanced orogen-scale cross-
sections and we suggest that the transition from
stage II to stage III, i. e., onset of basal accretion
as well as the transition from stage III to stage IV,
i. e., onset of frontal accretion within the retro-
wedge, should be identifiable. The latter is ex-
plained in terms of the strength contrast between
the upper plate and the retro-shear zone. Thus,
neither a reversal of the convergence geometry
nor specific backstop geometries are necessary for
frontal accretion within the retro-wedge to occur.

Self-similar growth. A self-similar growth was
neither observed in this study, nor has been re-
ported from any sandbox experiment. This agrees
with Lohrmann et al. (2003), who proposed that
only the frontal part of a sand-wedge is in a
critical state. Additionally, based on balanced
cross-sections from the South Pyrenean fold and
thrust belt, Meigs and Burbank (1997) showed that
the spatio-temporal distribution of deformation, as
well as the magnitude of α and β through time
are decoupled and not simply related. Thus, the
assumption that an entire orogen is in a critical
mechanic state should be made with great care if
at all. We therefore propose that orogen-scaled
mass-budget calculations, which focus on erosion
and assume a self-similar growth, should be lim-
ited to the most frontal part of an orogenic wedge.

Accretion cycle. The proposed conceptual model
of an accretion cycle integrates previously unre-
lated observations such as the periodicity of thrust-
ing, the associated topographic evolution, and the
cumulative slip evolution of thrusts. In addition
this model predicts:

The occurrence of a thrust initiation, an un-
derthrusting and a re-activation phase. Thereby,
the latter phase is coeval with the thrust initiation
phase of the following accretion cycle. Depend-
ing on the kinematic boundary conditions, the re-
activation phase maybe temporally offset from the
underthrusting phase.

We found that the magnitude of strain accu-
mulated at any given structure within a bivergent
wedge systematically varies with the accretion cy-
cle. The accretion cycle is therefore considered
as an internal clock of wedge-scaled deformation
and resulting surface uplift. Such a mechanism
could explain the irregular earthquake cycle along
the Aksu thrust, Tien-Shan (Hubert-Ferrari et al.,
2005) and the irregular initiation and re-activation
of thrusts within the southern Pyrenees (Meigs,
1997). It follows that geodetic, paleoseismologic,
and geologic estimates of fault slip must not nec-
essarily be the same, as found, e. g., in the Tien-
Shan (Coutand et al., 2002). Thus, interpolation
of slip rates from different temporal scales and re-
sultant predictions of recurrence intervals of earth-
quakes can only be successful, if the phase within
the accretion cycle is known. Accordingly, the
ability to differentiate between individual events
(earthquakes) or phases within an accretion cycle
will guide our perception on how deformation is
distributed in space and time. We therefore sug-
gest that an accretion cycle should be sampled
with 1

4 of its duration, to resolve its three-partite
evolution (Fig. 5.28). Also, each structure might
have its own b-value (seismicity), which changes
through time, as accretion proceeds. Since a thrust
is not necessarily in the same phase within the ac-
cretion cycle along its strike, differences in seis-
micity may result. We therefore propose that such
along strike changes should be taken into account,
if seismic hazard potential is evaluated. It follows
that changes of kinematic boundary conditions or
of the climate/erosion scheme do not need to be
invoked to explain the spatio-temporal variability
of strain accumulation.
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80 5. Kinematic boundary conditions and their influence on bivergent wedge evolution

Observed strain histories of thrusts do not
resemble box-functions. The former however,
would overestimate strain accumulation during the
thrust initiation and during the re-activation phase,
but underestimate strain accumulation during the
underthrusting phase. Thus, the temporal depen-
dence of strain-partitioning on the phase within
the accretion cycle should be taken into account,
while restoring deformed sections and simulat-
ing hydrocarbon maturity in fold and thrust belts,
which commonly assume that only one structure
is active for a certain time (Rouré et al., 2004).

Based on the cumulative strain histories of
thrusts either within sand-wedges or within fold
and thrust belts (sections 5.1, 5.2), we further hy-
pothesise that strain accumulation follows a diffu-
sion law (Fig. 5.23). Such a behaviour would be
very similar to the one predicted for erosion (Bur-
bank and Beck, 1991).

Spatial and temporal offset of cause and re-
sponse. We observed a temporal offset between
the initiation of a new thrust within the pro-
layer (cause) and the resulting “strain-pulse” at
the retro-shear zone (response). This could be
one explanation for the temporal offset of ∼ 5Ma
between the emplacement of the Helvetic nappes
above the Aar massif and enhanced rates of back-
thrusting along the Insubric Line (Schlunegger
and Willett, 1999). However, the magnitude of
strain transfer between the pro- and the retro-
wedge decreases while the former grows laterally.
Thus, during later stages of orogenic evolution this
strain transfer might not be detectable.

Fluid flow. Depending on their permeability
and porosity evolution, thrust faults may either
provide important fluid conduits or act as barri-
ers (Travé et al., 2000; Badertscher et al., 2002).
While the former can promote the formation of
precious ore deposits, such as the mesothermal
gold mineralisations in the Southern Alps of New
Zealand (Craw et al., 2002; Upton et al., 2003;
Craw and Campbell, 2004), the latter can lead
to compartmentalisation of a fold and thrust belt,
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which may aid the accumulation of hydrocarbons
(Moretti et al., 2000). In addition, and probably
most importantly, we documented that the phase
within the accretion cycle determines the degree of
connectivity between thrusts and their maximum
incremental exy. We therefore speculate that the
source and the availability of fluids may vary with
the accretion cycle as well. Observations from the
El Guix anticline in the Southern Pyrenean fore-
land basin (Travé et al., 2000) would support such
a prediction (section 5.3.2). Within this context,
it is interesting to note that Muir-Wood (1994)
linked the secondary migration of hydrocarbons
with seismic pumping (Sibson, 1994). Thus, the
former may be enhanced during phases of accel-
erated seismicity, i. e., the underthrusting phase. It
follows that the accretion cycle concept may help
to constrain hydrocarbon exploration strategies.

Topographic evolution. The distribution of sur-
face uplift within orogens should indicate at least
two domains, one that comprises the pro-wedge
and one that includes the axial-zone and the retro-
wedge. Topography in the former is highly seg-
mented and reflects individual accretion cycles.
On the contrary, continuous vertical stacking and
retro-ward translation of basally accreted duplexes
results in a smooth and dome-like shape of the
second topographic domain. Thus, care should be
taken, while interpreting surface uplift rates from
different parts of an orogen. We additionally high-
light that basal accretion episodes have not led to
a detectable trace within the ISU and we specu-
late that this might be similar in nature. How-
ever, basal accretion leads to the bending of the
upper surface, resulting in extension. The respec-
tive faults and syntectonic sediments might finally
provide indirect inside to the timing and magni-
tude of basal accretion. Thereby, other processes,
e. g., late orogenic collapse have to be ruled out.

Each accretion cycle is associated with a surface
uplift wave, which decreases in magnitude with
increasing distance from the deformation front.

Nevertheless, the increase in ISU observed in
the second topographic domain, may reach up to
400% and takes place between a thrust initiation
phase and the late stages of the respective under-
thrusting phase. Such an increase in ISU should
be therefore detectable in natural systems.

A surface uplift wave would also successively
rejuvenate the relief of more internal parts of an
orogen. We therefore propose that a detailed
provenance analysis might detect the successive
unroofing and erosion of a certain suite of hinter-
land lithologies and may thus trace a surface uplift
wave. Results from a field study within the Cata-
lan Coastal Range (Jones et al., 2004) indicate that
the detection of such a surface uplift wave is pos-
sible. In addition, a certain lag time between relief
rejuvenation and the appearance of the respective
clasts within the foreland is expected and has been
also proposed by Tucker and Slingerland (1996).
These authors invoked this mechanism to explain
the apparent delay between uplift of the Tibetan
Plateau (∼ 14 + Ma) and the onset of rapid sedi-
mentation in the northern Indian Ocean (∼ 12Ma).

ISU above a ramp segment of a forethrust does
not increase linearly with time and a thrust re-
activation can lead to a tenfold increase of the re-
spective ISU. Therefore, changes of the kinematic
boundary conditions or of the climate/erosion
scheme do not need to be invoked to explain such
variability. A similar non-linear growth has been
reported from a late Quaternary anticline in New
Zealand (Jackson et al., 2002) and from numer-
ical simulations (Bernal et al., 2004). Addition-
ally, Masaferro et al. (2002) concluded that the
Neogene-Quaternary growth of the Santaren an-
ticline (Cuban fold and thrust belt) was charac-
terized by several tectonic uplift pulses of differ-
ent duration and intensity, interrupted by periods
of variable duration in which no fold growth oc-
curred. We therefore suggest that a self-similar
growth assumption for thrust induced topography
should be treated with care.
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82 5. Kinematic boundary conditions and their influence on bivergent wedge evolution

Heisenberg’s principle of uncertainty? Experi-
ments show that the mechanical properties of the
detachment control the variability of the spac-
ing of thrusts, whereas the number of degrees of
freedom such as flexure, weak zones and erosion
determine the relative magnitude of internal de-
formation versus propagation of deformation and
thus the timing of thrust initiation and its variabil-
ity. We therefore envisage an end-member sce-
nario, where the spacing is constant but not the
timing and vice versa. In the former, one would
know the location of thrust initiation but not its
timing, in the latter one would know the timing of
thrust initiation but not its location. It follows, that
a spatial regularity is not necessarily associated
with a temporal regularity. One should be there-
fore very careful, while deriving one information
from the other. A similar model has been put for-
ward for earthquakes, i. e., time-predictable ver-
sus slip-predictable. Although these processes are
entirely deterministic as opposed to quantum me-
chanics, the uncertainty associated with the pre-
diction of the timing and location of the next slip
event results from the incomplete knowledge of
the mechanic state of each grain or fault.

We found that an observation like frontal accre-
tion within the retro-wedge can be explained with
several parameter-combinations and a parameter-
hierarchy may not exist. This raises the challenge
to decide whether two observations are coinciden-
tally or if a causal relation exists between them.

