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Abstract In order to understand the interactions between surface processes and multilayer folding sys-
tems, we here present fully coupled three-dimensional numerical simulations. The mechanical model repre-
sents a sedimentary cover with internal weak layers, detached over a much weaker basal layer representing
salt or evaporites. Applying compression in one direction results in a series of three-dimensional buckle folds,
of which the topographic expression consists of anticlines and synclines. This topography is modified through
time by mass redistribution, which is achieved by a combination of fluvial and hillslope erosion, as well as
deposition, and which can in return influence the subsequent deformation. Model results show that surface
processes do not have a significant influence on folding patterns and aspect ratio of the folds. Nevertheless,
erosion reduces the amount of shortening required to initiate folding and increases the exhumation rates.
Increased sedimentation in the synclines contributes to this effect by amplifying the fold growth rate by grav-
ity. The main contribution of surface processes is rather due to their ability to strongly modify the initial
topography and hence the initial random noise, prior to deformation. If larger initial random noise is present,
folds amplify faster, which is consistent with previous detachment folding theory. Variations in thickness of
the sedimentary cover (in one or two directions) also have a significant influence on the folding pattern,
resulting in linear, large aspect ratio folds. Our simulation results can be applied to folding-dominated fold-
and-thrust belt systems, detached over weak basal layers, such as the Zagros Folded Belt.

1. Introduction

Over the past decades, the interactions between surface processes and development of mountain belts have
been extensively studied. While syntectonic sedimentation appears to control the external development of
fold-and-thrust belts [Bonnet et al., 2007; Fillon et al., 2013; Simpson, 2006], erosion strongly influences the evo-
lution of internal regions within mountain belts by enhancing crustal uplift and exhumation of rocks in con-
vergent orogens [e.g., Beaumont et al., 1992; Burbank, 2002; Kaus et al., 2008; Molnar and England, 1990;
Montgomery and Brandon, 2002]. The effects of sedimentation and/or erosion on brittle deformation have
been studied using analogue [e.g., Graveleau, 2008; Konstantinovskaia and Malavieille, 2005; Malavieille, 2010;
Mugnier et al., 1997; Persson and Sokoutis, 2002; Storti and McClay, 1995] and numerical [e.g., Avouac and Burov,
1996; Beaumont et al., 1992; Kooi and Beaumont, 1994; Willett, 1999, 2010] models of accretionary wedges.
With some notable exceptions [Braun and Yamato, 2010; Thieulot and Huismans, 2011], most numerical studies
employed a 2-D mechanical model, restricting the surface processes model to 1-D [Avouac and Burov, 1996;
Fillon et al., 2013; Willett, 1999, 2010]. Also, the surface processes models often used a simple linear diffusion
formulation [Avouac and Burov, 1996; Kooi and Beaumont, 1994] or a formulation where both sedimentation
and erosion are rarely present together [Fillon et al., 2013; Willett, 1999, 2010].

In order to fully understand how surface processes influence the internal deformation pattern of the orogen,
or the fold-and-thrust belt, as well as predicting the sediment routing system, 3-D mechanical models are
required. Due to the computational challenges associated with performing fully 3-D mechanical simulations,
thin-sheet models have been frequently used [Simpson, 2004a, 2004b, 2004c]. As thin-sheet models depth
average the rheology and density of all layers, the true coupling between surface processes and multilayer
systems cannot be completely understood. To date, very few studies have coupled sophisticated surface
processes models, which can treat both deposition and erosion, with fully 3-D mechanical models [Braun
and Yamato, 2010; Ruh et al., 2013; Thieulot and Huismans, 2011]. These models focused on the effects of a
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brittle overburden rheology, which is
mostly applicable to thrust-dominated
fold-and-thrust belts or brittle orogens.

In contrast, the influence of surface
processes on ductile deformation has
been much less investigated. Thin-
skinned fold-and-thrust belts are seen
as the compressional deformation of a
sediment pile over a weak layer acting
as a d�ecollement. The resulting surface
expressions have often been inter-
preted, based on geometrical criteria in
terms of fault bend folds, fault propa-
gation folds, or/and detachment folds.

Recently, it was demonstrated [Yamato et al., 2011] that mechanically there is a difference between fold-
dominated and fault-dominated fold-and-thrust belts. A fold-dominated fold-and-thrust belt develops if a
folding instability can grow in a relatively short amount of time. The fold growth rates can be accelerated
by the presence of weak layers in an otherwise brittle overburden [Ruh et al., 2012; Yamato et al., 2011]. If
on the other hand, folds grow too slow, faulting/thrusting dominates the deformation. Several analogue
studies have demonstrated that sedimentation can influence the shape and the growth of folds as well as
the development of faults on one or two sides of a growing fold [Barrier et al., 2002; Nalpas et al., 1999; Nal-
pas et al., 2003; Pichot and Nalpas, 2009]. However, coupled analogue models of ductile deformation and
erosion are challenging due to material (e.g., silicone is difficult to ‘‘erode’’) and scaling (e.g., the characteris-
tic time scale of surface processes is significantly different from the characteristic time scale of tectonic
processes) issues. Furthermore, they often only represent the two end-member cases (e.g., no erosion ver-
sus infinitely fast erosion). They thus fail to explore the transitional cases.

Here we focus on fold-dominated fold-and-thrust belts, such as the Zagros Simply Folded Belt and study
how surface processes influence the development of 3-D detachment folding patterns. We employ a fully 3-
D mechanical model coupled to an erosion and sedimentation model.

2. Numerical Model

In order to study the feedback between surface processes and ductile deformation, we have developed a
finite element-based landscape evolution model, which includes both sedimentation and erosion. The land-
scape evolution model was coupled to the 3-D parallel (distributed memory) mechanical code Lithospheric
and Mantle Evolution Model (LaMEM) [Kaus et al., 2012; Popov and Kaus, 2013]. Our mechanical models are
coupled to the surface processes model, which implies that both models can influence each other. Both
codes were written using the PETSc library [Balay et al., 2012], and can run on massive parallel machines
with a large choice of iterative solvers and preconditioners. In the following sections, we describe the indi-
vidual mechanical and surface processes model (SPM) and the manner in which they are coupled. Physical
parameters used in the simulations are described in Table 1.

2.1. Mechanical Model (LaMEM)
LaMEM solves the equations describing the conservation of momentum and mass for a highly viscous,
incompressible fluid. Using the relationship between the total ðrijÞ and deviatoric (r0ij) stress tensor, the con-
servation of momentum for highly viscous flow (i.e., Stokes equation of slow flow) can be written as:

@r0ij
@xj

2
@P
@xi

1qgi50; (1)

where i and j refer to the three spatial coordinates x, y, and z, respectively; gi is the ith component of the
gravity vector g!5ðgx; gy ; gzÞ. P 5 2 1

3 ðrxx1ryy1rzzÞ is the total pressure and q is the density. Stresses and
the pressure are related via: rij5r0ij2Pdij , where dij is the Kronecker delta.

