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Abstract  

 

Mountain building and landscape evolution are controlled by interactions between 

river dynamics and tectonic forces. Such interactions have been extensively studied, 

however a quantitative evaluation of tectonic/geomorphic feedbacks, which is 

imperative for understanding sediments routing within orogens and fold-and-thrust 

belts, remains to be undertaken. Here, we employ numerical simulations to assess 

the conditions of uplift and river incision necessary to deflect an antecedent drainage 

network during the growth of one, or several, folds. We propose that a partitioning of 

the river network into internal (endorheic) and longitudinal drainage arises as a result 

of lithological differences within the deforming crustal sedimentary cover. Using 

examples from the Zagros Fold Belt (ZFB), we show that drainage patterns can be 

linked to the non-dimensional incision ratio R between successive lithological layers, 

corresponding to the ratio between their relative erodibilities or incision coefficients. 

Transverse drainage networks develop for uplift rates smaller than 0.8 mm.yr-1 and 

low R (-10 < R < 10). Intermediate drainage networks are obtained for uplift rates up 

to 2 mm.yr-1 and large incision ratios (R > 20). Parallel drainage networks and the 

formation of sedimentary basins occur for large values of incision ratio (R >20) and 

uplift rates between 1 and 2 mm.yr-1. These results have implications for predicting 

the distribution of sediment depocenters in fold-and-thrust belts, which can be of 

direct economic interest for hydrocarbon exploration. They also put better constraints 

on the fluvial and geomorphic responses to fold growth induced by crustal-scale 

tectonics. 
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1. Introduction 

 

Landscape geomorphology and drainage patterns provide indirect information on 

tectonic activity (Alvarez, 1999; Bretis et al., 2011; Burbank et al., 1996; Castelltort 

and Simpson, 2006b; Keller et al., 1999; Oberlander, 1985; Tomkin and Braun, 

1999; Walker et al., 2011; Wohl, 1993). Geomorphic markers such as wind gaps and 

river gaps (or transverse streams) have previously been used to define the style of 

deformation and to quantify both the rate and the direction of propagation of fault and 

fold segments (Bretis et al., 2011; Delcailleau et al., 2006; Keller et al., 1999; 

Ramsey et al., 2008; Vergés, 2007). River gaps (also termed water gaps) 

correspond to valleys that are carved during fold growth and that still host a flowing 

stream, whereas wind gaps constitute similar valleys that are presently dry (Fig. 1A). 

Deformation, climate and rock properties control the rates of rock and surface uplift, 

which shape landscapes. Understanding the interaction between these parameters 

and how they determine the formation of wind gaps is a question with direct 

implications for predicting the release of sediments (e.g., type and amount of 

material eroded, transported and redeposited) in local intramontane basins and at 

the outlet of fluvial basins (Gupta, 1997; Tucker and Slingerland, 1996), as well as 

for the evolution of river networks in orogens (Castelltort and Simpson, 2006a; 

Hovius, 1996). Folding disturbs the length and slope of sediment routing systems, by 

influencing the distribution of transverse and parallel rivers. Hence, sediments in 

streams parallel to structures are transported over longer distances and gentler 

slopes than those in transverse rivers. This increases the probability that sediments 

will be trapped en-route to sea-level in basins and topographic lows (Tucker and 

Slingerland, 1996), thereby potentially enhancing the buffering capacity of fluvial 
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systems with respect to upstream tectonic or climatic signals (Allen, 2008a; 

Castelltort and Van Den Driessche, 2003). 

 

Rivers in the Fars Province of the Zagros fold-and-thrust belt generally flow parallel 

to folds, with the exception of the Mand and Kul rivers, which remain transverse to 

the tectonic structures (Fig. 1B). These two main trunks delimit an internally drained 

region (IDR), north of the city of Lars (Fig. 1). Informally named the Razak region by 

Allen et al. (2013), the IDR was first identified by Mouthereau et al. (2007) and 

subsequently studied by Walker et al. (2011), and more recently by Lee (2015). 

Walker et al. (2011) identified dry valleys and wind gaps within several basins in the 

IDR, for which they proposed an antecedent river origin. Similarly, the present day 

longitudinal streams in the Coastal Fars presumably result from the deflection, by 

fold growth, of an antecedent transverse network (Fig.1; see also Lee, 2015; 

Mouthereau et al., 2012; Mouthereau et al., 2007; Ramsey et al., 2008; Walker et al., 

2011). Alternatively, Lee (2015), proposed that the Razak IDR represents a series of 

formerly integrated lake basins, which have since dried up, possibly due to climatic 

aridification and tectonic activity. The wind gaps would then be former spillover 

points and interconnected basins would have been initiated by fold growth (Lee, 

2015).  

 

As such, the history of the IDR remains unclear (Lee, 2015; Walker et al., 2011). 

Furthermore, the reconstructions of Lee (2015), and Walker et al., 2011, are 

predominantly based on digital elevation model (DEM) analyses and do not take 

(physical) modeling into account. Using physical models may help to better 

understand and predict the behavior of both tectonic and surfaces processes, as well 