5.5 Implications for erosion experi-
ments

The results derived from the first experimental
series are now used to constrain the kinematic
boundary conditions of the second experimental
series, which is aimed at investigating the influ-
ence of the location of erosion with respect to
the convergence geometry and the mode of ero-
sion (distributed or focused) on the kinematics of
bivergent sand-wedges. Two arguments can be

raised in favour of incorporating flexure. First,
as shown in chapter (3), flexure is besides defor-
mation and surface processes one of the major
controlling processes of mountain building. Sec-
ond, natural orogens show a distinct ratio of 2 to
3 between the length of the pro- and the length
of the retro-wedge (Silver and Reed, 1988; Vietor
and Oncken, 2005). Sandbox models of biver-
gent wedges without flexure reveal ratios that are
lower than two (Malavieille (1984) and our own
experiment 9.25). Those experiments with flex-
ure show ratios between 2.5 and 3 (Table 5.1) and
are thus similar to the ones observed in nature.
The contemporaneous occurrence of frontal and
basal accretion is a common observation in nat-
ural bivergent wedges, e. g., Pyrenees, European
Alps (Beaumont et al., 2000; Pfiffner et al., 2000).
Thus, experiment 9.05 is used as a reference for
all “erosion” experiments (chapter 6).
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6 The influence of
erosion on bivergent
wedge evolution

The following chapter intends to elucidate the in-
fluence of the location of erosion with respect to
the convergence geometry and the mode of ero-
sion, i. e., distributed or focused on the kinematic
evolution of bivergent sand-wedges. Thereby, spe-
cial emphasis is devoted to finite strain accumula-
tion, the topographic evolution and to the geom-
etry of particle paths. A summary of experi-
ment 9.05, which is used as reference, is provided
first, followed by a description of four experiments
which differ only with respect to the mode and lo-
cation of erosion (Fig. 6.1).

6.1 Reference experiment without
erosion

The following section summarises the results ob-
tained from experiment 9.05 and the reader is re-
ferred to section (5.2), where a detailed account on
this experiment is provided.

Visual inspection of experiment 9.05 reveals, as
previously noted, a four staged evolution. During
stage I initial layer parallel shortening leads to the
formation of two conjugate shear zones, which nu-
cleated at the singularity. They define a symmetric
pop-up (Fig. 6.2a). Further convergence leads to a
rapid uplift associated with progressive back tilt-
ing of the pop-up towards the upper plate. In stage
II, three narrowly spaced thrust faults are formed
within the pro-layer (Fig. 6.2b, c) and result in an
increasing asymmetry of wedge topography and
kinematics. At this stage rates of thrusting along
the retro shear-zone and uplift rates of the axial-
zone and the retro-wedge are high but start to
decrease (Fig. 6.3a). Stage III commences after
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S

Glass beads
2 mm

Deformation Front

S

Glass beads
2 mm

Deformation Front

S

Glass beads
2 mm
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Exp. 9.11

Figure 6.1: Kinematic boundary conditions and erosion
modes of 2nd experimental series. Distributed erosion of:
(a) Retro-wedge, (b) Pro-wedge; Focused erosion of: (c) Pro-
wedge, (d) Retro-wedge.

40cm of convergence (Fig. 6.2d, e). The initial
pro-wedge provides now sufficient load to acti-
vate the internal glass bead-layer, which facilitates
the coeval formation of thrust imbricates above
and duplexes below it. Lateral growth of the pro-
wedge is now attained by cyclic formation of flat-
topped box anticlines at its toe. Coeval to frontal
accretion, the sand layer beneath the glass bead-
layer is detached from the one above and is as
well transferred towards the axial-zone. Beneath
the base of the pro-wedge, duplexes are formed,
stacked, and finally uplifted in the hangingwall
of the retro shear-zone. Thus, compared to the
pro-wedge, which grows by discrete steps, the
axial-zone and the retro-wedge are continuously
fed with pro-wedge derived material. Thereby, the
axial-zone and the retro-wedge grow in width and
height. These two modes of addition of new ma-
terial to the respective sub-wedges further amplify
the existing topographic and kinematic asymmetry
of the bivergent sand-wedge.

While the rates of the lateral growth of the pro-
wedge increase during stage III, a further decrease
of the rates of thrusting along the retro shear-
zone and the uplift rates of both the axial-zone
and the retro-wedge is observed (Fig. 6.3a). After
∼ 90cm of convergence, frontal accretion within
the retro-wedge emerges and marks thus the onset

83
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Figure 6.2: Line drawings of sequential stages of experiment (9.05), used as reference for the experiments involving erosion.
Numbers on the right are cm of convergence. A footwall shortcut can be observed in (c) before deformation propagates far
into the undeformed pro-layer and stage (III) begins, i. e., after 40cm of convergence. Frontal accretion within the upper plate
emerges after ∼ 90cm of convergence, i. e., stage IV commences.
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the digital images at every 1.5cm of convergence. Arrow indicates onset of upper plate accretion. fs shows footwall shortcuts.
(b) Photograph after 140cm of convergence. (c) Topographic evolution. Outlines were taken at every 10cm. of convergence.
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magnitude of flexure. Two growth modes can be distinguished: cyclic accretion within the pro-wedge results in distinct steps
in topography, whereas continuous addition of pro-wedge derived material to the axial-zone and the retro-wedge leads to near
concentric growth pattern. (d) ISU with high spatial and temporal variability. Arrows indicate positions, where ISU changes
by 10 during the evolution of the bivergent sand-wedge. Dashed lines trace activity of ramp segments. (e) From PIV extracted
particle paths after 140cm of convergence.
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of stage IV. Continued convergence and resulting
deformation is now taken up by two frontal and
one basal accretion system (Fig. 6.2f, g, Fig. 6.3b).
This results in a slowdown of the rate with which
the pro-wedge grows laterally (Fig. 6.3a). Key
characteristics of the topography and its evolu-
tion include: (i) the existence of two uplift do-
mains (Fig. 6.3c); (ii) the uplift trace of the dif-
ferent phases of thrust activity, i. e. the life-cycle
of a thrust; (iii) the correlation between maxi-
mum ISU within the pro-wedge and significantly
lowered ISU within the axial-zone and the retro-
wedge for a given time-slice and (iv) the surface
uplift waves associated with the accretion cycles
(Fig. 6.3d). Also, the onset of frontal accretion
within the retro-wedge results in a significant re-
duction of ISU within the pro-wedge.

6.2 Experiments with erosion

A summary of the similarities between the ref-
erence experiment and the experiments involving
erosion is provided first, followed by an analysis
of the differences between these experiments.

One of the key observations which emerged
from the analysis of the PIV images is that de-
spite the differences in the location and the mode
of erosion, all sand-wedges evolved into a biver-
gent state with a pro-wedge, an axial-zone and a
retro-wedge (Fig. 6.4). All four bivergent sand-
wedges subjected to erosion showed at least the
first three phases out of the four stage evolution-
ary model proposed in section (5.1). Finally, all
experiments showed a simultaneous occurrence of
frontal and basal accretion and no activation of the
internal upper plate glass-bead layer.

Particle paths. For each experiment two triangu-
lar markers were traced, which started at approxi-
mately the same position. One marker was located
above and one below the internal glass-bead layer,
as a representation for frontal and basal accretion,

respectively. The spatial distribution of both mark-
ers after 140cm of convergence indicates:

i. Different magnitudes of displacement be-
tween both accretion modes must have
occurred, since the distance between
both markers varies between experiments
(Fig. 6.4a, e). They are closest in the distrib-
uted pro-wedge erosion and farthest in the
reference experiment (Fig. 6.4a, c).

ii. The markers for frontal accretion reached
a similar position in the reference as well
as in the retro-wedge erosion experiments
(Fig. 6.4a, b, e). However, the markers for
basal accretion show a larger displacement,
but are located in the same region as the re-
spective marker in the reference experiment
(Fig. 6.4a, b, e).

iii. During pro-wedge erosion the markers be-
ing representative for frontal accretion indi-
cate a higher displacement and a change in
the direction of the particle flow. The mark-
ers for basal accretion attained a similar posi-
tion as observed in the reference experiment
(Fig. 6.4a, c, d).

Additionally, up to 120 particles were traced for
each experiment (Fig. 6.5). The respective particle
path geometries show a flat-ramp-flat geometry
and no distinction can be made between frontally
and basally accreted particles. Only those parti-
cles, derived from the upper or the lower plate
can be distinguished. In pro-wedge erosion ex-
periments, particle paths within the axial-zone are
slightly steeper than in the retro-wedge erosion or
within the reference experiment (Fig. 6.5). This
agrees with the previous observation, that pro-
wedge erosion redirects particle-flow.

Visual inspection of the photographs (Fig. 6.4)
indicates that the internal glass-bead layer was ex-
posed at the surface of the pro-wedge during fo-
cused pro-wedge erosion, which did not occur in
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Figure 6.4: Photographic images of each experiment after 140cm of convergence. (a) Reference experiment; Distributed
erosion of: (b) Retro-wedge, (c) Pro-wedge; Focused erosion of: (d) Retro-wedge, (e) Pro-wedge. The main structural
elements are highlighted. Two markers, one being indicative for the frontal accretion (black dot), the other being indicative for
the basal accretion (black cross) are given to show different amount of exhumation.
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90 6. The influence of erosion on bivergent wedge evolution

any of the other experiments. Distributed pro-
wedge erosion however removed nearly the entire
upper sand-unit and thus lead to a dominance of
stacked duplexes within the pro-wedge. Only four
out of eight thrusts are completely preserved at the
final stage of this experiment (Fig. 5.11a, e). This
agrees well with the observation that distributed
pro-wedge erosion leads to the maximum amount
of mass denuded in any of the four erosion ex-
periments (Fig. 6.6, Table 6.1). Also, a mass flux
steady state (tectonic advection equals erosion) is
reached at two convergence intervals only during
this experiment (Fig. 6.6). This is consistent with
the observation that the experiment with distrib-
uted pro-wedge erosion shows the least flexural
deflection (Fig. 6.4). The more general observa-
tion derived from figure (6.6), is that the amount of
incrementally denuded material increases through
time as a consequence of the increase in length of
either the pro- or the retro-wedge. It has to be em-
phasised that the simulated erosion modes assume
an ideal-shaped bivergent wedge with a smooth
topographic gradient. This however is perturbed
by frontal and basal accretion. Thus, the amount
of material taken away at any increment of con-
vergence depends on the state within the accretion
cycle, i. e., during thrust initiation phases, topogra-
phy is build up far away from the pro-wedge toe,
which results in an overestimation of the mater-
ial to be denuded. In contrast, during underthrust-
ing phases the envelope of the pro-wedge is much
smoother and adjustment of the simulated erosion
law to this envelope is more accurate.

Frontal and basal accretion. Similar to the refer-
ence experiment time series show that the propa-
gation of frontal accretion is composed of individ-
ual accretion cycles (Fig. 6.6). The lateral growth
of the pro-wedge as well as the height above the
singularity is again best described by power laws.
However, the respective power law coefficients
are significantly lower than the theoretically pred-
icated value (Table 6.1). Whereas the spacing of

frontal accretion, sensu Marshak and Wilkerson
(1992), remains fairly constant, the wavelength
varies within and between experiments and is thus
more sensitive to the parameters tested. The sam-
ple standard deviation (s f w) is highest for the ex-
periment with distributed and lowest for the exper-
iment with focused pro-wedge erosion (Table 6.1).

