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 29 

ABSTRACT  30 

The development of new reverse faults and related folds is strongly controlled by the mechanical 31 

characteristics of the host rocks. In this study we analyze the impact of a specific kind of anisotropy, 32 

i.e. thin mechanical and frictional discontinuities, in affecting the development of reverse faults and of 33 

the associated folds using physical scaled models. We perform analogue modeling introducing one or 34 

two initially horizontal, thin discontinuities above an initially blind fault dipping at 30° in one case, and 35 

45° in another, and then compare the results with those obtained from a fully isotropic model. The 36 

experimental results show that the occurrence of thin discontinuities affects both the development and 37 

the propagation of new faults and the shape of the associated folds. New faults 1) accelerate or 38 

decelerate their propagation depending on the location of the tips with respect to the discontinuities, 2) 39 

cross the discontinuities at a characteristic angle (~90°), and 3) produce folds with different shapes, 40 

resulting not only from the dip of the new faults but also from their non-linear propagation history. Our 41 

results may have direct impact on future kinematic models, especially those aimed to reconstruct the 42 

tectonic history of faults that developed in layered rocks or in regions affected by pre-existing faults. 43 

 44 

 45 

 46 

 47 

 48 

 49 



3 
 

 50 

1. INTRODUCTION  51 

Shortening in the brittle crust is mostly accommodated by folding, fracturing, and faulting. These 52 

processes are intimately associated with one another and understanding their evolution through time is 53 

of paramount importance. Several kinematic models have been proposed to explain the relationships 54 

between faulting and folding (for a recent summary see McClay, 2011; and Brandes and Tanner, 2014). 55 

It is generally accepted that fault-related folding can be described by three end-member geometries: 56 

detachment folds, fault-bend folds, and fault-propagation folds (e.g. De Sitter, 1956; Dahlstrom, 1969; 57 

Suppe, 1983; Suppe and Medwedeff, 1984, 1990; Jamison, 1987; Chester and Chester, 1990; Mitra, 58 

1990, 1992, 2003; Erslev, 1991; Fisher et al., 1992, Epard and Groshong, 1995; Poblet and McClay, 59 

1996; Storti and Salvini, 1996; Hardy and Ford, 1997; Allmendinger, 1998; Suppe et al., 2004; Tavani 60 

et al., 2006; Hardy and Finch, 2007; Albertz and Lingrey, 2012;). Such three end-members, however, 61 

often represent different stages in the evolution of the same structure (e.g., Tavani and Storti, 2006; 62 

Storti et al., 1997). For instance, a contractional structure may form as a detachment fold, then 63 

propagate upward forming a ramp as a fault-propagation fold, and finally be deflected along a weak 64 

layer to operate as a fault-bend fold. 65 

Although the evolution of detachment folds and fault-bend folds is mainly related to the friction of 66 

the surface where they propagate and to the intrinsic mechanical properties of the rocks involved, the 67 

propagation of a ramping fault is a more complex mechanism, mainly because a new slipping surface 68 

must be created. The development of new faults in an isotropic medium occurs through three 69 

successive phases (e.g., Anderson, 1942; Brace et al., 1966; Segall and Pollard, 1983; Cartwright et al., 70 

1995; Mansfield and Cartwright, 2001; Scholz, 2002; Faulkner et al., 2006; Bonini et al., 2015): 1) a 71 

“nucleation” phase, during which small cracks form as a consequence of the applied stress, usually 72 
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with an en echelon arrangement; 2) a “creation” phase, when new fault planes form through the 73 

coalescence of previously formed cracks; and 3) a “propagation” phase, when a single fault grows 74 

through the connection of small cracks located at its outer tips. Note that during the propagation phase, 75 

both nucleation and creation phases continue to occur at fault tips, and that the general evolution of a 76 

fault is seldom a linear process. In an ideal isotropic case, however, the linear propagation of a new 77 

fault is often an accepted assumption. Different factors may affect this linearity in nature, including the 78 

different strength of the rocks involved in the faulting process, the non-uniformity of the stress field, 79 

the presence of fluids, the occurrence of background inherited fractures - which may not be 80 

homogeneously distributed in the faulted sequence - and pressure and/or heat flow variations. As a 81 

result, any deviation from the linearity of fault propagation impacts also on the associated folding. 82 

Understanding the deviations from linearity in the propagation of a ramping fault is 83 

fundamental in many applications which use the activity (slip) of the fault as a basic parameter. In 84 

regions of active tectonics or in the external portion of orogenic belts, reverse faults or thrust-fault 85 

ramps are often blind or buried below piles of sediments, thus preventing any direct observation of the 86 

faults. Several kinematic models have been developed to relate the observations of deformation 87 

features (e.g. folded horizons, secondary brittle structures, uplifted and warped terraces, growth strata) 88 

to their causative fault and to investigate the evolution of the whole system through time (e.g., Suppe, 89 

1983, Suppe and Medwedeff, 1990; Erslev, 1991; Epard and Groshong, 1995; Homza and Wallace, 90 

1995; Hardy and Ford, 1997; Allmendinger, 1998; Mitra, 2002b, 2003; Allmendinger et al., 2004; 91 

Suppe et al., 2004; Vannoli et al., 2004; Jin and Groshong, 2006; Tavani et al., 2006; Storti and Salvini, 92 

1996; Cardozo and Aanonsen, 2009; Cardozo et al., 2011; Maesano et al., 2013; Grothe et al., 2014; 93 

Maesano et al., 2015; Bergen et al., 2017). Other studies used different approaches based on 94 

mechanical modeling, such as boundary element methods (BEM; e.g. Roering et al., 1997), finite 95 
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element methods (FEM; e.g. Albertz and Lingrey, 2012), and discrete element methods (DEM; Hughes 96 

and Shaw, 2015). 97 

Most studies agree that one of the main elements controlling the evolution of a ramping fault is 98 

the mechanical stratigraphy. Deviations from a linear evolution are commonly observed in layered 99 

rocks that are often characterized by alternating weak and strong layers. However, such behavior can 100 

be also associated with other mechanical heterogeneities. For example, interlayer surfaces or pre-101 

existing fault planes located along the propagating fault trajectories represent mechanical 102 

discontinuities within the hosting rocks. How do these thin, frictional, mechanical discontinuities 103 

impact on the propagation of a ramping fault? To answer this question we analyze a set of analog 104 

models. Our goal is to highlight how initially horizontal thin, mechanical discontinuities deviate a 105 

propagating fault from its linear development. We study how such discontinuities affect the evolution 106 

of fault-propagation folds, first by reproducing the development of initially blind, reverse faults dipping 107 

at different angles. We then introduce one or two horizontal discontinuities above the fault initial tip to 108 

quantitatively analyze their role in affecting the development of the whole structure. Finally, we use 109 

our results to discuss the potential impact of our findings in the investigation of natural cases.  110 

2. METHOD 111 

Among the various fault dips that can be adopted for a preliminary experimental analysis we chose to 112 

reproduce the dips that are most commonly observed in areas of active reverse faulting. A global 113 

compilation of active reverse faults (Sibson and Xie, 1998) indicates two prominent peaks in the 25°-114 

35° and 45°-55° intervals. Accordingly, we designed two experimental boxes with the master fault, i.e. 115 

the inclined surface along which the two rigid blocks slip with reverse kinematics, dipping at 30° and 116 

45° (Fig. 1): the corresponding sets of experiments are named DIP30 and DIP45, respectively (Table 117 

1). The two boxes are composed by two rigid blocks: one is fixed and represents the footwall, the other 118 
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is mobile and represents the hanging wall (Fig. 1). The analog material overlies these blocks and 119 

simulates the rock volume where the reverse fault is expected to propagate. In this setup the master 120 

fault is initially planar and blind. 121 

As analogue material we used wet kaolin (#CC31 China Clay), which is widely used to analyze 122 

faulting and folding processes in scaled experiments (e.g. Withjack et al., 1990; Miller and Mitra, 2011; 123 

Mitra and Miller, 2013; Cooke et al., 2013; Bonini et al., 2014a; Bonini et al., 2016a). Several 124 

peculiarities make the kaolin especially suitable for our purpose: 1) its mechanical properties can be 125 

easily assessed by measuring the water content of the mixture and by imposing a specific strain rate; 2) 126 

thin mechanical discontinuities can be easily introduced by cutting the clay pack; 3) the small size of 127 

clay particles allows for a very high resolution of strain observations, especially those related with 128 

faulting and fracturing. 129 

2.1. Scaling 130 

A proper analog experiment is subject to specific scaling rules that must be representative of a 131 

natural setting (Hubbert, 1937; Hubbert, 1951; Ramberg, 1981). As recalled earlier, the mechanical 132 

behavior of wet kaolin depends mainly on its water content and strain rate (e.g., Eisenstadt and Sims, 133 

