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Abstract Elongation of randomly distributed fold segments and their potential linkage are important for
hydrocarbon exploration because it can greatly inﬂuence the morphology of the reservoir and both
migration and accumulation of hydrocarbons in antiformal traps. Here we study the effects of surface
processes and the presence of a topographic slope on the different linkage modes that can occur, and how
these parameters affect the required horizontal offset for perturbations to link. The proposed numerical
model represents a sedimentary cover detached over a much weaker basal décollement layer. The upper
surface is modiﬁed by mass redistribution, which is achieved by a combination of ﬂuvial and hillslope
processes. Several series of simulations were performed: (1) without surface processes or regional slope, (2)
with regional slope only, (3) with ﬂuvial incision and hillslope processes, and (4) with hillslope processes only.
Model results show that the presence of a regional slope reduces the critical distance required for the
transition between linkage and no linkage modes, whereas erosion and redeposition of sediments, on
the contrary, increase this distance. The location of the saddle point, where fold segments link, and its
vertical distance to the crests of the anticlines are different compared to the case without erosion or initial
topographic slope, which potentially can affect the morphology of hydrocarbon traps. Moreover, both
erosion and redeposition of sediments enhance the fold elongation (growth along the fold axis), once the
erosion velocity exceeds the folding velocity. Model results have been compared to the Zagros Fold Belt.

1. Introduction
Many analogue [Abbassi and Mancktelow, 1992; Cobbold, 1975; Mancktelow, 2001], theoretical [Biot, 1961,
1965, 1966; Fletcher, 1991], and numerical [Burg and Podladchikov, 1999, 2000; Schmalholz et al., 2002;
Schmid and Podladchikov, 2006] studies have investigated the mechanics of folding instability and fold
growth for various rheologies, e.g., viscous and viscoelastic [Biot, 1961], viscous power law [Fletcher, 1974],
and viscoelasto plastic [Yamato et al., 2011]. Despite notable analogue [Ghosh and Ramberg, 1968; Grujic,
1993; Johns and Mosher, 1996] and numerical [Fletcher, 1995; Kaus and Schmalholz, 2006; Schmalholz, 2008;
Schmid et al., 2008] studies, many aspects of three-dimensional folding, such as fold elongation and fold
linkage, are not fully understood. Fold linkage is important for hydrocarbon exploration, as it can greatly inﬂuence both migration and accumulation of hydrocarbons in antiformal traps [Jolley et al., 2007; Sales, 1997].
Landscape geomorphology provides an indirect observation of the tectonic activity. Surface processes and
tectonics interact to create a wide variety of landscapes. Studies of the drainage network and quantitative
geomorphic analyses can be used to understand the history of fault segments [Delcailleau et al., 2006;
Vergés, 2007]. Asymmetry of the drainage network, lateral deﬂection of rivers, and/or the presence of one or
several wind gaps can record ampliﬁcation and elongation of embryonic fold segments [Bretis et al., 2011;
Keller et al., 1999; Ramsey et al., 2008]. These fold segments would lengthen in the direction along fold axis
and link together to form long folds. This mechanism has been suggested for the Zagros Fold Belt, both in
the Fars Province [Ramsey et al., 2008] and in Kurdistan, NE Iraq [Bretis et al., 2011], where the axial lengths
of single folds can reach more than 100 km. Following the theoretical model of Bretis et al. [2011],
Grasemann and Schmalholz [2012] have numerically investigated the distance between two isolated elongating
folds to explain four different modes of linkage: (1) linear linkage, (2) oblique linkage, (3) oblique no linkage,
and (4) linear no linkage. However, the effects of surface processes on three-dimensional fold growth were not
considered in their work.
©2015. American Geophysical Union.
All Rights Reserved.
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Interactions between erosion, sedimentation, and mountain building have been extensively studied. In
general, while syntectonic sedimentation appears to control the development of basins in the external parts
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Table 1. Physical Properties of the Mechanical Model Layers
Layer
2
1
0

Description
Sticky air
Overburden
Salt

Thickness (m)
2000
1000
2000

Viscosity (Pa s)
17

10
22
10
19
10

3

Density (kg m

)

0
2700
2200

of the fold-and-thrust belts [Bonnet et al., 2007; Fillon et al., 2013; Simpson, 2006], erosion strongly inﬂuences the
hinterland evolution by enhancing crustal uplift and exhumation of rocks [e.g., Beaumont et al., 1992;
Burbank, 2002; Kaus et al., 2008; Molnar and England, 1990; Montgomery and Brandon, 2002]. Although most
studies focused on brittle deformation, a few analogue and numerical studies tackled ductile deformation
(e.g., folds), either at the scale of the fold [Contreras, 2010; Nalpas et al., 1999, 2003; Pichot and Nalpas, 2009;
Simpson, 2004a] or at the scale of fold-and-thrust belt [Simpson, 2004b, 2004c]. Sedimentation may inﬂuence the
shape and growth of folds, while erosion tends to intensify the fold growth rate. Erosion may localize deformation,
leading to an important change in the folding pattern [Simpson, 2004a]. Our recent numerical multilayer folding
experiments [Collignon et al., 2014], in which an initial random perturbation was prescribed, demonstrated that
under efﬁcient drainage network conditions, or when a nonzero initial topographic slope was applied to the
model, the type of fold linkage could be modiﬁed.
Here we systematically investigate the effects of erosion and sedimentation on linkage modes and how it
affects the maximal horizontal distance between two linking perturbations. For this purpose, we used a
coupled 3-D mechanical and surface process model as in Collignon et al. [2014].