Basal accretion is, in contrast to the very regular
propagation of frontal accretion, more irregular in
terms of its wavelength and its spacing (Fig. 6.6).
The variability expressed in the sample standard
deviation of the wavelength (sbw) was calculated
for all experiments. It emerges that sbw always ex-
ceeds s f w. Also, the range of the latter (0.3) is
nearly half the value of the former (0.72) and sug-
gests that basal accretion is more sensitive to the
parameters tested (Table 6.1). Convergence inter-
vals, during which both accretion modes are either
in or out of phase, are always too short to be cor-
related over longer distances. There is however,
a prominent exception. In the experiment with fo-
cused pro-wedge erosion both accretion modes are
in phase throughout the entire experiment, which
suggests that basal and frontal accretion are not
decoupled in time (Fig. 6.6). The respective wave-
length of basal accretion remains fairly constant,
which is evidenced by the lowest sbw-value among
all experiments.

After the first erosion increment, basal accretion
propagated towards the foreland in pro-wedge ero-
sion experiments, whereas it stepped back in retro-
wedge erosion experiments (Fig. 6.6). The fur-
ther evolution of basal accretion shows that retro-
wedge erosion tends to reduce shorter wavelength
activity as compared to the reference or the distrib-
uted pro-wedge erosion experiment. During the
latter experiment, basal accretion remained nearly
stationary with respect to the singularity. It is fur-
ther pointed out that the height above the singular-
ity can be considered as an envelope for basal ac-
cretion (Fig. 6.6). In addition, figure (6.6) reveals
that the rate of lateral growth of the pro-wedge
during stage III and stage IV is higher for the ref-
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Experiment 9.05 9.09 9.10 9.06 9.11
Location of erosion Pro-wedge Retro-wedge
Mode of erosion Distributed Focused Distributed Focused
Observations

Flexure X X X X X
Number of weak layers 1 1 1 1 1
Frontal accretion in retro-wedge X ∅ ∅ X ∅
Number of thrusts in pro-wedge after 140cm of convergence 8 8 6 8 8
Cumulative amount of erosion/H0 0 804 549 217 233
Sample standard deviation of wavelength of frontal accretion s f w 0.15 0.45 0.18 0.29 0.24
Sample standard deviation of wavelength of basal accretion sbw 0.47 0.48 0.39 0.78 1.11
Power law equation of lateral growth of pro-wedge yL = 1.06t0.44 1.08t0.37 1.34t0.30 1.17t0.40 0.90t0.47

Coefficient of determination R2
L = 0.89 0.87 0.83 0.89 0.90

Power law equation of height above singularity yH = 1.03t0.26 1.10t0.19 1.00t0.24 1.12t0.24 0.92t0.27

Coefficient of determination R2
H = 0.97 0.83 0.93 0.98 0.98

Out-of-sequence displacement (OOSD) index 3.73 4.16 0.97 3.42 3.16
Propagation of frontal accretion 0∗ — – - -
Propagation of basal accretion – 0 - -
Height above singularity - - + +
Exhumation of frontally accreted material + + 0 0
Exhumation of basally accreted material 0 0 + +
Finite exy at retro-shear zone - 0 0 +
Finite exy at mid-level detachment – – - +

∗ Reference level derived from experiment without denudation. - less, + more than reference level.

Table 6.1: Summary of experimentally derived results - 2nd experimental series.

erence and both retro-wedge erosion experiments
when compared to both pro-wedge erosion exper-
iments. Lateral pro-wedge growth within the lat-
ter is nearly stationary. A summary of the relative
magnitudes of the propagation of frontal and basal
accretion is given in table (6.1).

Topographic evolution. Similar to the reference
experiment, the topography of all erosion exper-
iments consists of two domains, one that com-
prises the pro-wedge and grows by discrete steps
and one that encompasses the axial-zone and
the retro-wedge which grow more concentrically
(Fig. 6.7). In both retro-wedge erosion experi-
ments this equidistant concentric growth pattern
as observed in the reference experiment is per-
turbed. Lines representing incremental stages of
wedge evolution merge at an earlier stage, i. e., af-
ter the first erosion increment at 40cm of conver-
gence, than it is the case for the reference experi-
ment, i. e., after 120cm of convergence. Parts of
the axial-zone and the retro-wedge, which were

not subject to the backstepping pro-wedge ero-
sion, tend to retain their equidistant concentric
growth in both pro-wedge erosion experiments.
The respective pro-wedge slopes are stationary af-
ter ∼ 60cm of convergence (Fig. 6.7).

Both topographic domains are mirrored, simi-
lar to the reference experiment, in the correspond-
ing distribution of ISU (Fig. 6.8). The overall
evolution of ISU in the retro-wedge erosion ex-
periments and the reference experiment is simi-
lar. Thereby, maximum ISU is confined to either
initiated or re-activated ramp segments and to the
retro-wedge. A change of ISU by one order of
magnitude due to thrust re-activation, as shown
in section (5.1), can be recognised in both retro-
wedge erosion experiments (Fig. 6.8). The experi-
ment with distributed retro-wedge erosion shows
a peak in incremental surface uplift at ∼ 90cm
of convergence (Fig. 6.8), which is higher than in
the reference experiment. After frontal accretion
within the retro-wedge has set in, a significant de-
crease of ISU within the pro-wedge is observed.
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92 6. The influence of erosion on bivergent wedge evolution

This has been as well observed in the reference ex-
periment. A similar feature, with a lower magni-
tude and without frontal accretion within the retro-
wedge is recognised in the focused retro-wedge
erosion experiment. Finally, the surface uplift
waves, associated with each accretion cycle were
found in both retro-wedge erosion experiments.

Both pro-wedge erosion experiments differ sig-
nificantly with respect to the spatio-temporal dis-
tribution of ISU, from the reference and both
retro-wedge erosion experiments. In the dis-
tributed erosion scenario nearly the entire pro-
wedge is heavily denuded, which corresponds to
an equally sized area of low magnitude incremen-
tal surface uplift within the pro-wedge. Only mi-
nor magnitudinal variations are observed. This
general pattern is also found in the focused pro-
wedge erosion experiment. However, maximum
incremental erosion and surface uplift is highest at
the toe of the pro-wedge and decrease towards the
axial-zone (Fig. 6.8).

Out-of-sequence displacement. Frontal accre-
tion in all experiments shows a pure forward-
breaking or piggy-back thrust sequence although
the corresponding displacement along each indi-
vidual thrust is accumulated at several stages dur-
ing wedge evolution (Fig. 6.9). The resulting out-
of-sequence displacement index (section 5.2) is
highest for the distributed pro-wedge erosion ex-
periment and lowest for the focused pro-wedge
erosion experiment (Table 6.1). In addition, the
cumulative thrust length curves are made up of
three segments, which can be linked with the three
phases of the accretion cycle (section 5.2).

Strain accumulation. Based on the displacement
fields derived from PIV analysis, finite strain af-
ter 140cm of convergence was calculated for each
experiment (Fig. 6.10). The main structural ele-
ments such as the basal and the internal detach-
ment, the retro shear-zone and each thrust imbri-
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Figure 6.9: Cumulative thrust lengths of each thrust within
the pro-wedge, taken at every 1.5cm of convergence. (a) Ref-
erence experiment, arrows indicate first and second phase of
thrusting; Distributed erosion of: (b) Retro-wedge, (c) Pro-
wedge; Focused erosion of: (d) Retro-wedge, (e) Pro-wedge.
Experiments (d) and (e) have the least OOSD index.
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10 cm
no v.e. Singularity

e)

d)

c)

b)

Frontal accretion

a)

Frontal accretion

Pro-wedge Retro-wedgeAxial-zone

1 topographic domain
st

2 topographic domain
nd

Figure 6.7: Topographic evolution of all experiments of the 2nd series. Outlines were taken at every 10cm of convergence.
The first, i. e., after 10cm and the last, i. e., after 150cm of convergence outline are given in complete form, to indicate the
magnitude of flexure. (a) Reference experiment; Distributed erosion of: (b) Retro-wedge, (c) Pro-wedge; Focused erosion of:
(d) Retro-wedge, (e) Pro-wedge. Pro-wedge slopes in both pro-wedge erosion experiments (c and e) are nearly stationary.
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6.3. Discussion 95

cate as well as the duplexes can be clearly iden-
tified for each experiment. A systematic distribu-
tion of finite strain accumulated by each individ-
ual thrust imbricate can be observed as well. Fi-
nite strain is lowest within imbricates closest to
the toe of the pro-wedge, and highest in the cen-
tral part and decreases towards the top. Finally,
it is pointed out that the magnitude of retro-shear
is highest at the retro shear-zone which separates
lower-plate from upper-plate material and is thus
interpreted as long-lived.

However, if similar structures are compared be-
tween experiments, it can be shown that different
magnitudes of finite strain were accommodated
in dependence on the location and the mode of
erosion. In the experiment with focused retro-
wedge erosion the long-lived retro shear-zone ac-
commodated most finite strain relative to all other
experiments. This structure accommodated the
least magnitude of finite strain in the experiment
with distributed pro-wedge erosion. The long-
lived retro shear-zones within the remaining three
experiments accumulated similar magnitudes of fi-
nite strain (Table 6.1). A likewise pattern is found
with respect to the magnitude of finite strain ac-
cumulated by the internal glass-bead layer. There,
finite strain is highest in the experiment with fo-
cused retro-wedge erosion and lowest in both pro-
wedge erosion experiments (Table 6.1). The ac-
cretion cycle with its three phases was observed
in all experiments and is thus concordant with the
documented surface uplift waves and the cumula-
tive evolution of thrust lengths (Fig. 6.11).

6.3 Discussion

The purpose of this study has been to demonstrate
the influence of the location of erosion with re-
spect to the convergence geometry and the mode
of erosion, i. e., distributed or focused, on the
upper crustal kinematics of bivergent orogenic
wedges. Scaled sandbox simulations were chosen
to address this issue. Again, we intended to reduce

the number of kinematic boundary conditions and
to study the most general case, in order to allow a
more self-organised growth of the bivergent sand-
wedge. It is highlighted here that this study was
not aimed at reproducing the geometry of a cer-
tain structure or geomorphologic feature. Since
the four-staged evolutionary model as well as the
accretion cycle have been extensively dealt with
in chapter (5), we focus our discussion on the sen-
sitivity of model results with respect to the simu-
lated erosion intervals and on the influence of both
tested parameters on bivergent wedge evolution.