Table 1. Physical Parameters Used by the Coupled Model

Symbol Unit Definition

Lx, Ly, Lz m Initial dimensions of the model in x, y, and z
x, y, z m Coordinates
z_ref m Reference level
H m Maximum initial elevation
h0 m Initial roughness of the surface processes model
C (m2 s21)1 2 n Fluvial incision
K m2 s21 Hillslope diffusion
N Exponent for dependency of sediment transporton

Fluid discharge
A m s21 Annual rainfall
Q m2 s21 Surface fluid discharge
B Regional slope (defined by H/Ly)
H Pa s Viscosity
G M s22 Gravity
D kg m23 Density
eyy s21 Background strain rate (in y direction)
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The conservation of mass, assuming incompressibility is given by:

@vi

@xi
50: (2)

In this work, we consider linear viscous materials with the following constitutive relationship:

r0ij52g_e ij; (3)

where

_e ij5
1
2

@vi

@xj
1
@vj

@xi

� �
; (4)

is the strain rate tensor and g is the shear viscosity. Equations (1–4) are discretized using a finite difference
staggered grid method. In most models, here, we employed a parallel direct solver MUMPS [Amestoy et al.,
2000; Lechmann et al., 2011] in combination with Powell-Hesteness iterations to enforce the incompressibility
constraint. For the high-resolution simulations, we used the GCR Krylov method [Eisenstat et al., 1983] with an
algebraic multigrid preconditioner BoomerAMG which is part of the HYPRE package [Falgout et al., 2013]. We
approximate a free surface with a combination of an internal surface and a zero-density, low-viscosity sticky-
air layer, which was recently demonstrated to be a good approximation of a true free surface [Crameri et al.,
2012]. We found this to be of advantage in combination with an Eulerian finite difference approach as there
are no complications due to a strongly deformed erosional valley, which can result in sharply deformed sur-
face topography that would require remeshing if a Lagrangian finite element method was employed.

2.2. Surface Process Model (SPM)
On a large scale (e.g., mountain belt), topography evolution, h, can be expressed as a time-dependent surface
subject to the conservation of sediment and water, and a transport law, qsed 5 F(S, q), where the surface sedi-
ment discharge (m2 s21), qsed is a function of the local slope S 5 |rh|, and water discharge q [Smith and Brether-
ton, 1972]. The sediment transport law we use, assumes that the system is transport limited, i.e., the sediment
supply exceeds the sediment transport capacity [Whipple and Tucker, 2002], implying that deposition will occur
along the river. This approach differs from the classical stream-power law [Braun and Willett, 2013; Howard and
Kerby, 1983; Whipple and Tucker, 1999], which considers detachment-limited conditions, where the sediment
transport capacity exceeds the sediment supply, and thus, the channel bedrock is always eroded.

The stream-power law formulation in itself only reflects fluvial incision, implying that every point in the
landscape is within a channel. As a result, models that use this formulation [Braun and Willett, 2013; Willett,
2010] do not account for parts of the landscape such as hillslopes, channel heads, and upper channels,
where nonfluvial processes (e.g., debris flow) dominate over incision. Hillslopes could be however intro-
duced either in an analytical manner [Goren et al., 2014], or they could be taken into account by simply add-
ing a linear diffusion term to the stream-power equation. Furthermore, the stream-power law does not
account for the deposition of sediments either. A threshold on the fluid discharge could be applied in order
to allow sedimentation along the river [Davy and Lague, 2009], or to counter the routing problem that arises
from local minima (e.g., lakes) when the water algorithm only considers one receiver [Garcia-Castellanos
et al., 2003; Goren et al., 2014]. Using a diffusion formulation naturally accounts for both erosion and sedi-
mentation simultaneously, and can slightly reduce the routing problem due to local minima, although it
does not counter it. Moreover, the expression of the sediment discharge includes a term for both hillslope
processes and fluvial incision. However, it should be kept in mind that this model uses a simple formulation
and thus neglects certain aspects such as landslides or detachment-limited conditions, which can have a
great influence on the morphologic evolution of landscapes [Tucker and Whipple, 2002]. As we here focus
on the effects of mass transfer on the folding pattern in a fold-and-thrust belt setting, the sediment trans-
port law proposed in this paper seems to be at this scale a good approximation. If one wants to capture
geomorphic features such as rivers capture, or knickpoint migration, the use of a stream-power law formula-
tion would be more appropriate.

We follow the formulation of Simpson and Schlunegger [2003], in which the surface processes model is gov-
erned by a system of two equations with two unknown functions, the topography h(x, y, t), and the surface
water discharge q(x, y, t). The system of equations describing the evolution of topography is given by:
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@h
@t

52r � nqsedð Þ; (5)

r � nqð Þ5a ; (6)

where n52rh=S is a unit vector directed down the surface, a is the effective rainfall (in excess of infiltra-
tion), and qsed is the surface sediment discharge.

In our models, we use a simple formulation [Simpson and Schlunegger, 2003] for the sediment discharge
that enable to model both dispersive (i.e., hillslope diffusion) and concentrated (i.e., fluvial incision) effects
of erosion due to water runoff. This formulation can be applied on the entire surface without distinguishing
between channels or hillslopes. The sediment discharge is defined as:

qsed5cqmS1kS; (7)

where k is the hillslope diffusivity (m2 s21), c is the fluvial incision coefficient ((m2 s21)12m), and m is an expo-
nent quantifying the relationship between sediment and water discharge. The first term represents the fluvial
transport of sediments, while the second term relates to the dependency of flux to local slope [Culling, 1960].

Substituting equation (7) into equation (5), gives:

@h
@t

5r � ððcqm1kÞrhÞ; (8)

r � rh
jrhj q

� �
52a: (9)

Note that the sediment discharge qsed has the dimension of the diffusion coefficient.

Equation (8) is discretized in space using the Galerkin finite element method [Zienkiewicz and Taylor, 2000].
The domain is partitioned into a set of nonoverlapping quadrilateral elements. The mesh contains elements
of constant size Dx and Dy. Over each element, we employ bilinear shape functions (denoted N(x, y) 5 [N1(x,
y) N2(x, y) N3(x, y) N4(x, y)]) to approximate the height, h, in term of nodal variable Hi:

hðx; yÞ � ½N1ðx; yÞ N2ðx; yÞ N3ðx; yÞ N4ðx; yÞ� ½H1 H2 H3 H4�T 5 NHe;

where T indicates the transpose operator.

The weak form of diffusion problem is obtained by multiplying equation (8) by the shape functions, substi-
tuting h 5 NHe and integrating over the element volume Xe, yielding to:

ð
Xe

NT @

@t
NHeð Þ dV5

ð
Xe

NTrT DrNð ÞHe dV; (10)

with D 5 cqm 1 k, the diffusion coefficient.