https://www.researchgate.net/publication/5648229_From_landscapes_into_geological_history?el=1_x_8&enrichId=rgreq-38ca76aa-ae16-4241-b3c1-a3e3885862f6&enrichSource=Y292ZXJQYWdlOzI5NDI1OTIwMjtBUzozMjg2ODAyMjA5NzEwMDlAMTQ1NTM3NDg3OTQzNA==
https://www.researchgate.net/publication/258816092_Orogenic_plateau_growth_Expansion_of_the_Turkish-Iranian_Plateau_across_the_Zagros_fold-and-thrust_belt?el=1_x_8&enrichId=rgreq-38ca76aa-ae16-4241-b3c1-a3e3885862f6&enrichSource=Y292ZXJQYWdlOzI5NDI1OTIwMjtBUzozMjg2ODAyMjA5NzEwMDlAMTQ1NTM3NDg3OTQzNA==
https://www.researchgate.net/publication/204777142_Castelltort_S_Van_Den_Dreissche_J_How_plausible_are_high-frequency_sediment_supply-driven_cycles_in_the_stratigraphic_record_Sediment_Geol_157_3-13?el=1_x_8&enrichId=rgreq-38ca76aa-ae16-4241-b3c1-a3e3885862f6&enrichSource=Y292ZXJQYWdlOzI5NDI1OTIwMjtBUzozMjg2ODAyMjA5NzEwMDlAMTQ1NTM3NDg3OTQzNA==
https://www.researchgate.net/publication/273520473_Reconstruction_of_ancestral_drainage_patterns_in_an_internally_draining_region_Fars_Province_Iran?el=1_x_8&enrichId=rgreq-38ca76aa-ae16-4241-b3c1-a3e3885862f6&enrichSource=Y292ZXJQYWdlOzI5NDI1OTIwMjtBUzozMjg2ODAyMjA5NzEwMDlAMTQ1NTM3NDg3OTQzNA==
https://www.researchgate.net/publication/273520473_Reconstruction_of_ancestral_drainage_patterns_in_an_internally_draining_region_Fars_Province_Iran?el=1_x_8&enrichId=rgreq-38ca76aa-ae16-4241-b3c1-a3e3885862f6&enrichSource=Y292ZXJQYWdlOzI5NDI1OTIwMjtBUzozMjg2ODAyMjA5NzEwMDlAMTQ1NTM3NDg3OTQzNA==
https://www.researchgate.net/publication/273520473_Reconstruction_of_ancestral_drainage_patterns_in_an_internally_draining_region_Fars_Province_Iran?el=1_x_8&enrichId=rgreq-38ca76aa-ae16-4241-b3c1-a3e3885862f6&enrichSource=Y292ZXJQYWdlOzI5NDI1OTIwMjtBUzozMjg2ODAyMjA5NzEwMDlAMTQ1NTM3NDg3OTQzNA==
https://www.researchgate.net/publication/273520473_Reconstruction_of_ancestral_drainage_patterns_in_an_internally_draining_region_Fars_Province_Iran?el=1_x_8&enrichId=rgreq-38ca76aa-ae16-4241-b3c1-a3e3885862f6&enrichSource=Y292ZXJQYWdlOzI5NDI1OTIwMjtBUzozMjg2ODAyMjA5NzEwMDlAMTQ1NTM3NDg3OTQzNA==
https://www.researchgate.net/publication/256859950_Building_the_Zagros_collisional_orogen_Timing_strain_distribution_and_the_dynamics_of_ArabiaEurasia_Plate_convergence?el=1_x_8&enrichId=rgreq-38ca76aa-ae16-4241-b3c1-a3e3885862f6&enrichSource=Y292ZXJQYWdlOzI5NDI1OTIwMjtBUzozMjg2ODAyMjA5NzEwMDlAMTQ1NTM3NDg3OTQzNA==
https://www.researchgate.net/publication/248816646_Tertiary_sequence_of_deformation_in_a_thin-skinnedthick-skinned_collision_belt_The_Zagros_Folded_Belt_Fars_Iran?el=1_x_8&enrichId=rgreq-38ca76aa-ae16-4241-b3c1-a3e3885862f6&enrichSource=Y292ZXJQYWdlOzI5NDI1OTIwMjtBUzozMjg2ODAyMjA5NzEwMDlAMTQ1NTM3NDg3OTQzNA==
https://www.researchgate.net/publication/248816646_Tertiary_sequence_of_deformation_in_a_thin-skinnedthick-skinned_collision_belt_The_Zagros_Folded_Belt_Fars_Iran?el=1_x_8&enrichId=rgreq-38ca76aa-ae16-4241-b3c1-a3e3885862f6&enrichSource=Y292ZXJQYWdlOzI5NDI1OTIwMjtBUzozMjg2ODAyMjA5NzEwMDlAMTQ1NTM3NDg3OTQzNA==
https://www.researchgate.net/publication/224962344_Fold_evolution_and_drainage_development_in_the_Zagros_Mountains_of_Fars_Province_SE_Iran?el=1_x_8&enrichId=rgreq-38ca76aa-ae16-4241-b3c1-a3e3885862f6&enrichSource=Y292ZXJQYWdlOzI5NDI1OTIwMjtBUzozMjg2ODAyMjA5NzEwMDlAMTQ1NTM3NDg3OTQzNA==
https://www.researchgate.net/publication/259412332_Geomorphic_evidence_for_ancestral_drainage_patterns_in_the_Zagros_Simple_Folded_Zone_and_growth_of_the_Iranian_plateau?el=1_x_8&enrichId=rgreq-38ca76aa-ae16-4241-b3c1-a3e3885862f6&enrichSource=Y292ZXJQYWdlOzI5NDI1OTIwMjtBUzozMjg2ODAyMjA5NzEwMDlAMTQ1NTM3NDg3OTQzNA==
https://www.researchgate.net/publication/259412332_Geomorphic_evidence_for_ancestral_drainage_patterns_in_the_Zagros_Simple_Folded_Zone_and_growth_of_the_Iranian_plateau?el=1_x_8&enrichId=rgreq-38ca76aa-ae16-4241-b3c1-a3e3885862f6&enrichSource=Y292ZXJQYWdlOzI5NDI1OTIwMjtBUzozMjg2ODAyMjA5NzEwMDlAMTQ1NTM3NDg3OTQzNA==
https://www.researchgate.net/publication/259412332_Geomorphic_evidence_for_ancestral_drainage_patterns_in_the_Zagros_Simple_Folded_Zone_and_growth_of_the_Iranian_plateau?el=1_x_8&enrichId=rgreq-38ca76aa-ae16-4241-b3c1-a3e3885862f6&enrichSource=Y292ZXJQYWdlOzI5NDI1OTIwMjtBUzozMjg2ODAyMjA5NzEwMDlAMTQ1NTM3NDg3OTQzNA==
https://www.researchgate.net/publication/259412332_Geomorphic_evidence_for_ancestral_drainage_patterns_in_the_Zagros_Simple_Folded_Zone_and_growth_of_the_Iranian_plateau?el=1_x_8&enrichId=rgreq-38ca76aa-ae16-4241-b3c1-a3e3885862f6&enrichSource=Y292ZXJQYWdlOzI5NDI1OTIwMjtBUzozMjg2ODAyMjA5NzEwMDlAMTQ1NTM3NDg3OTQzNA==
https://www.researchgate.net/publication/259412332_Geomorphic_evidence_for_ancestral_drainage_patterns_in_the_Zagros_Simple_Folded_Zone_and_growth_of_the_Iranian_plateau?el=1_x_8&enrichId=rgreq-38ca76aa-ae16-4241-b3c1-a3e3885862f6&enrichSource=Y292ZXJQYWdlOzI5NDI1OTIwMjtBUzozMjg2ODAyMjA5NzEwMDlAMTQ1NTM3NDg3OTQzNA==
https://www.researchgate.net/publication/259412332_Geomorphic_evidence_for_ancestral_drainage_patterns_in_the_Zagros_Simple_Folded_Zone_and_growth_of_the_Iranian_plateau?el=1_x_8&enrichId=rgreq-38ca76aa-ae16-4241-b3c1-a3e3885862f6&enrichSource=Y292ZXJQYWdlOzI5NDI1OTIwMjtBUzozMjg2ODAyMjA5NzEwMDlAMTQ1NTM3NDg3OTQzNA==
https://www.researchgate.net/publication/5648229_From_landscapes_into_geological_history?el=1_x_8&enrichId=rgreq-811716834949554a11bf74908469acf9-XXX&enrichSource=Y292ZXJQYWdlOzI5NDI1OTIwMjtBUzo0MDA3MDM0OTY0NDE4NTZAMTQ3MjU0NjU2NjMzMw==
https://www.researchgate.net/publication/258816092_Orogenic_plateau_growth_Expansion_of_the_Turkish-Iranian_Plateau_across_the_Zagros_fold-and-thrust_belt?el=1_x_8&enrichId=rgreq-811716834949554a11bf74908469acf9-XXX&enrichSource=Y292ZXJQYWdlOzI5NDI1OTIwMjtBUzo0MDA3MDM0OTY0NDE4NTZAMTQ3MjU0NjU2NjMzMw==
https://www.researchgate.net/publication/204777142_Castelltort_S_Van_Den_Dreissche_J_How_plausible_are_high-frequency_sediment_supply-driven_cycles_in_the_stratigraphic_record_Sediment_Geol_157_3-13?el=1_x_8&enrichId=rgreq-811716834949554a11bf74908469acf9-XXX&enrichSource=Y292ZXJQYWdlOzI5NDI1OTIwMjtBUzo0MDA3MDM0OTY0NDE4NTZAMTQ3MjU0NjU2NjMzMw==
https://www.researchgate.net/publication/273520473_Reconstruction_of_ancestral_drainage_patterns_in_an_internally_draining_region_Fars_Province_Iran?el=1_x_8&enrichId=rgreq-811716834949554a11bf74908469acf9-XXX&enrichSource=Y292ZXJQYWdlOzI5NDI1OTIwMjtBUzo0MDA3MDM0OTY0NDE4NTZAMTQ3MjU0NjU2NjMzMw==
https://www.researchgate.net/publication/273520473_Reconstruction_of_ancestral_drainage_patterns_in_an_internally_draining_region_Fars_Province_Iran?el=1_x_8&enrichId=rgreq-811716834949554a11bf74908469acf9-XXX&enrichSource=Y292ZXJQYWdlOzI5NDI1OTIwMjtBUzo0MDA3MDM0OTY0NDE4NTZAMTQ3MjU0NjU2NjMzMw==
https://www.researchgate.net/publication/273520473_Reconstruction_of_ancestral_drainage_patterns_in_an_internally_draining_region_Fars_Province_Iran?el=1_x_8&enrichId=rgreq-811716834949554a11bf74908469acf9-XXX&enrichSource=Y292ZXJQYWdlOzI5NDI1OTIwMjtBUzo0MDA3MDM0OTY0NDE4NTZAMTQ3MjU0NjU2NjMzMw==
https://www.researchgate.net/publication/273520473_Reconstruction_of_ancestral_drainage_patterns_in_an_internally_draining_region_Fars_Province_Iran?el=1_x_8&enrichId=rgreq-811716834949554a11bf74908469acf9-XXX&enrichSource=Y292ZXJQYWdlOzI5NDI1OTIwMjtBUzo0MDA3MDM0OTY0NDE4NTZAMTQ3MjU0NjU2NjMzMw==
https://www.researchgate.net/publication/256859950_Building_the_Zagros_collisional_orogen_Timing_strain_distribution_and_the_dynamics_of_ArabiaEurasia_Plate_convergence?el=1_x_8&enrichId=rgreq-811716834949554a11bf74908469acf9-XXX&enrichSource=Y292ZXJQYWdlOzI5NDI1OTIwMjtBUzo0MDA3MDM0OTY0NDE4NTZAMTQ3MjU0NjU2NjMzMw==
https://www.researchgate.net/publication/248816646_Tertiary_sequence_of_deformation_in_a_thin-skinnedthick-skinned_collision_belt_The_Zagros_Folded_Belt_Fars_Iran?el=1_x_8&enrichId=rgreq-811716834949554a11bf74908469acf9-XXX&enrichSource=Y292ZXJQYWdlOzI5NDI1OTIwMjtBUzo0MDA3MDM0OTY0NDE4NTZAMTQ3MjU0NjU2NjMzMw==
https://www.researchgate.net/publication/248816646_Tertiary_sequence_of_deformation_in_a_thin-skinnedthick-skinned_collision_belt_The_Zagros_Folded_Belt_Fars_Iran?el=1_x_8&enrichId=rgreq-811716834949554a11bf74908469acf9-XXX&enrichSource=Y292ZXJQYWdlOzI5NDI1OTIwMjtBUzo0MDA3MDM0OTY0NDE4NTZAMTQ3MjU0NjU2NjMzMw==
https://www.researchgate.net/publication/224962344_Fold_evolution_and_drainage_development_in_the_Zagros_Mountains_of_Fars_Province_SE_Iran?el=1_x_8&enrichId=rgreq-811716834949554a11bf74908469acf9-XXX&enrichSource=Y292ZXJQYWdlOzI5NDI1OTIwMjtBUzo0MDA3MDM0OTY0NDE4NTZAMTQ3MjU0NjU2NjMzMw==
https://www.researchgate.net/publication/259412332_Geomorphic_evidence_for_ancestral_drainage_patterns_in_the_Zagros_Simple_Folded_Zone_and_growth_of_the_Iranian_plateau?el=1_x_8&enrichId=rgreq-811716834949554a11bf74908469acf9-XXX&enrichSource=Y292ZXJQYWdlOzI5NDI1OTIwMjtBUzo0MDA3MDM0OTY0NDE4NTZAMTQ3MjU0NjU2NjMzMw==
https://www.researchgate.net/publication/259412332_Geomorphic_evidence_for_ancestral_drainage_patterns_in_the_Zagros_Simple_Folded_Zone_and_growth_of_the_Iranian_plateau?el=1_x_8&enrichId=rgreq-811716834949554a11bf74908469acf9-XXX&enrichSource=Y292ZXJQYWdlOzI5NDI1OTIwMjtBUzo0MDA3MDM0OTY0NDE4NTZAMTQ3MjU0NjU2NjMzMw==
https://www.researchgate.net/publication/259412332_Geomorphic_evidence_for_ancestral_drainage_patterns_in_the_Zagros_Simple_Folded_Zone_and_growth_of_the_Iranian_plateau?el=1_x_8&enrichId=rgreq-811716834949554a11bf74908469acf9-XXX&enrichSource=Y292ZXJQYWdlOzI5NDI1OTIwMjtBUzo0MDA3MDM0OTY0NDE4NTZAMTQ3MjU0NjU2NjMzMw==
https://www.researchgate.net/publication/259412332_Geomorphic_evidence_for_ancestral_drainage_patterns_in_the_Zagros_Simple_Folded_Zone_and_growth_of_the_Iranian_plateau?el=1_x_8&enrichId=rgreq-811716834949554a11bf74908469acf9-XXX&enrichSource=Y292ZXJQYWdlOzI5NDI1OTIwMjtBUzo0MDA3MDM0OTY0NDE4NTZAMTQ3MjU0NjU2NjMzMw==
https://www.researchgate.net/publication/259412332_Geomorphic_evidence_for_ancestral_drainage_patterns_in_the_Zagros_Simple_Folded_Zone_and_growth_of_the_Iranian_plateau?el=1_x_8&enrichId=rgreq-811716834949554a11bf74908469acf9-XXX&enrichSource=Y292ZXJQYWdlOzI5NDI1OTIwMjtBUzo0MDA3MDM0OTY0NDE4NTZAMTQ3MjU0NjU2NjMzMw==
https://www.researchgate.net/publication/259412332_Geomorphic_evidence_for_ancestral_drainage_patterns_in_the_Zagros_Simple_Folded_Zone_and_growth_of_the_Iranian_plateau?el=1_x_8&enrichId=rgreq-811716834949554a11bf74908469acf9-XXX&enrichSource=Y292ZXJQYWdlOzI5NDI1OTIwMjtBUzo0MDA3MDM0OTY0NDE4NTZAMTQ3MjU0NjU2NjMzMw==


