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Supplementary Methods Movie DRI

Rheology

In order to reproduce and localize deformation in frictional-plastic shear zones, the model uses a plastic
yield criterion. Once yielding occurs, materials of the deformed area experience strain softening. In this
model, the Drucker-Prager pressure-dependent yield criterion is used to model the plastic behavior for
incompressible deformation in plane strain. Yielding occurs when:
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Where [, = % @3 1s the second invariant of the deviatoric stress, p is the dynamic pressure (mean

stress), ¢ is the cohesion and ¢ is the internal friction angle. The values of ¢ and ${&) were chosen to

reproduce frictional sliding of rocks. Several mechanisms can lead to brittle weakening of rocks
(Huismans and Beaumont, 2007 and references therein), including cohesion loss, mineral transformations,
and increased pore fluid pressures. In the models presented here strain weakening is introduced using a
parametric approach. The friction angle @{g)} decreases linearly with increasing strain in the range 0.5< ¢

<1.0, where ¢ represents the square root of the second invariant of deviatoric strain.
Model Set Up

The initial model has a computational Eulerian domain 400 km long, 12.5 km high on the left-hand side
and 7.5 km high on the right-hand side. The Lagrangian material-tracking grid follows the initial Eulerian
domain but extends until 800 km (e.g. Supplementary Table DR1). Materials II and III (representing the
sediments and the internal décollement respectively) extend from 100 km to the right-hand side of the
model, in order to allow for a first stage of deformation in the internal wedge to occur close to the
backstop. Material II is 3 km thick, and Material III is 0.5 km thick, so that Materials II and III have the
same thickness on the right-hand side of the model, and the décollement level is located in the middle of
the model area. A second décollement level has been added to the base of the model, which is 1 km thick.
A velocity of -1 cm.yr™ is applied to the right-hand boundary, while the left-hand side is fixed
horizontally, except in the first km, to evacuate the basal décollement layer with a velocity of 1 cm.yr ™.
The surface is subjected to sedimentation after 5 m.y, represented by the deposition of material with the
same properties as Material Il below a fixed reference elevation; erosion has not been included in our
models. The base of the model is supported by an elastic beam that allows for flexural isostasy.
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Supplementary Figure DR1: Initial model geometry.
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Models Parameter Values

Supplementary Table DR1: Fixed parameter values for numerical model runs.

Internal friction angle @
Material number  Description

?1 D2
I Strong Coulomb, with strain softening 38 25
I Intermediate Coulomb, with strain softening 38 18
I Very weak internal décollement 1
v Weak basal décollement 10
Cohesion 2 MPa
Density 2300 km.m™
Eulerian grid 801 x 81 cells 400 x 12.5 km
Lagrangian grid 1601 x 81 cells 800 x 12.5 km
Supplementary Models

Influence of the strength of internal décollement on the thrust sheet lengths

The rheology of the internal décollement can form a major control on the wedge development. In order to
test this influence, we have run several models with increasing the strength of the internal décollement
material (characterized by its internal friction angle &). We present in supplementary Figure S2 snapshots

of models with ¢ at 2°, 4°, 6°, and 8° at the time when the first external thrust activates. Syn-tectonic

sedimentation in these supplementary models starts at 3 m.y. and was set at the same level as in the model
2 (Figure 2) for models in panels a to d, and at a higher reference level, covering entirely the basin for
models in panels e to h.

Models a-d demonstrate that despite differences in structural styles (in particular in models ¢ and d), the
sedimentary thrust sheets formed have a shorter length with increasing décollement strength, g. The first

thrust activates at 95, 97, 92 and 84 km from the backstop, in model a, b, ¢, and d respectively. Models e-h
show a similar response to increasing the décollement strength with the higher reference level for

sedimentation. The thrusts are shorter for a stronger décollement level, and activate at 112, 107, 86 and 88
km in models e, f, g and h respectively. We note that in models g and h (¢ = 6° and 8°), the basement and



the sedimentary layers deform jointly, because the difference in strength between the basement, the
décollement and the sedimentary layer is small.

