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Eine Wolke zieht vorbei,
der Himmel ist so blau
und klar wie zuvor.
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Summary

Orogens can form at convergent margins by plate subduction or collision. Deformation is hereby
accumulated via brittle deformation in the upper crust, controlled by the strength of the lithosphere and
therefore linked to the friction coefficients and cohesion of the rocks. Ductile deformation in the lower
crust depends on the strain rate and the rock’s rheology, which again is controlled by temperature,
pressure and mineral composition. Deformation processes and their basic mechanisms are widely
understood, whereas the knowledge about the distribution of strain accumulation in space and time
on various scales is still insufficient. However, this is crucial for the determination of the dominant
deformation frameworks (e.g., continuum-Euclidean model, block model, fractal complexity).

In this thesis, the distribution of strain accumulation on the orogen scale is examined, both in

space and in time (geological long-term deformation up to 107a), plus its interaction with the next smaller
“regional” scale. Using the existing literature, | compiled a comprehensive data base on deformation
activity in the Central Andes (17-27°S and 69-63°W), complemented by artificial data from analogue
simulations monitored by a high-resolution system employing “particle imaging velocimetry” (PIV).
By means of statistics and geostatistics, | can quantify characteristic scale lengths of active structures
and their typical duration for the regional scale, which are on the order of 150-200 km width and 200-
300 km length and 2-4 Ma, respectively. On the orogen scale, the scale lengths are multiples of these
values, as the orogen scale represents a summary of the active structures on the regional scale, being
adjacent and coevally active. These scale lengths are artefacts resulting from the current resolution of
the data set.

Furthermore, | analyzed the effect of both system internal and external parameters on the
resulting strain pattern for the above mentioned scales. In a first experimental series that simulates only
the upper crust using granular media, | show that deformation patterns are controlled by mechanical
heterogeneities. Threshold values exist for coupled parameters of both basal (20%) and internal (35%)
strength contrasts, which determine if either wedge-like or plateau-style settings will result. These
threshold values indicate the absence of gradual transitions between the two endmembers. | was also
able to reproduce the spatiotemporal strain evolution of the Central Andean plateau. Yet, the controlling
parameter combination in the analogue models is very different from those proposed for the natural
example. This indicates that a resulting strain pattern is possibly explained by more than only one
parameter combination. Thus, we cannot conclusively infer information from the resulting picture on the
controlling factors to relate causes and effects.

A second analogue series simulates the upper crust to the asthenosphere to study the crucial
parameters that have to be met in a young system to initiate the plateau formation. A plateau is initiated
when two anticlinal hinges enclose an undeformed basin, which is subsequently drained. This is bound
to a critical lateral strength contrast within the system combined with a curved geometry. Furthermore,
a normal density profile is required, as well as decoupling of the upper crust deformation from layers
below.

Comparing three experiments of plateau initiation clearly shows that controlling factors can be
of first or second order. The first order parameters actively change the resulting deformation patterns
on the orogen scale (e.g., plate geometry) whereas the second order factors become effective only on
the next smaller “regional” scale (e.g., additional decoupling horizons), while the orogen scale pattern
remains the same. Thus, the effect of controlling parameters is scale-dependent.

In spite of such an unusually well resolved data set on strain accumulation both in space and time
from nature, we cannot conclusively distinguish the varying deformation frameworks, possibly due to a
still insufficient data resolution. Depending on the applied resolution, we might unintentionally integrate
data from different scales, so that their original strain pattern cannot be identified. It is nevertheless
likely that dominant frameworks alternate over time. For example, at the beginning of the formation of a
deformation system, only a few regional structures are active for the entire orogen scale. Within these
active areas, a fractal pattern will establish during an initial stage (e.g., 46-37 Ma). In a subsequent stage,
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more regional areas become active that are distributed throughout the orogen. Thus, fractal patterns
will be established on the orogen scale within 8-10 Ma as can be observed for the spatial distribution
of shortening rates (between 36-16 Ma). Once a rock volume has been saturated with strain, it will
accumulate elsewhere. This is true when the plateau interior becomes inactive at 15 Ma, and the system
prepares for a transfer of strain accumulation to the Inter/ Subandean after 15 Ma. The development
starts again with initial strain accumulation in few areas that eventually develop a fractal pattern.

The strain distribution pattern does not provide conclusive information on the underlying
deformation mechanisms. For example, both strain weakening and strain hardening can affect a
deformation system that is basically fractal. Such deformation modes can coincide with the different
deformation frameworks. Both likely alternate in space and time and so does their effect on different
scales. Generally, the lack of highly resolved data precludes the identification of the respective patterns
and deformation modes.
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Zusammenfassung

An konvergenten Plattenrédndern kénnen durch Kollision zweier Platten oder Subduktion Orogene
entstehen. Dabei hangt spréde Deformation der oberen Kruste von der Festigkeit des Gesteins, und
damit vom Reibungskoeffizienten und der Kohésion ab. Duktile Deformation in der unteren Kruste ist
abhéngig von der Strainrate und der Rheologie des Materials, die wiederum von Faktoren wie der
Temperatur, dem Druck und der Zusammensetzung des Gesteins bestimmt wird. Deformationsprozesse
und die zugrunde liegenden Mechanismen sind weitgehend verstanden. Hingegen ist bis heute noch
unzulanglich erklart, wie die Deformation in rdumlicher und zeitlicher Verteilung auf verschiedenen
Skalen akkumuliert wird, und welche Faktoren dabei eine bedeutende Rolle spielen. Dies ist jedoch
wichtig flr das Verstéandnis der moéglichen Deformationsmodelle (Kontinuumsmodell, Blockmodell,
fraktale Komplexitat).

Diese Arbeit untersucht die Verteilung von Deformation insbesondere auf der Orogenskala,
sowohl im Raum als auch in der Zeit (geologische Langzeitdeformation bis 107a) sowie deren Interaktion
mit der nachst kleineren ,regionalen Skala. Die Datengrundlage bildet zum einen eine umfassende
Kompilation publizierter Deformationsdaten fir die Zentralanden (17-27°S und 69-63°W), sowie
experimentelle Daten aus der Analogmodellierung, die aufgrund des gewdahlten Aufnahmesystems
(»particle imaging velocimetry®, PIV) sehr hoch aufgelést sind.

Mittels statistischer und geostatistischer Untersuchungen der rdumlichen und zeitlichen
Deformationsverteilung kann ich charakteristische Skalenldngen aktiver Strukturen sowie deren
Deformationsdauer quantifizieren. Auf der regionalen Skala sind typischerweise Bereiche von 150-
200 km Breite und 200-300 km Lange uber 2-4 Millionen Jahre aktiv. Auf der Orogenskala haben
aktive Strukturen ein Vielfaches dieser Werte, was auf eine raumliche und zeitliche Zusammenfassung
benachbarter aktiver Strukturen der nachst kleineren Skala aufgrund der vorliegenden Datenauflésung
zurtckzufuhren ist.

Ferner habe ich systeminterne und externe Parameter auf ihre Wirkung auf das resultierende
Deformationsmuster flir die oben genannten Skalenbereiche untersucht. In einer ersten Experimentserie,
die mit granularen Materialien nur die obere Kruste simuliert, zeige ich, dass mechanische
Heterogenitaten das Deformationsmuster bestimmen. Parameter, die laterale (mind. 35%) und basale
(mind. 20%) Festigkeitskontraste koppeln, weisen kritische Schwellenwerte auf, die bestimmen, ob ein
keilartiges oder plateau-ahnliches Deformationssystem entsteht. Die Existenz dieser Schwellenwerte
deutet daraufhin, dass es keine graduellen Ubergénge zwischen Systemtypen gibt.

Mit dieser Analogserie konnte ich die rAumlich-zeitliche Entwicklung der Deformationsverteilung
der Zentralanden reproduzieren, deren Grundlage o0.g. mechanische Heterogenitaten bilden, also
andere Parameter als fir die Natur postuliert wird. Dies weist darauf hin, dass ein Deformationsmuster
nicht durch eine einzige Parameterkombination erzeugt und erklart werden kann, sondern mehrdeutige
Schlussfolgerungen zulasst. Mit anderen Worten bedeutet dies, dass ein Deformationsmuster, wie wir
es heute vorfinden, keine eindeutigen Rlckschlisse auf seine verursachenden Faktoren ermdéglicht.

In einer zweiten Analogserie, in der die obere Kruste bis zur Asthenosphare modelliert wird,
untersuche ich die Parameter, die die Plateauformation initiieren. Diese Initiierung besteht aus der
Bildung zweier Gebirgsricken, die eine flache, relativ undeformierte Ebene einschlieen, welche im
folgenden von jeglichen Materialzuflissen abgetrennt wird. Dies geschieht nur, wenn kritische laterale
Festigkeitskontraste existieren, die zudem eine gekrimmte Geometrie aufweisen. AuBerdem muss ein
normales Dichteprofil der Lithosphére vorliegen, und die Deformation der oberen Kruste von ihrem
Unterlager entkoppelt sein.

Der Vergleich von drei Experimenten, in denen es zur Plateauinitierung kommt, zeigt, dass
Einflussfaktoren ersten und zweiten Grades existieren. Die des ersten Grades (z.B. Plattengeometrie)
bestimmen das resultierende Gesamtmuster des Systems, wohingegen die Faktoren zweiten Grades
(z.B. zusatzliche Entkopplungshorizonte) nicht das Muster der Orogenskala beeinflussen, sondern
nur die nachst kleinere ,regionale“ Skala. Dies weist darauf hin, dass der Einfluss von verschiedenen
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Faktoren je nach Skala unterschiedlich sein kann.

Trotz der einmaligen rdumlich und zeitlich hochaufgelésten Datengrundlage aus der Natur ist
eine Aussage Uber die zugrunde liegenden Deformationsmechanismen nicht eindeutig méglich, da die
zeitliche und raumliche Auflésung eventuell immer noch nicht hoch genug ist. Je nach verwendeter
Auflésung kann es dazu kommen, dass Daten unterschiedlicher Skalen zusammengefasst werden, und
damit nicht mehr ihr urspriinglich zugrunde liegendes Muster erkennbar ist.

Es besteht allerdings Grund zur Annahme, dass sich das Muster des betrachteten Systems auch
Uber die Zeit &ndert. Zu Beginn der Entwicklung eines Deformationssystems (fir die Zentralanden von
46 bis ca. 37 Ma) beschranken sich aktive Strukturen auf einige wenige regionale Bereiche, die intern
fraktale Muster aufweisen kénnen. Erst nach einer gewissen Zeitdauer bzw. Deformationsintensitét (also
einer initialen Phase) hat sich die Aktivitat auf regionaler Ebene im Gesamtorogen verteilt (ab ca. 36
Ma), so dass nun das Gesamtsystem eine fraktale Verteilung der Verkurzung aufweist (bis ca. 15 Ma).
Sobald die Deformationsakkumulation im Kern des Plateaus abgeschlossen ist, dieser Bereich also
inaktiv wird, beginnt erneut eine ,initiale“ Phase. Dies kdnnte dem Transfer von Strainakkumulation aus
dem Kern des Plateaus in den Faltentuberschiebungsgtrtel des Inter/Subandins ab 15 Ma entsprechen.
Das erste fraktale Muster bliebe dabei bestehen.

Ein zugrunde liegendes Verteilungsmuster lasst keine eindeutigen Ruckschlisse auf die
dominanten Deformationsmechanismen zu. So kénnen sowohl strain weakening als auch strain
hardening Effekte erzeugen, wenn das zugrunde liegende Muster generell fraktal ist. Die verschiedenen
Deformationsmodelle und Deformationsmechanismen kénnen also zeitlich und rAumlich zusammenfallen
und schlieBen sich dabei nicht aus. Aufgrund mangelnder Datenauflésung kann die genaue Zuordnung
in Raum und Zeit jedoch oft nicht quantifiziert werden.
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1. Introduction

The aim of this dissertation is to quantify
scaling relations of strain accumulation in nature
on various temporal and spatial scales, in order
to characterize the underlying deformation
mechanisms, and to answer the questions 1) if
strain accumulation is scale-invariant or if it occurs
in characteristic patterns with typical structural
lengths and durations, and 2) how a deformation
system and its strain pattern is influenced by
parameter changes (Chapter 2). It hereby focuses
on the orogen scale and the next smaller “regional”
scale, which includes fault networks as well as
single faults and shear zones within geological
timespans of millions of years (Ma). To date, these
scales representing the upper magnitudes are the
least studied in literature.

As a base for (geo)statistical analysis
(Chapter 3), | compiled a comprehensive
database on deformation activity (published in
Oncken et al., 2006) using the natural example of
the Central Andean plateau (17-27°S, 69-63°W;
Chapter 4). This allows to detect characteristic
structural lengths and deformational patterns in
time on the above mentioned two scales (Chapter
5). The natural data set is complemented by
artificial data sets from two different series of
analogue experiments (a granular series and a
brittle-viscous series), to cover the “time scales” in
between earthquakes and long-term deformation,
allowing the analysis of parameter effects on the
patterns of strain accumulation.

Hence, | can examine 1) combinations
of controlling parameters, that reproduce the
spatiotemporal strain distribution observed in
the Central Andes (Chapter 6); 2) the effect of
parameter changes (in particular mechanical
heterogeneities) on the resulting deformational
pattern (Chapter 6 and 7); and 3) the effect of
parameter changes on the strain pattern of both the
orogen and the regional scale and their interaction
(Chapter 7).

The experiments were monitored by a
special camera system employing “particle imaging
velocimetry” (PIV), which allows the calculation
of the complete particle displacement field. It
provides high resolution of deformation both in
space and time. This also allows the quantification
of temporal and spatial variation and interaction of
strain accumulation within and across structures of
the analogue data (Chapter 8). Placing the results
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for the upper scales in the context of general
scaling relations, | discuss their significance for the
underlying deformation mechanisms, comment
on potential consequences for geological studies,
and give an outlook on future research (Chapter
9).

STRUCTURE OF THESIS

Apart from the introduction (Chapter 1), the
dissertation is divided into eight further chapters:
a review of the common deformation frameworks,
scaling relations and their dependence on
parameter changes (Chapter 2); a description of
the applied methods (Chapter 3); a description
of the tectonic setting of the Central Andean
plateau (Chapter 4); three scientific manuscripts
for publication in international peer-reviewed
journals (Chapter 5, 6, 7); additional analogue
data (Chapter 8); and conclusions with outlook
on future research (Chapter 9). The appendix
includes all references used in any of the chapters,
the deformation database used in Chapter 5, more
geostatistical data, data for the sensitivity analysis,
a short documentation on all performed granular
experiments with set-up sketches, material
properties of vise experiments, acknowledgments,
and a CV.

DESCRIPTION OF CHAPTERS

Chapter 1 presents the main objective
and structure of the thesis and the topics of the
following eight chapters.

Chapter 2 reviews the main deformation
frameworks and their characteristic structures. It
is likely that not a single framework is dominant for
strain accumulation at a given time, but that more
than one are either coinciding (both in a spatial
and temporal sense) or alternating. Previous
studies have either focused on spatial scales on
or below the regional scale excluding the orogen
scale, or are only applicable to plate margins.
More research has been done on the comparison
of displacement rates on the geological timescale
vs. seismic events (Friedrich et al., 2003; 2004),
which often does not cover the intermediate time
scales (Leffler et al., 1997; Liu et al., 2002; Klosko
etal., 2002). However, the given examples suggest
the existence of deformation patterns in time,
probably overprinting each other and therefore not
to be discriminated in the field. Scaling relations are
further complicated by the effect of both internal
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1. Introduction

and external parameters and their changes over
time, which do not necessarily occur on the same
scale.

Chapter 3 introduces the applied methods,
i.e., (geo)statistics and analogue modelling with
the particle imaging velocimetry (PIV) technique.
| present the advantages of these methods, but
also point out the technical limitations confining
the data interpretation.

Chapter 4 provides an overview on the
geodynamic setting of the Central Andean plateau,
the characteristics of the Altiplano and Puna
plateaux and their differences.

Chapter 5isthefirstin the series of scientific
manuscripts and examines if critical spatial and
temporal patterns are present in the distribution
of strain accumulation in the Central Andes (17°-
27°S) on the orogen scale, and how these patterns
are influenced by active deformation on the smaller
regional scale. The analyzed deformation data
were compiled from literature and are included
in the appendix A (database was previously
published in Oncken et al., 2006). The data are
rearranged into one million year steps (comprising
a total of 46 million years) and further analyzed
by means of frequency statistics and geostatistics
including variogram analysis.

Chapter 6 shows results from the first
analogue series, in which the upper crust is
modelled with granular materials. In two set-ups
of different dimensions (and therefore different
geometric scaling factors), numerous parameters
were tested on their influence on the resulting
strain accumulation pattern. They included
system internal factors, namely horizontal and
lateral mechanical heterogeneities, and external
parameters such as erosion and indentation by a
curved plate.

Chapter 7 discusses results from the
second analogue series (“vise models”), where
brittle material is used for the upper crust and
viscous materials are employed for the lower
crust and mantle lithosphere (these layers rest
isostatically on the asthenosphere). With this
series | studied the initial conditions that have to
be met in a system to initiate plateau formation.

Chapter 8 provides additional PIV analogue
data, that have the potential for quantification of
variation andinteraction of strain accumulation both
within and across active structures, including their
changes over time. Also, PIV data of incremental

velocity fields allow the comparison to their natural
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analog: GPS data.

Chapter 9 links previous chapters 5, 6,
7, and 8, and puts their main conclusions in the
broader context of deformation frameworks. |
illustrate the dissertation’s contribution to the
ongoing scientific debate, present consequences
and drawbacks for the geoscientific community
and discuss open questions for future research.

SCIENTIFIC MANUSCRIPTS

Chapter5,6,and7 are scientificmanuscripts
that will be submitted to peer-reviewed journals,
or are already under review. K. Schemmann is
responsible for the scientific content and has
written all of them. The contribution of co-authors
is stated below.

Chapter 5 is titled “Orogen-wide patterns
of strain accumulation — the Andean case” by K.
Schemmann, O. Oncken and A. Levander and
will be submitted to Geochemistry, Geophysics,
Geosystems in a revised form including data from
Chapter 5 and 9. K. Schemmann is responsible
for scientific ideas, the choice and implementation
of methods and the scientific content of the
manuscript. O. Oncken helped to improve the
readability of the manuscript. A. Levander provided
input and programming codes for the computation
of data (cf. Chapter 9).

Chapter 6 bears the title “The effect of
mechanical heterogeneity on diversification of
deformation patterns - A modelling study with
granular media” by K. Schemmann and O.
Oncken. The first author carried out all analogue
experiments and is responsible for the scientific
content, ideas and interpretation. O. Oncken
provided useful feedback and helped to strengthen
the manuscript. The manuscript is submitted to
Tectonophysics.

Chapter 7 is called “The effect of
mechanical heterogeneity on plateau initiation - A
modelling study with viscous-brittle media” by K.
Schemmann, D. Boutelier, O. Oncken and A.R.
Cruden. The analogue experiments were carried
out at the Tectonophysics Laboratory, University
of Toronto, with which D. Boutelier and A.R.
Cruden are affiliated. These authors shared their
experience with viscous analogue modelling and
previous vise models (Cruden et al., 2006), and
discussed the experimental results. All co-authors
reviewed earlier versions of the manuscript
to increase its coherence and strength. The

manuscript is submitted to Tectonophysics.
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2. Framework of deformation, scaling relations and dependence on parameter influence

2. Frameworks of deformation,
scaling relations and dependence
on parameter influence

The imbalance between a) tectonic
forces that are characterized by convergence
and coupling between upper and lower plate or
the coupling between the lithosphere and the
underlying mantle, and b) buoyancy forces that
are caused by the lateral and vertical density
contrasts within the lithosphere, is often held
responsible for orogen dynamics (e.g., McKenzie,
1969; Forsyth and Uyeda, 1975; Chapple and
Tullis, 1977; Richardson et al., 1979; Dewey,
1980; Ranalli, 1987), more references in Sengor,
1990). The resulting force first drives the activation
of faults in the upper brittle crust that deforms
according to Byerlee’s law (Byerlee, 1978); the
remaining force is then released as deformation
of the ductile lower lithosphere, depending on
rheology (and therefore temperature) and strain
rate (e.g., Ranalli, 1987; Thatcher, 1995; Royden,
1996; Zoback and Townsend, 2001).

These features are subject to the three
common deformation frameworks (summarized
by Ben-Zion and Sammis, 2003), which differ
according to the mode of strain accumulation and
theirdominantstructures. Thefirstisthe “continuum-
Euclidean” framework, in which the effect of strain
softening decreases the yield strength of the upper
brittle crust and strain localizes at fault planes that
have simple “Euclidean”, i.e., planar geometries.
These faults are evenly distributed in an elastic
continuum accumulating different amounts of
strain (Thatcher, 1995; Behn et al., 2002; Ben-Zion
and Sammis, 2003). The continuum has been
approximated by the simplified "thin viscous sheet
model” (England and McKenzie, 1982), assuming
the lithosphere to be viscous, rheologically
homogeneous and isostatically compensated
(Thatcher, 1995; Townsend and Sonder, 2001).

The second deformation framework is the
“block model”, describing strain accumulation at
the margins of rigid blocks that do not deform
internally (e.g., Jackson,2002). Strain accumulation
is diffuse and occurs in broad shear zones (King
et al., 1994), where faults are numerous, but small.
This is further reinforced by the effect of strain
hardening, which is characteristic for the block
model.

Inthe third model, strain accumulates along
complex structures that follow fractal patterns and/
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or power law relationships (e.g., Turcotte, 1992;
Bak, 1996). The processes of strain softening
and strain hardening balance each other so that
the system is in a “critical state”. Deformation
structures are scale-invariant and self-similar (e.g.,
Turcotte, 1992; Bak, 1996), so that the structures
show neither spatial nor temporal patterns (be it
regional fault networks, single faults or any other
structures within fault zones) (e.g., Ben-Zion and
Sammis, 2003).

One good example for a power law relation
is the Gutenberg-Richter relation, in which the
frequency of seismic events correlates with their
magnitude (Bak and Chang, 1989; Kagan and
Jackson, 1991; Bak, 1996). Similarly, the particle
size in shear zones correlates with the duration
of fragmentation processes (Billi and Storti, 2003),
whereas the displacement of faults in analogue
models correlates with their size, and the size
of faults with slip frequency (Bellahsen et al.,
2003). Fractal patterns exist for particle size in
fault cataclasites (Billi and Storti, 2003), length of
fault segments (Okubo and Aki, 1987; Marrett and
Allmendinger, 1994), and size of crustal blocks
of the block model (Gallagher, 1981; Nur et al.,
1989).

Ben-Zion and Sammis (2003) argue that
fractal patterns and power law relations are not
exclusively indicative of complex structures, as
they can also be found when structures generally
have Euclidean geometries. In a similar fashion,
Turcotte and Glasscoe (2004) point out that
deformation in the crust is not linearly viscous
according to the "viscous sheet model“ (England
and McKenzie, 1982), but according to a power
law relation which correlates stress and strain
rate, and that faults of various sizes equally
accumulate strain. However, they concede that
these arguments do not preclude the “continuum
model”.

Zoback et al. (2002) give another example
in which various models occur in close spatial
proximity, namely along the North American plate
margin (fore-arc and adjacent foreland basin).
High heat flow is responsible for low viscosities
in the lower crust supporting ductile deformation.
When heat flow is high, only small stresses are
necessary to cause brittle deformation at the
same time, which is consistent with the continuum
model. In contrast, the heat flow in the adjacent
foreland basin is very low, causing the crust to

behave as a rigid block, not deforming internally.
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2. Framework of deformation, scaling relations and dependence on parameter influence

This is characteristic for the block model.

Given these examples, it is likely that
models co-exist both in space and time, and that
characteristic structures overprint each other.
Ben-Zion and Sammis (2003) argue that strain
initially accumulates in diffuse shear zones during
a period of strain hardening or along complex
structures. Subsequently, characteristic structures
are dominantly strain softening and strain localizes
along structures. Complex structures that have
played an important role in the initial stage become
more and more planar with increased slip.

Changes from initially diffuse strain
distribution in broad shear zones to strain
localization along planar faults have been
demonstrated in analogue models with granular
media like sand (Adam et al., 2004). Simulations
by Tchalenko (1970) show that deformation initially
accumulates along Riedel shears, then along P-
and Y-shears, and eventually forms narrow shear
zones.

To date, the spatial distribution of
characteristic structures has been better examined
on various scales (from millimeter scale to fault
networks up to plate margins) than the temporal
pattern. This is due to the fact that different stages,
during which characteristic deformation structures
are formed, cannot be easily differentiated in the
field, as structures overprint each other. Therefore,
we lack the details of the deformational patterns
overtime, e.g., regarding the number of deformation
stages and their duration, which again depends
on the spatial scale of the observed structures. In
contrast, sedimentary patterns and stratigraphic
sequences have been studied with much higher
temporal resolution in the outcrop and in seismic
sections.

As far as the temporal aspect of strain
accumulationis concerned, previous studies mainly
focused on the comparison of deformation rates
on the geological long-term scale of several million
years and current GPS rates. In this regard, Leffler
et al. (1997) and Liu et al. (2000) have shown that,
e.g., forthe Central Andes, shortening rates of both
scales are different. Klosko et al. (2002) note that
such a comparison is not straightforward, because
GPS rates also include the elastic component.
The works of Friedrich et al. (2003, 2004) in the
Basin and Range province, USA, additionally
cover time scales over four orders of magnitude in
between and can therefore quantify the duration of

deformation activity from sudden seismic events
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over kiloyears, to millions of years. Their results
also show that displacement rates are different
for each of the studied scales. This suggests the
existence of characteristic deformation patterns
in time. Yet, the characteristics of such patterns
remain to be identified over the scales.

Further complications result from the
diverse impact of parameters that are either
1) intrinsic such as rheological properties with
lateral and vertical mechanical anisotropies (e.g.,
Thatcher, 1995; Townsend and Sonder, 2001;
Jackson, 2002; Pysklywec et al., 2002; Klepeis
et al., 2004); buoyancy effects caused by density
and viscosity contrasts (Townsend and Sonder,
2001; Jackson, 2002); coupling effects between
upper and lower crust or between lithosphere
and mantle (Vanderhaeghe and Teyssier, 2001;
Klepeis et al., 2004); and thermal effects (e.g.,
a. heat flow, Zoback et al., 2002; b. delamination
processes, Corti et al., 2003; Babeyko et al.,
2004a; c. magmatism, Corti et al., 2003; Klepeis
et al., 2004; Trumbull et al., 2006), or 2) influenced
by external factors on the deformation system
including convergence rate, subduction angle,
degree of coupling between the upper and the
lower plates, effect of an indenter during collision
(Pysklywec et al., 2002), and climatic effects
(Schlunegger and Willett, 1999; Zeitler et al., 2001;
Hoth et al., 2004).

Each of these parameters acts on a
particular scale or range of scales in time as well as
in space. However, their impact is likely to extend
to other scales as well. Additionally, parameters
are coupled variously to each other, changing
their influence on a system and thus leading to
an increased complexity of the relation between
causes and effects, both in time and space.