 

 
This article is protected by copyright. All rights reserved. 

as the interactions between them. In the present work, we aim to investigate how 

river incision and tectonic surface activity interact to maintain the course of 

transverse rivers in the case of an antecedent or contemporaneous drainage 

network.  

 

In order to address this issue, we employ a surface processes model (SPM), which 

considers the evolution of topographic surfaces modified by both erosion and 

sedimentation. The topographic surface is subjected to horizontal and vertical 

displacements according to a prescribed tectonic velocity field, representing 

shortening due to compression, and fold growth, respectively. We performed three 

sets of simulations in order to understand the interactions between fold growth, 

surface processes and drainage development. (1) In the first set of experiments we 

use a single layer of sediments with an infinite thickness, and test the influence of 

climate controlled erosion rate (river incision), fold growth rate and fold length. This 

set of simulations is used to select a range of appropriate values for the river incision 

coefficient for the next set of simulations, which employ two layers of rock with 

differing lithological properties. (2) In the second set of experiments, we investigate 

the influence of successive soft and resistant lithologies. (3) In the third set of 

experiments, we tentatively explore the role that the growth of several folds has on 

the drainage pattern. Only one parameter is changed for each simulation, to allow us 

to understand the relative influence of river incision, fold growth rate and fold length. 

Finally, results and limitations of the model were discussed and applied to the Razak 

IDR and more generally to the Zagros Fold Belt (ZFB).    
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2. Model and parameters  

 

The SPM employed here was initially developed for coupling surface processes with 

lithospheric and crustal dynamics (LaMEM Kaus et al., 2012; Kaus et al., 2016; 

Popov and Kaus, 2013) with a focus on the effects of surface processes (i.e. erosion 

and sedimentation) on fold dynamics at the scale of the fold-and-thrust belt 

(Collignon et al., 2015; Collignon et al., 2014). The model broadly follows the 

approach of Simpson and Schlunegger (2003) and is described in details in 

Collignon et al., (2014). A comparison to other existing SPMs (Braun and 

Sambridge, 1997; Tucker et al., 2001; Tucker and Slingerland, 1994; Willgoose et 

al., 1991a, b) was discussed in Collignon (2015). For the purpose of this study, the 

SPM works on top of a simple kinematic model to simulate fold growth. Both the 

SPM and the kinematic model are described in detail in the supplementary material 

(Appendix S1). The parameters used in this study are summarized in Table 1.  

 

2.1. Model design and boundary conditions 

 

 2.1.1. Single fold experiment 

 

The setup consists of an initial 100 x 50 km2 smooth, incised surface tilted with a 

slope of ~ 0.5º in the y-direction (Fig. 2A). Both upstream and downstream edges are 

kept at their initial elevation throughout the entire simulation. We applied an initial 

surface roughness of 5 m to initiate incision by water runoff. The values, for both the 

initial regional slope and the initial surface roughness, were chosen to allow 

development of numerical river basins with aspect ratios in the range of those 
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observed for natural drainage basins (Castelltort and Yamato, 2013). The numerical 

model has 500 x 250 elements in the x- and y-directions, respectively. Zero water 

and sediment fluxes are applied normal to the lateral boundaries (i.e. at x = 0 and x = 

Lx, respectively), such that sediments leave the model only at the downstream edge 

of the model (when y = 0). Compression is applied in the y-direction using a constant 

strain rate      . The uplift function imposes the growth of a single anticline in the 

center of the numerical model with a variable fold wavelength and fold length in the 

x- and y-directions, respectively. We used the same, spatially-variable, uplift function 

in all simulations, but considered cases in which the maximum uplift rate is either 

constant or variable through time (Fig. 2B-D), according to a Gaussian distribution 

(see Suppl. Mat., Appendix S1.2).  