2005; Cooke and van der Elst, 2012). In this study we used a mixture of clay with a 60% water content 134 

by mass, resulting in a density of 1.65 g/cm3. It follows that we may assume a cohesion in the range 50 135 

to 120 Pa (Eisenstadt and Sims, 2005) and a friction coefficient of 0.6 (Henza et al., 2010). To ensure a 136 

proper rheological behavior during the experiments we adopted a 0.02 mm/s hanging wall speed 137 

(Cooke and van der Elst, 2012). As a natural target we assumed a rock with a density of 2.5 g/cm3 and 138 

a cohesion in the range 10-20 MPa. Hence, the scaling relationship can be calculated as: 139 

   

  
 
  

  

  

  
 (1) 140 
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where c is the cohesion, ρ is the density and l is the length. The subscripts m and n denote the analogue 141 

model and the natural target, respectively. Solving Eq. 1 for the length of the models gives 142 

       
  

  
 
  

  
 (2) 143 

and using the maximum and minimum values of the kaolin cohesion we obtain that 10 mm in our 144 

model correspond to about 0.1-1.0 km in nature. Hence, the clay cake placed above the two rigid 145 

blocks was made 50 mm-thick, representing 0.5-5.0 km in nature. 146 

2.2. Modeling strategy 147 

To analyze the impact of the presence of thin, horizontal, mechanical discontinuities onto the 148 

development of reverse faults and related folds we introduced such discontinuities in our models by 149 

cutting the clay cake with an electrified probe before moving the hanging wall block. This technique 150 

allows us to precut the wet clay pack without modifying its mechanical properties (Cooke et al., 2013; 151 

Bonini et al., 2014a; Bonini et al., 2015; Bonini et al., 2016a). We thus assume that friction along the 152 

precut is the same as that of natural faults forming in the wet kaolin. 153 

For both experimental setups (DIP30 and DIP45) we tested three different configurations (Fig. 1; 154 

Table 1): 1) an isotropic case (_ISO), i.e. a single clay layer without any precut; 2) a case where there is 155 

only one precut in the middle of the clay pack (_1PC), thereby forming two clay layers; 3) a case where 156 

two evenly spaced precuts have been introduced (_2PC), thereby forming a three-layer clay pack. To 157 

test the repeatability of the processes and to handle the data statistically we replicated each 158 

configuration three times. The isotropic experiments serve as reference for all the others. Models with 159 

one precut provide information on how new faults interact with a horizontal discontinuity and how this 160 

interaction impacts on the folding process. Models with two precuts allow us to observe what happens 161 

when the discontinuity is closer to the initial tip of the master fault (the lower precut), and how the 162 



8 
 

increased number of discontinuities compares with the outcomes from the isotropic and single-precut 163 

models. 164 

2.3. Data analysis  165 

We collect data from our models by taking high-resolution photographs (at 18 megapixel resolution) of 166 

the lateral side of the experimental box at every 1 mm of displacement along the master fault plane. 167 

These images are analyzed every 5 mm in two main ways: 1) using the Move software (Midland Valley 168 

Exploration Ltd) to digitize faults, fractures, and folds; and 2) using the PIVlab software (Thielicke, 169 

2014; Thielicke and Stamhuis, 2014), which adopts an optical technique in visible light (Digital Image 170 

Correlation method, D.I.C.) to aid the detection of particles movements and thus quantify the amount 171 

of deformation. All images are referenced to a fixed coordinate system so that structures from different 172 

models and at different shortening be compared objectively. Black quartz sand grains are placed on the 173 

side of the clay cake before starting the experiments to act as markers for the identification of 174 

displacement without modifying the mechanical properties of the clay mixture. The D.I.C in particular 175 

allows us to calculate the displacement field and the shear strain rate distribution. 176 

One of the key elements to understand fault kinematics is the analysis of fault displacement, 177 

allowing a detailed reconstruction of fault evolution and the discrimination of the fault-related folding 178 

style (e.g., Williams and Chapman, 1983; Hedlund, 1997; Tavani et al., 2006; Hughes and Shaw, 179 

2014). The ratio between propagation and slip (P/S) of a fault is another widely used parameter that 180 

allows the fault-related folding evolution to be analyzed in detail, in particular using methods based on 181 

the trishear theory (e.g., Erslev, 1991; Hardy and Ford, 1997; Allmendinger, 1998). By varying the P/S 182 

ratio we can  restore different fold shapes associated with propagating faults, leaving all other 183 

parameters such as the fault dip or the fault tip position unchanged, (e.g., Allmendinger and Shaw, 184 

2000). Our experimental approach provides data about the displacement distribution along the fault and 185 
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about the propagation of the fault through time. The latter is particularly important because the 186 

propagation rate of a fault can hardly be observed in nature, and also because fault propagation models 187 

are mainly based on the analysis of the displacement distribution along the fault from markers in the 188 

hanging wall and footwall. To extract data such as fault length and P/S ratio while the fault grows 189 

during the experiments we measure the coordinates of the upper tip point of the main new faults every 190 

5 mm of total displacement imposed on the master fault. The retained fault upper tip position is the 191 

average of the three realizations of each experimental configuration. Many new faults form during the 192 

experiments, but we collect these data only about the main faults, i.e. those showing a significant 193 

change of the velocity field and along which the shear strain rate is larger (Fig. 2a), excluding 194 

secondary faults and fractures. When multiple faults show significant activity we assume the most 195 

developed one, i.e. the longest one, as the main fault. 196 

Another interesting piece of information is the angle formed between the direction of the 197 

propagating faults and the slope of the discontinuity at its inflection point (Fig. 2b), which we refer to 198 

as Angle Of Incidence (AOI). The direction of new faults is measured as the up-dip projection of the 199 

line connecting the tip of the master fault and the tip of the main new propagating faults. The slope of 200 

the inflection point is obtained first by fitting the line drawing of precuts (sampled at regular intervals 201 

of 10 mm) with a spline function, then by calculating the first derivative of these curves. The average 202 

of the angle of incidence measured from the three experiments for each configuration is retained for 203 

further analyses. 204 

Finally, to investigate the evolution of folds associated with fault propagation we inspect the 205 

topographic surface of the experiments during deformation every 5 mm of displacement on the master 206 

fault. Similarly to the other observations described above, we use data from three experiments for each 207 

configuration and retain the average. To this end we sample the height of each model surface at a 208 
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regular spacing of 10 mm, then fit these data with a spline function to obtain a synthetic curve 209 

representing the fold shape at each deformation step (Fig. 2c).  210 

  211 
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3. EXPERIMENTAL RESULTS 212 

We present here the main features observed in all the experiments. Specifically, we describe the 213 

geometry and development of faults and tensile fractures, the displacement field, and the shear strain 214 

rate distribution for all model configurations. For the sake of simplicity, in sections 3.1 and 3.2 we limit 215 

the description to one of the three series of experiments. The new faults formed in the isotropic 216 

experiments, in both the DIP30 and DIP45 configurations, reach the surface after about 40 mm of total 217 

displacement on the master fault. Considering that the specific goal here is to compare experiments 218 

with and without precuts, we describe the experiments with precuts only until we accumulate 40 mm of 219 

total slip even if no new faults have reached the surface at this displacement level. We subdivide the 220 

model evolution into two stages based on the amount of displacement imposed on the master fault: an 221 

Early Stage from 0 to 20 mm, and a Late Stage from 20 to 40 mm. The results in terms of fault 222 

propagation, angle of incidence (AOI) and fold evolution are obtained considering the three series of 223 

experiments for each configuration (see section 2.3 for explanations). 224 

3.1. DIP30 EXPERIMENTS (ISO, 1PC, 2PC)  225 

This section describes the results of experiments performed with a 30°-dipping master fault 226 

(DIP30_ISO, DIP30_1PC, and DIP30_2PC; Table 1), illustrating faults and fractures that are visually 227 

detected on the long side of the models (Fig. 3), the displacement field (Fig. 4), and the shear strain rate 228 