GeoForschungsZentrum Potsdam
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3.1. Geostatistics

Geostatistical methods (e.g., Matheron,
1962; 1970; Journel, 1977; Deutsch and Journel,
1992) are applied to analyze the distribution of
a variable in space (2D), or in space and time
(3D). Variography is one of them, examining the
correlation of variable values across space, i.e., the
spatial change of the variable value in the resulting
variogram. These variograms are approximated
by mathematical models that form the base for
interpolation techniques (e.g., kriging). This allows
filling unknown spaces with probable values, but
is only valid, if the analysed variable is continuous
over space and several other conditions are
met (e.g., Matheron, 1962; 1970; Journel, 1977;
Deutsch and Journel, 1992).

This study analyses the distribution of strain
in the Central Andes. The original deformation
data (database compiled from literature, Appendix
A) includes geographical coordinates of the
study areas as well as the beginning and end
of deformation in the respective areas. Only
those references were included that precisely
documented the geographical location of the study
area and the samples used for dating, as well as
the dating method. In the original format, the data
plot as polygons of various sizes and shapes.

| initially reorganized the data into a grid of
points covering the entire area. To each of these
points information is assigned on beginning and
end of deformation for the given geographical
position, so that the duration of deformation at each
point can be calculated. Additionally, | included
shortening estimates derived from balanced cross
sections (compilation from Oncken et al., 2006),
to gain shortening rates for every data point with
a spatial resolution of 40 km, and a temporal
scale of 1 Ma steps. These lower cut-off values
represent the upper boundary of the error of the
data, meaning that the data are not solid below
these values.

For both the deformation activity and
shortening rates the variables are continuously
distributed in space, as they will only have positive
values or be zero. However, | could not use our
variogram models for interpolation as we do not
precisely know which of the natural boundaries
(e.g., faults) have to be accounted for dividing the
entire area into subareas. For the same reason,
we did not use 3D models: it is hard to distinguish

Scientific Technical Report STR 07/09

6

DOI:10.2312/GFZ.b103-07094

the limits of the correlation between points that are
at a distance, spatially and temporally. Therefore,
we only employ spatial 2D analysis for each time
window of 1 Ma.

Variogram analysis requires that variables
are given with geographical coordinates (x/y) and
individual values. The variation in variable values
from one point to another separated by a distance
h (lag spacing) is calculated according to this
formula (Fig. 3.1):

. N(h)
Vi(h)= 2I\](h) é [z (xi)-z (xi+h)]*

Fig. 3.1: Formula for semi-variogram

This is done for every distance h and in all
possible directions (Fig. 3.2).

(%, y;)

(0,0)

3333
%z

Fig. 3.2: Graphical representation of the distance h between
points. “h” is calculated for all possible directions.

All distances h are plotted on the x-axis
against the variation (y-axis).

The omnivariogram includes all directions
at once, whereas directional variograms can be
calculated for a given direction, which is necessary
when the data show anisotropies, i.e., pronounced
differences in some directions. Directions are given
in degrees: East is 0, North is 90, West is 180 etc.,
counting counterclockwise. Such anisotropies can
be easily detected on variogram surfaces, which
display the variation over the entire area at once.

Several features exist that characterize
the spatial distribution (Fig. 3.3): 1) the sill is the
nominal value of variation beyond which the curve
of the variogram reaches a plateau and becomes

stable; 2) the range is the nominal value for the
GeoForschungsZentrum Potsdam



distance “h” beyond which the variation does not
increase any further, i.e., when the curve reaches
the sill; 3) the hole effect occurs when the variation
decreases for higher “h” to increase again, i.e., the
curve drops down and goes up again, indicating
a recurrent pattern or a periodicity; 4) the nugget
value is present when the curve has an initial
variation, i.e., originates at a value >0 of the y-axis,

Y(h)4

_______________________________________

[ Y
.
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! hole

! effect
\ \ Lo 1 \

||

Fig. 3.3: Sample variogram with sill, range, and hole effect

which is due to a random component within the
data (e.g., due to a measurement error). None of
our fitted variogram models required a nugget.

3.1.1. Other approaches

The better quantification of deformation
on a scale spatially smaller than the entire region
requires the knowledge of fault displacements.
The displacement can be derived from the length
of a fault according to a power law that relates
displacement and length (e.g., Watterson, 1986;
Walsh and Watterson, 1988; Cowie and Scholz,
1992; Davy et al., 1992; Dawers et al., 1993; Scholz
et al., 1993; Woijtal, 1994).

However, the exact power law exponent of
d-I ratios is still under debate, as it might vary e.g.,
for extensional and compressional structures, for
single faults and those that are interconnected
(e.g., Dawers and Anders, 1995; Cartwright et al.,
1995; Wojtal, 1996; Cladouhos and Marrett, 1996),
for faults in homogeneous or inhomogeneous
material (Fossen and Hesthammer, 1997; Gross et
al., 1997) etc (cf. Bonnet et al., 2001 for a thorough
review). The resulting uncertainty in displacement
estimates leaves a range of values that is too big
to be used. This uncertainty is even higher when
the available digitized geological maps are not
very accurate.
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3.2. Analoguemodellingtechnique,advantages
and limits

In analogue experiments every parameter
can be studied separately and in combination, and
can directly be related to its effect on the resulting
pattern of strain accumulation. All experiments
were monitored with a special camera system
using the “particle imaging velocimetry” technique
(P1V), which allows high resolution of the complete
particle displacement fields of strain in time and
space. Thus, the effect of every parameter can be
studied in detail on e.g., the orogen scale and the
next smaller regional scale.

The cameras are to be calibrated before
each experimental run. This is particularly
important when two cameras are in stereoscopic
view for 3D resolution. The calibration yields a
mapping function accounting for any distortion,
and was applied to the recorded sequential pairs of
stereoscopic images. For 3D experiments, digital
elevation models were additionally calculated
for every stereo image pair by cross-correlation,
which were further used for the calculation of the
vector fields.

A special algorithm employing Fast Fourier
Transformation was executed with the commercial
software DaVis by LaVision. Thus, the complete
particle displacement field with all components
of the strain gradient tensor is resolved with an
accuracy of 0.33 mm (viscous-brittle experiments)
and 0.38 mm (granular experiments) for every
pixel. The pixel error is one order of magnitude
lower than its resolution, which is below the
scale of a single grain of sand (~400um). For
the granular series, images were sampled every
second, rendering 24 images per centimeter of
convergence at a motor speed of 2.5 cm/min. For
the brittle-viscous experiments, image pairs were
taken every five minutes, i.e., every 0.6 mm of
shortening at a motor speed of 7 mm/h.

The pixel resolution is limited by the size of
the recorded area. A bigger experimental surface
requires the cameras to be at a larger distance,
thus reducing the resolution. This constraint
precludes the high resolution of structures below
the fault-scale (e.g., stick-slip behaviour of single
grains of sand), when the orogen-scale is to be
recorded at the same time. Therefore it can be said
that the changes in the velocity fields suggesting
deformational stages (cf. Chapter 8) are real
and not due to the stick-slip behaviour of grains.

However, materials need to have a high elastic
GeoForschungsZentrum Potsdam
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component and to be velocity-strengthening for
real analogue earthquakes to occur (Rosenau et
al., 2006); also, the normal load has to be higher.
Further, the temporal resolution (in the viscous-
brittle experiments) has to be much higher to
record this instantaneous motion, which occurs
within seconds.

All granular materials used in our
experiments were tested in a ring shear device.
Shear stresses were measured for known applied
normal loads. Regression analysis then was
used to determine the coefficients of friction
and cohesion (according to the Coulomb failure
criterion: T = ¢ + p o) for peak, static-stable, and
dynamic-stable frictions (e.g., Lohrmann et al.,
2003; Hampel et al., 2004), which correspond to
the frictional strength until failure, the strength
of fault reactivation, and the strength of actively
deforming material (Byerlee, 1978). The rheological
properties of the viscous mixtures were measured
with a TA Instruments AR1000 rheometer under
applied shear rates on the order of 10°s™.

The viscosities had power law relations
with exponents close to 1, classifying them as
quasi-Newtonian materials. They are not sensitive
to changes in convergence rate, i.e., motor
speed. Only non-Newtonian materials show time-
dependence, so we created different time scales
artificially by leaving out some of the recorded
time steps.

All experiments are dynamically scaled.
The scaling procedures are described in detail in
Chapter 6 (granular series) and Chapter 7 (viscous-
brittle series). This allows the comparison of strain
evolution in the models to that in the natural
example. As we are interested in the general nature
of deformation processes, the exact geometric and
kinematic similarity and the precise deformation
activity over time of single faults is not aimed for.

On these lines, the reproducibility of
experiments does not require a precise one-to-
one, i.e., the same structures do not need to have
exactly the same position with identical geometries
and the same timing of strain localization and
duration of deformation activity. Instead, the strain
pattern, the general strain evolution and resulting
deformational system had to be reproducible,
including the same aspect ratios.

The cross-shaped pattern (Fig. 7.5, 7.8,
cf. Chapter 7 for details) in some of my vise
experiments is the same as in some experiments

from Cruden et al. (2006), even though the initial
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model set-up is not the same: experiments by
Cruden et al. (2006) allow lateral extrusion, which
was not possible in our vise set-up. Similarly, the
pattern shape of experiments by Cagnard et al.
(2006) resembles the plateau-initiation settings
(Fig. 7.5, 7.8, cf. Chapter 7 for details), even though
strain localization is initiated in the center of their
set-up by a velocity discontinuity.

The preparation of the viscous-
brittle experiments set-up requires a special
technique. When the the viscosity contrast of the
lithosphere (upper crust, lower crust, and mantle
lithosphere) and the asthenospheric mantle is
low, the asthenosphere affects deformation of the
lithosphere. To minimize this effect, the viscosity
of the asthenosphere was chosen to be very low.
Low-viscosity silicone is an expensive option;
water is a good alternative, as long as all layers
above have densities below 1.

However, it is not easy to place the viscous
layers in the tank without spilling water on top,
in which case the layers would immediately
sink down. Freezing the water together with the
plexiglass tank is not an option as the screws in
the plexiglass tank are not made for temperatures
of —60°C (the temperature of the freezer was
not to decrease). Instead, the layers were frozen
themselves.

Therefore, all layers are allowed to float into
contact as one big block comprising all viscous
parts of the experiment and are frozen thereafter.
Such a frozen block can easily be put on the water
in the tank. Water, accidentally spilled on the
viscous block, will freeze instantaneously without
imprinting on the viscous layers. When the viscous
block has reached ambient room temperature and
is fully settled, the brittle upper crust with a mixture
of sand and ceramic beads (Z-lights) is sieved on
top.

The calibration of the PIV cameras has
to be carried out before the model is fully set up.
This means that none of the camera appliance
(including the carrying poll and the camera cables)
must be touched at any instant after the calibration
has been finished. Otherwise the calibration has
to be redone.

In total, ten vise experiments were
carried out, all but one documented in Chapter
7 (cf. Appendix B). For the granular series, more
experiments were performed than are described
in Chapter 6. They are documented in Appendix
B.
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4. Geological setting — the Andean
plateau

The Tibetan Plateau in the Himalayas and
the Altiplano-Puna Plateau inthe Central Andes are
the only two examples of active plateau orogens
worldwide. They are both characterized by a very
large area that is hardly internally deformed and
has an elevation of more than 4000 m for the
Andean plateau and more than 5000 m for the
Tibetan example. These flat areas are bounded
to both sides by mountain ranges which have an
extent of several hundred kilometers.

The Andean Cordillera stretches all along
the western margin of South America, but only
from ~17°S-27° the mountain range is developed
as a plateau orogen. The Altiplano lies north of
24°, the Puna south of it; together they form the
Altiplano-Puna plateau, in the following referred
to as the orogen (excluding parts of the Andes
that have no plateau). In this thesis, | focus on the
Central Andean Altiplano (Fig. 4.1).

18°S
20°S
22°S

24°S

26°S

- 1
72°W  70°W  68°W  66°W  64°W 62
Fig. 4.1: Topographic map of the Central Andean plateau.
The following abbreviations are used: WestC — Western Cor-
dillera, AP — Altiplano, EastC — Eastern Cordillera, SubA —
Subandean fold-and-thrust belt.

The orogen exhibits a symmetric oroclinal
bend (Gephart, 1994) with its symmetry axis
coinciding with the current direction of plate
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4. The Central Andean plateau

convergence. Both paleomagnetic data within
the forearc (e.g., Macedo-Sanchez et al., 1992;
Butler et al., 1995; Somoza et al., 1999; Roperch
et al., 1999; 2000; Rousse et al., 2005) as well as
differential shortening indicate counterclockwise
rotation (up to 45°) north of the symmetry axis
and clockwise rotation south of it explaining the
oroclinal bending of the Andes (Isacks, 1988). This
is supported by balanced cross sections (Kley,
1999). The convergence rate for relative motion
between the Nazca plate and South America can
be averaged to 7 cm/a for the last 30-40 Ma (Silver
et al., 1998). At the largest distance (from forearc
to foreland) of the orogen between 18-20°S, 280
km of shortening have been accumulated within
the last 40 Ma (e.g., Kley, 1999).

The studied region within the Central
Andes comprises the five major units from west
to east: a) the fore-arc, b) the Western Cordillera
(magmatic arc), c) the Altiplano plateau, d) the
Eastern Cordillera, and e) the Subandean fold-
and-thrust belt.

Both Cordilleras formed at positions of
inherited structures: a Permoliassic rift in the
Eastern Cordillera (Sempere et al., 2002), and the
magmatic arc in the Western Cordillera (Oncken
et al.,, 2006), both operating as weakness zones
where strain localized. A low-velocity zone at
a depth of 20 km is imaged in seismic sections.
It can be interpreted as a zone of partial melt
possibly decoupling deformation of the upper
crust from that of the lower crust (Yuan et al.,
2000), which has probably developed since about
30 Ma ago (Babeyko et al., 2002). This horizon
possibly extents to the east connecting with the
detachment of the Subandean fold-and-thrust
which is located in Ordovician shales (Kley et al.,
1996); the Subandean might be underthrust by the
cold Brazilian Shield (Babeyko and Sobolev, 2005).
To the west of the Western Cordillera, the little
internally deformed forearc might have acted as
a “pseudo-indenter” pushing into the comparably
weaker orogen during subduction (Victor et al.,
2004; Tassara, 2005). Thus, the orogen would
have been squeezed between two relatively
stronger units: the forearc and the Brazilian Shield.
| used the mentioned characteristics (cf. Fig. 4.2)
as analogies to develop the experimental set-ups,
which are described in detail in Chapter 6 (granular
series) and Chapter 7 (viscous-brittle series).

Shortening estimates based on balanced

cross sections (for all relevant latitudes) have been
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4. The Central Andean plateau

Elevation in km

Depth in km

Subandean
fold-and-thrust belt

63 62 61

60 °w

Fig. 4.2: Schematic cross section through the Central Andean plateau with the characteristics used as analogies for the
experimental set-up. Further description in-text. Modified from Beck and Zandt (2002).

summarized in Oncken et al. (2006).

Deformation activity has been grouped into
five main time windows by Oncken et al. (2006).
The beginning of deformation in both Cordilleras
(West: 46 Ma, East: 40 Ma) falls within the first
window (46-37 Ma), the intramontane basin of the
plateau area between these Cordilleras (Elger et
al., 2005) has started to deform in the second time
window (36-30 Ma) with the Cordilleras remaining
active. Subsequent windows (29-20 Ma and
19-8 Ma) are marked by the north-south extent
of deformation activity and the last (7-0 Ma) is
characterized by transfer of the active deformation
away from the plateau into the Subandean fold-
and-thrust belt (e.g., Almendinger and Gubbels,
1996). Responsible for this spatiotemporal
strain distribution was a special combination of
parametersincluding differentialtrench-upperplate
velocity evolution, high plate interface coupling
from low trench infill, and the lateral distribution
of weak zones in the upper plate (Oncken et al.,
2006).

Several separate mechanisms have been
previously suggested to be responsible for the
plateau formation and its uplift, but they cannot
explain the strain evolution in space and time.
The following mechanisms have been proposed:
a) changes in plate convergence (e.g., Pardo-
Casas and Molnar, 1987; Coney and Evenchick,
1994; Scheuber et al., 1994; Silver et al., 1998;
Somoza, 1998); b) changes in the properties of
the downgoing slab (e.g., Gephart, 1994; Giese et
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al., 1999; Gutscher er al.,, 2000a,b; Yanez et al.,
2001); ¢) mantle processes (e.g., Isacks, 1998;
Wdowinski and Bock, 1994a; Allmendinger et al.,
1997; Kay et al., 1999; ANCORP-Working Group,
2003; Garzione et al., 2006); d) intra-plate strength
variations (e.g., Allmendinger and Gubbels, 1996;
Hindle et al., 2002; Lamb and Davis, 2003); and e)
climate-related variations (e.g., Masek et al., 1994;
Horton, 1999; Montgomery et al., 2001; Lamb and
Davis, 2003; Sobel et al., 2003).

The two plateau areas, Altiplano and
Puna, differ in many aspects. The Altiplano
accumulates more shortening, deforms thin-
skinned, is underthrust by the cold Brazilian
Shield (Babeyko and Sobolev, 2005), and thus
has a thicker crust. In contrast to this, the Puna
accumulates less shortening, and has a less wide
plateau area, which attains higher elevations than
the Altiplano. It deforms thick-skinned and has a
thinner lithosphere; this is probably due to mantle
delamination (Kay and Kay, 1993; Sobolev and
Babeyko, 2005), as the Brazilian Shield does not
underthrust the Santa Barbara fold-and-thrust
belt (which is the southern equivalent to the
Subandean fold-and-thrust, that belongs to the
Altiplano region).

Allmendinger and Gubbels (1996) have
classified two different deformation modes for the
two areas: the Altiplano deforms in a simple shear
mode, meaning that localization of deformation in
the upper crust does not occur in the same vertical
column as the lower crust. This “pure shear” mode
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is true for the Puna plateau. In addition, the Puna
plateau is still actively deforming and uplifting,
while the Altiplano has already attained its final
elevation.

Most of these characteristics can readily
be explained by along-strike variations in the initial
system: the location and type of sedimentary
deposits, which determine the style of thrusting
in the fold-and-thrust belt, the boundaries of a
continental shield, or the fact that delamination of
the lithospheric mantle affects the thermal state
of the system and therefore its strength (e.g.,
Allmendinger and Gubbels, 1996). Thus, some
characteristics in our models are rather true only
for the Altiplano, like the fact that two stronger
blocks compress a weaker orogen, analogue to
the indenting forearc to the west (Victor et al,,
2004; Tassara, 2005) and the strong Brazilian
Shield to the east. The natural counterpart of
the decoupling horizon is the layer of partial melt
beneath the Altiplano (Yuan et al., 2000).

The Andean plateau is the natural
example for my study, as the resolution of strain
data is very high. This is due to unique outcrop
exposures as a result of the arid climate, and also
to the preservation of datable syntectonic deposits
in intramontane basins. Therefore, the area is
extensively studied and deformation is dated
very well and highly resolved. All available data
compiled from literature yield a comprehensive
deformation database (Appendix A, previously
published in Oncken et al., 2006). These data form
the base for further analysis (Chapter 5).
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4. The Central Andean plateau
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5. Orogen-wide patterns of strain accumulation — the Andean case

To better understand and quantify deformation frameworks on multiple spatial and temporal
scales, the attempt is often made to find scaling laws of strain accumulation for the comfortable
extrapolation of data to all scales. However, scale invariance vs. characteristic lengths of
structures and deformation in stages has not yet been studied in detail on the orogen scale in
relation to the next smaller regional scale. By means of (geo)statistical methods we examine the
strain evolution on the orogen scale for the Central Andean plateau (17-27°S and ~69-63°W)
for the last 46 Ma based on a comprehensive literature compilation of all available deformation
data. Thus, we are able to detect typical lengths of structures and characteristic temporal
patterns of strain accumulation on both the regional and the orogen scale. Regionally active
areas commonly have widths of 150-200 km and along-strike extents of 200-300 km. On the
orogen scale however, they are coevally active over lengths of 600-800 km. This is true for all
deformation stages which are typically 2-4 Ma long. Therefore, we propose the following temporal
pattern for the Central Andean plateau, which is refined compared to previous estimates: 46-
43 Ma, 42-41 Ma, 40-34 Ma, 33-29 Ma, 28-18 Ma, 17-13 Ma, 12-11 Ma, 10-9 Ma, and 8 Ma to

present.

5.1. Introduction

Extensive work has been done to detect
critical scaling laws that relate e.qg., the frequency of
seismic events with their magnitudes (Gutenberg-
Richter, e.g., Bak and Chang, 1989; Kagan and
Jackson, 1991; Bak, 1996), the displacement of
faults with their length (e.g., Watterson, 1986;
Walsh and Watterson, 1988; Sornette and Davy,
1991; Dawers and Anders, 1995; Wojtal, 1996;
Nicol et al., 1996), the length of a fault with its slip
frequency (Scholz et al., 1993; Bellahsen et al.,
2003), or the length of fault segments with their
frequency (Okubo and Aki, 1987; Wojtal, 1994).
Such scaling relations follow power laws that are
practically valid on all scales, so that data from
one scale could be extrapolated to another, e.g.,
bigger scale like the orogen itself, which cannot
easily be studied in detail.

However, not all deformation processes
underlie this “fractal” deformation framework, but
rather follow the continuum-Euclidean view, in
which strain localizes along some faults or fault
systems (strain weakening); or the granular view,
in which strain accumulation is diffuse (strain
hardening). It has been suggested that deformation
frameworks alternate over time (cf. Ben-Zion and
Sammis, 2003), and characteristic patterns exist.
Unfortunately, characteristic structures superpose
each other, so that they can hardly be attributed
to the respective deformation framework and thus,
deformation patterns cannot easily be detected

in the field. In addition to this difficulty, temporal
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patterns on one spatial scale need not be the
same on another, unless strain accumulation was
scale-invariant.

In this study we aim to examine the strain
pattern on the orogen scale for the Central Andean
plateau (17-27°S and ~69-63°W) on the base of
a thorough literature compilation of all available
deformation data, and to detect typical lengths
of structures and characteristic duration of strain
accumulation on both the regional scale (e.g., fault
systems and networks) and the orogen scale by
means of (geo)statistical methods. By comparing
the two, we are able to examine the effect of
spatially smaller scales on the next bigger scale
over time, and to elaborate on the permissibility of
extrapolating data from one scale to another.

5.2. Geological setting

The Central Andes are the result of the last
~46 Ma of subduction of the oceanic Nazca plate
beneath the South American continent, and bear
one of only two active plateau orogens worldwide.
The studied region comprises four major units
(excluding the fore-arc region), which are from west
to east: a. the Western Cordillera (magmatic arc),
b. the Altiplano plateau, c. the Eastern Cordillera,
and d. the Subandean fold-and-thrust belt (cf. Fig.
5.1). This is true for the plateau north of 24°S; south
of 24°S, the plateau is called the Puna.

In the Central Andes, the amount of
shortening varies along-strike and reaches a

maximum of 260-280 km at 21°S (summary of
GeoForschungsZentrum Potsdam
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Fig. 5.1: The study area of the Central Andes comprises the four structural units from west to east, which are separated by
major thrust faults (black lines): Western Cordillera (crosses), Altiplano-Puna plateau (points), Eastern Cordillera (solid points),
and Subandean fold-and-thrust belt (squares). Each of these points is part of the point grid that overlies the polygons (grey
area), for which deformation data are given. Areas for which no appropriate data exist are left white. To the lower left a small
map of South America shows the location of the study area (black box).

shortening estimates in Oncken et al., 2006).
Deformation has commonly been divided into
three main orogenic pulses (45-30 Ma, 30-10 Ma,
and 10-0 Ma) of which each has an established
shortening rate (0-8 mm/yr; 6-10 mm/yr; and 8—14
mm/yr respectively with 9-15 mm/yr as the present-
day value, summary in Oncken et al., 2006).
Due to numerous datable syntectonic deposits
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like volcanic ash horizons and little erosion, the
deformation activity in the Central Andes is highly
resolved both in space and time.

On the basis of a thorough literature
compilation of all available deformation data,
Oncken et al. (2006) were able to refine these
pulses into five main deformation stages (46-37
Ma: deformation in both Cordilleras; 36-30 Ma:
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Fig. 5.2: Plots of frequency statistics, for which we mark the beginning of major deformation stages with red arrows: a. the
number of active points over time shows how many points, i.e., how much of the total area has actively undergone deforma-
tion for a given million year from 46 Ma to the present; b. the mean deformation rate per point (points of all structural units)
over time; c. the number of points vs. the cumulative deformation rate (in km/Ma); d. the number of points over cumulative
deformation rate (in %); e. is similar to c. but without data points of the Subandean fold-and-thrust belt; and f. is similar to d.
but without the Subandean. Stages inferred for e. and f. are in italics to show that the “stages” would be similar to the other

stages a.-d., but they are not included in the summary.

deformation in the intramontane basin of the
plateau area; also 29-20 Ma and 19-8 Ma, and 7-0
Ma: transfer of the active deformation away from
the plateau into the Subandean fold-and-thrust
belt). These times are characterized by coeval
strain accumulation within the main structural units
of the Central Andean plateau along-strike for
several hundred kilometres. The authors suggest

that these characteristics are only observed when
Scientific Technical Report STR 07/09
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deformation data are examined on time scales of
>5 Ma.

5.3. Data preparation

The databank published in Oncken et
al. (2006) includes a compilation of the existing
literature on deformation activity for our study
area for the last 46 Ma (appendix A). Each data

set includes the start and end of deformation
GeoForschungsZentrum Potsdam
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activity in millions of years (Ma) inferred for the
geographic area given with exact coordinates
by the respective authors. We take into account
only those references that precisely document
the location of the study area, the position and
processing of samples, and the used method
for dating. We further weight the data according
to the accuracy of the sample coverage (e.g.,
how many samples, dating error), the number
of available references for an area, and the age
of publication. The data cover almost the entire
area, except for some regions within the Altiplano
(between 18.5-19.5°S and 22.5-23.5°S) for which
the field exposure is not good for deformation
quantification.

All data were then plotted as deformation
polygons in an ArcGis project, as given by the
geographic coordinates of the study areas (Fig.
5.1). Each polygon has been attributed the start
and end of deformation. Instead of continuing
the analysis with irregularly shaped polygons,
we convert the data into a regular grid of points
(spacing is 40 km). We chose this distance as the
smallest study areas given from literature have
widths of slightly more than 40 km, which still allows
two grid points to be located within it. However,
most study areas are several hundred kilometers
in length, for which there is no variation between
the grid points. Therefore, a higher resolution,
i.e., a smaller distance than 40 km between grid
points is not useful. To cover the values below the
grid steps for geostatistical analysis, it is common
practice to include some additional points with a
smaller but random distance.

Next, each of these points is assigned the
information of the polygon in which it plots, namely
the geographic coordinates (x, y), the start and
end of deformation, and the respective structural
unit of the Central Andes in which the point is
located. In case a point plots in several polygons,
it is assigned the information of each.