 

Two layer models 

In the models that employed two layers, a 100 m thick layer with a given erodibility 

was placed on top of a layer of different erodibility and with an infinite thickness (Fig. 

2A). The incision ratio (R) between these two layers is defined as:  

 

        
  

  
       (1) 

 

where cu and cl are the erodibility coefficient of the upper 100 m thick layer and the 

lower layer, respectively (see table 1 for symbols and units).  R > 1 implies that 

sediments, which are relatively prone to erosion (e.g. marls and shales) are resting 

on top of a more resistant lithology (e.g. conglomerates), while R < 1 represents the 

opposite case. 
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Time dependent uplifts 

In the simulations with two layers and time-dependent uplifts, we investigated the 

effects of the time span of fold growth () and the time at which the uplift rate is at a 

maximum () on the persistence of transverse drainage networks for different 

maximum uplift rates (qf).  

 

 2.1.2. Three folds models  

In these models, we seek to understand the effects of an array of folds on the 

persistence of transverse drainage networks. The model (see App. S1, Suppl. 

Material) considers a larger domain (60x120 km) and an uplift function that simulates 

the growth of three adjacent folds perpendicular to the y-direction of shortening 

(Table 2).  

 

2.2. Erosional and tectonic parameters  

 

We applied a compressive background strain rate (see eq. 9 in Suppl. Mat.) of -5x10-

15 s-1 in all simulations, giving convergent velocities in the range of those obtained by 

GPS measurements for the ZFB (Masson et al., 2007; Tatar et al., 2002) and similar 

to previous numerical simulations of folding that considered multilayer detachment 

systems (e.g. Collignon et al., 2014; Fernandez and Kaus, 2014; Yamato et al., 

2011). Rainfall (see eq. 2 in Suppl. Mat.) was set to 0.3 m.yr-1, in accordance with 

annual precipitation rates measured in Iran (Masoodian, 2008). We assumed no 

major climate change to have occurred over the past 5 Ma (Khadivi et al., 2012) and 

that rainfall was constant and homogeneous during the simulation. Additionally, we 

did not consider any changes in precipitation rates related to altitude variations, 
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(Garcia-Castellanos, 2007; Roe et al., 2003), which is acceptable for the lower Fars 

Province because of its overall low elevation (Masoodian, 2008). The power-

exponent (m, see eq. 3 in Suppl. Mat.) of water discharge is kept constant at 2, 

consistent with previous models (Graf, 1971; Simpson and Schlunegger, 2003) 

implying a strong non-linear dependency of the sediment discharge on water 

discharge. The hillslope diffusion coefficient (k, see eq. 3 in Suppl. Mat.) was varied 

between 10-10 and 10-11 m2.s-1, which is in the lower range of commonly used values 

for terrestrial systems (Armitage et al., 2011; Densmore et al., 2007; Howard, 1997). 

The parameters that were varied in the simulations were the maximum fold crest 

uplift rate (qf, see eq. 8 in Suppl. Mat.) and the erodibility of rocks (c, see eq. 3 in 

Suppl. Mat.). We fixed the fold wavelength to 15 km according to previous studies 

(Mouthereau et al., 2007; Yamato et al., 2011). Anticlines in the ZFB are commonly 

particularly elongated, with an along-strike length of up to 80 km. Although some 

degree of elongation may initially develop during fold growth, such geometry is 

usually interpreted to be the result of fold axis-parallel growth and linkage of smaller 

neighboring fold segments (Frehner, 2014; Grasemann and Schmalholz, 2012; 

Ramsey et al., 2008). Accordingly, the fold length and fold growth rates in our 

experiments were varied within the range of 20 to 80 km, and 0.4 to 2 mm.yr-1, 

respectively. The erodibility (c) was varied between 0.1 and 50. 

 

3. Results from parametric study 

3.1. Models with a single layer and a constant surface uplift rate  

 

Results from all the simulations (> 200 in total) suggest that the drainage networks 

obtained after tectonic forcing can be classified into three main modes, based on the 
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obtained drainage morphology with respect to the fold (Fig. 3A). We define the back 

of the fold as the upstream, north side of the fold. The front of the fold thus 

corresponds to the downstream, south side of the fold (Fig. 3A). The transverse 

incision mode is defined by a drainage pattern in which rivers incise across, and flow 

through, the growing fold. The drainage network at the back of the fold remains 

unaffected, or only slightly perturbed, with minor deflections close to the fold. In this 

mode, some rivers may be deflected and a wind gap may form, but the number of 

wind gaps always remains smaller than the number of through-going rivers. The 

intermediate incision mode is defined by both (i) streams incising within the growing 

fold at (or near) its tips and (ii) the presence of several wind gaps between the 

middle of the fold, or crest point, and the tips (Fig. 3A). The drainage network at the 

back of the fold is deviated and modified by the capture of adjacent streams. The 

spacing of transverse streams is larger in the intermediate incision mode than in the 

pure transverse incision mode, and the number of wind gaps is equal to, or larger 

than, the number of through-going rivers. The parallel incision mode describes a 

drainage network that is completely deviated around the growing fold (Fig. 3A). Many 

wind gaps are observed within the fold and at its tips. Deviations of the drainage 

network away from the fold are more pronounced at the back of the fold than at the 

front.  

 

River deflection is independent of fold length and only results from the competition 

between surface uplift and fluvial incision (Fig. 4, Suppl. Mat., Table 1). Transitions 

from transverse to intermediate to parallel drainage networks occur for increasing 

maximum fold crest uplift rates (qf) and/or for decreasing erodibility (c) (Fig. 4). 

Moreover, the transition from a transverse to intermediate drainage network, or from 
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intermediate to parallel, is accompanied by an increase in horizontal distance 

between two through-going rivers (Fig. 4, Suppl. Mat. Table 1).  

 

3.2. Two-layer models  

 

In these models, we kept a constant erodibility (set so c = 1) for the resistant 

lithology and varied the erodibility between 2 and 50 for the softer sediments. The 

choice of c is based on the results of the previous set of simulations (section 3.1). 

We considered different shapes of uplift rate functions (Fig. 2B-D), and investigated 

maximal values for the maximum fold uplift rate, qf, ranging from 0.4 to 2 mm.yr-1 

(Table 2). We fixed the fold wavelength to 15 km and the fold length to 80 km, as the 

latter has no influence on the drainage network. 

 

In addition to “incision” modes, which describe the pattern of localized incision linked 

with active or defeated streams on the fold, we distinguished three erosional 

responses: 1) The maximum of erosion occurs at the fold, 2) the maximum of 

erosion occurs at the back of the fold and 3) a sedimentary basin forms at the back 

of the fold. Further in the text these three responses are referred as erosion modes, 

which describe the erosion pattern around the fold (Fig. 3B). The “maximum of 

erosion at the fold location” mode corresponds to the case where erosion reaches 

the lower layer at the fold location. The maximum erosion rate is thus located at the 

fold. The “maximum of erosion at the back of the fold” mode represents the case 

where the lower layer becomes exposed at the back of the fold, which is where the 

maximum erosion rates occur. The drainage network at the back of the fold is well 

connected and drains the north side of the fold. At this location, the rivers have a 
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higher incision capacity through aggregation of drainage area, and the maximum of 

erosion coincides with the location of rivers and steepest local slopes. The two 

previous modes of erosion are characterized by a quasi-absence of significant (> 50 

m in thickness) sedimentary deposits, in contrast to the third erosion mode (Basin at 

the back of the fold) for which deep (> 50 m in thickness) basins formed at the back 

of the fold. Such basins form during the growth of synclines and can either remain 

isolated or can connect to form a single wide (> 50km2) and deep (> 50 m in 

thickness) basin.  