2. Numerical Model
We used the 3-D thermomechanical code Lithosphere and Mantle Evolution Model (LaMEM) [Kaus et al.,
2012; Popov and Kaus, 2013], coupled to a landscape evolution model (both erosion and sedimentation).
LaMEM solves the equations describing the conservation of momentum and mass for highly viscous
incompressible ﬂuids in three dimensions, using a staggered grid ﬁnite difference scheme. The landscape
evolution model uses a nonlinear diffusion formulation, taking into account both ﬂuvial and hillslope
processes. The diffusion equation is discretized using the Galerkin ﬁnite element method [Zienkiewicz
and Taylor, 2000] with bilinear shape and weighting functions using four-node quadrilateral elements. A
description of both mechanical and surface process models (SPMs), as well as the manner in which they
are coupled, can be found in Collignon et al. [2014]. Both models are only brieﬂy described here, and the
governing equations are listed in the appendices. In this study, we focus on the effects of surface processes
on fold linkage and not on the deformation style (i.e., faulting versus folding). We consider conditions where
the deformation is only accommodated by folding. For this reason and for computational efﬁciency, we use
linear viscous constitutive laws. Furthermore, Grasemann and Schmalholz [2012] employed both linear and
nonlinear viscosities and showed that they give similar linkage modes.
The 20 × 40 × 5 km model consists of a thin stiff layer, resting on a weak décollement. The initial thickness
ratio of the stiff to weak layer is 0.5, and the viscosity ratio is 1000 (Table 1). We used this viscosity ratio in
order to obtain wavelengths corresponding to crustal-scale folds (i.e., on the order of 10 km), as well as for computational time reasons. Indeed, high-viscosity ratios allow a more rapid development of folds. The resulting
modeled wavelengths are in the range of those reported for the Zagros Fold Belt [Mouthereau et al., 2007]. To
localize folding at the desired location, we prescribe two geometrical step-like perturbations at the salt-sediment
interface with a length and width of 1 and 2 km, respectively, and a height of 100 m (see Figure 1 and Table 2).
These perturbations have the same viscosity as the décollement layer. The perturbations are located at
two opposite sides of the model: Perturbation 1 (P1) is ﬁxed in the middle of the y axis, whereas the other
perturbation (P2) varied along the y axis, with a prescribed offset D (see Figure 1). There is a “sticky-air”
layer above the two mechanical layers. The sticky air is used in combination with an internal free surface
to approximate a true free surface [Crameri et al., 2012]. A regional slope β is deﬁned at the interface
between the sedimentary cover and the sticky air. This is required for the SPM to generate a drainage
network. If no slope is prescribed, the drainage network can only develop after folding occurred and is
not able to affect deformation [see Simpson, 2004c]. We impose zero shear stress (e.g., σ ijtj = 0, where tj
COLLIGNON ET AL.
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is a unit vector tangent to the boundary)
on all boundaries. A Dirichlet boundary
condition is applied in the y direction as
V y ¼ εBG y, with εBG ¼ 1014 s1 being the
background strain rate and Vy the velocity
in the y direction; the x and lower boundaries have zero normal velocities, and the
vertical velocity at the top boundary is
proportional to the horizontal velocity
such that mass in the model is conserved.
The mechanical model used a resolution
of 30 × 60 × 20 elements. The marker
resolution is of 4 × 4 × 8 particles per cell
in x, y, and z directions, respectively. The
amplitude of the perturbation is 100 m
(10% of the overburden thickness), which
is close to Grasemann and Schmalholz
[2012], whose perturbation amplitude
represents 6.67% of their overburden.
Due to the different numerical methods
employed between this study (ﬁnite differFigure 1. Schematic geometry (not to scale) of the model used in this ence method) and the one of Grasemann
study. A strong layer 1 lays on weak layer 0 (parameters in Table 2). The and Schmalholz (ﬁnite element method),
top layer is sticky air. Red plane: reference level (z_ref) with which the
the perturbation amplitude in our model
topography h(x,y) = z_model  z_ref is deﬁned. For visualization
needs to be higher for similar numerical
purposes, the z axis has been exaggerated.
resolution, to resolve the perturbation
and to ensure folding localization. Although the perturbation amplitude (100 m) is smaller than the vertical resolution of our model (250 m), the perturbation is still resolved as the marker resolution is sufﬁcient
(eight markers for 250 m), even when a regional slope is prescribed. The thickness ratios of perturbation

Table 2. Parameters Used in This Study
Symbol

Unit

Deﬁnition

Lx, Ly, Lz
x, y, z
z_ref
H
h0
c
k
n
α
q
β
η
g
δ
εBG
P1,P2
D
Amax
Amid
L
ΔH

m
m
m
m
m
2 1 1-n
(m s )
2 1
(m s )
1
ms
2 1
m s
%
Pa s
2
ms
3
kg m
1
s
m
m
m
m
m

Initial dimensions of the model in x, y, and z
Coordinates
Reference level
Maximum initial elevation
Initial roughness of the surface processes model
Fluvial incision
Hillslope diffusion
Exponent for dependency of sediment transport on ﬂuid discharge
Annual rainfall
Surface ﬂuid discharge
Regional slope (deﬁned by H/Ly*100)
Viscosity
Gravity
Density
Background strain rate (in y direction)
Initially prescribed perturbations
Initial distances between the prescribed perturbations
Maximum amplitude
Amplitude in the middle of the prescribed perturbations
Low limb-dip wavelength developing in the numerical simulation
Difference in elevation between the saddle point and the crest of
the anticline
Shortening
Time

S
t
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a

Table 3. Summary of the Simulations
Slope (%)
0
0
0
0.125
0.125
0.125
0.5
0.5
0.5
0.75
0.75
0.75
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
a

Hillslope Diffusion (k)
31

10
31
10
31
10
31
10
31
10
31
10
31
10
31
10
31
10
31
10
31
10
31
10
11
10
11
10
11
10
11
10
11
10
11
10
11
10
11
10
11
10
7
4 × 10
7
8 × 10

Fluvial Incision (c)

Offset (D)

Linkage

0
0
0
0
0
0
0
0
0
0
0
0
10
10
10
50
50
50
100
100
100
0
0

7.5
8
8.5
7.5
8
8.5
7.5
8
8.5
7.5
8
8.5
7.5
8
8.5
7.5
8
8.5
7.5
8
8.5
8
8

X

Locking

No Linkage

X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X

The cross (X) speciﬁes which linkage mode is obtained: Linkage, locking, no linkage.

to overburden are, however, modiﬁed when a nonzero initial topographic slope is prescribed to the
model, leading to different growth rate: higher thickness ratios result in higher fold growth rates
[Collignon et al., 2014]. For the SPM, the boundaries normal to the direction of compression are deﬁned
as base levels and are kept at constant elevation during a tectonic time step. Zero ﬂux is prescribed on
the other boundaries. The topography is updated after every mechanical time step, implying that the
base level is only kept at constant elevation between two mechanical time steps while the SPM is run. The resolution of the SPM mesh is 5 times higher than the one used for the tectonic model (i.e., 150 × 300 elements). A
previous study has shown that using resolution factors lower or equal to 10 did not inﬂuence the results
[Collignon et al., 2014]. To initiate river incision, we prescribe a random noise of 1 m amplitude at the topography
surface. The same random noise was employed in all the simulations. Physical parameters used in this study are
summarized in Table 2.