6.3.1 Concepts of bivergent wedge evolu-
tion and the accretion cycle

The evolution of experiments carried out during
the second experimental series supports the pos-
tulation of a four-staged evolutionary pathway for
bivergent wedges (Fig. 6.6, Fig. 6.4) and the reader
is referred back to chapter (5) for further de-
tails. In addition, surface uplift waves (Fig. 6.8)
in conjunction with the cumulative length evo-
lution of thrusts (Fig. 6.9) and finally the EDM
(Fig. 6.11) bear strong evidence that the accretion
cycle with its three phases operates in all experi-
ments. This lends additional support to the notion
that the first two observations can be used to in-
fer the phase within an accretion cycle, if strain-
monitoring techniques such as PIV are not avail-
able. As shown in section (5.3.2) this may also
hold for “natural” data.

6.3.2 Discrete erosion versus continuous
deformation

The simulation of erosion within sandbox experi-
ments remains one of the key challenges to be ad-
dressed in the future. At present it is only possi-
ble to simulate the effect of erosion, i. e., the dis-
tribution of unloading across an orogen and not
the process of erosion either by rivers, glaciers or
bedrock landslides. Due to practical limitations
erosion can only be simulated at discrete time in-
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Figure 6.10: Finite exy af-
ter 140cm of convergence.
(a) Reference experiment;
Distributed erosion of:
(b) Retro-wedge, (c) Pro-
wedge; Focused erosion
of: (d) Retro-wedge,
(e) Pro-wedge. Note the
differing magnitudes of
finite strain along the
retro shear-zone and the
glass bead-layer between
experiments.
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Figure 6.11: Evolution of deformation maps
for all experiments of the 2nd experimental
series. (a) Reference experiment; Distrib-
uted erosion of: (b) Retro-wedge, (c) Pro-
wedge; Focused erosion of: (d) Retro-
wedge, (e) Prowedge. Labels a© to g© refer
to forethrusts within the pro-wedge. i© de-
notes the pro-shear of the initial pop-up,
ii© the respective retro-shear and iii© denotes

the frontal accretion within the retro-wedge.
The accretion cycle with its three phases can
be recognised in all experiments. Black hor-
izontal lines, pointed to by white arrows in
(b) represent times of erosion. For erosion
to be simulated, convergence was stopped.
Note that no change of incremental exy accu-
mulation occurs across erosion intervals.
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98 6. The influence of erosion on bivergent wedge evolution

tervals which might be considered artificial with
respect to a continuously growing bivergent sand-
wedge. If the applied erosion interval controls the
evolution of the bivergent sand-wedge, one should
expect an immediate response of the wedge with
a frequency of the erosion interval. This however,
was not recognised in the time series data, exclud-
ing the lowering of the height above the singu-
larity. In addition, experiments from Konstanti-
novskaia and Malavieille (2005), which involve a
1cm of convergence interval of erosion revealed
similar results with respect to the final structural
geometries, as presented in this study. We there-
fore assume that the interval with which the sand-
wedge is denuded is of less importance than the
mode and location of erosion as shown below.

Furthermore, there is growing evidence that
erosion is far more episodic than often implic-
itly assumed. Storms, floods and landslides show
a power-law distribution, which means that the
bulk of erosional work is done by high-magnitude,
low-frequency events (Fujii, 1969; Noever, 1993;
Sugai et al., 1994; Hovius et al., 1997; Stark and
Hovius, 2001; Guzzetti et al., 2002). The control
of periodic (deglaciation, intense monsoon years,
severe El Niños) and episodic (high-intensity rain-
storms, earthquakes) processes on erosion has
been observed in the Himalayas, in Taiwan, in
New Zealand and in Papua New Guinea (Har-
bor and Warburton, 1993; Densmore and Hov-
ius, 2000; Guzzetti et al., 2002; Dadson et al.,
2003; Keefer et al., 2003; Korup et al., 2004;
Barnard et al., 2004; Thiede et al., 2004; Ji et al.,
2005). Finally, thermochronometric methods can
only bracket the time span of an erosion episode.
Following this view, Burbank and Beck (1991)
speculated that 90% of erosion may have been
accomplished in 10% of the time. Taken all to-
gether we suggest that the erosion approach fol-
lowed here is justified by the above observations.

6.3.3 Influence of erosion on bivergent
wedge kinematics

Crustal-scaled processes of mountain building
have been successfully described numerically by
minimum work theory (Hardy et al., 1998; Masek
and Duncan, 1998; Gutscher et al., 1998; Ger-
bault and Garcia-Castellanos, 2005) and we there-
fore propose that the results shown in this study
might be explained again in the light of this con-
cept. Following this view, a bivergent sand-wedge
subject to erosion has several possibilities to re-
spond to continued convergence by: (i) the initia-
tion of a new thrust either within the upper or the
lower plate; (ii) continued slip along the deforma-
tion front; (iii) reactivation of one or more inter-
nal thrusts; (iv) slip along the retro-shear zone; (v)
footwall or hangingwall shortcuts and (vi) internal
deformation. Which of these possibilities is “cho-
sen” by the sand-wedge depends on the respective
gravitational and frictional work. Whereas the for-
mer is controlled by the lateral distribution of ero-
sion, the latter is determined by the strength of the
undeformed material, which in turn depends on its
thickness, as well as the degree of both strain soft-
ening and strain hardening.

This interpretation is exemplified with the prop-
agation of frontal accretion within the pro-wedge.
It is evident from figure (6.6) that the spacing
of thrusts is fairly constant throughout all exper-
iments, which agrees well with theoretical con-
siderations and results from sandbox simulations
(e. g., Bombolakis (1986); Boyer (1995) and sec-
tion (5.2)). In contrast, the wavelength of frontal
accretion, which is defined as the time expressed
in convergence between two consecutive thrust
initiation events, depends on the mode and loca-
tion of erosion (Fig. 6.6, Table 6.1). A perma-
nent unloading of the deformation front, as ob-
served in the focused pro-wedge erosion experi-
ment, leads to an increase of slip along successive
thrust imbricates, which in turn retards the prop-
agation of deformation into the foreland (Fig. 6.6,
Fig. 6.7). Evidence for increased slip during the
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6.3. Discussion 99

focused pro-wedge erosion experiment is derived
from the cumulative thrust lengths (Fig. 6.9) and
the resulting out-of sequence displacement index,
which is the lowest among all experiments. This
observation does not contradict predictions either
derived from the CCW concept (e. g., Davis et al.,
1983) or from sandbox simulations (e. g., Storti
et al., 2000), which state that erosion promotes
internal deformation. Instead, focused erosion of
the very frontal part of the pro-wedge is consid-
ered to represent a special case, which has been
previously overlooked or not explicitly dealt with.
Also, only the experiment with focused pro-wedge
erosion exposes the glass-bead layer at the toe
of the pro-wedge (Fig. 6.4). Further support for
increased slip is derived from the fact that only
six imbricate thrusts are needed to accommodate
140cm of convergence, whereas all other exper-
iments show eight imbricates. This agrees well
with observations from other sandbox simulations
(Persson et al., 2004), who showed that erosion
tends to lengthen the lifetime of individual thrusts.

Focused erosion of the deformation front leads
also to a lack of sufficient overthrust length needed
to activate the internal glass-bead layer (Kukowski
et al., 2002). Thus, frontal accretion by thrust im-
brication and basal accretion by duplex formation
are in phase throughout the experiment and form
one dynamical system. This might explain the ob-
served lowest variability with respect to the wave-
length of both accretion modes.

On the contrary, the wavelength of frontal
accretion during distributed pro-wedge erosion
shows the highest variability (Table 6.1). Dur-
ing this experiment, the highest erosion rates oc-
cur at the central and at the rearward part of the
pro-wedge. Also, erosion rates at the respective
toeward part show a higher degree of variability
through time as the corresponding part in the fo-
cused pro-wedge erosion experiment (Fig. 6.8). It
follows that unloading of the deformation front
is more variable through time as well, which in
turn influences the wavelength of frontal accre-

tion. Furthermore, in order to restore its criti-
cal taper, the pro-wedge deforms internally, i. e.,
through re-activation of older thrusts. It follows
that the propagation of deformation into the fore-
land is retarded, which agrees with the results
from Schlunegger (1999) and Hovius (2000). The
preference of internal deformation is mirrored in
the diffuse pattern of finite strain and the highest
out-of-sequence displacement index among all ex-
periments (Fig. 6.10, Table 6.1) and is thus in ac-
cordance with Willett et al. (1993). Depending on
the magnitude of internal deformation, propaga-
tion of deformation into the foreland is retarded
and thus adds to its variability.

Retro-wedge erosion unloads the axial-zone
and especially the retro-shear zone, which eases
translation of pro-wedge derived material towards
the upper plate. It follows that in favour of inter-
nal deformation, the propagation of frontal accre-
tion can be retarded. The resultant variability of
the respective wavelength is similar for both retro-
wedge erosion experiments but higher than the one
from the reference experiment (Table 6.1). This
highlights the a significant spatial offset between
cause (retro-wedge erosion) and response (propa-
gation of deformation within the pro-wedge).

Basal accretion is more sensitive to changes
of the load gradient determined by erosion, since
the respective thrust spacing and the correspond-
ing wavelengths differ significantly within and be-
tween experiments (Fig. 6.6, Table 6.1). The for-
mation of duplexes depends on the load imposed
by the frontally accreted material, the rotation of
the glass-bead layer resulting from the stacking
and backward translation of the duplexes and the
load upon the retro-shear zone. As noted above,
retro-wedge erosion unloads the axial-zone and
especially the retro-shear zone. It follows that
duplexes can be more easily stacked and trans-
ferred towards the upper plate. Two consequences
emerge. At the expense of lateral growth of the
pro-wedge, vertical growth of the axial-zone and
the retro-wedge is promoted. Despite the fact that
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100 6. The influence of erosion on bivergent wedge evolution

material is removed, both experiments with retro-
wedge erosion have a higher elevation above the
singularity than the reference or the pro-wedge
erosion experiments. This is consistent with the
observed acceleration of basally accreted parti-
cles (Fig. 6.4) and the prominent maximum in ISU
within the retro-wedge (Fig. 6.8). We therefore
suggest that retro-wedge erosion enhances par-
ticle flow of basal accretion. Note that during
pro-wedge erosion frontal accretion is accelerated
(Fig. 6.4). A further consequence of the unload-
ing of the axial-zone and the retro-wedge is that
longer undeformed sand-sheets can be drawn be-
neath the internal glass-bead layer towards the
singularity until failure occurs and thus reduces
shorter wavelength activity. This is consistent with
the predictions from minimum work calculations
by Gutscher et al. (1998).