5.3.1. Deformation activity

As we know the beginning and end of
deformation for each point, we can calculate the
duration of deformation activity for each point. For
each time step of 1 Ma out of the 46 million years,
we assign every point either activity for a given
Ma (nominal value of 1), or inactivity for a given
Ma (value is 0). We chose time steps of 1 Ma as
the error for the deformation ages are commonly

on the order of 1 Ma. Therefore, it does not make
Scientific Technical Report STR 07/09
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sense to use smaller time steps, which are not
reliable due to this constraint. The resulting data
set of deformation activity includes a total of ~440
nominal values of 0 and 1.

5.3.2. Shortening rates

Additionally, we determined the shortening
rate for each point of the grid (or deformation rate).
Onckenetal. (2006) compiled published shortening
estimates inferred from balanced cross sections,
which exist for all latitudes of the study area and
in between; and mostly include estimates for each
of the structural units individually. The amount of
shortening known from this compilation is divided
by the number of points that lie in the respective
balanced cross section according to our grid. This
gives us the shortening estimate for an area that
is located between two neighbouring points. As
we also know how long each point was actively
deforming, we can further divide these estimates by
the duration of deformation and obtain shortening
rates. Shortening rates for small areas (40 km) for
1 Ma tend to be rather low compared to big areas,
and therefore strain rates would be better as they
can be used irrespective of the initial length. As
we do not know the initial length of each of the 40
km areas, we cannot calculate strain rates.

We acknowledge that this procedure is only
valid under the assumption that strain accumulates
homogeneously and if all faults in a polygon have
equally accommodated strain. We will discuss this
issue at a later stage.

5.4. Statistics

For the frequency statistics, different
deformation times are differentiated according to
breaks in lines from one million year to the next
million year, when one of the following criteria is
met: 1. the number of active points changes by
~50 or more, 2. the difference in nominal values
between two points makes up ~50% of the smaller
value or more, or 3. the slope of the curve from one
point to the next is higher than ~60° (i.e., increase
of the nominal values when the slope goes up, or
decrease when the slope goes down).

For the geostatistics, temporal patterns are
differentiated when a spatial variation of the data
exists from one million year to the next, depending
on 1. the value of variation, 2. the direction of
highest variation, or 3. the characteristics of the
sill (i.e., highest value of variation), the range (i.e.,

the distance beyond which the variation becomes
GeoForschungsZentrum Potsdam
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stable) or the hole effect (which indicates a
correlation between points at a higher distance).
All of these characteristic features are further
described below. We also carried out a sensitivity
analysis (cf. section 5.5.1. and Appendix A), in
which we weighted the significance of each of the
time steps.

5.4.1. Frequency of deformation activity

We plotted the frequency of deformation
activity of all units against time, i.e., the number
of active points for each million year (Fig. 5.2a).
Depending on the breaks of the line, the following
deformation stages can be detected: 46-43 Ma,
42-29 Ma, 28-21 Ma, 20-13 Ma, and 12-0 Ma.

5.4.2. Frequency of shortening rates

We plot the mean shortening rates (i.e., for
distances of 40 km) for each Ma, which is a value
averaged for all points over all structural units (Fig.
5.2b). Another plot includes the number of active
points vs. the cumulative deformation rate, which
shows how much area is involved in each 1 Ma to
account for the given deformation rate (values in
Fig. 5.2c include all structural units, whereas Fig.
5.2e excludes the Subandean fold-and-thrust belt).
When two consecutive points are far apart and
its slope is zero or negative, the shortening rate
per point has increased from one million year to
the next (as fewer points are active). On the other
hand, if the slope increases, more points have
become active suggesting that the shortening rate
decreases for each point. When figures 2c) and
2e) are compared, it becomes obvious that when
the Subandean is not included in the plot (Fig.
5.2e), the deformation rate decreases drastically
for the last 15 Ma, as the fold-and-thrust belt in
the Interandean/ Subandean has accumulated
most of the shortening for the last 15 Ma. This can
also be seen in figures 5.2d) and 2f), which depict
the number of active points over the percentage of
cumulative deformation rate, again for all units and
without the Subandean respectively.

In general, each of the following times
indicates the beginning of a deformation period:
46 Ma, 43 or 42 Ma, 28 Ma, 20 Ma, 15 or 12 Ma,
and 8 Ma.

Figure 5.3 shows data for each of the
structural units individually, namely the deformation
rate and the mean deformation rate per active
point over time. Thus we can detect characteristic

patterns of each structural separately. In figures
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5.3a) and b) it becomes clear, that the Western
Cordillera is active from 46-38 Ma with very low
shortening rates, after which strain accumulation
in the Western Cordillera practically ceases.

The Altiplano plateau (Fig. 5.3c-d) shows
dominant deformation activity between 33-12 Ma
for which the shortening rate constantly increases.
The mean deformation rate per active point
however experiences fluctuations with an increase
from 33-27 Ma, and a subsequent decrease to a
lower but constant value.

The Eastern Cordillera (Fig. 5.3e-f) shows
a constant deformation rate from 40-29 Ma,
followed by a peak at 28 Ma and a subsequent
steady decrease until 17 Ma, with another drastic
decline until 10 Ma, after which the shortening rate
is comparatively small. Similar fluctuations can be
observed for the mean deformation rate per active
point.

In contrast, the fold-and-thrust belt does
not accumulate shortening in the Interandean until
after 15 Ma, and in the Subandean until after 10
Ma.

5.4.3. Other patterns

Figure 5.4a shows the deformation rate for
each point of the grid averaged over the last 46 Ma.
In general one can say that the Western Cordillera
has the lowest shortening rates, followed by the
plateau area that has also experienced lower
deformation rates than the Eastern Cordillera and
the Subandean. The latter two structural units
have lower shortening rates towards the northern
and southern boundaries of the study area, which
can be explained by the oroclinal bend.

Figure 5.4b shows the duration of
deformation activity for each point of the grid.
Exceptforthe Subandeanbelt, thereis a correlation
between the duration and the deformation rate: the
higher the deformation rate for an area, the longer
it was active. This correlation is partly due to the
assumption of homogeneity, which was necessary
to obtain shortening rates (cf. section 5.3.2.).

5.4.4. Geostatistics

Variogram analysis is a common method
to analyse the variation (i.e., the inversion of
correlation) of a variable in a temporal, spatial,
or spatiotemporal context (e.g., Matheron, 1962;
1970; Journel, 1977; Deutsch and Journel, 1992).
The variable is defined by spatial coordinates

(x, y) and a nominal value. Variogram analysis
GeoForschungsZentrum Potsdam
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Fig 5.3: Plots of frequency statistics for each of the four units (arrows mark the beginning of major deformation times), namely
the displacement over time (left column) and the mean deformation rate per active point over time (right column).

can only be implemented when the variable is both deformation activity, which is either O or 1 at
continuously distributed in space. This is true for every location, and shortening rate, which is 0 or a
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Fig. 5.4 a (left), b (right): The points carry information on their a) mean shortening rate in km/Ma and b) duration of deformation in Ma (refer to legend for nominal values). The
values in a) represent the average over 46 Ma, yet there is a clear difference in values over the structural units.
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Fig. 5.5: Indicator variogram surfaces are shown for eight different time windows (1 Ma), each representing the spatial variation
of deformation activity for a significant deformation period. The data are described in more detail in-text.

positive integer. The main objective of the analysis
is to calculate the differences in value of the
variable at spatial positions that are separated by
a distance “h”. This difference between values is
calculated for all possible “h” and in all possible
directions, and forms the major part in the formula
of variation with z(x) and z(x , ) being the values of
the variable at position (x) and (x,,) respectively,
N (h) is the number of pairs of points (x, and x
that are separated by a distance h (in km):

For example, if we have one active area

of the extent “y”, then “h” will be low for all h<y,

. N(h)
V0 =gy % L2002 6o ]’

|+h)

as then the distance is calculated for two points
that are both located within the same deformation
area. For larger ranges “h” between two points, the
points are likely to fall within different deformation
areas, or one is active and the other is not, and
the variation becomes higher. The advantage of
the method is its ability to a. quantify the degree
of spatial correlation of strain accumulation (e.g.,
over the entire orogen vs. the next smaller scale)
for a given direction, also b. in a temporal context.
Thus, it enables us to detect scale invariance vs.
characteristic lengths of actively deforming regions
and correlation of different structural units.

5.4.4.1. Indicator variogram surfaces

Indicator variogram surfaces are maps
Scientific Technical Report STR 07/09
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of the spatial variation of a variable (Fig. 5.5).
The variation is colour coded, and is given for
all distances “h”, namely for both positive and
negative x-directions (h,) and y-directions (h).
Thus, the spatial position is not directly given in
geographic coordinates, but via the distances “h”
(in km) between geographic coordinates. This is
the reason why the variation is point-symmetrical
about the origin in the center of each map (Fig.
5.5). The pattern of these maps indicates the
directions of anisotropy, i.e., the direction for
which the minimum and maximum variation is
most persistent in space. The maximum extent of
the active areas can be identified from the maps
when clear anisotropy directions are present. For
Fig. 5.5b) this is 200 km in width and 600 km in
length, for Fig 5.5c) about 400 km both in width
and length, for Fig. 5.5f) 200 km in width and 600
km in length, for 5.5g) 200 km in width and 600 km
in length, and for Fig. 5.5h) 200 km in width and up
to 600 km in length. The upper cut-off is 600 km
for the indicator variogram surfaces, so potential
length higher than 600 km were not resolved.
The following major stages with their
respective main anisotropy directions (and
orthogonal to them) can be summarized (Fig. 5.5
a-h): a. 46-43 Ma (NNW-SSE), b. 42-34 Ma (N-S),
c. 33-29 Ma, d. 28-21 Ma (NNW-SSE), e. 20-13
Ma (NW-SE), f. 12-11 Ma (NNE-SSW), g. 10-9 Ma
(NNW-SSE), and h. 8-0 Ma (NE-SW).
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5.4.4.2. Indicator variograms

Indicator variograms (Fig. 5.6) are another
way of depicting the spatial variation of the variable.
The distance “h” between two points (x-axis) is
plotted against the variation of deformation (y-axis).
The resulting curves have several characteristic
features. The distance “h”, for which the curve does
no longer increase, which means that there is no
more variation for larger “h”, is called the “range”.
Beyond the range, the value for variation remains
stable and is called the “sill”. A third characteristic
feature of variograms is the “hole effect”, occurring
when the curve slopes down (i.e., decreases in
variation) to increase in slope again (i.e., increases
in variation) with higher “h”. Such hole effects are
present, e.g., when a small inactive deformation
area is embedded between two actively deforming
areas. Thus, the active areas would have a “hole”
of inactivity in between. Variograms can include
all directions at once (omnidirectional), or a range
of specific directions, which are given by numbers:
0 indicates E(ast), 90 is N(orth), 180 is W(est)
and so on. In Figure 5.6, we can differentiate the
following significant time windows with average
extents of actively deforming areas (e.g., the
range commonly indicates the minimum extent of
an active area as the sill becomes stable, i.e., no
more variation occurs for longer ranges “h”, which
is the maximum extent):

a) The first stage 46-43 Ma is determined
by the omnidirectional variogram, as
only few points are active. This is also
the reason for the low value of the sill
(~0.1), which means that almost no
variation is present for either small or
large distances “h”. A range of about 90
km can be inferred from the first slope,
which decreases thereafter to increase
again slightly after ~450 km. The first
value reflects the width of the active
units, the second gives their maximum
along-strike extent. The sill is stable at
200 km, which indicates the general
length of the active units.

b) The stage between 42-34 Ma has a
clear anisotropy along-strike of the
units, namely to ENE-WSW (20) and
perpendicular to it NNW-SSE (110). In
the first anisotropy direction, the range
yields ~200 km reflecting the maximal
width of the active units. A hole effect

is present between 400 km and 750 km
Scientific Technical Report STR 07/09
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in the same direction. This explains that
inactive areas can be found in between
active areas. In the second direction,
no more variation exists beyond the
range of ~200 km, which means that
the along-strike extent of deformation
areas is 200 km or larger (for which
case there is no more variation within
one deformation area), and can be
active along-strike for up to ~800 km.
Stage 33-29 Ma is characterized by
deformation within the center of the
study area (namely Eastern Cordillera
and Southern Altiplano). The variation
is similar in all directions for the same
distances “h”. The inferred range
of ~400 km reflects the maximum
diameter of a continuously active area.
A hole effect between 400 and 800 km
is related to the regions beyond this
active area up to the boundaries of the
study area.

Stage 28-21 Ma has no clear anisotropy
in any direction, because the active
areas are partly turning around the
oroclinal bend. However, a range
of 180-270 km in the E-W direction
reflects the E-W extent of the active
areas. The strong hole effect at 600 km
for the E-W direction can be explained
by the limited extent of the study area
in this direction. The range in NNW-
SSE direction is 240 km. A slight hole
effect between 360 and 600 km can be
attributed to the bending of some of the
active areas. The maximum length of
structural units beyond the hole effect
is ~700 km. This illustrates the possible
minimum and maximum along-strike
extents of the active units.

Stage 20-13 Ma is similar to the
previous stage, with the range for the
ENE-WSW direction being ~150-200
km reflecting the widths of the active
areas. The hole effect in this direction
between 200 and 400 km reflects the
variation between active and inactive
areas perpendicular to their strike. The
range for the NNW-SSE direction is at
270 km, which is the minimum length
of active units along-strike. The sill is
stable up to 600-800 km which is the

GeoForschungsZentrum Potsdam
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Fig. 5.7: Each of the eight maps a) to h) shows a contour plot of active deformation (brown colours) and inactive regions (yellow) interpolated by kriging. Further de-

scription of each of the plots in-text.
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5. Orogen-wide patterns of strain accumulation - the Andean case

maximum along-strike extent.

f) Stage 12-11 Ma shows clear anisotropy
directions to the NNW-SSE and
orthogonal to it with ranges of ~400
km (minimum length) and ~150-200 km
(width) respectively. However, active
areas attain length up to 800 km. The
smaller value is caused by the oroclinal
bend region, which separates one
long active unit into areas of different
characteristic strike/ anisotropy.

g) Stage 10-9 Ma is again characterized
by a slight anisotropy in the NNW-SSE
direction reflecting active areas north of
the oroclinal bend (namely the northern
part of the Western Cordillera, the
Peruvian Altiplano, and the northern
Subandes). The generally low variation
indicates the long spatial continuity
along-strike of active units up to 800
km. The range is ~270 km indicating
the along-strike extent of smaller areas.
The range for the ENE direction is
about 100-200 km indicating the width
of the deformation areas.

h) The final stage 8-0 Ma is once more
characterized by anisotropies to the
NW-SE and NE-SW. The range is
~300 km in the first direction and ~150-
200 km in the second. This reflects the
minimum widths of the units. Active
areas in the NW-SE direction attain
length of up to 600 km (with a hole
effect from 400 km to ~600 km, which
reflects the inactive areas in between
the still active margins. In the NE-SW
direction, the sill steadily increases
showing that active areas wider than
200 km are present.

Active areas around the oroclinal bend will not
entirely be resolved in the analyzed directions. In
fact, the maximum extent of ~600-800 km as in
stages f), h), g) in the NNW direction can also be
found in other directions, e.g., to the NW. Thus,
the entire length of active areas can increase up to
almost the total extent of the study area.

5.4.4.3. Kriging plots

Modelled indicator variograms are the
base for kriging (e.g., indicator kriging or ordinary
kriging), which are interpolation algorithms. They

allow the smooth display of our point data for every
Scientific Technical Report STR 07/09
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million year in space. The following eight stages
are most prominent (Fig. 5.7): a. 46-43 Ma, b. 42-
38 Ma, c. 37-34 Ma, d. 33-29 Ma, e. 28-21 Ma, f.
20-11 Ma, g. 10-6 Ma, and h. 5-0 Ma.

5.4.4.4. Variogram surfaces: shortening rates

Similar to the diagrams in Figure 5.5, we
also performed variogram analysis on the spatial
variation of the shortening rate, of which eight
variogram surfaces are prominent (Fig. 5.8). The
following time windows can be differentiated
according to the variations from one million year to
the next and with their respective main anisotropy
directions (Fig. 5.8 a-h): a. 46-41 Ma (NNW-SSE),
b. 40-34 Ma (NNW-SSE), c. 33-29 Ma, d. 28-24
Ma (NW-SE), e. 23-18 Ma (NW-SE), f. 17-11 Ma
(NNE-SSW), and g. 10-0 Ma (N-S).

5.5. Results
5.5.1. Sensitivity analysis

All inferred deformation stages from the
above described methods are summarized in
Figure 5.9. Next, we have to determine which
of the time steps causes a major change in the
spatial variation of deformation (either activity or
shortening rate), defining a significant deformation
stage for the orogen. The different results are
alternately coloured dark grey and light grey, and
each of these “stage” changes are marked with a
stippled yellow line.

Time steps (1 Ma to the next 1 Ma) for which
more than three stippled yellow lines are present
are further investigated in the sensitivity analysis.
Following the sensitivity analysis described below,
the “significant” time windows are highlighted by
a through-going solid yellow line; insignificant
time steps are marked by a through-going yellow
stippled line.

We evaluated the boundaries between two
consecutive time steps according to the following
impact factor: (points,, ., *10 / points_, ) / (12 -
areas, , ) including the number of changed points
from one time step to the next, the number of
active points, and the number of active areas. This
formula is designed to equally weight these factors,
so that significant time windows occur only when
a critical amount of active points and active areas
changes. For example, when only one or two big
areas are active in the first 1 Ma (i.e., data from
one or two different authors) and change, then a
lot of points are active that can change, but the

error can be comparatively large when the original
GeoForschungsZentrum Potsdam
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Fig. 5.8: Each of the eight plots a) to h) shows a variogram surface depicting the variation of shortening rates in space. Further

description of each plot in-text.

data have an error. On the other hand, when a lot
of active areas change but only a small number of
points, because the areas are small, it can still be
a significant change.

We allowed one additional Ma in our
calculation to account for the general area that
might result from the original data (e.g., some dating
errors do not allow pinpointing deformation with an
accuracy of 1 Ma). The result of the impact formula
yields values between 0.8 and 9. When they are
above 1, we define the stage to be significant. If
the value is <1, it is not. Results of the sensitivity
analysis are summarized in Appendix A.

5.5.2. Summary

The following deformation time windows
appear to be significant with characteristic
associated lengths of active structures/ areas,
which take the oroclinal bend into account:

1) 46-43 Ma (the Western Cordillera starts to

deform), 90 km width and 200 km length;

2) 42-41 Ma (the Eastern Cordillera becomes

active), 200 km width and 200 km to 800
km length;

3) 40-34 Ma (the shortening rates of the
active areas increase), also 200 km width
and 200 km to 800 km length;

33-29 Ma (activity in the Altiplano area
begins), 400 km in width and ~400 km in
length;

4)

Scientific Technical Report STR 07/09

24

DOI:10.2312/GFZ.b103-07094

5) 28-18 Ma (more points become active
especially in the Eastern Cordillera,
but generally local fluctuations of strain
distribution occur), 180 km to 270 km in
width and 240 km to 800 km in length (up
to 21 Ma);

17-13 Ma (the system prepares for a general
change in location of strain accumulation),
150 to 200 km in width and 270 km to 800
km in length (already starting from 20 Ma
on);

12-11 Ma (the Eastern Cordillera ceases
activity, and strain transfers to the
Interandean), 150-200 km in width and 400
km to 800 km in length;

10-9 Ma (activity in the Interandean
becomes less, but takes up in the
Subandean), 100-200 km in width and 270
km to 800-1000 km in length;

8-0 Ma (Subandean shortening remains
active until now), 150-200 km but also
more than 200 km in width and 300 km to
800-1000 km in length.

6)

7)

9)

In general, the numbers given for the length
mean that the two values (minimum and maximum)
co-exist, but no values in between the estimates. It
seems as if two characteristic lengths exist for the
along-strike extents of active areas (hamely about
200-300 km for the smaller extent and 600 km for

GeoForschungsZentrum Potsdam
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the large extent up to 800-1000 km when -
taking the oroclinal bend into account), I
whereas the width generally yields an
estimate of 150-200 km (with deviations
of 90 km and up to 270 km). The only
exception from these values is the time
from 33-29 Ma in which deformation is
limited to a rather central cluster that has
similar extents along-strike of the units
and orthogonal to it.

This allows the conclusion that
the width of the active units generally
is about 20-50% of the length of active
units. The longer length values are 2-5
times the smaller length values. This
further suggests that the smaller of the
values reflects the extent of a single
active area, whereas the larger value
represents several active areas, that are
coevally active, spatial neighbours. This
also explains that the first stage has a
width that is half of the common value of
stage 2 and stages thereafter, as in the
initial time window, no coeval areas seem
to have been active, which only begins
in the later time windows. The same is
true for the along-strike extent, which
only yields a value of 200 km, i.e., the
length of one active area. A multiple of
this length occurs only from the second
stage on. However, another difference is
striking: before the time of 33-29 Ma in
which the plateau interior is active, the
common length scale of one area was
closer to 200 km, which extents more to
300 km in the time windows after 33-29
Ma.

| 12-11] 10-9| 8-0

17-13

28-18

33-29 |

The characteristic lengths for
structures of ~200 km and multiples

Fig. 5.9: This table is a summary of all deforma-
tion stages inferred from the different methods
(frequency statistics (Fig. 5.2), indicator vario-
gram surfaces (Fig. 5.5) with substages (termed
“Fig. 5.5 sub”, not depicted), variograms (Fig.
5.6), kriging plots (Fig. 7), variogram surfaces of
shortening rate (Fig. 5.8) and substages (termed
“Fig. 5.8 sub”, not depicted), deformation periods
from Oncken et al. (O 2006) with substages (“O
sub”), and more data from frequency statistics
(Fig. 5.3). The solid yellow lines indicate major
deformation changes over time (from one Ma to
the next), whose results are significant, where-
as the stippled yellow lines mark stages that are
not significant and could rather be interpreted
as substages. The row at the bottom shows the
resulting deformation time windows when sum-
marized.
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thereof suggest that the common structures,
e.g., faults in a fault network, have the same
scale lengths, irrespective of their position within
a structural unit. Each of these smaller areas,
probably representing fault systems, can be
regarded as a coherent unit, which is independent
at first. Their eventual coeval activity causes the
multiple lengths (i.e., the larger values) maybe
due to an interlinkage between faults. The only
exception is the plateau interior: the characteristic
length only grows up to ~400 km maximum
length.

5.5.3. Discussion

By means of frequency- and geostatistics
we studied the spatial pattern of deformation for
the Central Andes over the last 46 Ma. By resolving
these data down to one million year steps, we are
able to detect significant temporal deformation
patterns: each deformation stage lasts between 3
and 10 Ma. We have to note that we would not
be able to resolve stages below the duration of
or with a greater accuracy than 1 Ma, as the error
for dating deformation in the initial data is on the
order of 1 Ma. All of these stages are driven by
the deformation activity in regional areas, which
are much smaller in spatial extent than the orogen
itself. Thus, the deformation pattern we detect on
the orogen scale is solely driven by variations on
the next smaller scale, which imprints its effect on
the orogen scale.

The smaller scale variations occur on
temporal scales that are shorter than some
of the deformation stages of the orogen scale
mentioned above, namely on the order of 2-4
Ma. Such variations can certainly be ascribed
to the different fault systems or faults that are
active, to strain transfer between systems and
faults, and also to changes in strain accumulation
mode. Characteristic lengths of structures for the
respective time windows are summarized above,
yielding average extents of 150-200 km in width
and 200-300 km for along-strike length. When
neighbouring structures are coevally active, the
characteristic along-strike length increases by a
multiple of the characteristic length of one active
area, up to 600-800 km (and even 1000 km), as
the faults of the smaller scales interconnect.

The shortening rates that we calculate
are very small (cf. mean values in Fig. 5.2, 5.3,
and 5.4), unlike commonly used values for the

past (5-15 mm/yr, e.g., Klosko et al., 2002; Liu
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et al., 2002). Certainly, our values are minimum
estimates (sometimes below mm/yr) and probably
not realistic, when compared to other local
estimates (1-8 mm/yr, e.g., Elger et al., 2005) as
they are calculated under the assumption that
strain was distributed homogeneously over the
entire area and over time. Thus, as the resulting
data are actually “too” low, we could therefore in
turn infer and conclude that accumulation of fault
slip must be heterogeneous in space and time.

Unfortunately, attributing strain rates for
an entire orogen and dividing the formation of an
orogen in phases of up to 15-20 Ma during which
the entire orogen was actively deforming is often
our only option when studying the deformation
history of orogens, as better resolved data -both
in space and time- are usually not available (due
to lack of field exposure).

Strain accumulation exhibits characteristic
spatial and temporal structures on the orogen
and the next smaller regional scale, and higher
data resolution on all scales is needed for the
deduction of deformation processes. However, we
can compare the regional scale of ~150-200 km in
width and 200-300 km in length to the orogen scale
pattern which yields up to five times the amount of
the length, whereas the width remains about the
same. These characteristic scale lengths are the
same for all significant time windows, which are
themselves commonly on the order of 2-4 Ma, but
also twice as much. It remains to be analyzed if
the characteristic lengths on the regional scale are
real or due to the lack of data resolution below
the regional scale. Thus, within the regional area,
some parts might actually be inactive, dividing
the larger regional area into smaller areas. The
characteristic regional scale length would again be
merely a summary of lengths found on the smaller
scale. Chapter 9 discusses such artefacts resulting
from lack of resolution and their implications that
strain accumulation can still be scale-invariant.

Characteristic sedimentary sequences,
i.e., temporal patterns, have also been suggested
for erosional responses to deformation cycles,
which are on the order of 2-3 Ma as inferred from
sedimentary basin infill in the Central Andes (Elger,
20083; Echavarria et al., 2003); therefore similar to
our results for strain accumulation on the regional
(fault system) scale.

GeoForschungsZentrum Potsdam
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5.6. Conclusions

With a multitude of both frequency and
geostatistics of deformation activity and shortening
rates, we examined the spatial strain accumulation
pattern on the orogen scale for the last 46 Ma of
Central Andean plateau formation, with the goal
to identify characteristic temporal and spatial
scale lengths on the regional and the orogen
scale. We observe the unsystematic way of strain
accumulation for the Central Andean plateau
orogen, which is in contrast to strain propagation
inherent to fold-and-thrust belts.

We were able to calculate shortening
rates that are resolved down to a spatial scale of
40 km for time steps of one million year within
an orogen of several hundred kilometers extent.
The rates are simplified due to the assumption
that strain is distributed homogeneously, and
therefore merely represent minimum estimates.
As they are very low, we propose that strain
accumulation does not occur in a homogeneous
but a heterogeneous fashion, and varies from
one fault system or fault to another. Also, strain
accumulation is not continuous over time, but
follows a temporal deformation pattern (probably
with varying deformation intensities and resulting
shortening). As previously suggested by Oncken et
al. (2006), these deformation times do not always
pertain to along-strike coeval activity, but exhibit
regional scale events (2-4 Ma duration). When
analyzing deformation activity, these regional
scale events have typical scale length of 200-300
km in along-strike extent and 150-200 km in width.
As several of these regional areas are active at the
same time, the along-strike extent increases to a
multiple on the orogen scale, i.e., up to 600-1000
km (cf. Chapter 9 for further discussion).

