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[1] Thin-skinned fold-and-thrust belts related to convergence tectonics develop by
scraping off a rock sequence along a weaker basal décollement often formed by
water-saturated shale layers or low-viscosity salt horizons. A two-dimensional finite
element model with a viscoelastoplastic rheology is used to investigate the structural
evolution of fold-and-thrust belts overlying different types of décollements. In addition,
the influence of multiple weak layers in the stratigraphic column is studied. Model shale
décollements are frictional, with lower friction angles as the cover sequence. Model salt
layers behave linear viscous, due to a lower viscosity as the cover sequence, or with

a power law rheology. Single viscous décollement simulations have been compared to an
analytical solution concerning faulting versus folding. Results show that fold-and-thrust
belts with a single frictional basal décollement generate thrust systems ramping from the
décollement to the surface. Spacing between thrust ramps depends on the thickness of the
cover sequence. The structural evolution of simulations with an additional low-frictional
layer depends on the strength relationship between the basal and the intersequential
décollement. Tectonic underplating and antiformal stacking occur if the within-sequence
décollement is weaker. In the frontal part of models, deformation is restricted to the upper
part and imbrication occurs with a wavelength depending on the depth of the intermediate
weak layer. “Salt” décollement with a viscosity of 10'® Pa-s leads to isolated box folds
(detachment folds). Multiple salt layers (10'® Pa-s) result in long-wavelength folding.
Our results for both frictional and viscous décollements are in bulk agreement with the

Mohr-Coulomb type, critical wedge theory.

Citation: Ruh, J. B, B. J. P. Kaus, and J.-P. Burg (2012), Numerical investigation of deformation mechanics in fold-and-thrust
belts: Influence of rheology of single and multiple décollements, Tectonics, 31, TC3005, doi:10.1029/2011TC003047.

1. Introduction

[2] Fold-and-thrust belts have been within the scope of
intense industrial and academic interest for several decades
[e.g., Boyer and Elliott, 1982; McClay, 1992]. They are
reported in contrasting tectonic settings such as passive
margins, where they are gravity driven, and convergent
zones such as mountain forelands and submarine accretion-
ary wedges. In this study, we focus on the thin-skinned
deformation of fold-and-thrust belts related to convergent
plate boundaries. They develop by scraping off crustal
material along a major décollement over a relatively rigid
basement/subducting plate. Typically, such décollement

1Geological Institute, ETH Zurich, Zurich, Switzerland.
Institute of Geosciences, Johannes Gutenberg University Mainz,
Mainz, Germany.

Corresponding author: J. B. Ruh, Geological Institute, ETH Zurich,
Sonneggstr. 5, CH-8092 Zurich, Switzerland. (jonas.ruh@erdw.ethz.ch)

Copyright 2012 by the American Geophysical Union.
0278-7407/12/2011TC003047

TC3005

zones are weaker than the bulk of the deforming rock pile
and often consist of a viscous salt layer or more or less water
saturated, occasionally overpressured shale [e.g., Cooper,
2007; Morley et al., 2011]. Sliding of an evolving fold-
and-thrust belt on a décollement depends on the stresses
acting on the weak layer and its shear resistance. There-
fore, the style of thin-skinned deformation is strongly
dependent on the physical properties of the weak, major
décollement layers.

[3] Submarine accretionary wedges like Barbados
[Westbrook et al., 1988], the Makran [Platt et al., 1985;
Grando and McClay, 2007] and the South Caspian Sea
[Berberian, 1983] are typical examples for fold-and-thrust
belts with shale as décollement horizons in convergent zones.
Shale-related fold-and-thrust belts are also known from ret-
roarc settings like the sub-Andean ranges in Argentina
[Echavarria et al., 2003]. Fold-and-thrust belts with décolle-
ments within salt layers often occur in front of orogenic belts.
The Jura Mountains [Laubscher, 1992; Sommaruga, 1999],
the Salt Range and Potwar Plateau [Baker et al., 1988;
Grelaud et al., 2002; McClay et al., 2004], the Pyrenees
[Bourrouilh et al, 1995], the Parry Island Fold Belt
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Figure 1. Profiles of selected fold-and-thrust belts with different décollement types. (a) One frictional
décollement: Hikurangi subduction margin, NE New Zealand (adapted from Barnes et al. [2010]), where
ramps splay up to the surface. (b) Two or more frictional décollements: Makran accretionary wedge,
SE Iran (adapted from Burg et al. [2011]). With duplex structures: (¢) multiple shale décollements: sub-
Andean thrust belt, Argentina (adapted from Echavarria et al. [2003]). Spaced ramp anticlines: (d) one
salt décollement: Faltenjura, NW Switzerland (adapted from Buxtorf [1916]), with narrow symmetrical
anticlines and broad synclines. (¢) Two salt décollements: Parry Island fold belt, Arctic Canada (adapted
from Harrison [1995]). (f) Two or more salt décollements: southwestern simply folded zone in Zagros,
SW Iran (adapted from Hessami et al. [2001]).

[Harrison, 1995] and the Zagros folded belt [Mouthereau et unmetamorphosed to low-grade metamorphic sedimentary
al., 2006] are typical examples. Cross sections illustrate the sequences [Poblet and Lisle, 2011].

geometrical variability of these fold-and-thrust belts [4] Although the large-scale mechanics of accretionary
(Figure 1), which all involve thin-skinned tectonics in wedges and foreland fold-and-thrust belts are comparable
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(sediments are decoupled from and pushed over a rigid
basement by a moving backstop), the difference in structural
evolution and deformation style strongly depends on whe-
ther a salt or a shale layer forms the décollement level, as
replicated in many analog modeling studies. In such studies,
shale décollements with a frictional boundary condition are
mimicked by glass beads or a foil between the rigid basement
and the deforming sand pile. Viscosity salt layers are simu-
lated by low-viscosity silicon or honey [Storti and McClay,
1995; Costa and Vendeville, 2002; Bahroudi and Koyi,
2003; Bonini, 2007]. In numerical modeling studies, weak
shale décollements are simulated by a layer with a lower
Mohr-Coulomb failure criterion than the wedge-forming
material [Selzer et al., 2007; Stockmal et al., 2007; Simpson,
2011]. Ings and Beaumont [2010] treat shale layers as vis-
coplastic Bingham fluids [Bingham, 1922]. Salt décolle-
ments are defined by a layer of much lower viscosity than the
overlying material with linear [Simpson, 2010; Yamato et al.,
2011] or non-Newtonian rheology [Chemia et al., 2009; Li
et al., 2012].

[5] Besides the type of décollement, other important
characteristics influence the structural evolution of fold-and-
thrust belts. The presence of weak layers within the rock
sequence affects the thin-skin deformation style, independent
of whether salt or shale makes the décollement. In subma-
rine accretionary wedges, multiple, often overpressured shale
layers are common. An example is the Makran accretion-
ary wedge (Figure 1b), where mud volcanoes collect over-
pressured mud horizons at shallow depth in the wedge
sedimentary pile [Schliiter et al., 2002; Burg et al., 2011]. In
the Parry Island and Zagros fold belts (Figures le and 1f),
where the basal décollement is in evaporite, additional thin
evaporite and shale layers occur within the stratigraphy
[Motiei, 1993; Harrison, 1995]. These could favor folding
rather than faulting because intermediate décollements allow
flexural slip [Yamato et al., 2011].

[6] One goal of this study is to constrain numerically
our understanding of the influence of the décollement type
on the structural evolution of a compressional fold-and-
thrust belt. Numerical studies of the evolution of fold-
and-thrust belts already exist, but they focused either
on purely viscous or purely frictional décollements, rarely
comparing these two types [Simpson, 2009]. Comparison
is however important because the previous studies used
different implementations and setups, which impedes
direct assessment of the respective results. Another aim
of this paper is to investigate the impact of multiple
weak layers subsequently forming duplex structures
within the thin-skinned stratigraphy. The role of several
weak horizons has been investigated in few analog [e.g.,
Konstantinovskaya and Malavieille, 2011] and numerical
studies [e.g., Yamato et al., 2011]. Building on these
studies, ours is one of the first to implement frictional
intermediate décollements [Stockmal et al., 2007] and the
first to investigate the difference between single and
multiple, viscous and frictional décollements using the
same setup and analytic procedures. To achieve these
aims, an incompressible 2-D numerical code, based on the
Finite Element Method with viscoelastoplastic rheology,
is employed. Finally, we use analytical approximations,
based on the critical wedge theory, to explain the overall
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characteristics of the model results related to both décol-
lement types, frictional and viscous.

2. Mechanics of Shale and Salt Décollements
and Structural Characteristics of Related
Fold-and-Thrust Belts

2.1.