Taken all together, our results suggest that the
location of erosion with respect to the conver-
gence geometry as well as the erosion mode have
a profound effect on the ratio between piggy-back
thrusting versus internal deformation. This is sup-
ported by a recent study in the Himalayas. Based
on 40Ar/39Ar and AFT dating, Thiede et al. (2005)
showed that pronounced erosion during the last
10Ma lead to increased rock uplift and exhuma-
tion within the central part of the Himalayan pro-
wedge in favour of the propagation of deformation
towards the southern foreland. Although, the rate
of Eurasia-India convergence is thought to have
remained constant since that time, the Himalayan
deformation front has only migrated 20 to 50km
southward (Thiede et al., 2005).

6.4 Implications and predictions for
natural orogens

In this study we have investigated the influence
of the location of erosion with respect to the con-
vergence geometry and the mode of erosion, i. e.,
distributed or focused, which are thought to rep-
resent end-members, on the kinematics of biver-

gent sand-wedges (Fig. 6.12). We re-emphasise
the scale-invariance of brittle behaviour and point
out that the implications and predictions derived
from the second experimental series are not lim-
ited to bivergent orogens and may have some bear-
ing for fold and thrust belts as well. Note however,
that this study is focused on lower temperature
orogens were brittle behaviour prevails. There-
fore, some caution must be taken while transfer-
ring and applying our results to natural examples.
High exhumation rates may finally lead to the re-
moval of the highest strength part of the continen-
tal crust, which significantly reduces its integrated
strength. At this stage ductile processes might
start to dominate (Beaumont et al., 2001; Zeitler
et al., 2001; Koons et al., 2002).

Similar to Willett (1999) we predict that the lo-
cation of erosion with respect to the convergence
geometry determines the outcrop pattern of meta-
morphic facies. We further propose that defor-
mation responds immediately to erosion. Retro-
wedge erosion amplifies the displacement of the
basally accreted material, whereas pro-wedge ero-
sion accelerates and additionally redirects the par-
ticle flow of the frontally accreted material. Pro-
and retro-wedge erosion retard the propagation of
deformation within the pro-wedge. This effect is
stronger for pro-wedge erosion.

The evolution of Borneo is consistent with the
last prediction. Strong synkinematic erosion un-
der tropical conditions prohibited the growth of
a wide thin-skinned fold-and-thrust belt. The re-
sulting crustal load was not sufficient to generate
a foreland basin (Hall and Nichols, 2002). Sim-
ilarly, Schlunegger and Simpson (2002) demon-
strated for the European Alps that a significant de-
crease in the erosional efficiency during the Early
Miocene led to a change from vertical extrusion
associated with rapid exhumation during the Late
Oligocene to a mainly horizontally directed extru-
sion, i. e., the formation of the Jura fold and thrust
belt and the southern Alps during Middle to Late
Miocene times.
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Figure 6.12: Synopsis of re-
sults. Outlines indicate trends
of bivergent wedge growth
in dependence of the loca-
tion and the mode of ero-
sion. Magnitude and di-
rection of schematic parti-
cle paths, as well as loca-
tions of high finite strain are
given. Schematic particle
are derived from ∼ 120 calcu-
lated particle paths as given in
Fig. 6.5d. (a) Reference ex-
periment; Distributed erosion
of: (b) Retro-wedge, (c) Pro-
wedge; Focused erosion of:
(d) Retro-wedge, (e) Pro-
wedge.

Strain at retro-shear zone Strain at mid-level detachment

Outline of reference experiment

Particle path modified by erosionParticle path not modified by erosion

max. out-of-sequence

a)

c)

b)

d)

U
p

p
e

r 
c
ru

s
t

s.l.
H

Lbp

Detachment horizon

Pro-wedge Retro-wedgeAxial-zone

Convergence

Lfp
Lr

min. out-of-sequence

e)

Scientific Technical Report STR 06/06 GeoForschungsZentrum Potsdam
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Olympic Mountains

Juan de Fuca Plate
Edge of continent

CF

W E

Figure 6.13: Generalised section through the Olympic
Mountains as postulated from field work. Subduction of
the Juan de Fuca plate beneath North America results in
the formation of an accretionary complex - Olympic Moun-
tains. Note rotation of forethrusts and the absence of a promi-
nent backthrust, which has also not been imaged on seis-
mic profiles (Brandon and Calderwood, 1990). CF, Cres-
cent Formation, which may have acted as a backstop. The
Olympic Mountains are assumed to be in a mass steady-state
since∼ 14Ma (Pazzaglia and Brandon, 2001). Modified after
Tabor and Cady (1978).

Also, we suggest that retro-wedge erosion am-
plifies vertical growth and leads to strain accu-
mulation along the retro shear-zone and the mid-
level-detachment. This indicates that for retro-
wedge erosion cause (erosion) and response (de-
formation) are significantly offset in space. Thus,
the cause for a certain seismicity pattern observed
in the pro-wedge might be the eroding retro-
wedge, hundreds of kilometers away. In contrast,
pro-wedge erosion evokes a complete decoupling
of the retro-wedge from the pro-wedge. Here
cause and response are spatially more closely re-
lated. Both results highlight the need for orogen-
wide climate-tectonics studies.

Intense erosion of the rearward part of the pro-
wedge and the adjacent axial-zone may result in a
faning of the retro-shear zone, i. e., slip is taken
up by an array of retro-shear zones rather than
one single, long-lived structure. This might ex-
plain why no prominent backthrust has been doc-
umented from the Olympic Mountains, which are
assumed to be in a mass steady-state for the last
∼ 14Ma (Brandon and Calderwood, 1990; Paz-
zaglia and Brandon, 2001). Instead, Tabor and
Cady (1978) point out that several vertical thrusts
take up slip (Fig. 6.13). We found that more fo-
cused erosion is associated with a more focused

tectonic response. This interpretation is supported
by observations from the Chugach/St. Elias Range
in Southern Alaska. There, the windward posi-
tion of the ELA coincides with a narrow zone
of active upper plate deformation associated with
high rates of rock uplift (Meigs and Sauber, 2000;
Sheaf et al., 2003). Also, strong fluvial erosion in
both Himalayan syntaxes has lead to high exhuma-
tion and deformation rates (Zeitler et al., 2001).

A change from distributed to focused erosion
may lead to a continued activation of a certain
structure, e. g., deformation front and may thus re-
tard the propagation of deformation into the fore-
land and may also determine which detachment
layer is favoured.

Although all of our sandbox simulations ex-
hibit a clear forward breaking or piggy-back se-
quence of thrusting, considerable displacement
is accumulated out-of-sequence by re-activation
of older thrusts. The magnitude of the latter is
strongly controlled by the location and mode of
erosion. Within this respect it is interesting to
note, that Mouthereau et al. (2001) showed that
the increase of erosion rates was associated with
an increase of the number of re-activated or out-of-
sequence thrusts in the Taiwan fold and thrust belt.
Similarly, Hodges et al. (2004) demonstrated that
strong orographic forcing of precipitation lead to
concentrated erosion and out-of-sequence thrust-
ing in the Higher Himalayan Ranges.

Finally, we speculate that a bivergent wedge
is very robust with respect to its boundary con-
ditions, e. g., mechanic stratigraphy and erosion.
Erosion modifies but does not inhibit the segmen-
tation of a bivergent wedge or the simultaneous
propagation of frontal and basal accretion. This
gains support from a recent study in the Himalayas
where the tectonic displacement field is focused
by erosion but does not mimic its asymmetric dis-
tribution (Burbank et al., 2003). If however, a cer-
tain threshold is either exceeded or reached, the
kinematics might change their mode.
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7 Deformation versus
erosion

A recent debate has centred on the chicken or
egg question (England and Molnar, 1990), i. e.,
whether erosion controls deformation or vice
versa. Based on the insight gained during the
course of this study, we follow Hodges et al.
(2004) and consider both processes not as antago-
nists, but as part of one dynamic system - the oro-
genic wedge. Additionally, field and experimen-
tal data indicate that the degree of sensitivity of a
bivergent wedge with respect to kinematic bound-
ary conditions and to surface processes may de-
pend on the scale and on the object of observation.

As outlined in chapter (3), bivergent orogens
show several common features, which have been
used to constrain the CCW concept (Davis et al.,
1983). Given the wealth and variability of tectonic
and climatic pre-conditions of orogenic evolution,
it follows that specific kinematic boundary condi-
tions or surface processes are not needed for these
phenomena to emerge. This is consistent with an
observation of Montgomery and Brandon (2002),
who pointed out that all mountain belts, despite
their specific tectonic context or climate zone have
a similar local relief, ranging between 1 and 2km.

The scale invariance of these phenomena ad-
ditionally underlines their independence on spe-
cific boundary conditions and allowed the use of
sandbox experiments to simulate bivergent wedge-
evolution. We showed that neither the imple-
mentation of different kinematic boundary condi-
tions nor the simulation of erosion has hindered
the bivergent sand-wedges to follow a four staged
evolutionary pathway. In addition, deformation
in all experiments was controlled by the accre-
tion cycle with its three phases. These observa-
tions highlight once again the robustness of biver-
gent wedges to kinematic boundary conditions or

to surface processes. Further support for this pre-
diction is derived from the good agreement be-
tween results of this study and previously pub-
lished work, which involves other methodologi-
cal approaches (e. g., Willett, 1999; McClay and
Whitehouse, 2004).

There are however, some trends within the ex-
perimentally derived data, which deserve discus-
sion. As demonstrated in section (5.3.7), the evo-
lution of the height and the width of the pro-wedge
can be well described with a power law, which
is consistent with theoretical predictions (Dahlen,
1990). We further found that the scatter of the
power-law coefficients, related to the height of the
pro-wedge, is higher for the first experimental se-
ries than for the second one (Table 7.1). Thus,
power law coefficients of the erosion experiments
are very similar to the one observed in experiment
9.05, which has the same kinematic boundary con-
ditions but lacks erosion. This would indicate
that changes of the kinematic boundary conditions
would have a more profound effect on how the
wedge grows vertically than erosion (Table 7.1).
A likewise observation can be made for the out-of-
sequence indexes calculated for each experiment.
The respective scatter is again higher for the first
experimental series (Table 7.1) and the OOSD in-
dexes of the erosion experiments are again very
similar to the one of the reference experiment.
There is, however, a prominent exception. Fo-
cused pro-wedge erosion has resulted in a contin-
uous unloading of the deformation front, which
inhibited the activation of the internal glass-bead
layer to serve as a detachment. This observation
suggests that a certain erosion mode can determine
the active detachment level.