Most of the regional deformation stages on
the order of 2-4 Ma significantly affect the orogen
scale pattern, so that we propose the following
main deformational stages for the Central Andean
plateau: 46-43 Ma, 42-41 Ma, 40-34 Ma, 33-29
Ma, 28-18 Ma, 17-13 Ma, 12-11 Ma, 10-9 Ma, and
8-0 Ma.
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6. The effect of mechanical heterogeneity on diversification of
deformation patterns - A modelling study with granular media

The evolution of a deformation system is driven by a multitude of both intrinsic and external
parameters that may generate e.g., simple fold-and-thrust belts or plateau-style settings. We
explore the distribution of mechanical properties on the development of different deformation
patterns in granular analogue models monitored by high-resolution particle imaging velocime-
try. This allows us to address the question which mechanical parameters may cause plateau-
style deformation patterns. We show that plateau-style settings indeed only form when critical
strength contrasts are present within the initial system, both laterally in the crust and with
respect to its base. Threshold values for these parameters exist (at 20% lateral strength con-
trast and 35% basal contrast), which determine the style of the brittle analogue strain pattern:
taper-like or plateau-style, without any transitional stages in between. Our models are able to
reproduce the spatial and temporal distribution of strain accumulation as observed on the oro-
gen scale of the Central Andean Altiplano. The driving factors that can explain the deformation
pattern of this plateau orogen are still under debate. The fact, that the pattern of a complex
natural system can be approximated by a simple model, implies that the pattern cannot be
caused by only one parameter combination, and thus has no unique explanation. This ambi-
guity in turn precludes the possibility to conclude the responsible driving mechanisms from the

respective strain patterns.

6.1. Introduction

A variety of parameters have been shown
to influence the balance between plate boundary
and buoyancy forces in controlling the evolution of
orogens (e.g., McKenzie, 1969; Forsyth and Uyeda,
1975; Chapple and Tullis, 1977; Richardson et al.,
1979; Dewey, 1980; Ranalli, 1987, more references
in Seng6r, 1990). More particularly, the resulting
orogenic system and its internal deformation
patterns depend on the impact of a. internal
factors such as rheological heterogeneities within
the plates (due to e.g., differential temperature,
density properties, rock composition, inherited
weaknesses, presence of fluids, etc.), crust-
mantle interaction (decoupling, delamination,
magmatism), and strain weakening; as wellas on b.
external factors like plate geometry, convergence
kinematics, subduction angle, coupling along the
plate interface, and climate.

The specific contribution of these individual
parameters to and their role in the evolution of a
particular deformation system is usually a matter
of debate. Different strain accumulation patterns,
e.g., plateau-style or wedge-like deformation
(narrow single- or bivergent) etc., may grade
into each other along-strike in spite of similar
plate tectonic settings and also appear to exist
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in quite diverse tectonic settings. This becomes
particularly clear when observing the lateral
variability of the subduction-related Andes or of the
collisional Himalayan-Alpine system. The spatial
and temporal strain accumulation is extremely
diverse and suggests complex system behaviour
from interaction of a multitude of processes and
properties.

Although a large number of controlling
parameters have been proposed for the formation
of the Andean Altiplano-Puna plateau (e.g., mantle-
driven processes like delamination (e.g., Kay and
Kay, 1993; Allmendinger et al., 1997); crustal
channel flow (e.g., Wdowinski and Bock, 1994a;b;
Yuan et al., 2000; Husson and Sempere, 2003);
strength variations in the plates and their interface
(e.g., Allmendinger and Gubbels, 1996; Lamb and
Davis, 2003); climate (e.g., Lamb and Davis, 20083;
Masek et al., 1994; Horton, 1999; Sobel et al.,
2003); changes in plate/indenter geometry (e.g.,
Gephart, 1994; Tassara, 2005; Giese et al., 1999);
and convergence kinematics (e.g., Pardo-Casas
and Molnar, 1987; Somoza, 1998; Silver et al.,
1998)); they so far do not account for the observed
spatial and temporal evolution of the orogen-
internal deformation pattern. With a correlation
analysis of time series data of various processes

GeoForschungsZentrum Potsdam
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suggested for these deformation patterns for the
Andean plateau, Oncken et al. (2006) have shown
that only a special combination of parameters
can explain the spatiotemporal strain distribution
(namely differential feedback of trench infill, plate
interface coupling, associated shortening transfer
and slab rollback, as well as the position of inherited
structures of crustal weakness). This strategy,
however, hinges on the assumption that temporal
and spatial correlation of coupled processes and
strain accumulation provides a unique explanation
for the observations. By the same token, numerical
modelling of multiply coupled (mostly non-linear)
processes often allow only the identification of one
controlling mechanism, but not a distinct hierarchy
of interdependent controlling mechanisms (cf.
studies by e.g., Wdowinski and Bock, 1994a, b;
Royden, 1996; Sobolev and Babeyko, 2005; Vietor
and Oncken, 2005).

This ambiguity of interacting processes
does not only preclude the understanding of what
might stipulate complex system behaviour, which
is neither easily identified from the rock record, nor
in standard modelling approaches. The difficulty
in demonstrating the uniqueness of parameter
combinations also restrains the possibility to in
turn use the resulting strain pattern of a structural
system, leading to e.g., plateau-style or wedge-
like deformation, to infer the key driving factors
responsible for their formation.

In this paper we single out the individual
role of mechanical heterogeneity, which is itself
characterized by multiple factors, and system-
aticallyinvestigateits contributionin controlling both
the spatial distribution and timing of deformation.
To address this question we perform analogue
experiments in which we successively implement
and change single mechanical properties and
combinations thereof, so that initially simple
systems become more complex. All experiments
are monitored by particle imaging velocimetry
permitting high resolution of resulting strain
patterns in space and time (cf. Adam et al., 2004).
This enables us 1) to explore and determine the
effect, stability and uniqueness or non-uniqueness
of mechanical heterogeneity driven by certain
parameter combinations for their ability to develop
plateau-style vs. wedge-like deformation systems,
and 2) to contrast analogue strain patterns of
model and nature caused by dissimilar parameter
combinations.
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6.2. Experimental design
6.2.1. Scaling analysis

The brittle crust is modelled by granular
materials which show similar frictional-plastic
behaviour as natural rocks, with a strain hardening
phase until failure followed by a phase of strain
weakening and localization (Byerlee, 1978; Mandl,
1988; Krantz, 1991; Marone, 1998; Schellart,
2000; Lohrmann et al., 2003). Thus, material is
characterized by the coefficient of friction (internal
and basal), cohesion, and density. Granular
experiments are scaled to nature according to: ¢*
= C*= p* A" g* (asterisk indicates ratios of model
to nature, o is tectonic stress, C is cohesion, p is
density, A is the geometric length, and g is gravity)
(e.g., Hubbert, 1937; Koyi, 1997; Schellart, 2000).
The geometric scaling factor is given by: X* =
Prat Crrod Tnat 7 Prnog Crat Imog- USING typical density
values for upper crustal rocks of about 2700 kg/
m3 with cohesion being on the order of <10°-10?
MPa; and density values of about 1700 kg/m? for
the granular material, with cohesion being on the
order of 10° Pa-10? Pa at natural gravity of g = 9.81
m/s?, our geometric scaling factor ranges between
10 to 108 (Table 6.1).

6.2.2. Materials and model construction

In granular set-ups, the strength of a
material is mainly characterized by the coefficient
of friction. We determine these coefficients using
a ring shear device: shear stresses are measured
for given normal loads and the appropriate
values of coefficients of friction and cohesion
for the peak, static-stable, and dynamic-stable
frictions are thereafter determined by means of
regression analysis (e.g., Lohrmann et al., 20083;
Hampel et al., 2004). These are equivalent to the
frictional strength until failure, the strength of fault
reactivation, and the strength of actively deforming
material respectively (Byerlee, 1978). Properties of
materials used are summed up in Table 6.2.

The measurements yield absolute values
with which we obtain the applied normal and
shear stresses within the experiments by means
of the Coulomb failure criterion: T = ¢ + p 6. Thus
for 0.018 m of model crust, a density of 1700 kg/
m?3 and natural gravity, a typical normal stress 6,__,
at the base of the analogue layer is 300 Pa. For
a basal coefficient of friction of 0.5 with cohesion
being negligible, the shear stress 1 _,atthe base is
150 Pa, above which the material will fail.

In the following we will refer to the
GeoForschungsZentrum Potsdam
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Table 6.1. Scaling parameters

Parameter Equation Nature Model Scaling factor
Thickness o* =0* g* L* L*=9.1x 107
upper crust 20 km 1.8 cm
Density O /0 2700 kg/m? 1700 kg/m? 8* =0.63
Gravity g 9.81 ms? 9.81 ms? g¥=1
Cohesion Cc* 10°-10* Pa 10*-10%Pa
Stress o* o*=5.74x 107

coefficients of friction for materials as the value
of the dynamic-stable friction. Two simplifications
have to be noted: we neglect cohesion, which is
approximately one order of magnitude below the
resulting stresses, and we neglect that the normal
stress in the model is lower closer to the surface.

All materials are sieved into the model set-
up. Vertical or inclined material boundaries are
established by thin metal boards separating units
during sieving, which are later removed. To obtain
a plane surface, material is slightly compressed
after sieving. If cohesion is to be kept low, barium
sulphate must not be compressed at all. Finally, a
marker grid of coloured sand is sieved on top of
the experimental set-up with squares of 5 cm x 5
cm.

6.2.3. Dimensions of the experimental set-up

We carried out experiments with a scaling
factor of 9.1 x 107 as well as with 4.55 x 107 for
comparison. The experimental dimensions of 60
cm x 84.2 cm x 1.8 cm (width x length x height)
respectively 30 cm x 42.1 cm x 0.9 cm equal 660
km x 925 km x 20 km in nature. We chose these
values close to the natural analogue of the Central
Andean plateau. The dimensions thus cover the
area of the Altiplano plateau (17°-23°S) within the
upper crust down to the decoupling horizon at
20 km depth (e.g., Yuan et al., 2000), adding the
amount of shortening that has been accumulated
(~265 km, e.g., Kley, 1999). The system is closed
to the sides by glass panels to prohibit lateral
extrusion of the material.

6.2.4. Monitoring technique

Most of the experiments were monitored
by a special camera system using the technique
of particle imaging velocimetry (PIV), which allows

the quantification of instantaneous velocities and
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displacements of particles (e.g., sand grains)
during the experimental run (cf. Adam et al., 2004).
One PIV camera is employed which monitors the
2D strain surface from above. The calibration of
the camera before an experiment is used for the
calculation of a mapping function, which accounts
for image distortion. The calibration error for the
experiments is on the order of 10" pixel, which
equals 0.038 mm, therefore being one order of
magnitude smaller than the size of a single sand
grain.

Sequential images are cross-correlated
by the commercial software DaVis (e.g., adaptive
multipass pattern cross-correlation employing
Fast Fourier Transformation, for details refer to
Adam et al., 2004). The observed velocity field
can be decomposed into all components of the
strain gradient tensor.

Additionally, digital images are sampled
every second, which gives 24 images per
centimeter of convergence at a motor speed of
2.5 cm/min.

6.3. Experimental results

We performed a series of more than 40
experiments (Appendix B), in which a piston
compresses the initial set-up from one side (back
wall) to the other (front wall) (cf. Fig. 6.1). The
initial set-up generally consists of four structural
units (termed unit 1, 2, 3, and 4) which are
characterized by different material properties and
therefore exhibit lateral strength contrasts (sand,
glass beads, barium sulphate, salt, grains of rice
pudding, grains of corn meal, starch, sugar).

Additional weak zones were introduced
in units 1 and 3 (glass beads, salt, fine sand) as
vertical columns (cf. Fig. 6.1). The position of the
shear horizon is at the bottom of the experimental

set-up, either “fixed” to the table (glass beads,
GeoForschungsZentrum Potsdam
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Table 6.2a. Coefficients of Internal Friction, Cohesion, and Density, as measured with the Ring shear apparatus

Density (g/m?) Peak friction Static-stable friction =~ Dynamic-stable friction Cohesion, Pa
Hoeak Hetatic Hynamic
Sifted Dry Quartz Sand (Grain Size <0.63 mm)
1.73 0.70 0.60 0.54 140-90
Glass Beads (Grain Size <0.4 mm)
1.55 0.50 0.46 0.41 60-40
Barium Sulphate
1.26 0.82 0.79 0.76 460-360
Sifted Z-lights Ceramic Beads (Grain Size <0.4 mm)
0.65 0.48 0.46 0.43 60-35
Corn Meal Rice Pudding Salt Starch Sugar

Density (g/m?) 0.71 0.89 1.49 0.59 1.01
Friction (range) 0.85-0.65 0.87-0.71 0.70-0.55 0.67-0.6 0.63

Table 6.2b. Coefficients of Basal Friction, Cohesion, and Density, as measured with the Ring shear apparatus

Peak friction Static-stable friction

Dynamic-stable friction Cohesion, Pa

Hoeak Miatic Hiynamic
Sifted Dry Quartz Sand (Grain Size <0.63 mm) vs. teflar foil
0.32 0.23 0.23 103-160
Glass Beads (Grain Size <0.4 mm) vs. teflar foil
0.19 0.11 0.11 150-200
Barium Sulphate vs. teflar foil
0.41 0.27 0.26 90-160
Barium Sulphate vs. alcor foil
0.53 0.5 0.5 74-33
Sifted Dry Quartz Sand (Grain Size <0.63 mm) vs. alcor foil
0.36 - 0.30 -
Sifted Dry Quartz Sand (Grain Size <0.63 mm) vs. sand paper
0.63 0.58 0.55 66-62
Glass Beads (Grain Size <0.4 mm) vs. sand paper
0.5 0.49 0.46 21-1

fine sand, Teflon foil or alcor foil) on which the
experiments were run, or “loose” with additional
material (glass beads, fine sand, salt) between the
units and the fixed foil on the table. Depending on
the implemented parameter characteristics and

combinations, five different deformation systems
Scientific Technical Report STR 07/09
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evolve, which we describe in order of increasing
complexity. All five types generally follow either
a “wedge-like” or “plateau-style” deformation. A
summary of the initial set-up, structural evolution
and final results are summarized for each

experiment in Appendix B.
GeoForschungsZentrum Potsdam
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6.3.1. Single “wedge-like” setting, (Fig. 6.1a)

The taper configuration represents the
classical wedge (Fig. 6.1a), which increases in
taper angle and sheds sediments over its slope
with continuing compression until a certain point
when it becomes stable. All structural units (1-4)
are involved in its formation.

6.3.2. Bivergent “wedge-like” setting,

(Fig. 6.1b)

This set-up produces a peak ridge in the
center (unit 2) which has symmetric slopes verging
to both sides (Fig. 6.1b). Sediments shed down
these slopes on both sides.

6.3.3. Low-angle “wedge-like” setting,

(Fig. 6.1c)

One peak ridge develops close to the
moving piston in unit 1, followed by uplift of the
area adjacent to this peak ridge (unit 2), which
itself is only little deformed. This area has the
same elevation as the peak ridge. Thrusts form
subsequently in units 3 and 4 (Fig. 6.1c). The
resulting taper has a rather low angle, as most
units have the same elevation.

6.3.4. High “plateau-style” setting, (Fig. 6.1d)
This setting is similar to c), but after the first
peak ridge has formed in unit 1, another peak ridge
develops in unit 3, adjacent to unit 2. Unit 2 has
been uplifted to approximately the same elevation
as both peak ridges, but in contrast, has not been
highly deformed. Again, additional thrusts develop
further away from the piston in unit 4 (Fig. 6.1d).

6.3.5. “Plateau-style” setting, (Fig. 6.1e)

This deformation system (Fig. 6.1e) is
characterized by the development of two peak
ridges (units 1 and 3), both adjacent to unit 2,
which itself forms a plateau area. The plateau area
lies at a higher elevation than the initial surface,
but remains at a lower elevation than the peak
ridges. The peak ridges shed sediments on top of
the plateau surface. Thrusts develop in unit 4 as
soon as deformation in both peak ridges and the
plateau area becomes inactive.

6.4. Parameter control
The five described settings develop in
response to two main controlling parameters: a.

the basal detachment, and b. the lateral strength
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variation between structural units. Both parameters
can be expressed in terms of strength contrasts,
which vyield dimensionless ratios: a. “basal
contrast” basal friction (with respect to unit 2)/
internal friction (of unit 2), and b. “lateral contrast”:
internal friction of stronger unit/ internal friction of
adjacent weaker unit. In some experiments, weak
zones are implemented in units 1 and 3, which
allow further variation with respect to the units’
strength.

6.4.1. Basal strength contrasts

The basal detachment is positioned
beneath the set-up as a foil fixed to the table, which
is characterized by the basal coefficient py of the
foil with respect to the material above (we use unit
2 as reference material, here baryte) which ranges
from 0.26 for teflar foil, 0.45 for alcor foil, 0.55 for
glass bead foil, up to 0.65 for sand paper. In some
experiments, an additional material layer of sand,
salt, or glass beads is implemented between the
foil and the set-up (with internal coefficients of
friction of 0.54, 0.55, and 0.41 respectively). The
respective value for basal friction depends on the
thickness of the additional layer. If it is ~3 mm or
thicker, the effect of the foil becomes minimal and
we take the internal value of the material. If the
thickness is lower, we take the mean value of both
the basal friction of the foil and the internal friction
of the additional material.

The basal strength contrast is the ratio
between the mean basal friction with respect to the
material of unit 2 and the internal friction coefficient
of unit 2. This ratio has a threshold value close to
0.67, which determines if the deformational style
is wedge-like (>0.67; a, b, c) or plateau-like (<0.67;
d, e) (Fig. 6.2).

The presence and properties of the
additional layer determines the type of plateau-
style setting. Setting d) requires additional material
beneath the set-up, as it supports the uplift of a
plateau surface, whereas type €) only develops,
when no additional material is present. Setting c)
of the wedge-like systems also requires additional
material below the set-up, but with a higher basal
friction than d).

We further have to note that in some
experiments we varied the properties of the
basal horizon along-strike (Appendix B, Exp. 35,
43, 45). It then depends on the position of the
piston (i.e., amount of convergence), which of the

basal properties are effective. Thus, the basal
GeoForschungsZentrum Potsdam
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effect on the deformation system changes over
time, and the plateau-style setting might become
taper-like at a later stage.

6.4.2. Lateral strength contrasts

Lateral strength contrasts are defined as
the ratio of the internal friction coefficient of the
strongest unit (unit 2) and the mean internal friction
of the weaker unit adjacent to the strong unit (units
1 and 3). If no lateral variation is present, the ratio is
1. It becomes greater than 1 with increasing lateral
strength contrast, i.e., the strong unit becomes
stronger or the weak unit weaker. Internal friction
coefficients of the materials used for the four
structural units range from 0.38 (glass beads 40-
70 pym) to 0.76 (baryte). In some experiments, we
put additional weakness zones within units 1 and 3

to localize deformation in these units and to initiate
their uplift. The value for the mean internal friction
is calculated depending on the percentage of the
widths of the weakness zones.

Again, a threshold value for the minimum
contrast exists laterally, that has to be overcome
to develop a plateau-style rather than a taper-like
setting (Fig. 6.2). When the contrast is 1 or slightly
higher, the resulting system will be taper-like (a.). If
the ratio is about 1.2 or higher, a taper-like setting
(both a. and c.) only develops when the basal
contrast is higher than ~0.35 at the same time.
Else, the setting will be plateau-like (Fig. 6.2).

This is only true for materials that have
similar densities. For instance, when the material
in unit 2 has a much lower density than materials
of adjacent units 1 and 3 (e.g., ~600-900 kg/m?3
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Fig. 6.2: This plot shows the dependence of the deformation style (taper- or plateau-like) on the basal strength contrast (x-
axis) and the lateral strength contrast (y-axis) within the system. The basal contrast is defined as the ratio of the basal coeffi-
cient of friction (with respect to the strongest unit) and the internal friction coefficient of the strongest unit. The lateral contrast
is defined by the ratio of the internal friction of the strongest unit and the internal friction of the weaker material adjacent to
the strong unit. Both ratios are dimensionless. Plateau-style settings plot as outlined diamonds (including settings d. and
e.), taper-like settings plot as solid diamonds (settings a., b., and c.). The dashed line separates the two fields. The numbers
indicate the experiment numbers summarized in Appendix B. Numbers in brackets indicate the following references: [26]
Vietor, pers.comm., 2007; [62] Schreurs et al., 2006; [63] Lohrmann, 2002; [64] Marques and Cobbold, 2002; [65] Hoth, 2005.
Values for each of the points are summarized in Table 6.3. Further explanation in-text.
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6. The effect of mechanical heterogeneity on diversification of deformation patterns

vs. ~1500-1800 kg/m3), the resulting setting is
bivergent (b), as material is squeezed upwards
during compression.

6.4.3. Shape of the indenting piston

If the curvature angle was low (<20°) and
already attained before convergence, the effect of
the bentindenteris not very strong compared to the
boundary effect of side wall friction (cf. Schreurs
et al., 2006). If the indenter is initially straight and
highly gains in curvature during convergence (up
to >45°), the material is moving parallel to the
direction of convergence only in the center point
of the indenter and has a higher translational
component towards the sides.

6.4.4. Effect of strong lithosphere on the

backside of the orogen

We modelled a strong lithospheric block or
mass by placing a wooden plate with a slope at the
back of the experimental set-up, so that material
of the fold-and-thrust belt can thrust on top of it.
For angles of less than 10° there is no distinction
within the general setting. If the angle was higher,
material would not overcome the boundary to
thrust on top, but rather piles up in front.

6.4.5. Internal geometries and symmetries
When the structural units are wider, more

x - dimension of experiment in mm

moving indenter

-250 -200 -150 -100 -50 0

profile line 5

thrusts can take up more bulk shortening. If the
crust is thicker, the spacing of thrusts will increase,
and the peak ridges can uplift higher. The
additional weakness zones in units 1 and 3 allow
the localization and uplift initiation of the peak
ridges, when they make up at least 6% or more
of the initial width of the structural unit. If weak
zones are wider than necessary, more material is
squeezed or thrust, which subsequently falls down
the slopes onto the plateau.

If the strength contrasts from units 1 and 3
to unit 2 are not the same on either side, both peak
ridges form, but the plateau surface in between
has a dip towards the peak ridge with the lower
strength, producing an asymmetric setting.

We also tested vertical material boundaries
vs. boundaries at an angle, for which we did not
see any differences in outcome.

6.5. PIV monitoring of plateau-style settings
6.5.1. Plateau without erosion

We monitored the plateau-style setting e)
with the PIV technique described above to obtain
the displacement field for every single time step
(one image every second, convergence rate:
2.5 cm/min, about 40 cm of total convergence).
Figure 6.3 shows a PIV image from the surface
of the experiment showing incremental strain in
the direction of convergence (E_ in %). It depicts
i 60
55
50
45
40
35
30
25
20
15
10

unit 1

Exx in % - longitudinal strain in x - direction

50 100 150 200 250

y - dimension of experiment in mm

Fig. 6.3: PIV strain image of experimental surface after 12 cm of convergence. Lighter colours indicate zones of incremental
strain in the x-direction (direction of convergence); here three thrusts are currently active in three different units. Also visible
are potential strike-slip components close to the sides, and the outline of the indenter. The white vertical line marks the posi-

tion of the profile shown in Figure 6.4a and Figure 6.5a.
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6. The effect of mechanical heterogeneity on diversification of deformation patterns

localized deformation along the two peak ridges
as well as one thrust within the plateau area. The
curved indenter might have caused transpressional
structures close to the sides of the set-up, but as
these structures are not well defined, they probably
result from side wall friction (cf. Schreurs et al.,
2006).

We extract the strain data along one profile
crossing the surface area for each image to obtain
a time series of strain accumulation in space (Fig.
6.4a). Structures develop first in the upper left and
move down to the lower right, as time increases
from top to bottom and convergence is from left
to right. The black areas represent zones of high
strain accumulation. First, the peak ridge close to
the piston develops with three thrusts (marked 1
to 3), representing the initial uplift within the weak
zone. The white colour to the left of the structure
indicates avalanches from the peak ridge. In this

white: —
slumpings

grey:
background
noise

Time

black:
high strain
Exx %

180

initial phase, avalanches occur away from the
plateau interior towards the indenter. The fourth
thrust of peak ridge 1 is coevally active with the
initiation of thrusting within the plateau area, which
is directed towards the foreland (marked 4 and 5).

While the second thrust within the plateau
is still active, and uplift of the first peak ridge is
ongoing, the uplift of the second peak ridge starts
(5), again within the weak zone. Avalanches
become stronger (from both thrusts 5 and 6) and
thrusting within the plateau dies out. Unlike the
initial phase, avalanches from both peak ridges
are directed towards the plateau interior. As
directions of avalanches typically correlate with
the direction of thrust motion, we gain information
on the internal structures from surface data and
are able to reconstruct a cross section (Fig. 6.4b).
Here, the avalanches indicate that the vergence
of thrusts within the first peak ridge has changed

= =——u

stble

240 270
x direction in mm

210 300 360 390 420 450

Fig. 6.4a (top) + b (bottom): a) Strain data along profile through center of experiment “plateau-style setting without erosion”
(cf. Fig. 6.3) for all time increments. Active thrusts are black, avalanches are white, and background noise is grey. Active
thrusts are chronologically numbered, the structural units are also marked. Further explanation in-text; b) Sketch of cross
section of the finite (top) and balanced (bottom) plateau-style setting. Thrusts are chronologically numbered as in a).

unit 2 unit 3 unit 4

unit 1

Cord1 plateau Cord2 FTB
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6. The effect of mechanical heterogeneity on diversification of deformation patterns

towards the foreland (4), and backthrusts are no piston for the first time after 4 cm of convergence,
longer active (1 to 3). Backthrusts are only active when it had already attained some elevation and
within the second peak ridge (5, 6). thenevery 4 cmuntilpeakridge 2 started to develop,
The white dashed line in Figure 6.4a which we eroded every 4 cm from 29 cm onwards
marks the time increment when the first thrust (constant erosion approach). The combined strain
of the wedge-like part (unit 4) becomes active, profile through time in Figure 6.5a shows that the
coeval with the halt of avalanches from both peak relative chronology of activity within the units is the
ridges, which means that deformation is no longer same as in Figure 6.4a. However, the number of
active. Thus, plateau-style deformation stops, and faults is less in units 1 and 3 (three instead of four
wedge-like deformation becomes dominant in unit  thrusts in unit 1, and one instead of three in unit
4. Avalanches of thrust 7 towards the piston die 3), but higher in the plateau area (three instead of
out and thrusts with opposite vergence (to the two). Avalanches are smaller as sediment supply
foreland) become active (8). From that point on, s less, but they are of longer duration.

thrusts propagate towards the front wall. Each of the thrusts in the peak ridges and
the plateau region is active for a longer period
6.5.2. Plateau with erosion of time, with faults being reactivated (e.g., in

We eroded along peak ridge 1 close to the the plateau region). In contrast, faults within the

white: —
slumpings
thrusts in unit 2
| - | \ —
6 uplift unit 3
grey:
background v
noise = = B thrust initiation unit 4
—— = [
TR O
== -
black: !; —
high strain 2 : / 4
Exx % = “strain fade out” [

0 30 60 90 120 150 180 210 240 270 300 330 360 390 420 450
x direction in mm

Fig. 6.5a (top) + b (bottom): a) Strain data along profile through center of experiment “plateau-style setting with erosion”
(cf. Fig. 6.3) for all time increments. These profiles are taken from an experiment in which material of unit 1 is eroded
every 4 cm of convergence up to 29 cm of shortening, after which unit 3 is eroded. Active thrusts are black, avalanches
are white, and background noise is grey. Thrusts are numbered according to their start of activity. Further explanation
in-text; b) Sketch of cross section of the finite (top) and balanced (bottom) plateau-style setting with erosion. Thrusts are
chronologically numbered as in a).
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6. The effect of mechanical heterogeneity on diversification of deformation patterns

wedge-like part (unit 4) accumulate strain for a
shorter period of time. Towards the end of a thrust’s
activity, strain accumulation “fades out” to almost
zero, which is indicated by the faint black tail (Fig.
6.5a). The direction of avalanches indicates that
faults in the peak ridges are all backthrusts (Fig.
6.5b).