[7] We treat shale as a purely frictional material, in con-
trast to a viscoplastic Bingham material, to make this study
applicable to the boundary conditions of the critical wedge
theory [Wang et al., 1980; Saffer et al., 2001; Kopf and
Brown, 2003; Takahashi et al., 2007]. This implies a fric-
tional resistance to sliding along a potential shale décolle-
ment. The relative weakness that prompts shale to act as
décollement is largely due to high pore pressures resulting
from burial below impermeable layers. An increase of pore
pressure reduces the yield strength of rocks [Fischer and
Paterson, 1989]. Consequently, the frictional resistance
along such a décollement is defined by the yield strength of
the overpressured shale. The yield strength depends on the
friction angle ¢, the cohesion Cj, the stress in normal
direction to the fault plane o and the fluid pressure Py

Frictional Shale Décollement

7= (oy — Pf)-tan ¢ + Cy (1)

[8] To simplify equation (1), one can eliminate the fluid
pressure term and introduce a term for the decreased friction
angle of the base layer, ¢, which is used to calculate the
basal yield stress 7

Tp = on- tan g, + Co (2)

[9] The mechanics of a wedge evolving over a frictional
base are classically and extensively explained by the critical
wedge theory [Davis et al., 1983; Dahlen et al., 1984]. The
evolution of a fold-and-thrust belt is compared to the evo-
lution of a pile of sand or snow pushed in front of a bulldozer
along a plane with an inclination angle 3. The exact solution
of the noncohesive critical wedge equation yields the total
taper (o + (3, where « is the surface angle), which is a
function of the base dip angle (3, the internal strength of the
deforming rock pile and the strength of the basal layer
(Figure 2). According to the analytical solution, every wedge
with given internal and basal strength and a defined base
angle exhibits two critical total taper angles. Between these
two angles, the wedge is considered to be stable. Below the
minimum critical taper, thrusting thickens the rear of the
wedge in order to increase the surface slope toward a stable
taper. When the minimum critical taper is reached, the
wedge accretes new material at its toe to sustain its stable
surface angle. If the total taper exceeds the maximum critical
taper, the wedge fails along normal faults to decrease the
surface slope angle toward a stable attitude. For wedges with
a frictional décollement, the cross-sectional taper and the
internal deformation are independent of both the velocity of
the basement relative to the rigid backstop and the thickness
of the weak frictional layer.

[10] The structural characteristics of fold-and-thrust belts
with a frictional boundary at their base can be best understood
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Figure 2. Flounder diagrams of the stability of frictional wedges with an internal friction angle ¢ = 30°
and basal friction angles ¢, from 5° to 25° [Davis et al., 1983] relating minimal and maximal critical
surface tapers to dip angle 3 of the basal décollement (every point within the flounder-shaped area is
stable, points outside are unstable). Dots show minimum critical surface angles for a horizontal décolle-
ment (0 = 0°) for different friction angles in the basal décollement. The bottom left inset defines angles
a, B, vy, W in a critical wedge and related principal stresses oy, o3 in two dimensions.

by studying accretionary wedges. Total tapers of accretionary
wedges reported in the literature vary strongly, from 2.9° for
the Makran to 13.5° for the Chile margin [Saffer and Bekins,
2006, and references therein]. This variability is attributed to
the relation between the internal and basal strength and the
fluid pressure.

[11] Thrusts are usually verging toward the toe (Figure 1a).
Thrust sheets are developing sequentially (i.e., forward with
respect to the sense of general thrusting) as the wedge grows
by accumulating new material at its toe and thus building a
new frontal thrust. The size of the thrust sheets strongly
depends on the thickness of the incorporated rock sequence.
Backthrusts appear at the rear of accretionary wedges when
deformation reaches the internal parts [Poblet and Lisle,
2011]. Many accretionary wedges exhibit large-scale under-
plating, i.e., sediments are thrust below an evolving wedge
[e.g., Platt et al., 1985]. Underplating leads to increasing
confining pressures due to increasing load of the thickening
wedge; the subsequent formation of duplex thrust sheets
[Glodny et al., 2005] leads to faster surface uplift at the rear
of the wedge [Ellouz-Zimmermann et al., 2007].

2.2. Viscous Salt Décollement

[12] If the main décollement is formed by a salt layer, it is
viscous [Nettleton, 1934]. A wealth of studies investigated
the rheology of salt, defining its viscosity to be Newtonian
(linear relation between stress and strain rate) or non-

Newtonian (power law relation between stress and strain
rate) [Spiers et al., 1990; Chemia et al., 2008, 2009; Urai
et al., 2008; Marques et al., 2011]. In this study, we take
both rheologies into account to model salt décollements.

[13] The resistance to shearing of a purely viscous material
is defined by the shear stress of a viscous fluid 7, which is
(for a Newtonian fluid) linearly proportional to the velocity
gradient within the viscous layer and to its viscosity, and
inverse proportional to the layer thickness [Turcotte and
Schubert, 2002]. This is expressed by

Au
Ty =1 77 (3)

where 7 is the dynamic viscosity and Au the difference in
horizontal velocity along the vertical thickness /4 of the vis-
cous layer. In contrast to frictional décollements, there is no
failure since a low-viscosity fluid is easily sheared and
flows. Equation (3) shows that the shear stress in a viscous
layer, which influences the wedge formation, depends on the
thickness, the viscosity and the difference of compression
rate between the top and the bottom of the viscous layer.
This “salt behaviour” contrasts with the “shale behaviour”
(see equation (2)).

[14] Another difference verified by equations (2) and (3),
where o defines the normal pressure state, is the influence
of the overlying rock sequence: in the case of a frictional
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Figure 3. Theoretical surface slopes for wedges overlying a horizontal salt décollement. Values for
resulting surface slope depend on basal shear stress and overburden thickness (after equation (3) by
Davis and Engelder [1985]). Gray dots: simulations carried out in this study. Dashed lines: taper angles

according to gray dots.

décollement, the strength of the décollement layer and the
strength of the overlying sequence both depend on the
mass of the hanging wall. This leads to the fact that theo-
retical surface taper angles of wedges evolving on frictional
décollements are independent of the thickness of the moving
rock sequence [Dahlen et al., 1984, equation 17]. In the
case of a viscous décollement, the strength of the basal layer
is pressure independent (see equation (3)), in contrast to the
pressure-dependent strength of the overlying rock sequence.
As a consequence, the overburden thickness influences
the wedge shape. Applying equation (3) from Davis and
Engelder [1985] illustrates the theoretical surface slop angles
of a wedge on a horizontal viscous décollement depending
on the thickness of the cover sequence and the shear stress for
the viscous layer, calculated by our equation (3) (Figure 3).

[15] Several parameters defining the shear stress in a vis-
cous décollement can be estimated empirically: the thickness
of salt layers is known from drilling logs and seismic profiles
and by GPS measurements constrain the velocity of active
plate convergence [e.g., Sommaruga, 1997; Vernant et al.,
2004]. The viscosity of salt is more debatable, due to the
wide range of published values, from 2.7-10'° to 10** Pa-s
for Newtonian and non-Newtonian rheology, where most
values fall between 10'7 and 10%° Pa-s [Mukherjee et al.,
2010, and references therein].

[16] Shear stresses defined by equation (3) can be very
low in weak layers, so that fold-and-thrust belts on a viscous
décollement have cross-sectional tapers much narrower than
for other wedges [Davis and Engelder, 1985]. Therefore, a
wide fold belt can evolve as minor fold growth at the rear
already results in a surface slope larger than the minimum

critical taper. The deformation front is pushed further away
from the backstop. In the Jura (Figure 1d) for example,
narrow anticlines are clustered in the South (Faltenjura) and
form box folds separated by flat-bottomed, broad synclines
in the North (Plateaujura) [Sommaruga, 1997; Pfiffner,
2009]. An example for a salt-related fold-and-thrust belt
with several weak zones is the Zagros folded belt [Motiei,
1993]. The simply folded zone of Zagros (Figure 1f) is
characterized by periodic, symmetrical and open anticlines
and synclines with an average wavelength of ~14.5 km
[Yamato et al., 2011].

3. Model Setup

3.1.

[17] The mechanical model is based on the equations for
conservation of momentum

Governing Equations

oP 67',—1-
- —
6x,- an

P8i 4)
and the conservation of mass for an incompressible case

6u,—

where P is pressure (P = —%!), 0; the stress tensor, 7, the
deviatoric stress tensor (7; = o; + P), u; the velocity (u; = u,,
u>» = u,), x; the spatial coordinates (x; =x, x» = z), p the
density and g; the gravitational acceleration (g; = 0, g, =
9.81 m/s%).
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Figure 4. (a) Model setup in a larger tectonic context. Rigid backstop appears as overriding plate at
convergent subduction zone with accretionary wedge or as existing orogen or Molasse basin in foreland-type
fold-and-thrust belts. (b) Model setup. Parameters defined in Table 1. Boundary conditions are no-slip at the
left side, constant velocity in the horizontal direction at the right side and at the bottom and free surface at the

top boundary.