3. Results
A series of simulations were performed with different erosional intensities, by varying the regional slope,
the ﬂuvial incision, and/or the hillslope diffusion (see Table 3 for a summary of all simulations). For each
simulation, only one parameter was modiﬁed to better understand the relative inﬂuence of the regional
slope, the ﬂuvial incision, or the hillslope processes. In the next remaining part of this paper, upper ( y = Ly),
lower (y = 0), right (x = Lx), and left (x = 0) parts of the model surface will be referred as north, south, east,
and west, according to the north arrow used in ﬁgures. We will refer to the fold segments that developed
above the initial prescribed perturbations P1 and P2 as F1 and F2, respectively. In our study, we mainly refer
to the antiformal structure of the fold. Terminology used in the literature to describe 3-D fold growth can be
misleading [Frehner, 2014, and references therein], especially for the two horizontal growth directions. We
employ in this study the following terminology:
1. Fold ampliﬁcation (z axis) is for the vertical growth.
2. Fold elongation (x axis) is for the growth along the fold axis.
3. Sequential fold growth (y axis) is for the growth in the shortening direction. It describes the growth of additional
fold segments adjacent to the initial isolated fold.
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Figure 2. Evolution through increasing bulk shortening for three simulations with three distances between perturbations
P1 and P2. Each simulation illustrates one of the linkage modes: linkage, locking, and no linkage. No surface processes
or initial topography were considered.
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The sequential growth reﬂects the development of the full folding structure (development of several fold segments) that results
from the three-dimensional growth of an
instability and is not restricted to a single
fold segment. Fold ampliﬁcation and fold
elongation are usually used to describe
the growth of a single fold segment.
3.1. Linkage in the Absence
of Surface Processes
To understand how erosion and sedimentation affect fold linkage, we ﬁrst need to
know for which initial distances or offsets,
D, between two perturbations fold segments
link (or not) in the absence of erosion
Figure 3. Ratio of Amid/Amax versus D/L obtained in simulations with
and sedimentation (Figures 2 and A1).
linear viscous materials (after a bulk shortening of 38%). Change in
sign of Amid/Amax indicates transition from linkage to no linkage
The critical distance, Dcrit, corresponds to
and occurs for values of D/L between 0.6 and 0.8. The surface
the minimal offset D above which fold
explains where Amid and Amax are measured and how D and L were
segments no longer link. In a ﬁrst set of
considered.
simulations, we investigated different
values for D: every 2 km from 0 to 14 km
and every 500 m between 7 and 9 km, as
8 km appears to be the critical distance, Dcrit. For this value (Dcrit = 8 km), the fold segments F1 and F2
are locked by the sequential growth of the perturbations and the growth of adjacent fold segments.
Folds are considered locked when they do not elongate anymore due to the interactions with other
segments. Elongation of F1 and F2 is stopped, and they do not link with other fold segments. The locking
case may resemble a triple linkage, where three fold segments link together at a single point, in a
fork-shaped-like pattern, for less than 40% of bulk shortening (Figure 2). However, F1 and F2 will not link
with any fold segments with increasing shortening in the case of locking. Instead, fold segments in north
and south of the model respectively link and prevent the elongation of F1 and F2. F1 and F2 link when
D < Dcrit, while they do not link for D > Dcrit. Instead, F1 links with another fold segment that forms to
the south of F2 by sequential growth of the perturbation P2. Similarly, F2 links with a fold segment that
forms to the north of F1 by sequential growth of the perturbation P1. The horizontal distance (y direction)
between F1 (or F2) and the segment south of F2 (or north of F1) is smaller than the horizontal prescribed
offset D between F1 and F2. Consequently, F1 and F2 will link with these adjacent segments rather than
together. The measured wavelength of F1 and F2 is ~ 13.2 km. A critical value of 8 km for the locking case
is obtained for the setup employed in this study. However, changing the viscosity contrast between layers
and the background strain rate will modify fold growth rates and wavelengths of the perturbations and
thus the value of the critical distance between linkage and no linkage modes. Two dimensionless ratios
(Figure 3) are introduced to deﬁne the transition from linkage to no linkage modes [Grasemann and
Schmalholz, 2012]. The ﬁrst is the ratio of the initial distance, D, to the low limb-dip wavelength developing
in the numerical simulation, L (Figure 3). The second is the ratio of the amplitude of the symmetric point
between both perturbations (Amid) and the maximum amplitude (Amax). The transition from linkage to no
linkage occurs when the ratio Amid/Amax changes sign and when the ratio D/L is close to 0.6 (Figure 3). This
is valid for the case where no surface processes or initial topographic slope were applied to the model. As soon
as surface processes are present, the maximum elevated areas are eroded and sediments are redistributed,
resulting in a higher saddle point (and positive Amid coordinates) than in the case without surface processes.
The distinction between linkage and no linkage was done, by considering both the surface topography and
surface folding velocities.
3.2. Inﬂuence of an Initial Topographic Slope on Fold Linkage
A second series of simulations was performed to investigate the inﬂuence of a regional slope β on the fold
linkage. We considered D values every 500 m between 7 and 9 km. Fluvial incision was set to zero (c = 0)
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Figure 4. Model surface topographies after ca. 1.5 Ma and 38% shortening for different regional slopes (0, 0.125, 0.5, and
0.75%) and distances, D (7.5, 8.0, and 8.5 km), between two initial perturbations.

and the hillslope diffusion to a low value (k = 1031 m2 s1), essentially eliminating erosion and
sedimentation. Increasing the regional slope tends to reduce the critical distance, Dcrit (Figure 4). For
example, fold segments F1 and F2 link for D = 7.5 km and β ≤ 0.125%. The fold pattern resembles a triple linkage
when the prescribed slope is 0.5%, and it is unclear whether F1 will link with F2, the fold segment that developed south of F2, or both when increasing shortening (Figure 4). F1 may also not link with any segments, leading to a locking case. Fold segments F1 and F2 do not link for higher regional slope ( β = 0.75%). They instead link
with the fold segments that developed during the sequential growth of P1 and P2. The resulting long folds
show a higher degree of cylindricity. When there is no regional slope, perturbations P1 and P2 amplify and grow
similarly in all directions (x,y,z). After a bulk shortening of 38% (Figure 4), F1 and F2 correspond to the same
maximum topographic elevation. F1 still corresponds to the maximum topographic elevation with increased
regional slopes, while F2 is at lower elevation than F1 or some fold segments that developed in the southern
part of the model. According to the topographic elevation in Figure 4, fold segments in the southern part of
the model domain grow faster than in the northern part when a regional slope is prescribed.
Moreover, the coordinates (x,y,z) of the saddle point, where two fold segments link, are lower for higher regional
slope β. The saddle point is then shifted to the southwestern part of the model (Figure 5). The difference in
elevation between the saddle point and F1 (or F2) fold crest, ΔH, generally tends to be higher with increased
COLLIGNON ET AL.
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Figure 5. (a–c) Evolution, with increasing regional slope, of the coordinates of the saddle point for offsets D = 0, 2, 4, 6, and
7 km between perturbations P1 and P2. (d) Evolution, with increasing regional slope, of the difference in elevation
between the saddle point and the fold crest.

regional slope β and offset D. Speciﬁcally, ΔH remains at low values and does not show much variation with
increased β when D = 0 (linear linkage). ΔH increases with β for any values of D smaller than 5 km. ΔH decreases
when D > 5 km and β ≤ 0.25% and increases when D > 5 km and β > 0.25% (Figure 5).
3.3. Inﬂuence of Erosion and Sedimentation on Fold Linkage
In the next series of simulations, we study the effects of erosion and redeposition of sediments on fold linkage.
We ﬁrst considered the effects of both ﬂuvial incision and hillslope diffusion (Figure 6). For this purpose, we
employed the SPM previously described (nonlinear diffusion law). We then investigate only the effects of
hillslope processes, using a simple linear diffusion law [Culling, 1960]. As in previous simulations, we investigated
the different cases with D = 7.5, 8, and 8.5 km, focusing now on a regional slope of β = 0.5% (Figure 6). This slope
value allows the quick development of an incising drainage network, which has the possibility to affect the fold
pattern [Simpson, 2004c]. Without erosion and sedimentation (c = 0 and k = 1031 m2 s1), F1 and F2 do not link
when D ≥ 8 km and β = 0.5%. Instead, F1 links with a fold segment south of F2, and similarly, F2 links with a fold
segment north of F1, which formed during sequential growth of perturbations P1 and P2. Elongation of F1 and
F2 seems impeded when D = 7.5 km and β = 0.5%. At this stage, it is unclear whether F1 will link with F2, the fold
segment south of F2 or both when increasing time and shortening. F1 and F2 may as well be locked with
increased time and shortening. We here aim to ﬁnd which linkage mode (no linkage, linkage, or locking) is
favored by erosion and sedimentation.
The critical distance Dcrit increases with increased erosion and sedimentation, independently from the SPM
(nonlinear or linear diffusion) used in this study. F1 and F2 are able to link for larger initial offsets D than when
no erosion and sedimentation are considered. Results obtained with both SPM are described next.
3.3.1. Fluvial Erosion (Nonlinear Diffusion)
Hillslope diffusivity (k) is set to 1011 m2 s1 for c > 0 and to 1031 m2 s1 for c = 0. Fluvial incision has the
capacity to affect the fold pattern for values of D up to 8 km only. As an example, F1 and F2 now link
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Figure 6. Model surface topography after ca. 1.5 Ma and 38% shortening for ﬂuvial incision coefﬁcients c = 0, 10, 50, and
100 and offsets D = 7.5, 8, and 8.5 km between two initial perturbations P1 and P2. Regional slope β = 0.5%.