Using integration by parts over the domain Xe and considering Neumann boundary conditions, equation
(10) can be simplified by:

Me
@He

@t

� �
1 KeHe5Fe; (11)

where Me5

ð
Xe

NT N dV ; (12)

Ke52

ð
Xe

ðrNÞT DrN dV; (13)

Fe5

þ
Ce

NT q̂T n dS; (14)

where Me and Ke are the element stiffness matrices, Fe is an element vector, and q̂ is an applied flux and n is
the outward point normal to the boundary @X. Ce refers to the elements lying on the domain boundaries.
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Contrary to Simpson and Schlunegger [2003], who used a continuum approach to solve equation (9),
we compute the water discharge, q in equation (9) using a discrete routing algorithm [e.g., Chase,
1992]. This method consists in routing both sediment and water down the computed drainage net-
work between nearest discrete neighbors from the highest to the lowest elevation (Figure 1A). Our
finite element mesh is defined via a structured mesh of quadrilateral elements, where the effective
diffusion coefficient cqm 1 k, and the individual quantities c, q, and k are defined at the element
centroid (Figure 1B). Given the location where the diffusion coefficient is defined, the fluid discharge
was computed using the average element height, in combination with the D8 algorithm [O’Callaghan
and Mark, 1984]. This algorithm can be computed in a simple and recursive manner with the follow-
ing procedure:

1. Find the lowest neighbor of every cell (which can also be itself) and store its index in an array (ind_neigh).
Store the elevation (Hcell) and the index of every cell (indcell) in two other arrays.

2. Sort the three arrays (ind_neigh, Hcell, indcell) from highest to lowest elevation (using Hcell).

3. Create an array that stores the amount of rain attributed to each cell (which can be spatially variable).

4. Starting from the highest cell, transfer the water of the current cell (donor) to its neighbor with the lowest
height (receiver).

Once all cells have been processed in this manner, we know the water flux q (m2 s21) at every cell, which is
then used to compute the effective diffusivity of the cell, according to equation (7). We note that the D8
algorithm suffers from a grid dependency, which can however be masked using high resolution [Braun and
Willett, 2013], an irregular spatial grid [Braun and Sambridge, 1997] and/or by adding a small component of
diffusion [Perron et al., 2008].

Discretizing equation (11), using an implicit time stepping algorithm gives:

M
Hn112 Hn

Dt

� �
1KHn11 5 Fn; (15)

where K, M are the global stiffness matrices associated with Ke, Me; H, F are the global vectors associated
with the element vectors He, Fe; Dt is the time step; K is the diffusion operator; Hn11 is the new elevation
(i.e., solution); and Hn is the elevation known at the previous time step. The drainage network, and conse-
quently K are defined using the elevation known at the previous time step, Hn. Equation (15) is solved using
the Krylov method FGMRES [Saad, 2003] with a diagonal preconditioner (Jacobi). Due to the use of a sorting
algorithm in the steepest descent algorithm, which is complex to parallelize, the SPM is currently serial (i.e.,
it can only run on one processor).

Figure 1. (A) Schematic representation of the drainage network, where each donor has only one receiver and (B) discretization used for
the surface processes model. The diffusion coefficient is defined at the element centroid.
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2.3. Coupling Between the Mechanical and Surface Process Model
Here we outline the procedure adopted to couple the mechanical model (MM) with the surface process
model (SPM). Quantities defined by the mechanical model, and the erosion surface used by the SPM will be
referred as XXt

MM and XXt
SPM, respectively, with the prefix XX, representing physical parameter such as eleva-

tion (H), velocity (V), or pressure (P). The ratio between the element resolution of the erosion surface (which
has a finer mesh) and the internal free surface (which has a coarse mesh) is denoted by ResolutionFactorX
and ResolutionFactorY, in x and y directions, respectively. The following pseudoalgorithm illustrates how we
coupled both models:

1. Initialize both HMM and HSPM. HSPM is defined on processor 0 (rank 0) at the same level as the internal free
surface, whereas the HMM is fully parallel.

2. Solve the discrete Stokes equations for Vt
MM and Pt

MM.

3. Compute DtMM.

4. Copy the Ht
MM and Vt

MM (the velocity at the internal free surface) from all processors to rank 0 (as the SPM
is serial).

5. Interpolate Vt
MM, defined on rank 0 to Vt

SPM, using bilinear interpolation.

6. Advect Ht
SPM using Vt

SPM: Ht
SPM5Ht

SPM 1DtMMVt
SPM.

7. Remesh the deformed Ht
SPM onto a nondeformed mesh of the same resolution.

8. Set tSPM 5 0.

9. Define the time step for the SPM, such as DtSPM5 cDtMM, with c< 1.

10. Solve equation (15) with DtSPM.

11. Update time: tSPM 5 tSPM 1 DtSPM.

12. Go to step 10 and repeat until tSPM 5 DtMM.

13. Interpolate Ht1t SPM
SPM back to MM on rank 0, defining Ht1Dt

MM .

14. Distribute Ht1Dt
MM on several processors.

15. Update lithology.

16. Update time, t 5 t 1DtMM.

17. Go to step 2.

The interpolation from VMM to VSPM is performed using bilinear interpolation. The interpolation from HMM to
HSPM is performed considering for each element of the HMM, the associated nodes on the HSPM using both
ResolutionFactorX and ResolutionFactorY. This interpolation is done using an arithmetic average, such as:

HMM i; jð Þ5
Pn

ii51 HSPMðiiÞ
n

;

where i and j are the indexes of the nodes of the SMM and ii is the indexes of the nodes of the SSPM, associ-
ated to the considered area (X) of each HMM(i, j). For each HMM(i, j), X is defined by the first surrounding ele-
ments (i.e., four within the mesh, two at the boundaries, and one at the corners). As velocities are typically
smooth, we found this approach to work better than other approaches, which for example advect the
coarse grid and interpolate differences in elevation back to finite erosion model.

3. Model Setup and Boundary Conditions

The style of deformation in fold of and thrust belts is mainly controlled by the number and the type of
d�ecollement [Ruh et al., 2012]. It was recently demonstrated using 2-D numerical simulations [Yamato et al.,
2011] that considering a detailed stratigraphic column above a level of detachment can strongly influence
the deformation style occurring in fold and thrust belts (i.e., dominated by folding rather than faulting). In
this study, we focus on the fold-and-thrust belt systems in which the deformation is dominated by folds,
e.g., Zagros Simply Folded Belt (ZFB) in the Fars Province, Iran [Colman-Sadd, 1978; Mouthereau et al., 2012;
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Yamato et al., 2011]. Therefore, and for computational efficiency, we use linear viscous constitutive laws,
and do not consider plasticity (which implies that we cannot model faults). As a consequence, even if this
study does not primarily aim to model the Zagros Mountains, but rather the relative influence of two gen-
eral processes (folding and erosion), we use the ZFB as our first and most robust natural analogue for our
mechanical model, as it is a folding-dominated fold-and thrust-belts [Ruh et al., 2012; Yamato et al., 2011].
The effect of changing the rheology of the overburden on folding dynamics and fold pattern formation is
addressed in a separate study [Fernandez and Kaus, 2014].