[18] The model follows a Maxwell viscoelastoplastic
shear rheology, defined by

1 1Dy 00 ©

where 7 is the effective viscosity, G the elastic shear mod-
ulus, ¢ time, A the plastic multiplier and Q the plastic flow
potential [Moresi et al., 2007]. The corotational derivative of
the deviatoric stress tensor after Jaumann is defined by

DTjj 67',-1- 87'1-]-
. — - VVic j i 4 iy 7
Dr ~ o Mg wTa Tl @
: L] 1 (0u; Ouj
where W is the vorticity (W,j =3 (a_x, - 6—;) )

[19] If differential stresses exceed the yield stress, rocks
fail plastically according to the Mohr-Coulomb failure cri-
terion. After Vermeer and De Borst [1984], the yield func-
tion in 2-D is defined as

F=1*—0%sing—C-cos ¢ (8)
and the plastic flow Q as

Q=1*—0"siny, 9)

o2 .

where 7* =/ (225%)" 4+ 02 and 0* = —1 (0 + 02.). Cis

the cohesion, ¢ the friction angle and y the dilation angle,
which is zero in incompressible systems.

3.2. Numerical Implementation

[20] The governing equations described in the previous
section are solved numerically by discretizing the time
derivate of equation (6) in an implicit manner. The rheo-
logical behavior is initially viscoelastic. If stresses exceed
the yield stress (F(r;) > 0), effective viscosities are
decreased until the maximum stresses are at the yield stress
(F = 0). The discretized system of equations is solved
with the finite element code MILAMIN VEP [e.g., Kaus,
2010], which employs techniques described in Dabrowski
et al. [2008] to speed up the matrix assembly. Plasticity
is solved iteratively until either the error is below a critical
value or after a given amount of iteration steps. Quadri-
lateral elements, bilinear shape functions for velocity and
a constant shape function for pressure (Q,Py) in combina-
tion with direct solvers were used in all simulations of
this study.

3.3. Boundary Conditions and Initial Geometry

[21] The same velocity boundary conditions have been
applied to all simulations presented here. They simulate the
mechanics of convergent plate boundaries where a rigid
backstop scrapes upper levels of the crust off a rigid moving
“plate” (Figure 4a). This is comparable to setups of analog
models, where a rough sheet lying below sand layers is
pulled out below a fixed and rigid backstop [e.g.,
Konstantinovskaya and Malavieille, 2011]. This setup also
matches the boundary conditions used in the analytical
critical wedge theory [Davis et al., 1983; Dahlen et al.,
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Table 1. Initial Geometrical Parameters

Shale Related Salt Related

Parameter Description Simulations ~ Simulations
H Heigth of the initial setup (m) 5000 3000-6500
Hs Thickness of the 4500 2500, 4500
overburden (m)

H, Thickness of the basal 500 500-2000
décollement (m)

H, Thickness of the intermediate 300 500°
décollement (m)

L Initial length of the model (km) 300 (200%) 300 (200%)

Ve Compression velocity (cm/a) 1 1

v, Vertical velocity (cm/a) 0 0

nx Number of elements 900 (600%) 900 (600%)

in x direction
nz Number of elements 60 30-75

in z direction

*Values related to multiple décollement setups.

1984]. Numerically, we apply free surface conditions on the
top layer and a no-slip boundary at the left side, non-
deformable backstop. At the bottom and the right side, a
negative constant horizontal velocity (V, = compression
velocity) and zero vertical velocity (V, = 0) are applied,
compressing the model in the horizontal direction. A sin-
gularity point is included at the left bottom node, the base of
the backstop (Figure 4b). At this point, the code solves the
system of equations with the bottom horizontal velocity.
The resulting new coordinates of this point are reset after-
ward to their initial value.

[22] The initial geometric values of the simulations are
listed in Table 1. Thicknesses of 2500 and 4500 m of
scraped-off rock sequence are implemented for single salt
décollement setups only. Variation of basal salt layer thick-
ness (500 m, 1000 m, 2000 m) are applied for both single
and multiple décollement simulations.

[23] The characteristic rock parameters for the overburden
sequence and the different décollements are listed in Table 2.
All simulations contain an identical viscoelastoplastic rock
pile representing scraped-off upper crustal levels. Basal and
intermediate shale décollements exhibit the same viscosity
and shear modulus values as the overlying “rocks,” but have
a lower failure criterion with a friction angle of 5° < ¢, <25°
and no cohesion. The values for ¢, in relation to ¢ = 30°
stand for the range of existing total taper angles of natural
accretionary wedges. (Table 3) Viscosities implemented for
basal and intermediate Newtonian salt layers range from
10'7 to 10*° Pa-s. For non-Newtonian salt, a power law
coefficient of 5 has been used for a salt temperature of 50°C
[Li et al., 2012] (Table 4).

Table 2. Parameters for Rock Sequence and Décollements
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Table 3. Parameters for Simulations With Single (F) and
Multiple Frictional (DF) Décollement Layers

Simulation b (°) Om (°) Figure
Fl1 5 - 5,6,9
F2 10 - 4,5
F3 15 - 5
F4 20 - 5
F5 25 - 5,6
DF1 5 10 10, 11
DF2 10 10 10
DF3 10 5 10, 11

[24] A diffusional sedimentation process depending on
the surface curvature has been implemented to consider
surface processes:

Ohy h
a ¢ =k axz ) (10)
where « is the diffusion constant, and /, the surface topog-
raphy. The equation was solved numerically using the Finite
Differences first-order backward diffusion approximation
for the top nodes of the model. In all simulations x has a
value of 1072° m?/s. Numerical sedimentation is accom-
plished by only updating the coordinates at locations where
diffusion increased topography.

4. Results

[25] We discuss the influence of décollement architecture
and rheology on the structural evolution of fold-and-thrust
belts. The results are split in simulations with either salt or
shale décollement types and with either multiple weak layers
or only a single basal décollement. In all presented simula-
tions, frictional shale décollements are displayed with green
(basal) and blue (intermediate) colors and viscous salt layers
with gray scale (linear viscous) and violet (power law vis-
cous) colors. Beige and brown color bands display the initial
horizontal layering of the rock stratigraphy. The color dif-
ference is a passive marker for visualization, marking no
difference in rock properties. A velocity heterogeneity
always occurs at the bottom left singularity point because we
employed identical boundary conditions in all simulations.
This implies that the first shear band originates from this
point in all simulations, independent of salt or shale, single
or multiple décollements.

4.1.

[26] Snapshots of a typical simulation with a single fric-
tional (shale) décollement show that deformation starts at the

Single Frictional Décollement

Parameter Description Rock Sequence Shale Layers Salt Layers
13 Friction angle (°) 30 5-25 30
Co Cohesion (MPa) 20 0 20
n Viscosity (Pa-s) le25 le25 lel7-1e20
p Density (kg/m?) 2700 2200 2200
G Elastic shear modulus (Pa) 2¢9 2¢e9 2¢9
n Power-law coefficient 1 1 1,5
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Table 4. Parameters for Simulations With Single (V) and Multiple
Linear Viscous (DV) and for Single (P) and Multiple Power-Law
Viscous (DP) Décollement Layers

Simulation 1, (Pa-s) Nm (Pa-s) Hg (m) H,, (m) Figure
V1 lel7 - 2500 500 9
V2 lel8 - 2500 500 9
V3 lel9 - 2500 500 9
V4 lel8 - 4500 500 9
A% lel8 - 4500 1000 9
V6 lel8 - 4500 2000 9
V7 lel9 - 4500 500 10
DVl Sel9 Sel9 4500 500 11
DV2 lel9 lel9 4500 1000 11
DV3 lel8 lel8 4500 1000 11

Simulation n 7(°C) Hg (m) H,, (m) Figure
P1 5 50 2500 500 13
P2 5 50 4500 2000 13
DPI 5 50 4500 500 13
DP2 5 50 4500 1000 13

rear of the model and migrates away from there while form-
ing in-sequence, forward verging thrust sheets (Figure 5).
The plots below the snapshots show the effective (black) and
yield (gray) differential stresses in the lowermost element
row. For all snapshots, stresses in the décollement exceed
yield stresses ~40 km further away from the backstop than
the actual deformation front in the overburden sequence.
This happens because along the ~40 km of décollement
failure the hanging wall is not at its yield stress; therefore,
the equivalent rock sequence undergoes pure shear. This
explanation is supported by the fact that the length of failure
at the base, in front of the wedge, decreases with an increasing
strength of the basal décollement.

[27] Simulations with a single frictional décollement were
investigated with a wide range of yield strengths (Figure 6;
simulations F1-F5). Total tapers of the thrust wedges are larger
for larger basal friction angles and roughly correlate with the
theoretical minimum critical taper angles derived from the
critical wedge theory (Figure 2 and plotted lines in Figure 6).