(Figure 6) for D = 7.5 km and high ﬂuvial incision (c ≥ 50). We observe a progressive transition with increasing
ﬂuvial incision from the case, which resembles a triple linkage and where it is not obvious if F1 will link with
F2, the fold segment south of F2, or both, to a case where F1 and F2 truly link. Fold segments become more
and more disconnected with increasing ﬂuvial incision and their linkage is different (Figure 6). The fold
segment south of F1 links with the one south of F2. In the case without erosion and sedimentation, the
fold segment south of F1 links with the lowermost right (southeast) fold segment, developing at the lower
boundary. Under high erosion, this latter fold segment does not topographically express. The fold pattern
resembles a triple linkage when D = 8 km and c = 100, and it is unsure if F2 will link with F1, the fold
segment north of F1 or both.
The temporal evolution of both the topography and the folding velocity is shown in Figure 7 for the case
without and with erosion and for D = 8 km. The folding velocity corresponds to ampliﬁcation of the initial
perturbation at the salt-sediment interface and was differentiated from the uplift associated with thickening
during compression. Folding velocity was computed using the vertical velocity (total uplift) obtained in the
numerical model, from which the kinematic velocity (pure shear thickening), associated with the background
strain rate, was extracted:
V zfolding ¼ V zsurface * V char  Z surface * εBG;
(1)
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Figure 7. Evolution of the topography and folding velocity with increasing time and shortening for cases without
31 2 1
11 2 1
m s ) and with high ﬂuvial erosion (c = 100, k = 10
m s ). Initial regional slope β = 0.5 %
erosion (c = 0, k = 10
and initial distance D = 8 km.

where V zfolding is the folding velocity, V zsurface the vertical velocity in non-dimensional units, Zsurface the coordinates
of the surface, εBG the background strain rate, and Vchar the characteristic velocity. In simulations with erosion, one
can expect the folding velocity to be affected by ﬂuvial incision, as the model considers a feedback between
mechanics and surface processes. Both topography and folding velocity patterns show some variations
between cases with and without erosion. However, these variations become visible only after 18% shortening
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31

2 1

Figure 8. Time evolution of the topography and velocities for a case without erosion (c = 0, k = 10
m s ). Total
velocity = sum of the folding and erosion velocities. The black contour line at 0. Initial regional slope β = 0.5 % and initial
distance D = 8 km.

and 0.63 Ma (Figure 7). The variations in the topographic folding pattern for both simulations have been described
above. The evolution of the folding velocity pattern (looking at the maximum velocity) shows that in cases both
with and without erosion, fold segments F1 and F2 initially developed above P1 and P2, after which new fold
segments formed adjacent to F1 and F2 (in the direction of shortening), as a result of sequential growth of the
perturbations P1 and P2. The maximum velocity shifts from F1 and F2 to the adjacent fold segments,
principally to the one located in the southern parts of the model, due to the presence of a thinner overburden.
The folding velocity globally decreases with increased time and shortening when no ﬂuvial incision is
considered. At the end of the simulation, the maximum velocity in the case without ﬂuvial incision is located at
the lowermost right (southeast) fold segment, due to boundary conditions (the strain rate is applied at this
boundary). The maximum folding velocity is reached at approximately 18% shortening and 0.63 Ma.
The maximum folding velocity is reached later, at approximately 23% and 0.83 Ma when ﬂuvial erosion is
present (Figure 7). In this case, the maximum folding velocity remains longer at the locations of F1 and F2,
before being shifted to the lowermost left fold segment (southwest). This may explain why the lowermost
right fold segment does not topographically express with ﬂuvial erosion. Folding velocity is higher at the ﬁnal
COLLIGNON ET AL.
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Figure 9. Evolution of topography and velocities through time for the case with linear diffusion erosion (c = 0,
7 2 1
k = 8 × 10 m s ). Total velocity = sum of the folding and erosion velocities. The black contour line at 0. Initial
regional slope β = 0.5 % and initial distance D = 8 km.

stage of the simulation (38%) than in the case without ﬂuvial erosion (Figure 7). Linkage between fold
segments can be predicted by looking at the folding velocity pattern and its magnitude. For example, at
23% shortening folding velocity of F2 already started to decrease and is lower than the folding velocity of
the segment south of F2, when no erosion is present. In contrast, folding velocities of F1 and F2 are still high
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when ﬂuvial erosion is considered (Figure 7). The velocity of the fold segment south of F2 is similar to those of
F1 and F2. At 28%, it is clear that F1 will link with the fold segment south of F2 if no ﬂuvial incision occurs. If
ﬂuvial erosion is considered, it is unclear with which fold segment F2 will link. Increasing shortening further
(38%) enhances the chance that F2 will link with the segment north of F1. Erosion tends to modify the relative
growth of fold segments (with respect to each other), which results in different interactions and linkage
modes than when no ﬂuvial erosion is present. The fact that folding velocity remains larger in the case with
erosion compared to the case without erosion suggests that erosion enhances folding.
3.3.2. Hillslope Processes (Linear Diffusion)
In a next set of simulations, we simpliﬁed the surface processes to only one parameter, setting the ﬂuvial
incision to zero (c = 0) to quantify the relation between erosion and folding growth rate. Erosion and deposition
of sediments are here modeled as a linear diffusive process [Culling, 1960]. We considered the same initial
conditions (i.e., D = 7.5, 8, or 8.5 km and β = 0.5 %) as before but used different values of diffusivity, k
(4 × 107 m2 s1 and 8 × 107 m2 s1). The presence of an initial regional slope increases the efﬁciency of
the topography diffusion. According to the diffusion equation, one can predict the erosion velocity from the
topography knowing:
V erosion ¼

 2

∂h
∂ h ∂2 h
¼K
:
þ
∂t
∂x 2 ∂y 2

(2)