(Fig. 5) derived from D.I.C. analysis. 229 

During the Early Stage, in DIP30_ISO the new faults nucleate at the tip of the master faults and 230 

develop with a shallow dip as they propagate forward until they become horizontal or even curve 231 

downward into the footwall (Fig. 3). At the end of the Early Stage, more new faults are formed in the 232 

hanging wall of the previous ones with progressively steeper dip (Fig. 3). In DIP30_1PC, during the 233 

Early Stage the new faults exhibit the same pattern as those seen in the isotropic case. In DIP30_2PC, 234 
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the new faults are fewer and reach the lower precut at the end of the Early Stage (Fig. 3). In 235 

DIP30_ISO the displacement field highlights a trishear zone, with the apex located at the upper tip of 236 

the steeper fault (Fig. 4). The low-angle faults and fractures located in the footwall border the lower 237 

edge of the trishear zone. This zone is preserved during the entire DIP30_ISO, whereas in DIP30_1PC 238 

and DIP30_2PC it appears segmented since the beginning of the Early Stage due to partial reactivation 239 

of the precuts, as pointed out by shear strain rate analysis (Fig. 5). In DIP30_2PC the new faults are 240 

deflected, and when they link with the lower precut the extent of slip along them increases (Fig. 4 and 241 

5). Conversely, during the Early Stage of experiment DIP30_1PC the faults remain below the precut, so 242 

that the precut is not fully activated. 243 

During the Late Stage, in DIP30_ISO the new faults continue to grow (Fig. 3). The activity of 244 

the faults having a dip similar to that of the master fault is prominent with respect to other faults, as 245 

testified by both the velocity field (Fig. 4) and the shear strain rate (Fig.5) analyses. In DIP30_1PC and 246 

DIP30_2PC the upward propagation of faults and fractures stops against precuts, though in DIP30_2PC 247 

some fractures cross the lower precut at the end of the stage. Also in DIP30_1PC and DIP30_2PC the 248 

activity of faults showing the same dip as that of the master fault is predominant, while the activity on 249 

the low-angle faults gradually decreases (Fig. 5). In DIP30_1PC and DIP30_2PC layer-parallel faults 250 

nucleate in front of the upward-propagating faults and within the layers, along the neutral surface of the 251 

blocks bordered by precuts and the free surface. In DIP30_1PC the layer-parallel faults form close to 252 

the neutral surface of the upper layer, i.e. the layer between the free surface and the precut. In 253 

DIP30_2PC, several layer-parallel faults form; first in the middle layer, i.e. the layer located between 254 

the two precuts, and then in the uppermost layer. Conversely, layer-parallel faults never appear in the 255 

isotropic experiment. The displacement field (Fig. 4) shows that the trishear zone progressively 256 

narrows as deformation increases in all three cases. Finally, the activity of precuts and layer-parallel 257 

faults produces a decoupling between the different layers. Notice that in DIP30_2PC an upward-258 
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propagating fault overtakes the lower precut and promotes the transition of slip from the lower to the 259 

higher precut at the end of the Late Stage (Figs. 4 and 5). In DIP30_1PC, small, reverse faults 260 

propagate downward from the free surface just along the hinge of the footwall syncline (Fig. 3). 261 

3.2. DIP45 EXPERIMENTS (ISO, 1PC, 2PC)  262 

This section present the results of experiments performed with a 45°-dipping master fault 263 

(DIP45_ISO, DIP45_1PC, and DIP45_2PC; Table 1; Figs. 6, 7 and 8).  264 

During the Early Stage of all DIP45 experiments new faults form at the tip of the master faults 265 

(Fig. 6) with shallower dip as they grow in a way similar to that observed in DIP30 experiments. In 266 

DIP45_ISO, a series of convex-up splays form with progressively steeper angle up to the dip of the 267 

master fault. Toward the end of the Early Stage a new fault having the same dip as that of the master 268 

fault nucleates at the neutral surface of the associated fold and propagates both downward and upward; 269 

small antithetic shear faults also form in its hanging wall. In DIP45_1PC and DIP45_2PC new faults 270 

reach roughly the same height within the clay body, though in DIP45_2PC when these new faults reach 271 

the lower precut some layer-parallel faults form in the middle layer (Fig. 6). The displacement field of 272 

all DIP45 experiments (Fig. 7) shows a trishear zone that is narrower than that seen in the 273 

corresponding DIP30 experiments. In DIP45_1PC and DIP45_2PC the trishear zone also appears to be 274 

segmented as a consequence of the partial reactivation of precuts (Fig. 8). Similarly to DIP30, the early 275 

low-angle faults border the lower edge of the trishear zone in all DIP45 experiments. In DIP45_2PC, 276 

layer-parallel faults nucleate in the hinge zone of the middle layer. 277 

During the Late Stage, in DIP45_ISO the fault that formed in the middle of the clay cake 278 

connects with an upward-growing fault stemming from the tip of the master fault. Several new layer-279 

parallel faults form in the hanging wall of the newly-formed main fault (Fig. 6). In DIP45_1PC and 280 

DIP45_2PC the new faults are deflected as they approach the precut (the lower precut in DIP45_2PC). 281 
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Layer-parallel faults form in the fold hinge zone within the middle/upper layer as they did in the DIP30 282 

experiments, but they are more numerous. As suggested by the shear strain rate analyses, layer-parallel 283 

faults show the same shear strain rates as those of the segments reactivated along precuts (Fig. 8). 284 

Similarly to the DIP30 configurations, faults with the same dip as that of the master fault are prominent 285 

during this stage, while the activity of low-angle faults gradually decreases in all models (Fig. 8). In 286 

DIP45_1PC small fractures propagate downward from the free surface along the hinge of the footwall 287 

syncline. At the end of the Late Stage, in DIP45_1PC the new faults cross the precut, whereas in 288 

DIP45_2PC the new faults cross both precuts (Fig. 6). 289 

3.3. FAULT PROPAGATION 290 

This section presents data of the evolution of new faults described using their length and P/S 291 

from all the experiments (see Fig. 9). In DIP30_ISO, the propagation of the main new faults is rather 292 

linear with a total average P/S ratio equal to 2.3. The quite regular increase and decrease of the P/S 293 

ratio is indicative of the propagation and nucleation phase of the new faults (Figs. 9a, and 9c). In 294 

DIP30_1PC, the evolution of the length of the new faults is rather regular only up to 25 mm of total 295 

displacement (Fig. 9c), i.e. until the new faults reach the precut: hence, the propagation of new faults 296 

rapidly decreases because the new faults are deflected along the precut (Fig. 9c). The total average P/S 297 

ratio (1.6) is lower than that observed in the isotropic experiment. In DIP30_2PC, the P/S ratio 298 

increases rapidly to 4.7 up to 10 mm of total displacement, then decreases to 0.8 when reaching 15 mm 299 

of total displacement, then increases again up to 1.4 at the end of the experiments (Fig. 9a). In 300 

summary, when the new fault is below the precut, the propagation rate is faster than that observed in 301 

the isotropic case. When the new fault reaches the precut it is deflected along it and almost stops its 302 

propagation. Once the fault crosses the precut, it tends to the same P/S ratio of the isotropic case. 303 

Notice that the non-zero P/S ratio in the experiments with one or two precuts when the new fault 304 
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reaches them does not mean that the propagation of the fault has slowed down; rather it implies that the 305 

fault propagation has stopped against the precut while the system is still accumulating deformation due 306 

to increasing displacement on the master fault. In this case the change in P/S ratio means that the upper 307 

tip point of the new fault changes its position without increasing the length of the fault, and this point 308 

migration being located within the trishear zone.  309 

The DIP45_ISO experiment shows a quite linear trend of the P/S ratio, its average being similar 310 

to that of DIP30_ISO (2.1 vs 2.3: Fig. 9e). Also in this case the increase and decrease of P/S ratio 311 

indicate the nucleation and propagation phases of new faults. In DIP45_1PC, the fault length is similar 312 

to that observed in the isotropic case (Figs. 9b and 9d). The _ISO and _1PC configurations evolve 313 

differently at 20 mm of displacement, when the new faults in DIP45_1PC approach the precut. At the 314 

end of DIP45_1PC, both the length of new faults and P/S ratio increase, approaching the values 315 

observed in DIP45_ISO. The difference in the average of P/S ratio in DIP45_ISO and DIP45_1PC is 316 

negligible (DIP45_ISO, P/S = 2.1; DIP45_1PC, P/S = 2.2; Fig. 9b). The general trend of the fault 317 

propagation is quite different if compared to the DIP30_1PC experiment (Fig. 9f), where the new faults 318 

remain below the precut until the end of the experiments with an almost regular trend. In the 319 