[28] For all simulations with frictional décollement, the
frontal thrust is active until the basal yield stress in front of
the wedge toe is exceeded. Then, the toe of the wedge jumps
by a distance Ly according to the following equation:

; (11)

where Ly depends on the sequence thickness Hg and the
inclination 6 from horizontal of the shear band defining
the new ramp (Figure 7a), which in our numerical simula-
tions initially follows Arthur rather than Coulomb orienta-
tions [Kaus, 2010]. The initial inclination 6 of the shear
bands at the wedge toe is independent of the décolle-
ment strength (Figure 7) because o, is close to horizontal
in the undeformed rock pile, in front of the wedge toe.
Accordingly, new shear bands are conjugate. However,
these shear bands do not necessarily mark the location of
the next ramping thrust. This is the case only if the friction
angle in the basal décollement is relatively low (¢, < 10).
For larger basal friction angles, the deformation front is
more dynamic and constantly generates new shear bands
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dipping toward the wedge (Figure 7b). Such shear bands
do not necessarily produce recordable offsets and strain
rates decrease very fast as long as a new active frontal ramp
has not formed.

[29] The orientation of the principal stresses within the
wedge produces ramp thrusts that are shallower dipping with
increasing basal friction angle (Figure 7b). The largest
principal stress o; is close to horizontal for compressional
wedges with a very weak décollement. For wedges with a
higher basal friction angle, i.e., with a larger total taper, o, is
steeper, raking away from the rear. This is due to a stronger
asymmetric gravitational potential in large-tapered wedges.
Backthrusts occur predominantly in simulations with ¢, > 10°
at the rear of the wedge. Backthrusts are steeper than forward
verging ramps depending on the direction of the principal
stresses (Figure 7b). Our model results (Figure 7) agree
with the angles w;, between the horizontal décollement and
o, predicted by the critical wedge theory [Dahlen, 1984,
Figure 2]. Ramp and back thrust dipping angles within the
wedge follow Coulomb orientations (Figure 7). This stands in
contrast to the initial thrust orientation mentioned above.

[30] Figure 8 shows the distance of the deformation front
to the backstop versus time. These plots have been computed
at every tenth time step by extracting the x coordinate of the
surface boundary node, which has an elevation difference
(z coordinate) of 5 m to the closest node in x direction and is
furthest away from the backstop. The elevation difference of
5 m implies a slope of 1.5° for an undeformed grid. This
value was found to be appropriate for our purpose.

[31] The step-like shape of the graphs for low basal fric-
tion angles (Figure 8a) indicates a sudden jump of the
deformation front (increase of distance to backstop over a
short amount of time). The forward shift of the deformation
front in models with high friction angles at the base can be
observed in the graphs for higher basal shear resistances
(¢p > 10; Figure 8a). The steps become smaller in space and
time and thus increase in numbers. Slightly larger steps
every ~1.8 Ma indicate the formation of a new frontal ramp
with visible offset. The rate of forward migration of the
deformation front decreases with increasing basal strength
(Figure 8a). For the setup with ¢, = 5° the wedge toe
migrates at a rate ~2 cm/a over the first 3 Ma and then
reaches an average rate of ~1 cm/a for the rest of the simu-
lation time. With ¢, = 25°, the frontal thrust migrates away
from the rear at ~1 cm/a over the first 2 Ma and ~0.5 cm/a
for the next 10 Ma (Figure 8a). The fact that the distance
from the toe to the backstop decreases during the activity
of a single frontal thrust, i.e., the slopes of the graphs are
negative, indicates internal, horizontal shortening of the
wedge. This internal strain is not related to the frontal
thrust zone.

4.2. Single Linear Viscous Décollement

[32] As stated earlier, the shear resistance to sliding along
viscous (salt) décollements is influenced by more factors
than along a frictional base. For sake of clarity, all presented
results were obtained with a shortening velocity of 1 cm/a.
Simulations with higher rate were performed as well, but the
influence of this rate on the shear stress in the décollement is
minor compared to uncertainties in the values of effective
viscosity (see equation (3) and Table 2).
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Figure 5. Temporal evolution of fold-and-thrust belt (beige and brown, ¢ = 30°) with a frictional
décollement (green, @, = 10°). Thrust wedge grows horizontally by in-sequence thrusting and vertically
by reactivating thrusts within the wedge. Most of the horizontal shortening is accommodated by the
active frontal thrust. Plots show the differential stress (black line) and the differential yield stress (gray
line) in the lowest element row (no vertical exaggeration).

[33] Shear stresses in salt décollements follow equation (3).  constant (compression velocity), the decrease of Au results
This implies that shear stresses in the salt increase with in a drag of upper crustal material toward the backstop. If the
increasing viscosity and decreasing thickness. It also results  resulting shear stresses are low enough (critical taper ~1°;
in a decrease of velocity difference Au between the bottom <2.5 MPa if Hg = 2.5 km, <7.5 MPa if Hg = 4.5 km;
and the top of the salt. Since the velocity at the salt bottom is ~ Figure 3), Au can reach the value of the shortening rate and
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Figure 6. Wedges of layered sequences (beige and brown) over frictional décollement (green) with
different basal frictional strengths (¢,: 5, 10, 15 20, 25°) after 10.89 Ma. Friction angle of the pile:
¢ = 30°. Increasing the basal friction angles decreases the dip angles of forward verging ramps and
makes thrust sheets longer. Straight lines indicate analytically derived surface tapers from the critical

wedge theory (Figure 2) (no vertical exaggeration).

there is no drag of the rock sequence toward the backstop.
To better understand the consequences of this, simulations
with identical shortening rates and sediment and salt thick-
nesses have been performed. Different shear stresses were
achieved with different viscosity values. For low salt vis-
cosities (<10'® Pa-s), i.e., low basal shear stresses, critical
taper angles of ~0.2° lead to a distributed deformation away
from the backstop and eventually to folding and thrusting
spatially unrelated to any previously developed structure.
Symmetrical box folds or conjugate thrusts develop because
the main principal stress acts horizontally. For simulations
with a salt layer thickness of 500 m, a rock pile thickness
of 2.5 km and a shortening rate of 1 cm/a, a viscosity
<1-10" Pa-s is required to yield the formation of single-
standing box folds (Figure 9a). Higher basal viscosity causes
a drag of overburden toward the backstop due to lower shear

strain rate within the décollement, resulting in wedge-shaped
fold-and-thrust belts (Figure 9a). For models with a rock
thickness of 4.5 km, migration rates of the deformation
front are ~0.4-5 cm/a (Figure 8b). The thickness of a basal
salt layer influences the basal shear stress proportionally (see
equation (3)). Furthermore, it is also influencing the defor-
mation mechanisms of thrusting and folding. The overbur-
den can sag more easily on a thicker viscous basal layer and,
therefore, thrusts may have larger offsets and more asym-
metry (Figure 9b).

[34] Frictional layers fail when shear stresses exceed their
yield strength. The wedge slides on the failing décollement
up to the active frontal thrust. In the very front of it, the rock
sequence undergoes pure shear over the length where the
décollement is at it yield stress (Figure 5). Therefore, stres-
ses can disperse into the wedge as far as pure shear appears
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Figure 7. Second invariant of the strain rate tensor. Jump of deformation in a frictional wedge with basal
friction angles ¢, of (a) 5° and (b) 25°. Dip angles of the developing shear bands in the undeformed rock
pile are identical in Figures 7a and 7b. Jump of deformation Ly, (equation (11) in text) depends on the
sequence thickness Hg and the angle § between the shear band and the décollements. Stress orientations
(converging white arrows) have analytically derived values according to the critical wedge theory
[Dahlen, 1984]. Dotted lines indicate Coulomb (C), Arthur (A), and Roscoe (R) angles derived from
the theoretical stress field (no vertical exaggeration).

(Figure 10). In contrast, a low-viscosity salt décollement the deformation front, leading to high differential stresses in
cannot fail since there is no yield criterion. This leads to the layered sequence in front of the wedge, i.e., that part
increased strain rates even at low stresses. High strain rates  which is not yet incorporated in the fold-and-thrust belt
in basal viscous layers propagate long distances away from (Figure 10b).
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Figure 8. Horizontal evolution of fold-and-thrust belts overlying (a) single shale and (b) salt
décollements with different strengths. Average gradient of kinked lines indicate rate of migration of
the deformation front away from the rear. In Figure 8a, abrupt jumps in deformation front: ¢, = 5°.
If ¢, > 5°: shift of the deformation front through time. In Figure 8b, decreasing salt viscosity results in a
faster horizontal growth of the wedge. Wide fold belts with single-standing structures: 7, < 1e19 Pa-s.
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Figure 9. Comparison of fold-and-thrust belts overlying salt décollements after 2.38 Ma. Straight lines
indicate analytically derived surface tapers from the critical wedge theory (Figure 3). (a) Effect of salt
viscosity (). Values for each simulation in Table 4. Folding is favored: 7, = le'”. Very wide fold belt.
Box folding of sequence with the appearance of proximal single standing box folds: 7, = 1e'® Pa-s. Drag
of rock sequence toward backstop and forward verging thrusting: 7, = le'® Pa-s. (b) Variation of salt
décollement thickness (Hj). Development of single-standing box folds and low anticline amplitudes:
H;, = 500 m. Thrust initiation with no preferred vergence: H;, = 1000 m. Structures are not necessarily
attached to each other. Thrusts with no preferred vergence and larger offsets: H, = 2000 m. Increase of

wavelength (no vertical exaggeration).