 

Transitions between modes of incision and modes of erosion are not gradual, and do 

not show a unidirectional trend. This suggests that the parameters qf and R are 

coupled, and one limits the influence of the other on the preservation of through-

going rivers. Each incision and erosion mode is constrained by a set of values for 

both qf and R (Fig. 5A, Suppl. Mat. Table 2).  

 

3.2.1. Constant uplift rates 

 

Our results generally show that river incision and the resilience of transverse 

drainage networks (transverse and intermediate modes) are favored by low values of 

both qf and R (Fig. 5A, Suppl. Mat., Table 2). For R > 1, a transition from a 

transverse to intermediate to parallel drainage network occurs with increasing values 

of R and qf (Fig. 5A, Suppl. Mat., Table 2). The number of wind gaps increases 

during successive transitions (Fig. 5A, Suppl. Mat., Table 2). For R < 1, a transition 

from a transverse to intermediate drainage network is obtained with increasing 

values of qf and/or decreasing values of R. In the case of a parallel drainage 
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network, the streams at the back of the fold are deviated further northwards of the 

fold with an increased qf and R.  

 

Maximum erosion rates at the fold are favored by low values of qf and R (Fig. 5B, 

Suppl. Mat., Table 2). Transitions from maximum erosion at the fold to the back of 

the fold occur with an increasing qf for R < 10, whereas transitions from maximum 

erosion at the fold to the development of sedimentary basins at the back of the fold 

occur with an increasing qf and/or R for R > 10  (Fig. 5B, Suppl. Mat., Table 2). 

Sedimentary basins at the back of the fold (erosion mode 3) become wider and 

deeper, and connect to form a single basin (Fig. 5B).  

 

We do not observe the same transitions for the incision modes, suggesting that 

incision modes are not directly associated with a specific erosion mode (Figs. 4-5). 

This might be due to the position of through-going rivers in the intermediate drainage 

network. If, for example, rivers only incise the tips of the fold, the drainage network at 

the back of the fold is deviated around the fold and erosion migrates upstream, 

leading to the location of maximum erosion rates at the back of the fold. If a stream 

crosses the crest of the anticline, or if through-going rivers incise between the fold 

crest point (middle) and the tips, the drainage network at the back of the fold is less 

deviated than in the previous case and maximum erosion rates may be located at 

the fold.  

 

Overall, the persistence of a drainage network is favored when the surface has a 

resistant lithology, whereas wide and deep sedimentary basins develop when the 

surface layer consists of soft sediments (Figs. 6-7). If R < 1, the river needs time to 
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incise the substrate and through-going rivers are widely spaced from each other (Fig. 

6A). Rivers keep pace through the growing fold with increasing time and uplift (Fig. 

6A). The maximum erosion rate occurs at the fold location (Fig. 7A). If R > 1, incision 

by rivers is fast and the distance between through-going rivers is small (Fig. 6B). 

Rivers are progressively deflected around anticlines with increased fold uplift and 

many wind gaps form on the fold (Fig. 6B). Rivers at the back of the fold are deviated 

northward, further away from the fold with time and uplift. As a consequence, 

sedimentary basins develop at the back of the fold and increase in size and number 

with uplift (Fig. 7B).    

 

3.2.2. Time-dependent uplift rates 

 

The maximum uplift rate (qf) is computed for different values of both qfgauss (0.6-2 

mm.yr-1) and qfbg (0-0.2 mm.yr-1), varying values of  (0.05-1.5 Ma) and  (0.125-0.5 

Ma) (Table 2 and eq. (8) in Suppl. Mat.). In order to limit the number of simulations 

and to decipher the effects of  and , we fixed R at representative values, for which 

transitions from transverse to intermediate drainage or from intermediate to parallel 

drainage were observed with an increasing qf. We tested both the case where a 

resistant lithology lays on top of soft sediments (R = 0.05) and the contrary situation 

(R = 20). 

 

Influence of the time of maximum uplift rate () 

 

We set  to 0.125 Ma to investigate the role of the time of maximum uplift rate, . 

The parameter  influences the erosion and incision modes only if it occurs during 
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early stages of the drainage network development (~ 0.1 Ma) and for a restricted 

range of uplifts (Fig. 8A, Suppl. Mat., Table 3).  

 

For R = 0.05 and qf < 2, transition from a transverse to intermediate drainage 

network occurs with increasing , between 0.05 and 0.5 Ma (Fig. 8A, Suppl. Mat., 

Table 3). The transition from maximum of erosion at the fold to the back of the fold 

occurs with increased  between 0.5 and 0.75 Ma and for all investigated values of 

qf (Fig. 8C, Suppl. Mat. Table 3). The earlier rivers are deflected around the fold, the 

more the drainage network at the back of the fold is connected and the higher its 

incision capacity is.  

 

For R = 20, a transition from an intermediate to parallel drainage network is observed 

for qf ~ 1.8 mm.yr-1 (Fig. 8B, Suppl. Mat., Table 3). Wide and deep basins (erosion 

mode 3) form for all investigated values of qf (Fig. 8D, Suppl. Mat., Table 3). The 

streams at the back of the folds are deviated northwards away from the fold with 

decreasing  and increasing qf, leading to the development of a unique wide and 

connected basin.    

 

Influence of fold growth duration () 

 

We set  to 1 to test the influence of . Rivers tend to be deflected with increasing qf 

and  (Fig. 9A, B, Suppl. Mat., Table A4). However for R = 0.05, a river is still cutting 

through the anticline at high values of qf (≥ 1.6) and  (≥ 0.5).  
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For R = 0.05, the drainage network at the back of the fold is not well connected. 

Erosion cannot migrate upstream and remains located at the folds. The lower layer is 

more exposed at the surface, at the fold location with increasing qf and , suggesting 

possible higher erosion rates. This erosion pattern is obtained for values of qf and  

at which a river cuts the fold at its crest (Fig. 9A, C, Suppl. Mat. Table A4). 

Syntectonic sedimentation at the front of the fold is enhanced with increased  and 

qf.  

 

For R = 20, rivers at the back of the fold are deviated northward further away from 

the fold with increased qf and , resulting in the development of a wide and 

connected basin at the back of the fold (Fig. 9D, Suppl. Mat., Table A4). 

 

Influence of the shape of the uplift rate function 

 

Wind gap formation and river incision mainly depend on the cumulative uplift during 

the simulation. We performed simulations that have comparable cumulative uplifts 

but for which the uplift rates were prescribed in different manners: in one case, the 

uplift rate was kept constant, whereas in two other cases uplift rates were time 

dependent, which better represents the dynamics of fold growth (Suppl. Mat. Fig. 

A1A). The time dependent uplift follows a Gaussian distribution, and thus the uplift 

rate in our simulation initially increases, after which it decreases.  

 

At constant uplift rates, rivers are deflected rather late in time, (at ca. 1.5 Ma after the 

beginning of the experiment) and the distance between through-going rivers and 
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wind gaps is large (Suppl. Mat. Fig. A1B). At 2 Ma, a single wind gap is observed in 

the center part of the fold (Suppl. Mat. Fig. A1B).  

 

For time-dependent uplift, rivers are deflected before 1 Ma and the distance between 

through-going rivers and wind gaps is small (Suppl. Mat. Fig. A1C,D). At 2 Ma, 

several wind gaps exist in the center part of the fold (Suppl. Mat. Fig. A1C,D). For 

the time dependent uplift rates, when a small background uplift rate is employed 

(Suppl. Mat. Fig. A1D), the distance between initially through-going rivers is larger 

than when no background uplift rate is prescribed (Suppl. Mat. Fig. A1C). 

 

3.3. Multi-fold models   

 

In the subsequent set of simulations, we used a two-layer setup and fixed qf to 0.6 

mm.yr-1, the fold length to 80 km and the wavelength to 15 km. We tested cases for 

R = 20 and R = 0.05 for comparison with the single-fold simulations shown in Figures 

6 and 7.  

 

When several folds are considered, the modeled rivers may be deflected in the 

upstream part (Fig. 10), leading to the development of sedimentary basins at the 

back of the fold (Fig. 11). However, the rivers may still be able to incise the anticline 

in the middle and downstream parts. Incision occurs in more downstream parts than 

if only one fold is considered (Fig. 6).  