DIP45_2PC experiment, the extent of development of the new faults is smaller than that of the 320 

isotropic case except for their late activity (i.e. after 30 mm of total displacement). The length of new 321 

faults shows a trend similar to that of the experiments with one precut, i.e. they show a P/S ratio 322 

increase after they cross the precuts (Fig. 9b). This increase of the P/S ratio, however, occurs at 323 

different displacement values corresponding to the different times when the new faults cross the 324 

precuts. The DIP45_2PC are different from the DIP30_2PC at the final stage (Fig. 9g) because in the 325 

former new faults cross both precuts whereas in the latter they cross just the lower precut (Figs. 9g and 326 

9j).  327 



16 
 

3.4. ANGLE OF INCIDENCE (AOI) 328 

The previous section clearly illustrates that new faults in different experimental configurations 329 

cross the precuts at different values of total displacement. To understand the mechanisms leading to 330 

these different evolutionary trends we analyze the angle between the new faults and the precuts, i.e. the 331 

AOI (Figs. 2b and 10). To document the arrest of the new faults when their upper tip coincides with the 332 

precuts we measure the total length of the new faults starting from the hanging wall cutoff of the rigid 333 

block. By doing this we obtain the net length of the new faults. 334 

In DIP30_1PC, the propagating faults are deflected along the discontinuity and new faults never cross 335 

it (Fig. 10a). The new faults reach the precut at 25 mm of total displacement and the AOI is 130°. At 336 

the end of the experiments the AOI drops to about 110° (Fig. 10a). In DIP30_2PC, the propagating 337 

faults reach the precut at 20 mm of total displacement and the AOI is 140°. Unlike the DIP30_1PC 338 

experiment, in DIP30_2PC the new faults cross the lower precut at the latest stages of deformation 339 

(after 35mm of total displacement) when the AOI is approaching 90° (Fig. 10b).  340 

In DIP45_1PC the new faults reach the precut at 15 mm of total displacement and the AOI is about 341 

120° (Fig. 10c). At 30 mm of total displacement and at an AOI of 90° the new faults cross the precut, 342 

implying that the stasis is very short relative to the 30° experiments. In DIP45_2PC the new faults 343 

reach the lower precut at 15 mm of total displacement and the AOI is about 115° (Fig. 10d). The stasis 344 

lasts until 20-25 mm of total displacement when the AOI is about 90°. 345 

In summary the new faults are able to cross the precuts when the AOI is about 90°. This seems 346 

independent from the dip of the master fault or from the amount of total displacement.  347 

3.5. FOLD EVOLUTION 348 

This section presents data on the evolution of folds through a pairwise comparison of all the 349 

experiments (Fig. 11).In the experiments with the 30° dipping master fault the more open limbs are 350 



17 
 

those seen in the isotropic case. In DIP30_1PC and DIP30_2PC experiments, we generally observe that 351 

the presence of discontinuities decreases the interlimb angle, i.e. the forelimb is slightly steeper, except 352 

for the initial stages (Fig. 11a). This is more evident comparing the single models configurations (Figs. 353 

11c, 11d, 11e). In the first stages of the experiments with one discontinuity, the forelimb is slightly 354 

gentler than in the isotropic case because during the early phase of these experiments the flexural 355 

reactivation of the precut tends to enlarge the fold shape. In the middle stages of this experiment, 356 

however, the shape changes from wider to tighter; this occurs when the propagating faults are deflected 357 

along the portion of the precut that is reactivated with a dextral sense of shear (Fig. 11a; see also Fig. 358 

5). This mechanism also gives way to a horizontal translation of the fold hinge (Figs. 11a and 11c). The 359 

models with two precuts show a tendency similar to that of experiments with one precut (Figs. 11a and 360 

11d). In detail, however, the horizontal translation of the fold hinge is less pronounced than in the 361 

experiments with one precut, and the forelimb is steeper (Fig. 11e). In general, neither in the 362 

experiments with one precut nor in those with two precuts the backlimb shows significant deviations 363 

with respect to the isotropic case (Figs. 11c and 11d). 364 

In the DIP45 experiments the backlimb shows differences in the fold shapes between isotropic 365 

models and models with the precuts (Fig. 11b). In the latter, the backlimb difference with the isotropic 366 

case increases during deformation. (Figs. 11b, 11f, and 11g). As for the forelimb, it is steeper than in 367 

the isotropic cases, similarly to what is seen in the DIP30 experiments. Also in the DIP45 experiments 368 

the flexural reactivation of the discontinuities and the deflection of the propagating faults along them 369 

gives rise to a horizontal migration of the fold hinges (Figs. 11f, and 11g). 370 

Comparing DIP_30 with DIP 45 models the isotropic experiments (Fig. 11i) differ significantly 371 

both in the backlimb (different vertical heights) and in the forelimb (different slope). In the experiments 372 

with one and two precuts (Fig. 11j, 11k), the differences in backlimb are substantially the same, 373 
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whereas in the forelimb they tend to decrease in models with one precut (Fig. 11j) and become 374 

negligible when two precuts are present (Fig. 11k). 375 

  376 
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4. DISCUSSION 377 

The many differences between the isotropic models and the models with one or two precuts show how 378 

thin mechanical discontinuities - represented by precuts in our experiments - affect the evolution of 379 

fault-propagation folds as well as that of secondary brittle structures in a controlled environment. In 380 

particular, we observe that experiments with precuts differ from the reference isotropic experiment in 381 

terms of number, orientation, and propagation rate of new faults. Consequently, also the shape and 382 

evolution of the associated folds are different. To improve our understanding on how reverse faults 383 

evolve in the presence of such discontinuities in the real world, we compare the results from our 384 

experiments with common observations that are made in the investigation of natural cases. Then we 385 

analyze three different cases exploiting our findings.  386 

4.1. Fault propagation 387 

The experimental results on the development of new faults show how horizontal discontinuities 388 

(precuts) affect their evolution. In general, the propagation of new faults is faster when their upper tip 389 

is located below the precut, and accelerates as they approach the discontinuity (see section 3.3). When 390 

the new faults reach a discontinuity, they are deflected along it decreasing or even stopping their 391 

propagation. After crossing the discontinuity, the propagation rate tends to be more regular, i.e. similar 392 

to the propagation rate seen in an isotropic material. These observations are in agreement with those 393 

coming from analog models in extensional settings (Bonini et al., 2015) or inferred from mechanical 394 

models of reverse faults (e.g., Cooke and Pollard, 1997; Roering et al., 1997) and from field 395 

observation (Tavani et al., 2017). The acceleration of the propagation rate below a discontinuity is 396 

directly related both to the friction (e.g., Roering et al., 1997) and to the amount of slip along the fault 397 

(Bonini et al., 2015).  398 
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In all our experiments we observe that when new faults approach the discontinuities they are 399 

deflected along them. It is known that when a propagating fracture meets a thin, frictional discontinuity 400 

it may be stopped, it may be deflected, or it may be able to cross it. Such behavior depends on intrinsic 401 

properties of the discontinuity, i.e. its toughness and friction (Hutchinson, 1996; Roering et al., 1997; 402 

Xu et al. 2003; Wang and Xu, 2006). In our experiments only some portions of the discontinuities are 403 

reactivated, and these slipping portions change during the experiments. The shear strain rate analysis 404 

shows that new faults are deflected along the slipping portions of the discontinuities with the same 405 

sense of shear, whereas they are stopped where the slipping portion of the discontinuities has the 406 

opposite sense of shear (Figs. 5 and 8). Hence, the sense of shear along a discontinuity plays a key role 407 

on the development of approaching faults. The fault deflection process may also explain why many 408 

active reverse faults in nature remain blind (Moss and Ross, 2011). For example, we may speculate that 409 

the presence of horizontal discontinuities above the tip of a propagating fault decreases the likelihood 410 

for that fault to breach and hence to produce earthquake ruptures at the ground surface. 411 