4.3. Two Frictional Décollements

[35] Adding a frictional (shale) décollement layer within the
wedge sequence yields important structural differences with
simulations with a single basal décollement (Figure 11a).
The depth of the second weak layer has been conveniently
chosen for all simulations to be at two thirds from the basal
décollement. This is consistent with the fact that weak layers
in frictional fold-and-thrust belts are commonly made of
overpressured shale, which needs a certain depth of burial so
that the water pressure is sufficient to reach the failure crite-
rion [Platt, 1990].

[36] Fold-and-thrust belts with two frictional décolle-
ments grow sequentially like simulations with a single basal
décollement (Figure 5). However, instead of thrust sheets

and fault planes normally reaching from the surface down to
the single décollement, shear bands and folds are interrupted
downward by the intermediate weak décollement and
develop a wedge-scale duplex structure.

[37] Yet, the cross-sectional taper of the fold-and-
thrust belt depends on the strength of the deepest active
décollement. This means that failure of the basal décolle-
ment results in deformation of the whole layered sequence
independent of the stress state within the weak interme-
diate layer. Deformation involves interplay between struc-
tures above and below the weak intermediate layer.
Consequently, a failing intermediate layer and a stable
base within the same vertical profile lead to underthrusting
(tectonic underplating) of material below the deforming
upper sequence (Figure 11a, simulation DF3).
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Figure 10. Second invariant of the deviatoric stress tensor. Black arrows point to the location of the
deformation front. (a) Wedge with a frictional décollement (¢, = 5°). In front of the wedge toe, the basal
layer is not at the yield stress. Therefore, no failure occurs along the décollement and stresses do not
disperse far into the undeformed layered sequence. (b) Wedge over a salt décollement (1, = le'® Pa-s).
Initial low viscosity results in high strain rates in the viscous layer. Stresses are dispersed throughout

the layered sequence (no vertical exaggeration).

[38] Three simulations with different relationships between
the basal and the within-sequence décollements are discussed
(Figure 11a). If the basal décollement is weaker than the
intermediate one (¢, < ¢,,), the overall cross-sectional taper
is controlled by the strength of the basal weak layer (simula-
tion DF1). The theoretical minimum critical taper angle
of 1.7° is consistent with the simulation result (Figure 11a,
simulation DF1). Two structural wavelengths develop accord-
ing to equation (11): (1) a short wavelength restricted to the
uppermost pile, which is a function of the depth of the upper
décollement and (2) a broad wavelength, throughout the
wedge, which depends on the depth of the basal décollement.
The long-wavelength structures initially arise in the upper part
of the rock pile, with fault propagation folds (Figure 11a,
simulation DF1) evolving into ramp faults affecting the whole
pile (Figure 12a). The fast growth of upper partial fault prop-
agation folds at the toe of the wedge locally overcomes
the critical taper related to the intermediate décollement and
controls the short-wavelength structures in the upper pile.
In contrast, the forward jump of a ramp crosscutting the whole
sequence depends on the critical taper of the complete wedge,
which grows much slower. Therefore, a relatively long wave-
length in relation to the complete pile is produced.

[39] The same strength for the basal and the intermediate
décollements (¢, = ¢,,), intensifies tectonic underplating below
the upper décollement (simulation DF2). New frontal thrusts,
soling to the base, occur at regular intervals (Figure 11a,
simulation DF2).The theoretical minimum taper angle pre-
dicted by analytical solutions for a frictional strength ¢, = ¢,,, =
10° and an internal friction angle ¢ = 30 is in this case 3.4°
(Figure 2). The numerical models show a slightly steeper
angle (5°). This very small discrepancy could be due to
underplating and surface uplift of the rear part by antiformal
stacking (Figure 11a, simulation DF2). Wavelengths on the
surface depend on the thickness of the upper sequence after
equation (11). Ramping of the lower sequence occurs with no
preferred distance between thrusts.

[40] Simulations in which the intermediate décollement is
weaker than the basal décollement (¢, > ¢,,) are character-
ized by an unambiguous decoupling between the upper and
lower parts of the wedge (Figure 11a, simulation DF3). As
previously discussed, the taper angle increases with increas-
ing basal strength while the forward migration rate of the

frontal thrust decreases (Figure 6). Accordingly, the critical
taper angle related to the intermediate décollement is smaller
than that resulting from the basal décollement. Therefore, the
deformation front of the upper sequence migrates faster than
in the lower part. This leads to deformation propagating in the
upper sequence without affecting the underthrust lower part.
The ramp spacing depends on the initial sequence thickness
according to equation (11), i.e., only the thickness of the
upper sequence. The surface slope of the distal part of the
model agrees with the expected minimum critical taper (1.7°),
whereas the surface of the rear part, which is also influenced
by underplating, is steeper (6—7°) than the theoretical value
(3.4°). This difference results from strong underplating and
the influence of the weak intermediate layer on the stress state
of these underlying, underplating rocks.

[41] In summary, the style and location of deformation in
wedges with several frictional décollements vary strongly.
In a fold-and-thrust belt with a weak intermediate layer, yet
stronger than the basal décollement, critical stresses and
therefore deformation occur predominantly at the front of the
taper, with ramps climbing from the décollement to the
surface (Figure 12a). If an intermediate layer is weaker
than the basal décollement, a décollement takes place along
this layer, preventing high stresses in the lower rock sequence
(Figure 12b). This allows underthrusting. Deformation mainly
acts in the upper part, at the wedge toe, whereas underplat-
ing and eventually antiformal stacks occur in the lower part,
near the rear of the wedge (Figure 12b).

4.4. Two Linear Viscous Décollements

[42] In simulations with viscous (salt) décollements, strain
rates increase within these layers compared to the sur-
rounding layers, even at low stresses. For simplicity, we
focus on cases in which the viscosity in the basal and in the
intermediate décollement is the same. This stands in contrast
to simulations with multiple frictional décollements, where
the relative strength of the weak layers with respect to each
other is the factor determining the deformation style of an
evolving fold-and-thrust belt.

[43] Three simulations with the basal shear stress
decreasing by a factor of ten are presented (Figure 11b). The
maximum basal shear stress is adjusted by means of the
layer thickness and viscosity (see equation (3)). Simulations
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Figure 11. Simulations with multiple décollements. (a) Basal and intermediate décollements consist of
shale (green and blue) and are shown after 6.34 Ma. Straight lines indicate analytically derived surface
tapers from the critical wedge theory. Simulation DF1: Intermediate décollement is stronger than
basal one. The total wedge taper depends on frictional strength of basal décollement. Simulation DF2:
Intermediate and basal décollement have the same strength. Simulation DF3: Basal décollement is
stronger than intermediate one. Underplating leads to antiformal stacking at the rear. Short-wavelength
imbrication appears at the toe in the rock pile. (b) Simulations with two salt layers (gray scale) compressed
during 4.98 Ma. Simulation DV1: High salt viscosity produces drag toward the backstop. Simulation
DV2: Fault propagation folds with no preferred vergence. Very low surface taper. Simulation DV3:
Low salt viscosity and increased salt thickness result in open folds with wavelengths comparable to Zagros
folded belt [Mouthereau et al., 2007a, 2007b; Yamato et al., 2011] (no vertical exaggeration).

with two viscous weak layers grow sequentially with the
same rate of frontal migration as the equivalent single
décollement simulations. In two-décollement simulations
with décollement viscosity of 5-10'° Pa‘s and a basal salt
thickness of 500 m, the rock sequence is dragged toward the
backstop and builds a wedge-shaped taper (Figure 11b,
simulation DV1). The presence of an intermediate viscous

layer concentrates high strain rates between the lower and
the upper wedge pile, where faulting is the dominant mode
of deformation. Forward verging imbrication independently
evolves in the lower and the upper parts. Thrust sheet
dimensions depend on the respective thicknesses. Folding
occurs at the toe of the wedge in form of long-wavelength
fault propagation folds in the upper part and in form of
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(a) The intermediate décollement is stronger (¢, = 10°) than the basal décollement (¢, = 5°). (b) Inter-
mediate décollement is weaker (¢, = 5°) than the basal décollement (¢, = 10°). Stress profiles of distal
and proximal parts for both cases. Empirical o; (full line); theoretical main principal stresses o needed
to fail the layered rock sequence and the weak layers (dashed lines) (no vertical exaggeration).
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Figure 13. Simulations with nonlinear viscous salt décollements. (a) Single basal décollement. (b) Basal
and intermediate décollements. Plots show the effective viscosity of the lowermost element row in the
basal salt (black) and the lowest viscosity in every element column in the intermediate décollement (gray).
See Table 4 for initial geometry and rheological parameters.

isolated box folds ~30 km in front of the toe in the
upper part.