Here we examine a multilayer setup in which folding is affected by gravity in a domain of size 100 3 100 3

10 km. The model consists of eight mechanical layers. A lower detachment (or salt layer) is used at the base
of the model, while the stratigraphic column is built of seven alternating weak and competent layers (see
Figure 2 and Table 2). The choice of height layers is based on the lithostratigraphic column of the Fars Prov-
ince and the findings discussed in Yamato et al. [2011]. In order to observe the characteristic fold wave-
length and deformation style (folding rather than thrusting) of the Zagros, the model employs intermediate
weak layers within the sediment cover. As we did not consider any plasticity, we could have used a model
with fewer layers, but this would have result in different fold growth rates. We employ the same thickness
for all layers to ensure that the weak layers are numerically well resolved, while at the same time similar
structures as in the Zagros. Previous work that employ the observed stratigraphic column in combination
with frictional plastic rheologies resulted in crustal-scale folding with similar growth rate curves as
employed here [Yamato et al., 2011]. Random perturbations are applied at the interface between the salt
layer and the overburden. Above the eight mechanical layers, we fill the domain with ‘‘sticky-air’’ material.
The ‘‘sticky air’’ is used in combination with an internal free surface in order to approximate a true free sur-
face [Crameri et al., 2012]. At the interface between the sedimentary cover and the ‘‘sticky-air’’ layer a
regional slope of angle b is defined, which is required for the SPM to allow the development of a dense
drainage network. On all boundaries, we impose a zero shear stress (e.g., rij tj 5 0, where tj is an unit vector
tangent to the boundary). A Dirichlet boundary condition is applied in the y direction as Vy5_eBGy, with _eBG

being the background strain rate, whereas all other boundaries have zero normal velocities. As the coordi-
nate y is updated during the simulations, the velocity applied on the side of the model changes with time.

In most calculations, we present, the mechanical model used a resolution of 32 3 32 3 80 elements. In
order to test how robust our findings are from these small-scale models, we additionally performed some
simulations with a higher resolution of 256 3 128 3 200 elements, using 1024 cores, on a domain of 240 3

120 3 10 km, using the same model setup with seven alternating weak and strong layers, overlying a lower
detachment (salt). The salt and the weak layers have a viscosity of 1019 Pa s, while the strong layer have a
viscosity of 1022 Pa s. The viscosity of the salt has been chosen accordingly to literature, where 1019 appears
to be a common value [Mukherjee et al., 2010]. We used a high viscosity contrast in order to have dominant
wavelengths corresponding to lithospheric folds (i.e., in the order of 10 km). The resulting dominant wave-
lengths and growth rates for this setup are in the range of those for the Zagros Folded Belt [Mouthereau
et al., 2007; Yamato et al., 2011], which has been chosen as a natural analogue for this study.

For the surface processes model, the boundaries normal to the direction of compression are defined as the
base levels and are therefore kept at constant elevation during the SPM updates. The flux q̂, defined in
equation (14), is set to zero on the other boundaries. The topography is updated after every mechanical
time step, implying that the base level is only kept at constant elevation while the SPM is run, between two
mechanical time steps. The resolution of the surface processes mesh is usually 10 times higher than the one
used for the tectonic model (i.e., 320 3 320 cells). Due to the use of a D8 algorithm, the spatial resolution
used within the SPM should be on the order of 100 m if one wants to capture both hillslopes and fluvial
processes. A number of preliminary tests were performed to investigate how the resolution factor between
both codes influences the results, and showed that little differences in the results occur for resolution fac-
tors lower or equal to 10.

4. Model Results

In order to determine the influence of surface processes on the three-dimensional development of folds, a
series of simulations were performed with different background strain rates, and with different erosional
regimes (i.e., varying the regional slope b, the fluvial incision, and/or the hillslope diffusion). For each
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simulation, only one parameter
was modified to better understand
their relative influence. Table 3
summarizes the values for the
physical parameters used in the
different simulations.

4.1. Simultaneous Development
of Folds and Drainage Network
We first performed simulations in
which the drainage network was
developing at the same time as
the folding and compare the
results with those of a model with-
out surface processes.

4.1.1. Deformation in the
Absence of Surface Processes
Figure 3A shows the three-
dimensional evolution through
time of a model without surface
processes, with a background
strain rate of 10214 s21. In this
case, the folding pattern consists
of several randomly distributed
embryonic fold segments with a
rather high aspect ratio. With
increasing shortening, these fold
segments grow laterally, forming

doubly plunging en-�echelon folds that eventually link into a long train of folds in a quasi-cylindrical manner.
The end result consists of an array of three long train folds with a triple linkage on fold 3 (Figure 3A, short-
ening rate 27.5%). Fold 2, in the middle of the box, results in the linkage of en-�echelon small segments,
while fold 1, developing at the border of the box can be considered as cylindrical. The amount of shorten-
ing, Dy, needed to initiate folding is around 15% and is defined as Dy 5 (L0 2 L)/L0, with L the length of the
model in the y-direction at the considered time and L0 the initial length.

4.1.2. Effect of Erosion
The same model with the same random noise at the salt-sediment interface but with erosional processes
shows few differences: the fold morphology is sharper and the amplitude between the crest of the anticline
and the syncline is reduced due to sedimentation in the syncline. The topography is modified but the fold
pattern does not change much. However, the fold growth is slightly enhanced and the small randomly dis-
tributed segments link earlier (Figure 3B). In order to test the effects of erosion in a systematic manner, we
performed a set of simulations with the same background strain rate and random noise at both the salt-
sediment interface and the erosion surface, but with a different regional slope and/or erosion parameters
(experiments 2–9). Map views of the upper surface models, representing the topographic elevation, show

Figure 2. Geometry (not to scale) of the multilayer folding experiments used in this
study. The model consists of seven layers, with alternating weak and strong viscosities
(see Table 2 for parameters). Above layer 7, we fill the remainder of the model domain
(dashed lines) with ‘‘sticky air.’’ The red plane represents the reference level (z_ref) with
which we define the topographic elevation, h(x,y) 5 z_model-z_ref. For clarity, the z
axis has been exaggerated. See text for further details about boundary conditions and
physical parameters.

Table 2. Physical Parameters Used for the Mechanical Model

Layer Description Thickness (m) Density (kg m23) Viscosity (Pa s)

8 Sticky air 3500 0 1017

7 Overburden 500 2700 1023

6 Overburden 500 2700 1021

5 Overburden 500 2700 1023

4 Overburden 500 2700 1021

3 Overburden 500 2700 1023

2 Overburden 500 2700 1021

1 Overburden 500 2700 1023

0 Salt layer 3000 2200 1019
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that to first order, erosion does not seem to strongly control the wavelength, the location, or the pattern of
folds (Figure 4).