6.6. Discussion
6.6.1. Internal parameter control

Despite being a rather simple model of
the upper crust, the granular set-up is able to
show that certain parameters in combination are
responsible for the evolution of two prominent
types of strain accumulation. These parameters
comprise two internal parameters that are coupled
to each other: basal strength contrasts (including
basal detachments) and lateral strength contrasts
(including inherited structures). Thus, rheological
properties of the system causing mechanical
heterogeneity are first order factors controlling the
style of strain accumulation. Figure 6.2 shows that
two domains exist: one for plateau-like patterns
and one for taper-like deformation (including both
single- and bivergent settings), which can be
separated from each other by a sharp line. This
means that no gradual transitions exist from one
type to the other, but that critical threshold values
are present for both the lateral and the basal
strength contrast, which determine if either the
one or the other deformational setting develops.

The threshold value for lateral strength
contrasts between adjacent units has to be higher
than ~1.2 (or ~20% lateral strength contrast) for
the formation of a plateau-style setting, which
converges towards 1 when the basal contrast
approaches 0 (no frictional coupling at the base).
Numerical experiments have shown thatas soon as
the slightest basal friction is present (Vietor, pers.
comm. 2007), deformation will be in a wedge-like
rather than a plateau-style fashion, irrespective of
lateral strength contrasts. Therefore we assume
that the lower end of the line separating the two
deformational settings will draw near to this point
at 0 (basal contrast) and 1 (lateral contrast) (Fig.
6.2). At the same time, this means that without the
lateral strength contrast the resulting strain pattern
will always be wedge-like for any basal contrast
>0.

The threshold value for the basal contrast
is ~0.67 (or ~35% basal strength contrast)

beyond which the strain pattern will be wedge-
Scientific Technical Report STR 07/09
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like, irrespective of lateral strength contrasts. If
the value for the basal strength contrast is lower
than the respective threshold value, the style of
deformation will be plateau-like independent from
any increase of the lateral strength contrast beyond
the above mentioned value (~1.2). However, some
experiments (1-6, Fig. 6.2) indicate that if the
lateral strength contrast will be very high (more
than 50%) the plateau-style settings only develop
when we again decrease the basal contrast.

Certainly,thesevaluesmightshiftdepending
on the aspect ratios of the initial system. This
means, that with increased thickness of the upper
crustal layer (but constant width of the units), the
normal stress increases, and a higher shear stress
or a lower basal friction is required for yielding
(according to the Mohr-Coulomb criterion). The
contrary is true for higher lateral widths with the
same thickness, as the normal force is lower (i.e.,
the force acts on a bigger surface), and therefore
the yield strength can be overcome at lower shear
stresses or comparably higher basal friction. With
respect to this issue, the line separating both fields
might shift slightly to the left or right depending on
the scaling ratio. However, the two different scaling
ratios tested in our experiments have very similar
threshold values.

We also conclude that plateau-style
settings require more mechanical heterogeneity
(complexity), as they develop only when both the
basal and the lateral strength contrasts exist. In
contrast, taper- or wedge-like systems already
develop when only a basal contrast is present, but
no lateral variation.

We can show that a hierarchy exists for all
parameters. The controlling first order factors are
basal and lateral strength contrasts. But, as taper-
like settings already develop with only the basal
contrast and do not necessarily require a lateral
strength contrast, we interpret the basal contrast
to be more important than the lateral contrast. The
other tested internal parameters did not have any
influence on the resulting deformation style, and
are therefore only second order factors.

6.6.2. Effect of external parameters

In our experiments, the external parameters
such as shape of the indenter, the effect of a
backstop or erosion merely cause a system to
react to imposed changes, which can go as far as
putting a system into a supercritical or subcritical

state.
GeoForschungsZentrum Potsdam



6. The effect of mechanical heterogeneity on diversification of deformation patterns
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6. The effect of mechanical heterogeneity on diversification of deformation patterns

Such a parameter influence becomes

TN N O\ Ty O\ O O O O DY Ty N . .

A G G RaACAL RERERERVRE A 2 2 EAL XS 54 most obvious when comparing a system that
has undergone erosion to one that has not been
eroded. In general, erosion prolongs the activity

S o 2 B o B i ] Zirin W 20, of each thrust as well as the general uplift activity

NNNN O\ 00 LI N BN 00 O Ol Nv—— ] 1

within the plateau-like part of the system, and
therefore avalanches take place for a longer time
than without erosion, but are small as sediment
supply is scarce. Strain seems to be more

oo coo | oo localized in space and along fewer faults in the
SRR bevevell X experiment with erosion, as thrusts are reactivated

more often. Also, the deformation transfer from
the stable plateau-style system (units 1-3) to the
“external” wedge-like part (unit 4) can only be
clearly observed without erosion. This is due to
: the fact, that the system does not become critical
E s B | 8 under the continued influence of erosion, an
influence to which the system has to react and
to adjust. Models by Babeyko et al. (2006) show
that the effect of low to moderate erosion rates
are negligible, but that high erosion rates at the
plateau margin result in strain weakening of the

D TN TS OGN bttt lithosphere, which in turn leads to an increase of
shortening rate within the plateau.
Ingeneralwecansaythatthe spatiotemporal
strain partitioning mode on the orogen scale
resulting from internal parameter control cannot
be affected by external parameters. Only minor
changes on a sub-orogen scale can occur both in
SSPL 2090000 S OOsO Sfooo . . : o :
D i o n 0 0 Ui U iin time (prolonging deformation activity in one unit)
and space (number of faults) with some external
parameters (e.g., erosion).
6.6.3. Limitations of the set-up
We are able to show the importance of
Sopooooooogoeeeg o9 the effect of basal contrasts by means of varying
SR R[YRKIRR TR H L T - :
e the frictional properties analogue to mechanical
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properties of natural systems. However, modelling
only the brittle upper crust and decoupling it
from a stiff base implies an important limiting
boundary condition, unless layers down to the

asthenosphere are incorporated. Also, isostastic
S atatn LU= NE I effects (e.g., buoyancy) are not taken into account.

We assume that isostatic effects have an influence
on the general crustal thickness, the topographic
elevation, and also on the spatiotemporal pattern
of strain accumulation because of the different role
of body forces. But as we suspect that isostatic

SL'1
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oopTe e sle s op slsooTeless effects would vary locally in response to rheological
and therefore mechanical heterogeneities, it would
further support our conclusion, that mechanical
heterogeneities arefirstorderfactorsin determining
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6. The effect of mechanical heterogeneity on diversification of deformation patterns

the resulting strain pattern and deformation style.

6.7. Application to the Central Andean plateau

Today’s Central Andes (17-23°S) have
developed since the Paleogene due to the
convergence between the Nazca plate and South
America. From westto eastthey comprise four main
structural units: the Pre- and Western Cordillera,
the Altiplano plateau, the Eastern Cordillera, and
the Subandean fold-and-thrust belt (Fig. 6.6). The
plateau itself has an average elevation of 4000 m
and is bounded by two Cordilleras with average
elevations of about 5000 m (Lamb et al., 1997). The
Pre- and Western Cordillera represent a former
and the recent magmatic arc, and formed since
about 46 Ma ago involving <2 % of shortening; the
Eastern Cordillera developed as a fold-and-thrust
belt since c. 40 Ma with some 30% of shortening,
and the plateau has developed as an intramontane
basin that has undergone deformation (<20%
shortening) since 30 Ma (Elger et al., 2005).
Deformation became inactive in all of these units
c. 7-10 Ma ago, when active deformation was
transferred to the Subandean fold-and-thrust belt
(Allmendinger and Gubbels, 1996: “simple shear”

16°S

20°S

22°S

24°S

26°S

70°W

72°W 68°W  66°W  64°W 62°W
Fig. 6.6: Topographic map of the Central Andean plateau.
The following abbreviations are used: WestC — Western Cor-
dillera, AP — Altiplano, EastC — Eastern Cordillera, SubA —
Subandean fold-and-thrust belt.
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mode for the Altiplano), that has accumulated most
of the shortening (~100 km, or 50%).

Both Cordilleras formed at positions of
inherited structures: a Permoliassic rift in the
Eastern Cordillera (Sempere et al., 2002), and the
magmatic arc in the Western Cordillera (Oncken
et al., 2006), which act as zones of weakness. A
low-velocity zone at a depth of 20 km as imaged
in seismic sections can be interpreted as a zone of
partial melt possibly decoupling deformation of the
upper crust from that of the lower crust (Yuan et al.,
2000), which has probably developed since about
30 Ma ago (Babeyko et al., 2002). This horizon
possibly extends to the east connecting with the
detachment of the Subandean fold-and-thrust
belt, which is located in Ordovician shales (Kley
et al., 1996), and might be underthrust by the cold
Brazilian Shield (Babeyko and Sobolev, 2005).
To the west of the Western Cordillera, the little
internally deformed forearc might have acted as
a “pseudo-indenter” pushing into the comparably
weaker orogen during subduction (Victor et al.,
2004; Tassara, 2005). Thus the orogen would have
been squeezed between two comparably stronger
units: the forearc and the Brazilian Shield.

The orogen exhibits a symmetric oroclinal
bend (Gephart, 1994) with its symmetry axis
coinciding with the present direction of plate
convergence. Both paleomagnetic data within the
forearc (e.g., Macedo-Sanchez, 1992; Butler et al.,
1995; Somoza et al., 1999; Roperch et al., 1999;
2000; Rousse et al., 2005) as well as differential
shorteningindicate counterclockwise rotation north
(up to 45°) of the symmetry axis and clockwise
rotation south of it explaining the oroclinal bending
of the Andes (Isacks, 1988). This is supported by
balanced cross sections (Kley, 1999).

The convergence rate for relative motion
between the Nazca plate and South America can
be averaged to 7 cm/a (Silver et al., 1998) for the
last 30-40 Ma. At the largest width of the orogen
between 18-20°S (e.g., Kley, 1999), 280 km of
shortening have been accumulated within the last
40 Ma.

The general characteristics of the Andean
Altiplano that have been considered as major
contributors to the plateau evolution can also
be found in our experiments: the compressing
piston represents the indenting forearc, our basal
detachment simulates a zone of partial melt, which
is present beneath the plateau, and the amount

of shortening is the same. When comparing the
GeoForschungsZentrum Potsdam
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Fig. 6.7: Top: Deformation timing and duration for each
structural unit (from Oncken et al., 2006; data compiled
from Gubbels et al., 1993; Kley, 1996; Mueller et al., 2002;
Haschke and Guenther, 2003; Silva-Gonzalez, 2004; Victor
et al., 2004; Elger et al., 2005; Ege et al., 2007)

Bottom: Balanced cross section through the Central Andean
Plateau at 21°S (from Oncken et al., 2006; data compiled
from Yuan et al., 2000; Mueller et al., 2002; ANCORP-Wor-
king Group, 2003; Victor et al., 2004, Elger et al., 2005).
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cross section of our analogue experiments (Fig.
6.4b) with that of the Central Andes at 21°S (Fig.
6.7), we observe that the structural inventory of
each of the units is strikingly similar.

Oncken et al. (2006) have attributed the
temporal evolution to a special combination
of parameters that initiated and controlled the
evolution of the Altiplano and the associated strain
pattern as well as the amount of strain: feedback
of trench infill, plate interface coupling, and
associated shortening transfer and slab rollback;
changes in relative velocities of trench and upper
plate, as well as the position of inherited structures.
Certainly we are not able to examine all potential
factors that have contributed to the formation of
the Central Andes. We also cannot explain why
and when the plateau surface has been uplifted
to an elevation close to the peak elevation of the
Cordilleras, which is still strongly debated (e.g.,
Gregory-Wodzicki, 2000; Elger, 2003; Garzione et
al., 2006; Ghosh et al., 2006; Rech et al., 2006;
Eiler et al., 2006).

But we are able to reproduce not only
the relative timing of strain accumulation in the
Central Andes, but also the spatial deformation
pattern. Our Andean-type plateau is solely driven
by mechanical heterogeneity and yet shows the
same strain partitioning mode as the natural
example. The analysis by Oncken et al. (2006) has
revealed that only a special combination of driving
factors can explain the observed strain pattern.
These two very different parameter conditions
lead to the formation of a strikingly similar pattern,
once in a simple model and in the complex natural
example. This means that the strain pattern can be
caused by more than one parameter combination
and explained by various controlling mechanisms.
Therefore, strain patterns should not be used to
infer the key controlling factors responsible for the
formation of a deformation system.

6.7.1. Comparison to other modelling studies

Previous modelling studies on plateau
orogens (especially the Central Andean example)
mainly focused on the effect of only one parameter:
the role of a. thermal perturbation within the
lithosphere (Wdowinski and Bock, 1994a; b),
b. crustal flow (Royden, 1996), c. gravity-driven
channel flow (Husson and Sempere, 2003), d.
flow indentation of the lower crust (Gerbault and
Willingshofer, 2005), and e. mass flux along a

detachment, which caused the formation of the
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plateau (Vietor and Oncken, 2005). Only Sobolev
and Babeyko (2005) investigated coupled
parameters, namely the combined influence of
crustal thickness and interplate friction. Certainly,
it is highly probable that several parameters in
combination affect the formation of a natural
system, of which one of the crucial parameters is
related to decoupling at the base of the crust.

However, none of these studies was
able to explain the spatiotemporal strain pattern
as presently observed for a plateau orogen, as
most of the studies were not able to reproduce
more than a. the final stage of a plateau orogen
(Gerbault and Willingshofer, 2005), b. the present-
day topography of the Central Andean plateau
(Wdowinski and Bock, 1994b; Royden, 1996),
or c. the present crustal thickness (Husson and
Sempere, 2003).

In contrast, Vietor and Oncken (2005)
were already able to reproduce the orogen scale
deformation in time and Sobolev and Babeyko
(2005) even the timing of topographic development
and the approximate amount of shortening over
time on the orogen scale. However, being 3D, our
study is the first that can reproduce the relative
Andean-type distribution of strain accumulation
in both space and time on the orogen scale and
provides information on the sub-orogen scale as
single faults of the structural units are resolved.

Also, we achieve this not only by one single
parameter, but we detect the interdependence of
two parameters of mechanical heterogeneity. We
can pinpoint critical threshold values for these two
coupled parameters, which determine the first-
order deformational style: wedge- or plateau-like.

6.8. Conclusions

In our granular models of the upper crust
we can show that a special combination of both
basal and lateral strength contrasts determines
the style of the resulting deformation system.
Depending on critical threshold values for both of
these mechanical parameters, either a plateau-
style or a wedge-like setting (single- or bivergent)
develops. This means that, in the brittle field, the
change from one deformation setting to another
is not gradual but abrupt, and no transitional
deformation types exist in analogue experiments.
Being above or below the threshold value exactly
determines if either the one setting or the other
forms (Fig. 6.2). Finally, we speculate that the

deformation modes with distinct thresholds
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observed in our brittle analogue experiments also
pertain to natural orogens exhibiting more complex
rheologies.

Our analogue plateau-style settings are
able to reproduce a strikingly similar spatial and
temporal mode of strain partitioning to the one
revealed by the patterns of the Central Andean
plateau. Further, we can produce the same strain
pattern both on the orogen scale and the sub-
orogen scale, although driving factors for the
natural example are likely to have been more
complex than in our simple models. We conclude
that strain patterns are not unique, as various
combinations of processes and parameters seem
to be able to explain one strain pattern. Therefore,
strain patterns should not be used to infer their
controlling factors.
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7. The effect of mechanical heterogeneity on plateau initiation -
A modelling study with viscous-brittle media

Viscous-brittle analogue vise models, comprising two strong blocks that compress a weaker
deformable domain, are employed to investigate critical factors for initiation of plateau-style tec-
tonic deformation. The experiments focus on the role of mechanical heterogeneities in the litho-
sphere and specifically: 1) a critical lateral strength contrast between the strong “vises” and the
intervening domain (e.g., more than twice the strength); 2) the presence of a decoupling horizon
within the lower crust of the weak domain; 3) the degree of buoyancy of the lower crust; and 4)
oroclinal bending. These parameters are shown to be first order features, which result in the
formation of mountain ranges that enclose a flat basin, similar to geometries observed in nature
(e.g., Andean and Tibetan plateaux). By further varying these parameters, for example by intro-
ducing additional decoupling horizons or decreasing the strength contrast between the strong
blocks and the weak domain, the strain pattern at the surface remains that of a plateau-initiation
setting, but has pronounced along-strike differences. Thus, some first order parameters have

additional second order influence.

7.1. Introduction

Many driving factors are likely to play a role
in the development of plateau orogens including
crustal channel flow (e.g., Wdowinski and Bock,
1994a,b; Yuan et al., 2000; Husson and Sempere,
2003), climate (e.g., Masek et al., 1994; Horton,
1999; Lamb and Davis, 2003; Sobel et al., 2003),
strength variations within the plates and their
interface (e.g., Allmendinger and Gubbels, 1996;
Lamb and Davis, 2003; Sobolev and Babeyko,
2005), mantle-driven processes (e.g., Kay and Kay,
1993; Allmendinger et al., 1997), changes in plate/
indenter geometry (e.g., Gephart, 1994; Giese
et al., 1999; Tassara, 2005), and convergence
kinematics (e.g., Pardo-Casasetal., 1987; Somoza,
1998; Silver et al., 1998; Sobolev and Babeyko,
2005). Most of these studies on plateau formation
focused on one potential driving factor that is able
to account for the present-day strain pattern or the
general orogen scale configuration. We suspect
that several key conditions must be met early on
in the initial system to allow the initiation of plateau
growth (Oncken et al., 2006).

For the Tibetan plateau, Meyer et al. (1998)
summarize the following conditions necessary for
successful initial basin capture and subsequent
plateau formation: 1) decoupling of crust and
mantle produces a décollement, in which, 2)
large, interconnected, coevally active thrusts root
to produce, 3) broadly spaced parallel ranges that
separate wide basins, 4) tectonic cut-off of river
catchments that allows internal drainage of these
basins, and 5) sedimentary infill from adjacent
ranges, which finally leads to the smoothing of
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relief and surface uplift (cf. Fig. 7.1).

The development of distinctly spaced high
ranges that entail basin capture when supported
by arid climate preventing the export of material
have also been suggested to be crucial points for
the Andean plateau (Sobel and Strecker, 2003;
Sobel et al., 2003). Interestingly, the formation
of spaced ranges entrapping a basin occurs on
various length scales, from ~10 km in the Sierras
Pampeanas and the Santa Barbara domain (Sobel
et al., 2003; Mortimer et al., 2007) to the entire
Altiplano (Elger et al., 2005) (Fig. 7.2).

The conditions for basin capture can be met
bylithosphericbuckling, wherethewavelengthofthe
periodic instabilities or buckle folds is determined
by the vertical strength contrasts within the crust
(e.g., Biot, 1961; Fletcher, 1974; Smith, 1975;
Martinod and Davy, 1994; Burg and Podlachikov,
1999; Cagnard et al., 2006). However, previous

plateau initiation

plateau formation

Fig. 7.1: Two evolutionary stages of plateaux include the pla-
teau initiation, in which a basin is captured by two bounding
ranges, and the plateau formation, which is successful when
the basin has been drained, filled with sediments and uplif-
ted.

GeoForschungsZentrum Potsdam



7. The effect of mechanical heterogeneity on plateau initiation

16°S

22°S

24°S

26°S

28°S —%

€

o B

N
66°W  64°W 62°W

Y
A i

68°W

72°W  70°W

Fig. 7.2: Topomap of the study area of the Central Andes
with main structural units; WestC: Pre- and Western Cordil-
lera, AP: Altiplano plateau, EastC: Eastern Cordillera, SubA:
Subandean fold-and-thrust belt (inset shows location in
South America). Black dashed lines outline “vise” bounda-
ries. White frames show locations of basins that have been
preserved in between mountain ranges and internally drai-
ned (AP: Altiplano, 1: Puna, 2: Sierras Pampeanas).
studies have several limiting factors with respect to
natural examples of plateau initiation: 1) the crustis
horizontally homogeneous and strength contrasts
exist only vertically, 2) strain localization does not
occur in a similar fashion to that in nature, where
it is guided by weak zones that are more prone
to strain accumulation than others, 3) lithospheric
buckles often occur instantaneously and coevally,
and cannot explain the chronological evolution of
mountain ranges and entrapped basins observed
in natural systems, and 4) they cannot account for
processes operating at distinctly different spatial
length scales.

In this paper we investigate the role of
mechanical heterogeneity in the lithosphere
on basin capture and the initiation of plateaux,
consisting of a combination of both vertical
and horizontal physical contrasts (strength and
density). Thus we aim to address some limitations
of previous models, and to investigate the role of
coupled parameters that can explain the initiation of
plateaux, which are both comparable to nature and
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have the potential to develop a plateau thereafter.
These include lateral strength contrasts between
the strong “vises” and the intervening domain,
decoupling horizons within the lower crust of the
weak domain, degrees of buoyancy of the lower
crust, and oroclinal bending.

We accomplish this by viscous-brittle
analogue experiments  following  previous
numerical and laboratory vise simulations (Ellis et
al.,, 1998; Cruden et al., 2006), in which a weak
domain is compressed in between two strong
blocks. Particle imaging velocimetry (cf. Adam
et al., 2004) enables high-resolution monitoring
of the evolution of strain in space and time, and
the development of 3D topographic relief. Thus
we can compare our models to natural examples
at the orogen scale, and are also able to detect
variations on smaller scales.

7.2. Experimental design
7.2.1. Experimental procedure

The model set-up is similar to previous
analogue vise models (Cruden et al., 2006), in
which two strong blocks (“vise 1” attached to the
advancing piston, and “vise 2” on the opposite
immobile side) compress a weak domain. Both the
vises and the intervening domain are composed
of brittle upper crust, a viscous lower crust and
a viscous mantle lithosphere floating isostatically
on the asthenosphere (Fig. 7.3). The boundaries
to the sides of the box are closed to avoid lateral
extrusion of the model.

One piston is advanced into the model at a
constant rate during the experiment. The contacts
of vise and piston, vise and weak domain, vise
and tank wall, and weak domain and tank wall are
no-slip boundaries. The upper boundary is a free
surface.

7.2.2. Scaling

All scaling factors are dimensionless ratios
of model to nature (Table 7.1). The length scale
ratio yields L = |__ /I = = 3.75 x 107, as we use
a model crustal thickness | = 1.2 cm, which
corresponds to 32 km in nature. The density ratio
P* = P,0d/ Pt 1S 0-326 given by a mantle lithosphere
density of 3000 kg/m3 and a model density of 980
kg/ms3. The gravity for the models is the same as
in nature, so that g* is 1. Thus, the stress scaling
factor * = L p* g* yields 1.2225 x 107

The viscosity ratio n* = n__/m . yields a
factor of 5 x 10 Pa s, if we assume 5.9 x 10?" Pa
GeoForschungsZentrum Potsdam
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a: oblique view:

p—

piston
(v=7 mm/hr)

vise .
_____ =

weak lithosphere

b: schematic cross section

vise weak lithosphere vise
104 em (11:Kkm): ;- sl upper-erust (brittle). T
0.8 cm (21 km 0.8 cm (21 km weak lower crust strong lower crust

bottom of orogen mantle lithosphere in Exp.1 & 6

asthenosphere

Fig. 7.3: a) Photograph of experimental set-up. The shape of the “vises” is either curved or straight. Tank dimensions are 46
cm x 45 cm x 10 cm, but the experimental set-up surface is only 38 cm (length) x 45 cm (width).

b) The thicknesses for each layer are given with the natural equivalents (in italics). In two experiments (Exp. 1 and Exp. 6),
the mantle lithosphere of the weak domain has the same thickness as the vise mantle lithosphere (both 2 cm).

s as viscosity for the natural mantle lithosphere of
the weak domain, which we model with material
that has a viscosity of 2.95 x 10* Pa s at an
experimental strain rate of 2.44 x 10°s™. Further,
we obtain the duration of our model runs t* ="/ 6*
witht /t =5x107%(0.326 x 3.75 x 107) = 4.1 x
10", For our deformational system to develop we
assume a duration of t _ = 40 Ma (= 3.504 x 10" h)
which gives t =14.3 h.

Offurtherinterestise®™ =*/n*whichresults
in 2.44 x 10", where €% is the dimensionless ratio
for strain rate. Therefore natural strain rates on the
order of 10®s" are scaled with model strain rates
of et =2.44 x 10 s™. Velocities are scaled by
V* =g X Thus V__/V _is given by 2.44 x 10" x
3.75 x 107 which yields V* = 9146.3. Assuming an
average amount of shortening in nature of about
280 km over 40 Ma, the shortening rate is 7 km/
Ma (8 x 10* mm/h), and we obtain V=7 mm/h.
To verify the values for velocity and time, we use
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V* = 1/ t*, which is 3.75 x 107/ 4.1 x 10" = 9146.3.
A total experimental run of 14.3 hours results in
about 10 cm of piston convergence and a bulk
shortening of 27.7 %. All scaling parameters are
summarized in Table 7.1.