[44] If the salt viscosity is divided by five and the salt
thickness is doubled, folding becomes more important
(Figure 11b, simulation DV2). The lower part of the wedge
is mainly deformed by thrusting, backthrusts and forward
verging ramps appearing equally. The upper part shows
three types of structures: (1) long-wavelength (10 km) fault
propagation folds, (2) thrust ramps that reach down to the
basal décollement, and (3) ramps contained within the upper
wedge sequence (at a width of ~90 km).

[45] Decreasing the salt viscosity tenfold leads to a fold-
dominated structural pattern (Figure 11b, simulation DV3).
The folds are open and show a regular wavelength of
~15 km. Although folding dominates, thrusting still accom-
modates some shortening. Fault planes appear as forward

verging ramps and as backthrusts and cut through the com-
plete rock sequence (Figure 11, simulation DV3). The weak
material has a high flow potential and is able to fill the hinge of
a growing anticline. The effect of an additional intermediate
décollement on the deformation mode is best demonstrated
by comparing single décollement with two-décollement
simulations. Setups without an intermediate décollement show
faulting as dominant deformation mode (Figure 9b, simulation
V2), whereas an identical setup with an intermediate décolle-
ment is fold dominated (Figure 11b, simulation DF3). Physi-
cally, this reflects the fact that the folding growth rate of a
multilayer sequence is larger than that of a single layer
[Schmid and Podladchikov, 2006; Yamato et al., 2011]. If the
overburden had a purely viscous rheology, the single layer
case would deform by pure-shear thickening. As it is brittle in
our simulations, faulting dominates. The case with an
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additional décollement layer, however, produces folds in a
sufficiently rapid manner to install folding as the dominant
deformation mode.

4.5. Simulations With Nonlinear Viscous Décollements

[46] Urai et al. [2008] argued that the deformation
mechanism for coarse grained salt is defined by dislocation
creep with a power law coefficient of n =~ 5. Accepting this
argument, simulations with power law viscous décollements
were carried out using the rheology of Li et al. [2012], which
describes the relationship between differential stress and
strain rate. The initial geometry and defined parameters for
the corresponding simulations are summarized in Table 4.
Throughout basal décollements, a constant temperature
of 50°C (following Li et al [2012]) is implemented for
every setup.

[47] Figure 13a shows two simulations with a single
nonlinear viscous (n = 5) basal décollement (simulation P1,
P2). The plots below the horizontally compressed stratigra-
phy illustrate the effective viscosity in the bottom element
row at the same time step. Simulation P1 has the same initial
geometry as simulations in Figure 8a. Structurally, it is
comparable with simulation V3, where the basal décolle-
ment has a viscosity of 10'® Pa-s. This is featured by the
effective viscosity plot of simulation Pl in Figure 13a,
which shows similar values as V3 below the deformed
sequence (0—60 km). The drag of overburden material for
simulations with a linear viscous basal décollement is not
as effective as for nonlinear cases, since the effective vis-
cosity drops at higher stresses. Nevertheless, a wedge-
shaped fold-and-thrust belt evolves with forward vergent
thrusts (Figure 13a, simulation P1). Simulation P2 has an
identical geometric setup as simulation V6 (Figure 8b). The
resulting effective viscosities for the bottom element row of
simulation P2 are rather higher than the constant viscosity
used in simulation V6. Accordingly, the wavelength of the
deformation pattern is smaller, but forward verging and
backward verging thrusts tend to develop equally (Figure 13,
simulation P2).

[48] Figure 13b shows two simulations with multiple
nonlinear viscous (n = 5) décollements (simulation DPI,
DP2) with the related effective viscosity plots below.
Besides the viscosity of the lowest element row, the effective
viscosity of the intermediate décollement layer is plotted.
This has been done by taking the lowest values for viscosity
of the intermediate layer for every element column. Simula-
tion DP1 and DP2 are geometrically identical to simulations
DV1 and DV2, respectively (Figure 11b). Structurally, they
resemble to linear viscous simulations with a décollement
viscosity of 10'® Pa-s (Figure 11b, simulation DV2). The
lower structural level of simulation DP1 forms forward
verging fault-bend anticlines. The upper level shows thrusts
merging with lower-level ramps and detachment faults
without any connection to the lower part. Simulation DP2 has
a thicker basal décollement. The ramp spacing in the lower
level is consistently larger than in simulation DP1. The upper
structural level is predominantly deformed by fault propa-
gation folds cored by the lower ramps (Figure 13b).

4.6. Limitations of the Model

[49] The numerical models presented in this study are very
simplified. They concern a horizontally layered sedimentary
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pile pushed over a rigid “plate” by a rigid, perfectly vertical
backstop. The advantage of this simplified setup is the pos-
sibility to compare results with existing analog models,
which generally use sand boxes [e.g., Konstantinovskaya
and Malavieille, 2011]. Furthermore, the simplified setup
yields results that can be explained by analytical solutions
such as the critical wedge theory, which uses similar geo-
metrical boundary conditions [Davis et al., 1983; Dahlen
et al., 1984]. The chosen geometrical simplifications make
it impossible to investigate several important factors known
in natural fold-and-thrust belts, for example the influence
of basement deformation, although thin-skinned and thick-
skinned tectonics may coexist (e.g., Zagros [Mouthereau
et al., 2007b]). Also, the initially undeformed rock pile of
the models neglects effects of inherited fault systems (e.g.,
Pyrenees [Tavani and Munoz, 2012]). Furthermore, the
overburden is set as an isotropic viscosity; the models are
therefore unable to address layer parallel slip as reported
in turbidites. Yamato et al. [2011] investigated the effect of
flexural slip by implementing 100 to 200 m thick weak
layers. However, the resolution of their and our simulations
cannot integrate weak horizons on the centimeters scale of
turbidite layers. Numerical models with an anisotropic vis-
cosity are in principle capable of simulating this effect. This
was previously shown to increase folding growth rates and
produced chevron folds [Kocher et al., 2006].

[50] In this study, imbricate shear bands begin to develop
as conjugate thrusts and backthrusts bifurcating from a point
in the décollements layer. Out of sequence backthrusts
additionally appear in the rear to maintain the critical taper.
Although backthrusting is known in natural fold-and-thrust
belts, it is less common at the wedge toe than models sug-
gest. This discrepancy may be explained by the homogeneity
of the modeled sedimentary pile. Yet, the frontal shear bands
of models do not accumulate much strain, and we conjecture
that they would be unnoticeable in the field.

5. Discussion

[51] The results demonstrate that the rheology of the basal
décollement and the presence of weak intermediate layers in
the compressed rock pile play key roles in the evolution of a
fold-and-thrust belt. Comparing the rheology of shale and
salt décollements explains the structural differences of fold-
and-thrust belts overlying either of these. If the décollement
takes place along overpressured shale, it follows a frictional
failure criterion and propagates when stresses overcome the
yield stress. If a fold-and-thrust belt is soled by a viscous salt
layer, its structural evolution depends on the shear resistance
of this layer.

[52] Frictional fold-and-thrust belts grow horizontally in
sequence, independent of the strength of the décollement
(Figure 5). The resulting total taper angle (Figure 6) and
stress fields (Figure 7) are both consistent with the critical
wedge theory. The stable frictional wedge is sliding along a
basal décollement and accommodates shortening on an
active frontal ramp in front of which the décollement does
not extend. Therefore, differential stresses cannot build up
further away in front of this frontal thrust (Figure 10a).

[53] Fold-and-thrust belts related to salt décollements can
develop a wedge-like shape if shear stresses are high; then
material is dragged toward the backstop (Figure 9a,
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Figure 14. Domains of folding/faulting depending on the décollement/overburden ratio and the normal-
ized viscosity by equalizing equations (12) and (13) for overburden thickness of 2500 m (solid line) and
4500 m (dashed line). Thick line segments represent the range of nondimensional values from numerical
simulations V1-V3 (solid line) and V4-V5 (dashed line). Circles are projected horizontal axis values for

the dominant strain rate of labeled simulations.

simulation V3). Related models exhibit a frontal ramp.
Internally, the wedge is constantly compressed as the drag
continues because no basal failure occurs. This stands in
contrast to frictional décollements, which are at failure. Like
this, salt décollements can distribute high strain rates far
from the backstop and generate high stresses over a large
horizontal distance (Figure 10b). This leads to the develop-
ment of wide fold-and-thrust belts with little finite shorten-
ing, e.g., the Zagros folded belt.