To distinguish the effect of surface processes from that of a nonzero initial topography, we ran models in
which the fluvial incision was set to zero and the hillslope diffusion to a very low value (10231), essentially
eliminating surface processes. When an initial slope is added to the model, the fold pattern is slightly modi-
fied. The folds show a higher degree of cylindricity and higher amplifications for the same amounts of short-
ening (e.g., compare Figure 4, experiment 1 and Figure 4, experiments 4 and 7, see also Figure 5). Also
buckling initiation, lateral fold propagation, and linkage occur earlier (�12%). The isolated fold segments, at
the beginning of the simulations, become more linear with increasing slope. Increasing the efficiency of flu-
vial incision (by increasing c), on the other hand, does not have a first-order effect on the pattern of folds,

Table 3. Physical Parameters Used for the Surface Processes Model in the Different Simulations

Simulation Description n c k b eyy h0

Experiment 1 No erosion, b 5 0 10214 0
Experiment 2 Low to medium erosion, b 5 0 2 10 10210 0 10214 5
Experiment 3 High to intensive erosion, b 5 0 2 500 10209 0 10214 5
Experiment 4 No erosion, b 5 0.1% 2 0 10231 0.1 10214 5
Experiment 5 Low to medium erosion, b 5 0.1% 2 10 10210 0.1 10214 5
Experiment 6 High to intensive erosion, b 5 0.1% 2 500 10209 0.1 10214 5
Experiment 7 No erosion, b 5 0.2% 2 0 10231 0.2 10214 5
Experiment 8 Low to medium erosion, b 5 0.2% 2 10 10210 0.2 10214 5
Experiment 9 High to intensive erosion, b 5 0.2% 2 500 10209 0.2 10214 5
Experiment 10 Low to medium erosion, b 5 0.1% 2 10 10210 0.1 10215 5
Experiment 11 High to intensive erosion, b 5 0.1% 2 500 10209 0.1 10215 5
Experiment 12 Low to medium erosion, b 5 0.2% 2 10 10210 0.2 10215 5
Experiment 13 High to intensive erosion, b 5 0.2% 2 500 10209 0.2 10215 5
Experiment 14 Medium to high erosion, b 5 0.042% 2 50 10210 0.042 10215 0.5
Experiment 15 Medium to high erosion, b 5 0.33% 2 50 10210 0.33 10215 0.5
Experiment 16 Late folding, b 5 0.2% 2 10 10210 0.2 10214 5

Figure 3. Three-dimensional evolution for (A) a simulation without erosion and (B) a simulation where surface processes are present. Model parameters used to relate experiments 1 and
8, respectively. The same random noise at the salt-sediment interface was applied in both cases.
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although the synclines become increasingly filled with eroded sediments. Maximum topographies are of
the same order of magnitude in both cases. However, some small differences in the fold pattern can be
noticed. For example, the triple linkage on fold 3, in experiments 7 and 8, has disappeared in experiment 9,
under high to intensive erosion.

In order to see how surface processes affect exhumation and fold growth, we present a few horizontal cross
sections of the lithology at the reference level of 6.5 km, at the end of the simulations (Figure 6). Results
show that erosion amplifies the fold growth and therefore deeper layers are exhumed faster (compare, for
example, experiment 9 with experiment 8, or experiment 3 with experiment 2, in Figure 6). In a next set of
experiments (experiments 10–13), we employ a lower background strain rate of 10215 (Figures 7 and 8), in
order to test cases when the erosion characteristic time scale is comparable to, or significantly larger than
the tectonic characteristic time scales. The initial random noise is the same as in the previous models.
Results generally support the previous findings that erosion increases the fold growth and exhumation
rates, but does not affect the folding pattern (Figures 5 and 7). However, if we compare the horizontal sec-
tions in Figures 6 and 8, we see that when applying lower background strain rates, deeper lithologies are
found at the same reference level. This indicates that exhumation of rocks is more pronounced for models
with lower background strain rates, where the erosion characteristic time scale is comparable to or larger
than the tectonic characteristic time scale, suggesting that erosion enhances exhumation.

In order to study the lateral interactions between the fold and thrust belt and to have more three-
dimensional arrays of folds, we performed a set of high-resolution simulations with a larger domain and

Figure 4. Model surface topographies for different erosional regimes, taken after approximately 20% of shortening. Elevation is plotted
with respect to a reference level of 6.5 km from the model base, which corresponds to the interface between sticky air and the uppermost
layer when no slope is employed (red square in Figure 2).
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background strain rate of 10214. Erosional parameters are given in Table 3, and the mechanical parameters
were mentioned above in section 3. The overall results are similar to our previous findings. When the
regional slope is steeper, the folds present larger aspect ratios and a higher degree of cylindricity (Figure 9).
In the case of the higher regional slope, the folds develop first at the lower and upper boundaries. During
compression and development of long anticlines at the lower boundary, the river network which was previ-
ously transverse, is progressively deflected by the growing structures with local reversion of rivers. This
results in a discontinuity of the drainage network at large scale, and to its restriction to local basins that
formed between the anticlines. We see as well that increasing the regional slope enhances the efficiency of
the erosion and allows a faster development of the drainage network (compare regional slope 0.04% and
0.33% after 3% of shortening in Figure 9).

Running higher-resolution models also allow us to confirm the validity of our previous low-resolution mod-
els. Indeed in these low-resolution models, the location of folds as well as the development of folds at both
upper and lower boundaries with increasing the regional slope could be debated and inferred to bounda-
ries effects. However, we observed similar behavior in our high-resolution models. The location of folds is
mainly controlled by the initial random noise at the salt-sediment interface, consistent with previous find-
ings [Fernandez and Kaus, 2014; Schmid et al., 2008].

Contrary to previous studies, which demonstrated the influence of sedimentation on fold wavelength
[Simpson, 2004c] or on the external development of fold and thrust belts [Fillon et al., 2013], sedimentation
does not seem to have much effects on the fold patterns in our simulations. Its effect is rather secondary
and consists in amplifying the fold growth rate by loading of the synclines (i.e., gravity).

4.2. Effect of Preexisting Drainage Network
In order to better understand whether erosion controls the folding pattern, or whether erosion has a more
indirect effect by modifying the initial random perturbation at the surface, we performed several tests in
which the coupling with the mechanical model was activated only after a drainage network was already
developed. We used the same mechanical and erosional parameters as for experiment 8 (Table 3). The
upper surface of the model is exposed to the surface processes model for ca. 1 Ma, while the mechanical
code was not activated. After this time, a river network formed with changes in elevation on the order of
100 m between the river valleys and adjacent mountains. As such, it thus adds additional perturbations to
the initial model, which are of similar order of magnitude as the initially imposed random noise at the salt-
sediment interface. Results show that the presence of a drainage network before tectonic deformation has
a strong effect on the pattern and development of folds. The amount of shortening needed to initiate fold-
ing is strongly reduced (<10%) if an initial drainage network is present, and the folding pattern presents
some slight differences (see vertical cross sections in Figure 10 and topography evolution in Figure 11).