In some of our experiments we observe that new faults cross the discontinuities, but this seems 412 

to happen only when and where new faults are almost perpendicular to the discontinuity, i.e. when the 413 

angle of incidence is about 90°.  414 

4.2. Angle of incidence (AOI), the critical angle, and the crossing point 415 

From the shear strain rate analyses (Figs. 5 and 8) we note that the point where new faults cross 416 

the discontinuities corresponds not only to the inflection point of the deformed discontinuities but also 417 

to the point where the sense of shear changes from dextral (on the right-hand side of the model) to 418 

sinistral (on the left-hand side of the model). This is the point where the slip along discontinuities is 419 

null. In general, the models show that when the new faults cross the discontinuities the AOI is about 420 

90°, which can be considered as the critical angle for all our configurations. These results can be used 421 
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when studying natural cases where fault location is controversial, debated, or unknown for lack of 422 

direct and unambiguous evidence of the fault geometry and extent. In seismic reflection data, for 423 

example, it is sometimes difficult to visualize or infer the fault traces and their tip points because 424 

seismic noise or disturbances (seismic disturbance zone) make any interpretation less objective in the 425 

vicinity of the faults (e.g. Kostenko et al., 2008; Hale, 2013; Iacopini et al., 2016). In these cases, along 426 

with the other factors controlling fault propagation (e.g. fault dip, slip rate, processes ahead of the fault 427 

tip), the critical angle may guide the interpretation, suggesting the point along a folded surface 428 

(discontinuity) where a propagating fault may be expected to cut through. 429 

4.3. Folding evolution 430 

The shape of the fault-related folds is one of the most widely used pieces of information to reconstruct 431 

the evolution of contractional structures, and their development is usually assumed as a linear process. 432 

Previous sections discussed the evolution of the new faults throughout the experiments with and 433 

without discontinuities (precuts) showing, among other observations, that the propagation rate of the 434 

new faults is variable depending on (i) their initial location, (ii) the number of discontinuities, and (iii) 435 

what portions of the precuts are reactivated during the experiments. Also, in the experiments with 436 

precuts we observe the formation of different kinds of secondary brittle structures (e.g., layer-parallel 437 

faults). The presence of discontinuities also affects the evolution of the folds associated with faulting.  438 

Our results suggest that (i) backlimbs are rather insensitive to the activity of discontinuities, and 439 

that (ii) using the forelimb shape to derive fault parameters (dip, slip, etc.) can be misleading as 440 

mechanical discontinuities tend to conceal differences related to the dip of the ramping faults (Fig. 11). 441 

This occurrence has been observed also in studies based on mechanical models that have analyzed the 442 

role of weak layers or mechanically heterogeneous stratigraphy (e.g. Hardy and Finch, 2007; Albertz 443 

and Lingrey, 2012; Albertz and Sanz, 2012; Hughes and Shaw, 2015). This suggest that both thin 444 
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frictional discontinuities and thin weak layers impact on the relationships between faults and folds. 445 

These findings are of paramount importance for example in calculating the slip rates of natural faults or 446 

deriving fault geometries from the shape of folded horizons. 447 

4.4. Natural systems 448 

As an application of the experimental results, we consider three natural cases where thin 449 

discontinuities potentially played a role during the evolution of the ramping faults. The first case is 450 

located in Southern California, San Fernando Valley, where active reverse faults are propagating and, 451 

in some cases, interacting with each other. In particular, we focus on the causative thrust fault of the 452 

1994, Northridge earthquake (Fig. 12a). This thrust is blind and SW-dipping and its upper termination 453 

in its eastern portion is located close to another thrust system, dipping in the opposite direction, 454 

comprising the source of the Mw 7.1, 1971, San Fernando Earthquake (e.g. Hauksson et al., 1995; Mori 455 

et al. 1995; Huftile and Yeats, 1996). In its western portion, the upper tip of the Northridge thrust is 456 

located close to an imbricate thrust system, the Santa Susana Fault (Fig. 12a). The steep attitude of the 457 

Santa Susana thrust ramps and the location of the upper tip of the Northridge thrust located in their 458 

synclinal area suggest that the Northridge thrust is a propagating fault (e.g. Davis and Namson, 1994). 459 

The upper part of San Fernando and Santa Susana thrust systems can be considered as thin mechanical 460 

discontinuities located above or near the upper termination of the Northridge thrust, as in our 461 

experimental setup. As shown by our experiments, the activity of the master fault (in this case the 462 

Northridge thrust) can be stopped by the discontinuities until it reaches the critical angle. According 463 

with our models, this critical angle should be 90°. The angle between the Northridge Thrust and the 464 

Santa Susana faults is higher than 90° and a stoppage of the Northridge upward propagation against 465 

these faults is feasible. We recall that our experiments show that flexural slip along the discontinuities 466 

occurs only when the propagating fault tip is below or coincident with the discontinuity (Figs. 5 and 8). 467 
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During the 1994 earthquake sequence some shallow aftershocks were located in the area of the Santa 468 

Susana thrust systems and a flexural reactivation of these structures has been suggested (e.g. Davis and 469 

Namson, 1994). Following our experimental observations, this is coherent with a propagating fault 470 

stopped or deflected along discontinuities. In the eastern area (CS#2 in Fig 12a), the angle between the 471 

Northridge and San Fernando thrusts is close to 90°, i.e. close to the critical angle, hence in this case 472 

we suggest that the San Fernando thrust does not currently represent an obstacle to the upward 473 

propagation of the Northridge thrust. The different interaction of the Northridge thrust with the 474 

structure dipping in the opposite direction can be confirmed also by looking at the different shape of 475 

the folds associated with the activity of the Northridge thrust and even by considering the distribution 476 

of coseismic slip observed during the 1994 earthquake sequence. The folds associated with the 477 

Northridge thrust exhibit a steeper forelimb in its western portion than in its eastern portion, similarly 478 

to the coseismic slip which was larger in the western area than in the eastern area (e.g. Carena and 479 

Suppe, 2002). In our experiments, when a propagating fault is below and close to a discontinuity it 480 

increases the propagation rate. In the Northridge case this implies that the fault could be more 481 

developed in the western area because of the presence and activity of pre-existing discontinuities (the 482 

Santa Susana fault system). In this view, these discontinuities favor the development of the propagating 483 

fault, that is not only larger but also more mature; in other words, the more slip accumulates on a fault, 484 

the more easily a coseismic rupture will propagate along that fault (e.g. Scholz, 2002). 485 

The second case is located in the Po Plain, in Northern Italy (Fig. 12b). In this area some blind 486 

thrust faults are still active and generate significant earthquakes (e.g. Maesano et al., 2015), as testified 487 

by the 2012 Emilia earthquake sequence during which the activation of two thrust ramps produced two 488 

mainshocks of Mw 6.1 and Mw 6.0 (e.g. Burrato et al., 2012; Bonini et al., 2014b; Bonini et al., 2016b). 489 

The thrust systems in this region involve two decollement levels, depicting classical ramp-flat 490 

trajectories (Fantoni and Franciosi, 2010; Ahmad et al., 2014; Toscani et al, 2014; Turrini et al., 2014, 491 
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2016). At a basin scale, the stratigraphic setting is rather uniform but the evolution of the various thrust 492 

system is rather different (see geological cross-sections in Fig. 12b). In the western zone the deeper 493 

thrust ramps appear to be deflected along an upper weak layer (cross-section #3 in Fig. 12b), whereas 494 

in the eastern zone the deeper thrust ramps cross the upper weak layer or form a short flat portion 495 

(cross-section #4 in Fig. 12b). This different behavior does not appear to be related to the different dip 496 

of the thrust ramps because both 45° dipping and the 20-25° dipping ramps are deflected along the 497 

upper weak layer in the western area, whereas in the eastern area steeper and less steep ramps cross the 498 

upper weak layer. Also the total displacement along the deeper ramp is not much different. The main 499 

difference between the two areas is related to the presence or absence of a fault along the upper weak 500 

layer, i.e. a flat portion of a thrust system developing above the upper decollement. The lower thrust 501 

ramps are deflected in the areas where a fault is present in the upper weak layer (see cross-section #3 in 502 

Fig. 12). As shown by our experiments, the tendency of the new faults to be deflected along the 503 

discontinuity is related, among others, to slip along the structures; in other words, slip along the 504 

discontinuity promotes the deflection. This observation is confirmed in the buried thrust systems of the 505 

Po Plain, where the deeper, propagating faults appear to be deflected along the upper thrust system. 506 

The last case is located in the Western Kunlun Mountains front/Tarim Basin, at the very 507 

western end of China (Fig. 12c). Multiple décollement levels are seen in this region (see D1 and D2 in 508 

