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Summary

We report here the recent advances brought to the field of continental dynamics by the
development and use of novel and complex numerical methods to solve the equations
governing the deformation of crustal rocks, incorporating the effects of large and
localized deformation as well as the coupling between crustal deformation and surface
processes (erosion/sedimentation). Under the basic assumption that in regions of
continental convergence, mantle shortening is accommodated by a subduction-like
process, the model predicts that the crust behaves like a doubly-vergent critical wedge.
Models also demonstrate that the dynamics of subduction-driven orogens is, in many
circumstances, determined by two factors: the strength distribution within the crust
(including its strong dependency on temperature) and the efficiency of surficial
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processes. We report and comment on the work performed with this new generation of
numerical models to show how they have led to a better understanding of the dynamical
evolution of a range of past and presently active orogens.

1. Introduction

Much advance has been made in recent years in our understanding of the dynamics of
the Earth's crust, that is the way it deforms in response to the large scale motion of the
plates that form the Earth's lithosphere. The advent of large, global data sets, such as
topography, gravity, geoid and magnetic anomaly, as well as better geochronological,
geochemical and geophysical data are responsible for this new step forward. These new
observations provide more accurate constraints on the mechanics of the Earth's crust,
and the rate at which it responds to various tectonic forcings.

But the quality and quantity of this newly acquired data have driven the Earth scientist
to develop new methods of analysis and interpretation. This effort has been much
helped by the rapid advances in computing and has led to the development of a new
discipline: quantitative modeling of Earth processes. Methods developed by engineers
to quantify a range of physical processes including structural mechanics, fluid dynamics
and heat transport have been used, adapted, and, in many cases, further developed for
the study of Earth processes. Modeling of mantle convection and lithosphere
deformation have received special attention. Complex rheologies, finite deformation,
coupling to surface processes are now included in models of crustal/lithospheric
deformation and permit the testing, in a quantitative manner, the plausibility of
hypotheses suggested by the data. Numerical modeling provides the perfect framework
to integrate a large variety of data and to test scenarios put forward by geologists.
Furthermore, numerical models have evolved to the point where they can be used to
suggest and/or predict complex behaviorbehaviors that arise most frequently from the
non-linear nature of the many processes at play in the Earth but also their interactions.
These behaviorbehaviors could hardly be derived from a simple analysis of the data. For
example, the strong feedbacks that have recently been suggested between tectonics and
atmospheric dynamics, not only through the strong control that topography has on
precipitation, but also through the strong control that climate has on erosion, have been
suggested, in' many cases, by numerical models.

Here we present a short summary of a collection of recent works by a group of scientists
that were not only responsible for developing many of the new advances in numerical
methods but also for using them to develop a new framework to understand the
dynamics of compressional orogens. As we will show in this review, compressional
orogens offer a special challenge to the numerical modeler. On the one hand, they are
regions where faulting, uplift and erosion combine to create some of the most complex
structures observed at the Earth's surface. For this reason, they are difficult objects to
study and many more years of painstaking data collection will be necessary to improve
an already large set of observations. On the other hand, compressional orogens are
where the evidence on the tectonic and deformation history of the Earth's crust is the
most readily accessible; uplift and erosion bring rocks to the surface where they can be
directly sampled and analyzed.
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In this review, we report on the development of new concepts and ideas that were either
suggested or confirmed by the numerical models. We show how the numerical models
have helped to make sense of complex, sometimes apparently conflicting pieces of
evidence. We also describe how the models have been applied to particular orogens.
2.'S-point’ dynamics

2.1. Introduction
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Figure 1. Generalization of the concept of (a) an accretionary wedge at an ocean
continent plate boundary to (b) a continent-continent collision driven by subduction of
the underlying mantle lithosphere. (¢) Boundary conditions used in the geodynamic
model to represent the process of mantle subduction.
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The basic assumption behind the large body of work that is presented in this review is
that crustal deformation in compressional orogenic belts is driven by basal shortening
driven by a velocity discontinuity, or strain singularity (the so-called 'S-point’), that
represents subduction of the underlying mantle. This type of continental collision is
assumed to represent the next step in the evolution of an oceanic subduction zone when
a second continent, or continental fragment, becomes involved along the plate boundary
(Figure 1).

The exact nature of the mechanism responsible for mantle subduction, its initiation and
evolution through time, are not addressed in these models. The response of the crust to a
simple boundary condition is the focus. A large variety of responses have been
evidenced which arise from a variety of assumptions on the rheology of the crust (and
especially the strength of the coupling between crust and mantle), the size and location
of pre-existing mechanical heterogeneities, and the efficiency of erosion and sediment
transport processes to redistribute mass along the top stress-free surface.