We present the evolution of topography, folding, erosion, and total velocities with increasing bulk shortening, for
the case without (Figure 8, no hillslope processes) and with erosion and redeposition of sediments (hillslope processes, Figure 9). Negative values of the erosion velocity indicate erosion, while positive values are related
to the deposition of sediments. The total velocity is deﬁned as the sum of the diffusive erosion and folding
velocities. The folding velocity pattern corresponds to the topographic fold expression (Figure 8) when
there is no erosion. The maximum folding velocities are ﬁrst located at F1 and F2 and shift progressively
to the adjacent fold segments in the north and south, with increasing shortening. The folding velocity is
maximal at approximately 0.5 Ma and 15% shortening before it starts to decrease. At 23% shortening F1
and F2 do not and will not link. Instead, F1 links with the fold segment south of F2. Both the folding topography and folding velocity pattern are strongly modiﬁed by erosion (Figure 9). F1 and F2 link, but the
other adjacent segments in the south and north of the model domain barely grow. The maximum folding
velocity remains located at F1 and F2 (Figure 9), which may explain why the adjacent segments do not
form clear topographic highs (Figure 9). The total velocity pattern in the case with erosion differs from
the pattern without erosion (Figures 8 and 9). However, these variances are only visible after approximately
0.5–0.6 Ma and 15–18% and after the peak of folding velocity (Figure 9). They occur when the total velocity
is lower than or equal to zero on the side of perturbations (black contour line in Figure 9). In other words,
changes in the folding and total velocity patterns occur when the erosion velocity becomes larger than the
folding velocity. After 15% shortening, the maximum total velocity, initially located at F1 and F2, moves laterally toward the center of the model. Positive values of the total velocity indicate that folding dominates
over erosion such that topography is still developing. The folding velocity pattern follows a similar temporal evolution. Maximum folding velocities, initially located at F1 and F2, shift toward the center of the
model, pinch out, and thin toward the sides of the model. The locations with fastest erosion coincide with
the highest topography and maximum folding velocities, at the location of F1 and F2. After 23% shortening, F1 links with F2 if erosion is present, and their wavelength is larger than without erosion.
We computed the evolution of maximum amplitude, folding, and erosion velocities (Figure 10) for a vertical
section (section AA′, Figure 10) in the direction of compression (y direction), for cases without erosion, as well
as with medium and high erosion rates (using medium, 4 × 107 m2 s1, and high, 8 × 107 m2 s1, values for
diffusivity). Transect AA′ records the growth of the perturbation P1 in z (fold ampliﬁcation) and y directions
(sequential growth). While the topographic amplitude of the fold tends to decrease, the instantaneous
folding velocity increases with increased erosional efﬁciency. This apparently contradictive observation
suggests that erosion enhances exhumation of deeper material (hence high folding velocity) but erosion is
too intense to allow fold ampliﬁcation and growth of topography.
The folding velocity differs between cases with and without erosion. We observe for the case without erosion
a ﬁrst peak around 0.5 Ma, a progressive decrease of the velocity until 1.4 Ma, before a second increase
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Figure 10. (a) Map view of the topography of one simulation after 23% of shortening. Line AA′: location of the vertical
topographic section from which the curves in Figures 10b–10d were obtained. (b) Evolution of the amplitude,
(c) evolution of the folding velocity, and (d) evolution of the erosion velocity for three different erosional regimes.
An initial regional slope β = 0.5 %, a ﬂuvial coefﬁcient c = 0, and initial distance D = 8 km. S.A.S: small-amplitude solution,
predicting an analytical solution for the initial exponential phase of growth fold [Fletcher, 1991, 1995].

(Figure 10). The ﬁrst peak corresponds to the initial exponential ampliﬁcation of P1 [Fletcher, 1991], while the
decrease corresponds to the moment where fold growth is controlled by the arclength and shortening of the
sediment layer [Schmalholz and Podladchikov, 2000]. Schmalholz and Podladchikov [2000] refer to this latter
growth as the layer length-controlled growth. The second peak corresponds to the initial exponential
ampliﬁcation of an adjacent segment in the south (Figure 9), which forms due to the sequential growth of
P1. The interpretation of the various peaks is slightly more difﬁcult for the case with erosion. The maximum folding velocity remains at the location of F1 and F2 and does not migrate toward the adjacent segments (Figure 9).
One can, however, deduce that the ﬁrst peak corresponds to the ampliﬁcation of P1 at approximately 0.53 Ma,
by comparing the evolution of the folding pattern of Figure 9, and the transect AA′ on Figure 10. The subsequent
decrease at approximately 0.63 Ma (Figure 10) corresponds to the moment when elongation of F1 is enhanced
and when the maximum folding velocity shifts laterally toward the center of the model (at 18% shortening,
Figure 9). The second peak at 0.83 Ma (Figure 10) corresponds to the maximum folding velocity (Figure 9) of
F1. The ampliﬁcation of P1 is maintained by erosion. Maximum values of erosion and folding velocities are
not in phase but present a slight shift in time. The maximum of erosion velocity occurs after the maximum of
folding velocity, which is caused by the erosion time response to tectonic forcing.
According to the evolution of the folding velocity pattern in Figure 9, erosion enhances fold elongation at
approximately 0.63 Ma. This occurs after the initial exponential growth phase, described by Fletcher [1991]
(plotted as a dotted line in Figure 10). Erosion controls fold elongation, during the phase when fold growth
is controlled by the shortening and arclength of the sediment layer [Schmalholz and Podladchikov, 2000].
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Modeled erosion is a function of topography and requires that relief must be developed to be efﬁcient and to
have the possibility of inﬂuencing the ongoing deformation. Erosion increases as rapidly as the folding
velocity during the ﬁrst exponential ampliﬁcation of the perturbation P1 (Figure 10). After this initial
ampliﬁcation phase, erosion velocity tends to stabilize, similarly to fold growth (Figures 10b and 10c).
During the exponential phase ampliﬁcation of the perturbation P1, topography developed quickly, which
triggers erosion. During the subsequent layer length-controlled growth, erosion enhances ampliﬁcation
of P1 due to unloading of the fold segment F1. Thus, after the initial exponential fold growth, folding
velocities remain signiﬁcant (Figure 10c, red and green lines), instead of decreasing as expected from
the ﬁnite amplitude solution [Kaus and Schmalholz, 2006; Schmalholz and Podladchikov, 2000] for a case
without erosion (Figure 10c, blue line). The ratio between folding and erosion velocities controls if and
when erosion can enhance fold elongation. Therefore, for high values of the diffusion coefﬁcient, erosion
velocity should be higher and the discussed effect should occur earlier (see equation (1)). However, if this
coefﬁcient is too high, then all topography is diffused and folds do not show any topographic expression at
the surface.