In more general terms, we postulate that kine-
matic boundary conditions such as flexure, me-
chanic stratigraphy, basal and internal properties
of the incoming layer and the orogenic wedge, as
well as fluid pressures determine the active de-
tachment level, the spatio-temporal propagation
of deformation and thus the ratio between piggy-
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104 7. Deformation versus erosion

Experimental series Experiment OOSD Lateral growth of pro-wedge Height above singularity

1st 9.15 0.62 y = 0.79t0.48 y = 0.85t0.29

9.05 3.73 y = 1.06t0.44 y = 1.03t0.26

9.20 8.1 y = 0.80t0.50 y = 0.76t0.33

9.35 3.95 y = 1.80t0.32 y = 0.48t0.42

9.25 0.46 y = 0.97t0.43 y = 1.00t0.23

2nd 9.05 3.73 y = 1.06t0.44 y = 1.03t0.26

9.06∗ 3.42 y = 1.17t0.40 y = 1.12t0.24

9.09† 4.16 y = 1.08t0.37 y = 1.10t0.19

9.10§ 0.97 y = 1.34t0.30 y = 1.00t0.24

9.11‡ 3.16 y = 0.90t0.47 y = 0.92t0.27

∗ Distributed retro-wedge erosion.
† Distributed pro-wedge erosion.
§ Focused pro-wedge erosion.
‡ Focused retro-wedge erosion.

Table 7.1: Selected indexes

back thrusting and internal deformation. With re-
spect to the influence of erosion, two scenarios
can be envisaged. If erosion changes only the ra-
tio between piggy-back thrusting and internal de-
formation, the orogenic wedge is thought to be
still driven by “kinematics”. If however, erosion
changes the detachment level and thus modifies
the volume of material accreted to the orogen, we
argue that erosion has taken the lead. Following
this view, an erosion-induced slowdown or halt of
the propagation of deformation towards the fore-
land, as observed for the Himalayan orogen dur-
ing the last 10Ma (Thiede et al., 2005), does not
necessarily mark the transition from a tectonically
to an erosionally controlled orogen. Further evi-
dence with respect to changes of the detachment
level would be required to address this question.

The above considerations indicate that surface
processes and kinematic boundary conditions can
evoke similar phenomena. Thus, the ascription of
certain observations to changes of the local to re-
gional climate or to changes of thrust-kinematics,
hundreds of kilometers away – or even on the other
side of a bivergent orogen, remains difficult, but
should be taken into account. Within this respect,
we note that these far-field interactions bear some
importance for either landslide or seismic hazard
assessment studies.

Feedback processes provide an additional chal-
lenge, since an originally tectonic signal might be
converted into a climatic one (e. g., rain shadow),
which finally may convert to a tectonic signal
again (e. g., propagation of deformation). Such
a scenario might explain the observed oscilla-
tory filling and excavation of the Quebrada del
Toro basin in NW Argentina (Hilley and Strecker,
2005). Time series analysis, in conjunction with
detailed regional to orogen-wide studies, may pro-
vide insight, but are still left with the challenge,
to decide, whether two observations occur coin-
cidentally or causally linked. In order to address
these issues, we propose that a stronger integration
of field and simulation studies is required, and that
time series from the former should be used to con-
strain the latter. This raises the need to provide
more testable predictions from simulation studies
and we hope that we have made a step toward this
direction.
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8 Foreland basin
evolution and the
growth of an orogenic
wedge

8.1 Introduction

Peripheral foreland basin systems (DeCelles and
Giles, 1996) result from the flexural down-
bending of continental lithosphere in response
to tectonic and topographic loading during
continent-continent collision (Price, 1973). The
spatial evolution of the associated depozones, i. e.,
wedge-top, foredeep, forebulge and backbulge
(Fig. 8.1) and their respective sedimentary infill,
is strongly dependent on (i) the effective elastic
thickness (Te) of the involved lithospheres; (ii) the
level of horizontal stresses; (iii) the magnitude
of the loads imposed on the foreland by the oro-
genic wedge and the subducted lithospheric slab;
(iv) the dip-angle of the latter; (v) the rate and
direction of convergence; (vi) the amount of ero-
sion of the orogenic wedge and the dispersal sys-
tem within the foreland and (vii) eustasy (Beau-
mont, 1981; Turcotte and Schubert, 2002; Allen
et al., 1991; Sinclair, 1997b; Ziegler et al., 2002).
Numerous field studies have demonstrated that al-
most all foredeeps evolve from an underfilled to a
filled or overfilled depositional state (Covey, 1986;
Sinclair, 1997a). The underfilled state is charac-
terised by deep-marine (Flysch type) sediments,
high thrust advance rates, and low exhumation
rates. In contrast, the overfilled state shows shal-
low marine to continental (Molasse type) deposits
and a dominance of exhumation versus frontal ad-
vance of the orogen (Sinclair and Allen, 1992).
Classically, the Flysch to Molasse transition is in-
terpreted as recording the migration of the thrust
wedge and the associated foredeep over the hinge-
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Figure 8.1: (a) Schematic map view of a foreland basin,
bounded longitudinally by a pair of marginal ocean basins.
The scale is not specified, but would be of the order of 102

to 103 km. Vertical line at right indicates the orientation of
a cross-section that would resemble what is shown in (b).
(b) The generally accepted notion of foreland-basin geome-
try in transverse cross-section. Note the unrealistic geometry
of the boundary between the basin and the thrust belt. Ver-
tical exaggeration is of the order of 10 times. (c) Schematic
cross-section depicting a revised concept of a foreland basin
system, with the wedge-top, foredeep, forebulge and back-
bulge depozones shown at approximately true scale. Topo-
graphic front of the thrust belt is labeled TF. The foreland
basin system is shown in dark grey; area in light grey indi-
cates passive margin deposits, which are incorporated into
(but not shown within) the fold-thrust belt toward the left of
diagram. A schematic duplex (D) is depicted in the hinterland
part of the orogenic wedge. Note the substantial overlap be-
tween the front of the orogenic wedge and the foreland basin
system. Modified after DeCelles and Giles (1996).

line of the inherited passive margin of the under-
thrusted plate (Dewey, 1982). Numerical simula-
tions in conjunction with field studies in the Swiss
Alps however, suggest that the rate of frontal ad-
vance of the orogenic wedge and the sediment
transport coefficient (K) are the main control on
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106 8. Foreland basin evolution and the growth of an orogenic wedge

the state of the foredeep infill, whereas an increase
of the flexural rigidity or the surface slope of the
orogenic wedge is only of minor importance (Sin-
clair et al., 1991; Sinclair, 1997b).

Additionally, most forward modelling studies,
which are aimed at unravelling the influence of
the above parameters on the stratigraphic archi-
tecture of foreland basins (Flemings and Jor-
dan, 1990; Jordan and Flemings, 1991; Sinclair
et al., 1991; Crampton and Allen, 1995; Galewsky,
1998; Allen et al., 2001; Clevis et al., 2004), as-
sume that the respective orogenic load results from
either a lithospheric scaled fault-bend fold (Flem-
ings and Jordan, 1990) or from a pro-wedge sensu
Willett et al. (1993). However, sandbox simula-
tions of bivergent orogens (like this study) have
demonstrated that strain is partitioned between the
pro- and the retro-wedge. It follows that processes
acting either upon or within the retro-wedge con-
trol the load distribution within the pro-wedge as
well, which in turn influences the geometry of
the pro-foredeep. Consequently, cause and effect
would be considerably offset in space.

Thus, the purpose of this study, which is based
on scaled-sandbox simulations as well as ana-
lytical considerations, is twofold. First, we ex-
plore how the lateral growth of an orogenic wedge
controls the spatio-temporal evolution of the pro-
foredeep and thus the Flysch to Molasse transi-
tion. Second, we focus on the influence of the
coupling between the pro- and the retro-wedge on
the evolution of the pro-foredeep. In order to ad-
dress both issues we consider a reference experi-
ment (9.05) and one experiment with pro- and an-
other with retro-wedge erosion (9.09, 9.06). Fi-
nally, sedimentary basins and thus foreland basins
provide the most significant sources of energy-
related commodities, such as hydrocarbons, coal,
uranium and many metals (Kyser and Hiatt, 2003).
Consequently, the formulation of conceptual mod-
els and the detection of far-field relations may help
to constrain future exploration strategies.

8.2 Method

Time series of the horizontal distance between
the deformation front of the pro-wedge and the
singularity [L f p/H0] as well as the height of the
axial-zone above the singularity [H/H0] provide
an approximation of the triangular shape of the
pro-wedge throughout its evolution. Although
these data represent dimensionless lengths, they
are scaled by 105, a factor commonly used in sand-
box experiments (e. g., Malavieille, 1984; Storti
et al., 2000). Both converted time series (L and
H) are used to calculate the flexure of a hypothetic
foreland lithosphere in response to orogenic load-
ing for each time (convergence) step according to
Turcotte and Schubert (2002):

V0 = WρorogengLH (8.1)

α =
(

4D
(ρm−ρs)g

)1/4

(8.2)

w0 =

(
4D

(ρm−ρs)g

)3/4
V0

4D
(8.3)

wx = w0e−x/αcosx/α (8.4)

whereby V0 is the vertical load in N, W is
the width of the hypothetical orogen = 1m, L is
the converted length of the pro-wedge in m, H
is the converted height of the axial-zone above
the singularity in m, α is the flexural parame-
ter, D is the flexural rigidity of the plate, chosen
to be 1022 Nm, g is the acceleration due to grav-
ity (9.81m/s2), ρorogen is the density of a hypo-
thetical orogen (2600kg/m3), ρm is the density of
the mantle (3300kg/m3), ρs is the density of sedi-
ments, filling the foredeep (2300kg/m3), w0 is the
deflection of the plate at x = 0 and w(x) is the de-
flection of the plate at point x. Density values are
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Figure 8.2: Theoretical deflection of an elastic broken plate
under a line load applied at its end. Modified from Allen and
Allen (2005).

mean values and have been taken from Turcotte
and Schubert (2002). A schematic flexural profile
is shown in figure (8.2). As in previous modelling
studies (Karner and Watts, 1983; Sinclair et al.,
1991; Crampton and Allen, 1995; Roddaz et al.,
2005) orogenic overthrusting of the foreland plate
is simulated by two-dimensional a priori loading
of a broken elastic plate. Flexural response to
loading is treated as instantaneous, since the re-
sponse time for isostatic adjustment is on the order
of 103 to 105 years (Crampton and Allen, 1995).