7.2.3. Materials and model construction

Variations in viscosity and density of
viscous laboratory materials are accomplished by
adding Harbutt’s plasticene, bouncing putty, low-
viscosity silicone or granular fillers like 3M Z-lights
ceramic microspheres, and 3M Scotchlight Glass
Bubbles to transparent Polydimethylsiloxane
(PDMS) (for details refer to Cruden et al., 2006).
The rheological properties were measured for all
viscous mixtures using a TA Instruments AR1000
rheometer over a broad range of stresses at
ambient room temperature. Strength profiles
of both weak lithosphere and strong vises are
presented in Figure 7.4.
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Table 7.1. Scaling parameters

Parameter Equation Nature Model Scaling factor
Initial Thickness
L, ./l L*=3.75x 107
upper crust
lower crust 10.7km 0.4 cm
mantle lith. (weak) 21:3 km 0.8 cm
) 26.7 k 53.4 km
mantle lith. (vise) (26.7 km on) (lemor)2em
53.4 km 2
mantle asthenosphere 1202 k cm
-2 Km 4.5cm
Density P,od Poat p*=10.326
upper crust 2600 kg/m? 850 kg/m?
lower crust (weak) 2480 kg/m?; 2900 kg/m? 810 kg/m?; 950 kg/m?
lower crust (vise) 2900 kg/m? 950 kg/m?
mantle lith. (weak) 3000 kg/m? 980 kg/m?
mantle lith. (vise) 3030 kg/m? 990 kg/m?
mantle asthenosphere not scaled 1000 kg/m?
Viscosity nmod/n,m n*=5x10"%Pas
lower crust (Weak) 3-42x 102l Pas 1.5-2.1x 104Pa S
lower crust (Vise) 9x 102l Pas 4.5x 104 Pas
mantle lith. (weak) 59x10* Pas 2.95x 10*Pas
mantle lith. (vise) 3.6 x 102 Pas 1.83 x 10°Pa s
mantle asthenosphere not scaled 0.89 x 10-3 Pas
low-viscosity layer ~10"%-10"" Pa s 10'-10% Pa s
Gravity g 9.81 ms? 9.81 ms? gt=1
Strain rate glotk = g/ q* 105! 2.44x 107! glok =244 x 10'°
Time t* =n*/ o* 40 Ma 143 h t*=4.1x 10"
Convergence rate VE=1%/ t* 7 mm/yr 7 mm/h V*=9146.3
Stress o* =p* g*L* o*=1.2225x 107
Strength in Pa Strength in Pa
10 30 50 10 30 50
| | 1 | | 1
0 0
Z-lights + sand Z-lights + sand
1 PDMS +filler + 1 PDMS + plasticene + Z-lights
low-viscosity silicone
S _ e _ | .
G 2 PDMS + g2 PDMS + plasticene
£ plasticene £ + bouncing putty
< <
S 3 - 83
o 3 o3
(&) [a)
4 7 4 7
water water
Weak Lithosphere Vise Lithosphere
£=107s" £=107s"

Fig. 7.4: Strength profiles for material mixtures used in both the “weak” lithosphere (left) and the strong “vise” lithosphere
(right). For densities and viscosities of materials confer Table 7.1.
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Table 7.2. Initial characteristics and resulting patterns of experiments.

Initial Characteristics

Resulting pattern

Strain localization at
% of bulk shortening

Straight vises, non-buoyant lower crust, 2 cm mantle

Exp. lithosphere in weak domain cross-shaped (broad) 10 %
Ex Straight vises, buoyant lower crust, 1 cm mantle

P: lithosphere in weak domain cross-shaped (narrow) 4-6 %
Fx Curved vises, buoyant lower crust, 1 cm mantle

P: lithosphere in weak domain horizontal Phi (narrow) 5%
Ex Curved vises, non-buoyant lower crust, 1 cm mantle

P: lithosphere in weak domain horizontal Phi (broad) 11.5%
Ex Curved vises, non-buoyant lower crust, I cm mantle

P: lithosphere, additional low-viscosity horizon horizontal Phi (broad) 11.5%
Ex Curved vises, non-buoyant lower crust, 2 cm mantle

P: lithosphere in weak domain horizontal Phi (broad) 11.5%
Ex Curved, small vises, non-buoyant lower crust, 1 cm

P: mantle lithosphere in weak domain other 11 %
Exp. 8 Curved, small vise 1, straight vise 2, non-buoyant lower mix of cross-shaned and

P: crust, 1 cm mantle lithosphere . pe 12 %

horizontal Phi

Exp. 9 Curved vises, buoyant domain within non-buoyant

P: domains, 1 cm mantle lithosphere other 13 %

To ensure that the system is not coupled
to mantle flow (e.g., by drag from below), we use
water as our model asthenosphere. The viscosity
of the asthenosphere is therefore underestimated,
but the role of this layer in our experiments is solely
to provide isostatic equilibrium.

After thorough mixing, each layer is allowed
to relax in a frame to remove air bubbles. Layers
of the mantle lithosphere, both of the vises and
the weak domain, are later assembled together in
a larger frame and allowed to flow into contact.
Next, the layers of the lower crust are placed on
top and allowed to settle. Finally, the large frame
containing all the viscous units is put into a freezer,
so that the layers can be placed on the water as
one solid block.

After warming up to ambient room
temperature and isostatic readjustment, a granular
upper crust composed of sand and Z-lights is
sieved on top of the model. To minimize boundary
effects within the system, an additional buffer
layer of pure PDMS is introduced along the sides
orthogonal to the piston, on which no granular
material is placed.

7.2.4. Dimensions of the experimental set-up
The experimental tank is 46 x 45 x 10 cm3

(length x width x depth) (Fig. 7.3). Convergence

is in the direction of length. Due to the position of
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the piston, the total length of the experiment is 38
cm, of which each vise makes up 7 cm and the
weak domain has a length of 24 cm. The width
of each unit is 41 cm with an additional 2 cm on
each side to avoid boundary effects. The depth
of the piston corresponds to the bottom of the
mantle lithosphere, thus only the viscous layers
are pushed, and the asthenospheric mantle flows
freely below the piston. Thicknesses for the vise
are the following: 2 cm of mantle lithosphere, 0.8
cm of lower crust and 0.4 cm of upper crust; and for
the weak domain: 1 cm of mantle lithosphere, 0.8
cm of lower crust and 0.4 cm of upper crust (Table
7.1). In two experiments, the mantle lithosphere of
this domain is also 2 cm (Exp. 1, 6, Table 7.2).
For experiments with curved vises, the
one attached to the piston has a maximum length
of 7 cm at its center point decreasing to the sides,
whereas the vise on the other immobile side
has a minimum length of 7 cm in its center point
increasing in length towards the sides to reach 14
cm. The curvature angle is about 20° (Fig. 7.3).

7.2.5. Monitoring technique

In order to quantify the instantaneous
horizontal velocities and vertical displacements of
the model surface, all experiments are monitored
by “particle imaging velocimetry” (PIV) (cf. Adam
et al., 2004). The surface is imaged by two
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stereoscopic cameras, which are calibrated (3D
volume calibration) before each experiment to
obtain a mapping function. This function is used
for the error evaluation, which is on the order of
10" pixel. One pixel equals 0.33 mm, so the error
is one order of magnitude smaller than the size of
a single sand grain (~400 pm). Digital images are
taken every five minutes, which equals 0.6 mm of
shortening at a motor speed of 7 mm/h.

Data processing further includes the
calculation of digital elevation models for each of
the stereo image pairs, which serve as the base
for the subsequent computation of the observed
velocity field. This is achieved by cross-correlation
of sequential images by the commercial software
LaVision DaVis (for details refer to Adam et al.,,
2004). The velocity field is then used to compute
incremental and cumulative strain gradients in
multiple directions (e.g., inE, ,E ,E ).

7.3. Experimental results
7.3.1. Tested parameters

Theinitial set-up generally follows the model
in Figure 7.3 depending on the implementation
of the following parameters, which are based on
features of the Central Andes: a) the geometry
of the vises (oroclinal bend of the Central Andes,
cf. Fig. 7.2), b) an additional low-viscosity horizon
in the lower crust (zone of partial melt beneath
the Andean plateau), c) lateral strength contrasts
between two stronger units compressing a weaker
domain (vises: the Andean forearc as the “pseudo-
indenter”, Victor et al., 2004; Tassara, 2005;
and the strong Brazilian Shield, e.g., Sobolev
and Babeyko, 2005), and d) the density profile
(studying the two possible end members of density
variations due to, e.g., the presence of partial melt
or delamination processes).

Figure 7.5 presents the resulting strain
patterns of all nine experiments depending on the
changed parameter combinations. The upper row
shows the different tested geometries of the vises,
which are combined with various characteristics
given on the left hand side (buoyancy, decoupling
layers, and mantle lithosphere thickness). The
initial characteristics and the resulting strain
patterns are also summarized in Table 7.2 and are
described in more detail below.

7.3.2. Strain patterns
The resulting finite strain patterns can be

grouped into 1) “cross-shaped” patterns (Exp. 1,
Scientific Technical Report STR 07/09
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2); 2) “horizontal phi”-patterns (Exp. 3, 4, 5, 6); and
3) other patterns (Exp. 7, 8, 9).

7.3.2.1. Cross-shaped pattern

The first group (Exp. 1 and 2) is
characterized by a final strain pattern that
resembles a saltire, as the structures cross in the
center of the weak domain at a very low angle,
and move outwards to both sides (Fig. 7.5a+b).
No plateaux are initiated, as the anticlinal hinges
do not capture an undeformed area in between
(Exp. 1, 2, Fig. 7.5a+b). This is possibly due to the
limiting effect of the side walls of the tank, which
might not happen when the experimental set-up
was larger.

Both experiments have straight vises on
both sides; the lower crust in Exp. 1 (Fig. 7.5a) is
non-buoyant with respect to the upper crust, and
buoyant in Exp. 2 (Fig. 7.5b). In Exp. 1, the first
thrust develops about 2 cm inward from vise 1 inthe
weak domain after about 10% of bulk shortening.
At about 13% of bulk shortening eight thrusts
begin to develop coevally, and are distributed
within the weak domain with a spacing of 2-6
cm. Localization mostly initiates in the center of
the model, from where thrusts propagate laterally
closer to the vises. With increased shortening,
thrusts develop hanging wall anticlines that gain
in elevation. Strain is accumulated solely within
these structures.

In Exp. 2, a first set of three en-echelon
structures develops from the piston close to
the side walls inwards towards the front wall at
4-6% of bulk shortening. Subsequently, a major
structure develops within the center, coevally with
another set of en-echelon faults that localizes
from the center outwards towards the first en-
echelon set. After 9% of bulk shortening, the
main structure in the center extends towards the
sides near the back wall, followed by another en-
echelon set towards the front wall. After about
14% of bulk shortening, the cross-shaped strain
pattern remains unchanged and accumulates all
subsequent strain.

Figure 7.6 shows topographic profiles
across the system for experiments 1 and 2. They
do not exhibit flat and relatively undeformed areas
that are entrapped by anticlinal hinges.

7.3.2.2. Phi pattern (plateau-initiation)
Characteristic for the plateau-initiation

settings is the development of two anticlinal
GeoForschungsZentrum Potsdam
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Fig. 7.6: Topographic profiles of Experiments 1, 2, 3 (non-plateau style) vs. Experiment 4 (plateau-initiation setting). For each
of the experiments the elevation is plotted of one central profile (location: profile 2, Fig. 7.9a) after 18.5% shortening (stippled
line), and 27.7% shortening (total amount, solid line). The plateau-initiation setting (basic setting, Exp. 4) is characterized by
two final peak ridges (at 13 cm and at 27 cm) which bound a wide, flat area. Note the breaks on the y-axis, and the differences
in vertical exaggeration. Crosses mark the approximate position of the boundary of vise 1 and the weak domain.

hinges with a general strike orthogonal to the
direction of convergence with a slight concave
curvature that bound a flat and undeformed area.
This area will subsequently be part of the plateau
formation process including internal drainage,
uplift and sedimentary infill. The final strain pattern
resembles a “phi” turned 90°.

All experiments (Exp. 3-6, Fig. 7.5¢-f) have
curved vises on both sides, with a convex shaped
vise 1 (attached to the piston wall) and a concave
shaped vise 2. Apart from Exp. 3 (Fig. 7.5¢c), the
lower crust is non-buoyant with respect to the
upper crust (Table 7.2). Exp. 4-6 (Fig. 7.5d-f) further
differ from each other due to the presence of a
low-viscosity silicone layer in the lower crust (Exp.

Fig. 7.5 (left): Photographs of the experimental surfaces after
27.7% of bulk shortening (convergence from top to bottom).
The final area has a size of 27.5 cm (x-direction) and 45 cm
(y-direction). Thrusts are partly numbered according to their
appearance. The upper row of experiments shows the con-
figurations with non-buoyant lower crust and the respective
geometry of the vises (curvature and size) visible above.
Rows below show experiments with a buoyant lower crust,
a low-viscosity layer and a thick mantle lithosphere (a. to i.
mark Experiments 1 to 9). Further details on experimental
set-up and structural development in-text.
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5, Fig. 7.5e), ~2 mm below its surface, simulating a
zone of partial melt. This position at a depth of ~6
mm corresponds to a zone of partial melt a depth
of ~16 km in nature. The weak mantle lithosphere
in Exp. 6 (Fig. 7.5f) has the same thickness as that
of the vises (2 cm).

In the experiment with buoyant lower crust
(Exp. 3, Fig. 7.5¢) strain localization begins already
at 5% of bulk shortening, when the first structure
develops in the center of the weak lithosphere, ~4
cm from the boundary of vise 1. The fault extends
to the sides up to a distance of about 10 cm.
Another fault develops on both sides 3 cm further
towards vise 2, and extends from the tip of the first
fault closer to the sides. Another main structure
develops in the center of the weak domain, at a
distance of about 8 cm from the first main feature.
This last structure develops after 7% of bulk
shortening, and has a similar lateral extent as the
first thrust.

In contrast, strain localization in
experiments with non-buoyant lower crust begins
much later (e.g., after 11.5% of bulk shortening, cf.
Table 7.2). In Exp. 4 (Fig. 7.5d) strain first localizes
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along faults close to the piston within the weak
domain both in the center and from the sides
towards the center. These faults later interconnect.
More thrusts develop, which extend across to the
other side wall (until 27.7% of bulk shortening). The
timing of strain localization and the position of both
the thrusts and the undeformed area in Exp. 5 and
6 is similar to Exp. 4. However, instead of forming
a more or less continuing range with a slight
curvature, the curvature becomes much more
pronounced as the faults form step-over zones
instead of interconnecting with each other in Exp.
6 (Fig. 7.5f). They curve strongly inwards towards
the side walls, so that the two ranges almost
merge. The area that has been left undeformed in
between these two features is wider than in Exp. 4
(Fig. 7.5d) and Exp. 5 (Fig. 7.5e).

The topographic profile of Exp. 4 (Fig. 7.6)
clearly shows that plateau-initiation settings are
characterized by anticlinal hinges that bound a
flat and undeformed area in between. This is less
obvious for the profile of Exp. 3, in which the basin
area is very narrow.

7.3.2.3. Other patterns

The other experiments do not develop
either of the two patterns (Exp. 8, 9, Fig. 7.5h+i),
or display both patterns at the same time (Exp. 7,
Fig. 7.59).

Exp. 7 (Fig. 7.59) has a curved vise 1 that
is 30 cm wide (about 50°), and a straight vise 2
that extends all across the width of the box. Lower
crust is non-buoyant. Thrusts develop at ~12% of
bulk shortening (from one side towards the middle
in the center of the weak domain), at ~18% of
bulk shortening (in the center of the weak domain
develops closer to the piston), and thereafter
(extending further to the sides connecting to
previous faults to form a small step-over zone).
The final pattern resembles a mixture of the cross-
shape and “phi”-pattern: along-strike of the set-
up, the cross-shape pattern dominates from the
sidewalls to the boundaries of vise 1, whereas a
very narrow “phi” pattern occurs from one vise
boundary to the other (Fig. 7.59).

Exp. 8 (Fig. 7.5h) has a convex vise 1
and concave vise 2, but vises do not extend to
the sides as they are only 30 cm wide (instead
of 41 cm). Lower crust is non-buoyant. After ~11%
of bulk shortening, thrusts localize strain in the
center close to the front wall, and about ten faults

of various sizes extend to the sides in en-echelon
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patterns that step back close to the back wall. The
final pattern therefore resembles a single curve
(Fig. 7.5h).

Exp. 9 (Fig. 7.5i) has a convex vise 1 and
a concave vise 2. Its lower crust is non-buoyant
with respect to the upper crust for the first 7 cm
inwards from vise 1, followed by 10 cm of buoyant
crust, and another 7 cm of non-buoyant crust,
so that two lateral density contrasts are present
within the lower crust (with the two end member
densities of 0.81 and 0.94 g/cm3). Strain localizes
in the center of the experiment in the middle of
the buoyant domain after ~13% of bulk shortening.
These thrusts subsequently interconnect and
develop step-over zones (Fig. 7.5i).

7.3.3. Deformation mode

The deformation modes within the viscous
layers (pure shear, homogeneous thickening) are
different to that observed in the granular upper
crust (strain localized along faults). However,
faults in the brittle crust localize within the same
vertical column as lower crustal antiform-synform
structures.

Based on the analysis of subsequent PIV
images and the finite deformation of the viscous
layers observed in model cross sections, we
propose the following sequence of structural
evolution (Fig. 7.7): 1) strain accumulates by pure
shear of the viscous layers while deformation of
the upper crust is restricted to the piston and back
walls of the box; 2) strain eventually localizes as
thrusts in the upper crust; 3) thrusting then creates
accommodation space, so that the ductile lower
crust can thicken below; and the upper crust
further bulges above the thickening lower crust;
4) sedimentation from the hanging wall onto the
footwall results in a sedimentary load that causes
formation of footwall synclines in the lower crust;
and 5) the lateral strength contrast between the
sediment filled syncline and adjacent viscous crust
causes thrusting on the other side of the syncline
(viz., Cagnard et al., 2006).

Newtonian viscous layers (or nearly
Newtonian fluids) deform homogeneously and
therefore do not exhibit strain localization. It could
be argued that if random heterogeneities were
present within the viscous layers, they could
be responsible for the formation of anticlines
(by upward bulges of the lower crust), which
would in turn cause strain to localize in the

upper crust directly above the bulges. However,
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Fig. 7.7: Evolution of structures within the upper (uc) and
lower crust (Ic) indicates decoupling of deformation of both
layers. See text for further explanation.

such a mechanism relies solely on the random
distribution of heterogeneities (possibly due to
mixing of material), which in turn would not be
expected to develop the recurrent patterns in
our experiments (e.g., the cross-shaped or “phi”
patterns in Experiments 1, 2, (9) and Experiments
3-6, (9), respectively). Therefore, we conclude
that the strain distribution in recurrent patterns
does not result from material heterogeneities due
to the model set-up, but that strain localization
in the brittle layer controls the strain pattern and
that deformation in the upper crust is effectively
decoupled from the lithospheric mantle. Although
the anticlines do not resemble periodic instabilities
such as buckle folds, the driving mechanism may
be similar; insofar that it is the strong brittle layer
that controls and initiates the structures (e.g.,
Martinod and Davy, 1994).

The decoupling layer in the models is
usually the lower crust; in experiments with a low-
viscosity layer decoupling takes place higher up
in the lower crust, along this additional horizon.
Decoupling occurs only within the weak domain
and not within the vises, as they do not deform
significantly internally.
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7.3.4. Reproducibility of experiments

The general evolution of the strain pattern
can be reproduced when the same experiment
run is repeated or even when second order
features are varied (i.e., an additional decoupling
horizon or a different strength contrast), as it is the
case for experiments 4, 5, and 6. Yet, they have
a comparable aspect ratio of structures. In this
regard, the general distance between e.g., the
anticlinal hinges is alike. Experiments also bear a
close resemblance when compared with results
from other analogue studies. In general, we do not
aim to reproduce the exact position of every single
thrust, the number of thrusts or the same timing
of deformation, but the orogen scale pattern and
associated aspect ratios of structures.

The cross-shaped pattern occurs in
experiments by Cruden et al. (2006), in which
case the system has open sides to allow for
lateral extrusion. Yet, the aspect ratios and angles
between structures of the “cross” are very similar.
Also, experiments by Cagnard et al. (2006) exhibit
a “phi” pattern, although they use a velocity
discontinuity to localize strain in the center of
the model. Still, the final pattern exhibits curved
structures (anticline/syncline structures), that leave
an undeformed area in between.

7.4. Parameter effect
7.4.1. Vise geometry

We tested both straight and curved vises
(convex vise at the piston wall, concave vise on
the opposite side) with a curvature angle of 20°.
This curvature determined both the location and
orientation of the faults, which typically form step-
over zones. With straight vises, strain localizes
along faults that develop from the boundaries
close to the piston further inwards to the center,
and moves again to the sides close to the opposite
wall. The resulting pattern is “cross-shaped”
(e.g., Exp. 1 and 2, Fig. 7.5a+b). With curved
vises, the orientation of the step-over zones is
inverted: strain localizes first in the center close
to the moving vise 1, then along faults stepping
over to the sides, which step in again towards
the center. This pattern resembles a horizontal
“phi” (e.g., Exp. 3, 4, 5, 6). Figure 7.8 shows the
relation between the finite strain pattern and the
approximate stress field, that we assume for the
corresponding geometries (cf., e.g., Eisbacher,

1996). The structures of the upper crust are
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Fig. 7.8: Principal stress trajectories (dashed grey lines) approximately match the position of thrust/anticline structures in
the upper crust (solid black lines), and thus explain the observed finite strain pattern: cross-shaped pattern for straight vise
geometry (left) and “phi” pattern for curved vise geometry (right).

roughly perpendicular to the stress trajectories, so
that the position of strain localization can readily
be explained by the geometry of the vises.

If the geometry of the vises on either side
of the weak domain is dissimilar/ asymmetric, both
the position and orientation of faults change along-
strike. Along the width of the small curved vise 1
in Exp. 7, the strain pattern resembles the “phi”-
pattern. Beyond its width, the pattern is influenced
by the straight geometry of vise 2, and changes
from the “phi”-pattern to the “cross-shaped”
pattern (Fig. 7.59).

7.4.2. Strength contrasts
7.4.2.1. Horizontal strength contrasts

The lower crust is weaker than the mantle
lithosphere, both within the vises and the weak
domain. However, in most of our experiments the
mantle lithosphere of the weak domain is thinner
than the mantle lithosphere of the vises. Only in
Exp. 1 and Exp. 6 do the weak and the strong
mantle lithosphere have the same thickness (2
cm instead of 1 cm). The thickness of the layers
has an influence on the integrated strength and
therefore on the lateral contrast.

Experiments with relatively thick mantle
lithosphere result in a wider final deformation
pattern than other experiments. The anticlines are
spaced much farther apart in Exp. 6 (Fig. 7.5f),
than for instance in Exp. 4 (Fig. 7.5d) and Exp. 5
(Fig. 7.5€). Thus, the thickness (Exp. 1, 6) or in turn
an increased horizontal strength contrast controls
the spacing of the deformed zones, changing the
pattern and position of strain localization, which
becomes more widely distributed with increasing
lithospheric thickness.
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An additional low-viscosity layer enables
decoupling (Exp. 5, Fig. 7.5e) at a higher level
than in experiments without this layer, in which
decoupling occurs in the weaker lower crust (e.g.,
Exp. 4). Depending onthe position of the decoupling
horizon, the crust below it undergoes pure shear,
and does not participate in the anticline formation.
Interestingly, the final orogen scale strain pattern
is very similar, either with or without an additional
decoupling horizon. This suggests that decoupling
effectively takes place at similar depth in the lower
crust when no additional decoupling horizon is
introduced.

7.4.2.2. Lateral strength contrasts

In order to accumulate strain solely within
the weak part of the lithosphere rather than within
the vises, the vises must be stronger than the
weak domain. Viscosity ratios between the strong
and the weak equivalents in our experiments have
values of about 2.2 for the lower crust, and 6.2
for the mantle lithosphere. These ratios are rather
low, as the viscosities for both the weak domain
and the vises are on the same order of magnitude,
indicating a relatively small strength contrast
between the weak domain and the strong vises.
Yet, these ratios are sufficient to accumulate strain
within the weak domain and not to deform the
vises.

If no strength contrast is present between
the vises and the intervening domain, the
homogeneous material of the weak lithosphere
should deform similarly to the experiments of
Martinod and Davy (1994), in which periodic
instabilities (buckling) occurred simultaneously
throughout the model. The thrust pattern observed
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in experiments by Cagnard et al. (2006) also
resembles ours, although they used a velocity
discontinuity to initiate strain localization in the
center of their experiments.

7.4.2.3. Length of structural units

If the length of the weak domain is reduced,
the potential area for strain accumulation becomes
smaller, and it is likely that only one structure will
develop in the center, even with non-buoyant
crust (cf. Section 7.4.2.2.). Sufficient initial space
is therefore needed to accommodate at least two
anticlinal hinges that can preserve a basin, which
is necessary for plateau initiation. Willingshofer
et al. (2005) included a weak zone that had a
length/thickness ratio of 3.34 (10:3) and 4 (10:2.5).
In neither case was a basin captured for plateau
initiation. In our experiments, the length/thickness
ratio for the buoyant area in Exp. 9 (Fig. 7.5i) was
4.54 (10:2.2). In all other experiments, the length/
thickness ratio was much higher, between 7.5
(24:3.2, Exp. 1+6, Fig. 7.5a+f) and 10.9 (24:2.2,
all other experiments). The critical length of the
structural unit is dependent on the thickness,
which determines the integrated strength of the
weak domain. The critical length/thickness ratio
for the weak unit must be above a value that lies
between ~5 and 7.5. We cannot exclude that,
for basin capture to occur, this value is further
coupled to the ratio of total length of the set-up
and to the width of the units. In our experiments,
the weak domain makes up 63% of the total length
of the set-up, compared to 100% in Cagnard et al.
(2006), who did not employ stronger vise blocks.
In contrast, the weak zones in Willingshofer et al.
(2005) comprised only 25% of the total length.

If the accommodation space is too small,
material could also thrust over the vise blocks
(“water bed effect”, Cruden et al.,, 2006), which
themselves would bend downwards beneath the
weak domain.

7.4.3. Buoyancy

Two strong end members are used for the
density of the lower crust to better evaluate the
effect of buoyancy. We are aware of the fact that
their densities are rather high (non-buoyant case)
or rather low (buoyant case), when scaled back to
nature (cf. Table 7.1).

When the lower crust is buoyant it tends
to bulge upwards due to density inversion. This

behaviour promotes strain localization in the
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upper crust, which occurs at early stages of
convergence (e.g., after 5% of bulk shortening,
Exp. 2, 3), whereas strain localization in the upper
crust typically does not start until about 12% of
bulk shortening in non-buoyant experiments (with
27.7% being the total amount). Also, the mode
of strain accumulation within the viscous layers
is different: with a buoyant crust, homogeneous
thickening dominates in the mantle lithosphere,
whereas with non-buoyant crust thickening occurs
in the weak lower crust.

In general, the effect of a buoyant lower
crust is to enhance strain localization in fewer
structures, which are positioned within the center
of the weak domain. Non-buoyant crust tends
to localize strain along numerous thrusts, which
are more distributed and have wider spacing
(viz., Cruden et al., 2006). This is particularly well
observed in Exp. 9 (Fig. 7.5i), where one area of
buoyant lower crust is located in between two
non-buoyant lower crustal domains. Here, the
structure develops in the middle of the buoyant
area. It extends almost perfectly perpendicular to
the direction of compression, thereby remaining in
the buoyant domain. Similarly, the cross-shaped
pattern in Exp. 1 (non-buoyant lower crust, Fig.
7.5a) occurs over a wider area than for example
in Exp. 2 (buoyant lower crust, Fig. 7.5b), in which
deformation localized on a smaller area.