 

With an increasing incision ratio R between two successive layers, the rivers are 

more deflected and incision is only possible at the tips of the anticline in the most 
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downstream part (Fig. 10B). For high R values (~20), the basins that developed at 

the back of the folds (Fig. 11B) are wider, deeper and more connected than in the 

single fold experiment (Fig. 7B).   

 

 

4. Discussion  

4.1. General observations  

 

Results from our parametric study showing that river deflection occurs with 

increasing uplift rates or decreasing erodibility are in good agreement with field 

observations (Burbank et al., 1996; Delcailleau et al., 2006; Delcailleau et al., 1998; 

Keller et al., 1999; Ramsey et al., 2008). Our study also shows that the evolution of 

uplift rather than its absolute value, greatly affects the sustainability of transverse 

rivers. However, our results also show that alternating soft and resistant layers 

change this systematics and the magnitude of the maximum uplift rate plays a role 

as well. This suggests that the influence of each individual parameter is difficult to 

separate in order to predict the morphology of a drainage network or the presence of 

sedimentary basins. Nevertheless, our parametric study allows us to evaluate for 

which range of the tested parameters transverse drainage is dominated by erosional 

processes or by tectonics. In the latter case, it also allows us to decipher whether the 

duration of the tectonic perturbation or its magnitude played a key role in shaping the 

landscape. In order to better constrain the transition between erosion and incision 

modes, other values of the investigated parameters should be systematically tested. 

Once simple relationships between drainage network, sedimentary basins and 

erosional parameters are constrained for given uplift rates, the morphology of the 
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drainage network and uplift rates estimated from field data can be compared to 

models to constrain the lithology or erosional parameters, and vice versa. Simple 

lithological and tectonic control on drainage networks, and their limits derived from 

our parametric study are discussed below.   

 

4.1.1. Lithological control on drainage network 

 

The sustainability of a drainage network depends on (i) the local erodibility capacity 

required to compensate local tectonic uplift and (ii) the ability of the river to transport 

sediments away from the erosion point (Braun and Sambridge, 1997; Howard, 1994; 

Howard and Kerby, 1983; Whipple and Tucker, 1999). Rivers that flow on a soft 

substrate are quickly loaded with sediments and lose their incision capacity, which 

decreases even more once the river reaches a deeper, less erodible lithology. 

Consequently, in such a configuration, the river cannot compensate for the tectonic 

uplift and is deflected. In the case where rivers flow over a resistant lithology, the 

river load is much smaller than in the previous case. The river still has the capacity to 

transport sediments when the sediment supply increases, even after reaching a 

deeper, more erodible lithology, and is therefore still able to incise through the fold. 

Our results show that this is limited to constant uplift rates equal to, or lower than, 

0.8 mm.yr-1 and for an incision ratio value between 0.5 and 5 in alluvial rivers. For 

higher incision ratios, the sediment load is too high, and the river can no longer 

incise.   
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4.1.2. Structural control on the preservation of transverse drainage network 

 

Sustainability of transverse drainage networks is intrinsically linked to the ability of 

rivers to quickly respond to tectonic forcing (Allen, 2008b; Castelltort and Van Den 

Driessche, 2003; Tucker and Slingerland, 1997; Whipple and Tucker, 1999, 2002). In 

this study, river incision depends on the relationship between the time of fold growth 

and the time of response of the alluvial system, which is controlled by the diffusion 

coefficient. Our results show that rivers are deflected when folds grow rapidly. When 

uplift rate variations are smooth or nonexistent, rivers have time to adjust their profile 

and can continue to incise the fold. If, on the contrary, uplift rates change sharply, 

rivers do not have time to adjust their profile and are thus deflected (Fig. 12).  

 

When a soft lithology is present at the surface, rivers are almost systematically 

deflected, for the time span of fold growth investigated. This suggests that in the 

case of time-dependent uplift rates, the persistence of through-going rivers is 

controlled by the incision ratio between the two layers, the time span of fold growth, 

the time at which the uplift rate is maximum and the magnitude of the maximum uplift 

rate. Therefore, clear relationships between the morphology of the drainage network 

and one or two of these parameters are not easy to isolate and further work is 

required to constrain them.  

 

SPMs predict that erosion has a power dependence on the upstream drainage area. 

The capacity of the river to incise growing folds is thus also related to the 

connectivity of the drainage area at large scales (Simpson, 2004). The simultaneous 

growth of several folds builds several topographic barriers to transverse streams. A 
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large-scale transverse drainage network has a higher probability to be disconnected 

than if it meets only one fold, resulting in a diminution of the contributing drainage 

area, and thus, of the incision and the transport efficiency. This discontinuity of the 

drainage network has some consequences on the long-range sediment transport 

and the sediment budget in the fold-and-thrust belt. Sediments are trapped in 

intramontane basins, and may never reach the outlets.  

 

4.2. Comparison with previous work  

 

In all of our simulations, the tectonic perturbation occurred either simultaneously with 

or after the emplacement of the drainage network. Therefore, our models only 

considered the case of antecedence, and not superposition or a combination of both 

(Alvarez, 1999; Mazzanti and Trevisan, 1978; Oberlander, 1985). In the case of 

superposition, Oberlander (1985) proposed that a thick pile of sediments buried prior 

to folding allows the development of a transverse drainage network. These folds are 

then exhumed by erosion and the rivers, emplaced in soft sediments, which 

continually incise the anticlines and form steep gorges through them (Fig. 1A). 

However, results from our models show that soft sediments located on top of 

resistant lithologies favor river deflections. We considered the kinematic component 

of the deformation, where folds grow by limb lengthening or rotation and where the 

fold tips are fixed (Dahlstrom, 1990; Poblet and Hardy, 1995), thus ignoring fold 

lengthening (i.e. growth along the fold axis). Therefore, geomorphic and drainage 

network characteristics associated with fold elongation, such as a decrease in wind 

gap elevation towards the fold tip (Keller et al., 1999), the fan-shaped tributaries on 

the flank of the anticlines (Keller and DeVecchio, 2013; Ramsey et al., 2008) or 
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curved wind gaps (Bretis et al., 2011), were not reproduced in our simulations. Also, 

as suggested by Keller (1999), models that consider limb lengthening are unlikely to 

produce two wind gaps or a wind and water gap from the same river. Instead, a river 

defeated by surface uplift in these models, is deflected around the tips of the fold, 

and leaves behind a single wind gap. However, fold elongation should not affect the 

results of this study on the prediction of wind gaps, because the preservation of 

through-going rivers or their deflection are controlled by the vertical competition 

between surface uplift and incision rates.   

 

Many previous studies focused on sediment discharge and river capacity transport 

changes, as well as on drainage basin reorganization due to tectonic or climatic 

forcing (Tucker and Slingerland, 1996; Tucker and Slingerland, 1997; Tucker and 

Whipple, 2002; Whipple and Tucker, 1999, 2002). Some of these studies may refer 

to wind gaps (e.g. Tucker and Slingerland, 1996) but they did not systematically 

investigate the effect of surface uplift vs. river incision. Furthermore, even though 

some models consider a regolith layer above the bedrock (e.g. Tucker and Hancock, 

2010; Tucker and Slingerland, 1997), they usually do not consider several lithologies 

with different river incision coefficients. In our study, we only focused on predicting 

the persistence of a transverse drainage network during fold growth and 

systematically investigated the conditions of surface uplift vs. incision ratio between 

two successive soft and strong layers.    
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4.3. Applications of our study and implications 

 

4.3.1. Evolution of the drainage network in the ZFB and formation of the Razak IDR. 

 

Large outcrops of the fluvial Agha Jari and Bakhtiari formations are mainly found in 

the southeast and southwest of the Fars Province, where the transverse Mand and 

Kul rivers flow (Fig. 1B). Model results show that wide and deep sedimentary basins 

develop at the back of the fold, when rivers are deflected by fold growth and flow 

parallel to anticlines. This suggests that the Mand and Kul rivers are younger than 

the Agha Jari and Bakhtiari formations, which have been deposited by streams 

longitudinal to folds. Nowadays rivers generally flow longitudinal to folds, with the 

exception of these two main trunks. Walker et al. (2011) proposed that the Razak 

IDR and the present day drainage result from the deflection of former transverse 

streams due to differential uplifts, possibly during a phase of fold tightening at ~2-3 

Ma (Mouthereau et al., 2007b; Mouthereau et al., 2012). However, the IDR of the 

Fars Province is not rapidly deforming presently (Talebian and Jackson, 2004), 

contrary to regions of lower elevation closer to the coast, where the deformation is 

mainly concentrated (Oveisi et al., 2007; Oveisi et al., 2009) and where transverse 

streams are also present. This suggests that processes other than uplift may explain 

the formation of these internally drained basins. Based on the results of our models, 

we propose that the horizontal and vertical distribution of soft and resistant 

lithologies within the belt, and thus the incision ratio between these two successive 

formations may also explain the deflection of rivers. The transverse Mand and Kul 

rivers are indeed incising the resistant Bakhtiari conglomerates, which are lying on 

the soft Agha Jari marls (R < 1). Contrastingly, longitudinal streams generally incise 
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the Agha Jari marls that rest on top of the Asmari limestone or the soft quaternary 

deposits that rest on the Bakhtiari conglomerates (R > 1) (Fig. 1B). 