4. Discussion
4.1. General Observation
Results indicate that while an initial regional slope tends to reduce the critical distance for the two perturbations
to link, ﬂuvial incision and/or hillslope diffusion increases this distance. Moreover, erosion and sedimentation
strongly inﬂuence the velocity pattern and have the capacity to enhance fold elongation.
The initial regional slope introduces thickness variations in the sediment layer, which has the capacity to
modify the fold growth rate. Increasing the thickness of the overburden results in an increase of lithostatic
pressure. Consequently, folding preferentially occurs in the thinnest parts of the model where lithostatic
pressure is lower. The overburden is less competent and requires less force to bend. The fold segments in
the south will amplify and elongate faster than P2 and may link with P1, as they are now at shorter horizontal
distances than P2. However, even if the regional slope affects the fold growth rate, the wavelength of F1 and
F2 does not change. This may be explained by the fact that even though we are in a detachment folding
mode, the parameters also indicate that we are close to a gravity-controlled mode, and that gravity would
actually play a role.
Surface processes modify the folding pattern by affecting fold interactions. While erosion is enhancing the
fold growth rate, redistribution of mass by hillslope processes increases the fold wavelength. These ﬁndings
are in agreement with previous studies [Goff et al., 1996; Simpson, 2004c]. The critical distance Dcrit is thus
increased, due to the increase in wavelength of the fold segments.
However, the capacity of erosion and sedimentation to affect Dcrit or to modify the folding patterns depends
on the surface process model (i.e., linear or nonlinear diffusion law). The fold pattern is more similar to the one
obtained without erosion and sedimentation, and the critical distance is smaller with the nonlinear diffusion
model, accounting for both hillslope and ﬂuvial processes than with the linear diffusion model. This is
because erosion and sedimentation act at local scales in the nonlinear diffusion model and may localize
the deformation. In the nonlinear diffusion model, intensity of ﬂuvial incision is governed by the diffusion
coefﬁcient, which itself depends on the local slope and contributing area. Rivers developed ﬁrst on the sides
of the growing fold segments F1 and F2, where topography is the highest. Deformation can be localized at
the river if river incision is sufﬁcient enough and fold elongation can be slowed down or stopped.
However, redistribution of mass in the model remains focused around topographic heighs, and thus, the folding velocity is only affected locally. Although erosion and sedimentation enhance fold growth rates, they do
not affect the wavelength of the fold segments. This is due to the local redistribution of masses between
growing fold segments and is related to the connectivity of the drainage network at large sale. Indeed, as
discussed by Simpson [2004b], the capacity of surface processes to inﬂuence 3-D folding and modify fold
wavelength is related to the length scale over which sediment transport takes place and is greatly dependent
on the temporal persistence of transverse drainage and a large-scale connectivity of the drainage network. In
our models, however, the drainage network becomes quickly disconnected by the growth of fold segments,
reorganized, and remains located at small basins in between fold segments. Consequently, erosion and
sedimentation do not have the possibility to modify the fold pattern, and their effects remain mainly
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located on the sides of the growing fold segments. In our model, rivers cannot then favor the development
of double-plunging anticlines as suggested by Simpson [2004a]. However, previous numerical studies
[Fernandez and Kaus, 2014; Schmid et al., 2008] have shown that these anticlines could also develop
naturally, in the absence of erosion and sedimentation. To ensure long-range sediment transport, and to
be able to see the potential inﬂuence on the fold patterns, 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 conﬁguration, folds develop in sequence with the
deformation front moving away from the rigid backstop.
Distribution of mass is uniform over the entire model domain in the linear diffusion model. The folding velocity and fold pattern are then homogenously modiﬁed and not only at local scale, as it was in the nonlinear
diffusion model. The wavelength of F1 and F2 is larger than with the nonlinear model, and F1 and F2 can link
at larger initial distances D. However, Dcrit must be limited in space, if one wants to use realistic values for the
diffusion coefﬁcient. Indeed, folds will not show any topographic expression, or fold ampliﬁcation remains
too low if extremely high diffusion coefﬁcients are employed. Following Grasemann and Schmalholz [2012],
an increase of the fold wavelength will result in a decrease of the ratio D/L and thus allows the fold segments
to link at larger offsets D (Figure A2).
4.2. Comparison to Previous Studies
4.2.1. Numerical Modeling of Fold Linkage
Grasemann and Schmalholz [2012] investigated different linkage modes proposed in earlier theoretical
models [Bretis et al., 2011; Keller et al., 1999; Ramsey et al., 2008]. They proposed four types of fold interactions
and introduced two dimensionless ratios to quantify the transition from linkage to no linkage. The ﬁrst is the
ratio of the offset D to the low limb-dip wavelength developing in the numerical simulation L [Grasemann and
Schmalholz, 2012, Figure 2]. The second is the ratio of the amplitude in the horizontal middle of the plate
(Amid) to the maximal amplitude (Amax; see Figure 3). Grasemann and Schmalholz [2012] considered that
the transition from linkage to no linkage mode occurs when Amid/Amax becomes negative and for values of
D/L between 0.6 and 0.8 depending on the chosen rheological law (i.e., linear viscous or power law).
Our results are similar to those of Grasemann and Schmalholz [2012]. We also obtained a transition from
linkage to no linkage modes for D/L = 0.6 and a change of sign of the ratio Amid/Amax (Figure 3). However,
we obtained only three of the four linkage modes: linear linkage (for D = 0 km), oblique linkage
(0 < D < 8 km), and oblique no linkage (D > 8 km). The linear no linkage mode was not reproduced in our
models. Instead, we additionally obtained a case where fold segments are locked. This can be explained
by the initial and boundary conditions of our model. Although the dimensions of our model are similar to
those of Grasemann and Schmalholz [2012], the viscosity contrast and the thickness ratio of the stiff to weak
layer are quite different. The growth rate and the dominant wavelength are consequently higher with the
parameters we chose [Fletcher, 1991, 1995; Schmalholz et al., 2002]. In addition, contrary to Grasemann and
Schmalholz [2012], our model is not symmetrical, as one of the perturbations is ﬁxed in the middle of
the model and the other is moved along the y axis. Consequently, the highest possible offset that can be
investigated is slightly smaller than half of the initial length of the model (in y direction). The largest possible
offset in our simulations is 20 km. The dominant wavelength of the perturbation being 13.2 km, it is likely that
20 km is insufﬁcient to generate the linear no linkage mode.
The parameters used in our study (viscosity, thickness, density of the sediment, and décollement layers) fulﬁll
all conditions for both detachment folding and gravity-controlled folding [Schmalholz et al., 2002], suggesting that folding should take place in the detachment folding mode but that gravity cannot be neglected.
According to the parameters used in their study, the authors assumed that folding occurred in a detachment
folding mode and that gravity was negligible. The locking mode observed in our simulations is not seen in
the work of Grasemann and Schmalholz [2012] but has been described in analogue models [Dubey and
Cobbold, 1977].
Redistribution of mass due to erosion and redeposition of sediments (i.e., unloading of anticlines and loading
of synclines) ampliﬁes folding by gravity [Burg et al., 2004; Simpson, 2004c] and can thus affect the fold linkage
modes proposed by Grasemann and Schmalholz [2012].
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Figure 11. Evolution of the drainage network with increasing bulk shortening. White arrows: direction of growth of the
initial prescribed perturbations (i.e., P1 and P2). Initial slope 0.5%, D = 7 km, and ﬂuvial incision coefﬁcient, c = 100.