In order to initiate the formation of a plateau,
deformation must localize not only at one dominant
structure in the center, but along two or more
structures that entrap an intervening basin. This is
only possible when the crust is non-buoyant. This
counterintuitive result reflects the importance of
the buoyancy on the timing and location of strain
accumulation for plateau initiation.

7.5. Comparison of three experiments with
plateau-initiation

In the following, we compare characteristics
of the three experiments that exhibit basin capture
and plateau initiation (Exp. 4, 5, 6), and examine
the along-strike variation of the orogen scale
pattern, i.e., differences on the suborogen scale.

In all plateau-style settings (Fig. 7.9a+b),
the model possesses a non-buoyant, weak lower
crust and a sufficient strength contrast between
the curved vises and the weak domain (viscosity
ratios between the strong and the weak mantle
lithosphere are around 6). Exp. 4 (Fig. 7.5d) is

referred to as the “basic setting”, Exp. 5 (Fig.
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Fig. 7.9a (top), b (bottom): a) Topography of the final surface
of Exp. 4 after 10.5 cm of convergence as recorded by PIV.
Light colours indicate high elevation, dark colours subsided
areas. Both anticlinal ranges (range 1 and range 2) bounding
the basin area are delineated by elevated thrusts/anticlines
(white). The initial surface was at a height of 63 mm. White
dashed lines depict location of three profiles.

b) Strain accumulation (% of strain in x-direction) of Exp. 4 as
recorded by PIV. Light colours outline regions of high strain.
Thrusting in the upper crust starts at ~11.5% of bulk shor-
tening, and two peaks (range 1 and range 2) develop that
bound an undeformed area (basin).

Fiston

13,9% bulk shortening
Scientific Technical Report STR 07/09

56

18,5% bulk shortening
DOI:10.2312/GFZ.b103-07094

7.5e) has an additional low-viscosity layer (“LVL
setting”), and Exp. 6 (Fig. 7.5f) has a thick weak
mantle lithosphere (“thick setting”).

In all three settings strain is accumulated by
thrusts withinthe upper crust, cusp-shapedhanging
wall anticlines bounded by deep synclines in the
weak lower crust (Fig. 7.7), as well as thickening
of both the lower crust and the mantle lithosphere.
The vises themselves remain undeformed. For the
three plateau-initiation settings, we further describe
differences in 1) time series of strain accumulation
at the surface (Fig. 7.10), 2) topographic profiles
orthogonal to the weak domain (Fig. 7.11a+b), and
3) the finite strain accumulation within the viscous
layers (Fig. 7.12). The location of the profiles is
marked in Figure 7.9a, and is the same for each of
the three experiments.

7.5.1. Differences in plateau style:
strain distribution profiles

The three plateau-initiation settings display
pronounced differences in strain evolution. High
strain accumulation is coloured black. Thrusts are
pointed at by little arrows. Fault zones in the “basic
setting” are narrow and discrete, with a spatially
homogeneous strain accumulation (Exp. 4, profiles
1 to 3, Fig. 7.10). In contrast, the “LVL setting” has
wide fault zones, which have a diffuse margin
around a dominantly accumulating core (Exp. 5,
profiles 1 to 3, Fig. 7.10). Even more diffuse are
the fault zones of the “thick setting”, with small
dominant cores that are surrounded by areas
of reduced strain accumulation (Exp. 6, profiles
1 to 3, Fig. 7.10). This probably occurs because
more strain can be accumulated within the thicker

Exx in % - strain in x-direction

27,7% bulk shortening
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Fig. 7.10: These time series through plateau-initiation settings (Exp. 4, 5, 6) show strain data along profiles crossing the sur-
face area similar to the strain surfaces of Figure 7.9b. The profiles for each time step are plotted below each other, so that
the figures are read from top to bottom as time increases. Convergence increases from left to right; thus the motion of the
piston is reflected by the oblique white patch with respect to the position along the x-axis. Dark colours depict fault zones with
very high strain accumulation (Exx), indicated by small arrows. Depending on the position of structures, we can infer both the
temporal and spatial (along a profile) strain accumulation within one experiment. Further explanation in-text.

mantle lithosphere.

In general, all of these settings develop
two main thrusts (which bound the basin area) in
which strain accumulates. In the basic setting, the
first thrust close to the piston accumulates more
strain than the second. The latter accumulates
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strain in discontinuous pulses (interruption of
“black” high strain periods by “light” low strain
periods). A similar but less pronounced effect
can be observed in the LVL setting, in which the
second thrust is more dominant. The thick setting
does not contain a dominant structure, but strain
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accumulation switches back and forth between the
two main thrusts. In general, both thrusts appear
to accumulate the same amount of strain (e.g., Fig.
7.10, profile 1, Exp. 6).

“Secondary” faults also occur in both the
basic (Exp. 4, profile 2) and the thick setting (Exp.
6, profiles 1 to 3). These are faults that are located
“behind” another fault and accumulate less strain

than the main faults closer to vise 1. In the thick
setting secondary faults are more pronounced
and also more diffuse in both geometry and timing
of strain accumulation.

The spacing of the main thrusts differs
along-strike. In general, the spacing is narrower
in the basic setting than in the LVL setting. This
can be attributed to the fact that the LVL is a
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Fig. 7.11a (top), b (bottom): a) Topographic profiles of the basic setting. For each of the three profiles of Exp. 4 (location in Fig.
7.9a), three time steps are shown (60, 120, and 180 equaling 9.2%, 18.5% and 27.7% of bulk shortening). Further explanation
in-text.

b) Topographic profiles of the LVL setting (Exp. 5). The four time steps (60, 120, and 180 equaling 9.2%, 18.5% and 27.7% of
bulk shortening) are depicted together for all three profiles (profiles 1, 2, 3; location in Fig. 7.9a). Crosses indicate the approxi-

mate position of the boundary between vise 1 and the weak domain. Arrows point to the main anticlinal hinges.
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decoupling horizon weaker than the “basic” lower
crust allowing coherent displacement of wider
thrust sheets towards the foreland.

Pronounced differences do not only occur
from one experiment to the other, but within
one setting. In this regard for example, both the
number and position of primary and secondary
faults change along-strike in the “thick setting”,
and thus also the spacing and the amount of strain
accumulated by individual faults. The spacing is
either very small (Exp. 6, Fig. 7.10, profile 1) close
to the sides, or very large in the center (Exp. 6,
Fig. 7.10, profile 3).

7.5.2. Differences in plateau style: topography

The topographic evolution is strongly linked
to the strain evolution, as thrusts and anticline-
syncline structures typically represent areas of
local relief. Thus, the above differences in strain
evolution along-strike within one experiment also
apply to the development of topographic relief.
Figure 7.11a plots differences in topography for
the basic setting; in profiles 1, the main ridges are
widely spaced whereas they are closer together in
profile 3.

The initiation of topography development
coincides with strain localization. The spacing of
topographic features in the LVL setting (Fig. 7.11b)
is more or less constant along-strike. This occurs
although the elevation of the area between the main
ridges differs. The undeformed areas crossed by
profiles 2 and 3 (Fig. 7.11b) have experienced uplift,
whereas profile 1 has experienced subsidence
with respect to the initial surface. In general,
subsidence of the undeformed areas is common,
which is part of the plateau-initiation process.

7.5.3. Differences in plateau style:
3D thickening of the lithosphere

Aboutten cross sections were made of each
experiment (five inward from each side in 2-3 cm
steps) and the thicknesses of both the lower crust
and the mantle lithosphere of the weak domain
were measured. The change in thicknesses are
plotted and contoured in Figure 7.12. When plotted
on top, structures in the upper crust roughly bound
areas of homogeneously thickened viscous layers.
In general, the location of pronounced thickening
is similar in both the lower crust and the mantle
lithosphere, with local deviations where a low in
the mantle lithosphere coincides with a region of

increased thickness of the lower crust (e.g., Fig.
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712, Exp. 5, LVL setting).

The amount of strain that is accumulated in
the different layers varies: in the basic setting (Fig.
7.12, Exp. 4), depending on the location, the initial
thickness of the mantle lithosphere increases by
50-100%, and of the lower crust by 10-20%. This is
similar in the thick setting (Fig. 7.12, Exp. 6), where
the mantle lithosphere has increased by 50% and
the lower crust by 10-20%. In contrast, the LVL
setting (Fig. 7.12, Exp. 5) has experienced only a
25-50% increase in mantle lithosphere thickness,
and between 10% of thinning (first half of the weak
domain, closer to vise 1) to 10% of thickening in
the lower crust (in the second half towards vise
2). This can be attributed to the fact that the LVL
acts as a decoupling horizon at a high level within
the lower crust. The material within the lower crust
below this horizon does not accumulate much
strain. Therefore, the volume of material that can
thicken is less than in the other plateau-initiation
settings, and is mainly restricted to the volume
above the decoupling horizon.

The location of crustal thickening is also
dissimilar for the three models. In the basic setting
(Exp. 4), the thickness decreases away from
the piston. In the LVL setting (Exp. 5), strain is
accumulated in the far half of the weak domain,
closer to vise 2, which again can be explained by
the decoupling layer within the lower crust.

In the mantle lithosphere of the thick setting
(Fig. 712, Exp. 6), strain accumulation is most
pronounced at the boundaries with the vises. This
suggests that the lithosphere is likely to thicken
closer to the boundary of the weak domain and
the vises, i.e., the mechanical anisotropy, when the
strength contrast is low. When it is high, viscous
layers thicken more homogeneously in the center
of the weak domain, as is the case for the LVL
setting.

7.6. Discussion
7.6.1. Parameter control

Plateau initiation includes the formation of
at least two mountain ranges that are separated
by an undeformed area (e.g., Fig. 7.9a+b), which
is a basin prone to undergo sedimentary infill due
to internal drainage resulting in surface uplift (e.g.,
Meyer et al., 1998; Sobel and Strecker, 2003;
Sobel et al.,, 2003) (cf. Fig. 7.1). Typically, such
mountain ranges do not form in fold-and-thrust
belts where one range develops close to and after

another as strain and evolving thrusts propagate
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lower crust

mantle lithosphere

vise 1
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basic setting (Exp.4)
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vise 1
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vise 2 -0.5
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thick setting (Exp. 6)
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Fig. 7.12: Increase in thicknesses of viscous layers in centimetres (left: lower crust, right: mantle lithosphere) for the three
plateau-initiation settings (top: basic setting (Exp. 4), centre: LVL setting (Exp. 5), bottom: thick setting (Exp. 6)). Note that
colour palettes differ slightly for each of the figures. Structures (thrust/anticlines) of the upper crust are marked with white and

black lines. Further description in-text.

towards the foreland, and hence do not leave
enough accommodation space for basin infill and
do not in general produce plateaux. In contrast,
decoupling of deformation in the upper crust
from the lower crust or the upper mantle reduces
frictional resistance at the base of the upper crust
and, hence, allows displacing longer coherent
slabs before their strength limit is reached, which
is the key prerequisite for plateau initiation.

The initial strain pattern required for
subsequent plateau growth only occurs when all
of the following parameter conditions are met:

1. The vertical layer density stratification
must be gravitationally stable (non-buoyant
crust with respect to the upper crustal parts)
to enable strain localization with spacing
several times the thickness of the upper crust.

2. A lateral strength contrast between the
Scientific Technical Report STR 07/09
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strong portions of lithosphere enclosing a weaker
part must be present.

3. The lateral contrast between the weak
domain and the vises must be sufficient to localize
strain solely in the weak domain. If it is too strong
the whole weak domain buckles at once, with the
first buckle localizing close to vise 2, in which
case only one anticlinal range develops with no
entrapped proto-basin (see Willingshofer et al.,
2005).

4. The weak domain must be long enough
to allow strain accumulation in two locations. The
critical threshold for the length/thickness ratio is
above a value between ~5 and 7.5.

5. The geometry of the strength contrast
must be curved for both vises (convex vise 1,
concave vise 2) to enable the localization of two

laterally linked anticlinal ranges that enclose
GeoForschungsZentrum Potsdam
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accommodation space for an intervening basin.
With reduced curvature and in an open system,
the width of the deformational system could in
principal grow to very large values, precluding the
trapping of closed basins. This probably occurs
with length-width ratios <0.6 (e.g., Exp. 1 and 2,
and experiments by Cruden et al. (2006), which
allow lateral extrusion).

Although a lack of buoyancy of the lower
crust appears as a necessary condition (1.
point) for a basin area to be entrapped between
the anticlines, such an area also develops with
buoyant lower crust and curved vise shape (Exp.
3), but it is very narrow. The next three points
above (2-4.) hold for all of the experiments. Yet,
two different strain patterns (the “cross-shaped”
and the “phi”) can be distinguished, which depend
solely on the geometry of the lateral strength
contrast. As it has not been demonstrated if the
cross-shaped pattern can develop captured basins
in a larger experimental set-up, we assume that
the most crucial parameter in our experiments for
the development of a strain pattern that enables
subsequent plateau initiation is the curvature of
the vises. The geometry of the vises changes
the corresponding stress field, whose stress
trajectories roughly match the position of structures
of the upper crust (which are perpendicular to the
trajectories, Fig. 7.8) and can therefore explain the
resulting finite strain patterns.

The spacing between anticlinal hinges is
influenced by the thickness of the weak domain.
If the lithosphere is thicker (e.g., similar thickness
of weak and strong crust, Exp. 6), fold hinges
are farther apart than when the lithosphere is
only half the thickness of the vises. This effect is
similar to spacing relations in the upper crust (e.g.,
Mulugeta and Koyi, 1992; Koyi, 1995; Morellato et
al., 2003), which depend on the thickness of the
deformed layer, and also on the basal and internal
friction of the layer. The latter can be regarded
equivalent to the integrated strength of the units.
Unlike typical fault spacing in e.g., fold-and-thrust
belts, the spacing between the anticlinal hinges in
plateau initiation settings varies along-strike: the
maximum distance between the anticlinal hinges
is typically in the center, which decreases towards
the sides, so that the captured basin is “closed off”
(cf. Fig. 7.5d-f).

7.6.2. Application to the Andean plateau

The Central Andean plateau comprises
Scientific Technical Report STR 07/09
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four main structural units from west to east: the
Western Cordillera, the highly elevated plateau
area (Altiplano-Puna), the Eastern Cordillera and
the Subandean fold-and-thrust belt (Fig. 7.2). The
main characteristics on the orogen scale are two
mountain ranges (the Cordilleras) that bound
the flat and rather undeformed plateau area in
between (e.g., Isacks, 1988). External to this
“orogenic system” is the fold-and-thrust belt, which
formed once the plateau had become stable (e.g.,
Allmendinger and Gubbels, 1996).

When looking at scales smaller than the
orogen itself, we observe flat and undeformed
areas that are bounded by adjacent ranges (Fig.
7.2) similar to our experiments. These undeformed
areas are not necessarily plateau areas yet, but
rather marginal basins that are in the process of
being internally drained (e.g., in the Puna: Sobel
and Strecker, 2003; Sobel et al., 2003). After
“regional” plateau initiation, these features are
incorporated into the “orogenic-scale” plateau
(e.g., Mortimer et al., 2007). Thus, some of these
basins are not yet at the stage of attaining a
highly-elevated plateau region, but are still in the
plateau-initiation phase, as e.g., for the Sierras
Pampeanas region. Subsequently, the area will
internally drain, uplift and be filled with sediments,
and thus be incorporated as “regional” plateau
areas in the orogenic plateau of the Puna.

Our experiments resemble these plateau
initiation settings, in which two ranges allow the
preservation of a peneplain, which may undergo
basin-like subsidence or uplift. The topographic
relief in our models is unrealistically high when
scaled back to nature, but this is due to the lack
of erosion. Therefore it is likely that significant
amounts of debris from adjacent ranges can
produce the infill for the initial basin in our models
as observed in the northern Sierras Pampeanas in
Argentina (Sobel and Strecker, 2003), if we were
to model erosional processes with tectonic river
cut-off and internal drainage.

Critical parameter combinations must be
met early on in the system for a plateau-style
system initiation, which includes a normal crustal
density profile, a lateral strength contrast with
a critical curvature (the hot back-arc region is
compressed between the strong and cold “pseudo-
indenting” fore-arc to the west (Victor et al., 2004;
Tassara, 2005) and the thick cold Brazilian shield
to the east (e.g., Sobolev and Babeyko, 2005),

both with curved in-plane geometries, see Fig.
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7.2), a decoupling horizon within the lower crust (a
zone of partial melt or weak lower crust beneath
the Altiplano-Puna plateau; Yuan et al., 2000),
and a sufficient initial width. Isacks (1988), Kay
and Kay (1993) and Allmendinger et al. (1997)
have all proposed that thermal weakening of the
crust or delamination of the mantle lithosphere are
necessary prerequisites of plateau formation.

The fact that we observe variations in strain
partitioning mode, topographic relief and the extent
of peneplains on several scales below the orogen
scale in our models, emphasizes the observation
that internal basin drainage and plateau initiation
occurs on scales ranging between 400 km (e.g.,
for the Altiplano basin) down to scales <100 km
(e.g., smaller basins in the Puna and the Sierras
Pampeanas, cf. Fig. 7.2). Also, it reproduces local
along-strike differences in, for example, elevation
or spacing of structures.

7.6.3. Previous modelling studies

Most modelling studies focus on the effect
of one parameter on the formation of a plateau
-and not the plateau initiation- (e.g., thermal
perturbation within the lithosphere (Wdowinski
and Bock, 1994a+b); crustal flow (Royden 1996),
gravity-driven channel flow (Husson and Sempere,
2003), flow indentation of the lower crust (Gerbault
and Willingshofer, 2005), mass flux along a
detachment (Vietor and Oncken, 2005)), rather
than the influence of coupled parameters (e.g.,
the combined influence of crustal thickness and
interplate friction, Sobolev and Babeyko, 2005).
Analogue experiments by Schemmann and
Oncken (under review) are the first to reproduce
not only e.g., the final stage of the plateau-style
setting, the finite strain pattern or the topographic
evolution, but the development of orogen scale
deformation in time and space for the Central
Andean plateau, as well as the strain evolution of
single faults of the structural units. This requires
that two parameters of mechanical heterogeneity
are coupled (namely internal and basal strength
contrasts), for which Schemmann and Oncken
(under review) pinpoint critical threshold values.
These determine the deformational type that will
form, i.e., a plateau-style or a wedge-like system.

One ofthe advantages of theiranalogue set-
up is the implementation of granular media. This
allows the successive test of different materials to
precisely set the limits for critical threshold values

without changing the stress scaling factor. At the
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same time, modelling only the brittle upper crust
without taking isostastic effects (e.g., buoyancy)
into account, as well as decoupling the crust from
a stiff base, imply limiting boundary conditions.

This study compensates for previous
shortcomings by employing viscous and brittle
media in a 4-layer set-up that accounts for more
complexity similar to nature, dynamic scaling, pure
and simple shear, and more effects such as strain
rate and isostasy etc. Thus, more parameters than
only two can be coupled (e.g., strength contrasts
(internal and basal), buoyancy effects, lithospheric
thickness, and plate geometry).

Schemmann and Oncken (under review)
are able to resolve below the orogen scale, namely
single faults in each structural unit. However,
plateau formation was active only on the orogen
scale. In contrast, this study can show that the
same process, namely plateau initiation, is active
on the orogen scale but at the same time also
on scales below. In addition, we can examine
the effect not only of first order features on scale
related deformation and its variation but of second
order parameters as well. These variations can be
analyzed in the strain evolution, the development
of topography and the finite crustal thickness.

7.7. Conclusions

Through 4-layer brittle-viscous analogue
experiments, we conclude that the development
of plateau-style settings only begins when the
starting conditions follow a parameter combination
that includes a critical lateral strength contrast
between the strong bounding blocks and the
intervening weak domain (the strength of the
strong units should be at least twice the strength
of the weak equivalent, but likely not more than
ten times), a curved geometry of the vise blocks
(convex vise 1 and concave vise 2), a decoupling
horizon within the lower crust of the weak domain,
and a non-buoyant lower crust.

Anticline-syncline structures and thrust
faults that develop at their inflection points occur in
all experiments. However, the necessary distance
between the structurally controlled topographic
ranges required for the preservation of an
enclosed peneplain is only possible under the
above conditions. This scenario can subsequently
be subject to internal drainage, which is the next
condition to the formation of a plateau. If we
increase the thickness of the mantle, the surface

pattern predicts even wider spacing of active
GeoForschungsZentrum Potsdam




7. The effect of mechanical heterogeneity on plateau initiation

structures bounding basins and hence wider
plateaux.

Along-strike of the main ranges, variations
in strain evolution, topography and finite crustal
thickness occur not only within one experiment, but
also when comparing the three different plateau-
initiation settings. This suggests that basin capture
between tectonically active structures occurs at
several scales, similar to small-scale basins in
the Sierras Pampeanas (e.g., Sobel and Strecker,
2003, Mortimer et al., 2007) or larger basins like
the Altiplano basin.
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Fig. 8.1a (top), b (center), 8.2 (bottom): a) The experimental surface in top view shows the finite strain pattern after 27.7%
of bulk shortening with thrusts numbered in order of appearance. Convergence was in x-direction (from top to bottom). The
finite dimensions are 28 cm (x) and 42 cm (y); b) The incremental velocity field of the final stage of Exp. 4 (cf. Chapter 7). The
colour contrasts are velocity contrasts, which have sharp boundaries (marked in Fig. 8.1b) and outline the structures where
strain localizes (thrusts in Fig. 8.1a, marked). Velocity contrasts indicate the positions of structures before they have actually
formed; (cf. Fig. 8.1a); Fig. 8.2: The incremental velocity field of the final stage of Exp. 6 (cf. Chapter 7). Velocity contrasts
have diffuse boundaries (marked) unlike Fig. 8.1b. Due to the lack of sharp contacts, the position of future structures cannot
be made out beforehand.
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Extensive data sets result from the PIV monitoring
of the physical simulations. In the following | point
out some interesting data that could be subjects for
future studies, as they deal with 1) the variation of
deformation modes in time and space (e.g., strain
hardening and strain weakening), 2) the aspects
of uncertainty due to incomplete data resolution,
e.g., for velocity fields, and 3) the interaction and
variation of strain accumulation along structures
within profiles orogen-normal and orogen-parallel
over time.

1) Figure 8.1a shows the real experimental surface,
Figure 8.1b the corresponding incremental
velocity field of the final stage after 27.7% of bulk
shortening (Exp. 4, cf. Chapter 7). Colour contrasts
mark locations of velocity changes, where faults
localize (i.e., thrusts with oblique components in
step-over zones). These velocity contrasts are
sharp in Figure 8.1b, and rather diffuse (marked)
in the incremental velocity field of Exp. 6 in Figure
8.2 (cf. Chapter 7). Due to this diffuseness the
exact position of faults could not be located from
the velocity contrasts in the incremental velocity
field.

Another obvious feature is the missing
coincidence of velocity contrast or gradient
development with the actual formation of structures
thatare visible atthe real surface. Instead sometime
elapse between a diffuse velocity contrast (marked
in Fig. 8.1b) and the actual strain localization
(marked in Fig. 8.1a) can be noticed. This may
be interpreted in terms of initial strain hardening
(diffuse strain accumulation) and subsequent strain
weakening (localized deformation). A future study
should involve an analysis of the time elapsing
between stages of different deformation modes.

2) Without proper spatial resolution of the velocity
data, velocity contrasts and therefore the structures
cannot be precisely located. This problem is also
depicted in Figures 8.3 and 8.4 showing that a
given dataset can be variously interpreted when the
spatial coverage between the data is incomplete.
A similar problem can arise for GPS data: without
the appropriate GPS station coverage, the data
cannot be used for the prediction of deformation
events or future structures. However, we have
to bear in mind that GPS data also include the
elastic component of deformation and record
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velocity fields for much shorter time spans that
are not sampled by the analogue incremental
velocity data. Also, lithospheric deformation in
nature is certainly more complex than the strain
accumulation in the models.

3) Strain data were extracted along profile 1300
(cf. Fig. 8.5 for location) for all 180 time increments
equalling 40 Ma in nature, and compiled into a time
series of strain profiles (Fig. 8.6). Time increases
from top to bottom, and the piston advances from
left to right. This motion over time causes all
structures to appear obliquely. Strain accumulation
is high for dark colours, and low for light grey
colours. Thus, the presence of light colours
horizontal within dark structures (“zebra pattern”)
shows that strain accumulation is not continuous
over time, but that there are phases when no or
only little strain is accumulated. We can study this
variation over time and how the active structures
correlate when plotting the incremental vector
displacement for some points along the profile
(1300) and other profiles (1240, 1270, 1330, 1360,
1390) in a different plot (Fig. 8.7). Figure 8.8 gives
an idea how strain accumulation varies along-
strike of the orogen within a given structure.

Such temporal patterns might show
scale-dependent stages of deformation, each
possibly following a particular deformation mode
which could also give more information on the
underlying deformation framework. In that respect,
strain weakening effects are characteristic for
the “continuum-Euclidean” framework, strain
hardening effects for the block model, and both
effects in balance for the fractal complexity (e.g.,
Ben-Zion and Sammis, 2003).
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Fig. 8.5 (top): The surface of the experiment is colour coded for strain Exx (at 27.7% bulk shortening). Blue colours indicate
locations with high strain accumulation, not coinciding everywhere with the velocity contrasts of Figure 8.2. Black lines show

profiles of point locations used in Figures 8.7 and 8.8. Convergence was from top to bottom. Only structures below the piston
(red horizontal stripe) are actually part of the experiment.

Fig. 8.6 (bottom): This figure shows strain data extracted across the strain surface (Exx) of Figure 8.5 through the profile po-
sition 1300 for each time step. The time increases from top to bottom, and the piston advances from left to right. The oblique
white patch marks the steady convergence over time. The black patches indicate locations of high strain accumulation along
three structures that are located within the same profile (cf. Fig. 8.5). Within these structures a horizontally striped pattern

is defined by several changes from black to grey to black. This shows the successive stages of high and low to no strain
accumulation over time.
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9. Discussion, Conclusions and
Outlook

9.1.1. Degree of localization

In Figure 9.1 we plot the number of active
points (blue) against the westward drift curve of
the South American plate, i.e., the upper plate
(from Silver et al., 1998) for the last 46 Ma. This
drift has an influence on the deformation mode of
the upper plate (Heuret and Lallemand, 2005). For
active points plotting below the velocity curve, the
deformation distribution is localized, whereas it is
rather diffuse when points plot above the curve.
At 46 Ma, the velocity of westward drift is about
2 cml/year increasing to 3 cm/year during the
evolution of the Central Andean plateau, showing
that deformation was localized in the initial stage.
Over time, more points became active within the
plateau area and the Eastern Cordillera. Thus,
two neighbouring structural units are active and
deformation is distributed over a wider area, i.e.,
strain accumulates in a diffuse fashion. When
deformation within the plateau becomes inactive
after 10 Ma, strain accumulation “shifts” to the
Subandean fold-and-thrustbelt, where deformation
again localizes.

9.1.2. Aspect ratios
Next, we plot aspect ratios of the geometry
of the biggest active areas for a given Ma step

250

9. Discussion, Conclusions, Outlook

in the same diagram (Fig. 9.1, green points).
Aspect ratios can be calculated according to the
characteristic widths and lengths of active areas.
They yield values of 1 when the active areas have
the same extent both orogen-parallel and orogen-
normal. The value decreases the larger the length
is compared to the width.