In most previously discussed simulations (low-resolution models), three quasi-cylindrical folds formed due
to lateral growth of randomly distributed embryonic fold segments. All folds had similar (low) amplitude,

Figure 5. Vertical cross sections for different erosional regimes, taken orthogonal to the x axis and in the middle of the y axis. The section AA0 is shown in white in Figure 4.
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wavelength, and low aspect ratio (Figure 11A), and the top of the anticlines was at the same altitude. When
a preexisting drainage network is present, folds 1 and 3 (Figure 11B) show much higher amplitude and
lower aspect ratio, for a same amount of shortening. In contrast, fold 2 (which develops in the middle of the
domain) shows very little amplitude and a higher aspect ratio compared to folds 1 and 3 (Figures 10 and
11). It also shows lower topographic height than the two others. The triple linkage that occurred on fold 3
in the previous simulations is no longer present. Folds 1 and 3 are true cylindrical folds. Fold 2 represents a
slightly more complex geometry and seems to consist of both lateral propagation and integration of
another segments (left side), which resemble like a tentative of triple linkage that would have failed. The
growth rate, and as consequence, the exhumation rate are much more enhanced on both sides of the
domain, compared to the middle (Figure 12).

5. Discussion

5.1. General Observations
Our results are in good agreement with previous two-dimensional models performed at larger length
scales [Avouac and Burov, 1996; Beaumont et al., 1992; Kaus et al., 2008; Willett, 1999], as well as with ana-
logue models of accretionary wedges [Konstantinovskaia and Malavieille, 2005], which have demonstrated

Figure 6. Horizontal cross sections for different erosional regimes, taken at the reference level and after approximately 20% of shortening.
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that erosion has a strong effect on the deformation. Erosion mainly enhances the relief, and thus enables
the exhumation of deeper rocks [Burbank, 2002; Willett, 1999]. In this study, the isostatic compensation is
not taken into account as we focus on crustal-scale models, but erosion and deposition still have the
capacity to enhance the exhumation rate by unloading of anticlines and loading of synclines. The result-
ing mass redistribution amplifies folding by gravity [see also Burg et al., 2004]. It also reduces the amount
of shortening needed to initiate folding. Below, we discuss the effects of a preexisting drainage network
as well as those caused by surface processes and a regional slope.

5.1.1. Effects of Surface Processes and Regional Slope
If no regional slope is applied to the model, surface processes do not strongly influence the deformation,
and have only a visible effect in enhancing the growth rate when high to intensive fluvial erosion is pre-
scribed (Figures 4 and 6, experiment 3). Specifically, in order to be able to incise and remove sediments
from the model, a minimum relief needs to be present, which usually occurs only after the layers started
to buckle. During the phase of thickening, the entire surface is uniformly uplifted and stays rather flat,
which does not allow the drainage network to develop. Increasing the steepness of the regional slope has
two major effects on the deformation pattern. First, it increases the efficiency of the drainage network,
which removes more material in the first stages of deformation (Figure 9). This results in an increase of
the fold growth and a diminution of the amount of shortening to initiate buckling. The second and
strongest effect is that when a regional slope is employed, spatial variations in thickness of the uppermost
layer are introduced within the model. When the surface processes model is activated, two types of per-
turbations are present within the model. The first one is the random noise used in the SPM to initiate inci-
sion of rivers, while the second is the thickness variations in the uppermost layer introduced by the

Figure 7. Model surface topographies for different erosional regimes, taken after approximately 20% of shortening. A strain rate of 10215

was considered.
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regional slope. The 5 m of random noise in the SPM can be considered as negligible compared to both
the 150 m of the background perturbation in the mechanical code, and the ca. 300 m of spatial resolution.
The thickness variations introduced by the regional slope, in contrary, are of the same order of magnitude
as the background perturbation, and have the potential to modify the fold growth rate. Folding of a single
viscous embedded layer in a matrix is controlled by the viscosity contrast between the layer and the
matrix, the layer thickness and the initial perturbation prescribed at the layer interface [Biot, 1961; Fletcher,
1991, 1995; Ramberg, 1964]. Higher amplification of small wavelengths is associated with smaller layer
thicknesses when an out of phase perturbation is applied to the layer [Mancktelow, 2001]. In the case of a
multilayer folding, the instability can extend to the entire stack [Cobbold, 1976] and the viscous layers
behavior (as individual layers or as one single layer) depends on the interlayer spacing [Schmid and Pod-
ladchikov, 2006]. Also fold amplification rates and dominant wavelengths selection are controlled by the
ratio between the salt and sediment cover thickness [Schmalholz et al., 2002]. Therefore, when a regional
slope is used, it introduces a wedge-shaped geometry to the model, which has two main effects. The first
is to modify the initial perturbation by changing the ratio between the initial random perturbation and
the layer thickness, resulting in amplification of the growth rate in the thinnest parts of the model. The
second is to amplify the cylindrical component of the dominant wavelength [Fletcher, 1995], resulting in a
more linear distribution of the embryonic fold segments. The most likely reason for this is that the initial
wedge-shaped geometry tries to flatten due to gravity (and reach isostatic equilibrium) and therefore
flows on the weaker underlying salt layer. This induces a two-dimensional flow pattern, and as a result the
first folds that form are linear and in the vicinity of the upper and lower boundaries. However the varia-
tions in thickness are relatively low and smooth in most models (i.e., the regional slope is <0.33% and
spatial variations in the directions normal to compression is not considered) compared to the physical
model, and even if the fold growth can be affected, the wavelength of the folds does not vary significantly
as a result of this.

Figure 8. Horizontal cross sections for different erosional regimes, taken at the reference level and after approximately 20% of shortening.
A strain rate of 10215 was considered.
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5.1.2. Effects of the Presence of a Preexisting Drainage Network
In the case of a preexisting drainage network, the initial surface topography has been exposed to erosion
such that a considerable amount of sediments have been removed. Simultaneously more roughness in the
topography was introduced as a result of fluvial incision. There is thus an initial spatial variation in thickness
in both x and y directions. As previously, higher fold amplifications would be expected in the thinnest part
of the layer. In other words, folds will grow preferentially at the compression front and where the fluvial inci-
sion has been the deepest (i.e., in the upward part of the model). If at these locations, channels were at
more or less the same elevation, folding growth rate would tend to be rather uniform, resulting in the
development of a cylindrical fold. This is likely to be the case in numerical simulations where we consider a
linear slope and a constant erodibility throughout the entire domain. Moreover, due to gravity the initial
wedge-shaped geometry has the tendency to flatten, resulting in positive and negative vertical velocities at
the lower and upper boundaries, respectively. The combined gravitational and erosional effects result in
deformation that is localized to the two cylindrical folds on each sides of the model, limiting the growth of
the structures in the middle part. This effect is more pronounced in the case of a preexisting drainage net-
work, suggesting that erosion can also modify the fold growth rate locally. The initial exponential growth of
the folds [Biot, 1961; Fletcher, 1991, 1995] would progressively decrease and stop when folds get locked
[Schmalholz and Podladchikov, 2000], allowing the propagation of deformation and growth amplifications of
the other structures.