Lateral migration of the pro-wedge gravity-
center was not taken into account. This would
have resulted in slight changes of the foredeep
geometry only. Effects of horizontal stresses on
the foreland basin system are neglected, since they
would only slightly magnify the effects of flex-
ure and would not change the overall geometries.
Sea level variations would have a similar negligi-
ble effect on plate flexure (Crampton and Allen,
1995). The influence of different flexural rigidities
on the foreland basin system is well known (e. g.,
Flemings and Jordan, 1989; Sinclair et al., 1991).
High flexural rigidities lead to the formation of a
broad, shallow depression with a low, wide fore-
bulge, whereas low flexural rigidities give rise to
a deep, narrow peripheral trough and a relatively
high forbulge. This means that, as the load ad-
vances across the plate, the onset of subsidence at
a given point on the profile will be later, and the
rate of subsidence higher for a low compared to a
high flexural rigidity (Sinclair et al., 1991; Cramp-

ton and Allen, 1995). In a sediment-filled basin
the forebulge will be less high, because the flex-
ural response to the sediment load interferes with
the one from the orogenic load, resulting in a less
well developed forebulge. Since we are interested
in the Flysch to Molasse transition, we assume that
the foredeep is completely filled with sediments.

8.3 Results and discussion

Flexural profiles derived from the above calcula-
tions image three out of the four depozones asso-
ciated with foreland basin systems, i. e., the fore-
deep, the forebulge and the backbulge. Although,
the shape of the flexural profile depends on a mul-
titude of factors as outlined above, the correspond-
ing magnitudes of either downbending or uplift
agree with field observations. According to De-
Celles and Giles (1996) foredeep depozones are
commonly 2 to 8km thick, forebulges are ∼ 10m
to several 100m high and backbulges are gen-
erally not deeper than 200m. Maximum calcu-
lated values are 2km, 150m and 20m, respectively
(Fig. 8.3). The temporal evolution of the flexural
profiles further indicates that:

i. During early stages of orogenic evolution, in-
cremental deepening of the foredeep as well
as incremental uplift of the forebulge is high,
but decreases with further convergence. This
is to be expected, since both the width and the
height of the pro-wedge, are best described
by a power law (section 5.3.7).

ii. Each thrust initiation phase is followed by
a deepening of the foredeep and uplift of
the forebulge, an observation, which has
been documented by Jordan and Flemings
(1991) as well. Thrust episodes lead to depth
changes of ∼ 1m of the backbulge region.

iii. For a given lateral position, thrust induced
change of the depth of the foredeep decreases
with increasing proximity to the orogen. In
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contrast, each thrust event has a profound ef-
fect on the height of the forebulge, which
is consistent with previous analytical studies
(e. g., Jordan and Flemings (1991)).

Although associated with lower magnitudes,
these three phenomena can be as well observed
in both the pro- and the retro-wedge erosion case
(Fig. 8.3b, c). Furthermore, we found that also
retro-wedge erosion has a significant influence on
the spatio-temporal evolution of the pro-foredeep.
The above results confirm thus, the expected and
well established link between the evolution of oro-
genic belts and their foreland basin system (De-
Celles and Giles, 1996). There are however, some
implications, which deserve further discussion.

The CCW concept predicts and sandbox sim-
ulations confirmed that the lateral and vertical
growth of an orogenic wedge follows a power law
(Dahlen, 1990; Mulugeta and Koyi, 1992; Hoth
et al., 2006). The disagreement between theoreti-
cally predicted and experimentally derived power
law coefficients is not considered here, but was
discussed in section (5.3.7). If the width and the
height of an orogenic belt grow proportional to
the convergence (t) by t0.5, then the respective in-
cremental change, which is described by the first
derivation (−0.5t0.5), decreases with time. It fol-
lows that the associated increase of the load of
the orogenic wedge onto its foreland and thus
the resulting increase of the deflection decreases
through time as well. At the same time how-
ever, the surface of the wedge, prone to be eroded,
grows proportional to the convergence (t) by 2t0.5

and is thus twice as fast as the lateral and verti-
cal growth. If one further assumes a constant ero-
sion rate of the wedge and a constant sedimenta-
tion rate within the foredeep, a change from un-
derfilled (fast addition of new accommodation), to
overfilled (slow addition of new accommodation)
would result. This transition would be thus an
emergent consequence of the imposed kinematic
boundary conditions. We therefore propose a two-
staged evolutionary model. During early stages of

convergence the rate of orogenic growth/advance
is high and so is the rate of flexure induced sub-
sidence within the foredeep. Debris derived from
the orogen is deposited in a deep and probably un-
derfilled foredeep (Flysch-type). At a later stage
of convergence the rate of flexure induced subsi-
dence within the foredeep decreases. The latter
is successively filled and may reach a point in its
evolution where all sediments are bypassed (over-
filled or Molasse-type). There is thus no need to
invoke a halt of convergence or a slab breakoff to
explain the Flysch to Molasse transition. A slow-
down of thrust front advance associated with the
Flysch to Molasse transition has been documented
for the Swiss Alps and the Longmen Shan Thrust
Belt (Sinclair, 1997b; Yong et al., 2003; Kempf
and Pfiffner, 2004) and has been postulated for the
Pyrenees as well (Labaume et al., 1985).

The influence of erosion on the orogen-foredeep
system would be twofold. First, erosion controls
the geometry and the propagation of an orogenic
wedge and thus determines the incremental addi-
tion of load responsible for the flexure. Second,
erosion provides the debris with which the fore-
deep is filled. Consequently, intense erosion of the
pro-wedge promotes the Flysch to Molasse transi-
tion within the pro-foredeep and would thus lead
to a short-lived underfilled foreland basin system.
This might explain the scarcity of early Flysch de-
posits in the foredeep of the Himalayas, Taiwan
and the Pyrenees, which were subject to intense
erosion on their respective pro-wedges (Covey,
1986; Fitzgerald et al., 1999; Najman et al., 2004).

We further highlight the far-field connection
between retro-wedge erosion and the spatio-
temporal evolution of the pro-foredeep. In a pre-
vious section (6.2) we demonstrated that retro-
wedge erosion influences thrust activity within
the pro-wedge and thus seismicity. Consequently,
retro-wedge erosion does also change the load dis-
tribution of the pro-wedge and thus the flexure
of the pro-lithosphere. Given that the magnitude
of strain transfer between the pro- and the retro-
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tributed erosion of: (b) Retro-wedge, (c) Pro-wedge.

wedge decreases while the former grows laterally,
the above far-field influence might be only de-
tectable during early stages of convergence.

Episodes of thrust activity result in
transgression-regression cycles, where trans-
gressions on the distal side correlate with
regressions on the proximal or forebulge side
(Fig. 8.3, Flemings and Jordan (1990)). Such
a scenario is supported by observations from
the Karoo Basin, which formed in response to
the advance of the Cape Fold Belt (Catuneanu
and Elango, 2001). The Late Permian to Early
Triassic Balfour Formation, which was deposited
during the overfilled phase of the Karoo Basin,
consists of six third-order depositional sequences
separated by prominent subaerial unconformities.

In the absence of any evidence for a climatic or
eustatic forcing, these six sequences are thought
to result from thrust episodes within the Cape
Fold Belt (Catuneanu and Elango, 2001). The
average duration of each cycle was calculated to
be 0.66Ma.

Similarly, thrusting within the Swiss Alps might
explain the stepwise nature of transgressions
within the North Alpine Foreland basin between
50Ma and 37Ma (Kempf and Pfiffner, 2004).
This observation has been previously attributed
to crustal-scaled inhomogeneities, which tend to
focus plate bending (Waschbusch and Royden,
1992). Thus, further analysis of the kinematic evo-
lution of the advancing Alpine orogen is required
to address this issue.
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Migration of an orogen towards its foreland
is associated with a coevally migrating flexural
wave. In submarine foreland basins forebulges
are preferred sites for carbonate platforms to de-
velop (Crampton and Allen, 1995; DeCelles and
Giles, 1996). Consequently, sites of active car-
bonate deposition may first experience uplift and
erosion, associated with karstification and are fi-
nally drowned due to the submergence beneath the
photic zone (Galewsky, 1998). Carbonate plat-
form drowning is controlled by the maximum up-
ward growth potential of the platform-building or-
ganisms and the rate of sea level rise relative to the
platform. The latter depends on the tectonically
induced subsidence and on eustatic sea-level vari-
ations. It follows that the interplay between defor-
mation and surface processes within the advanc-
ing orogen controls the duration of forebulge up-
lift and thus the degree of karstification (Crampton
and Allen, 1995) and finally the rate of drowning.
In the North Alpine Foreland basin, karstification
below the drowning unconformity surface reaches
up to 100m down into the limestones, resulting
in an extensive interconnected system of macro-
pores, which may finally form hydrocarbon reser-
voirs (Crampton and Allen, 1995). Thus, the un-
derstanding of the eroding orogen may finally help
to predict forbulge plays. Furthermore, forebulge
unconformities are preferred sites of Mississippi
Valley Type deposits (Leach et al., 2001; Bradley
and Leach, 2003). Their formation might be in-
duced by an eroding orogen, hundreds of kilome-
ters away.
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9 Perspectives

Scaled 2D sandbox simulations were used to in-
vestigate the influence of kinematic boundary con-
ditions as well as erosion on bivergent wedge-
evolution. Analysis of experimentally derived data
focused on: (i) the spatio-temporal distribution
of deformation, (ii) the associated surface uplift
and (iii) particle paths. These results were com-
pared with observations from other simulation as
well as field studies and were found to be in gen-
eral agreement. A variety of predictions has been
derived, among them: (i) the four-staged evolu-
tionary model, (ii) the accretion cycle, which im-
poses an internal clock to wedge-scaled deforma-
tion, (iii) strain partitioning in time and space, (iv)
the system-immanent variability in strain accumu-
lation, (v) the derivation of an end-member model,
i. e., time-predictable versus spacing-predictable,
which bears some implications for hazard assess-
ment studies, (vi) far-field effects, i. e., retro-
wedge erosion influences the deformation within
the pro-wedge and thus the evolution of the pro-
foredeep, (vii) the Flysch to Molasse transition
and finally, (viii) implications for fluid flow and
associated ore/hydrocarbon deposits in continen-
tal collision zones. Nevertheless this study could
be faced with the question that no individual nat-
ural laboratory has been used to tie and to compare
with. However, two arguments are raised in favour
of the strategy, which investigates parameters first
and looks at specific mountain belts second. First,
not all data needed to compare experimental re-
sults with nature are available for one orogen or
for a specific time interval. Second, and probably
most importantly, boundary conditions do matter.
The perception of how nature works commonly
guides the setup of physical and numerical simu-
lations. The respective results and interpretations
do however only mirror the interplay of the kine-
matic and dynamic boundary conditions and thus
reflect finally the initial perception. In addition,

subtle parameter variations, whose natural varia-
tions are poorly known, may not be appropriate
for a first order study, unless testable predictions
are derived. We finally conclude that changing
the boundary conditions during simulations, iden-
tifying their equivalents in nature while transfer-
ring experimentally derived time-series to nature,
is and remains a very crucial issue to unravel such
beautiful processes as mountain building. Future
work shall be aimed at testing the above predic-
tions and hypotheses.
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A Abbreviations and symbols