Cross-section #5 in Fig. 12c) where a duplex system has developed (Wang et al., 2013). The outermost 509 

thrust ramp is the causative fault of the 2015, Mw 6.5, Pishan earthquake, testifying that these structures 510 

are active (Lu et al., 2016; Li et al., 2016). The thrust system developed along both décollements levels 511 

D1 and D2. The upper level (D2) is folded by the deeper one (D1) and a series of linking thrusts 512 

developed between them, thus depicting the duplex system (Lu et al., 2016). Also in this case the 513 

structures that developed below a fault plane appear to have been deflected along it, confirming the 514 
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observations made in the Po Plain in Italy and in our experiments, i.e. that propagating faults are easily 515 

deflected along fault-containing levels.  516 

The buried duplex system of the Western Kunlun Mountains front and of the Tarim Basin 517 

illustrates how multiple reverse faults are sensitive to the presence of a mechanical discontinuity. In our 518 

experiments we find that new faults cross the discontinuities at a critical angle of about 90°. This 519 

occurred because we forced the master fault to be active throughout the experiment. In nature, 520 

especially in the most external sectors of contractional areas, a reverse or thrust fault is active until its 521 

activity maintains the critical shape of the entire system, for example if its activity is coherent with the 522 

Coulomb wedge dynamics (Chapple, 1978; Davis et al., 1983; Dahlen, 1984, 1990; Dahlen et al., 523 

1984). The long-term activity of a thrust in a contractional wedge is mainly due to the friction along the 524 

basal detachment, the angle of internal friction of the material forming the wedge, the erosion, the syn-525 

kinematic sedimentation, and the pore pressure. In a region with two decollements where a shallower 526 

and a deeper thrust system are acting, these factors may not allow a deeper thrust ramp to reach a 527 

critical angle with a shallower (roof) thrust because a younger thrust activates in the footwall of the 528 

older one before the critical angle is reached. As a consequence, a duplex system form. Our 529 

experimental results may suggest that a duplex system forms easily when the upper (roof) thrust 530 

develops before the deeper system (floor and link thrust) because the presence of a roof thrust 531 

facilitates the deflection of the link thrust. 532 

In summary, comparing our experimental results with natural cases we notice that pre-existing 533 

fault planes act as thin, weak discontinuities, regardless of whether they are thrust ramps belonging to 534 

different thrust systems (e.g. San Fernando Valley in California) or shallower thrusts belonging to the 535 

same thrust system (e.g. Po Plain in Italy; Kunlun Mountains front and Tarim Basin in China). This is 536 

reasonable if we consider that a greater amount of stress is needed to induce slip along a weak layer 537 

rather than along a previously-formed fault which has already slipped. When we apply stress along a 538 
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weak layer where no slipping surface already exists, part of the energy must be used to produce small 539 

cracks (nucleation phase; see the introduction), then to connect them and finally to create a fault plane 540 

(creation phase) and propagate it (propagation phase) inducing slip. In a region where fault planes 541 

already exist the applied stress can “immediately” induce slip, almost skipping the first phases. This 542 

reasoning has a direct impact in a hypothetical evolutionary scheme, where new, ramping faults evolve 543 

in regions where previously formed faults exists or do not exists in their propagation zones (Fig. 13), 544 

giving rise to different propagation rates and folding shapes. 545 

4.5. Implications for kinematic models 546 

Two seminal papers of the early 1990s proposed different solutions to address the relationships 547 

between folds and faults when slip along the fault plane decreases to zero. The first paper was 548 

published by Suppe and Medwedeff (1990), who transferred the kink-fold model developed for 549 

studying fault-bend folding to the case of fault-propagation folding. Such an approach, however, could 550 

not account for curved fold surfaces and for systematic variations in the thickness and dip of syn-551 

tectonic strata. The second paper was published by Erslev (1991), who proposed a different approach 552 

based on the observation that in some natural cases fold hinges tighten and converge downward to form 553 

a triangular zone. Erslev’s study laid the basis for the trishear theory, that has since become extremely 554 

popular (e.g. Hardy and Ford, 1997; Allmendingeg, 1998; Zehnder and Allmendinger, 2000; Cardozo 555 

et al., 2003; Allmendinger et al., 2004, Cristallini et al, 2004; Jin and Groshong, 2006; Cardozo, 2008; 556 

Cardozo and Aanonsen, 2009; Welch et al., 2009; Cardozo et al., 2011; Liu et al., 2012; Pei et al., 557 

2014; Zhao et al, 2017). The trishear theory predicts the presence of a triangular zone of distributed 558 

deformation whose apical angle is located on the tip of the propagating fault. In this triangular zone the 559 

displacement vectors vary linearly in magnitude and orientation - from a maximum in the hanging wall 560 

side, to zero in the footwall side (Allmendinger, 1998). The shape of the trishear zone is mainly 561 
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controlled by two parameters: the propagation-to-slip ratio (P/S) and the size of the apical angle (Hardy 562 

and Ford, 1997; Allmendinger, 1998). 563 

In all our experiments we observe gradual variations of the displacement vectors, both in 564 

orientation and module, from the hanging wall to the footwall (Figs. 4 and 7), a thickening of the 565 

footwall zone near the fault (Figs. 3, 6, and 11), and a smooth profile of the folds (e.g. Fig. 11). Such 566 

observations are all reminiscent of the trishear theory. In the isotropic models a quite regular triangular 567 

zone at the tip of the propagating faults is visible throughout the experiments (Figs. 4 and 7). Hence, 568 

the trishear method can be successfully applied to cases displaying a limited variability of the 569 

mechanical properties of the rocks hosting the propagating faults, as already suggested by previous 570 

studies (Cardozo et al., 2003; Hardy and Finch, 2007; Albertz and Sanz, 2012; Hughes and Shaw, 571 

2015). In the non-isotropic experiments the reactivation of precuts has a deep impact on the 572 

displacement pattern (Figs. 4 and 7), showing a gradual variation of the displacement vectors from the 573 

hanging wall to the footwall and the thickening of the footwall zone (Figs. 3, 6, and 11), but it is not 574 

easy to identify a regular triangular zone at the tip of the propagating fault. This is especially evident in 575 

the experiments with two precuts (Figs. 3 and 6). In sections 3.1 and 3.2 we named this zone as 576 

segmented trishear zone. Segmentation is more evident when the tip of the propagating fault is still 577 

below the precuts. When the propagating fault reaches the precut and is deflected along it, our models 578 

are reminiscent of a fault-bend folding style, where the reactivated precuts mimic the generation of flat 579 

portions in the fault system”. Hence, in layered rocks the kinematic models based on kink-fold models 580 

could be successfully applied (e.g. Hughes and Shaw, 2015). Notice that a variation of the 581 

displacement vectors is still visible, which is a typical characteristic of the trishear theory. An 582 

alternative solution to the utilization of kinematic models based on the trishear theory also for layered 583 

rocks is to use the mechanical discontinuity as a lower boundary of the trishear zone, at least when the 584 

tip of the propagating fault coincides with the discontinuity. A similar solution has been recently 585 
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proposed by Zhao et al. (2017). A fundamental question concerning practical applications of the 586 

kinematic models remains unanswered, however: for how long does the tip of the propagating fault 587 

coincide with the encountered discontinuity? While searching for an answer we may recall that in the 588 

kinematic analyses based on the trishear theory it is possible to impose a P/S variation while the system 589 

evolves; our experiments suggest during which phases of fault evolution the P/S should decrease, when 590 

it can be assumed to be zero, and when it should increase. 591 

5. Conclusions 592 

Our experiments allowed us to shed light on the role of thin, initially horizontal, frictional 593 

discontinuities on the evolution of reverse faults and associated folds. Our results suggest that such role 594 

is related to the intrinsic properties of the discontinuities (e.g. friction, toughness), and to their tendency 595 

to be reactivated. In general, the reactivation of discontinuities occurs when the upper tip of a 596 

propagating fault lies below them, or coincides with them. This reactivation tends to decrease the apical 597 

angle of the folds with respect to an isotropic case (i.e. without discontinuities), generating steeper 598 

forelimbs. The reactivation of the discontinuities, their characteristic slip distribution and their sense of 599 

shear control the ability of a discontinuity to deflect or stop a propagating fault. We may conclude that 600 

a slipping discontinuity with the same sense of shear of an approaching fault tends to deflect it until a 601 

critical angle of incidence is reached. The angle between the plane of the propagating fault and the 602 

slope of the folded discontinuity at its inflection point (i.e. the inflection point between the hanging 603 

wall anticline and the footwall syncline) is the critical angle, which in our models always approaches 604 