 

Timing and onset of folding.  

The evolution of the drainage network involves several stages of folding or uplift and 

considers a rather uniform fold growth through the entire fold-and-thrust belt. In our 

model, we consider that folds grow simultaneously over a time span of 1 to 2 Ma. 

This time span of fold growth is consistent with a recent magnetostratigraphic study 

(Ruh et al., 2014), which estimated that a single fold in the Fars Province developed 

within 1 to 1.5 Ma, and was initiated at ~3.8 Ma. Although some studies assume 

homogeneous folding to have occurred (e.g. Fernandez and Kaus, 2014; Yamato et 

al., 2011), the deformation history in the Zagros Fold Belt might be more complex 

(e.g. Mouthereau et al., 2012). The onset of folding has been estimated with 

magnetostratigraphic measurements of progressive unconformities within the Agha 

Jari and Bakhtiari formations (Emami, 2008; Homke et al., 2004 ; Khadivi et al., 

2010; Ruh et al., 2014). The Agha Jari formation was supposedly deposited during 

folding, whereas the Bakhtiari fluvial conglomerates, unconformable on the Agha Jari 

formation, have been previously interpreted as late to post folding sediments 

(Falcon, 1974; James and Wynd, 1965; Stocklin, 1968). The onset of deformation in 

the Simply Folded Zone has been estimated at ~5-8 Ma (Homke et al., 2004; Emami, 

2008; Ruh et al., 2014) and possibly earlier (Hessami et al., 2001; Khadivi et al., 

2010). Recent studies demonstrated that the fluvial wedgetop sediments (comprising 

the Razak, Agha Jari, and Bakhtiari formations) are diachronous across the Zagros, 

becoming progressively younger from the north towards the Persian Gulf in the south 

(Homke et al., 2004 ; Khadivi et al., 2010; Pirouz et al., 2015). Hence, the timing and 
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duration measured on growth strata in the Fars by Ruh et al. (2014) are not 

compatible with a homogeneous fold growth in the Zagros Simply Folded Belt. Our 

study constrained the condition of uplift versus river incision for a single fold in the 

range of the time span of fold growth in the Zagros, but did not consider the full 

deformation history of the area. We have not considered several stages of folding or 

uplift, and considered a homogeneous deformation in the models with several folds, 

which is not fully compatible with the magnetostratigraphic data. In this study, we did 

not consider the full deformation history, in order to simplify the model. Taking into 

account the full deformation history would imply considering more parameters and 

consequently possibly more complex models. Results obtained from models that 

consider deformation prescribed in a mechanical manner (Collignon et al., 2014; Ruh 

et al., 2013) may be different from those obtained from kinematic models. The 

present model has some limitations, and may fail to consider a complex deformation 

pattern. However, it allows a direct focus on the first order relationship between the 

morphology of the drainage network and erosion or uplift rates without any 

disturbance provided by other external parameters. 

 

4.3.2. Potential constraints for the erodibility of rocks in the ZFB 

 

Results from our numerical simulations allow us to estimate a range of incision 

ratios, R, for the folds in the Fars Province. The drainage network in the Fars 

Province is rather longitudinal and streams are often deflected around the anticlines, 

or locally incise their extremities (Fig. 13A). This drainage morphology is 

characteristic of intermediate and parallel drainage networks. Large sedimentary 

basins developed in synclines (e.g., the Bakhtiari formation in the Fars front, in 
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coastal regions). The maximum erosion occured in between folds in synclines, in the 

ZFB. Fold growth rates between 0.3 and 0.6 mm.yr-1 were estimated for the Qarah, 

Dalu and Takteh anticlines (Fig. 13B). The core of these anticlines exposes the 

resistant Asmari limestones, while the soft sediments of the Agha Jari and 

Gachsaran formations are the main lithologies around the Qarah and Dalu anticlines 

(see Fig. 1B), suggesting that R > 1 (Fig. 13B). These anticlines are cut at their tips 

by rivers, a characteristic of an intermediate drainage network (Fig. 13B). The Mand 

river is cutting the Takteh anticline at its tip (Fig. 13A) and the Bakhtiari formation is 

exposed around the fold. This suggests an intermediate drainage network with R < 1 

(Fig. 13B). Ages and incision rates obtained from cosmogenic nuclides 

measurements of terraces were used to infer fold uplift rates and horizontal 

shortening rates (Mouthereau et al., 2007). Erodibility indicates a structural uplift rate 

of ~0.7 ± 0.2 mm.yr-1 and a shortening rate of ~1.2 ± 0.5 mm.yr-1 across the 

Khartang/Poshtu structures (Oveisi et al., 2009). The uplift rates are similar to those 

obtained by Mouthereau et al. (2007). Incision rates for the Halikan anticlines have 

been estimated between 0.8 and 3.3 mm.yr-1, leading to shortening rates across the 

structures of between 1.0 and 5 mm.yr-1. The Mand anticline accommodates most of 

the frontal deformation with 3-4 mm.yr-1 (Oveisi et al., 2009). According to Oveisi et 

al. (2009), uplift rates are sensibly similar to incision rates for marine terraces, 

suggesting that the Mand and Halikan anticlines (Fig. 13B) have uplift rates at least 2 

to 3 times faster than for the folds in the Central Fars (Mouthereau et al., 2007). 

These folds are located in the frontal part of the Fars, where the Bakhtiari 

conglomerates are thick (Yamato et al., 2011; Mouthereau et al., 2012). The tips of 

these folds are cut by the Mand river. These observations are in favor of an 

intermediate drainage network, with R < 1 (Fig. 13B). Considering that limestones 
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and conglomerates have more or less the same erodibility coefficient, we can use a 

ratio ~ 1, in the case when the Bakhtiari conglomerates rest directly on the top of the 

Asmari limestones. If the layer is thick, the river may not have reached a deeper 

layer, and R = 1. This could be the case for the Mand and Halikan anticlines in the 

coastal Fars, where the Bakhtiari Formation can reach up to 1 km in thickness 

(Yamato et al., 2011).  

 

5. Conclusion 

 

We presented a set of numerical experiments designed to explore the conditions of 

uplift rates versus river incision in deflecting syn-deformation drainage during the 

growth of one or several folds. We have identified 3 incision modes: transverse, 

intermediate and parallel, and we have distinguished 3 erosion modes: maximum 

erosion rates at the fold, maximum erosion rates at the back of the fold and 

deposition of large sedimentary basins at the back the fold. The simulations suggest 

that transverse drainage networks occur for uplift rates (qf) up to 0.8 mm.yr-1 and 

incision ratio (R) values ranging between 0.5 and 5. Intermediate drainage networks 

are obtained for uplift rates up to 2 mm.yr-1 and incision ratio up to 20. Parallel 

drainage networks and the formation of sedimentary basins occur for large values of 

incision ratio (> 20) and uplift rates around 1-2 mm.yr-1.  