Again, we can see that strain initially
accumulates at small structures of generally low
aspect ratios. As soon as more points become
active, the aspect ratio is 1, eventually decreasing
again. This marks the time of first activity of
neighbouring structural units, i.e., the plateau
interior (the plateau and the Eastern Cordillera),
with subsequent strain accumulation at the plateau
margins. Further decrease of the aspect ratio
shows increasing strain localization within narrow
areas, namely the Subandean fold-and-thrust belt
and parts of the Puna margin.

9.1.3. Frequency-size distribution

Figure 9.2 correlates the size of the
actively deforming zones with their frequency
of occurrence. The size is hereby defined as
the number of neighbouring active points in our
point grid for one area. Zones were grouped into
classes covering five or ten points (e.g., 11 points,
16, 21, 26 points and so on). Zones with 60 points
represent areas of e.g., 150 km width and 600 km
length.
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Fig. 9.1: Number of total active points per Ma (outlined diamonds), number of active points in areas with more than 60 neigh-
bouring points (grey diamonds), aspect ratios (small black diamonds) and curve (black) of westward drift of South America

(from Silver et al., 1998
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log size (number of connected points)

function (with a slope of ~ -1.8) up to a point beyond which points tend to cluster.
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For areas with less than 60 points, the frequency
size distribution indicates a power law over a very
limited scale range for temporal sample windows
of 1 Ma (dashed line with a slope of ~ -1.8, Fig. 9.2).
Areas with more than 60 points are less frequent,
and the power law ceases to be applicable. This
cut-off value will shift towards smaller sizes (less
points) when smaller time windows are sampled,
duetobetter capability of resolving active structures
of smaller extent. The cut-off value would move
to the right for larger time windows, as we are
summarizing several active structures. In this
respect, for the finite pattern of the entire system
over the total duration of deformation, every point
will have been active at least once, representing
an area with all points as active neighbours.

As proposed in Chapter 5, the active
structures on the orogen scale are a multiple
of the suborogen scale ones. This might be
due to a summarizing effect of coevally active
neighbours on the smaller scale. This summary
is an unintentional integration of data in space to
form a larger active area, which, when sampled
with higher temporal and spatial resolution, will
be divided into several small areas, as inactive
areas may occur within originally large areas. So,
the small areas in our frequency-size plot are real,
whereas the areas with more than 60 points are
not “real”, but only due to the summarizing effect
arising from the resolution which is still too low.

9.1.4. Percentage of small vs. big areas

Based on the value of power law failure
(Fig. 9.2), we calculated the number of active points
that are part of areas with more than 60 points.
The curve (Fig. 9.1, red points) shows that during
the very first stage, when deformation was active
only in a few regions in the Western and Eastern
Cordillera (46-40 Ma), all points were active in
areas with less than 60 points. Up to 27 Ma, almost
all points were active in areas with more than 60
points, thus activity was clustered in large areas.
From 26 to 11 Ma, the number of points varies,
meaning that both large and small areas are active.
From 10 Ma to the present, deformation became
inactive in the plateau interior and shifted to the
Subandean fold-and-thrust belt. Thus, another
“initial” stage is represented by rather small areas.
However, we have to bear in mind, that large areas
are actually small areas: many coevally active and
spatially neighbouring small areas.
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9.1.5. Power spectra over time

When regarding the spatially distributed
deformation values as signals, we can also
examine them by means of auto-correlation,
determining how well the data are correlated with
themselves when shifted, e.g., in time. To analyze
the variance of a signal over its frequency we
apply a Fast Fourier Transform to generate energy
spectra, or, in our case, power spectra. From the
resulting power spectra (Fig. 9.3) we are now able
to detect any underlying pattern in the variation
of the variable for a given frequency (here spatial
distance), e.g., patterns that are characteristic of
deterministic or stationary stochastic processes
(such as fractal patterns).

Figure 9.3 indicates that the power spectra
of the shortening dataset in their current form
reflect a fractal pattern of the spatial distribution
of shortening rates per Ma from 36 Ma to 17 Ma.
Generally, peaks in auto-correlation plots indicate
characteristic lengths (Fig. 9.3). If these lengths
of active deformation on the regional scales and
their multiples on the orogen scale described in
Chapter 5 were real, we should expect to find
two peaks in the lag of the auto-correlation plots
(x-axis). As we only observe one peak, the value
is not periodical (i.e., not appearing for one length
scale and again as a multiple for another length
scale). Looking at the power spectra (Fig. 9.3),
the only peak present for a lag of ~ -0.5 or 0.5
(e.g., for 40 Ma and 38 Ma) coincides with a bulge
in the curve at about 100 km. This value is not
equivalent to any value of the characteristic lengths
described in Chapter 5. Rather, this alleged break
in power law (indicated by the curve’s slope) is
not a break in the scale-invariant distribution of
shortening values, but an artefact of the balanced
cross sections giving shortening estimates for one
degree of latitude (~100 km). Therefore, in a N-S
direction values show less variation for distances
of ~100 km. This does however not preclude the
general fractality over the scale range between 40
km (lower resolution cut-off) and 1000 km (upper
resolution limit).

These plots will be subject of further
examination with respect to their robustness
against variation in the initial data set. Presently
the shortening data follow the assumption that
strain was homogeneously distributed in space
and time (cf. 9.1.6. for discussion on properties of
the dataset).
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Fig. 9.3: Auto-correlation functions (top) and associated power spectra (bottom) for the spatial distribution of shortening rates per Ma (as given below each plot). The solid red curve

depicts data in a N-S direction, and dashed blue data in E-W. More information in-text. Figures produced with Matlab codes by A. Levander.
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9.1.6. Influence of quality of database

When compiling the data base we
carefully paid attention to the quality of available
deformation data, and included them only when
the geographical position of their study areas
and sample locations, the sample method for
age dating, and the error of their measurements
were precisely stated by the authors. Apart from
the initial stages of deformation when only a few
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areas have been active, deformation data exist
from more than one author for any studied area.
When independent authors yield similar results,
the data can be considered solid.

The study areas in the original data set
generally have sizes of 100-200 km in length and
width. Cases when authors have inferred a given
deformation for a very big region up to ~600 km in
length and ~300 km in width, are present only four
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times. As the characteristic length scales (with 150
km in width and 200-300 km in length), quantified
in Chapter 5 neither have the same size as the
small initial areas nor the large areas, the different
study area sizes did not influence our results.
However, as we cannot resolve active
structures below ~40-100 km, small areas are

integrated into a large one simulating the above
mentioned characteristic length scale. If our spatial
resolution was better, we would be able to identify
active and inactive parts within our regional areas,
which would then break up into smaller areas.
Thus, the characteristic length described in
Chapter 5 must be seen as an artefact.
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In contrast to the deformation activity
data, which only have discrete values (0 or 1),
the inferred shortening rates are more prone to
inherit errors from the initial data set. To obtain
a comprehensive data set with continuous rather
than discrete values for such a large spatial extent
down to a temporal resolution of only one million
years, we had to accept the underlying assumption
that both the spatial and temporal distribution of
deformation was homogeneous. This affects the
analysis of variation of values on scales <10% km
for the E-W direction (i.e., we detect less variation
<102 km), due to the fact that 1) the initial width
of areas is 100 km or more, and 2) the structural
units have extents of up to 300 km with known
shortening estimates (e.g., the plateau or the
Eastern Cordillera between 18 and 21°S). The N-S
direction has a lack of variation for ~100 km (cf.
9.1.5.), as shortening estimates are very similar for
each degree of latitude.

Some authors have worked with a higher
spatial resolution (i.e., in smaller areas), but did
not necessarily quantify the displacement for
their study areas. In any case, the integration of
a few higher resolved values among the majority
of values with assumed homogeneity, would not
change the correlation functions significantly.
Despite being homogeneous, the correlation
functions still change over time and for different
analyzed directions (cf. Chapter 5 and Fig. 9.3).
The next step is to evaluate the robustness of,
e.g., correlation functions and power spectra
against further changes and variation within the
original data from the database. This can be
done by comparing our results 1) to models of
known underlying patterns, and 2) to a dataset
that is less homogeneous than ours and one that
is even more homogeneous. Future research
should nevertheless attempt to increase the
spatial resolution below 10% km, for example by
consulting seismic sections for the quantification
of both displacement and its timing.

9.2. Discussion

Power law relations of size-frequency
distributions and spatial distributions of earth-
quakes and faults are commonly based on the
respective finite patterns and therefore do not
include the temporal evolution of a deformation
system. But is the power law relation valid for
all evolutionary stages of spatial distribution of

deformation (earthquakes, faults and regional
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deformation) or only for the finite pattern?

Earthquakes follow the Gutenberg-Richter
relation (e.g., Bak and Chang, 1989; Kagan and
Jackson, 1991; Wesnousky, 1994) which correlates
earthquake magnitudes with their frequency. This
relation can only be established after a critical
amount of earthquakes has occurred; in other
words, when monitoring a completely undeformed
domain from the beginning, it takes some time to
accumulate several events before establishing a
fractal pattern. Yet, this fractal pattern can only
be observed when the sample time window is
appropriately chosen: if the time window is too
small, we would only sample single events (e.g.,
for an hour or a day); if it was too big, we would
sample spatial clusters of deformation.

This clustering effect is also present when
we assume that the spatial extent of earthquake
occurrences is limited. In nature, any given spatial
extent (i.e., study area of limited size) will be
saturated at some time, with subsequent strain
accumulation in another location.

We counted adjacent earthquakes
(i.e, sharing a common destruction area, cf.
Ritznitchenko, 1976) recorded between 1963 and
2006 for the Central Andean plateau (17°-25°S
and 69°-63°W) in the upper plate down to 35 km
depth with magnitudes >3 (Fig. 9.4a). Their zone
size-frequency distribution (Fig. 9.4b) is similar
to that of active areas (Fig. 9.2) insofar as they
follow a power law distribution (slope ~ -2.4). Their
magnitude-frequency relation has a power law
with a b-value of ~0.87 (Fig. 9.4c).

The evolution of faults and fault systems
in space is similar to that of earthquakes. In any
completely undeformed domain, one or several
faults develop first; more faults will occur with
time, as earthquakes and aseismic events either
increase the size of an existing fault, or lead to
formation of a new fault. At some time, the spatial
distribution of faults will establish a fractal pattern
(e.g., Allegre et al.,, 1982; King, 1983; Turcotte,
1986) and their frequency-size distribution will
follow a power law. Typical estimates for fractal
dimensions are 1.7 (Sornette et al., 1990) or 1.8
(Marrett and Allmendinger, 1990) (cf. Bonnet et al.,
2001 for a thorough review).

If we again consider a fixed spatial extent,
there will be a time when the area is saturated
with faults. Faults have eventually grown to their
maximum possible lengths, and faulting will then

move out of the area to form elsewhere, where
GeoForschungsZentrum Potsdam

774



9. Discussion, Conclusions, Outlook

strain accumulation is more favourable. Thus, a
once established fractal pattern will remain fractal
in the future, as in the long run, strain accumulation
occurs no longer in the first spatial extent (i.e.,
area in space) but a second rock volume where
another fractal pattern will be established. Bonnet
et al. (2001) point out that fault patterns are fractal
due to the scale invariance of the fracture growth
process arising from material heterogeneities in
the crust.

The spatial size of such established fractal
patterns will have the size of regional areas, e.g.,
~150 km in width, 200-300 km in length or smaller
(cf. Chapter 5), beyond which scale-invariance
becomes invalid for sizes of active structures. As
discussed before, this effect is due to the lack
of spatial and temporal resolution beyond 40 km
and 1 Ma, respectively. Thus, with the current
resolution, large areas summarize smaller areas,
which could otherwise be distinguished with higher
resolution. In contrast, the shortening values are
spatially distributed in a fractal way (cf. Section
9.1.5.). As mentioned before (9.1.6.), stability of
results against variation in the initial data set has
yet to be analyzed. However, in their present form,
data reveal evolutionary stages of the spatial
distribution and its fractal pattern in the Central
Andes. Figure 9.1 shows that, in the beginning,
only small areas are active (Western and Eastern
Cordillera, 46-38 Ma), analogue to faults reaching
a critical number before a fractal pattern can be
established. These small regional areas will have
established their fractal patterns by the end of this
stage. In the next stage (37-16 Ma), the pattern will
have evolved to be fractal also on the orogen scale
(Fig. 9.3). At the “saturation stage”, the plateau
no longer accumulates strain, and the pattern
becomes stable. The establishment of the fractal
pattern from the regional scale to the entire orogen
can be comparably fast with ~8-10 Ma. Fractal
fault patterns for a regional area of less than 100
km in the Puna has been similar or faster (Marrett
and Allmendinger, 1990; Marrett et al., 1994).

At 10 Ma, the Subandean fold-and-thrust
belt starts to deform, blurring the fractal pattern
of the preceding stage, as we see now another
initiation of strain accumulation in small areas
which can already create a fractal pattern inside,
as faults generally exhibit fractal patterns (e.g.,
references in Bonnet et al., 2001). The orogen itself
is inactive and its distribution of active shortening

is not fractal any more.
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This procedure can be summarized: strain
accumulationisinitially diffuse orlocalized in “stage
1“ (depending on the dominant deformation mode,
see below), balancing itself over a critical time
period (or equivalent amount of strain) to become
fractal for the regional area. By and by, a fractal
pattern will also establish for the orogen, namely
when several regional areas are active which
themselves are fractal within (“stage 27, fractal
orogen). Once a fractal pattern is established for
a given spatial extent (i.e., the analyzed area in
space), strain accumulates in another “rock body”
to repeat the procedure (initial “stage 3” with
regional fractals). The first fractal pattern will be
kept.

However, we can only observe these
patterns, when the time window is well chosen
to actually resolve the spatial extent of crucial
features. For smaller structures (e.g., earthquakes
orfaults), the time window must be chosen relatively
smaller, not to include structures that are part
of another spatial extent or temporal stage. This
effect is also relevant on the regional to orogen
scale where we can only resolve time down to a
million years (minimum). Therefore, active areas
suggest a characteristic structural length on the
regional scale, which will be a multiple on the
orogen scale (cf. Chapter 5). In other words, the
big scale merely summarizes the small scale as
we might resolve structures of different temporal
stages and spatial extents. This is due to the
still too low temporal resolution and relatively big
spatial sample extents precluding the identification
of the underlying fractal pattern. This is also the
reason why the power law is not valid beyond a
value of 60 points (Fig. 9.2).

Ben-Zion and Sammis (2003) previously
suggested that a finite fractal pattern exists,
which balances strain hardening and weakening
effects during its evolution. Thus, we also need
to consider the differences between dominant
processes and patterns, as the scaling relations
might vary depending on what we analyze (also
review by Bonnet et al., 2001). Deformation
processes are effective on all spatial scales, and
depending on the observed spatial and temporal
scales, different deformation frameworks might be
dominant (cf. Chapter 2). As we lack the high data
resolution both in space and time, we do not know
the various coupling relationships of processes
and parameter effects within and across the scales

(e.g., the influence of erosion on isostatic effects
GeoForschungsZentrum Potsdam



and together on deformation).

Generally, some faults are dominantly
active, losing their roughness with increased slip.
This is a characteristic for the continuum-Euclidean
deformation framework. Yet, this fault will not have
a notable impact in a spatial distribution, and will
simply be part of the frequency-size distribution as
one of the long faults. This again shows that a fractal
pattern does not determine which type of strain
accumulation is dominant, e.g., strain hardening
or strain weakening. Thus, the frameworks do
not exclude each other, but they are coexisting or
alternating in time and space (see summary by
Ben-Zion and Sammis, 2003).

In general, the indicators for the continuum-
Euclidean frameworks might be stronger as
Regenauer-Lieb et al. (2006) pointed out. They
have proposed a multi-scale approach with various
weakening processes, effective on different spatial
and temporal scales (i.e., grain size dependent
creep processes in the time interval <1000 years;
thermal diffusion processes within shear zones
for hundred thousand years or more; and water
weakening processes on millions of years and
more).

Ben-Zion and Sammis (2003) also
conclude that long-term evolution of deformation
favours the first order influence of the continuum-
Euclidean framework, due to its positive feedback
mechanism associated with strain weakening. An
explanation for this can again be found in the spatial
resolution or the area size that is analyzed. As
discussed above, we assumed an unlimited spatial
extent, in which strain accumulation can eventually
establish a fractal pattern. Heterogeneities in the
crust produce zones of weakness, where strain
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Fig. 9.5: Relation of causes and effects
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preferably accumulates. This represents a limited
spatial extent, as strain accumulation would rather
accumulate in a weak zone than move outside,
where strain localization is not favourable. Bonnet
et al. (2001) state that the fracture growth process
is scale-invariant due to material heterogeneities.
With time, a weak zone will be saturated with
strain, and eventually will not be a weak zone any
more, as Townend and Zoback (2000) propose
that faulting keeps the crust strong. Thus, at some
evolutionary stage, a weak zone does not attract
particular strain accumulation any longer, and a
fractal pattern can generally be established.

More artificial reasons also suggest the
continuum-Euclidean framework to be dominant
over time: planar structures have been highly
active (i.e., they have lost their initial roughness
with increased slip), and their potential of being
stored in the exposed rock record is much higher
than for small structures that hardly accumulate
strain. Also, faults cannot regain their roughness.
Thus, a particular fault might be interpreted to
be dominant at all times merely due to the lack
of roughness, although it might not have had
accumulated any strain over certain periods (and
thus might have been part of a complex system in
which all faults equally accumulate strain, or might
have accumulated strain in a diffuse fashion).

The contribution of deformation processes
to strain accumulation in space and time, which
is in favour of different deformation frameworks,
is further complicated by other processes that
act on any deformation system. Causes and
effects are not easily correlated (e.g., erosion and
deformation), as these causes do not only become
effective on one scale, but across the scales; and
smaller scales “imprint” on the larger scales. This
was shown in Chapter 7, where second order
parameters have an effect on the regional scale
(e.g., additional decoupling horizons), whereas
the orogen scale pattern remains the same. In a
schematic sketch (Fig. 9.5), it becomes clear that
too many unknown variables exist, i.e., relations
between causes and effects (a+l, b+l, a+b+l, a+ll,
b+ll..., e.g., erosion and its effect on topography
development and deformation), and between
causes themselves (a+b, a+c..., e.g., climate and
erosion) and effects themselves (I+11, [I+lll..., e.g.,
isostasy, topography and deformation). Yet, these
relations might change over time. Thus, we might
never fully understand highly complex coupled

systems.
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9. Discussion, Conclusions, Outlook

In Chapter 6, | studied the coupling relation
between mechanical heterogeneities, namely
basal (20%) and lateral (35%) strength contrasts
for which threshold values exist that determine
if either a plateau-style or a wedge-like system
develops. | also showed that the relation between
causes and effects does not produce a unique
strain evolution in space and time. Thus, we cannot
use the finite pattern for the relation of causes and
effects, as it can be explained by more than one
parameter combination.

The model results vyield a similar
spatiotemporal evolution to the one for the
Central Andean plateau, yet with a very different
parameter combination (for the latter coupling
mechanical heterogeneities vs. differential trench-
upper plate velocity evolution, high plate interface
coupling from low trench infill, and the weak zones
in the upper plate, cf. Oncken et al., 2006). In both
experimental series, | was also able to show that
there is a hierarchy among parameters affecting
the system. Thus, some parameters (single or in
combination) have first order influence actively
changing the type of pattern (e.g., plate geometry,
cf. Chapter 7). Second order effects can merely
affect a pattern by varying the strain accumulation
in space and time on a scale smaller than the entire
system (e.g., additional decoupling horizons, cf.
Chapter 7).

9.3. Conclusions
What did this study show?

1) Spatial distributions of deformation
structures of all sizes (e.g., earthquakes,
faults, and regionally active structures)
have a fractal pattern and a power law
relating size and frequency. However,
depending on the available temporal and
spatial resolution, the underlying patterns
cannot always be identified, as 1. the
resolution might not be appropriate for the
analyzed structures (i.e., small structures
need higher resolution to be detected), 2.
too many structures might overlie each
other for a given temporal sample length
(i.e., if the time window is chosen too
large, deformation events and structures
might cluster), and 3. we unintentionally
summarize structures on larger scales that
belong to smaller ones, blurring the real
pattern for the larger scale (cf. Chapter 5

and 9.1.6.).
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Deformation systems undergo stages. The
“initial” strain accumulation on the upper
end of spatial scales (namely the orogen
scale and the next smaller regional scale)
is limited to a few active regional areas with
a fractal fault pattern (cf., e.g., Bonnet et
al.,, 2001). On these lines, the initial strain
accumulation in the Western and Eastern
Cordillera from 46 Ma to ~38 Ma commonly
occurs in such structures that are 150 km
in width (E-W) and 200-300 km in length
(N-S) for the used spatial and temporal
resolution, and have established a fractal
pattern at the end of this stage.

Over time, more regional areas with a
fractal pattern become active throughout
the entire orogen. Therefore, the spatial
distribution of shortening follows a power
law for the entire orogen during a second
stage of Central Andean plateau formation,
i.e., from ~37 Ma to ~16 Ma.

Once a spatial extent or “rock volume” is
saturated with strain, strain will accumulate
elsewhere. The above mentioned stages
can therefore repeat themselves in another
area. This occurs after 15 Ma, when the
plateau interior becomes stable and strain
accumulation will occur in the Interandean
and eventually in the Subandean (after
10 Ma). The fractal pattern of the first
established stage is preserved.

A fractal pattern can result irrespectively
of the various deformation processes
that coexist or alternate during strain
evolution (e.g., strain hardening and
weakening). However, effects of the
different deformation processes as well
as other factors influencing a deformation
system, can blur the underlying patterns
and preclude their identification.

Various controlling factors have either a
first order impact on a deformation system,
thereby actively changing the orogen scale
pattern (e.g., plate geometry, cf. Chapter 7),
or a second order influence, thus affecting
only the suborogen scales (e.g., additional
decoupling horizons).

Parameters themselves are likely to be
coupled and therefore have a different
influence on a deformation system than if
they acted alone. Threshold values exist

that determine either one or another type of
GeoForschungsZentrum Potsdam



e.g., deformation mode or the resulting type
of deformation system. This was shown in
Chapter 6, where threshold values for basal
(20%) and lateral strength contrasts (35%)
coupled together, determine the result to
be wedge-like or plateau-style. There are
no gradual transitions in between these
two types.

8) The spatiotemporal evolution of the Central
Andean plateau was reproduced on the
orogen scale and belowin analogue models
that followed a parameter combination of
mechanical heterogeneities. In contrast,
the parameter combination in nature is
supposed to be more complex. This shows
that a strain pattern can be caused by
more than one parameter combination and
is therefore not unique. Thus, we cannot
conclude the controlling parameters from
the observed strain patterns.

9.4. Future research

First of all we should always bear in mind
that scaling up and down of processes or patternsis
only valid, when they follow a similar mathematical
relation. However, even if the pattern or process is
generally scale-invariant, it might look different on
some scales thereby suggesting scale-dependent
behaviour, depending on the temporal and spatial
resolution, the current deformation mode within
a structure of a deformation system, and the
evolutionary stage of the system.

Therefore, we should aim for an even more
comprehensive database including deformation
data with a higher spatial resolution, allowing
areas and variation of strain accumulation to be
resolved below 40 km. This can probably be done
with the help of seismic sections covering a 3D
volume, where information on the displacement
of faults and their timing is gained from the
stratigraphy. This would certainly require a lot of
seismic sections. Possibly, for the later stages of
deformation, paleoseismological data could be
integrated when available in order to also increase
the temporal resolution. Again, the robustness of
data results against uncertainty in the initial data
set has to be examined.

Also, we need to mathematically quantify
geological observations and changes over time
on different spatial scales. Unfortunately, outcrops
where a given spatial pattern can be studied over

various time scales are very rare. And it is almost
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impossible to relate processes and patterns over
time from outcrop data.

Certainly, our best resolved data are
still those from modelling studies. They should
try to quantify existing threshold values, and
the robustness of studied parameters, e.g., by
coupling them to other parameters (Is it still the
same effect or not? Does the parameter have a
first or second order influence?). The knowledge
of threshold values simplifies the understanding of
a particular parameter influence.

If modelling studies directly address a
certain natural example (rather than staying
general to be applicable to several similar natural
examples), we can better relate the modelling
study to natural data on smaller scales as well.
Generally, models reproduce the big scale strain
patterns for different orogens, which might look
alike. However, as was shown in the viscous-brittle
series (Chapter 7), even though a strain pattern on
the orogen-scale looks similar, the variation on the
subscales might be significantly different. Further
modelling on the smaller scales should involve
detailed analysis of small scale processes such
as, e.g., fluid flow and fluid reactions.
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Deformation distribution
in 1 Ma steps
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Appendix A-3

Variogram Surfaces
Deformation Activity
in 1 Ma steps
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Sensitivity analysis

Dependence of stage boundaries on respective units:

boundary

43-42
41-40
38-37
34-33
29-28
24-23
21-20
20-19
18-17
16-15
13-12
11-10
9-8
6-5

boundary total active points points changed

43-42
41-40
38-37
34-33
29-28
24-23
20-19
18-17
16-15
13-12
11-10
9-8
6-5

unit
Eastern Cordillera

Eastern Cordillera + fold-and-thrust belt

Altiplano

Eastern Cordillera + fold-and-thrust belt + Altiplano
Eastern Cordillera + fold-and-thrust belt + \Western Cordillera
fold-and-thrust belt + Western Cordillera

Western Cordillera
Eastern Cordillera
Eastern Cordillera
fold-and-thrust belt
Altiplano

Eastern Cordillera
fold-and-thrust belt
fold-and-thrust belt

58
26
11
51
84
80
54
38
60
38
172
90
57

significant when
[(number of points changed*10)/total number of points] / 12 - number of active areas
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58
26
9
51
59
30
30
24
25
34
155
76
34

DOI:10.2312/GFZ.b103-07094

number of areas

-
O-PI\J-PI\J

~N O 0

7
11
19
23
19

result

1

1,25
0,818181818

1,25
3,5611904762

0,9375

0,925925926
1,263157895
0,833333333
8,947368421
2,574750831
5,62962963
1,704260652

significant?

X X X X

>1
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Appendix B-1

Description of
Granular Experiments
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Appendix B-2

Set-up Sketches
(Granular Experiments)
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Experiments 38-44 have a similar set-up than Experiment 37, but with different
dimensions (confer Appendix B, Details on initial experimental set-ups).
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Appendix B-3

Photographs of
Analogue Devices
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& "Ly v
s e TG

Analogue devices

top: Granular experimental set-up

left (second from top): ring shear device
left (third from top): viscous layers in tank
left (bottom): vise model (here with vis-
cous asthenosphere)

below: PIV cameras in stereoscopic view
bottom (right): PIV rack with PIV cameras
(background), PIV computer (right), and
digital cameras (front)

s s




Appendix B-4

Material Parameters
for Vise Experiments
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Appendix B-5

Material mixtures
for Vise Experiments
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