To summarize, the results of our coupled 3-D mechanical and surface processes simulations have shown
that whilst the primary control on the location of folds is determined by the initial random noise at the salt-
overburden interface [see also Schmid et al., 2008], and the fold growth by the viscosity contrast between
the layers and the initial amplitude of the random noise, surface processes can influence the dynamics of
the folding process. While erosion tends to reduce the amount of shortening needed to initiate folding and

Figure 9. Evolution of the topographic elevation with increasing shortening for a regional slope of (A) 0.04% and (B) 0.33%. The drainage
network is shown in light blue.
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to increase the exhumation rate, sedimentation in the synclines tends to amplify the fold growth rate by
gravity. However, surfaces processes do not seem to influence the folding pattern within the fold and thrust
belt, nor the location of folds. The main effect of surface processes is rather indirect and resides in its ability
to create rough topography and therefore to amplify the background perturbation, which initiates the
entire folding processes (i.e., due to the presence of an initial nonzero topography, considering either a
regional slope or a preexisting drainage network).

5.2. Comparison With Previous Work
5.2.1. Comparison to Thin-Plate Models
The general observations that the ability of surface processes to influence deformation is mainly dependent
on the regional slope b and the efficiency of surface processes with respect to tectonic uplift (i.e., ratio
between erosion and deformation time scales) are similar to those of Simpson [2004a, 2004b]. However, the
deformation pattern we observed in our models is quite different due to the use of a fully 3-D tectonic
model.

When a thin-plate model is used [Simpson, 2004a, 2004b, 2004c], the folds are purely cylindrical for the case
where no surface processes are applied, then evolve into en-�echelon folds pattern and doubly plunging
folds once the efficiency of the drainage network is increased (i.e., by increasing the regional slope or the
fluvial incision). When a regional slope is considered, higher folds amplitude and buckling initiation occur
near to the upper boundary (away from the compression front), which enhances the river incision, allowing
the persistence of a transverse drainage network. The variations in thickness of the plate are likely to be of
secondary importance.

In contrary, in our simulations, we consider a fully three-dimensional model of deformation (multilayer
setup), where the number, the thickness variation and the spacing of the viscous layer would strongly
influence the fold growth rate and the dominant wavelength selection [Kaus and Schmalholz, 2006;

Figure 10. Temporal evolution of two vertical sections of the model, (A) for the case where the drainage network develops simultaneous with folding and (B) for the case where it was
emplaced before folding starts. A preexisting drainage network enhances fold growth but does not result in significantly different fold wavelength.
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Schmalholz et al., 2002; Schmid and Podladchikov, 2006]. As the results have shown, variations in thickness
of the uppermost layer (in one or two directions) can greatly modify the fold pattern by increasing the cylin-
drical component of the dominant wavelength and the amplitude of the initial perturbation. With our

Figure 11. Evolution of the model surface topographies with increasing shortening rate, (A) for the case where the drainage network
developed in the same time as folding and (B) for the case where it was emplaced before the folding.
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model, folds develop as doubly plunging structures that link to form quasi-cylindrical long train folds even
in a pure mechanical setup (no surface processes), and evolve toward ‘‘true’’ cylindrical folds while increas-
ing the efficiency of surface processes. When a regional slope is considered, buckling occurs at the regional
front where the sedimentary pile is thinner, resulting in a disconnection at large scale and local reversal of
the drainage network. As a consequence, simple local drainage systems are now restricted to anticlines,
and have lost their capacity to localize the deformation.

The difference in the folding patterns observed between Simpson [2004a] and our models are attributed to
the fact that our 3-D models are sensitive to thickness variations, and the location of buckling onset, as well
as its amplification. When buckling occurs at the upper boundary away from the compression front, the

Figure 12. Exposed lithologies with increasing shortening rates (A) for the case where the drainage network developed in the same time
as folding and (B) for the case where it was emplaced before folding.
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drainage network is still connected at large scale, while when it occurs at the compression front, rivers
quickly loose their incision capacity and tend to be reversed. Thus, the capacity of surface processes to influ-
ence three-dimensional folding is related to the length scale over which sediment transport takes place
[Simpson, 2004a] and is greatly depending on the temporal persistence of transverse drainage and a large-
scale connectivity of the drainage network. Two other differences noticed between Simpson [2004a] and
our models, which may explain why a transverse drainage network cannot be sustained throughout the
growing structures, are:

1. The slope steepness is a factor of 10 lower in our simulations.

2. The amount of shortening needed to initiate buckling is higher in most of our simulations (low resolu-
tion), resulting in a general uplift of the entire model that decreases the river incision capacity.

In our numerical model, for the physical domain and viscosities considered, a regional slope of 1% is suffi-
cient to localize deformation at the compression front, resulting in the development of a single, large ampli-
tude cylindrical fold. In order to have an array of folds that are more similar to those observed in natural
fold-and-thrust belt, we should therefore use smaller slopes. The observed differences in the amount of
shortening required to initiate folding, between our simulations and thin-plate models, can be explained by
the difference in the dominant growth rate that developed in the different models (i.e., thin-plate versus 3-
D models).

5.2.2. Occurrence of River Incision at the Anticline Culmination
Another feature reported by Simpson [2004a, 2004b] and observed in nature [Oberlander, 1985], but which
is not present in our simulations, is the occurrence of rivers cutting at the culmination of anticlines. The
likely explanation is that the drainage network in our simulations is disconnected, and thus does not have
the capacity to localize the deformation. Another possible explanation resides in the choice of the erosional
parameters between the different lithologies. In order to explain transverse drainage in an orogen, Ober-
lander [1985] proposed a combined model of antecedence and superposition in a sequence containing
resistant limestone formations separated by large amount of easily erodible flysch-like sedimentary rocks. In
our simulations, we assumed a constant rainfall through time and space and prescribed the same erodibility
for the different mechanical layers. Whilst this assumption is unlikely to be valid in nature, in this work, we
focused on understanding the systematics of the coupled system. We also note that in general, the ero-
sional parameters exhibit a high degree of variability and large uncertainties [Braun, 2006]. Thus, when
using coupled models to understand the geomorphology of a specific region, those parameters are usually
chosen arbitrary in order to fit a true landscape. Moreover, due to the difference of the characteristic time
scales at which tectonic and surface processes occur, fully coupled models tend to use large time steps
within the SPM (e.g., on the order of hundred years) and often assume a constant rainfall in space and time.
As a consequence, sudden and catastrophic events such as flood due to high seasonal rain will not be cap-
tured. Such spontaneous rainfall events can however have a high incision potential, especially in desert con-
ditions (e.g., Zagros or Makran, Iran), where the soil is not able to absorb the water, resulting in important
river floods that can possibly cut through anticlines.