5.1. Folding Versus Faulting Analysis for Viscous
Décollement Simulations

[54] Simpson [2009] provided an analytical solution for
whether a horizontally compressed elastic rock sequence
overlying a viscous substratum is deformed by folding or
faulting. In order to achieve this solution, the time required
for fast fold amplification # is compared with the time
needed to fault the rock sequence #,.

[55] The equation for the folding time # is derived from
the maximum growth rate analysis and the equation for the
time required to produce an amplitude due to folding.

9 n,(1 —V?)H31n 4
=16 Lo (12)
Ee3(1 +v) H?

where 4 is the amplitude factor (e.g., 4 = 1000 for explosive
folding [Biot, 1961]), v is the Poisson ratio, £ is Young’s
Modulus, ¢ is strain, 7, is the décollement viscosity, H, is
the décollement thickness and Hy the overburden thickness.
[56] The plastic time ¢, is calculated by setting the equa-
tion for horizontal elastic stress against horizontal stress
needed to build up the Mohr-Coulomb envelope everywhere

in the rock sequence. Then this equation is solved for strain
and divided by strain rate

. (1 4+v)(2v—1— sin ¢)pgHs
P ¢E(sing —1)

cos o(1 4+ v)(2Cyv — 2Cy)
EE(sing — 1)

; (13)

where ¢ is strain rate. At variance to Simpson [2009], the
maximum lithostatic pressure is calculated from the thick-
ness of the wedge sequence only instead of the total model
thickness. This is due to the fact that the décollement is not
behaving plastic but purely viscous.

[57] If tr< t,, fast amplification engenders folding before
stresses are at the yield. For #> ¢, the base of the overbur-
den is at failure before an amplitude required for folding has
evolved. The case ¢ = ¢, designates the boundary between
folding and faulting deformation modes. In Figure 14, sim-
ilar to Figure 12 in Simpson [2009], this boundary is shown
for two cases (H, =2500m and H,; =4500 m) as a function of
the ratio of the décollement thickness Hj, and the rock
sequence thickness H and the normalized viscosity of the
décollement. Thick horizontal lines correspond to simula-
tions V1-V3 (full) and V4-V5 (dashed) and illustrate the
normalized viscosity using the range of horizontal strain
rates observed at the décollement/overburden interface from
the numerical results (Figure 14).

[58] The folding versus faulting analysis indicates that
folding dominates deformation in simulations V1, V5, and
V6. The range of values for normalized viscosity of V2 and
V4 trespasses the folding / faulting boundary and simula-
tion V3 plots in the area, where faulting is dominant. For
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simulations V1-V3, the change from folding to faulting
with increasing décollement viscosity can be observed in
Figure 9a. The structural pattern of simulation V2 can be
compared with that of simulation V4 (Figure 9), both plot-
ting on the boundary of faulting versus folding (Figure 14).
The most controversial cases are simulations V5 and V6,
which analytically yield folding as the dominant deforma-
tion mode (Figure 14), although numerical simulations
illustrate that faulting takes place during shortening
(Figure 9b). We conjecture that this anomaly is a result of
the fact that our setup implies a velocity bottom boundary
condition, whereas the amplification theory is rather appli-
cable to free-slip condition.

5.2. Comparison to Natural Fold-and-Thrust Belts

[59] Results indicate that structural styles of fold-and-
thrust belts vary according to the type and strength of the
main décollement. The occurrence of additional décolle-
ments within the thin-skinned rock sequence also influences
the structural evolution. Now, several examples of natural
fold-and-thrust belts are compared to our modeling results to
illustrate the mechanics of their evolution.

[0] The Hikurangi subduction margin, NE New Zealand
(Figure 1a), exhibits a thrust imbricated accretionary wedge,
up to 150 km wide [Lewis and Pettinga, 1993], and a taper
of ~4° [Barnes et al., 2010]. Barnes et al. [2010] charac-
terized the ancient décollement zone as a sheared matrix of
mudstones from the upper plate containing basalt and chert
blocks from the oceanic lower plate. This indicates that the
basal décollement is close to the bottom of the incoming
sedimentary sequence. The redrawn seismic section of this
accretionary wedge (Figure 1a) shows that there is no major
intermediate décollement within the deformed sedimentary
sequence and thrust ramps merge into the basal décollement.
Imbricated thrusts are preferentially verging toward the
front, in the SE (Figure 1a). Barnes et al. [2010] mention an
extensive zone of protothrusts beyond the principal defor-
mation front. Such protothrusts locally appear as conjugate
systems and usually have an offset of few tens of meters
with dips of 40 + 5°. These features are consistent with
simulations performed with a single frictional décollement
(Figure 6). The taper of ~4° suggests an internal to basal
strength relation similar to that of simulation F2 (¢ = 30°,
¢» = 10°) with a theoretical taper of 3.4°.

[61] The Makran, SE Iran and SW Pakistan (Figure 1b), is
one of the largest accretionary wedges worldwide with more
than 350 km in cross-sectional width and more than half of
its area exposed on land [McCall, 2002]. The total taper is
~3.6° [White and Ross, 1979]. Although the incoming
sedimentary pile is ~7 km thick, only the upper 4 km are
involved in the frontal imbricate fan [Grando and McClay,
2007]. These upper levels are thrust along a weak horizon
within the sedimentary sequence and the lower part is
underplated. Platt et al. [1985] estimated that up to 50% of
the incoming sediments have been underplated so that the
lower sedimentary sequence was tectonically thickened by a
factor of two to three. Underplating in the rear part of the
wedge leads to surface uplift of the today onshore part
[Ellouz-Zimmermann et al., 2007]. These observations can
be explained by simulations with multiple frictional décol-
lements, where the roof décollement is weaker than the basal
one (Figure 11a, simulation DF3). Active roof-duplex and
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antiformal stacking both push up the surface at the back of
the simulation, producing a surface slope steeper than on
areas where underplating is absent. This is consistent with
the cross-sectional surface taper of the Makran, which, at its
rear, is slightly steeper (~1°) than in the coastal area
(~0.2°). The lower strength of the basal décollement relative
to the wedge sequence can be explained by the exceptionally
thick (7 km) incoming sediment sequence, as at a depth of
5 km, up to 90% of available smectite in shale is converted
into illite [Bekins et al., 1994]. This process is accompanied
by dehydration, which increases fluid pressure within the
shale layers at deeper levels and thus weakens them. The
probable absence of an intermediate décollement toward
the rear explains the different wavelengths between the
onshore and offshore Makran as well as recently active fault
zones like the Ghasr Ghand Thrust (Figure 1b), which
reaches down to the basal décollement as illustrated in
simulation DF1 or DF2 in Figure 11a.

[62] The sub-Andean fold-and-thrust belt, NW Argentina
(Figure 1c), is one of the active thin-skinned fold-and-thrust
belts in a retroarc setting [Echavarria et al., 2003]. Décol-
lement horizons follow Silurian shale at the base of the
belt and upper Devonian shales within the stratigraphic
sequence [Baby et al., 1992; Echavarria et al., 2003]. The
intermediate décollement separates upper from lower struc-
tural levels. In the lower structural level, eastward verging
in-sequence thrusts generate fault-bend anticlines with gen-
tle backlimbs and steeper forelimbs. The upper structural
level is characterized by folds with steep flanks and narrow
crests (Figure 1c) [Echavarria et al., 2003]. These structural
features are replicated in multiple frictional décollement
simulations, where the basal décollement is weaker than
the intermediate one (Figure 1la, simulation DF1). The
lower stratigraphic level in simulation DF1 forms forward
verging ramps with fault-bend anticlines. The upper level
deformation is controlled by the intermediate décollement
and builds steep flanking boxfold-shaped fault propagation
folds.