Other numerical studies [Fernandez and Kaus, 2014; Schmid et al., 2008] investigated the evolution of fold
patterns where the perturbations were randomly distributed and where multilayer systems were subjected
to various loading conditions. The folds that develop in these models show all the lateral fold linkage
modes investigated here and by Grasemann and Schmalholz [2012] for two isolated perturbations.
Previous numerical studies [Fernandez and Kaus, 2014; Schmid et al., 2008] have reported triple linkage (i.e.,
lateral linkage of one fold with two other segments), which resembles some of our experiments, where fold
segments seemed locked and it was unsure with which other fold segments they will link.
4.2.2. Geomorphic Studies
Many studies have used geomorphic observations to reveal and quantify tectonic activity; few have focused
on fold elongation [Bretis et al., 2011; Keller et al., 1999; Ramsey et al., 2008]. Keller et al. [1999] identiﬁed six
criteria to evaluate rates and directions of growth of active folds, namely, (1) decrease in drainage density
and degree of dissection, (2) decrease in elevation of wind gaps, (3) decrease in relief of the topographic
proﬁle along the crest, (4) development of characteristic drainage pattern, (5) deformation of progressively
younger deposits or landforms, and (6) decrease in rotation and inclination of forelimb. These criteria are
consistent with fold elongation but do not prove it.
In our simulations, we were able to reproduce at least three of the criteria described by Keller et al. [1999]. As
the drainage network reorganized during the growth of perturbations P1 and P2, several successive curved
wind gaps (dry valleys for which a stream was deﬂected during fold growth) at the tips of F1 and F2 formed
during increased bulk shortening (Figures 11 and 12a). The topographic proﬁles along the fold axis of F1 and
F2 (proﬁles AA′ and BB′, Figure 12b) show a decrease in relief and in elevation of the successive wind gaps
from the fold crest to their tips. Both the density and the degree of dissection of the drainage network
decrease with elongation of fold segments (Figure 11). These curved wind gaps were observed in all our simulations with ﬂuvial incision, independent of the investigated values of the ﬂuvial incision parameter, and reproduce some of the natural wind gaps observed in the Zagros [Bretis et al., 2011, Figure 8].
We also observe a rotation of the streams on the ﬂanks of F1 and F2 (toward the south, Figure 11) that face
toward the direction of the regional slope. However, mainly due to the presence of the regional slope, we
could not reproduce the well-developed fan-shaped tributary patterns that Ramsey et al. [2008] reported
for the active folds of the Zagros Fold Belt. Ramsey et al. [2008] proposed that these tributaries formed
during fold elongation. A possibility for which we did not generate these fan-shaped tributaries is the
resolution of the SPM. Only high-order streams were resolved. To capture low-order streams, one should
increase the resolution of the SPM. Resolution ratios between the surface process and mechanical codes
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Figure 12. (a) Three-dimensional view of the surface topography of the model after a bulk shortening of 22% (see Figure 11
and caption for parameters). Red arrows: growth direction of perturbations. W.G.: wind gap. (b) Topographic proﬁles
along the crests of the modeled folds. Lines AA′, BB′, CC′, and DD′ are shown in Figure 12a.

were kept low (<10) to prevent numerical artifacts while simultaneously keeping the simulations
computationally tractable.
The geomorphic criteria discussed in previous ﬁeld studies [Bretis et al., 2011; Keller et al., 1999; Ramsey et al.,
2008] record the increase in topographic expression of folds with time. However, it might be difﬁcult to
conclude whether this topographic increase is due to the progressive exposure of a buried fold or the
result of its elongation. However, in our work, we can observe that the drainage network results from fold
elongation and several of the mentioned geomorphic indicators, such as the decrease in elevation of wind
gaps, the decrease in density and degree of dissection of the drainage network, or the successive records
of curved wind gaps, can be observed.
Drainage network is one of the most sensitive markers of deformation in tectonically active settings [Burbank
and Anderson, 2001] and has been often used as a tool to provide indirect measurements of fold and fault
kinematics. For example, long anticlines in the Zagros Fold Belt have been inferred from geomorphic markers
to result from elongation and linkage of smaller fold segments. On the other hand, redistribution of mass
(modeled with linear diffusion) has been recognized to affect fold ampliﬁcation [Contreras, 2010; Goff et al.,
1996]. In this work, we also show that ﬂuvial incision can affect the evolution of folding by enhancing fold
growth rate and thus modify linkage between fold segments. If incision is sufﬁciently fast, fold elongation
can be slowed or stopped. In that case, rivers do not only act as passive markers of ongoing deformation, as
assumed by geomorphological studies.
4.3. Applications and Implications
4.3.1. Geological Applications
We focused on one particular tectonic feature: the fold linkage. We did not consider faulting and used a simple
model without plasticity. Therefore, our simulations can only be applied to folds that form by buckling. The
Zagros Fold Belt (ZFB) is a natural example where most of the shortening is accommodated by buckling with
evidence of fold elongation and fold linkage [Bretis et al., 2011; Ramsey et al., 2008]. Although the thickness ratio
between the salt layer and the sedimentary cover is not equivalent to that of the ZFB, the wavelength of
the folds that developed in our simulations is close to that reported in the ZFB [Mouthereau et al., 2006].
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Figure 13. Plan view satellite image (Google Earth) of the Zagros Fold Belt, Fars Province, Iran. Dashed lines: outlines of fold
segments with different fold linkage modes.

The distances observed at the end of the simulation (≈28% shortening) between fold segments F1 and F2
are in the range of those observed nowadays between fold segments in the ZFB (Figure 13). Diffusion
rates, k, for surface processes are generally in the range of 100–5000 m2 yr1 for foreland depositional
systems [Flemings and Jordan, 1989; Goff et al., 1996]. The values we used are between 30 and
300 m2 yr1 (i.e., approximately 107–106 m2 s1). However, the erosion rates in the Zagros Mountains
are unknown, but supposedly low, according to present-day precipitations rates and climate
[Masoodian, 2008], which are assumed to show little variations over the past million years [Khadivi et al.,
2012]. Few cosmogenic studies were made due to the nature of the lithology (mainly carbonates), and the
results are often difﬁcult to interpret and even show some discordance [Oveisi et al., 2009]. Thus, we can assume
that the parameters used in our models are consistent with the data from the ZFB.
Examples of fold linkage can be found in the Zagros fold-and-thrust belt of the Fars Province, Iran. The Kuh-e
Namaki anticline is attributed to linear linkage, whereas the Kuh-e Par-e Lavar is attributed to oblique linkage
(Figure 13). Similarly, in the Kurdistan region of Iraq, Bretis et al. [2011] suggested that the Quara Chauq and
Safeen anticlines formed by oblique linkage, whereas the Kirkuk anticline results from linear linkage. The
ocking case can be compared to some case in the ZFB where small segments are isolated between two long
train anticlines (Figure 13). The collision-related deformation on the Arabian continental margin has been
recorded in middle Miocene times [Mouthereau et al., 2006]. This, and the analysis of present-day topography,
tend to suggest that an initial topographic slope was present before the recent growth of fold (probably less
than 3 Ma) [Mouthereau et al., 2012]. According to our simulations, fold linkage is only modiﬁed under
moderate to high erosion (k ≈ 3000 m2 yr1). It is most likely that fold linkage in the Fars Province has been
affected by the presence of an initial topographic slope rather than by surface processes. However, changing
the viscosity contrast and strain rate, and thus modifying the fold growth rate, can affect the fold linkage at
lower erosional regimes (k < 3000 m2 yr1).
4.3.2. Economic Implications
Fold-and-thrust belts are of economic interest and contain 14% of the known and 15% of the undiscovered global recoverable hydrocarbons [Bretis et al., 2011; Cooper, 2007]. The Zagros, in particular, is one of the largest foldand-thrust belts with hydrocarbons [e.g., Colman-Sadd, 1978; Lacombe et al., 2007; Mouthereau et al., 2012; Vergés
et al., 2011]. The hydrocarbon traps in the Zagros Fold Belt are mainly associated with antiformal structures.
Hence, it is of economic interest to understand the evolution of folds and how they link together, as this determines the connectivity between reservoirs. One critical aspect is the saddle point that can control the migration
of hydrocarbon within the reservoir. In this work, we did not consider faulting and thus connectivity between
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Figure 14. Schematic representation of the different hydrocarbon traps and their characteristic ﬁll. Bubbles (G: gas and O:
oil) are type of ﬂuid spilled or leaked. G/O: gas-oil contact (redrawn from Sales [1997]).