 

Although this study focused primarily on the Zagros Fold Belt, the outcomes have 

implications for other foreland basins and fold-and-thrust belts. If the uplift rates are 

known for a specific erosion or incision mode, it is then possible to determine the 

incision ratio between two successive layers and vice-versa. This relationship paves 
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the way for future work, both numerical and field-based. Incision rates are usually 

poorly constrained and further studies will be needed to confirm the first order 

relationship, proposed here, between incision and uplift rates and the 

geomorphology of the drainage network. This study also pointed out the importance 

of successive erodibilities on the river transport capacity, and by extension on its 

incision capacity. Further studies could quantify the erodibility of rocks in the field to 

obtain more constrained parameters that may be later employed in the numerical 

models. Finally, further numerical studies could consider the effect of employing a 

mechanical formulation of the deformation on the prediction of transverse drainage 

and test if direct relationships between uplift and incision rates can be derived. 
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Table 1: parameters used by the numerical model. Units are given in SI. 

Symbol Unit Definition  

Lx, Ly  m initial dimensions of the model in x and y directions 

x,y,z m coordinates 

nelx, nely 
 

number of elements in x and y  

Hmax m maximum initial elevation 

h0 m initial roughness of the surface processes model  

qsed m
2
.s

-1
 surface sediment discharge  

q m
2
.s

-1
 surface water discharge 

c (m
2
.s

-1
)
1-n

 fluvial incision  

k m
2
.s

-1
 hillslope diffusion  

m 
 

exponent for dependency of sediment transport on fluid discharge 

α m.s
-1

 annual rainfall  

β 
 

regional slope (Hmax/Ly) 

x_foldi m x coordinate of the i-th fold center 

y_foldi m y coordinate of the i-th fold center 

     s
-1

 background strain rate  

μ s expected value (gaussian function), time of maximum fold growth 

σ s standard deviation (gaussian function), controls the time span of fold growth 

qf m.s
-1

 maximum fold growth rate (anticline crest) 

qfBG m.s
-1

 background fold growth rate (gaussian function) 

qfgauss m.s
-1

 maximum fold growth rate for the gaussian function 

t s  time 
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Table 2: Values of parameters used in simulations. * indicates the values used in the simulations with 
three folds. 
 

Symbol Unit Value 

Lx km 100/120*  

Ly  km 50/60* 

nelx 
 

500/600* 

nely 
 

250/300* 

Hmax m 400 
h0 

R 
m 
 

5 
0.05-20 

c (m
2
s

-1
)
1-n

 0.1-50 

k m
2
s

-1
 10

-10
-10

-11
 

m 
 

2 

α m.yr
-1

 0.3 

x_fold1 m 50 000/40 000* 

y_ fold1 m 25 000/15 000* 

x_fold2 m 80 000* 

y_fold2 m 30 000* 

x_fold3 m 40 000* 

y_fold3 m 45 000* 

     s
-1

 -5x10
-15

 

μ Ma 0.25-1.5 

σ Ma 0.125-0.25 

qf mm.yr
-1

 0.4-2/0.6* 

qfBG mm.yr
-1

 0-0.2/0* 

qfgauss mm.yr
-1

 0.6-1.4/0* 
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Figure 1: A. Wind gap at the tip of an anticline in the Fars Province (ZFB, Iran). 28º19’15.42”N, 
53º02’45.84”E. Image courtesy of Jean-Pierre Burg. B. Synthetic map of the Fars Province showing 
the main tectonic structures (faults, anticlines), drainage network and lithologies. C. Water gap in the 
Fars Province (ZFB, Iran). 28º18’40. 09”N, 52º24’32.19”E. 
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Figure 2: A. Initial and boundary conditions. The model consists in two layers with different fluvial 
incision parameters, c. The upper layer has a thickness of 100 m, while the second is supposed to 
have an infinite thickness. B. Constant and time-dependent uplifts used in the simulations. C. 
Evolution of topographic transects for a constant uplift through time. D. Evolution of topographic 
transects for variable uplift through time. 
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Figure 3: A. Different incision modes observed in our simulations. B. Different erosion modes 
observed in our simulations. 
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Figure 4: Distribution of the different drainage network modes for different conditions of uplift and 
fluvial incision (Transverse mode: full green circle, Intermediate mode: brown square, Parallel mode: 
yellow diamonds). The dotted lines represent the transition from one mode to another and have been 
constrained by numerical simulations, taken after 1 Ma. Each point represents a numerical simulation.  
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Figure 5: A. Distribution of the different drainage network modes for different conditions of uplift and 
incision ratio (Transverse mode: full green circle, Intermediate mode: brown square, Parallel mode: 
yellow diamonds). B. Distribution of the different erosion and sedimentation modes for different 
conditions of uplift and incision ratio (Erosion at fold location mode: full pink triangle, Erosion behind 
the fold mode: blue cross, Basin behind the fold mode: full green triangle). The dotted thick lines 
represent the transition from one mode to another and have been constrained by numerical 
simulations, taken after 1 Ma. The dotted thin lines represent slight variation within a mode (here the 
number of wind gaps or river incision). W.G.: refers to wind gaps, and I. to incision of transverse 
rivers. Each point represents a numerical simulation.  
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Figure 6: Evolution through time of the drainage network and topographic elevation for A. R = 0.05 
and B. R = 20. Transects AA’ indicate the position of the vertical profile of the folds. W.G. refers to 
wind gap while I. refers to incision of transverse streams. For visualisation the vertical axis of the 
profile has been amplified 10 times.  
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Figure 7: Evolution through time of the exposed lithologies for A. R = 0.05 and B. R = 20. 
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Figure 8: Distribution of the different drainage network modes for different conditions of maximum fold 

crest uplift, qf and time of maximum uplift,  for A. the case where R = 0.05, and B. the case where R 
= 20 (Transverse mode: full green circle, Intermediate mode: brown square, Parallel mode: yellow 
diamonds). Distribution of the different erosion and sedimentation modes for different conditions of 

maximum fold crest uplift, qf and time of maximum uplift,  for C. the case where R = 0.05, and D. the 
case where R = 20  (Erosion at fold location mode: full pink triangle, Erosion behind the fold mode: 

blue cross, Basin behind the fold mode: full green triangle). In all the simulations,  = 0.125 Ma. The 
dotted thick lines represent the transition from one mode to another and have been constrained by the 
numerical simulations, taken after 2 Ma. The dotted thin lines represent slight variation within a mode. 
Each point represents a numerical simulation.  
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Figure 9: Distribution of the different drainage network modes for different conditions of maximum fold 

crest uplift, qf and time span of fold growth,  for A. the case where R = 0.05, and B. the case where 
R = 20 (Transverse mode: full green circle, Intermediate mode: brown square, Parallel mode: yellow 
diamonds). Distribution of the different erosion and sedimentation modes for different conditions of 

maximum fold crest uplift, qf and time span of fold growth,  for C. the case where R = 0.05, and D. 
the case where R = 20  (Erosion at fold location mode: full pink triangle, Erosion behind the fold 

mode: blue cross, Basin behind the fold mode: full green triangle). In all the simulations,  = 1 Ma. 
The dotted thick lines represent the transition from one mode to another and have been constrained 
by the numerical simulations, taken after 2 Ma. The dotted thin lines represent slight variation within a 
mode. Each point represents a numerical simulation. 
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Figure 10: Evolution through time of the drainage network and topographic elevation for a model with 
three folds and for A. R = 0.05 and B. R = 20. Transects AA’ indicate the position of the vertical profile 
of the folds. W.G. refers to wind gap while I. refers to incision of transverse streams. For visualisation 
the vertical axis of the profile has been amplified 10 times.  
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Figure 11: Evolution through time of the exposed lithologies for A. R = 0.05 and B. R = 20. 
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Figure 12: 3D visualization of two models with the same total uplift but for two different fold growth 
rate. A-B. Constant fold growth rate, qf = 0.6 mm.yr

-1
 C-D. Variable uplift through time with qfgauss = 

1.8 mm.yr
-1

,  = 0.25 Ma, and  = 1 Ma. A. and C. Top view of the anticline. B. and D. view of the 
anticline south face. W.G.: refers to wind gaps, and I. to incision of transverse rivers. 
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Figure 13: A. Digital Elevation Model of the Fars Province and drainage network. The anticlines 
plotted in B. and the internal drained basins are localized on the DEM. B. Conditions of uplift and 
incision ratio for several anticlines in the Fars Province, based on numerical experiments and fold 
growth rate available in the literature.  