We thus conclude from this set of models that the rheology of the décollement level has an impact on the
thrust sheet length by shortening them, but this effect is much less significant than the effect of syn-
tectonic wedge-top sedimentation on the wedge propagation and thrust sheet length. Moreover, the models
confirm that also with a large amount of syn-tectonic deposition covering both the wedge and the fore-
deep the thrust sheets are very long.
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Supplementary Figure DR2: Tests of the influence of the strength of the internal decollement on thrust
sheet length. For models a to d, model set up is the same as in model 2 (Figure 2) but with syn-tectonic
sedimentation starting at 3 Ma. For models e to h, the reference elevation for the syn-tectonic
sedimentation was set to 3 km, resulting in sediments covering the complete foreland basin. The strength
of the déecollement is represented by the internal friction angle &, that is 2°, 4°, 6°, and 8° for models a

and e, b and f,c and g, d and h respectively. Models snapshots are shown at the time when the first
external thrust activates.

Strain rates and velocity field

Supplementary Figure S3 documents the strain-rate evolution for the same models and at the same
timesteps as shown in Figure 2. The green zones (at 7 m.y. in models 1 and 3 for example) show the
diffuse pattern of strain partitioning that is subsequently followed by localization on large faults. In the
three models, most of the material advection from the right side of the model is accommodated by the
fontal thrust and by underthrusting below the décollement level. In Model 1 (without syn-tectonic
sedimentation), at 5 my, displacement is localized at the front but in the internal parts as well, with active
backthrusting at around 50 km. Then this internal displacement progressively decreases to almost zero at



12 m.y. The velocity field in the fold-and-thrust belt shows that each thrust is active, but always less than
the frontal thrust. Model 2 and 3 are very similar in terms of velocity field patterns. The backthrusting that
occurs at 5 m.y. is very efficient at that time while the internal part experiences little displacement.
Between 7 and 9 m.y. the frontal thrust records most of the displacement, and the internal part (especially
around 50 km from the backstop) show moderate and upward-directed velocities. Finally, at 12 m.y., only
the fold-and-thrust belt records displacement, and the internal part become much less active. It is also
worth noting that the velocity field shows the progression of under-thusting below the internal
decollement level towards the left side of the model. Strain localization allows identifying the most active
faults. In the three models, the strain is accumulated on 1) the frontal thrust, 2) the décollement level, and
3) the largest shear zones in the internal parts, with the décollement level concentrating most strain.
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Supplementary Figure DR3: Evolution of second invariant of deviatoric strain rate and velocity field for models/snapshots shown in Figure 2 (main paper).



Data and references for Natural Systems

Supplementary Table 2: Sediment thicknesses, thrust-sheet lengths, and equivalent elastic thicknesses
for natural fold-and-thrust belts. Measurements of thrust sheet length and their associated syn-
tectonic sedimentation thickness was taken in three places of the fold-and thrust belt at least .The
sediment thickness was measured at the place where the vertical thickness is maximum, i.e in the
center of a piggy-back basin for example. The thrust sheet length was defined by the length from the
place where the thrust is differentiating to its surface emergence.

Maximum .
Average thickness of Reference for Elastic
Range thrust length . . thickness  Reference for Te
(km) syn-tectonic  cross-sections (km)
sediments (km)

Canadian Rockies 55+3.1 15407 Olerenshaw. 561040  Fliick et al., 2003
(Can) 1978
Sub-andean belt DeCelles and
(An2, S Bolivia) 63 £2.2 1.5+£0.3 Horton, 1998 30 to 40 Horton, 2003a

. Butler et al., Royden and Karner,
Apennines (Ap) 8.6+4.1 1.8+0.6 2004 8to 15 1084

. Hippolyte et Zoetemeijer et al.,
Carpathians (Car) 129+14 1.5+0.6 al., 1999 3to 16 1999
Pyrences (Pyr) 13.8+4.6 25403  Muioz, 1992 201030 f;;’oe’"e’/ eretal,
Swiss molassic basin Beck et al., . .
(Alp) 14+2 1.5+£0.3 1008 5to 15  Sinclair et al., 1991
Sub-andean belt Baby et al., DeCelles and
.. + +

(Anl,NW Boliviay ~ 1>0%43 3108905 301040 1 tom, 20035
Brooks ranges (Br) 20 +5 j10p Coleetdl, 65t075 Nunnetal., 1987

1997
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