To summarize, we observed that in our simulations, a higher erosional efficiency results (e.g., steep slope
and/or high fluvial incision) in a higher background perturbation and therefore in larger fold amplification
velocities. Folding dominates over river incision and the drainage system is disconnected at large spatial
scales. Surface processes would thus only have an influence in the exhumation rate and potentially, at local
length scales, in the preservation of some structures such as the triple linkage of embryonic folds. However,
the general three-dimensional fold pattern of the entire fold and thrust belt will not show much variations.
In order to ensure long-range sediment transport, and to be able to see the potential influence on the fold
pattern, the initial geometry, and boundary conditions of the model should be modified. A setup similar to
Ruh et al. [2013] where the bottom sheet is pulled out below a rigid backstop, such as in analogue modeling
[Konstantinovskaia and Malavieille, 2005] would be more appropriate to address this. With such a configura-
tion, folds develop in sequence with the deformation front moving away from the rigid backstop.

5.3. Applications
Due to the choice of transport law and formulation of our surface processes model, together with the lin-
ear viscous rheology we have utilized, our model results can only be applied to orogens where the
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deformation style is dominated
by folding, and where transport-
limited conditions in rivers are
dominant, such as the Zagros
Folded Belt (ZFB) in Iran. The
main outcomes of our simula-
tions concerning the competi-
tion between folding and
surface processes can certainly
be applied to other natural
folding-dominated systems as
well, such as in the Folded Jura.
Yet, the Zagros is an ideal appli-
cation area, as previous work
clearly demonstrated that it is at
the folding-dominated end of

fold-and-thrust belt. Therefore, we limit our discussion below to the limitations and applications of each
model (i.e., LaMEM and the SPM) to the ZFB.

5.3.1. Limitation of the Mechanical Model and Its Application to the ZFB
Indeed the deformation style of the ZFB has often been explained by buckling of the sedimentary cover
above a basal weak layer, represented by the Hormuz salt [e.g., Colman-Sadd, 1978; Mouthereau et al., 2012;
Yamato et al., 2011]. The largest detachment folds are observed in the Fars Arc where the salt layer reaches
up to 2 km in thickness [Colman-Sadd, 1978]. Seismic data [Jahani et al., 2009] suggested that there is no
relationship between folding and major thrust ramps, and that the cover folding primarily results from the
growth of buckle folds (see Mouthereau et al. [2012] for a review and discussion about the deformation style
in the ZFB; Schmalholz et al. [2002]). In the Fars province, the fold pattern is characterized by regular, quasi-
periodic folds, with wavelength of 15 km in average [Mouthereau et al., 2007; Yamato et al., 2011] and axial
lengths than can be longer than 100 km [Mouthereau et al., 2007]. Ramsey [2008] proposed that those long
train folds actually result from the lateral propagation and linkage of small segments. These folds character-
istics are reproduced in our simulations (Figure 3). However, the thickness ratio between overburden and
salt used in our simulations is different that the one observed in the Fars Province. The choice of such a ratio
is partly related to the findings discussed in Yamato et al. [2011], who used a 2-D numerical model with a
visco-elasto-plastic rheology. They used the same thickness ratio as the one of the stratigraphy proposed
for the Fars Province, and showed that in order to reproduce the characteristic fold wavelength, growth
rate, and morphology of the fold in this area, they should consider weak layers within the overburden and
have a rather small friction angle of the brittle materials. As we use linear viscous rheologies, we need to
employ a thicker detachment level in order to obtain similar growth rates and wavelengths to the one
obtained by Yamato et al. [2011] with nonlinear materials.

5.3.2. Limitation of the Surface Processes Model and Its Application to the ZFB
Pounding of syntectonic sediments occurs preferentially behind those long anticlines, and was already
observed in previous numerical models [Tucker and Slingerland, 1996] or in the field [James and Wynd, 1965;
Oberlander, 1965]. Moreover, transport-limited conditions would generally be favored by more erodible
rocks, inefficient transport, and large gravel fraction, as well as at high drainage areas, and reciprocally for
detachment-limited conditions [Whipple and Tucker, 2002]. Indeed, annual precipitation rates in the Fars
Province are low and easily erodible formations (e.g., shales, marls, flysch) are common [James and Wynd,
1965; Oberlander, 1965]. The Bakhtiari Fm, which is associated with folding and thickening of the ZFB [Fal-
con, 1974; James and Wynd, 1965], consists of sandstones and conglomerates, which may contain large peb-
bles. In addition several geomorphic studies [Burberry et al., 2010; Ramsey et al., 2008] showed the presence
of wind gaps, reflecting the deflection of rivers around the growing anticlines, and thus an inefficient trans-
port. Those geomorphic features can be as well observed in our simulations (e.g., Figure 9, experiments 14
and 15). Finally digital elevation model and ArcGIS analyses also reveal a longitudinal drainage network, as
well as high contributive drainage areas for the Mand river, in the Fars. Figure 13 shows a digital elevation
model the ZFB, which gives a natural comparison for our simulations.

Figure 13. Digital elevation model of the Zagros Simply Folded Belt.
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6. Conclusions

We presented a fully coupled, 3-D numerical model, which was used to study the interactions between sur-
face processes and multilayer folding. The mechanical model considers variations in density and viscosity of
an upper crust, and represents a sedimentary cover, with internal weak layers, detached over a much
weaker basal layer, representing salt or evaporites. Applied compression results in a series of buckle folds,
of which the topographic expression consists of anticlines and synclines. This topography is modified
through time by mass redistribution, which is achieved by a combination of fluvial and hillslope erosion, as
well as deposition.

The current study has shown that the surface processes have a rather minor effect on folding patterns,
which are primarily controlled by the distribution of the random (or prescribed) perturbations and the
physics of the folding instability. Their main contribution is due to their ability to strongly modify the initial
topography, prior to deformation. However, they have an obvious and strong effect in enhancing folding
by gravity, due to filling and loading of synclines and unloading of anticlines, which results in an overall
faster growth of the folds. Fluvial incision can, under certain conditions, localize the deformation; leading to
the disappearance of some tectonic features such as fold linkage, which would affect in return the sediment
routine, as well as the location of the deposition centers.

The model can be applied to the Zagros Folded Belt, which could be comparable to experiments 2, 5, and
8. The quasi-cylindrical character of the Fars long anticlines, in combination with the persistence of small,
high aspect ratio doubly plugging structures, would suggest that an initial slope between 0% and 0.1%
(experiments 2 and 5) may have been initially present.
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