[63] The Jura, NW Switzerland and E France (Figure 1d),
is an Alpine fold belt displaced toward the NW over a salt
décollement in middle and upper Triassic evaporites [e.g.,
Pfiffner et al., 1997]. This décollement can be tracked along
the base of the Molasse Basin down to the crystalline roots
of the Alps. During the late Alpine orogeny, the Molasse
Basin acted as a stiff unit transferring shortening to its
front, thus building the Jura Mountains [Pfiffner, 2009]. The
southeastern part of the Jura, the Faltenjura, is characterized
by closely grouped anticlines, whereas anticlines in the
northwestern part, the Plateaujura, are separated by wide
flat synclines [Pfiffner, 2009]. The thin-skinned sequence
is 800 to 2000 m thick and the décollement evaporites
had an initial thickness of <500 m [Sommaruga, 1997].
The structure of the Jura is best fitted by a single linear
viscous décollement simulation with a viscosity of 10'® Pa-s
(Figure 9a, simulation V2). This simulation produced
closely gathered anticlines at the rear of the evolving fold
belt and solitary anticlines with flat, wide synclines in the
distal part. These solitary anticlines can develop because
the stresses can be easily transmitted horizontally through
the sedimentary sequence, setting the whole pile under a
similar state of stress (Figure 10b).
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[64] The Parry Island fold belt in the western arctic
islands, Canada (Figure le), is an ancient foreland fold-and-
thrust belt attached to the Franklinian Mobile Belt, which
results from the Late Devonian—Early Carboniferous colli-
sion of the Canadian and the Anabar-Aldan shields [Fox,
1985; Condie and Rosen, 1994; Harrison, 1995]. A lower
décollement has been detected in evaporite and rock salt
layers whose thickness is 602200 m; an upper shale layer
has a thickness of up to 950 m. The overall width of the fold
belt is ~200 km after bulk shortening of <11%, which
indicates the relative weakness of the bottom décollement.
The lower plastic sequence exhibits forward vergent and
backward vergent ramp thrusts, locally building thrust stacks
filling anticline cores of the upper sequence. The upper part
shows upright anticlines and broad synclines, sporadically
scattered by backward and frontward verging thrusts [Fox,
1985; Harrison, 1995]. Although the intermediate décolle-
ment level is formed of shale, the geological structures are
consistent with simulations with two viscous décollements
with a relatively high viscosity of 10" Pa-s (Figure 11b,
simulation DV2). A decreased thickness of the basal salt
décollement would have a similar effect. Basal thrusts would
appear because the available salt volume would be too small
to fill potentially growing anticlines.

[5s] The Zagros belt, SW Iran (Figure 1f), results from
postcollision shortening between the Arabian plate and the
Iranian continental blocks [Mouthereau et al., 2007b]. The
Zagros simply folded zone is characterized by a ~200 km
wide folded belt with mostly symmetrical open folds. The
dominant wavelength of these folds is 15.8 + 5.3 km
[Mouthereau et al., 2007a, 2007b]. Emami et al. [2010]
defined two mobile levels within the stratigraphy. The
lower mobile level lies right above the basement in the
~1 km thick Hormuz evaporites. The upper mobile level is
the ~800 m thick Gachsaran evaporite. The measured
wavelength and the fact that folding is the dominant short-
ening process is consistent with simulations exhibiting
multiple viscous décollements with a salt viscosity of at most
10'® Pa-s (Figure 11b, simulation DV3). The thickness of
the viscous layer in this simulation matches the estimated
thickness of the Hormuz evaporites [Emami et al., 2010].
An increase of the salt viscosity would decrease the ability of
flexural slip between the upper and lower stratigraphic levels.

5.3. Comparison to Previous Modeling Studies

[66] The structural evolution of fold-and-thrust belts has
been investigated in several analog and numerical modeling
studies. Our numerical results are consistent with scaled
analog models simulating the evolution of single décolle-
ment accretionary wedges. Regularly spaced thrust ramps
develop in a forward vergent manner, each with minor
backward vergent backthrusts at the leading edge, suggest-
ing an initially conjugate fault system [e.g., Mulugeta, 1988;
Storti and McClay, 1995; Schreurs et al., 2006]. We have
determined a forward jump of the deformation front and
documented steepening of thrust ramps during their inte-
gration into the growing wedge, in accordance with Figure 2
of Storti and McClay [1995]. They used sand with friction
angles of ~29° and 23°, respectively. Their resulting cross
section looks alike our simulation F5 (Figure 6) with ¢ =30°
and ¢, = 25°.
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[67] Several analog modeling studies investigate the influ-
ence of a viscous décollement on the structural evolution of
a frictional rock sequence [e.g., Smit et al, 2003, 2010;
Bahroudi and Koyi, 2003]. In contrast to purely frictional
models, where deformation is dominated by forward verging
in-sequence ramp systems, backthrusts and deformation gaps
occur very frequently in modeled thrust belts over viscous
décollements. Compression rate influences the structural
evolution of the wedge sequence [Smit et al., 2003] due to the
change of shear stress in the viscous layer (equation (11)).

[68] Konstantinovskaya and Malavieille [2011] have
documented how an additional intermediate décollement
promotes underplating and antiformal stacking of the bottom
sequence. We numerically obtained a similar evolution with
a second frictional décollement within the cover sequence.
Underplating is most likely leading to antiformal stacks if
the upper frictional décollement has a lower failure criterion
(Figure 11, simulation DF3). Nalpas and Pichot [2009] and
Couzens-Schultz et al. [2003] also investigated the structural
effects of multiple décollement levels using a basal and
upper, relatively thick viscous silicone layer. Their results
and our numerical simulations with two viscous décolle-
ments are comparable (Figure 11b, simulation DV2).

[69] The mechanics of fold-and-thrust belts has been
numerical investigated for more than two decades [Borja
and Dreiss, 1989]. Studies focusing on the structural evo-
lution of accretionary wedge-like systems overlying a single
frictional décollement show in-sequence faulting with iso-
lated thrusts forming in a piggyback manner [Strayer et al.,
2001; Burbidge and Braun, 2002; Buiter et al., 2006;
Simpson, 2006, 2011; Selzer et al., 2007; Stockmal et al.,
2007; Miyakawa et al., 2010].

[70] Selzer et al. [2007] tested the effect of weak shear
zones on the structural evolution of thrust belts. They
obtained underplating and stacking at the rear when they
applied a horizontally continuous weak inclusion, compa-
rable to additional intersequential décollements in this study.
Stockmal et al. [2007] presented an extensive study investi-
gating the influence of multiple weak frictional décollements
within a compressed sequence. In contrast to our study,
they only address intersequential décollement layers weaker
than the basal horizon, focusing on the influence of surface
processes and strain weakening. Stockmal et al. [2007]
achieve similar results as ours in terms of thrust sheet
wavelength, antiformal stacking and restriction of deforma-
tion to the upper structural level above a very weak inter-
sequential layer. The latter authors also agree with the
critical wedge theory with respect to the total wedge scale.

[71] Simpson [2009, 2010] applied a viscous versus fric-
tional substratum as décollement. Decreasing the viscosity in
the basal layer suppressed the formation of in-sequence,
forward vergent thrusts and stimulated the occurrence of
backthrusts and single-standing folds. This was also obtained
in the models presented here. Yamato et al. [2011] have
shown that folding is promoted if the sedimentary sequence
contains several viscous décollements. We obtained a similar
response (Figure 11b, simulation DV3). Simpson [2011]
argued that the critical wedge theory is not fully applica-
ble because differential stresses out of localized strain
zones are at a subcritical state and principal stress direc-
tions can strongly vary within a wedge. However, in our
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understanding, the critical wedge theory does define an
overall near-failure state of stress in a wedge; this depends
on both the internal wedge properties and the bottom shear
resistance and is independent from internal deformation
processes. Our simulations underline the robustness of the
critical wedge theory concerning critical taper angles
(Figure 5) and principle stress orientations (Figure 6).

6. Conclusion

[2] A 2-D finite element numerical model with a vis-
coelastoplastic rheology was used to investigate the differ-
ence between fold-and-thrust belts overlying either a (linear
and nonlinear viscous) salt or a (frictional) shale décollement
and the influence of additional intermediate weak layers.
Simulations with single frictional décollements lead to for-
ward verging in-sequence thrusting forming ramps with dip
angles depending on the wedge-internal stress directions.
Viscous décollements lead to backward and forward verging
thrusts equally, not forming a typical imbricate fan. This also
leads to solitary box folds like those of the Jura Mountains.
Nevertheless, simulations with either a viscous or a frictional
décollement are both consistent with the critical wedge the-
ory, concerning surface taper angles and internal principal
stress directions.

[73] Intermediate décollements strongly influence the
structural evolution of fold-and-thrust belts. In the case of
frictional décollement style, the strength relation between
the basal and the intersequential décollement is the main
factor influencing the structural evolution of a fold-and-
thrust belt. This strength relation likely is the cause of
underplating and antiformal stacking as well as the installa-
tion of fault propagation folds. Intersequential viscous
décollements support flexural slip within a layered rock pile,
which enhances folding for low Newtonian viscosities (10'®
Pa-s). For higher viscosities, layer-parallel gliding leads to
detachment folds and fault propagation folds in the upper
part. Simulations with power law salt rheology (n = 5)
indicated viscosities between 4-10'® and 5-10'° Pa-s for the
basal, and approximately one order of magnitude higher for
intermediate décollements at 50°C.

[74] Modeled structural styles reflect natural fold-and-
thrust belts: underplating in the Makran accretionary wedge
indicates the existence of an intermediate décollement
weaker than the main sole thrust. We also conclude that the
basal décollement was weaker than the intermediate one
during the structural evolution of the sub-Andean thrust belt.
Solitary box folds in the Jura and folding-dominated crustal
deformation in the Zagros both point to salt viscosities of
~10"® Pa-s.
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