Abbreviations

CCW Critical Coulomb Wedge theory
EDM Evolution of Deformation Map
ELA Equilibrium Line Altitude
ISU Incremental Surface Uplift
OOSD Out-Of-Sequence Displacement index
PIV Particle Image Velocimetry

Symbols related to CCW

x,y,z Cartesian coordinates [m]
τ Shear stress [Pa]
τb Basal shear stress [Pa]
µ0 Coefficient of internal friction
µb Coefficient of basal friction
φ0 Angle of internal friction [◦]
φb Angle of basal friction [◦]
C Cohesion [Pa]
σN Normal stress [Pa]
p f Fluid pressure [Pa]
ρ Density of wedge [kg/m3]
g Acceleration due to gravity = 9.81 [m/s2]
Hw height of wedge [m]
ρw Density of water [kg/m3]
D Height of the water column [m]
λ0 Internal Hubbert and Rubey pore fluid ratio
λb Basal Hubbert and Rubey pore fluid ratio
K Push from the rear
α Surface slope [◦]
β Dip of the detachment [◦]
Ψ0 Angle between σ1 and the surface slope [◦]
Ψb Angle between σ1 and the detachment [◦]

Symbols related to the scaling of analogue experiments

S Scaling factor
C Cohesion of natural rocks [Pa]
ρ Density of natural rocks [kg/m3]
g Acceleration due to gravity = 9.81 [m/s2]
CM Cohesion of analogue materials [Pa]
ρM Density of analogue materials [kg/m3]
a Acceleration during analogue experiments = 9.81 [m/s2]
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132 A. Abbreviations and symbols

Symbols related to experiment analysis

H0 Height of the undeformed multilayer [m]
H Height above the singularity [m]
L f p Horizontal distance between the deformation front of frontal accretion and the singularity [m]
Lbp Horizontal distance between the deformation front of basal accretion and the singularity [m]
Lr Horizontal distance between the deformation front of the retro-wedge and the singularity [m]
U Uplift [m]
E Erosion [m]
D Length of a thrust [m]
exy Horizontal shear strain [%]
s f w Sample standard deviation of wavelength of frontal accretion
s f s Sample standard deviation of spacing of frontal accretion
sbw Sample standard deviation of wavelength of basal accretion

Symbols related to the calculation of flexure

V0 Vertical load of orogen [N]
W Width of the hypothetical orogen = 1 [m]
L Converted length of the pro-wedge [m]
Hc Converted height of the axial-zone above the singularity [m]
α Flexural parameter [m]
D Flexural rigidity of the plate [Nm]
g Acceleration due to gravity = 9.81 [m/s2]
ρorogen Density of a hypothetical orogen [kg/m3]
ρsed Density of sediments with which the foredeep is filled with [kg/m3]
w0 Deflection of plate at x = 0 [m]
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B Supplementary data on DVD

Experiment 9.05: 9.05 basis.avi Experiment 9.35: 9.35 basis.avi
9.05 vx.avi 9.35 vx.avi
9.05 vy.avi 9.35 vy.avi
9.05 exy.avi 9.35 exy.avi

Experiment 9.06: 9.06 basis.avi
9.06 vx.avi
9.06 vy.avi
9.06 exy.avi

Experiment 9.09: 9.09 basis.avi
9.09 vx.avi
9.09 vy.avi
9.09 exy.avi

Experiment 9.10: 9.10 basis.avi
9.10 vx.avi
9.10 vy.avi
9.10 exy.avi

Experiment 9.11: 9.11 basis.avi
9.11 vx.avi
9.11 vy.avi
9.11 exy.avi

Experiment 9.15: 9.15 basis.avi
9.15 vx.avi
9.15 vy.avi
9.15 exy.avi

Experiment 9.20: 9.20 basis.avi
9.20 vx.avi
9.20 vy.avi
9.20 exy.avi

Experiment 9.25: 9.25 basis.avi
9.25 vx.avi
9.25 vy.avi
9.25 exy.avi
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C Technical specifications of tested springs

Number of spring Diameter of wire Mean diameter of spring External diameter of spring FNmax
[mm] [mm] [mm] [N]

KM 3315 1.6 20.0 21.6 57.25
KM 3349 1.8 18.2 20.0 101.60
KM 3375 2 19.0 21.0 84.16
KM 3415 2.5 20.0 22.5 200.70
KM 3447 3.0 19.8 22.8 407.60
KM 3465 3.2 20.0 23.2 442.20

Table C.1: Technical specifications of tested springs.
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D List of experiments

Test-experiments Group A

Material Sand: S30T 1st charge, 20−630 µm
Glass beads: 300−400 µm
Sandpaper: < 400 µm

Setup No flexure, thickness of lower (upper) plate 5 (10) cm,
position of glass-bead layer in lower (upper) plate at 2.5 (5) cm

Documentation Photos at every 10cm of convergence, video

Experiment Location of erosion Mode of erosion∗

4.06 ∅ ∅
4.07 pro-wedge distributed
4.08 retro-wedge distributed

∗ Erosion was simulated after 40cm of convergence, at every 10cm of convergence (see section 4.2).

Table D.1: Test-experiments Group A

Test-experiments Group B

Material Sand: S30T 2nd charge, 20−630 µm
Glass beads: 300−400 µm
Sandpaper: < 400 µm

Setup Flexure (spring KM3415 [4 in text])

Documentation Photos at every 10cm of convergence, video

Experiment Distance spring - free end [cm] Thickness of lower/upper plate [cm] Thicknessratio lower : upper sand unit∗

9.01 44 3/10 1 : 1
9.02 44 6/6 1 : 1
9.03 44 6/6 1 : 2
9.04† 30 6/6 1 : 2

∗ Lower sand unit is located beneath, upper sand unit is located above the glass-bead layer.
† No photographic documentation.

Table D.2: Test-experiments Group B
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138 D. List of experiments

1st experimental series

Material Sand: S30T 2nd charge, 20−630 µm
Glass beads: 300−400 µm
Sandpaper: < 400 µm

Setup Flexure (spring KM3415 [4 in text] 30cm from free end)
No change of the mechanic stratigraphy across the singularity.
An additional glass-bead layer is located between upper
plate base and sand.
Thickness of the sand layer 6cm.

Documentation Photos at every 10cm of convergence, video, PIV

Experiment Flexure Number of detachments Height of detachment layer(s) above conveyor belt [cm]

9.05 X 1 2
9.15 X 0 ∅
9.20 X 2 2 and 4
9.25 ∅ 1 2
9.35∗ X 0 ∅
∗ Upper plate consists of mortar.

Table D.3: Kinematic boundary conditions of 1st experimental series.

2nd experimental series

Material Sand: S30T 2nd charge, 20−630 µm
Glass beads: 300−400 µm
Sandpaper: < 400 µm

Setup Flexure (spring KM3415 [4 in text] 30cm from free end)
Mechanic stratigraphy is the same as in experiment 9.05,
which is used as reference.
An additional glass-bead layer is located between upper
plate base and sand.

Documentation Photos at every 10cm of convergence, video, PIV
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Experiment Location of erosion Mode of erosion∗

9.05† ∅ ∅
9.06 retro-wedge distributed
9.07 pro-wedge §

9.08 retro-wedge distributed‡

9.09 pro-wedge distributed
9.10 pro-wedge focused
9.11 retro-wedge focused

∗ See section 4.2 for further description. Erosion was simulated after 40cm of convergence, at every 10cm of convergence.
† Reference experiment.
§ Maximum erosion (distributed) of 1cm per 10cm of convergence at the toe of the pro-wedge.
‡ Maximum erosion 2cm was simulated at every 20cm convergence.

Table D.4: Kinematic boundary conditions of 2nd experimental series.

3rd experimental series

Material Sand: S30T 2nd charge, 20−630 µm
Glass beads: 300−400 µm
Sandpaper: < 400 µm

Setup Flexure (spring KM3415 [4 in text] 30cm from free end)
Mechanic stratigraphy is the same as in experiment 9.05,
which is used as reference.
An additional glass-bead layer is located between upper
plate base and sand.

Documentation Photos at every 10cm of convergence, video, PIV

Experiment Mode of erosion∗ Maximum erosion of pro-/retro-wedge [cm]†

9.12 distributed 0.5/1
9.16 focused 0.5/1
9.17 distributed 1/0.5
9.18 focused 1/0.5

∗ See section 4.2 for further description. Erosion was simulated after 40cm of convergence.
† Per 10cm convergence.

Table D.5: Kinematic boundary conditions of 3rd experimental series.
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4th experimental series

Material Sand: S30T 2nd charge, 20−630 µm
Glass beads: 300−400 µm
Sandpaper: < 400 µm

Setup Flexure (spring KM3415 [4 in text] 30cm from free end)
Mechanic stratigraphy is the same as in experiment 9.05,
which is used as reference.
An additional glass-bead layer is located between upper
plate base and sand.

Documentation Photos at every 10cm of convergence, video, PIV

Experiment Mode of erosion∗ Location of erosion Maximum erosion [cm]†

9.21 distributed retro-wedge 0.5
9.22 distributed retro-wedge 2

∗ See section 4.2 for further description. Erosion was simulated after 40cm of convergence.
† Per 10cm convergence.

Table D.6: Kinematic boundary conditions of 4th experimental series.

5th experimental series - Cascadia (Conducted by Dirk Scherler and Silvan Hoth)

Material Sand: S30T 2nd charge, 20−630 µm
Glass beads: 300−400 µm
Sandpaper: < 400 µm

Setup Flexure (spring KM3415 [4 in text] 30cm from free end)
No change of the mechanic stratigraphy across the singularity,
except a glass-bead layer between upper plate base and sand.
Exp. 9.23. Mechanic stratigraphy is the same as in experiment 9.15.
Exp. 9.24. Incoming layer consists of 3cm sand, upper plate is made
up of mortar, which also covers the first 70cm of the lower plate.

Erosion Exp. 9.23. Erosion pattern resembles the one observed in Cascadia.
Erosion was simulated at every 10cm of convergence, after 100cm
of initial convergence.
Exp. 9.24. Erosion pattern resembles the one observed in Cascadia.
Erosion was simulated at every 20cm of convergence, after 290cm
of initial convergence.

Documentation Photos at every 10cm of convergence, video, PIV
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