90°. The inflection point of the folded discontinuity is also the preferred point where the propagating 605 

fault crosses the discontinuities. 606 

Although our results provide new clues for an improved understanding of the evolution of faults 607 

and fault-related folds, we recall that they are necessarily based on a limited number of cases with 608 
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intrinsic limitations (e.g. footwall and hanging wall simulated with two rigid blocks, number of the 609 

simulated discontinuities, and frictional properties of the discontinuity). To achieve a better 610 

understanding of the relationships between fault activity and pre-existing discontinuities, the approach 611 

and the analysis presented here must be applied to a larger number of models, encompassing a range of 612 

tectonic regimes and of natural cases.  613 

  614 
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TABLES 628 
Table 1. Summary of the analog experiments presented in this study. 629 

FAULT 

DIP 

NUMBER 

OF 

PRECUT

S 

NUMBER 

OF 

MODELS 

INITIALS 
CLAY THICKNESS 

(mm) 

PRECUT POSITION 

(distance from the base of the 

model; mm) 

3
0

° 

0 3 DIP30_ISO 50 - 
1 3 DIP30_1PC 50 25 
2 3 DIP30_2PC 50 17 (lower) - 34 (upper) 

4
5

° 

0 3 DIP45_ISO 50 - 
1 3 DIP45_1PC 50 25 
2 3 DIP45_2PC 50 17 (lower) - 34 (upper) 

 630 

 631 
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FIGURE CAPTIONS 633 
 634 

Figure 1. Schematic representation of the experimental apparatus with two different setups: 30° clay 635 

box (left column), and 45°clay box (right column). a) and b) are the plan view of both boxes. c), d), e) 636 

f), g), h) show the side view for all the configurations, both isotropic and with precuts. Orange colour 637 

marks the mobile parts.  638 

Figure 2. Data acquisition procedure: a) Fault propagation: combining velocity field, shear strain rate 639 

and faults and fractures analyses to obtain the tip coordinates of the most active main fault. We 640 

consider the total length of the new faults (denoted by solid lines) as the distance between the initial tip 641 

point of the master fault and the upper tip of the new faults. The net length of the new faults (denoted 642 

by dashed lines) is the distance between the hanging wall cut-off of the rigid block and the upper tip of 643 

the new faults. b) Procedure to establish the angle of incidence (see section 2.3 for explanation). c) Fold 644 

evolution: sampling of the free upper surface of the model at regular intervals (every 1 cm) for three 645 

experiments with the same configuration, and application of the smoothing spline function to the three 646 

curves to get the best fit (see section 2.3 for explanation). 647 

Figure 3. Analysis of faults and fractures in experiments with master fault dipping 30° for three 648 

different configurations: isotropic (_ISO), one precut (_1PC), and two precuts (_2PC). Each row 649 

represents the development of faults and fractures at every increment of 5 mm displacement on the 650 

master fault. Red and black lines represent the newly- and previously-formed faults, respectively, at 651 

each successive increment of displacement (5 mm). Dotted lines indicate faults or fractures where the 652 

offset determination is uncertain. Black thin lines indicates the position of precuts. 653 

Figure 4. Displacement field analysis in experiments with master fault dipping 30° for three different 654 

configurations: isotropic (_ISO), one precut (_1PC), and two precuts (_2PC). Each row shows the 655 
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displacement field after every 5 mm of displacement on the master fault. Black arrows represent the 656 

displacement vectors. The traces of faults, fractures, and precuts are also shown. 657 

Figure 5. Shear strain rate analysis in experiments with master fault dipping 30° for three different 658 

configurations: isotropic (_ISO), one precut (_1PC), and two precuts (_2PC). Each row represents the 659 

shear strain rate calculated at each 5 mm of displacement on the master fault. Red and blue zones 660 

highlight dextral and sinistral sense of shear in the side view, respectively. 661 

Figure 6. Analysis of faults and fractures in experiments with master fault dipping 45° for three 662 

different configurations: isotropic (_ISO), one precut (_1PC), and two precuts (_2PC). Each row 663 

represents an increment of 5 mm of displacement on the master fault. Red and black lines represent the 664 

newly- and previously-formed faults, respectively, at each successive increment of displacement (5 665 

mm). Dotted lines indicate faults or fractures where the offset determination is uncertain. Black thin 666 

lines indicates the position of precuts. 667 

Figure 7. Displacement field analysis in experiments with master fault dipping 45° for three different 668 

configurations: isotropic (_ISO), one precut (_1PC), and two precuts (_2PC). Each row shows the 669 

displacement field after every 5 mm of displacement on the master fault. Black arrows represent the 670 

displacement vectors. The traces of faults, fractures, and precuts are also shown. 671 

Figure 8. Shear strain rate analysis in experiments with master fault dipping 45° for three different 672 

configurations: isotropic (_ISO), one precut (_1PC), and two precuts (_2PC). Each row reports the 673 

shear strain rate calculated each 5 mm of displacement on the master fault. Red and blue zones 674 

highlight dextral and sinistral sense of shear in the side view, respectively. 675 

Figure 9. Propagation/slip ratio and fault length analysis: a) and b) P/S evolution for 30° and 45° 676 

dipping master fault, respectively; the average values of P/S of each configuration is also reported. c) 677 
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and d) fault length evolution for 30° and 45° dipping master fault, respectively. e), f), and g) P/S 678 

comparison 30° vs 45°. h), i), and j) Fault length comparison 30° vs 45°. Each line derives from the 679 

average of three experiments per type. 680 

Figure 10. Evolution of the angle of incidence (AOI): a) and b) Experiments with master fault dipping 681 

30°. c) and d) Experiments with master fault dipping 45°. The three red dots at every step of 682 

displacement indicate the length of new faults in the three experiments with the same setup. Red 683 

dashed lines represent the average at each step of the evolution of the length of new faults, and refer to 684 

the left vertical axis. Blue dashed lines indicate the evolution of the length of new faults of isotropic 685 

case (to be used as term of comparison). Grey lines indicate the variation of the AOI, and refers to the 686 

right vertical axis. Vertical, thick, grey bars mark the zone where the AOI is about 90°. 687 

Figure 11. Fold evolution: Free surface evolution for a) DIP30 and b) DIP45 experiments, from zero to 688 

40 mm of displacement. Each triplet of curves is relative to an interval of 5 mm of displacement. c), d) 689 

and e) Fold shape comparison of DIP30 experiments; f), g) and h) Fold shape comparison of DIP45 690 

experiments. Each curve is the difference between the fold shapes of the two folds measured at that 691 

interval of displacement. i), j), and k) Comparison of experiments with the same configuration 692 

(isotropic, i; one precut, j; and two precuts, k) but with different master fault dip (30° vs 45°). 693 

Figure 12. Naturel cases: a) Map view of the San Fernando Valley in southern California, and two 694 

cross section, located in the northern part, showing the structural setting of the Northridge thrust, the 695 

Santa Susana faults and the San Fernando thrust. Modified from Carena and Suppe (2002). b) Location 696 

map of the Po Plain in Italy; cross-section #3 and #4 shows the structural setting of the north-western 697 

and central areas respectively. Modified from Toscani et al. (2014) and Bonini et al. (2014b). c) 698 

Location map of the Western Kunlun Mountains front and Tarim Basin in China; cross-section #5 699 
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shows the deeper thrust system (to the left) and the shallower thrust system forming duplexes below the 700 

weak horizon D2 (modified from Li et al.;2016). 701 

Figure 13. Hypothetical evolutionary scheme of two scenarios: a) the weak layer is not a pre-existing 702 

slipping surface. The propagation of a thrust creates distributed shear on it. The fault crosses the 703 

discontinuity at the stage 5. b) one of the two weak levels is a pre-existing slipping surface (shallow 704 

thrust system), the propagation of a new thrust causes the flexural slip reactivation and more slip is 705 

adsorbed by the discontinuity than in the previous case. The fault crosses the discontinuity at the stage 706 

6. 707 

  708 
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Figure 1. Schematic representation of the experimental apparatus with two different setups: 30° 
clay box (left column), and 45°clay box (right column). a) and b) are the plan view of both boxes. 
c), d), e) f), g), h) show the side view for all the configurations, both isotropic and with precuts. 
Orange colour marks the mobile parts. 

a) b)

SIDE VIEW

*Figure1



a)        

E
v

o
lu

ti
o

n 
o

f 
fa

u
lt

in
g

D
is

p
la

ce
m

en
t 

fi
el

d

0 50 100 150

0

20

40

60

fault tip

horizontal component (x)

vertical
component (z)

Horizontal distance from the initial tip of the M.F. (mm)
H

ei
gt

h 
 (

m
m

)

initial tip of M.F.