These studies were driven by a need to understand system behavior, and by a detailed
analysis of new datasets on convergent orogens. In several instances, the models
contributed to defining the questions that required further data collection. It is clear,
however, that the evolution of the modeling originates from improved methodology and
computing power, which allowed modelers to create structures and patterns of
exhumation more directly comparable to geological data and geophysical images. It
followed that the application of a simple boundary condition, i.e.,, the velocity
discontinuity representing mantle subduction, created large-scale structures that were
very similar to observed crustal faults/shear zones in orogenic belts. This led to a re-
interpretation of even the first-order, large-scale observations in orogenic belts, such as
the type and geometry of structures, sedimentation patterns in the foreland, the
distribution of metamorphic grades and ages for a range of thermo-barometers.

2.2. Basic response

The response of a layer of frictional material to shortening driven by a basal velocity
discontinuity was first illustrated in sandbox experiments, and reproduced, later, in a set
of numerical experiments. Following initiation of convergence between the two
continental blocks, the first structure to develop is a set of opposedly-dipping or "step-
up" shear zones rooting into the velocity discontinuity (a narrow slit in the base of the
sandbox through which a piece of cloth/mylar is pulled from underneath one of the two
halves of the model - see Figure 2a). Reverse movement on both structures leads, at
first, to uplift of the triangular plug comprised between the two step-up shears. In cases
where the time scale for erosion and removal of material from the orogen is smaller than
the tectonic time scale, surface processes act to maintain a low-amplitude, constant
surface topography. Uplift of the inner part of the orogen leads to rock exhumation at a
uniform rate across the orogen.

This basic deformation pattern appears symmetrical when considered in a Lagrangian
frame of reference, i.e., for an observer attached to the deforming rocks (Figure 2a).
When described in an absolute or Eulerian system of reference, i.e., fixed with respect
to the deforming crust or, by convention, attached to the continent that is not undergoing
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subduction, the "retro"-side of Willett et al. (1993), rock (or particle) paths are strongly
asymmetrical. Rocks are advected into the orogen from the "pro™-side (i.e., the side
attached to the subducting mantle), pass through the pro-shear and are then thrust up,
along the retro-shear. Deformation along the pro-shear is thus instantaneous and affects
all rocks entering the orogen; deformation along the retro-shear is long-lasting, but only
affects the rocks that enter the orogen at large depth and are subsequently exhumed in
the vicinity of the retro-shear.

a) Basic Behaviour

Erosion

Erosion

‘Pro*-Side g "Retro"-Side

b) Exhumation

--ﬂ--

Figure 2 (a) Basic behavior of a crustal layer shortened by a basal velocity
discontinuity. (b) Particle paths and exhumation depth z as a function of distance from
the main retro-shear x.

Further convergence leads to an enhancement of the asymmetry (Figure 2b), especially
in the amount of total exhumation experienced by rocks that emerge at various location
across the orogen: rocks that are exumed near the retro-shear come from the largest
depths (i.e., the base of the deforming layer), whereas rocks that are exhumed near the
pro-shear have experienced come from near surface depths. The relationship between
exhumation depth (z) and distance from the retro shear (x) thus depends on the dip of
the retro-shear (¢): z=x tan ¢.
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2.3. A word on the numerical methods

This basic mechanical behavior was first reproduced in a series of sandbox experiments.
They were later reproduced and elaborated on mainly by numerical methods. This was
made possible by the development of new numerical methods that, through remeshing,
allowed for large deformation and surface erosion. Several algorithms were employed,
notably the ALE (Arbitrary Langrangian Eulerian) method and the DLR (Dynamic
Lagrangian Remeshing) method. Combined with recent improvements in computational
power, these methods led to a quantum jump in the predictive capabilities of numerical
models.

The basic equation that is solved in all dynamical model of crustal/lithospheric
deformation is the equation of force balance, which must be combined to a rheological
law relating strain and/or strain rate to stresses. Two approaches have been used; one
assumes that, on geological time scales, rocks behave like a visco-plastic material, the
other assumes that rock behaves intrinsically as an elastic solid which displays a brittle
(and frictional) response to large stresses and creep at elevated temperature. The first
approach requires the solution of the Stokes equation adapted to take into account the
non-linear nature of the rheology; the second approach requires the solution of the basic
equations of structural mechanics. The main advantage of the viscous approach is that
large deformations are easily handled but the tracking of material/chemical boundaries
is difficult and requires the introduction of methods such as ALE. In the elastic
approach, finite deformation requires the introduction of non-linear strains and the
tracking of element rotation. Most elastic/solid methods are based on a Lagrangian
representation of the deformation. The advection of nodes with the flow of material
facilitates greatly the tracking of material particles but large deformations lead to mesh
deformation and the need to frequently redefine the mesh, as is done in DLR method.

The main improvement of both approaches resides in their ability to predict the path that
a rock particle follows during its transit through an orogen. By coupling the equation of
force balance to the equation of advective/conductive heat transport and production, one
can make accurate predictions on the pressure and temperature conditions experienced
by a given rock particle through the development of the orogen. These predictions can
be compared to a range of geological, metamorphic and chonological data. Coupled to a
surface processes model and a flexural isostatic model, the mechanical model can also
be used to predict patterns of sedimentation in foreland basins that may form on either
side of the orogen.
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