reservoirs is controlled by fold linkage. However, in nature reservoirs can also be connected through faults. In an
antiformal trap (e.g., fold), the closure is deﬁned as the vertical distance between the saddle point (or spill point)
and the crest of the anticline (or top of the trap). The seal strength corresponds to the height of the hydrocarbon
column that the seal can retain before to start leaking. In hydrocarbon traps, the ratio of closure to seal strength
controls what is retained, leak, and/or spill. Three classes of traps have been deﬁned [Sales, 1997] using two key
hydrocarbon columns, as threshold and their relative position to spill points (Figure 14). These two columns are
the maximum gas column and the highest possible oil-dominated column. The distribution of hydrocarbons, as
well as the migration mode (i.e., spilling versus leaking), is different for each class. While spilling refers to bedparallel ﬂow at the base of the traps, leaking corresponds to ﬂow through the seal (cap rock) that starts to fail
by development of microstructures. While class 1 traps have excess seal strength, class 3 traps in contrary show
a deﬁciency of seal strength relative to closure. Class 2 traps are intermediate. Class 1 traps contain gas, spill gas
and oil, but leak neither. Class 2 traps contain both gas and oil, spill oil, and leak gas. Class 3 traps contain mainly
oil, leak oil and gas, but spill neither [Sales, 1997].
In our simulations, the difference in elevation between the fold crests and the saddle point (i.e., the closure)
increases with increased distance between two linking perturbations. Moreover, a steeper regional slope can
modify the closure (Figures 4, 7, and 8), as well as the location of the saddle point. Although the inﬂuence of surface processes might be limited to the interactions between fold segments at the surface, the effect of the regional slope can affect the ampliﬁcation of folds at deeper stratigraphic levels and thus modify the class
of hydrocarbon trap. Therefore, if the closure increases, without modifying the seal strength, the trap can
contain more oil. The extent to which the fold interactions observed at surface in the present study can be extrapolated to the saddle point at depth should be further studied, but the potential inﬂuence of trap formation cannot be neglected. Furthermore, the relation between fold ampliﬁcation and thickness of the overburden or
detachment can be used to infer the closure of a trap in antiformal reservoirs. As folds amplify higher in the parts
of the model where the overburden is smaller, one can expect a higher closure of the traps. Similarly, if traps
have high closure, we could expect either a variation in thickness of the overburden or a thicker detachment.

5. Conclusions
We investigated the effect of surface processes and/or the presence of an initial surface slope on fold linkage.
Both erosion and redeposition of sediments enhance elongation of folds and allow linkage of initially spaced
perturbations. Elongation is enhanced by erosion and sedimentation when the erosion velocity becomes
larger than fold ampliﬁcation. Fold elongation only occurs after the exponential ampliﬁcation phase of the
fold. An initial regional slope introduces thickness variations in the overburden that reduce the critical
distance Dcrit. In contrast, erosion, and sedimentation increase Dcrit and allow fold segments initially located
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at larger distances to link. The location of the saddle point, as well as its vertical distance to the crest of anticlines, can also be strongly modiﬁed. This distance characterizes the closure of a hydrocarbon trap and is of
great economic interest as it can inﬂuence the nature and migration of hydrocarbons. With the parameters
used by our model, the results can be applied to the Zagros Fold Belt, where several cases of fold elongation
and fold linkage have been documented.

Appendix A
The mathematical model employed in this study consists of a fully coupled 3-D mechanical and surface
processes model. By fully coupled, we refer here to the coupling between the surface processes and mechanical
models, and not to fully coupled thermomechanical model, as we here do not consider any temperature gradient
for the deformation. Fully coupled implies a full feedback between the codes and that both codes can inﬂuence
each other. The model is described in details in Collignon et al. [2014].
A1. Mechanical Model
The model solves the equations describing the conservation of momentum and mass for a highly viscous,

incompressible ﬂuid. Using the relationship between the total (σ ij) and deviatoric σ′ij stress tensor, the
conservation of momentum for highly viscous ﬂow (i.e., Stokes equation of slow ﬂow) can be written as
∂σ′ij ∂P

þ pgi ¼ 0;
∂x i
∂x j

(A1)

where i and j referto the three
 spatial coordinates x,y,and z, respectively; gi is the ith component of the
gravity vector g ¼ gx ; gy ; gz . P ¼  13 σ xx þ σ yy þ σ zz , is the total pressure and ρ the density. Stresses
and the pressure are related via σ ij ¼ σ′ij  Pδij , where δij is the Kronecker delta.
→

The conservation of mass, assuming incompressibility, is given by
∂νi
¼ 0:
∂x i

(A2)

In this work we consider linear viscous materials with the following constitutive relationship:
σ′ij ¼ 2η εij ;

(A3)



1 ∂v i ∂v j
;
þ
εij ¼
2 ∂x j ∂x i

(A4)

where

is the strain rate tensor and η is the shear viscosity.
A2. Surface Processes Model
Erosion and deposition of sediments have the capacity to inﬂuence the deforming model by modifying the
distribution of vertical surface load and by changing the thickness of the upper layer. The surface processes
model considers transport-limited conditions and take into account both ﬂuvial incision and hillslope diffusion.
We follow the formulation of Simpson and Schlunegger [2003], in which the surface processes model is governed
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 equation describing the evolution of topography is given by
∂h
¼ ∇ : ððcqm þ k Þ∇hÞ;
∂t


∇h
q ¼ α;
∇
j∇hj

(A5)
(A6)

where k is the hillslope coefﬁcient, c the ﬂuvial incision, α the precipitation rates (in excess of inﬁltration), and
m a ﬂuvial incision power exponent. This model uses a simple formulation and thus neglects certain aspects
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Figure A1. Three-dimensional evolution of the model shown in Figure 2, with increasing shortening. In this evolution we
consider an offset of D = 7.5%. No surface processes or initial topographic slope are present.

Figure A2. Model proﬁle taken after 28% of shortening for different erosional regimes: (a) moderate diffusion rates
2 1
(k in m s ) and (b) intensive to extreme diffusion rates. L represents the wavelength of the fold. No initial topographic
slope was present in both models.
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such as landslides or detachment-limited conditions, which can have a great inﬂuence on the morphologic
evolution of landscapes [Tucker and Whipple, 2002, and references therein].
A3. Three-Dimensional Model Evolution
Figure A1 shows the 3-D evolution of the model for a case without surface processes and without slope.
This allows to also see the vertical evolution, as all the other ﬁgures represent map views, and shows
that the entire model thicken, as well as the relative positions of the layers with respect to the
top boundary.
A4. Effects of Erosion on Fold Wavelength
Figure A2 shows a vertical proﬁle of models with different erosional conditions. The proﬁles clearly show that
the wavelength becomes larger with increasing erosion and redistribution of sediments.
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