S
h

ea
r 

st
ra

in
 r

at
e

-0.004 0.0 -1
0.004 (s )

0 1 2 3 4 5 mm

-150 -100 -50 0 50 100 150

Horizontal distance from the initial tip of the M.F. (mm) Horizontal distance from the initial tip of the M.F. (mm)

Horizontal distance from the initial tip of the M.F. (mm)

0

40

20

80

60

initial tip of the M.F.

sampling points

0

40

20

80

60

-150 -100 -50 0 50 100 150

sampling point

fitting curve

Smoothing spline:
f(x)=piecewise polynomial computed from p
Smoothing parameter: p=0.04

Goodness of fit:
SSE:7.956; R-square:0.9949
Adjusted R-square: 0.9928; RMSE: 0.3509

70

68

66

64

62

60

Fault propagation

c)

Fold evolution

propagating fault

dip of the fault

-150 -100 -50 0 50 100 150

sampling point
fitting curve

70

68

66

64

62

60

Dip of the propagating, active fault

-150 -100 -50 0 50 100 150

first derivative

-0.5

inflection point-0.4

-0.3

-0.2

-0.1

0.0

-0.4895

propagating fault

dip of the fault

propagating fault

dip of the fault

slope at the 
inflection point

Slope of the fitting curve at the inflection point

propagating fault inflection point

angle of incidence

Angle of incidence

b)

Angle of incidence

Figure 2. Data acquisition procedure: a) Fault propagation: combining velocity field, shear strain rate 
and faults and fractures analyses to obtain the tip coordinates of the most active main fault. We consider 
the total length of the new faults (denoted by solid lines) as the distance between the initial tip point of 
the master fault and the upper tip of the new faults. The net length of the new faults (denoted by dashed 
lines) is the distance between the hanging wall cut-off of the rigid block and the upper tip of the new 
faults. b) Procedure to establish the angle of incidence (see section 2.3 for explanation). c) Fold 
evolution: sampling of the free upper surface of the model at regular intervals (every 1 cm) for three 
experiments with the same configuration, and application of the smoothing spline function to the three 
curves to get the best fit (see section 2.3 for explanation).
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Figure 3. Analysis of faults and fractures in experiments with master fault dipping 30° for three 
different configurations: isotropic (_ISO), one precut (_1PC), and two precuts (_2PC). Each row 
represents the development of faults and fractures at every increment of 5 mm displacement on the 
master fault. Red and black lines represent the newly- and previously-formed faults, respectively, at 
each successive increment of displacement (5 mm). Dotted lines indicate faults or fractures where the 
offset determination is uncertain. Black thin lines indicates the position of precuts.
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Figure 4. Displacement field analysis in experiments with master fault dipping 30° for three different 
configurations: isotropic (_ISO), one precut (_1PC), and two precuts (_2PC). Each row shows the 
displacement field after every 5 mm of displacement on the master fault. Black arrows represent the 
displacement vectors. The traces of faults, fractures, and precuts are also shown.
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Figure 5. Shear strain rate analysis in experiments with master fault dipping 30° for three different 
configurations: isotropic (_ISO), one precut (_1PC), and two precuts (_2PC). Each row reports the 
shear strain rate calculated at each 5 mm of displacement on the master fault. Red and blue zones 
highlight dextral and sinistral sense of shear in the side view, respectively.
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Figure 6. Analysis of faults and fractures in experiments with master fault dipping 45° for three 
different configurations: isotropic (_ISO), one precut (_1PC), and two precuts (_2PC). Each row 
represents an increment of 5 mm of displacement on the master fault. Red and black lines represent 
the newly- and previously-formed faults, respectively, at each successive increment of displacement 
(5 mm). Dotted lines indicate faults or fractures where the offset determination is uncertain. Black 
thin lines indicates the position of precuts.
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Figure 7. Displacement field analysis in experiments with master fault dipping 45° for three different 
configurations: isotropic (_ISO), one precut (_1PC), and two precuts (_2PC). Each row shows the 
displacement field after every 5 mm of displacement on the master fault. Black arrows represent the 
displacement vectors. The traces of faults, fractures, and precuts are also shown.
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Figure 8. Shear strain rate analysis in experiments with master fault dipping 45° for three different 
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shear strain rate calculated each 5 mm of displacement on the master fault. Red and blue zones 
highlight dextral and sinistral sense of shear in the side view, respectively.
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Figure 9.  Propagation/slip ratio and fault length analysis: a) and b) P/S evolution for 30° 
and 45° dipping master fault, respectively; the average values of P/S of each configuration is 
also reported. c) and d) fault length evolution for 30° and 45° dipping master fault, 
respectively. e), f), and g) P/S comparison 30° vs 45°. h), i), and j) Fault length comparison 
30° vs 45°. Each line derives from the average of three experiments per type.
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Figure 11. Fold evolution: Free surface evolution for a) DIP30 and b) DIP45 experiments, from zero to 40 
mm of displacement. Each triplet of curves is relative to an interval of 5 mm of displacement. c), d) and e) 
Fold shape comparison of DIP30 experiments; f), g) and h) Fold shape comparison of DIP45 experiments. 
Each curve is the difference between the fold shapes of the two folds measured at that interval of 
displacement. i), j), and k) Comparison of experiments with the same configuration (isotropic, i; one 
precut, j; and two precuts, k) but with different master fault dip (30° vs 45°).

*Figure11



A)

ITALY

Southern Alps

Apennines

ADRIATIC
 SEA

Milan

Po Plain

3

0

10
km

10 km0

Ml 5.8
29 MAY 2012

(07:00:03 UTC)

Ml 5.9
20 MAY 2012

(02:03:52 UTC)

Mw 4.5 - 1987
Mw 4.3 - 1978

SSW NNE

Thrust fault deflectedWeak horizon 

0

10
km

SSW NNE

CROSS-SECTION #3

CROSS-SECTION #4Weak horizon 

4

Los Angeles
 Basin

SSF

SMFZ

SAN ANDREAS  FAULT 

3
4

° 
0

0
' N

118° 00' W

SGF

                    Central Trasverse Ranges

10 km0

C
A

L
IF

O
R

N
IA

0

10
km

0

10
km

0 10 km0

2012 Emilia sequence M 6.0

M 6.1

CROSS-SECTION #1 CROSS-SECTION #2
Thrust fault deflected

M 6.8, 1994 Northridge earthquake
M 6.8, 1994 Northridge earthquake

deformed layers 
from trishear model

deformed layers 
from 

trishear model

M 7.1, 1991
 San Fernando earthquake

Thrust fault deflected
M 5.7 Valle dell’Oglio earthquake

1 2
S SN N

Weak horizon 

Weak horizon triangular zone

10 km

10 km0

0

10
km

M 6.4, 2015 Pishan earthquake

CROSS-SECTION #5

a)

b)

c)

Weak horizon (D2)Thrust faults deflected (duplexes)
Weak horizon S

N

Tarim

Kunlun range

INDIA

3
8

°N

80E°77E°

3
6

°N

5

10E° 12E°

4
4

°N
4

6
°N

118° 30' W

3
4

° 
2

5
' N

CHINA

Weak horizon (D1)

Santa Susana Faults

Figure 12.  Naturel cases: a) Map view of the San Fernando Valley in southern California, and two 
cross section, located in the northern part, showing the structural setting of the Northridge thrust, the 
Santa Susana faults and the San Fernando thrust. Modified from Carena and Suppe (2002). b) Location 
map of the Po Plain in Italy; cross-section #3 and #4 shows the structural setting of the north-western 
and central areas respectively. Modified from Toscani et al. (2014) and Bonini et al. (2014b). c) 
Location map of the Western Kunlun Mountains front and Tarim Basin in China; cross-section #5 
shows the deeper thrust system (to the left) and the shallower thrust system forming duplexes below the 
weak horizon D2 (modified from Li et al.;2016).
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